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Summary

Modulation of corneal transplant rejection usingh@eherapy shows promise in
experimental models but the most appropriate vefthiogene transfer is yet to be
determined. The overarching aim of the thesis wveasualuate the potential of a
lentiviral vector for use in human corneal tranggddéion. Specific aims were: (i) to
assess the ability of an HIV-1-based lentiviral teedo mediate expression of the
enhanced vyellow fluorescent protein (eYFP), and adeh secreted protein
interleukin-10 (IL10), in ovine and human corneatlethelium; and (ii) to examine
the influence of lentivirus-mediated IL10 expressan the survival of ovine corneal
allografts.

Four lentiviral vectors expressing eYFP under twontrol of different
promoters, were tested: the simian virus type-4¥4(3 early promoter, the
phosphoglycerate kinase (PGK) promoter, the elemgdactor-v (EF) promoter,
and the cytomegalovirus (CMV) promoter. Two lentiVivectors expressing IL10
were tested: one containing the SV40 promoter amathar containing a steroid-
inducible promoter (GRES). Lentivirus-mediated eegsion in transduced ovine and
human corneal endothelium was assessed by fluorescenicroscopy, real-time
quantitative RT-PCR and ELISA, following alteratoorof transduction period
duration (2—-24 hr) and vector dose, as well ash@& presence or absence of
polybrene or dexamethasone (GRES5 vector). It was abmpared to expression
mediated by adenoviral vector®rthotopic transplantation afx vivo transduced
donor corneas was performed in outbred sheep. wftegwere reviewed daily for
vascularisation and signs of immunological rejectio

Lentivirus-mediated eYFP expression was delayed owine corneal

endothelium compared to human. However, in botlcispethe final transduction



Xii
rate was >80% and expression was stable for at sl in vitro. Lentivirus-
mediated expression in ovine and human cornealtealam was higher with the
viral promoters in comparison to the mammalian prtars. A 24 h transduction of
ovine corneal endothelium with the lentiviral vactencoding IL10 resulted in
expression levels which were increasing after 15ofd organ culture but
logarithmically lower than those achieved by adémss Shortening the lentiviral
transduction period to 2 h led to a reduction irpression, but the addition of
polybrene (40ug / ml) to the transduction mixture restored exgi@s to levels
comparable to those attained after a 24 h transufupieriod. Lentivirus-mediated
IL10 expression was higher and more rapid in huo@neal endothelium compared
to ovine corneas. Dexamethasone-responsive tra@sgeression was observed in
both ovine and human corneal endothelium usindehtviral vector containing the
GRES promoter. Lentivirus-mediated expression imeworneal endothelium was
stable for 28 dn vivo. A modest prolongation of ovine corneal allogrsiirvival
(median of 7 d) was achieved by transduction ofodaorneas for 2—3 h with the
lentivirus expressing IL10. Attempts to increase #xpression of IL10 by the
addition of polybrene (40 pug / ml) to the transduttmixture, resulted in a toxic
effect on corneal allografts which abrogated thaelfieial effect of IL10.

The lentiviral vector shows potential for the stabkpression of therapeutic
transgenes in human corneal transplantation. Howvélve mechanisms underlying
the species-specific differences in HIV-1-mediat@msgene expression will need to
be elucidated and overcome if the ovine preclinmabel is to provide justification

for a clinical trial.
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1.1 Overview

Blindness due to acquired disease of the cornsadsnd only to cataract as a cause
of visual loss worldwidé.In many patients, corneal transplantation is thig means

of restoring vision and improving quality of lif€orneal transplantation is regarded
as very successful but overall survival rates haweimproved over the past 20
years® Improvements in the survival of renal allograftepthe same period may be
ascribed to improvements in immunosuppression, Hhatching and the use of
organs from living related donors. These advancésnieave not had an impact on
corneal transplantation, either because evidencthér benefit is scarce or they are
not practical or feasible. Therefore, there is adn&r novel strategies if corneal
transplantation is to realise its full therapeytimtential. Gene therapy has shown
promise in animal models but to date no clinicall$r of gene therapy for corneal
transplantation have been performed. Reasons i@irtblude a shortage of robust
preclinical models of corneal graft rejection, adebate over which vector and
transgene will be best for clinical use. With ascsa unique preclinical model in
the outbred sheep, and an HIV-1-based lentiviratorewith potential advantages
over other vectors for achieving safe and stabf@ession in the clinical setting, |
characterised the performance of the vector irothiee model and tested it in human
corneasdn vitro as a prelude to clinical studies. The overarclaimy of the project
was to move gene transfer technology for corneaisplantation one step closer to

the clinic, where thousands of patients worldwitéand to benefit.
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1.2 Normal function of the cornea

The cornea is the transparent tissue at the friotfieceye (Figure 1.1). It functions as
a powerful lens, contributing two thirds of the oaléfocussing power of the eye,
whilst also providing a barrier to external insulifie human cornea comprises five
layers (Figure 1.2). Most anteriorly is a nonkenatd, nonsecretory epithelium,
overlying Bowman'’s layer. Underneath this is theneal stroma, which accounts for
over 90% of corneal thickness. It contains multialmellae of precisely arranged
collagen fibrils suspended in a matrix of protecglys, and interspersed with
keratocytes. On the posterior surface of the coraggcent to the anterior chamber
of the eye, is the corneal endothelium, a monolajezells resting on Descemet’s

membrane.

Posterior chamber

Conjuncivn

Figure 1.1: Schematic cross-sectional diagram of ¢hhuman eye
The cornea constitutes the anterior boundary ofatiterior chamber. It protects the
eye from external insults and focuses incomingtligh the retina. [Adapted from

Gray’s Anatomy (1943)




Chapter 1 Introduction and aims 4

P v T S

I e T S e L)

Figure 1.2: Transverse section of human cornea

The five labelled layers of the cornea are: (1) ép&helium, (2) Bowman'’s layer,
(3) the stroma, (4) Descemet’s membrane, and (Getidothelium. The cells of the
endothelial monolayer are adjacent to the antai@mber and bathed by aqueous

humour. [Adapted from Gray’s Anatomy (1922)
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The optical properties of the cornea are dependanmaintenance of the
precise spatial arrangement of stromal collagerildib The stroma has a high water
content and an inherent tendency to swell. Thieectf the water-binding properties
of the proteoglycans in the extracellular matrixhe spatial relationship of collagen
fibrils in the stroma is disrupted the cornea beesmloudy, resulting in impaired
vision.

Normal stromal deturgescence, corneal thicknesd, @nsequent corneal
clarity, are maintained by the corneal endothelflu@orneal endothelial cells are
highly metabolically active, and have both a baraed a pump function. Their
active transport of ions preserves an osmotic gradiavouring the flow of water
from the stroma into the anterior chamber. Lealghttijunctions between adjacent
cells are the result of an incomplete zonula ocahsd allowing nutrients and other
molecules to enter the stroma from the aqueous bunmtsocesses which result in a
loss of endothelial cells and depletion of the ¢heltal monolayer eventually result
in decompensation of the endothelial pump and svgebf the strom&.In humans,
endothelial cells are arrested in early G1-phaseahefcell cycle:® It has been
suggested that this may be due to cellular contdugbition. Whilst they can be
induced to divide in cultured corneas, human cdraedothelial cells do not divide
under normal physiological conditions. Thus, thenha corneal endothelium has no
effective replicative capacity and, as a consegeiennaintaining a healthy

endothelial monolayer is critical to normal vision.

1.3 Corneal transplantation

A range of diseases may lead to disruption of nbromaneal architecture and
function. In severe cases, corneal transplantatising healthy cadaveric donor

tissue may be the only means of restoring usefibri Corneal transplantation is
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the oldest form of solid tissue engraftment. Biggeeport of a graft performed in a
pet gazelle in 1837 and Von Hippel's lamellar giaftt888 are two of the earliest
descriptions of corneal graft surgéry’. The first successful penetrating
allokeratoplasty in a human was carried out by EdiZarm in 1905 (Figure 1.3Y%
the first successful human kidney transplant wasanbieved until fifty years latéf.
Today, more corneal transplants are carried outi@hnthan any other solid tissue
allograft. In the United States alone there areentlban 45,000 grafts performed each
year™® In Australia over 18,000 grafts have been perfatsiace the inception of the
Australian Corneal Graft Registry (ACGR) in 18§and personal communication),
and over 1,000 are now performed each year.

Corneal diseases warranting transplantation mgyibgary or acquired. The
majority of primary corneal diseases comprise lke@tus and the corneal
dystrophies. The acquired diseases include bull&aesatopathy—a blinding
condition due to endothelial cell failure—as wedl microbial infection, trauma and
scarring, and failure of a previous grft.

There is a common misconception that corneal grafé almost invariably
successfut® Data from the ACGR show overall survival of peaétrg grafts is 86%
at one year and 62% at 10 yearfhe median survival of a penetrating graft is
almost 16 years. However, these figures do notigeothe full picture. Firstly, graft
survival varies enormously depending on the indcatfor the graft and the
condition of the recipient graft bed. Graft surtiaa 10 years is 90% for keratoconus
but only 40% for bullous keratopathy, and for patisereceiving a second graft this
figure drops to 36%. Furthermore, whilst the suaVief other solid organ transplants

has significantly improved over the last 30 yedrdata from the Australian Corneal
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Figure 1.3: Eduard Konrad Zirm

The Austrian ophthalmologist carried out the fissiccessful full-thickness human
corneal transplant on 7 December, 1905, in the tofv®lomouc, Moravid! The
recipient was a labourer, Alois Glogar, who wasfesuig from bilateral corneal
scarring following lime burns sustained a yeariearBoth corneas were grafted,
and one enjoyed sustained survival, allowing Gldgaeturn to his occupation. The
donor was an 11 year old boy, Karl Brauer, who hadn irreversibly blinded by
metallic foreign bodies. Zirm performed the opematiwithout the aid of the

operating microscop¥,which did not come into being for another 50 years
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Graft Registry show that corneal graft survivakeshave remained static since the
Registry’s inception in 1985 (Figure 14).

The leading cause of failure in human corneal gadifis is irreversible
immunological rejection, accounting for a third aif failures? The actual number
may indeed be higher than that reported. It is iptesshat a proportion of cases of
graft failure secondary to rejection are misclasdifoecause the classical signs are
obscured by the underlying condition or a concomifarocess such as infection.
Grafts that fail to clear in the early postoperatperiod are regarded as primary
nonfunctioning grafts; these occur in less than d%tases’ Other less common
causes of corneal allograft failure include endidhecell failure, infection and
glaucoma. Immunological rejection occurs as a testila breakdown in corneal
immune privilege. This is demonstrated by the chesmociation of the indication for
the graft, the degree of host prevascularisatiod,the number of previous ipsilateral
grafts, with the probability of graft survival. Ratts grafted for keratoconus—a
primary disease leading to a misshapen cornea—th&vbest survival, but patients

with any form of pregraft inflammation have signéhtly lower success rat¥s.

1.4 Corneal immune privilege

The high rate of acceptance among first-time cdrrabgrafts for primary
conditions such as keratoconus without the needyfstemic immunosuppression or
HLA matching, is attributable to the immune prigé of the cornea. The key
features underpinning the immune privilege of tbenea have been elucidated in
rodent studies: the existence of a blood-eye basie absence of blood vessels and
lymphatics; low numbers of mature antigen presendells (APCs) in the central
cornea; low expression of major histocompatibiigmplex (MHC) class | and class

II determinants; the presence of immunomodulatanpstances in the aqueous
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Figure 1.4: Corneal graft survival by era

The Kaplan-Meier plot shows probability of corngahft survival divided into six

eras since the inception of the Australian Cori&alft Registry. There has been no

demonstrable improvement in survival since 198BifFWilliams et al. (2008)
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humour (including transforming growth factpf-TGF-], a-melanocyte-stimulating-
hormone and vasoactive intestinal peptide); cartsté expression of Fas-ligand,;
and the phenomenon of anterior chamber-associatedine deviation (ACAID?
Despite the effectiveness of these mechanisms iom@tiing immunologic
unresponsiveness, the immune privilege of the @isereadily compromised by
inflammation®® Acquired corneal diseases such as those dueectioh and trauma
may result in significant vascularisation and inflaation of the graft bed, damaging
all the mechanisms contributing to privilege. Thevelopment of any strategy to
improve the survival of corneal grafts is dependent an appreciation that

immunological rejection is fundamentally linkedth® erosion of immune privilege.

1.5 Corneal allograft rejection

1.5.1 Clinical presentation of corneal allograft re  jection

The clinical appearance of corneal graft failure@aesult of immunological rejection
was defined by Maumenee in 1982A typical episode begins with symptoms of
irritation and a slight clouding of vision in theafted eye, accompanied by anterior
segment inflammation and reduced graft transparentiie eye displays
circumcorneal injection and, as the episode preg®sthe stroma becomes
progressively more oedematous. Opacification ofgtedt may be accompanied by
the growth of limbal blood vessels into the grafstie (Figure 1.5).

The corneal epithelium, stroma and endothelium eash undergo rejection
separately or togethét. Endothelial rejection may be characterised by tiera
precipitates—collections of leucocytes on the ehelaim. These may be arranged
in a line, commonly referred to as a rejection kim&Khodadoust line, which does not

involve the recipient corneal endothelium. A linedefect may also be seen
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Figure 1.5: Appearance of human corneal allograft €jection

Photographs show: (a) a healthy corneal allogwétt) an intact continuous suture;
and (b) a corneal allograft undergoing immunololbregection—note loss of clarity,
keratic precipitates and growth of limbal blood sads into the graft (seen here
superiorly). The continuous suture has been prelyoemoved. [Pictures provided

by D.J. Coster and A. Chappell]
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progressing across the epithelium of the donoudisa the case of rejection of this
layer. Rejection of the stroma is accompanied bguancorneal injection and stromal
haze, followed by endothelial rejection and clogduh the graft.

The rejection process may also be appreciatedtaliy, by detection of an
anterior chamber reaction and the appearance ofeabinfiltrates, followed by

corneal oedema, in a previously thin, clear graft.

1.5.2 Corneal allograft rejection at the cellulara  nd molecular level

Our understanding of the corneal allograft rejectimrocess at the cellular and
molecular levels has aided in the identification pmitential targets for immuno-
modulation. The rejecting corneal allograft consaem infiltrate of T cells (both

CD4+ and CD8+), macrophages, natural killer (NK)scand a smaller proportion of
neutrophils®># These different cell types are involved in theessht or effector arm

of the allograft response which is directed atlajlers of the graft. However, the
endothelium with its limited capacity to replicaie the major target of the rejection

process.

Role of cell-mediated immunity

It is widely accepted that CD4+ T cells play a ¢alcole in the rejection of corneal
allografts®**° and a close correlation has been established bgttire development
of delayed-type hypersensitivity (DTH) to donor thompatibility antigens and
corneal allograft rejectiofl. However, the mechanisms by which CD4+ T cells
mediate the corneal allograft rejection processaieranclear. Recent studies suggest
that CD4+ T cells act directly as effector cellshex than purely as helper ceffs,

and that macrophages, which have been shown to glestical role in corneal

allograft rejectior’> may be largely restricted to a role in antigerspreation.



Chapter 1 Introduction and aims 13

Classical delayed-type hypersensitivity (DTH) iediated by a subset of
CD4+ T cells, known as Thl cells. The Th1/Th2 mguelposed by Mossman et al.
is founded on observations in mice that therewoedistinct populations of CD4+ T
cells which can be characterised on the basis tfkine productiort’ Thl cells
produce interleukin-2 (IL2) and the pro-inflammataytokine interferong (IFN-y).
Lesions of the Thl type display a characteristicnamuclear infiltrate and a
conspicuous absence of granulocytes. Th2 cellsuged variety of cytokines
including IL4, IL5 and IL10. The development of Igiatibodies, an eosinophilic
reaction and suppression of IRNsroduction are evident in Th2-type inflammatory
states. A cross-regulation occurs between the tsets of cells, as the production
of subset-specific cytokines tends to inhibit theliferation of the other. This
apparent dichotomy of T cells has been challengatlyidual T cells and clones
display remarkable diversity in their cytokine ples, collectively forming a
continuous spectrum in which Thl and Th2 cells aynly two extremes of the
possible range of phenotyp&sHowever, it does provide a useful framework within
which to investigate and classify immune reacti@tsidies of corneal graft rejection
have established the process as typical of a DTitdune response, in which CD4+
Th1l cells play the pivotal role. The Th1l/Th2 pagadiunderpins the selection of
several Th2 cytokines as therapeutic transgeneattempts to prolong corneal
allograft survival using gene therapy.

Cytotoxic T lymphocytes (CTLs) are allospecific &bcells which recognise
target cells bearing MHC class | determinants amase cytolysis by the release of
perforins. Clinicians have proposed that the repectines which may be seen in
corneal epithelium or endothelium during acute a@p® represent an interface

between advancing CTLs and the progressively deglgraft cell layer. Such
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lesions are indeed consistent with the piecemealoses brought about by CTLs.
However, whilst donor-specific CTLs are acquiredimg corneal graft rejection
their contribution has been uncertain. Studies D8 &nockout (KO) and perforin
KO mice demonstrate that corneal graft rejectiontiooies unabated, in spite of the
fact that neither mouse strain is capable of mogngin allospecific CTL respon3e.
Further work in mice by Boisgerault et al. has jded evidence that although
alloreactive CD8+ T cells are activated via theedirpathway, they are not fully
competent and are unable to contribute to thetiefeprocess unless they receive an
additional signal provided by professional APCstie periphery’ It appears that
whilst CD8+ T cells are capable of contributing ttte rejection process, their
contribution is not obligatory and their exact rodenains to be elucidated.

Like the CTL, the role of the NK cell in corneabd} rejection is not yet fully
appreciated. However, there are reports implicatikgcells as possible mediators of
the rejection process, and certainly the absenammstitutive expression of MHC
class | molecules on corneal endothelial cells makem potential targets for NK

cell-mediated cytolysig>>°

Role of alloantibody

There is evidence that alloantibody is involvedciorneal graft rejection but its
precise role is not yet clear. Studies in mice h&hvawvn that hosts deficient in either
antibody or complement reject corneal allograftseffectively as their wild-type
counterparts, suggesting that the primary defaathyay for graft rejection is
independent of alloantibody.Nonetheless, alloantibody can kill corneal endidhe
cells in a complement-dependent or complement-iadégnt manner-*
Components of the intraocular microenvironment play a role in modulating the

contribution of antibody to an immune response.diew suggest that the
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complement system is constantly active at a loveller the normal eye and is
strictly regulated by intraocular complement retpia proteins:>** It is not known
whether a humoral response is responsible for thdugl but supranormal decrease
in endothelial cell density observed following ceahtransplantation, as a form of

chronic rejection.

Antigen presentation

The effector response to the corneal allograft@pethdent on successful antigen
presentation to naive T cells, and results in ferdiion and clonal expansion of
allospecific T cell§® The capture and presentation of antigen by AP@stitates
the afferent arm of the allograft response. Antigegsenting cells may be present as
passengers on the donor tissue, participating incated direct presentation.
Alternatively, they may move into the graft fromettsurrounding host cornea
triggered by inflammation, internalise histocompdity antigens from the graft, and
present them to naive host T cells. This is reterte as indirect antigen
presentatiof® Both pathways have been found to operate aftemeabr
transplantation, and despite the fact that therentipathway is less efficient, it is
believed to be far more important than the direathgay in the rejection of corneal
allografts’® Corneal grafts confronting the host with only nrifistocompatibility
disparities are still rejected, even though minmtdtompatibility antigens cannot
induce alloimmune responses via the direct pattitfay.

Activation of T cells requires the interaction thfe T cell receptor/CD3
complex with the MHC present on APCs. Moreover tiooglatory signals involving
the interaction of B7 antigens (CD80 and 86) of ARGth the CD28 molecule of T
cells are also essential for full activation ofstiinmune reactioff’® The site of T

cell sensitisation and proliferation in cornealoghaft rejection remains uncertain,



Chapter 1 Introduction and aims 16

but there is mounting evidence that it takes placdraining lymph nodes, rather

than inside the eye itséft?*

1.5.3 Current interventions to prevent corneal allo  graft rejection

The mainstay of treatment to prevent and reversgeeb allograft rejection is topical
glucocorticosteroid3? These have been in use for over 40 years, anc tiser
anecdotal evidence that their introduction resuitedn appreciable improvement in
graft survival®* Corticosteroids have an array of actions, butntiest important may
be their ability to inhibit migration of effectoelicocytes into the graft in the efferent
arm of the allograft rejection response.

Conventional interventions which have contributed improvements in
survival of renal allografts have not had the sampact on corneal allografts.
Systemic immunosuppression is not widely used meal transplantation for two
reasons. First, there is limited evidence for bignefth studies yielding inconsistent
results>*>* Second, the clinical context differs from that ather solid tissue
transplants. The majority of corneal transplantpieats are otherwise well, and few
patients are prepared to accept the risks assdcwtth the use of systemic
immunosuppressive agents.

Tissue matching is the other strategy which has prafound benefits in
renal transplantation but is not routinely perfodmi®r corneal transplantation.
Perhaps the primary reason that histocompatilmtititching for MHC determinants
has not become widely used for corneal grafts as the largest study to date, the
American Collaborative Corneal Transplant Study {ST reported no benefit.
Those results stand in conflict with benefits frilC matching seen in a number

of other studies conducted in parts of Eurpgand Canad There may indeed be

a benefit to be gained by tissue matching for carmansplantation, but the issue
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remains unresolved and practical challenges furth@uce the likelihood of such an

approach being implemented in Australia.

1.5.4 The need for novel approaches to improving co rneal

allograft survival

The lack of improvement in corneal allograft sualievident in data collected over
the past 20 years should not be surprising. Thiednttion of topical corticosteroids
took place approximately 40 years ago and minongés in surgical technique have
not significantly affected outcom&3Now, more than one hundred years after the
first successful corneal transplant, what was dhedeading light of transplantation
has become a muted glow. However, the advent aimbmant DNA technology
offers new prospects for modulating corneal alligrejection. Gene therapy has
achieved successes in experimental models of dotraesplantation, opening up

new opportunities to exploit its full therapeutiatential.

1.5.5 Experimental models of corneal allograft reje  ction

In order to test gene therapy strategies with avwie improving human corneal
allograft survival, useful animal models are regdir Much of the current
understanding of the mechanisms underlying coradlapraft rejection has been
derived from experiments in rodents, based on #me{pating keratoplasty model in
rats established by Williams and CoSteand the mouse model developed by She
and Moticka®® Whilst, as in humans, the inflammatory infiltraite rejecting rat
allografts contains macrophages, T cells (more Cikan CD8+), NK cells and
neutrophils?®>®3 the rejection process in the rat differs from thetn in humans at a
clinical level; rejection lines are rarely observetinportantly, the corneal

endothelium of rodents has replicative capacitycamtrast to the amitotic human
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endotheliunf*®° Episodes of rejection may be short and healinthefendothelium
may occur, restoring corneal clarity. Whilst theleat model is valuable as a means
of investigating the mechanisms underlying the tgrejiection process, it does not
constitute a preclinical model of corneal transfa#ion.

Alternative models to the rodent include the rakdmd the cat. Corneal
allografts in rabbits are generally well accept8tudies have shown that retained
graft-host sutures significantly increase the mtaejection, making this a useful
model for assessing mechanisms of graft rejeGiamlike the rodent, and as is the
case in humans, the corneal endothelium of theitrablessentially nondividing.
However, its replicative capacity may be age-depatdvith a higher mitotic rate in
younger animal§’ Cats have virtually no corneal endothelial mitgi@tential®® but
present unique handling challenges.

There is a scarcity of large mammal models of eakrallograft rejection.
Monkeys are known to have an essentially amitatidoghelium, but have seldom
been used for studies of corneal allotransplamapoobably on account of their cost
and ethical issues associated with their use. Aiature pig model has been
described, but the model is inherently low-risk{les cornea is avascul&r.

A model of orthotopic corneal transplantation lie toutbred sheep has been
established by Williams et &. The ovine cornea has a degree of vascularisation
under normal conditions, rendering the model higk:-rThe graft rejection process
is macroscopically and histologically similar t@atlobserved in humans (Figure 1.6).
In the absence of immunosuppression, rejectiorbbas observed at a median of 20
days following orthotopic corneal allotransplartatin the sheep. Both endothelial
and epithelial rejection lines are observed. Aistdtogical level, the inflammatory

infiltrate in rejecting grafts has been found tontin both CD4+ and



Chapter 1 Introduction and aims 19

Figure 1.6: Appearance of corneal allograft rejectin in the sheep

Photographs show: (a) a healthy ovine corneal @fodthe line apparent in the
lower left quadrant of the graft is a reflectio@nd (b) an ovine corneal allograft
undergoing immunological rejection—note loss ofityaingrowth of blood vessels

into the graft, and epithelial rejection line. [Rbgraphs taken by A. Chappell]
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CD8+ T cells, and is accompanied by the local petidn of IL2 and the pro-
inflammatory cytokines, tumour necrosis facto(TNF-o) and IFNy.”® In view of
the tempo and rate of rejection of ovine allografts the absence of
immunosuppression, and the clinical similarity b fprocess seen in humans, the
ovine model is an ideal preclinical model of higekrcorneal allograft rejection.
Studies of gene transfer methods for corneal ttansgion in the ovine model have
previously been undertaken using nonviral and adesiovectors’* For these
reasons, the outbred sheep was chosen as thenmaclmodel in which to

characterise the lentiviral vector under investagatn this project.

1.6 Gene therapy as a strategy to prolong corneal g raft
survival

At its most basic level, gene therapy entails tbe of a vector to deliver modified
DNA into the nuclei of target cells, whereupon tHaWNA is transcribed and
translated to produce a protein with a therapeeffiect. The most commonly used
vectors are engineered virus particles, but nohw@thods, such as liposomes, are
also used. The field of gene therapy has receioediderable media attention since
its beginnings in the early 1990s. This attenti@as lften been misdirected, either
overstating its potential and capabilities, or &&ing on adverse events and failures.
In truth, there have been some successes in gengpthtrials, most notably the
treatment of children suffering from X-linked sewetombined immunodeficiency
disease (SCID-X1) who might otherwise have dfe®ut there have also been
difficulties and setbacks. Understanding the biglo§ithe individual condition to be
treated presents certain challenges, but tuninge¢he transfer technology to address

it can prove particularly problematic. The biolagigprocesses involved in the
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rejection of corneal allografts are complicated &utumber of immunomodulatory
strategies have been devised based on the meclsadesuaribed above. A range of
transgenic molecules have been trialled in expeariaslemodels and show great
therapeutic potentid? A greater challenge for gene therapists of thenearis

developing a vector that has an acceptable bigsaietfile, and can achieve
efficient, stable transgene expression in both exlpical model and the human

cornea itself.

The corneal endothelium as a target for gene transfer

The cornea is regarded as an ideal target for gerapy’®’* It has a well-defined
anatomy and is easily accessible—facilitating rapmbninvasive examination.
Furthermore, donor corneas may be stored for up8talays in eye bank culture
media prior to transplantation. They are therefongquely available forex vivo
manipulation, given that the corneal endotheliunansexposed surface and highly
accessible to vectors. This approach also obvidtes need for systemic
administration of the vector, minimising systemissgmination and its associated

risks, and facilitating more precise titration afse.

The choice of transgene to prolong corneal allograft survival

A number of different transgenes have been showprétong corneal allograft
survival in experimental models (Table 1.1). Thesdude the immunomodulatory
cytokine interleukin-10 (IL103? inhibitors of T cell activation and proliferatigfi®*

an anti-angiogenic factdf,and an anti-apoptotic facttt.



Table 1.1: Transgenes shown to confer a prolongatiocof corneal allograft survival in experimental mockls

Transgene Vector Route Model Outcome Reference
IL10 Adenovirus Ex vivotransduction of Sheep Median survival extended from 20 d to 55 d 75
cornea
Soluble Adenovirus Ex vivotransduction of Rabbit Treatment with Ad-control significantly shorteneciy 84
TNFR-Ig cornea survival (p=0.0185); marginal prolongation of Ad-FR-
treated grafts compared to negative controls (B3RP
CTLA4-Ig Adenovirus Ex vivotransduction of Brown-Norway Ex vivotransduction of cornea: extended median survinad t 76
cornea; or intravenous rats to Lewis rats from 9 d to 10 d; systemic injection extended stakvfrom
injection 9dto18d
IL4 with MIDGE vectors Gene gun to corneal C3H mice to Survival extended from 27+19 d to 64+28 d afteatineent of 77
CTLA4 epithelium 1 d pre- BALB/c mice recipient cornea
transplant
IL4 with MIDGE vectors Gene gun to lower eyelid C3H mice to Survival extended from 26.6+5.7 d to 61.7+25.6al; n 78
CTLA4 1 d pre-transplant BALB/c mice extension after treatment of leg
E-Kr5 HIV-based lentivirus  Ex vivotransduction of Rabbit 2 negative controls failed at 14 d and 18 d; ndnE)d_V-E- 82
cornea Kr5-treated rabbits failed by 39 d
p40-1L12 Adenovirus Ex vivotransduction of Sheep Median survival extended from 20 d to 45 d 85
cornea
CTLA4-Ig Adenovirus Ex vivotransduction of Dark Agouti rats to Ex vivotransduction of cornea: mean survival extendeohfro 79
vIL10 cornea; or intra-peritoneal Lewis rats 13.1d to 15.8 d (Ad-CTLA4-Ig only) or 15.3 d (ACIFLA4-
injection (2 different doses, Ig and Ad-vIL10); intra-peritoneal Ad-CTLA4-lg: mea
survival extended to 22.7 d (low dose) and 40.4igh(dose)
IDO ElAV-based lentivirus Ex vivotransduction of C3H/He mice to Median survival extended from 11 dto 21 d 80
cornea BALB/c mice
vIL10 Liposomes Ex vivotransduction of Wistar-Furth rats  Ex vivotransduction: no extension with liposomes or 86
Adenovirus cornea; or intra-peritoneal to Lewis rats adenovirus; intra-peritoneal Ad-vIL10: mean survViva

injection (2 different doses; extended from 10.6 d t014.6 d at lower dose

Continued below



Table 1.1 continued: Transgenes shown to confeolagation of corneal allograft survival in expagntal models

Transgene Vector Route Model Outcome Reference
NGF, Adenovirus Ex vivotransduction of Dark Agouti rats to  Ad-NGF to cornea only: mean survival extended fisl d 81
CTLA4-Ig cornea; or intra-peritoneal Lewis rats to 16.8 d; Ad-NGF intra-peritoneal only: no extemsiAd-

injection NGF to cornea plus intra-peritoneal Ad-CTLA4-1go67

animals surviving at 70 d

Bcl-xL HIV-based lentivirus Ex vivotransduction of C57/BI6 mice to 90% survival rate at 8 wk (LV-Bcl-xL-treated corsga 83

cornea BALB/c mice compared to 40% (negative control) and 30% (LV-oalht
***Footnotes:

IL10 cellular interleukin-10, d days, wk weeks, TRHg tumour necrosis factor receptor immunoglobflision protein, CTLA4-Ig cytotoxic lymphocyte agein-4
immunoglobulin fusion protein, IL4 interleukin-4,IBIGE minimalistic immunologically defined gene egpsion, HIV human immunodeficiency virus, E-Kr5 esi@tin-
kringle 5 fusion protein, LV lentivirus, p40-IL124p subunit of interleukin-12, vIL10 viral interleink10, IDO indoleamine 2,3-dioxygenase, EIAV equinictious
anaemia virus, NGF nerve growth factor
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1.6.1 The choice of vector for gene transfer to cor neal

endothelium

Characteristics of the ideal vector for gene transd human corneal endothelium
are: the ability to transduce nondividing -cellsficént transduction, low
immunogenicity, stability of transgene expressidarge transgene carrying
capability, capacity for inducibility, and an actape biosafety profile. A range of
methods, including viral and nonviral vectors, haveen hitherto trialled for
achieving gene delivery to the corneal endothelidm.outline of these approaches
is provided below, culminating in a discussion loé tproposed advantages of the

lentiviral vector which was investigated for thiesis.

Nonviral genetransfer

Physical methods of gene transfer include naked Dipasomes, and ballistic gene
delivery. Considerable effort has been investeddavising such vectors as
noninflammatory alternatives to viral vectors; thas yielded some success, notably
the targeted liposomes and dendrimers of the Geamg Larkin grouf’®°
However, their main drawback has been relatively &fficiency of gene transfer
and transient gene expressién’ Ballistic delivery of minimalistic immunologically
defined gene expression (MIDGE) vectors expreskidgand CTLAA4, to the corneal
epithelium, has been shown to prolong corneal graftival in a mouse mod&l.
However, ballistic gene transfer requires carefptimisation to avoid causing
damage, particularly in the case of the corneabtradium. Previous studies using a
gene gun to deliver genes to the ovine corneal ttetiom resulted in an
unacceptable degree of cell dam&ga.range of other nonviral vectors were trialled

in the ovine corneal endothelium and were founbletdighly inefficient compared to
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an adenoviral vectdr- One remarkably efficient nonviral vector was aypgine-
based vector incorporating the integrin-binding demof American pit viper
venom; it transduced 100% of rabbit corneal enditheells by ex vivo gene

delivery®® However, gene expression waned after seven days.

Adenovirus-mediated gene transfer

Adenovirus is a 35 kb double-stranded DNA virust tbauses mild self-limiting
respiratory tract infection and keratoconjunctiitin humans. Recombinant
adenoviral vectors are the most commonly testedovedor gene transfer to the
corneal endothelium, and have been studied iniatyasf species including rodents,
rabbits, sheep and humans (Table 1.2). By and,ladgnoviral vectors have been
found to be more efficient than nonviral methodsgehe delivery to the corneal
endotheliun?* Significant advantages of adenoviral vectors ideluheir large
transgene capacity and high efficiency of tranddactIn addition, adenoviral
vectors have the ability to infect nondividing sedluch as the corneal endothelium,
and they can be produced to high titres.

Disadvantages of recombinant adenoviral vectodude their inherent
immunogenicity, and the fact that they remain epigrather than integrating into
the host cell genome. These factors may contriliateshort-lived expression,
counteracting any benefit conferred by the transffédmmunogenicity has been
addressed by the production of so-called “gutleestors which lack nearly all viral
coding sequences not required for production offulsgector or transgene
expression> Despite these improvements, transgene expressiorstill be short-
lived.®® Ex vivo adenovirus-mediated transgene expression in huroameas has
been reported to be maintained at high levels fdy seven days, with a diminution

of expression to zero by 28 daysStudies of adenoviral gene transfer to rabbit and



Table 1.2: Transduction of corneal endothelium by denoviral vectors

Species Vector/Transgene Transduction conditions Transgene expression Reference
Mouse Ad-lacz AC injection: 2-3 pl of b LacZ expression present at 14 d post-injection 98
particles/ml
Mouse Ad-GFP 6x10—6x10 pfu for 2 h at 37°C or 37°C /syngeneic: GFP expression lasted < 2 wk 99
4°C, followed by syngeneic or 4°C /syngeneic: GFP expression for up to 12 wk, @eeked at 5 d to 5 wik
allogeneic graft 4°C /allogeneic: GFP expression undetectable aftek
Mouse Ad-GFP 99% transduction efficiency 100
Rat Ad-lacZ 5x1C pfu for 3 h 90% at 3-7d 101
Rabbit 70% at 14 d
Undetectable at 21 d
Rat Ad-rIL4 2x10-2x10 pfu for 3 h at 37°C rlL4 detectable in culture sumtants at 24 h, 72 hand 6 d 102
Rat Ad-B-Gal AC injection: 2 pl of 18" pfu/ml Strongp-Gal expression at 4 d and 7 d 103
Reduced intensity of expression at 10 d
Not detectable after 10 d
Rat Ad-CTLA4-Ig 5x10 pfu for 3 h at 37°C CTLA4-Ig production maximalfirst 7 d and continued to 27 d 76
Rat Ad-CD4-GFP 5x10 pfu for 2 h at 37°C 69% positive for GFP at 3 d 49
Anti-CD4 scFv production peaked at 4-5 d
Rat Ad-CTLA4-Ig 0.5-1x18 pfu for 3 h at 37°C CTLA4-Ig detected after 48 h 79
Ad-vIL-10
Ad-B-Gal
Rat Ad-vIL10 1x1@ pfu for 3 h at 37°C Not reported 86
Ad-p-Gal
Rat Ad-NGF 1x1@ pfu for 3 h at 37°C NGF detected in supernataoliected at 3 d 81
Ad-p-Gal
Rabbit Ad-lacz (a) Ex vivotransduction and organ (a) 75—-100% cells positive at 1 d; <5% by 21 d 104
culture: 1.5x10pfu for 3 h
(b) Ex vivotransduction and (b) 90% cells positive at 1 d; <5% at 7 d
transplantation:
1.5x10 pfu for 3 h, 3640 h culture,
grafted
Rabbit Ad-TNFR-Ig Corneal segments: 18pfu for 1 h TNFR-Ig detected by ELISA in supermasafor up to 28 d 84

Continued below



Table 1.2 continued: Transduction of corneal enelatm by adenoviral vectors

Species Vector/Transgene Transduction conditions Transgene expression Reference
Sheep Ad-lacz 6.6xI(fu for 2 h at room temperature ~ Expression detéetat 1 d, 4 d, and reached 70% at 7 d 71
Sheep  Ad-lacZ 6.6x10—6.6x10 pfu for 0.5-2 h at room 30% positive for lacZ at 24 h 75
Ad-IL10 temperature 70% positive at 6d, and persisted until 28 d
IL10 mRNA detected within 24 h and up to 21 d
Sheep Ad-GFP 0.8-1x10 pfu for 2 h at room 80-100% positive for GFP at 3—4 d 85
Ad-p40 IL12 temperature IL4 and p40 IL12 mRNA detected at 2 h and up tal21
Ad-IL4
Pig Ad-GFP MOI 100 27% positive for GFP after 2 d, and 31% positiveG&P at 12 d 105
Human Ad-GFP MOI 100 6% positive for GFP after 2dd 45% positive for GFP at 12 d 105
Human Ad-lacz 1-1.5x18 pfu for 3 h lacZ high until 7 d and undetectable by 28 d 97
Ad-CTLA4-Ig Adenoviral DNA persisted for at least 56 d
High levels of active CTLA-4 Ig protein detectedsumpernatants for up to
28d
Human Ad-vIL10 2x18pfu/ml for 3 h at 37°C Transgenic protein (viLd®tected in supernatant up to 22 d 106
Human Ad-lacz 10° pfu (MOI 100) applied to cultured  80% positive for lacZ at 24 h 107
endothelial cells for 24 h
Human Ad-CD4-GFP 5x103x1@ pfu for 2.5 h at room 12-100% positive for GFP at 72—96 h 108
temperature Anti-CD4 scFv production peaked at 2 wk and dediteehalf that level at
1 month
***Footnotes:

Ad adenovirus, lacB-galactosidase, AC anterior chamber, d days, hshavk weeks, GFP green fluorescent protein, pfqueaorming units, riL4 recombinant
interleukin-4,3-Gal B-galactosidase, IL10 interleukin-10, vIL10 viralllo, CTLA4-1g cytotoxic lymphocyte antigen-4 immunalgulin fusion protein, NGF nerve growth
factor, TNFR-Ig tumour necrosis factor receptor inmoglobulin fusion protein, MOI multiplicity of iefction
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rat corneagx vivodemonstrated greatest transgene expression attthezven days
post-transduction, falling to undetectable levell days-®* Importantly, the safety
of adenoviral vectors has been brought into quesby the death of a patient
involved in a clinical trial of gene therapy in whithe vector was administered
systemically:%11°

Despite their deficiencies, adenoviral vectorsagmnthe most efficient means
of achieving rapid transgene expression in the earendothelium. In our own
laboratory, the use of an adenoviral vector exjmmgss reporter gene has resulted in
transduction of up to 70% of endothelial cells ifttered ovine corneds.Adenoviral
vectors also constitute the method of gene transfidlised in achieving a

prolongation of allograft survival in several animaodels, including the rat and the

Sheep7.1,76,79,81,85

Adeno-associated virus-mediated gene transfer

Recombinant adeno-associated virus vectors (rAA¥)based on the 4.7 kb single-
stranded DNA virus which is not associated with Aoynan disease. Given its very
simple genomic structure AAV requires a helper gjrwsually adenovirus, to
replicate’'* The genome contains only two open reading frar@#srs) flanked by
inverted terminal repeats (ITRs). The wild-typeal/iDNA integrates into the host
cell genome via site-specific recombination dirddby the viral rep functiom->**3
Recombinant AAV vectors have a broad host rang&cinboth dividing and
nondividing cells, and integrate randomly into tihest genome at sites of double-
stranded DNA breaks’ However, it appears that the greater part of rAv&¢tors

persist episomally as concatemers formed by he#ailtoecombination, switching

between linear and circular forms.
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Like adenovirus, rAAV vectors can be grown to highe. There are now
more than 10 different known AAV serotypg&with AAV-2 most commonly used
for gene therapy, and AAV-4 and -5 packaged vectiswing tropism for
retinal!"*'® Relative disadvantages of rAAV include limitedrisgene capacity and
the need for a helper virus in production. The t@ditransgene capacity has been
addressed by taking advantage of the AAV genomdditya to undergo
concatemerisation after transduction. Transgengsidhan 4.9 kb are packaged into
two different rAAV vectors and delivered concomitgn However, this approach
significantly reduced transduction efficien€y:**® To minimise the risk of
contamination with wild-type adenovirus, some gobpave developed helper-virus-
free methods of rAAV productioff!

A significant issue in the use of rAAV vectors fdinical use is the presence
of neutralising antibodies. Most people have ndigtrg antibodies to AAV due to
prior infection'?? Using vectors developed from different serotypsesh as AAV-7
and AAV-8 isolated from Rhesus monkeys, has be@apgsed as a means of
circumventing this problem, to allow effective lotegm treatment with rAAV
vectors’*

A number of studies have been performed examinmiV-mediated gene
transfer to the corneal endothelium. Studies usfgV to transduce rabbit and
human corneal endothelial cells resulted in lowicefhcy, and were limited by
technical difficulties in achieving high titré& However, when injected into the
anterior chamber of rabbits, rAAV containing theargegalovirus (CMV) promoter
driving a reporter gene transduced almost 90% oheal endothelial cell§*
Expression was shown to be inducible by an injectb lipopolysaccharide, given

up to 60 days after transduction. In another stidigvel of corneal transduction
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sufficient to inhibit corneal neovascularisationswaported with rAAV encoding a
soluble vascular endothelial growth factor (VEGEgeptor-*> More recently, over
90% of corneal endothelial cells in human cornemratirims were transduced with
rAAV encoding a reporter gene, and expression reetbstable for 14 days in organ
culture!®

Given their lack of pathogenicity and capacity fong-term expression,
rAAV vectors are an attractive choice for achievimgable expression of
immunomodulatory transgenes after corneal tranggian. However, their limited
transgene capacity and the possibility of neufiraisantibodies abrogating

expression are relative shortcomings.

Herpes simplex virus-mediated gene transfer

Herpes simplex virus (HSV) is a nonintegrative,hpgenic double-stranded DNA
virus with a broad host range, and the abilityiect both dividing and nondividing
cells. It has a very large capacity and can be grtavhigh titre but is cytotoxic.
Trials of HSV vector transduction in corneal endcdtdd cells have been
disappointing, resulting in a low efficiency of msdluction, transient expression, and
cytotoxicity.”**?* In their current form, such vectors are not a gpodspect for

clinical use in corneal transplantation.

Gammaretrovirus-mediated gene transfer

Gammaretrovirus is a genus of the retroviridae faof enveloped RNA viruses.
Gammaretroviral vectors commonly derived from med@ukaemia virus have been
widely used in gene therapy experiments and asrgeparpose gene expression

vectors. They are vectors which integrate into hbst cell genome and thus can
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achieve sustained transgene expression. Howevesir timability to infect
nondividing cells is a significant drawback.
Greatest success using retroviruses to transdooceea cells has been

achieved in keratocyted’ 1%

and one group has reported transduction of epathel
progenitor cells using a retroviral vectdf. Whilst keratocytes and epithelial
progenitor cells are cycling cell populations, theman corneal endothelium is
nondividing and therefore not an appropriate tardet transduction with

gammaretroviral vectors.

Lentivirus-mediated gene transfer

The vector chosen for study in this project wasHi¥-1-based lentiviral vector.
Background information concerning lentiviral vestas presented below, followed
by a description of the specific vector used, ancteonale for its selection over

other lentiviral vector systems.
1.6.2 Lentiviral vectors

Structure and genome

The lentiviruses are a genus of retroviridae tratehthe ability to transduce both
dividing and nondividing cell§® They include nonprimate viruses—such as equine
infectious anaemia virus (EIAV), bovine immunodeditcy virus (BIV), and feline
immunodeficiency virus (FIV)—as well as the primateiruses, simian
immunodeficiency virus (SIV) and human immunodeimy virus (HIV).
Lentiviruses have a cylindrical core structure cosgtl of Gag proteins, and a viral
genome comprising two identical copies of RNA. Tgenome encodes three
classical retrovirus genesgag, pol andenv—as well as a varying number of ORFs

(Figure 1.7). Thegag sequence encodes four proteins which form thd ewee,
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including the p24 capsid protein and the p17 maitrotein. Thepol sequence also
encodes four proteins, including the viral revetsanscriptase and integrase
enzymes. Theenv gene codes for the viral envelope protein gpl6@ichv is
transported to the cell membrane and cleaved o qubunits, gp120 and gp41l.
These form spikes on the surface of enveloped parscles as they bud off from
the cell membrane. The ORFs are most numerous Vi1Hlin which they are
designatediif, vpu, vpr, nef, tat andrev. The first four are termed accessory genes,
coding for proteins which determine the pathogésatures of the virus. That and

rev genes code for virus regulatory proteins, whiclntem HIV-1 expression at

transcriptional and post-transcriptional levels.

pol

Figure 1.7: Schematic genome map of HIV-1

The genome encodes the protein and enzyme comsouoietiite lentiviral particle in
thegag pol andenvgenes. Theat andrev spliced exons code for regulatory proteins
which modulate transcriptional and post-transaoipi steps of viral gene
expression. Theif, vpr, vpu andnefgenes are encoded by a number of open reading
frames (marked), and code for accessory proteitisvied to be involved in virus
pathogenicity. Note that lengths of genes are mgtale. LTR: long terminal repeat.
[Adapted from HIV-1 gene map at http://www.hiv.laggdv/content/hiv-

db/MAP/landmark.html in November 2007]
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Like other retroviruses, lentiviruses infect celisrough an interaction
between viral envelope proteins and receptors ertatget cell. In the case of wild-
type HIV, this interaction takes place betweenlvy@al20, and CD4 on the surface
of T cells. Following attachment and receptor-mestlaentry in host cells, viral
reverse transcriptase and integrase enzymes merbagrse transcription and
integration of the virus genome into the host céilomatin. This facilitates stable
gene expression—a key attribute of a prospectivovdor modulation of corneal
graft rejection. To confer the capacity for HIV-bdsvectors to transduce a wide
range of cell types including the corneal endothmlithe parental HIV-1 envelope is
commonly substituted with the vesicular stomatiisis G protein (VSV-G). This
process—referred to as pseudotyping—also stabilissgor particles, allowing
concentration by ultracentrifugation and the geti@nzof higher titres>"

In addition to their ability to transduce nondivmg cells and capacity for
long-term expression, lentiviral vectors are appegalbecause of their low
immunogenicity. In one study, subretinal administra of lentivirus appeared to
induce an immune-deviant response, showing sigmfianduction of the Th2
cytokines L4, 1L10, and TGB-"*? No neutralising antibodies were identified and
inflammatory cells were not apparent at the site sabretinal injection upon
immunohistochemical examination. Another study regab injection of lentiviral
particles into the anterior chamber of live rat®y@nd no evidence of inflammation

was detected®

Generation of HIV-1-based vectors

In view of the pathogenic nature of HIV-1 in humaasgreat emphasis has been

placed on safety in the development of HIV-1-basedtors:** A number of

strategies have sought to minimise the likelihobdemerating replication-competent
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virus. These include minimising the homology betweenstituent sequences, and
segregation of the cis-acting elements in the genoeguired for vector RNA

synthesis, packaging, reverse transcription anegration, from protein-encoding
trans-acting sequences. Envelope-encoding sequemeeslso separated from the
rest of the HIV-1 packaging cassette as an additisafety measure”

The earliest HIV-based vectors contained the -§esteration packaging
cassette developed by Naldini et’af.which included all of the HIV-1 accessory
genes (Figure 1.8). Given that these vectors redaen large portion of the HIV
genome, there was a significant risk of recombamathediated generation of wild-
type virus. Subsequent studies determined that thelyegulatory genea®v andtat
are required fom vitro viral propagation. The second-generation packagasgette
was developed, in which all accessory genes wdstedewith the exception atv
and tat’*® Yet another significant modification was introddceshen the third-
generation of packaging cassette separatedjdlgpol andrev genes between two
different plasmids and that gene was dispensed with altogeti&iThis was made
possible by replacing the 5’ LTR with the CMV prot@ thus rendering the system
Tat-independent’ Vectors made using this cassette had a reducetihtiod of
generating replication-competent retroviruses, oeite still able to be generated at
high titres.

Further advancements in the design of HIV-basedove have included the
use of synthetic (codon-optimised) reading frafi®snd the development of self-
inactivating (SIN) vector$®’ During reverse transcription in the wild-type \drthe
3’ U3 region, containing the HIV-1 enhancer/promagequences, is transferred to
the 5 LTR. Making deletions in the 3’ U3 regionpiives the vector of its parental

enhancer/promoter sequences, thus rendering ipatda of transcribing full length
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vector RNA that may be packaged. This reduces ikaliHood of generating
replication-competent virus and the risk of inadletly activating silent host cell

promoters.

First generation packaging cassette

gag pol tat || rev || vif vpr | vpu | [ nef

Second generation packaging cassette

gag pol tat || rev

Third generation packaging cassette

EFla pA Envelope encoding sequence
O\ | VSV-G | e
ﬁi* gag | pol n
Vector construct
5 LTR PBS ¥ 3'LTR AU3

Figure 1.8: Progressive development of HIV-basedéviral packaging cassettes
The first generation packaging cassette contaiiketh@ accessory genes, which
were subsequently excluded in the second generptiokaging cassette. The third
generation packaging cassette divided fgagpol and rev genes between two
separate plasmids, and dispensed withtdahgene altogether. A further development
was the introduction of deletions in the U3 regminthe 3’ LTR in the vector
construct resulting in a self-inactivating (SIN)ct@r, incapable of transcribing the
full-length vector RNA. CMV: cytomegalovirus proneoi EFLi: elongation factor-
la promoter, pA: polyadenylation signal, VSV-G: vedar stomatitis virus G
protein, LTR: long terminal repeat, PBS: primerdiny site,y: retroviral packaging
signal, cPPT: central polypurine tract, RRE: Respmnse elementU3: deletion in

U3 region of 3'LTR.
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Nonhuman lentiviral vectors

A range of vectors based on nonhuman lentivirugel as EIAV, BIV and FIV are
being developed. The proposed rationale is thah sectors, derived from viruses
which cannot replicate in human cells, pose fewsksrand might improve safety in
clinical trials. However, there is little known alidhe risks involved in introducing
nonhuman viruses into the human genome. Indeedg theevidence that FIV and
SIV full-length RNA can be cross-packaged by HI\pdrticles, raising the concern
that such an approach may lead to the generaticm dfimeric virus capable of
infecting both animals and humati$.No lentivirus has been the subject of greater
scrutiny than HIV-1, and HIV-based vectors retdia most rigorously tested safety

profile of any lentiviral vectors yet developed.

Transduction of the corneal endothelium with lentiviral vectors

Many studies have demonstrated expression of tes@sgby corneal endothelium
following transduction with lentiviral vectors (Ti@bl.3). Long-term expression has
been demonstrated in several species; reporter @gnession has been detected 10
months after anterior chamber injection of micehwin EIAV vectorr* and
endothelial cells on pieces of human cornea trazestiwith an HIV-based vector,
have been reported to express a reporter geneOfatags in organ culturé® A
prolongation of corneal allograft survival has besmonstrated in three studies
using lentiviral vector§®®*® recently, an HIV-based vector encoding the anti-

apoptotic factor Bel-xL improved corneal allografirvival in @ murine modé&f



Table 1.3: Transduction of corneal endothelium byéntiviral vectors

Species Vector/Transgene
Mouse HIV-1-based
CMV promoter
eGFP
FIV
VSV-G
CMV promoter
B-Gal
BIV-based
eGFP
ElAV-based
HIV-1-based
eGFP
ElAV-based
CMV promoter

Mouse

Mouse

Mouse

Mouse

Pseudotyped with either

VSV-G or rabies-G
eGFP

HIV-based

CMV promoter

VSV-G

eGFP, ZsGreen, bcl-xL
HIV-based

VSV-G

EFlo promoter

eGFP

HIV-based pHR’ vector
CMV promoter

E-Kr5 fusion protein

Mouse

Rat

Rabbit

Transduction conditions
AC injection:
2 pl of 2x16 TU/m

Intravitreous injection:
2 pl containing 1x10DTU

Intravitreous injection:
5x10-5x1G TU

AC injection:
2 pl of 1.5x16-1.4x13° TU/mI

Corneas incubated for 18 h in Optisol® GS
containing 6 pl/ml polybrene and 1x¥10/ml
lenti-1ZsGreen or lenti-IZsGreen-xL, or 5.5¥10
iu/ml lenti-eGFP

AC injection:

10 pl (14 pfu)

Whole buttons:

50 pl of 16 particles/ml
Incubated for 18 h at 37°C
Transplanted

Transgene expression

eGFP detected by 7 d

Unchanged at 6 and 12 wk

Not quantified

B-Gal expression detected at 1 and 3 wk

eGFP detected at post-mortem (20 wk)

EIAV 95% transduction efficiency
HIV-1 75% transduction efficiency

EIAV-VSV-G: eGFP detected at 1 wk and maintainedCat
months; not quantified
EIAV-rabies-G: undetectable

eGFP detected on day 3 post-transplantation arsispeat for
at least 56 d in syngeneic graft
ZsGreen expressed in 15.8% at 1 wk and persist@avat

eGFP detected; not quantified
No information on time course of expression

E-Kr5 transcripts detected by RT-PCR at 30 d and 40

Reference
141

142

143

100

139

83

133

82

Continued below



Table 1.3 continued: Transduction of corneal enelaim by lentiviral vectors

Species Vector/Transgene Transduction conditions Transgene expression Reference
Human 3 plasmid system Full thickness corneal segments: lacZ: expression at 0.5 wk and 8 wk, in human audbit 144
Rabbit EIAV envelope 5x1@ particles for 3 h segments for both EIAV- and HIV-based vectors; nmaxn
Mouse EIAV-based Murine corneal endothelial cell line: MOI 300 of 5-40% expression
HIV-based for 3 h EIAV-eGFP: 83% at 7 d in murine cell line
CMV promoter Temperature not stated
lacZ, eGFP
Human HIV-based pHR’ vector Pieces of corneal tissue: eGFP detected at 3 d and still present at 60 d 140
3 plasmid system 10°-10' particles for 24 h at 37°C Not quantified
VSV-G
CMV promoter
eGFP
Human 3 plasmid system Primary human cultured corneal endothelial cellseGFP expression in 30% cells after 2-3 d; stilspnt at 12 d 145
EIAV-based 12 h transduction with 5x£01x1¢ TU/ml to post-transduction
CMV promoter achieve MOI of 100 in volume of 200 ul

Pseudotyped with either
VSV-G or rabies-G
eGFP

***Footnotes:

HIV human immunodeficiency virus, CMV cytomegalawdt eGFP enhanced green fluorescent protein, A&ianthamber, TU transducing units, d days, h fiowk
weeks, FIV feline immunodeficiency virus;Gal B-galactosidase, EIAV equine infectious anaemiasyiSV-G vesicular stomatitis virus G, BIV bovine
immunodeficiency virus, ZsGreen green fluoresceatgin, 1ZsGreen ZsGreen in vector containing imdéribosomal entry site, iu infectious units, lEFElongation
factor-lo, pHR’ first generation HIV-based vector (Naldiri);Kr5 endostatin-kringle 5 fusion protein, laBfalactosidase, MOl multiplicity of infection
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Risk of insertional mutagenesis

Given that lentiviral vectors integrate into hosellc chromosomes, like
gammaretroviruses they possess the risk of ingailtimutagenesis. However, unlike
the clinical cases dfMO2 proto-oncogene activation in the French SCID-Xal in
which an oncogenic retrovirus was usétio date there have been no known
instances of HIV-1 activating oncogenes via prdvimgegration**” The use of SIN
vectors reduces the likelihood of insertional metagsis by depriving the proviral
vector of its parental promoter/enhancer sequetf€ésowever, it should be noted
that SIN vectors consequently rely on an interrralhmter which itself may have
trans-activating potentidf> A promising development has been the design of
nonintegrating lentiviral vectors (NILVsS) which magircumvent the risk of
insertional mutagenesis altogether by creating tiwns in the viral integrase
protein®*® So far such vectors have shown similar transdoefticienciesn vivoto
their integrating counterparts in the rat retifaput further work is needed to
determine residual rates of integration, and asagal am aware, their capacity for

stable expression in corneal endothelial cellsigown.

The Anson lentiviral vector as a prospect for human transplantation

This project was concerned with the development ifafe, efficient and stable
lentiviral vector for ultimate application in amical trial of gene therapy to modulate
corneal allograft rejection. A range of lentiviraéctor systems are privately and
commercially available but not all of them have bekeveloped with a view to
clinical application. The lentiviral vector unddugy in this project was specifically
selected on the basis of features facilitatingicdiihuse. It is an HIV-1-based SIN

vector which is pseudotyped with the VSV-G protdinhas been designed and
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developed by Associate Professor D.S. Anson of Department of Genetic
Medicine, Women’s and Children’s Hospital, AdelaidBouth Australid>? It
contains none of the HIV accessory genes, butn®taoth the regulatory genesy
and tat (Figure 1.9). All sequences have been codon-opichito enable the
generation of high titres without increasing thekriof generating replication-
competent viruses. Homology between constitueniesgates has been minimised.

Like traditional third-generation lentiviral paakag cassettes, the Anson
lentiviral system expresses all proteins from défe construct$> However, unlike
other third-generation systems, the 5’ HIV-1 LTR &8juence is not replaced with a
constitutive promoter, but retains a third packggaasmid coding for Tat. Whilst it
has been argued that SIN vectors utilising a hketgoois constitutive promoter in
place of the HIV-1 U3 region are safer as they ad contain the sequences
necessary to reconstitute a functional HIV-1 LTRichs vectors remain Tat-
inducible™’ In the interests of safety, the Anson SIN vectas fbeen kept Tat-
dependent, on the basis that generation of a fumatireplication-competent virus
would require not only repair of the LTR, but alaoquisition of the ability to
express Tat>

A further important aspect of a lentiviral vectoith potential for clinical use
Is the ability to scale-up production whilst sathieving high titres of purified virus
under biosafety conditions. The Anson approaclsasla hollow-fibre ultrafiltration
system which is readily adapted to large-scale ggsiag, and results in acceptable
recoveries with rapid processing times. In combamatvith ultracentrifugation, the
method allows multi-litre volumes of virus to bencentrated up to 1,000-fold with

relative easé>*
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pHIV-1-SDm-SV-eYFP-ALTR
5 LTR 3'LTR AU3

Sv40 eYFP

pcDNA3.1tat101ml

pHCMVwhv revml

w ........................................... <P -

pHCMVwhv gagpolml

W ....................................... gag pol whv
pHCMV-G

Figure 1.9: Anson lentiviral vector expression consucts

Schematic diagrams of the vector and four helpasrplds are shown. In the vector
pHIV-1-SDm-SV-eYFPALTR, RRE represents the Rev response element, tRPT
central polypurine tract, SV40 the simian viruseb4D early promoter, and eYFP the
enhanced yellow fluorescent protein coding sequefmepcDNA3.1at101m|] CMV
represents the simian cytomegalovirus immediatdy gamomoter. Thetat101ml
coding sequence is followed by the bovine growthnteme gene polyadenylation
signal. For the pHCMV constructs, hCMV represeiits human cytomegalovirus
immediate early promoter, the dashed lines splisiggals from the rabbji-globin
gene, whv the woodchuck hepatitis virus post-trapgsonal regulatory element
followed by the rabbi3-globin polyadenylation signal, and VSV-G the vetc
stomatitis virus G protein coding sequence, folldwky the rabbitp-globin

polyadenylation signal. [Adapted from Koldej et @005)>
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1.7 Summary and plan for the thesis

Selection of the Anson lentiviral vector and the ovine preclinical model

There is now an impetus to develop gene theraptpkewhich meet the demands of
a clinical trial for human corneal transplantatiddf the viral vectors currently
available, adenoviral vectors remain the most ieffic but rAAV vectors and
lentiviral vectors appear to have the greatest ntiate for long-term transgene

expression (Table 1.4).

Table 1.4: Features of viral vectors for gene trarfer to corneal endothelium

Feature Adenovirus rAAV Lentivirus
Genome dsDNA ssDNA SSRNA
Genome size (kb) 35 4.7 7-11
Transgene capacity (kb) ~30 ~5 ~9
Integration into No, remains Yes, but Yes
chromosomes episomal inefficient

Transduction efficiency Consistently high Reports vary  Reports vary from

in human corneal from very low low to moderate
endothelium to very high
Stability of expression  Poor Potentially high High
Immunogenicity May be high Moderate to Low

low
Biosafety issues Systemic toxicit Theoretical risk Theoretical risk of

of insertional  insertional
mutagenesis  mutagenesis

***Eootnotes: rAAV recombinant adeno-associatedusivector, ds double-stranded, ss single-
stranded! also dependent on internal promoter
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Lentiviral vectors have been shown to producelstalkpression in human
corneal endotheliufi®***and have low immunogenicity in the éy&**The Anson
lentiviral vector possesses safety and producteatiufes which make it a realistic
prospect for use in clinical trials of gene therajoy prevent corneal allograft
rejection. In the existing range of establisheccimecal models of corneal allograft
rejection, the outbred sheep has advantages, piymts high-risk nature and
amitotic endothelium. For these reasons, | investig the ability of the Anson
lentiviral vector to deliver transgenes to the @vand human corneal endothelium,

and evaluated the vector’'s potential for use in &worneal transplantation.

The choice of areporter gene and interleukin-10 as transgenes

The focus of the project was to characterise thityabf the HIV-1-based Anson

lentiviral vector to achieve transgene expressionovine and human corneal
endothelium, not to explore the merits of a noherapeutic transgene. To this end,
a vector encoding the enhanced yellow fluoresceotep (eYFP) was chosen to
allow qualitative and quantitative assessment ahdduction rates and expression
stability. However, since many of the potentialrépeutic transgenes for use in
corneal transplantation are secreted proteins, as \Wecided to investigate the
expression of one of these also. Given that theunomodulatory cytokine IL10 has

been shown to prolong corneal graft survival in thetbred sheep following

adenovirus-mediated gene transfer, it was chosensasreted protein with which to

characterise the performance of the lentiviral @ebbthin vitro andin vivo.

Comparison of lentiviral vectors with different constitutive promoters

Many of the early studies using retroviral vectasesre conducted using the simian

virus type-40 (SV40) early promoter, whilst theredation factor-& promoter (EF1)
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and phosphoglycerate kinase (PGK) promoters arestitotive mammalian
promoters which have also been widely used. Theamnu@MV immediate early
promoter is known to be a strong viral promoter bhad been shown to drive robust
and stable expression in corneal endothelium oérs¢\different species, including
sheep and human. Therefore, performance of veaaroding these different
internal promoters was assessed in both the ovimg@ the human corneal
endothelium, to determine which promoters held mmstmise for use in the

preclinical ovine model and for ultimate clinicg@ication in humans.

Regulation of lentiviral-mediated expression by a steroid-inducible promoter

Regulation of transgene expression by an extergahtasuch as an eye drop is a
highly desirable attribute of a vector for the miadion of corneal allograft rejection.
Topical corticosteroids are routine prophylaxis drehtment for corneal allograft
rejection'® Therefore, in addition to assessing constitutikemters, | investigated
the incorporation of a steroid-inducible promoteaséd on five glucocorticoid
response elements (GRES) upstream of the adendinugjor late promoter TATA
box (Figure 1.10). This promoter construct has bsbown to drive marked
glucocorticoid-induced upregulation of transgenpression in a number of systems

bothin vitro andin vivo***%°
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5 x GRE Ad2MLP Transgene PolyA

TGTACAGGATGTTCT

< >

Figure 1.10: Schematic representation of the GRESeroid-inducible promoter
The chimeric promoter represents five glucocorticoésponse elements (GRES)
from the rat tyrosine aminotransferase gene, iedetpstream of the adenovirus 2

major late promoter (Ad2MLP).

Analysis of parametersinfluencing lentivirus-mediated expression

In addition to the influence of the internal promrobn lentivirus-mediated transgene
expression, a range of other factors were alssasdeincluding: the duration of the
transduction period (the time during which the enicated virus is incubated in
close proximity with the corneal endothelium), tieltiplicity of infection (MOI),
and use of the polycation polybrene, which is cominaised to improve retroviral
transduction rates in tissue culture. Stabilityesfression was examined bdth
vitro andin vivoin ovine corneal endothelium, and in human cormeastro. Given
the extensive use of adenoviral vectors to trarsdweneal endothelium and their
success in mediating a prolongation of corneabadift survival in sheep, adenoviral

vectors were used as a benchmark for the perforenainihie lentiviral vectors.

Invivotrial of lentivirus-mediated expression of interleukin-10

Finally, the potential therapeutic effect of the s@n lentiviral vector was

investigated by conducting a trial of lentivirugwémn IL10 expression in the ovine
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model of corneal allograft rejection. Studies walgo conducted to determine the

viability of ovine donor corneas following perionfsorgan culture.

1.8 Aims of the thesis

1.8.1 Overarching aim

To study the ability of the HIV-1-based Anson leial vector to achieve efficient
and stable gene expression in corneal endothelibengby evaluating its potential

for use in human corneal transplantation.

1.8.2 Specific aims

In vitro

* To construct lentiviral vectors encoding a reporgene, and the model
secreted protein IL10, under the control of différeternal promoters;

* To characterise the kinetics and stability of kintis-mediated expression of
a reporter gene and IL10, in ovine and human coeredothelium;

* To investigate the influence of transduction perthaation, multiplicity of
infection, and the use of polybrene, on lentivinnediated transgene

expression in ovine and human corneal endothelium;

In vivo

* To investigate the stability of lentivirus-mediatednsgene expression, and
the effects of organ culture and transfer of ILi®,the ovine model of

corneal transplantation.



CHAPTER 2

MATERIALS AND METHODS
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2.1 Materials

General chemicals

Unless otherwise stated, all chemicals were ofyaical reagent grade, and obtained
from: Sigma (St Louis, MO, USA), AJAX chemicals (Bwrn, NSW), or BDH
chemicals (Kilsyth, VIC). All water used was doublass distilled (DDHO), unless

otherwise specified. Recipes for buffers and sohgiare in Section 2.2.

Molecular biology reagents and PCR primers

Reagents used in molecular biology are listed inld&.1. Primers used in endpoint
polymerase chain reaction (PCR) and real-time PCRBrewsynthesised by
GeneWorks (Thebarton, SA) at sequencing-gradeypurtiese are listed in Table

2.2 and Table 2.3 respectively.

Materials used in bacterial cell culture

Bacterial culture plates were purchased from TedPlas (St. Mary's, SA).
Antibiotics used in bacterial cell culture were: @ailin (50 mg / ml; Boehringer
Mannheim, Germany) and kanamycin (10 mg / ml; Sig8@aLouis, MO, USA),
which were prepared in sterile water, and chloraenptol (Sigma, St Louis, MO,
USA) which was prepared in ethanol (35 mg / ml). riifoy concentrations of
antibiotics were 100 pg / ml for ampicillin, 10 mgnl for kanamycin, and 35 ug /
ml for chloramphenicol. All stocks were stored &C4until use. Bacterial cell lines
and plasmids used during the course of the prejectisted in Table 2.4 and Table

2.5 respectively.
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Table 2.1: Molecular biology reagents

Reagent Manufacturer

Ethidium bromide (10 mg / ml) Sigma (St Louis, MOGA)

6x Loading dye Promega (Madison, WI, USA)

20 bp DNA ladder (20 bp-1 kb) GeneWorks (Thebarg),

2 log DNA ladder (100 bp—10 kb)  New England Biolabs (Beverly, MA, USA)
Restriction endonucleases New England Biolabs (BgvWdA, USA)

Restriction endonuclease reaction New England Biolabs (Beverly, MA, USA)
buffers (NEBuffers 1,2,3,4)

One-Phor-All® restriction Amersham Biosciences Corporation,
endonuclease buffer (Piscataway, NJ, USA)

T4 DNA Ligase (400,000 cohesive New England Biolabs (Beverly, MA, USA)
end units / ml)

10x T4 DNA Ligase Reaction Buffer New England Biolabs (Beverly, MA, USA)
(containing 10 mM ATP)

Elongase® Invitrogen (Carlsbad, CA, USA)
Platinum® Taq DNA polymerase Invitrogen (Carlsb@d,, USA)

10x PCR buffer (specific for either Invitrogen (Carlsbad, CA, USA)
Platinum® Taq or Elongase®)

dNTPs (10 mM for each: dATP, Amersham Biosciences Corporation,
dCTP, dGTP and dTTP) (Piscataway, NJ, USA)

DNA-free™ DNase | Ambion (Austin, TX, USA)
SuperScript lI® First-Strand Invitrogen (Carlsbad, CA, USA)

Synthesis System
QuantiTect™ SYBR Green Master Qiagen (Valencia, CA, USA)
Mix




Table 2.2: Endpoint PCR primer sequences

Target gene/application Primer

Confirmation of IL10 sequence by PCR and sequenciniy.10for
IL10rev

Amplification of IL10 sequence from pRC-CMV-IL10, IL10kpnfor
introducing a 5Kpnl site and 3’ his6-tag andindlll
restriction site

IL10hindrev
Amplification of GRE5 promoter sequence from GREbamfor
PGRES5-Iuc, introducing a BanHI site and 3Kpnl
site

GREkpnrev

Amplification of CMV sequence with BanHlI site and CMVbamfor
3’ Clal site

CMVclarev

Length
(bp)
20
17

36

55

20

24
27

26

Sequence

5 GCAGCT GTACCCACTTCCCAZT
5 AGA AAACGATGACAGCG ¥

5" CGC AGG TAC CTC CGC CAT GCC CAG CAG
CTC AGC CGT 3

5" ATC GCA AGC TTA GAT TAG TGG TGG TGG
TGG TGG TGC ATC TTC GTT GTC ATG TAG G 3’

5" CGC GGATCC TTAATT CGG GG ¥

5 CCG GTACCT GGC CCT CGC AGACAG &

5" CGC GGA TCC AAT AGT AAT CAATTACGG &

5 CCATCG ATG GAT CTGACG GTT CACTA 3

Tm (°C)
56
44

75

73

56

66
58

59

Amplicon
Size (bp)
80

580

B2

580

***Eootnotes: PCR polymerase chain reaction, bpehaars, T, melting temperature, IL10 interleukin-10, for fawa, rev reverse, his6-tag six histidine residues,
GRES5 five glucocorticoid response elements, CM\boytgalovirus promoter



Table 2.3: Real-time PCR primer and probe sequences

Gene Primer/Probe

(Accession Numbel)

Ovine IL10 ILLORTfor
(U11421) ILLORTrev
Ovine B-actin oBAfor
(U39357) oBArev
Ovine GAPDH 0GAP1for
(AF030943) 0GAP1lrev
HIV-1 gag Forward
Reverse
Probe (FAM/NFQ)
Mouse transferrin Forward
Reverse

Probe (FAM/NFQ)

Length (bp)

20
20
19
20
20
20
23
25
17
24
25
15

Sequence

5 CAAGCCTTG TCG GAAATG AT &
5TTCACGTGC TCCTTGATGTCZ

5 CAC CCAGCACGATGAAGAT 3

5 ACATCT GCT GGA AGG TGG AC 3

5" ATC AAT GGA AAG GCC ATCAC 3

5 CAC GTACTC AGC ACC AGC AT &

5'"AGC TAG AAC GAT TCG CAG TTG AT 3'

5 CCAGTATTT GTC TACAGCCTT CTGA 3
5'CCT GGC CTG TTA GAAAC 3

5" AAG CAG CCA AAT TAG CAT GTT GAC &
5 GGT CTGATT CTCTGT TTAGCT GACAZ
5" CTG GCCTGAGCT CCT 3

Tm (°C)

60
60
60
60
60
60
53
56
47
54
56
47

Amplicon Size

(bp)
89

105

81

65

76

***Eootnotes: PCR polymerase chain reactig)rNCBl Nucleotide database (http://www.ncbi.nim.nibvésites/entrez), bp base pairg, Melting temperature,

IL10 interleukin-10, for forward, rev reverse, GARRlyceraldehyde 3-phosphate dehydrogenase, HIVahummunodeficiency virus



Table 2.4: Bacterial strains ofE. Coli

Strain of E. coli  Genotype Details/Application
BJ5183 endA sbcBC recBC galK met thi-1 High levels of homologous recombination; interméeltaansformation efficiency;
bioT hsdR (Strr) used for cotransformation of adenoviral backborté whuttle vector in production of

adenoviral vectors.
DH5a SupE44AlacU169®80 lacZAM15  Recombination-deficient suppressing strain useauaplification of recombinant

hsdR17 recAl endAl gyrA96 thi-1 plasmids.

relAl

DH103 F- mcrAA(mrr-hsdRMS-mcrBC)  Recombination-deficient suppressing strain; alleffieient cloning of both
@80lacZAM15 AlacX74 recAl prokaryotic and eukaryotic genomic DNA and effitciptasmid rescue from
endAl araD13%(ara, leu)7697 eukaryotic genomes; used for amplification of reborant plasmids.

galU galKA- rpsL nupG

***Eootnotes: E. coli Escherichia coli



Table 2.5: Plasmids

Designation Description Sequence of interest  Resistance Source

pRC-CMV-IL10 Mammalian expression vector containthg  Ovine IL10 gene Ampicillin pRC-CMV from Promega (Kiaon,
ovine IL10 gene sequence driven by a CMV WI, USA); ovine IL10 from
promoter, followed by a polyadenylation site Professor M. Pericaudet, Institut

Gustave Roussy, Villejuif, France

pAdEasy-1 (pAdEasy) E1-, E3-deleted adenovirus serotype-5 Adenoviral sequences Ampicillin Professor B. Vogelstein, Johns

backbone Hopkins University, Baltimore, MD,
USA

pAdTrack-CMV Shuttle vector with polylinker undeortrol of CMV promoter, eGFP  Kanamycin Professor B. Vogelstein, Johns
CMV promoter, and co-expressing eGFP on gene Hopkins University, Baltimore, MD,
separate CMV promoter USA

pGRES5-luc Plasmid containing five glucocorticoid GRES5 promoter region Ampicillin Professor J. White, McGill
response elements upstream of the adenov University, Montreal Canada

major late promoter TATA box, driving

expression of luciferase

pHIV-1-SDm-SV-eYFPALTR HIV-1 lentiviral vector plasmid SV40 early prater Chloramphenicol A/Professor D. Anson, Women'’s and
eYFP gene Children’s Hospital, Adelaide, SA

pcDNA3.1tat101ml Helper plasmid encoding HIV-1 Tat HIV-1 Tat Chloramphenicol  A/Professor D. Anson

pHCMVwhvrevml Helper plasmid encoding HIV-1 Rev HIV-1 Rev Chlawahenicol A/Professor D. Anson

pHCMVwhvgagpolml Helper plasmid encoding HIV-1 GagPol HIV-1 GagPol Chloramphenicol  A/Professor D. Anson

pHCMV-G Helper plasmid encoding VSV-G protein VSVpBotein Chloramphenicol A/Professor D. Anson

Continued below



Table 2.5 continued
Designation

pHIV-1-SDm-PGK-eYFPALTR

pHIV-1-SDm-EF-eYFPALTR

pHIV-1-SDm-SV-emptyALTR
pHIV-1-SDm-CMV-eYFPALTR

pHIV-1-SDmM-SV-IL10ALTR

pHIV-1-SDm-GRE-IL10ALTR

Description

HIV-1 lentiviral vector plasmid

HIV-1 lentiviral vector plasmid

HIV-1 lentiviral vector plasmid

HIV-1 lentiviral vector plasmid

HIV-1 lentiviral vector plasmid

HIV-1 lentiviral vector plasmid

Sequence of interest

PGK promoter
eYFP gene
EF promoter
eYFP gene

SV40 early prarter
CMV promoter
eYFP gene

SV40 early prater
Ovine IL10 gene
GRE5 promoter
Ovine IL10 gene

Resistance

Chloramphenicol

Chloramphenicol

Chloramphenicol

Chloramphenicol

Chloramphenicol

Chloramphenicol

Source

A/Professor D. Anson

A/Professor D. Anson

A/Professor D. Anson
CMV promoter cloned into
pHIV-1-SDm-SV-eYFPALTR
Ovine IL10 gene cloned into
pHIV-1-SDm-SV-emptyALTR
GRES5 promoter cloned into
pHIV-1-SDm-SV-IL10ALTR

***Eootnotes: CMV cytomegalovirus, IL10 interleukibl, eGFP enhanced green fluorescent protein, GR&glucocorticoid response elements, SV40 simiams type-

40, eYFP enhanced yellow fluorescent protein, V&¥isular stomatitis virus, PGK phosphoglycerate&& EF elongation factor:1
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Materials used in mammalian cell culture

Tissue culture flasks, disposable pipettes andodeiple graduated tubes were
obtained from Nunclon (Copenhagen, Denmark), ocdral(Franklin Lakes, NJ,
USA). Powdered media for mammalian cell culture evebtained from Thermo
Electron (Melbourne, VIC) and GIBCO BRL (GaithersfpuMD, USA); details are
provided in Section 2.2. All media were prepareémaotoxin-low glassware treated
with E-Toxa-Clean™ according to the manufacturergructions (Sigma, St Louis,
MO, USA), and 0.22 um filter-sterilised prior toeusThe HEPES-buffered RPMI
medium 1640 and bicarbonate-buffered DMEM mediuiii,hereafter be referred to
as RPMI and DMEM respectively. Unless otherwisdestatissue culture media
were supplemented with penicillin (100 IU / ml)egtomycin (100 pug / ml) and L-
glutamine (2 mM) (all from GIBCO BRL, GaithersbuiglD, USA). These were
replenished every two weeks. Foetal calf serum (FERIBCO BRL, Gaithersburg,
MD, USA) was heat-inactivated at 56°C for 30 miml &tored at -20°C. Media were
supplemented with 2—-10% v/v FCS. A medium will leéerred to by the % v/v of
FCS present followed by its name (e.g. 10% RPMémefo HEPES-buffered RPMI
1640 containing 10 % v/v FCS and supplemented wehicillin (100 U / ml),
streptomycin (100 pg / ml) and L-glutamine (2 mMy)ammalian cell lines used

during the course of the project are listed in €ghb.

Miscellaneous reagents

These are listed in Table 2.7.



Table 2.6: Mammalian cell lines

Designation Characteristics Applications Catalogue Number/Source
HEK-293A  Human embryonic kidney cells; Production of adenovirus serotype-5 vector ATCC €RlZ3
adherent; expressing adenovirus Obtained from: QBiogene
serotype-5 E1 sequence Inc (Carlsbad, CA, USA)
HEK-293T Human embryonic kidney cells; Production of lentiviral vector; testing lentiviragctor ATCC SD3515
adherent; highly susceptible to stocks for replication competence
transfection
A549 Human alveolar epithelial cells; Titre determination of lentiviral vector stocks eggsing ATCC CCL-185

adherent; high transduction efficiencyeporter gene
for lentivirus

NIH3T3 Mouse fibroblasts; adherent; high  Titre determination of lentiviral vector stocks not ATCC CRL-1658

transduction efficiency for lentivirus expressing reporter gene

***Eootnotes: HEK human embryonic kidney, ATCC Anean Type Culture Collection (Manassas, VA, USA)
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Table 2.7: Miscellaneous reagents

Reagent Description Source
Water for irrigation  Sterile, nonpyrogenic Baxt@id Toongabbie,
NSW)

Sodium chloride for 0.9% w/v isotonic, Baxter (Old Toongabbie,

irrigation nonpyrogenic, sterile NSW)

Glycogen 20 mg / mlin distilled water = Roche (Maairth, Germany)

Tween-20 Polyethylene sorbitan Sigma (St Louis, MO, USA)
monolaurate

Streptavidin-HRP Purified strepavidin DakoCytomation (Glostrup,
horseradish peroxidise Denmark)

conjugate (0.7 g/ L)

Dextran T500 Used as an osmotic agent it Pharmacia Bitoech AB
corneal organ culture (Uppsala, Sweden)

Hoechst-33258 dye  Nuclear stain Sigma (St Loui®, MSA)

2-Mercaptoethanol B-mercaptoethanol Sigma (St Louis, MO, USA)
>98% (M-7154)

Polybrene Hexadimethrine bromide  Sigma (St Louis, MO, USA)
>94% (52495)

DEPC Diethylpyrocarbonate Sigma (St Louis, MO, USA)
>97% (D-5758)

Dexamethasone 8mg/2ml Mayne Pharma (Mulgrave,

sodium phosphate Used as an induction agent VIC)

for GRES promoter

Sheep

All experiments involving sheep were approved by Animal Welfare Committee
of Flinders University of South Australia. Outbredult Merino-cross ewes and
wethers were obtained from various properties intis@ustralia. Animals weighed
between 40 and 60 kg and were housed in individzés in groups of two to four.

They had unlimited access to lucerne chaff and nvated were housed so that at
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least one other sheep was visible at all timesy @ right eye of any animal was
operated on. Animals were acclimatised for one weedfir to surgery. Materials

used in orthotopic corneal transplantation aredish Table 2.8.

Ovine eyes

Whole ovine eyes were obtained from a local ahaiidormanville Meatworks,

Normanville, SA) within 1 h of slaughter and had heen heat-treated in any way.

Table 2.8: Materials used in orthotopic corneal trasplantation

Material Manufacturer

1% Atropine sulphate (Minims™) Chauvin Pharmacelsidtd. (Kingston-Upon-
Thames, England, UK)

1% Tropicamide (Mydriacyl™)  Alcon Laboratories (Frenchs Forest, NSW)

1% Cyclopentolate hydrochloride Chauvin Pharmaceuticals Ltd. (Kingston-Upon-

(Minims™) Thames, England, UK)

10% Phenylephrine hydrochloric Chauvin Pharmaceuticals Ltd. (Kingston-Upon-
(Minims™) Thames, England, UK)

Chloramphenicol ointment Pfizer Australia Pty. Ltd. (West Ryde, NSW)

(10 mg chloramphenicol per g)

(Chloromycetin™)

0.5% Chloramphenicol drops Sigma Pharmaceuticals (Clayton, VIC)
(5 mg / ml) (Chlorsig™)

Balanced salt solution Cytosol Laboratories (Braiat MA, USA)

Methylprednisolone acetate Pharmacia (Kalamazoo, Ml, USA)

(40 mg / ml) (Depo-Medrol™)

Corneal trephines Medtronic Ophthalmics (Jacksonville, FL,

(12 mm and 12 mm) USA); Tecfen Corporation (Santa Barbara, CA,
USA)

4.0 braided silk suture Syneture (Norwalk, CT, USA)

9.0 monofilament nylon suture Alcon Laboratoriesr(fVorth, TX, USA)
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2.2 Buffers and Solutions

Buffered formalin

Compound Amount

Formalin (40% w/v) 50 ml
NaHPOy.H,0O 29

NaHPO, 3.25¢

DDH,0O made up to 500 ml

0.1% v/v Diethylpyrocarbonate (DEPC)-treated watersaline

Compound Amount

DEPC 1ml

DDH,0 or 0.9% w/v NaCl 1000 ml

Placed at 37C overnight, autoclaved to inactivate DEPC.

DMEM Medium

Compound Amount

Powdered medium 1 sachet (MultiCel™ Cat No: 50-P25 Thermo
Electron, Melbourne, VIC)

NaHCGOs 3.79

D-glucose (anhydrous) 39

Sterile, nonpyrogenic #© made up to 1000 ml
Adjusted pH to 7.2, filter sterilised through a®in filter, stored at 2C.

RPMI Medium 1640 (with 25 mM HEPES buffer)

Compound Amount

Powdered medium 1 sachet (GIBCO™ Cat No: 23400-bitrogen,
Gaithersburg, MD, USA)

NaHCG; 29

Sterile, nonpyrogenic #© 1000 ml
Adjusted pH to 7.2, filter sterilised through a®in filter, stored at 2C.

2x HEPES-buffered saline (HeBS)

Compound Amount
NacCl 1649
NaHPO, 0.021 ¢
HEPES 129

Sterile, nonpyrogenic #© made up to 100 ml
Adjusted to pH 7.4, filter-sterilised through a®#n filter, stored at 2C.

59
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Luria Bertani (LB) bacterial medium

Compound Amount

Tryptone 10g

Yeast extract 509

NacCl 109

DDH,0 made up to 1000 ml

Adjusted to pH 7.0, autoclaved.
To make LB agar plates, 15 g/ L agar was added.
To make low salt LB, the quantity of NaCl added \wakved.

Phosphate-buffered saline (PBS) 10x stock

Compound Amount
NaHPO,.2H,0 28.55¢
NaHPOy.2H,0 6.25¢g

NaCl 709

DDH0 or sterile, nonpyrogenic9 made up to 1000 ml
Adjusted to pH 7.4, autoclaved.

SOC medium

Compound Amount

Tryptone 209

Yeast extract 509

NacCl 05¢g

0.25M KCI 10 ml

NaOH 10Qul

DDH,0 made up to 1000 ml
Autoclaved before addition of sterile Mgsénd glucose:
2M MgSQ, 5ml

1M glucose 20 ml

Tris borate EDTA (TBE) 5x stock

Compound Amount

Trizma base 54 ¢

Boric acid 275¢

0.5M EDTA 20 ml

DDH,0 made up to 1000 ml

Used at 0.5x for agarose gel electrophoresis.

Trypsin-EDTA

Compound Amount
Trypsin powder (1:250) 05¢g
EDTA.Na;..4H,O 0.2¢
10x PBS 100 mi

Sterile, nonpyrogenic #© made up to 1000 ml
Filter-sterilised through a 0.3#n filter, and stored at —20°C in 20 ml aliquots.
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2.3 Methods

2.3.1 Molecular biology

Agarose gel electrophoresis

Products of plasmid preparations, digests, ligatipolymerase chain reaction (PCR)
and RNA extraction were analysed by agarose gditrelghoresis. Gels were
prepared by adding 0.8-2% w/v agarose (Promegais@ladwWI, USA) to 100 ml of
0.5x TBE buffer, with the addition of @ ethidium bromide (10 mg / ml) (Sigma, St
Louis, MO, USA). Electrophoresis was performed B0TBE buffer. Samples were
loaded in 6% loading dye (Promega, Madison, WI, JSBels were examined and
photographed under ultraviolet (UV) light using anunercially available gel
documentation and analysis system (GeneSnap, Sgn§gnoptics Ltd., Frederick,
MD, USA). The size of products was determined byparison with DNA ladders:
2 log ladder (New England Biolabs, Beverly, MA, USAand 20 bp ladder

(GeneWorks, Thebarton, SA).

Plasmid preparation

Plasmid DNA was generated . coli bacteria (Table 2.5), and purified using
commercially available plasmid purification kitgcarding to the supplied protocols
(Mini-, Midi-, Maxi- and Mega Kits; Qiagen, Valerssi CA, USA). For some
applications, such as purification of transfectywade vector plasmid DNA for virus
production, endotoxin-low kits were used (EndoFvkaxi- and Mega Kits; Qiagen,
Valencia, CA, USA). Quantification of purified plagd DNA was carried out using
spectrophotometry. Absorbance at 260 nm was usddtesmine concentration, and

the 260:280 nm ratio was used to determine puBtgparations of DNA at low
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concentrations were quantified using ethidium bamrplates. In these cases, 1 ul of
each sample at various dilutions was dispensed amtgarose gel plate, containing
1% w/v agarose in DD¥D and 0.005% v/v ethidium bromide (10 mg / ml). lEac
plate included a series of DNA standards, usingaegolumes of serial dilutions of
herring sperm DNA (Sigma, St Louis, MO, USA). Saesplvere quantified by visual

comparison with standards under UV light.

Preparation of electrocompetent bacteria

A single colony was picked from a freshly-strealdate of DH5e or DH10$ E.
coli bacteria, used to inoculate 20 ml of Luria Beri{@f) medium, and incubated at
37°C for 16 h. This culture was then added to 1,00@f low salt LB medium and
incubated until an optical density (OD) at 600 ni®.6—0.8 was attained. Cells were
then repeatedly pelleted and washed in chilledilstevater by three successive
centrifugations at 2,000 g for 15 min at 2°C. Feilog the third centrifugation,
pelleted cells were resuspended in 10 ml of 10%gWeerol, divided into 6Qu

aliquots, snap-frozen in liquid nitrogen and stoaeeB0°C.

Restriction enzyme digestion

Restriction enzyme digests were carried out in 261l volumes, containing the
appropriate buffer (NEBuffer 1, 2, 3 or 4, New Eargl Biolabs, Beverly, MA, USA;

or One-Phor-All®, Amersham Biosciences Corporatiéhiscataway, NJ, USA),
restriction enzyme at 10 U / pg of DNA (New Engldidlabs, Beverly, MA, USA),

the DNA itself, and distilled water. Reactions weagried out at 37°C for 60 min. In
vector digests, shrimp alkaline phosphatase (US8veland, OH, USA) was added
to the reaction mixture for 30 min, to prevent geligation of the cut vector. The

reaction was terminated by incubation at 65°C f6r riin. Purification of the



Chapter 2 Materials and methods 63

digested DNA was carried out by gel extraction (Qukk Gel Extraction Kit,
Qiagen, Valencia, CA, USA) or a QIAquick spin columaccording to the
manufacturer’'s instructions (Qiagen, Valencia, CAJSA). Agarose gel

electrophoresis was performed to confirm digestibtihhe vector DNA.

Cloning methods

In general, cloning of insert DNA sequences in@spiid shuttle vectors was carried
out as follows. A double-digestion was performedtunvector using the appropriate
restriction enzymes, and the insert DNA was ansdifboy PCR, using the proof-
reading enzyme Elongase® (Invitrogen, Carlsbad, GASA) and primers

incorporating the respective restriction sites.Bdbuble-cut vector and amplified
insert were purified and quantified following gektmaction (QIAquick Gel

Extraction Kit; Qiagen, Valencia, CA, USA). The éms DNA was subjected to
double-digestion using the specific enzymes to teresicky ends, followed by

purification and quantification. Ligation reactiowgre then performed.

Ligation reactions

Each ligation reaction contained:p2 of 10x ligation buffer, 1ul T4 DNA ligase
(New England Biolabs, Beverly, MA, USA), and vecidNA and insert DNA (at
either a 1:1 or 1:3 vector:insert molar ratio), mangh to a total volume of 2d with

DDH,0. Reactions were placed at 4°C overnight in 0.5ulnés.

Cleanup of ligation reactions by ethanol precipitation

The volume of each ligation reaction mixture wasdenap to 20Qu with DDH,0O.
Then 1pul glycogen (10 mg / ml in water) and 200f 3 M sodium acetate, pH 5.2,

were added. Next, 2.5x volumes of ice-cold ethamete added and the mixture
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placed at -20°C for 30 min to allow the DNA to ppetate. The mixture was then
centrifuged in a microcentrifuge at 10,000 g forrin at 4°C. The supernatant was
removed, being careful not to disturb the pelldtjol was then rinsed with 1 ml of
70% ethanol. A 5 min centrifugation was carried atutLt0,000 g at 4°C. This step
was repeated. Finally as much supernatant as pessibs removed without
disturbing the pellet. The tube was placed in aefpéac high vacuum centrifuge
(Edwards High Vacuum Ltd., Crawley, England, UKy & min to ensure drying

before being redissolved in 1i0of DDH,O.

Electroporation

One to 2ul of plasmid DNA or cleaned-up ligation mixture wadded to 6Qul
aliquots of electro-competent DRber DH10f E. coli, mixed and incubated on ice
for 5 min. Cells were then transferred to electraion cuvettes (1 mm gap),
electroporated using an electroporator (Gene PuUlsBioRad, Hercules, CA, USA),
set at 1.8 kV, 25uF and 200 Ohms, and then added to 1 ml of SOC mediu
Following incubation at 37°C for 1 h, cells werdl@®ed, resuspended in 2@0and
plated on LB agar plates supplemented with the ggpate antibiotic. Plates were

incubated at 37°C for 16 h.

Endpoint PCR

Individual endpoint PCR was carried out in a totalume of 25ul per tube,
containing: 2.5ul 10x PCR buffer, 1.5 mM Mgg| 100 uM dNTPs, 0.5 U
Platinum® Taq (Invitrogen, Carlsbad, CA,USA), OuM forward and reverse
primers, DDHO, and 2ul DNA template. A bulk reaction mixture was made up
excluding the DNA template, which was then addednwividual reactions. All

reactions were carried out in duplicate. Positioetmls containing a DNA sequence
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of interest, and negative controls containingl f DDH,0O substituted for the DNA
template, were included in all assays. The PCR paformed in the OmniGene
Thermal Cycler (Hybaid Ltd, Middlesex, England, UKarameters of PCR varied
depending on the application. Typical parametersew@) an initial denaturation
stage at 94°C for 5 min; (ii) 20—40 cycles of theteps: a denaturation step at 94°C
for 30 s, an annealing step dependent on the rgakmperature of primers, for 30 s,
and an extension step at 72°C for 1 min; and &if)nal stage at 72°C for 4 min.
Products of PCR were analysed by electrophoregsig s8—2% w/v agarose in 0.5x

TBE buffer (depending on the expected size of tioelyct).

2.3.2 Tissue Culture

Propagation of cell lines

The adherent cell lines, HEK-293A, HEK-293T, A548nd NIH3T3 were
propagated in 5-10% DMEM. On reaching confluenedlsavere split by washing
once with 1x PBS and incubation with 10% v/v trypEDTA in PBS (undiluted
trypsin-EDTA was used for A549 cells) at 37°C fomin. After detachment, cells
were washed once in growth medium, centrifuged @@ & for 5 min, and
resuspended in growth medium for replating. Celerenreplated at 1:10 to 1:4

depending on the incubation time until the nexitspl

TNF-a synthesis inhibition assay to confirm function of transgenic 1L10

An assay was kindly carried out by Professor Prag Eind Dr Cecilia Prele at the
Telethon Institute for Child Health Research, SobjaVA, to confirm the function
of secreted transgenic ovine interleukin-10 (ILI®)supernatants from transduced
cells. Primary human monocytes were isolated froeripberal blood using

Lymphoprep (Axis-Shield, Oslo, Norway) and enrichagd centrifugal elutriation.
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Cells were cultured at 0.5x1ells per 500 pl culture in 48-well plates, and
stimulated by the addition of lipopolysaccharidé§; Sigma, St Louis, MO, USA)
(500 ng / ml). Experimental supernatants were aduteal dilution of 1:5. At 24 h
after stimulation, monocyte culture supernatantsevassayed for the concentration
of tumour necrosis factar{TNF-o), using a commercially available ELISA kit (BD
Biosciences, Pharmingen, San Diego, CA, USA), atingrto the manufacturer’s
instructions. All samples were assayed in duplic&entrols comprised untreated
cells (negative controls), and cells cotreated WS and recombinant human I1L10

(10 ng / ml) (positive controls).
2.3.3 Production of adenoviral vectors

I ntroduction

The adenoviral vectors used in the studies were E3-deleted adenoviruses of
serotype-5, produced using the AdEasy system (Dr.V8gelstein, Baltimore,

MD)*®° (Figure 2.1). All procedures were carried out i€lass Il biosafety cabinet
and under Level 2 physical containment (PC2) comakt Two adenoviral vectors
were produced: one encoding the enhanced greeredlcent protein (eGFP) under
the transcriptional control of the human cytomegaics (CMV) immediate early

promoter (Ad-GFP), and a second encoding both e@fePovine IL10, each under
the control of individual CMV promoters (Ad-GFP-IQL The methods used for the
construction and production of both adenoviral gextare described below. Details
of the cloning of the IL10 gene into the adenovirsthuttle vector, and

cotransformation with the adenoviral backbone pAsyBa produce the recombinant

adenoviral vector plasmid Ad-GFP-IL10, are provide€hapter 4 (page 143-144).



Figure 2.1: Schematic representation of the AdEaswpproach to generating
recombinant adenoviral vector stocks

The gene of interest was first cloned into a sbutdctor, and the resultant plasmid
linearised by digesting with restriction endonuskamd (Step 1). The plasmid was
then cotransformed with the adenoviral backbonampid, pAdEasy-1, irE. coli
BJ5183. Recombinants were selected for kanamyaistasmce, and recombination
confirmed by restriction endonuclease analysisp(2je The linearised recombinant
plasmid was transfected into an adenovirus packagiall line, HEK-293A,
expressing the E1 gene of the adenovirus genoree @t Purified adenoviral vector
stocks were obtained by passing infected cell §sahrough caesium chloride
density gradients. MCS: multicloning site, LITRftleverted terminal repeat, RITR:
right ITR, Ori: origin of replication; Kan: kanamiycresistance sequence [diagram

adapted from AdEasy Vector System Application Matftia
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Transfection of HEK-293A cells with Ad-GFP-1L10 vector plasmid

A transfection with the Ad-GFP-IL10 vector plasmigs carried out in a 25 ém
tissue culture flask containing 2>#1HEK-293A cells in 10% DMEM. Twenty pl of
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, US#ds added to 4 pg ¢tad-
linearised, endotoxin-low Ad-GFP-IL10 vector DNAluted in 500 pl of serum-free
OptiMEM medium (GIBCO BRL, Gaithersburg, MD, USAThe mixture was
incubated for 20 min at room temperature, whilst ¢klls were washed once with 4
ml serum-free OptiMEM medium, covered with 2.5 ndrusn-free OptiIMEM
medium and incubated at 37°C. The transfectionuméxtvas added dropwise to the
cells and incubated at 37°C with 5% £i@ air. After 6 h, the Lipofectamine-DNA
mix was replaced by 6 ml of 10% DMEM. Cells wereiegved daily for evidence of
cytopathic effect and eGFP expression, using arriad fluorescence microscope
(Leitz Fluovert microscope with Osram HBO 50W laam blue light filter block).
When evidence of maximal expression was observed @, cells were harvested
using a cell-scraper and collected by centrifugatib 800 g for 5 min at 4°C. Cells
were then resuspended in 3 ml of supernatant asetl l{py sonication (Sonicator
WO0375, Heat Systems, Ultrasonics, Adelaide), usiaging 2, 40% duty cycle,
continuous pulse, for 10 s. The cell lysate wassicared Passage 0 virus stock and

stored at -80°C.

Production of unpurified Ad-GFP-1L10 virus

In order to produce large quantities of Ad-GFP-IlMi€us for purification, HEK-
293A cells were subjected to repeated rounds @ctidn with crude lysate from
infected cells. Passage O crude lysate was thaweadniaterbath at 37°C, cell debris

pelleted by centrifugation at 1,200 g for 10 mi4&€, and the supernatant passed
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through a 0.2 um filter (Minisart; Sartorius AG, @tingen, Germany). Two 25 ém
tissue culture flasks containing HEK-293A cells 3% confluence were each
infected with 1 ml of sterilised Passage O supamtain a total volume of 3 ml 5%
DMEM for 90 min at 37°C. Cells were observed dddy evidence of cytopathic
effect and eGFP expression (usually achieved wighih). Collection and lysis of
these cells by sonication resulted in Passage is. [y$ate was stored at -80°C and
subsequently used for infection of two 75%ctissue culture flasks of HEK-293A
cells at 90% confluence. The 4 ml infection mix tzamed 1 ml of Passage 1 and 3
ml 5% DMEM, with each flask of cells receiving 2 faF 90 min at 37°C. As before,
the cells were observed, collected and lysed, tiaguin Passage 2. Three 175%cm
tissue culture flasks were each infected with 4 ahlPassage 2 infection mix,
containing 1 ml Passage 2 and 11 ml 5% DMEM, ireotd produce Passage 3. For
production of a purified batch of adenoviral vectawenty 75 cr tissue culture
flasks were each infected with 2 ml of a Passageiure containing 0.5 ml of
Passage 3 and 39.5 ml of 5% DMEM. This stage wagedaout a total of four times

to produce sufficient Passage 4 stock for caeshioride (CsCl) purification.

Caesium chloride purification and dialysis of adenoviral vectors

Passage 4 infected cell lysates were thawed at,3F6Gled and cellular debris
excluded by centrifugation at 1,400 g for 10 min44C. The viscosity of the
resultant supernatant was reduced by passingatugira 22G needle three times.
The supernatant was made up to 17 ml with 10 mM EE&EBuffer pH 7.4, and
divided into two volumes of 8.5 ml. Two Quicksealtrclear tubes (Beckman
Instruments, Palo Alto, CA, USA) were each filledhwa discontinuous gradient of
CsClin 10 mM HEPES buffer pH 7.4, consisting ab &l of 2.2 mM CsCl, on top

of 2.5 ml of 4M CsCI. A long Pasteur pipette wasrtlused to dispense each volume
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of supernatant carefully onto each CsClI gradiehé fivo tubes were heat-sealed and
centrifuged at 100,000 g for 2 h at 4°C in a BechkmaB-M preparative
ultracentrifuge and fixed angle rotor (Ti 80) (Bewkn Instruments, Palo Alto, CA,
USA). Each tube was then punctured at the top uailtPG needle. The band
containing the virus particles was collected inragpnately 3 ml, by puncturing the
tube using a 22G needle attached to a 5 ml syrifigie. solution was made up to 13
ml with saturated CsCl in order to make two moradiggnts. The solution was
divided into two 6.5 ml volumes and each was owedawith 3 ml of 4M CsCl
followed by 4 ml of 2.2M CsCl, in a new Quicksedtrdclear tube. The tubes were
heat-sealed and centrifuged at 120,000 g for 3 K°@t in the Beckman L8-M
preparative ultracentrifuge and fixed angle rotor §0). Once again, tubes were
punctured at the top using a 19G needle. The banthining the virus particles was
collected by puncturing the tube with a 22G needtached to a 5 ml syringe, and
injected directly into a Slide-a-lyzer dialysis seie with a 10,000 Da molecular
weight cut-off (Pierce Chemical Company, Rockfalld, USA). The solution was
dialysed against a total volume of 2 L sterile PBB%6 v/v glycerol at 4°C over a
24 h period. Finally the virus solution was colegttand passed through a 0.2 pm
filter (Minisart, Sartorius AG, Goettingen, Germanypefore being divided into

aliquots and stored at -80°C.

Production of adenoviral vector expressing eGFP

Concentrated stock of the adenoviral vector exprgssGFP under the control of the
human CMV immediate early promoter (Ad-GFP) wasdpieed by four rounds of
infections using a Passage 3 of unpurified viraglst previously generated in the
laboratory by Dr C. Jessup, as described aboveategswere stored at -80°C until

being pooled for CsCI purification.
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Titration of adenoviral vectors

The titre of concentrated adenoviral vector sto@swetermined using the TG
method (tissue culture infectious dose 50%) anch tbenverting to pfu per mi.
Briefly, serial 10-fold dilutions of the virus frorh0? to 10 were each added to 10
wells each containing 1x{MHEK-293A cells, in 96-well plates. Each dilutiofi o
virus was accompanied by two negative control well$IEK-293A cells to which
only medium was added. Following 10 d in cultur@&atC, wells were examined by
fluorescence microscopy for the presence of celsessing the eGFP reporter gene,
indicating successful gene transfer. Wells werarak positive even if there was
only a single patch of fluorescent cells presefiite proportion of the 10 wells at
each dilution which were positive was expresse@ aecimal ratio, assuming the
10" dilution (not performed) to be 1. These were themmed and termed ‘S’ as the
sum of ratios. Titre was calculated as: Titre ="#8pfu per ml, according to the
Karber statistical method, and correcting for thi#ecence between TCIE and

standard plaque assay, according to the AdEasgraystotocof-®*
2.3.4 Production of lentiviral vectors

I ntroduction

Lentiviral vectors were produced at the Gene Teldgy Unit, Department of
Genetic Medicine, Women's and Children's HospAalelaide, SA. All procedures
were conducted under PC2 conditions, includingafse Class Il biosafety cabinet.
A four-plasmid packaging system was used, in whatlhproteins required for
production of the virus were expressed on diffegamtstructs (Figure 1.9, page 41).
Four vector plasmids—three encoding the enhancédwédluorescence protein

(eYFP) under the control of the simian virus ty@e(&Vv40) early promoter (pHIV-
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1-SDm-SV-eYFPALTR), the murine phosphoglycerate kinase promopet!\{-1-
SDmM-PGK-eYFPALTR) and the human elongation factar-promoter (pHIV-1-
SDm-EF-eYFPALTR) respectively, and one containing the SV40 pstendriving
an empty transgene cassette (pHIV-1-SDm-SV-emiff/R )—as well as the four
helper plasmids, were kindly provided by AssociBtefessor D.S. Anson of the
Gene Technology Unit, Department of Genetic MediciWomen's and Children's
Hospital, Adelaide, SA. All lentiviral expressiofapmids are listed in Table 2.5.

The vector sequences were situated betweeNdalendApd sites of the 3.4
kb pBC KS+ phagemid (Stratagene, La Jolla, CA, USMe helper plasmids
encoding the viral proteins were: pcDNA&IO1mI (HIV-1 Tat),
pHCMVwhvrevml (HIV-1 Rev), and pHCMVwhgagpolml (HIV-1 GagPol). The
pHCMV-G plasmid was used for expression of the atdar stomatitis virus (VSV)
G envelope glycoprotein. The eYFP coding sequerckpreviously been isolated
from pEYFP (Clontech, Mountain View, CA, USA). TH&v40 promoter had
previously been isolated from pLNS¥ Plasmids were prepared using
commercially-available endotoxin-low kits as desed above, (Endo-free
Mega/Giga kit; Qiagen, Valencia, CA, USA) to mingai bacterial endotoxin
contamination.

Concentrated, purified lentiviral vector prepava were produced on a
large-scale, medium-scale or small-scale. In eade,cHEK-293T cells (SD3515,
American Type Culture Collection, Manassas, VA, UYSaere transfected by
calcium-phosphate coprecipitation using a prepegpanixture of the five plasmids
made in 250 mM calcium chloride (Cafkccording to strict ratios (Table 2.9),
combined with HEPES-buffered saline (HeBS). Forgdéarand medium-scale

preparations, the supernatant collected from teatsél cells was concentrated by
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filtration and ultrafiltration using a benchtop sm with hollow-fibre cartridges,
followed by ultracentrifugation. In the case of $lrsaale preparations, supernatant
was collected from transfected cells and storechaut further purification or
concentration. A table listing the lentiviral vectpreparations used during the
project is presented in Appendix 1.

Table 2.9: Ratios of lentiviral plasmids used fortansfection of HEK-293T cells

Plasmid Amount of DNA
per plate” (jg)
Vector 158
pcDNA3.1tat101ml 3.16
pHCMVwhvrevml 3.16
pHCMVwhvgagpolml 15.8
pHCMV-G 7.9

T Calculated for a 245 mm square plate seeded witl)4eells.

Cloning of internal promoters and transgenesinto lentiviral vectors

Preparations of six different lentiviral vectorsregoroduced during the project. The
cloning methods described above (pages 63—-64) wseel to construct vector
plasmids containing the human CMV immediate eartymoter driving expression
of eYFP (pHIV-1-SDm-CMV-eYFRALTR), and the SV40 and GRE5 promoter
sequences driving the ovine IL10 coding sequep&d\{-1-SDm-SV-IL10ALTR
and pHIV-1-SDmM-GRE-ILIAALTR). The specific details of cloning for these
vectors are presented in Chapter 3 (CMV vectorimgiveYFP expression) and

Chapter 4 (vectors driving ovine IL10 expression).

Large-scale production of lentiviral vectors

To produce approximately 3 ml of concentrated lereti vector stock, HEK-293T

cells were seeded on twenty 245 mm square plateif@ Incorporated, Corning,
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NY, USA) at 3.75x10 cells per ml in 105 ml of 5% DMEM per plate. After
20-24 h, transfection was performed by calcium phate coprecipitation. All
solutions were brought to room temperature. Thesfection was carried out on two
square plates at a time: one volume (6.5 ml) oxN&/CaCl, solution was added to
one volume of 2x HeBS over 5-10 s, while mixingaovortex; the mixture was then
vortexed for a further 20 s, and left to sit fdireal 90 s, before 6.4 ml was carefully
dripped onto the medium of each of the two plategurn. This procedure was
repeated nine times to transfect the remaining [B8ep of cells. After an 8 h
incubation at 37°C in 5% COn air, the medium was replaced with 170 ml of iOpt
Pro serum free medium (SFM) (Invitrogen, Carlsb@d, USA) per plate, being
careful not to dislodge any cells.

After a further 40 h incubation at 37°C in 5% £@ air, the 3,400 ml of
supernatant was harvested into 450 ml centrifugddis and centrifuged at 2,000 g
for 10 min at 20°C. The supernatant was then &tlehrough a 0.4pbm hollow-fibre
cartridge (CFP-4-E-4MA, Amersham Biosciences Caapon, Piscataway, NJ,
USA) at room temperature, using the QuixStand™ biapc system (Amersham
Biosciences Corporation, Piscataway, NJ, USA) (Fag2i2). Next, the filtrate was
concentrated down to a volume of 150 ml with a Kith cut-off hollow-fibre
ultrafiltration cartridge (UFP-750-E-4x2MA), agausing the QuixStand™ benchtop
system, at room temperature. The retentate waspéesed through a Ou8n syringe
filter unit (Millex-AA, Millipore, Carrigtwohill, Co. Cork, Ireland) before
ultracentrifugation at 50,000 g for 90 min (Beckn@wW40) at 4°C. The resulting
pellet was gently resuspended in 3 ml of ophthalpailanced salt solution (Cytosol

Ophthalmics, Lenoir, NC, USA). A final filtratiofntough a 0.4%mum filter (Minisart;
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Figure 2.2: The QuixStand™ benchtop system used faoncentrating large and
medium-scale lentivirus preparations

The system is a compact, laboratory scale cross fiollow fibre system designed
for fast, efficient concentration and/or diafilicat of a wide range of biological
solutions. It has a peristaltic pump, for recirtm@ the supernatant or filtrate
through a reservoir and a hollow fibre cartridgetially, 3.5 L of supernatant from
transfection of HEK-293T cells with the lentiviralasmids was introduced into the
recirculation reservoir with the 0.4an cut-off hollow fibre cartridge in position.
The filtered supernatant containing virus was cbdld as the ‘permeate’. In the
second step, the freshly filtered virus-containisgpernatant was recirculated
through the 750 kDa cut-off hollow fibre cartridged concentrated down to 150 mli
in the reservoir as the ‘retentate’. In this stépe permeate constituted waste.
[Pictures from QuixStand Benchtop System User Mbr{E Healthcare Bio-

Sciences AB, Uppsala, Sweden)].
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Sartorius AG, Goettingen, Germany) was followeddistribution of concentrated

virus into 25-10Qul aliquots and storage at -80°C.

Medium-scale production of lentiviral vectors

To produce approximately 5Q0 of concentrated lentiviral vector stock, HEK-293T
cells were seeded on three 245 mm square pla@3%t10 cells per ml in 105 ml
5% DMEM. After 20-24 h, transfection was performbeg calcium phosphate
coprecipitation as described above. After an 8calation at 37°C in 5% CLOn air,
the medium was replaced with 170 ml of Opti-Pro Sbévi plate.

After a 40 h incubation at 37°C in 5% @ air, the 510 ml of supernatant
was harvested into 450 ml centrifuge buckets amtribeged at 2,000 g for 10 min
at 20°C. The supernatant was then filtered throagh45um Polydisc™ TF filter
device (Whatman, Kent, England, UK) at room tempeea The filtrate was
concentrated down to a volume of 50 ml using the kBa hollow fibre cartridge,
again at room temperature. The retentate was pdhsaagh a series of filters of
pore size 5um, 1.2 um, and 0.8um to further filter the solution (Millex-AA;
Millipore, Carrigtwohill, Co. Cork, Ireland) befordtracentrifugation at 50,000 g for
90 min (Beckman SW40) at 4°C. The resulting pellas gently resuspended in 500
ul of balanced salt solution. A final filtration twgh a 0.45um filter was followed

by distribution of concentrated virus into 104d%liquots and storage at -80°C.

Small-scale production of lentiviral vectors

For small-scale preparations of unconcentratedsyiHEK-293T cells were seeded
on 6-well plates (Corning Incorporated, Corning, , NYSA) at 3.75x10cells per ml
in 2 ml 5% DMEM. The transfection was performed 24-h later by calcium

phosphate coprecipitation as described. After BnriRubation at 37°C in 5% GGn
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air, the medium was replaced with 2 ml Opti-Pro Sg& well. After a further 40 h
incubation at 37°C in 5% COn air, supernatants were collected and store8Q3C

until use.

Titration of lentiviral vector preparations by flow cytometry

In order to determine the titre of lentiviral vecttocks expressing eYFP, A549 cells
(CCL-185, American Type Culture Collection, RockwilMD, USA) were seeded
on a 24-well plate at 2.5x1@ells per well in 5% DMEM, and left to adhere ®h.
After attachment of cells, medium was replaced wilb ml per well of
5% DMEM supplemented with 4 pug / ml polybrene (SagrSt Louis, MO, USA)
and 50 pug / ml gentamicin. Serial 10-fold dilutiomere performed on concentrated
vector stock using 5% DMEM, and a range of thrdéeint doses (1 in 100, 1 in
200, and 1 in 500) were added to wells in tripkcdtlontransduced control wells
were also included in triplicate on every plateeTdells were incubated at 37°C in
5% CQ in air. After 24 h, the medium was replaced by B¥EM supplemented
with 50 pg / ml gentamicin and incubated. Afteugter 24 h, cells were split 1 in 4
and incubated for another 48 h. At that time, celese detached using undiluted
trypsin-EDTA and pipetted to produce a single seispension in 1% PBS. Cells
were then centrifuged at 800 g for 5 min, and thpesnatant aspirated and
discarded. The cell pellet was resuspended in 2@® 1% w/v paraformaldehyde in
DDH,0 and transferred to tubes for flow cytometry. Tedl population was gated
by side and forward scatter and eYFP expressiotysethon a FACScan machine
(Becton Dickinson, Franklin Lakes, NJ, USA). Theulks were analysed using Cell-
Quest software v3.0.1f (Becton Dickinson, Frankliakes, NJ, USA). Flow
cytometry of nontransduced cells was used to peowadbackground control. The

corrected percentage of positive cells in the erpantal sample was calculated as
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the percentage of eYFP positive cells in the traned samples minus the average
percentage of positives in the control samples.alViritre was calculated by
multiplying the corrected percentage of positivédscby the number of cells plated

and corrected for the amount of virus assayed:

A549 transducing units per ml
= ((250,000 cells x (transduced % gated — costrgjated) / 100) x 1000)

per ul of virus added to well

Titration of lentiviral vector preparations using real-time PCR

The titres of lentiviral vector stocks not expregseYFP were determined by a real-
time PCR assay detecting the beginning of tsg sequence in the vector.
Concentrated virus was diluted 1:1000 andpuP@dded to 2.5xTONIH3T3 cells
(CRL-1658, American Type Culture Collection, Rodkyi MO, USA) per well, in a
24-well plate. Control wells were included to whialo virus was added.
Experiments and controls were performed in tripgc&ells were harvested after 5 d
incubation, and genomic DNA isolated using a conumadly available kit (Wizard
SV Genomic DNA Purification System; Promega, Madjs@/l, USA), in which
DNA is bound to and eluted from spin columns. Reak PCR assays were carried
out using an ABI 7300 cycler (Applied Biosystemsster City, CA, USA). Primers
and fluorescent probes were designed to detectgHwe sequence and mouse
transferrin sequence in isolated genomic DNA (T&hl®). Reaction mixtures of
20 ul were made using 10l of 2x TagMan® Universal PCR Master Mix (Applied
Biosystems, Foster City, CA, USA), d of 20x assay mix (containing specific
primers and probes), water, and genomic DNA terapRauring each run, a standard
made from genomic DNA isolated from NIH3T3 cellsntaining one copy of the

virus genome, and two copies of the transferriregesr cell, was used as a calibrator
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sample. In addition, no-template-controls (NTCs)aniacluded in every run for both
primer and probe sets, in order to detect contammaAll standards and NTCs were
run in triplicate. Each run consisted of 40 cycles.

At the completion of a run, the cycle threshold Wwas positioned to ensure
that it intersected all amplified samples in theeér portion of the amplification
curve. Cycle threshold (Ct) values were determiioeceach sample using Sequence
Detection Software v1.2.2 (Applied Biosystems, EpSlity, CA, USA) and thaA-

Ct method used to calculate the copy numbeganfper cell. Viral titre was derived
by multiplying the number of cells (2.5x)@er sample, by the dilution factor of the
virus (1000), and thgag copy number per cell, and dividing this figure the
volume of virus added to cells (20). The result was then multiplied by 1000 to

represent the number of NIH3T3 infectious unit3 gar ml.

Assay for the detection of replication-competent lentivirus

To ensure that no replication-competent lentiviias present in concentrated vector
stock, a sample from each vector preparation wdgested to a p24 protein
disappearance assay. To set up the assay, HEK-@98Twere seeded at 5X1¢klls
per well in 5% DMEM, on a 12-well plate, and ledr f3 h to adhere. After the cells
had attached, the medium was replaced with 1 ml well of 5% DMEM
supplemented with 4 ug / ml polybrene (Sigma, StisoMO, USA), and 50 pug / ml
gentamicin. Then, 1 pl of concentrated vector wagslied to three wells, and the
cells incubated at 37°C in 5% G@ air. Three wells of nontransduced cells were
included as controls. After 24 h, medium was repdacwith 5% DMEM
supplemented with 50 pg / ml gentamicin. After aHlar 24 h had elapsed, cells
were split 1 in 10. On days 6, 9, 12 and 15, aedse split 1 in 10. At 6, 12 and 18 d,

450 ul of supernatant was harvested form each avall stored at -20°C. Finally,
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supernatants were tested in a commercially availBhISA for the HIV p24 protein

(Perkin-Elmer, Boston, MA, USA). A stock of vectaras deemed to be free of
replication-competent lentivirus if p24 was readdgtectable in the supernatant
immediately following transduction but declined ¢ontrol levels over the 18 d

period of the assay.

2.3.5 Invitro studies

Processing of ovine corneas

Experimentation in sheep was performed with apgrisean the institutional Animal
Welfare Committee. Enucleated ovine eyes were obtawithin 1 h of donor death
from a local abattoir (Normanville Meatworks, Nomwéle, SA, Australia) and
decontaminated for 3 min in 10% w/v povidone-iodifidey were then washed
twice in sterile 0.9% w/v NaCl. Dissections werafpaned to remove the corneas
with a 2 mm scleral rim, whereupon they were sudpdnn 7 ml of 2% RPMI until

transduction with viral vectors.

Processing of human eye bank corneas

Human corneas considered unsuitable for clinieadgplantation were obtained from
the Eye Bank of South Australia (Flinders Medica&n@e, Adelaide, SA) with
permission from the next-of-kin and approval frone institutional Committee on
Clinical Investigations. Human corneas had beeredttor variable periods at 4°C in
Optisol® GS corneal storage medium (Bausch and LoRdxhester, NY, USA)

before being made available for research.
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Transduction and organ culture of corneas

Corneas undergoing transduction with viral vectorderwent a 2—24 h transduction
period in the presence of concentrated vector. €srwere placed onto sterilised
plastic eye cups (The Dodge Company, Cambridge, M8A) in the bottom of
50 ml pots with the endothelium facing upwards. fransduction of ovine corneas, a
predetermined dose of virus was applied topicadlytie endothelium in a total
volume of 30Qul of 2% RPMI. Human corneas were transduced irtal twlume of
200 ul of 2% RPMI. These respective volumes were esthbtl on the basis that the
entire corneal endothelium would be exposed totdresduction mixture. After the
completion of the transduction period—the duratémvhich varied according to the
experiment—a volume of 10-20 ml of 10% RPMI supmated with 0.25.g / ml
amphotericin B (Amphostat; Thermo Electron, MelbwyrVIC) was added to each
pot, and corneas were then cultured for a perictH2fL d. Medium was replenished

every 3-4 d.

Calculation of multiplicity of infection

The doses of vectors tested throughout the prajete in the order of £01C
plaque forming units (adenovirus), transducing sumit infectious units (lentiviral
vectors) per cornea. Multiplicity of infection (MPDlwas used as a means of
simplifying the description of doses, and for compg transduction efficiencies
between ovine and human corneas. Multiplicity dieation denotes the ratio of
plague forming, transducing or infectious unitgite number of target cells exposed
to the vector during the transduction period. Tdéculate the number of target
endothelial cells per cornea in each species, tUméace area of the corneal

endothelium was multiplied by the respective endixhcell density.
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The approximate surface area of the corneal ertioth was derived from
calculations of the surface area of an ellipsotttathe for the sheep, and a spheroidal
dome for the human. According to a Cartesian coattdi system, the radii along the
X, ¥, and z-axes were 10.7 mm, 8.8 mm, and 4.6 mm respectivelythe ovine
cornea, and 5.8 mm, 5.8 mm, and 2.1 mm for the huocmanea. Endothelial cell
density was assumed to be 4,000 cells pef fomthe ovine cornea, and 2,500 cells
per mnf in the case of the human cornea. On this basissM@re based on a total
of 1.4x16 and 2x18 endothelial cells being exposed to the vectorpiime and
human corneas respectively. The calculation of M®@as considered an
approximation, as it was recognised that true anigt dimensions and endothelial
cell densities would vary between individual cosiddOlIs were rounded out to the

closest five or ten.

Detection and quantification of reporter gene expression in corneal

endothelium

To quantify the number of corneal endothelial cadlgpressing eGFP or eYFP,
corneas were removed from culture and fixed incialer buffered formalin for 10
min, prior to counterstaining with 140y / ml Hoechst-33258 dye (Sigma, St Louis,
MO, USA) for 30 min. The corneal endothelium anddemying Descemet’s
membrane were stripped away from the posterionsrasing a scalpel blade (No.
15) and flat mounted (endothelium upwards) in lneffleglycerol (Bartel’s buffered
glycerol mounting medium; Trinity Biotech, Bray, C@/icklow, Ireland) under a
cover slip on a glass slide. The edges of the ceMgmwere sealed with nail polish.
Mounted corneal endothelial specimens were examineder a fluorescence
microscope (BX50; Olympus Corporation, Tokyo, Jgpamd photographed using a

digital camera (Photometrics CoolSNAP high resolutcooled CCD, 1.0 x tube)
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and RS Image imaging software (Photometrics, Tuc#ah USA). Images were
acquired using two filter combinations; one to detbe nuclear stain (Olympus U-
MNUA) and one to detect the reporting fluorescemtomophores eGFP or eYFP
(Chroma, Rockingham, VT, USA) (Table 2.10). Fiveresentative fields were
acquired per cornea, using the 20x objective (€ath mnf) and cell counts were
made using image analysis software to determingdneentage of endothelial cells
expressing the reporter gene (Adobe PhotoshopAdfbe Systems Incorporated,
San Jose, CA, USA). For each field, the image efrthclear staining and the image
of reporter fluorescence were superimposed. Thesdizction rate of each cornea
after a period of organ culture was calculated bteamining the mean percentage
reporter gene expression of five fields examined.

Table 2.10: Filters used in fluorescence microscopy

Fluorophore Filter Wavelength (nm)

Excite Dichroic Emit
Hoechst-33258 Olympus U-MNUA 360-370 400 420-460
eGFP, eYFP Chroma 31001 465-495 505 515-555

***Egotnotes: eGFP enhanced green fluorescent progef FP enhanced yellow fluorescent protein

Harvesting of corneal endothelial tissue for mMRNA extraction

In corneas intended for real-time quantitative ROIRR two different methods were
trialled in order to optimise the yield and purdiyRNA. Initial attempts were made
to extract RNA from whole ovine corneas by trephiong snap-freezing and
pulverisation. This approach resulted in yieldobel 00 ng jul—the level required
for accurate quantification using ultraviolet spephotometry'®® This was partly
attributed to difficulty homogenising the ovine rea, as a result of its high collagen
content. An alternative method was adopted, in whiee endothelium (including

Descemet’s membrane) was stripped away from theerlymdlg stroma of each
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cornea, and then subjected to RNA extraction. Bridfansduced and/or cultured
corneas were rinsed and transferred from culturediume into 2% RPMIL.
Immediately before dissection, corneas were rinsethilled DEPC-treated normal
saline (4°C). After fixation to a piece of polystye foam using four 25G needles,
the corneal endothelium with Descemet’'s membrareim@sed at its perimeter, and
dissected away from the underlying stroma, usisgadpel blade (no. 15). The tissue
was immediately transferred into a 1.5 ml nucldase-tube containing 600l of
lysis buffer (Buffer RLT, Qiagen, Valencia, CA, UpAwith 1% v/v 2-
mercaptoethanol (Sigma, St Louis, MO, USA). The glamvas then vortexed for 2
min without delay, and finally stored at -20°C URINA extraction. To minimise
RNA degradation, gloves were worn at all times, #redissection was carried out

in less than 5 min per sample.

Extraction of endothelial RNA

Total RNA was extracted from each sample usingRheasy Mini-Kit (Qiagen,
Valencia, CA, USA), in accordance with the supplpedtocol. Nuclease-free tubes,
and pipette tips were used at all times. The thalysdte was transferred onto a
QIAshredder spin column (Qiagen, Valencia, CA, USAQr the purpose of
homogenisation of the sample. Unlysed bulky tisaas not transferred onto the
Qiashredder. Following recovery of the homogenigsdte, and the addition of 1x
volume of 70% ethanol, the sample was placed dreoRNeasy spin column, and
the subsequent washes carried out according tasupplied protocol for animal
tissues. Finally, the bound RNA was eluted inj2@f RNase-free water. Residual
genomic DNA was removed by treatment with commdiciavailable DNase |

(DNA-free™, Ambion, Austin, TX, USA), according to the suigpl protocol for



Chapter 2 Materials and methods 86

rigorous DNase treatment. The RNA was transferoed tlean tube, and stored on

ice until quantification.

Quantification of endothelial RNA

Following extraction of RNA, samples were asses$ed quality and DNA

contamination by electrophoresis in 1% w/v agargesk Samples yielding bands
corresponding to the 28S and 18S ribosomal RNA mitduat a ratio of

approximately 2:1, and free of evidence of DNA ewnination, were subjected to
spectrophotometry to determine yield. Absorbance@ nm and 280 nm was
measured at a dilution of 1 in 25, in a 50 pl degide cuvette on a
spectrophotometer (BioPhotometer, Eppendorf, Hagyb@ermany). Samples with
an absorbance at 260 nm of greater than 0.1, &#80280 nm ratio 0£1.9 were

deemed satisfactory for reverse transcription. Thethod of dissecting the
endothelium resulted in samples consistently yngldi—-4 mg per cornea, with
satisfactory 260:280 nm absorbance ratios. Suchplesnwere used for reverse
transcription, including RNA pooled from adenovirasd lentivirus-transduced
corneas, which was used for the synthesis of a cBtAdard. Equal quantities of

input RNA were used in cDNA synthesis reactions.

Synthesis of cDNA

Synthesis of complementary DNA (cDNA) was achiewesing a commercially
available kit (SuperScript IlI® First-Strand Synsie System; Invitrogen, Carlsbad,
CA, USA) according to the supplied protocol. Focleaeaction, 0.5 pg of input
RNA was added to 1 pl of random hexamers (50 Ny a&mpd 1 pl of ANTP mix (10
mM). The volume was made up to 10 pl with nucldase-water. This RNA/primer

mix was incubated at 65°C for 5 min and then coardce for at least 1 min. A
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10 pl cDNA synthesis mix containing 2 pl of 10x Riffer, 4 pl of 25 mM MgGl,

2 ul of 0.1 M DTT, and 1 ul of SuperScript IlI® @ge transcriptase (Invitrogen,
Carlsbad, CA, USA), was added to each RNA/primeq, mnd mixed thoroughly. A
10 min incubation at 25°C was followed by 50 min58°C. The reactions were
terminated by a 5 min incubation at 85°C and tramefl to ice. Finally, 1 pul .
coli RNaseH (2U / ul) was added to each reaction,i@tb by a 20 min incubation
at 37°C. For each RT-positive reaction performed;oaesponding RT-negative
control sample was synthesised by the substituiforeverse transcriptase enzyme
with nuclease-free water. Upon completion of thetlsgsis reactions, the neat cDNA
samples were diluted to 1 in 20, and stored at #tQuse in real-time PCR. The
remaining undiluted cDNA was stored at -20°C. Irdiadn, corneal RNA from
adenovirus- and lentivirus-transduced corneas wated and used for the synthesis

of a cDNA standard.

Primersfor real-time quantitative PCR

Primers for the detection of ovine IL10, ovine @yaldehyde 3-phosphate
dehydrogenase (GAPDH) and ovifectin—by real-time quantitative PCR—were
designed using Primer3 software (Whitehead Institior Biomedical Research,
Cambridge, MA, USA) with the recommended parame(@able 2.11). Primers

were synthesised by GeneWorks (Thebarton, SA)cateseing grade (Table 2.3).
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Table 2.11: Parameters for design of real-time PCRrimers using Primer3

Parameter Parameter range

Minimum Optimum  Maximum

Product size (bp) 80 110
Primer size (bp) 15 20 22
Primer T, (°C) 54 60 62
Primer G/C% 20 70
Hybridisation probe size (bp) 25 30 35
Probe T, (°C) 65 70 72
Probe G/C% 20 50 70

***Eootnotes: PCR polymerase chain reaction, bpehaairs, T, melting temperature
All other parameters were set to default.

Real-time quantitative PCR

Real-time quantitative polymerase chain reactid®dB) was performed on a Rotor-
Gene 3000 real time thermal cycler (Corbett Resedviortlake, NSW). Each 20l
reaction mixture included 1Ql of QuantiTect™ SYBR Green PCR Master Mix
containing hot-start Tag DNA polymerase, SYBR GréedNTPs and PCR buffer
(5 mM MgCh, Tris-Cl, KCI, (NH,),SO; pH 8.7), 2ul each forward and reverse
primers (0.5uM final concentration), and gl cDNA sample diluted 1/100 v/v with
Ultra Pure water (Fisher Biotech, West Perth, WAis#alia). Reaction conditions
were: initial denaturation (95°C, 10 min), 40 cyxlef denaturation (95°C, 10 s),
annealing (52°C, 15 s), and extension (72°C, 20Tsst cDNA samples were
generated from corneas subjected to a range dftesds. Every sample was tested
in triplicate. The standard cDNA pool was includedriplicate in each PCR run. A
single RT negative control for each sample and water controls (no template
control) were included in each experiment.

The “Takeoff” point of a given sample was calcathtautomatically by

Rotor-Gene analysis software v6.0 (Corbett Resedvidrtlake, NSW), using the
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feature “Comparative Quantitation”. This is useaémpare the relative expressions
of samples to a control sample in a run when adst@hcurve is not available. The
second derivative of the amplification plot prodsigeeaks corresponding to the
maximum rate of fluorescence increase in the reacihe Takeoff point is defined
as the cycle at which the second derivative isQ#b 2f the maximum level, and
indicates the end of the noise and the transitido the exponential phase. A
negative control sample was confirmed to be negaiivthe Takeoff point for

amplification was more than five cycles greatentttge corresponding test sample.

Analysis of real-time PCR products

Real-time PCR products were separated by agardseleggrophoresis. The DNA
was extracted from agarose gels using the QIAqgemkmn purification system
(Qiagen, Valencia, CA, USA) and eluted in 10 mMsTa@l pH 8.5 for quantification
and sequencing. Purified DNA was labelled usingBlgbye Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems, Foster City,,@/SA) and resolved using the
ABI 3100 Genetic Analyzer (Applied Biosystems, FosCity, CA, USA). Melt-
curve analysis was used to confirm amplicon spatyffor each test sample for each
gene of interest. Melting of PCR products was peré with 1°C steps every 5 s,
from 47-95°C'® Results of analysis of real-time PCR products @escribed in

Chapter 4 (page 153).

Analysis of gene expression data

Relative gene expression levels were calculatedripprting Takeoff point values
into gBase v1.3.5, a free program for the managéraed automated analysis of
gPCR data® The software calculates amplification efficiencigsprimer sets from

serial dilutions of the cDNA standard, and emplaysnodification of theAA-Ct
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method, adjusting for differences in amplificatiefficiency, and allowing the use of
multiple reference genes. In the analysis of eaehtment, raw relative reference
gene expression levels were analysed for varighildtween replicates, or trends
indicating that the treatment was influencing espren. The levels of expression of
each gene were then normalised to the normaliséditior, defined as the geometric
mean of the relative expression levels of bothregfee genes, GAPDH arfidactin,

in a given sampl&®

Quantification of 1L10 in supernatants by ELISA

To quantify levels of secreted transgenic IL10 fralnsduced corneas in culture,
supernatant was collected at three-day intervalgagh collection point (3, 6, 9, 12
and 15 d post-transduction), all of the culture med(10 mL) was replaced. The
removed medium was filtered through a 0.2 um men@®(Minisart; Sartorius AG,
Goettingen, Germany), and stored at°@Q@ntil processing. The relative quantity of
ovine IL10 present in corneal culture supernatamés measured by sandwich
ELISA. A mouse anti-bovine IL10 monoclonal antibo@erotec, Kidlington, UK)
was used as a capture antibody by dilution at 16in in coating buffer comprising
0.1 M sodium carbonate, pH 9.5. The coated ELISAtepl(Nunc, Rosklide,
Denmark) was stored at 4°C overnight. The plate washed three times with
0.05% v/v Tween-20 in 1x PBS before blocking us20@ ul 10% FCS in PBS per
well for 1 h at room temperature. The plate washadsthree times. Supernatant
samples were diluted in 10% v/v FCS in 1x PBS, ddate100 pl per well and the
plate incubated at room temperature for 2 h. Théplvas washed five times before
the addition of a biotinylated mouse anti-bovind@Lmonoclonal detector antibody
(Serotec, Kidlington, UK), diluted 1 in 500 in 108 FCS in 1x PBS, followed by

a 1 h incubation at room temperature. The plate tvas washed five times before
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each well received 100 pl of streptavidin-HRP (DAKG®enmark), diluted 1 in 1000
in 10% v/v FCS in 1x PBS. The plate was incubatedLth at room temperature and
washed five times before the addition of TMB sudistrreagent (BD Biosciences,
Pharmingen, San Diego, CA, USA). The TMB reagens waade up by the
combination of reagents A and B at 1:1, and apphiedO0 pl per well. The plate
was incubated in the dark at room temperature forn@n. The reaction was
terminated by the addition of 50 ul 1M$0,. Optical density at 450 nm (QER)
was read using a VersaMax plate reader (Molecutarid®s, Sunnyvale, CA, USA).
For each assay, serial dilutions of an arbitraaibgigned sample were included to
create a standard curve. Experimental samples tested in duplicate at various

dilutions to ensure the QE)fell on the linear part of the standard curve.

2.3.6 Invivo studies

Ex vivo transduction of ovine donor corneal allografts

In the majority of experiments, ovine donor corne@ase transduced for 2—3 h in the
manner described on page 82, before being trartepldaa the right eye of outbred
recipient sheep, on the same day. In studies ohnoiulture followingex vivo
transduction, donor allografts were transduce®fbh and stored at 37°C for 1-14 d
in sealed 50 ml plastic pots containing 10-40 mL@¥% RPMI, with supplementary
amphotericin B (0.25 pug / ml). In a limited numhsrcases, donor corneas were
transferred into sealed 50 ml plastic pots comgr0 ml of 10% RPMI with 5%
w/v Dextran T500 (termed deswelling medium) for theal 24-48 h prior to

transplantation.
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Orthotopic corneal transplantation in sheep

Animals were fasted for 18—20 h prior to surg€riydriasis and cycloplegia were
achieved by topical application of 1% atropine bale 12 h before surgery, and then
1% atropine sulphate, 1% cyclopentolate hydrocti&gril% tropicamide and 10%
phenylephrine hydrochloride on the morning of styg@&able 2.8). Anaesthesia was
induced by intravenous injection of 25 mg / kg smdithiopentone, followed by
intubation, and maintenance by 1.5-2% halothar#&lirair/oxygen. A blood sample
was taken at the time of anaesthetic inductiong&uyrwas performed by a highly
practiced ophthalmic surgeon, with prior experieateorneal transplantation in the
sheep (Professor D.J. Coster, Department of Ophtilagy, Flinders Medical
Centre, Bedford Park, SA). The globe was stabilis@ti 4.0 silk subconjunctival
sutures. A trephined donor cornea 12 mm in diam&ge transplanted into a graft
bed 11 mm in diameter, in the right eye. The gnai$ secured by insertion of four to
seven 9.0 monofilament nylon cardinal sutures areaontinuous 9.0 monofilament
nylon suture. When necessary, the anterior chamvbsrreformed with an injection
of balanced salt solution (Cytosol Laboratories,aiBiree, MA, USA); no
viscoelastic was used. At the end of each procedui@amphenicol ointment was
applied to the eye (Table 2.8). A record was maieth of each surgical case

(Appendix 2).

Postoper ative treatment and assessment of sheep

On the day of surgery, animals were observed pesatipely until capable of
standing and feeding independently. Daily examamatiwere conducted using a
handheld slit lamp, and markers of ocular inflamoratvere graded on a scale of

zero to four with respect to: (i) graft clarityi) (graft oedema, (iii) presence of cells
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in the anterior chamber, (iv) presence of fibrinthie anterior chamber, (v) and the
degree of generalised ocular inflammation (Appen#)x The extent of corneal
vascularisation was also measured in four quadr@neoperative vascularisation of
the host was noted, and the day on which the bl@sdels breached the graft-host
junction was recorded. Comparison was made withutiteeated eye. The onset of
corneal graft rejection was defined as spreadindema or loss of clarity in a
previously thin, clear graft (equivalent to a scofe-2 centrally), or the appearance
of a corneal epithelial or endothelial rejectioneli Animals were euthanased after
the onset of immunological rejection, by overdosk imtravenously injected
veterinary sodium phenobarbitone (6.5 g per sheBpod samples were taken
preoperatively, and at the time of death, in coitgctubes containing clot activator.

Serum was extracted by centrifugation at 1,500 & fimin and stored at -20°C.

Endpoint histology of ovine corneal allografts

Corneal tissue was harvested and fixed in bufféoechalin, embedded in paraffin

wax, cut at &m and stained with haematoxylin and eosin.

2.3.7 Statistical analysis

Statistical tests were performed using the softywakage SPSS v14.0.0 (SPSS Inc.,
Chicago, IL, USA). Differences in expression betwemrneas transduced with

different vectors and subjected itovitro organ culture were analysed using the 2-
tailed, unpaired t-test. Corneal graft survivaladatere analysed using the 2-tailed

Mann-Whitney U-test, corrected for ties. The lewksignificance was set to p=0.05.
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3.1 Abstract

Aims

To construct lentiviral vectors encoding a fluoesgcreporter protein under the
control of different internal promoters, and to i&@wderise transgene expression in
ovine and human corneal endothelium.

Methods

Four lentiviral vectors were produced, expressimg énhanced yellow fluorescent
protein (eYFP) under the control of: the simiarusitype-40 early promoter (LV-
SV40-eYFP), the human cytomegalovirus immediatdyepromoter (LV-CMV-
eYFP), the murine phosphoglycerate kinase prom(@i¥+PGK-eYFP), and the
human elongation factorel promoter (LV-EF-eYFP). Transduction rates and
kinetics of reporter gene expression in transdumade and human corneas were
measured by fluorescence microscopy following orgalture. The influence of the
cationic polymer polybrene on lentiviral transdoatiefficiency was investigated. An
adenoviral vector expressing the enhanced greeneigent protein (Ad-GFP) under
the control of the CMV promoter was tested as atipescontrol in ovine corneas.
Results

The lentiviral vector LV-SV40-eYFP achieved >80%urtsduction of ovine and
human corneal endothelial cells after a 24 h tracsoin period in the absence of
polybrene. However, evidence of maximal transgeqeeassion was not observed in
ovine corneal endothelium until 14 d post-transduct The kinetics of lentivirus-
mediated transgene expression varied between theiesp with ovine corneal
endothelium showing a relative delay in detectaldporter gene expression
compared with human corneal endothelium. Lentivmesliated expression in ovine

and human corneal endothelium was stable for uplt@ and 14 d, respectively.
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LV-PGK-eYFP and LV-EF-eYFP were not significantly ore effective in
transducing ovine corneas than LV-SV40-eYFP. HoweW&-CMV-eYFP achieved
a significantly higher level of expression than B¥40-eYFP at 4 d post-
transduction (p<0.05), and also appeared to bestltmngest promoter in human
corneas. Reducing the transduction period in ogoreeas from 24 h to 2 h resulted
in a significant decrease in final transductioreradddition of polybrene to the
transduction mixture increased the final transaurctrate achieved following the
shorter transduction period. High doses of polyerétD pg/ ml) did not appear to
cause toxicityin vitro, as judged by cell count and nuclear morphologe T
adenoviral vector transduced >80% of ovine corneatlothelial cells, with
expression evident within 4 d of a 2 h transducpiernod.

Conclusions

Lentivirus-mediated reporter gene expression wataydd in ovine corneal
endothelium compared to human, but in both spebiedinal transduction rate was
>80% and expression was stable for at least 14 dtro. Adenovirus-mediated
reporter gene expression in ovine corneal endeathedlls was more efficient than
that achieved by the lentiviral vector. Lentivimnediated expression in ovine and
human corneal endothelium was higher with the \&@&40 and CMV promoters in

comparison to the mammalian PGK and EF promoters.
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3.2 Introduction

Expression of a fluorescent intracellular reponpeotein is a valuable means of
analysing the ability of a gene delivery methodrémsfer genes to a target tissue. It
allows detection of the onset of expression, measant of the kinetics of
expression, and an indication of stability of ewsien. Reporter genes are
particularly useful when comparing the performaatelifferent internal promoters,
although if expression is generally high, low doséssector may be required to
detect differences between constructs. Adenovigators expressing a reporter gene
under the control of the human cytomegalovirus (QNImediate early promoter
have previously been shown to achieve efficienhgdaiction and high levels of
expression, in both oviftand human corneal endothelial c&t$®1 am not aware
of any reports of lentivirus-mediated gene transfesvine corneal endothelium, and
such studies in human corneal endothelium havereitat quantified reporter gene
expressiort?° or reported relatively low transduction rat&s**

As the first step in determining the ability oktinson lentiviral vector to
produce efficient, long-term transgene expressioncarneal endothelial cells, |
produced vectors encoding the enhanced yellow dkaant reporter protein (eYFP)
under the control of different constitutive interr@romoters. Two strong viral
promoters—the simian virus type-40 (SV40) earlynpoter and the human CMV
immediate early promoter—and two mammalian pronsptethe murine
phosphoglycerate kinase (PGK) and the human elmmgtctor-. (EF) promoters,
were assessed. The vectors were tested in bothe oamd human corneal
endothelium. Ovine corneas transduced with an adexi@ector encoding enhanced

green fluorescent protein (eGFP) under the comtrohe CMV promoter were also
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examined, to provide data against which to evaltreegerformance of the lentiviral
vector.

With a view to conducting studies of orthotopiaresal transplantation in
sheep using donor corneas transdueed/ivq aspects of the transduction process
were assessed for their effect on final transdoatate; it was considered that a short
transduction period might facilitate transductiom dransplantation on the same day.
The cationic polymer polybrene is routinely usedr fisnproving retrovirus
transduction in cell culture assays, and has at®m lused in lentiviral transduction
of mouse corneal endotheliuthTherefore, transduction period duration and the
addition of polybrene to the transduction mixturergv investigated to determine

their influence on final transduction rate.

3.3 Specific aims

To construct and produce lentiviral vectors encgdanreporter gene under

the control of different internal promoters;

* To assess the ability of the HIV-1-based Ansoniv@al vector encoding a
reporter gene, to transduce the ovine and humareabendothelium;

* To investigate the influence of constitutive viemild mammalian promoters
on lentivirus-mediated transgene expression inealrandothelium;

* To study the effect of transduction period duratéoml the use of polybrene,
on lentivirus-mediated transgene expression ineeorneal endothelium;

* To determine than vitro stability of reporter gene expression following

transduction of ovine and human corneal endotheliittm the Anson vector.
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3.4 Results

3.4.1 Production of lentiviral vectors containing d ifferent internal

promoters

Lentiviral vectors expressing eYFP under the cdntfothe SV40, EF, PGK, and
CMV promoters were produced as described in Se@i8} (pages 72-81), using
the corresponding vector plasmids: pHIV-1-SDm-SVFPVALTR, pHIV-1-SDm-
EF-eYFPALTR, pHIV-1-SDm-PGK-eYFPALTR and pHIV-1-SDm-CMV-eYFP-
ALTR. The first three plasmids were kindly provideg Associate Professor D.S.
Anson, Department of Genetic Medicine, Women’s addildren’s Hospital,
Adelaide, SA. To produce pHIV-1-SDm-CMV-eYFR-TR, the 580 bp sequence
encoding the human CMV immediate early promoter ¥iads amplified from the
adenoviral shuttle vector pAdTrack-CMV by PCR usihg primers CMVbamfor
and CMVclarev (Table 2.2). This insert was themelb into the plasmid pHIV-1-
SDmM-SV-eYFPALTR, in place of the SV40 promoter sequence, betvibe unique
restriction sitedBanmHI and Clal (Figure 3.1). A PCR of potential clones, using th
primers CMVbamfor and CMVclarev, confirmed succak$fation (Figure 3.2(a)).
Plasmid mini-preps were carried out on four of tbkenes and subsequent
BanHI/Clal andEcaoRI/Pst restriction enzyme digestions demonstrated theeted
liberation of a 580 bp fragment and a 969 bp fragmmespectively, from the vector
DNA, in three cases (Figure 3.2(b)). The DNA fromemf these clones was used for
production of LV-CMV-eYFP. The vectors containiniget other promoters were
referred to as: LV-SV40-eYFP, LV-PGK-eYFP and LV-EF¥FP. All virus

preparations achieved final titres of200° A549 transducing units (TU) per ml.



Chapter 3 Reporter gene expressionitro 100

/ 5 LTR e RRE ‘CMV> eYFP >ﬁ 3 LTR b
A A

BamHI Clal

Figure 3.1: Schematic representation showing clong of the CMV promoter
sequence into the lentiviral vector plasmid

The 580 bp sequence containing the CMV promoter hgaded into the vector
pHIV-1-SDm-SV40-eYFP, after cutting the vector withe restriction enzymes
BanHI andClal to excise the simian virus type-40 (SV40) promaiequence. LTR:
long terminal repeat, RRE: rev response elememymadind symbol: central
polypurine tract, CMV: cytomegalovirus, eYFP: enbeah yellow fluorescent

protein.




Figure 3.2: Confirmation of cloning the CMV promoter sequence into the
lentiviral vector plasmid

(a) A photograph of an agarose gel shows producisolymerase chain reaction
(PCR) carried out on 20 potential clones using pmeners CMVbamfor and
CMVclarev to amplify the cytomegalovirus (CMV) proter sequence, and reveals a
fragment of expected size (580 bp) in all case®e la contains 2 log ladder DNA
marker; lanes 2—-3 contain positive control DNA foMV promoter; lanes 4-5
contain PCR negative controls; lanes 6-25 contmines 1-20; lane 26 contains 2
log ladder DNA marker. (b) A photograph of an agargel, following restriction
digestion of four potential clones identified byetPCR, usingBanH! and Clal
(lanes 3, 6, 9, 12), arfeicdRl andPst (lanes (4, 7, 10, 13): lanes 1 and 14 contain 2
log ladder DNA marker; lanes 2, 5, 8 and 11 contaiout clone DNA; clone DNA
is labelled 1 to 4BanHI/Clal digestion liberated a 580 bp fragment, &wbRI/Pst
digestion liberated a 969 bp fragment, indicatingcessful ligation in clones 1, 2

and 3.




Chapter 3 Reporter gene expressionitro

a 1 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26

1 2 R e 6 8 X [

Clohé | Eloné 2 Cloneg a‘élone 4

102



Chapter 3 Reporter gene expressionitro 103

3.4.2 Transduction of ovine corneas with an adenovi ral vector

Adenoviral vectors have previously been shown tuea@ efficient transduction of
corneal endothelium. Therefore an initial experitngsing adenovirus to transduce
ovine corneal endothelium was conducted as a pesitontrol with which to
compare further studies of lentivirus-mediated regpo gene expression. An
adenoviral vector expressing the enhanced greemeBgent protein (eGFP) under
the control of the human CMV immediate early proendAd-GFP) was produced as
described in Chapter 2 (pages 66—72). The transauconditions for Ad-GFP were
based on previous studies in the laborafbr. 2 h transduction period was used
and, in view of the variation in titre inherentadenoviral vector preparations, doses
were tested over a range from 1%1Dx10 pfu per cornea.

The titre of purified Ad-GFP vector, as determiredthe TCIB, method
and converted into pfu per ml, was 2.5%lMhtense expression of eGFP was
achieved by the vector within 4 d of transductiéiiggre 3.3). Doses of 5x30
1x10 pfu per cornea (MOls of 5-10) resulted in expr@sdiy >80% of endothelial
cells after a 2 h transduction period (Figure 3M)hough there was a reduction in
endothelial cell density compared with nontransduttesue as doses of adenoviral
vector increased, the variation was not statidticgipnificant (2-tailed, unpaired t-

test: p>0.05).

3.4.3 In vitro transduction of ovine and human corneas with
LV-SV40-eYFP
Having established that adenoviral transductiorarheal endothelium resulted in

expected rapid and efficient expression, initiahgduction experiments were carried

out in the same system using the lentiviral vetitSV40-eYFP. Ovine and human
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Figure 3.3: Expression of eGFP by ovine corneal enthelium transduced with
Ad-GFP

Ovine corneas were transduced for 2 h with (a, &liom only, or (c, d) 5xf0pfu
per cornea of Ad-GFP (MOI 5), and subjected to 4fdn vitro organ culture.
Fluorescence micrographs of representative cefitlds show expression of: (a, ¢)
enhanced green fluorescent protein (eGFP) with bilg excitation, and (b, d)
endothelial cell nuclei stained with Hoechst-332fler ultraviolet illumination of

each respective field. Original magnification 20x.




Figure 3.4: Transduction of ovine corneal endothelim with increasing doses of
Ad-GFP

Corneas were transduced for 2 h with increasingslo$ Ad-GFP and subjected to
in vitro organ culture. After 4 d the corneas were fixed the corneal endothelia
were stained with Hoechst-33258 and flat-mountedflisorescence microscopy.
Columns show: (a) the percentage of endothelidé @{pressing enhanced green
fluorescent protein (eGFP) (meantSD) as determmedluorescence microscopy,
and (b) the respective endothelial cell densitygnD) as determined by counting
Hoechst-33258-stained nuclei under ultravioletnilimation. For each dose, three
corneas were examined. No eGFP expression wasvelsier nontransduced control

corneas (data not shown). SD: standard deviatidheomean.
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corneal endothelia were transduced for 24 h wix20 TU per cornea of LV-
SV40-eYFP, and harvested for fluorescence microscbpeporter gene expression
after in vitro organ culture (Figure 3.5). A 24 h transductiomiqek was tested
initially, since it has been reported that maxinmatroviral infection requires
prolonged exposure of target cells to the viflisApproximately 84% of ovine
corneal endothelial cells expressed eYFP after 4 argan culture, and this level
persisted at 21 d. Over 80% of human corneal eetlatitells were transduced by
LV-SV40-eYFP after 14 d of culture. According tetmethod described in Chapter
2 (pages 82-83), the multiplicity of infection (MQdf lentivirus transducing units
per corneal endothelial cell at a dose of 2.5XI0 per cornea, was estimated as

being approximately 20 for the sheep and 120 fethiliman.

3.4.4 Kinetics of eYFP expression in ovine and huma n corneal

endothelium

Having established a final transduction rate of %8h both ovine and human
corneas transduced with LV-SV40-eYFP, the kineticiansgene expression in the
corneal endothelium of each species was asseseatkds were transduced for 24 h
with 2.5x10 TU per cornea LV-SV40-eYFP, and harvested for rsoence
microscopy to demonstrate reporter gene expressi@n increasing periods of
vitro organ culture. Human and ovine corneas can sufav®etween 14-21 d in
organ culture following transduction. Thereforeistperiod was set as a limit for
assessing transgene expression. Ovine cornealtmstidot showed a relative delay
in eYFP expression after transduction, but expoess >80% of endothelial cells

was achieved by 14 d with no reduction in endogthekll density (Figure 3.6).
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Figure 3.5: Expression of eYFP by ovine and humanocneal endothelium
following transduction with LV-SV40-eYFP

Corneas were transduced for 24 h with 2.5xI0 per cornea of LV-SV40-eYFP.
Fluorescence micrographs show representative ¢dmglds of (a) ovine corneal
endothelium (MOI 20), and (b) human corneal endathe(MOI 120), examined by
fluorescence microscopy after 14 dimfvitro organ culture. eYFP: enhanced yellow

fluorescent protein. Original magnification 20x.
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Figure 3.6: Kinetics of eYFP expression in ovine c¢peal endothelium
transduced with LV-SV40-eYFP
Ovine corneas were transduced for 24 h with 2.5510 per cornea of LV-SV40-
eYFP (MOI 20), and harvested for fluorescence nsicopy after increasing periods
of in vitro organ culture. Columns show the corneal endothelielei density
(meantSD) as determined by counting Hoechst-332&ilesi nuclei under
ultraviolet illumination. Points represent the pmrtage of corneal endothelial cells
(meanxSD) expressing enhanced yellow fluorescertepr (eYFP) as determined by
fluorescence microscopy. At each time point, tlt@meas were examined (except at

21 d, where n=1). SD: standard deviation of thermea
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In human corneas, eYFP expression peaked withdndlef transduction, and
persisted for 14 d in organ culture (Figure 3.7(&ndothelial cell density did not
vary according to time following transduction (Figu3.7(b)). Differences were
evident between individual human corneas, probedflgcting factors such as donor
age and time in Eye Bank storage, rather than w@st®ociated toxicity; all human
corneas had been discarded from the Eye Bank asg bansuitable for
transplantation. Intense expression of eYFP wasrebd in Eye Bank corneas

which had been subjected to hypothermic stora@gpitisol® GS for up to 25 d.
3.4.5 Effect of multiplicity of infection on transg ene expression

Higher multiplicities of infection in ovine cornea

To investigate whether higher MOIs would resultmiore rapid expression of the
reporter gene in ovine corneal endothelial celimgtduction with LV-SV40-eYFP at
MOlIs of 75, 150 and 300 was investigated. Somesas® in the rate of expression of
eYFP was seen but expression was still relativellayed compared with the rate
observed in human corneas. At a dose of 4xIO per cornea (MOl 300),
expression of eYFP was achieved in 80% of ovineear endothelial cells within
4 d (Figure 3.8(a)). However, at 7 d post-transdactall MOls tested (75, 150 and
300) were associated with a reduction in corneatlotrelial cell density

(Figure 3.8(b)).

Lower multiplicities of infection in human cornea

To investigate whether a dose of lentivirus lowsairt that used previously (MOI
120) would be effective in human corneas, transdonith 6.3x16 TU of LV-
SV40-eYFP, equivalent to an MOI of 30, was examiffeidure 3.7). Transduction

at an MOI of 30 produced proportionally lower refgoigene expression compared to



Figure 3.7: Kinetics of eYFP expression in human coeal endothelium
following transduction with LV-SV40-eYFP

Eye Bank corneas were transduced with either 6 3%LO(MOI 30) (asterisked) or
2.5x10 TU (MOI 120) of LV-SV40-eYFP, and harvested afted, 4 d or 14 d oih
vitro organ culture. (a) The percentage of corneal émdiat cells (meantSD)
expressing enhanced vyellow fluorescent protein [@YRvas determined by
fluorescence microscopy, and (b) the correspondiagheal endothelial nuclei
density (mean+SD) was determined by counting Hae8B258-stained nuclei under
ultraviolet illumination. A total of seven corneagere examined; each column
represents the mean+SD of five fields examinedafalifferent cornea at each time
point, and a unique colour is used for each indigldcornea. Numbers above the
columns represent the number of days the cornedéeud stored in the Eye Bank,

before being transduced. SD: standard deviatidheomean.
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Figure 3.8: Effect of high multiplicities of infecion (MOIs) on eYFP expression
and corneal endothelial cell density, following trasduction of ovine corneal
endothelium with LV-SV40-eYFP

Ovine corneas were transduced for 24 h with inangasOls of LV-SV40-eYFP
and harvested at various time points following $dction. (a) The percentage of
corneal endothelial cells expressing eYFP was owtexd by fluorescence
microscopy, and (b) the corneal endothelial celhsity in each sample was
determined by counting Hoechst-33258-stained nugider ultraviolet illumination.
Each column represents the meanzSD of five fiekdarened for a single cornea.

eYFP: enhanced yellow fluorescent protein, SD:dah deviation of the mean.
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transduction at an MOI of 120, but maximal expr@ssvas achieved after 1 d with

no apparent effect on corneal endothelial cell dgns

3.4.6 Effect of transduction period on maximal expr  ession in

ovine corneas

To investigate the feasibility of carrying oex vivotransduction and transplantation
of ovine corneas on the same day, the durationhefttansduction period was
reduced from 24 h to 2 h. Ovine corneas transdut#dLV-SV40-eYFP at an MOI
of 20 were harvested for fluorescence microscopr 44 d ofin vitro organ culture.
The transduction rate for the 2 h transductionqekmwas lower than that achieved
following a 24 h period: 10.2% = 5.3% (meanzSD) suer 83.9% + 4.5%
respectively. The difference was statistically #igant (2-tailed, unpaired t-test:

p<0.05) (Figure 3.9).

3.4.7 Effect of polybrene on transduction rate in o vine corneas

In view of the striking difference in transductioate following a 2 h transduction
period compared to a 24 h period, the polycatidglpene was explored as a means
of improving transduction rate achieved during sherter transduction period. An
initial study was performed to identify any dirgokic effect of polybrene on the
corneal endothelium over a range of doses. Polghisegenerally used in cell culture
transductions at 4-8 pg / ml. Corneas were incdb&de 3 h in 2% RPMI, with
either no polybrene, or polybrene at a concentmatiod g / ml or 40 pug / ml. After
a further 4 d ofin vitro organ culture, corneas were fixed, stained witltedhst-
33258 and examined by fluorescence microscopy. Wdence of a direct toxic

effect was seen, either in the form of an increasapoptotic nuclei, or a gross
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Figure 3.9: Influence of the duration of transducton on eYFP expression in
ovine corneal endothelium following transduction wih LV-SV40-eYFP

Ovine corneal endothelia were transduced with 25¥U per cornea of LV-SV40-
eYFP (MOI 20) for either 2 h or 24 h, and harvesaé@r 14 d ofin vitro organ
culture. Each column represents (a) the percentdgeorneal endothelial cells
expressing enhanced yellow fluorescent protein @Y(fean+SD) as determined by
fluorescence microscopy, and (b) the respectivertietial cell density (meantSD)
determined by counting Hoechst-33258-stained nugider ultraviolet illumination.
At least three corneas were examined in each grbuptailed, unpaired t-test:

p<0.05, SD: standard deviation of the mean.
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reduction in endothelial cell density (Figure 3.1Therefore, the higher dose was
used in transduction studies. Next, polybrene veaked to a 2% RPMI transduction
mixture at a concentration of 40 pg / ml, this timigh 2.5x10 TU per cornea of
LV-SV40-eYFP (MOI 20). Corneas were incubated fdr Before the addition of 10
ml 10% RPMI and a further 14 d of vitro organ culture. Corneas transduced in the
presence of polybrene showed a higher transductiencompared to those without

polybrene (approximately 80% versus 10% respegii&ligure 3.11).
3.4.8 Influence of internal promoter on reporter ge  ne expression

Ovine cornea

To investigate the influence of the internal proenain lentivirus-mediated reporter
gene expression, ovine corneas were transducetfbrwith either LV-PGK-eYFP,
LV-SV40-eYFP, LV-EF-eYFP or LV-CMV-eYFP at 1xiqu per cornea (MOI 8)
and examined after 4 d of vitro organ culture. This time point was chosen in view
of the relative delay in expression observed idieraexperiments in which LV-
SV40-eYFP was used. Low levels of expression of RYifere observed in corneas
transduced with LV-PGK-eYFP and LV-SV40-eYFP, whilexpression was
virtually undetectable in corneas transduced wit¥i-HF-eYFP (Figure 3.12).
Expression appeared strongest in corneas transdwdédLV-CMV-eYFP. To
investigate further, corneas were transduced fon 24th either LV-SV40-eYFP or
LV-CMV-eYFP at 2.5x10 TU per cornea (MOI 20; that is, at 2.5x the eauiese)
and again examined after 4 d iof vitro organ culture. Expression of eYFP was
observed in 21+2% (meantSD) of ovine corneal era@h cells in corneas

transduced with LV-CMV-eYFP, compared with 4+4% oeélls in corneas
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Figure 3.10: Density and nuclear morphology of ovie corneal endothelium
following an incubation with polybrene

Ovine corneas were incubated for 3 h with variooacentrations of polybrene:
(@) nil, (b) 4ug / ml and (c) 4Qug / ml. They were then harvested after 4 ¢hofitro
organ culture. Fluorescence micrographs of reptatea central fields show
Hoechst-33258-stained endothelial cell nuclei takeder ultraviolet illumination.

Original magnification 20x.
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Figure 3.11: Effect of polybrene on transduction rée in ovine corneal
endothelium following transduction with LV-SV40-eYFP

Corneas were transduced for 3 h with 2.5xTI0 per cornea of LV-SV40-eYFP
(MOI 20) in (a, b) the presence or (c, d) the abseof polybrene 4Qg / ml, and
harvested after 14 d oin vitro organ culture. Fluorescence micrographs of
representative central fields show (a, ¢) expressioenhanced yellow fluorescent
protein (eYFP) under blue light excitation, and db,endothelial cell nuclei stained
with Hoechst-33258 under UV illumination, of eackspective field. Original

magnification 20x.




Figure 3.12: Expression of eYFP in ovine corneal eothelium following
transduction with four lentiviral vectors containin g different internal promoters
Ovine corneas were transduced for 24 h with IXI0 per cornea (MOI 8) of
vectors containing either (a, b) the phosphoglyeetanase promoter (LV-PGK-
eYFP), (c, d) the simian virus type-40 early proendiLV-SV40-eYFP), (e, f) the
elongation factor-d& promoter (LV-EF-eYFP), or (g, h) the human cytorilegirus
immediate early promoter (LV-CMV-eYFP), and hareestt d after transduction.
Fluorescence micrographs of representative celmtds show expression of (a, c, e,
g) enhanced yellow fluorescent protein (eYFP) uriddee light excitation, and (b, d,
f, h) Hoechst-33258-stained endothelial cell nuakeder ultraviolet illumination of

each respective field. Original magnification 20x.
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transduced with LV-SV40-eYFP (Figure 3.13). Thefatiénce between these
expression levels reached statistical significafitéailed, unpaired t-test: p<0.05).
There were no differences in endothelial cell dgrisetween the different constructs

and nontransduced control corneas (2-tailed, uegaitest: p>0.05).

Human cornea

To investigate the influence of the internal proenain lentivirus-mediated reporter
gene expression in human corneas, Eye Bank comeastransduced for 24 h with
either LV-PGK-eYFP, LV-SV40-eYFP, LV-EF-eYFP or LEUMV-eYFP at 6.3x19
TU per cornea (MOI 30) and examined after 1 ¢hafitro organ culture. The earlier
time point was chosen in view of the relativelyicagnd intense expression observed
in human corneal endothelium in earlier experimefite LV-CMV-eYFP vector
achieved expression in >80% of cells, and LV-SVX@GR in approximately 40% of
cells. In the cases of LV-PGK-eYFP and LV-EF-eYFd#orter gene expression was

undetectable after 1 d of culture (Figure 3.14).
3.4.9 Kinetics of expression following LV-CMV-eYFP  transduction

Ovinecornea

To assess the kinetics and stability of eYFP exgwasfollowing transduction with

the vector containing the CMV promoter, corneasewteansduced with LV-CMV-

eYFP at 2.5x10TU per cornea (MOI 20) and cultured for up to 14\d observed in

ovine corneas transduced with LV-SV40-eYFP, theppeared to be a delay in
expression. However, a transduction rate of >80% evadent after 14 d ah vitro

organ culture (Figure 3.15).



Figure 3.13: Comparison of eYFP expression in ovineorneal endothelium
following transduction by lentiviral vectors containing either the simian virus
type-40 (SV40) or cytomegalovirus (CMV) promoters

Ovine corneas were transduced for 24 h with 2.5510 per cornea of LV-SV40-
eYFP or LV-CMV-eYFP (MOI 20) and harvested 4 d afteansduction. Control
corneas were transduced with medium only. Eachnmoltepresents the mean+SD
for: (a) the percentage of endothelial cells exgirgs enhanced yellow fluorescent
protein (eYFP) as determined by fluorescence mioeg, and (b) respective
endothelial cell density as determined by countihgdoechst-33258-stained nuclei
under ultraviolet illumination. Three corneas wesgamined for each group.
* 2-tailed, unpaired t-test: p<0.05 compared to 8V8D: standard deviation of the

mean.
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Figure 3.14: Expression of eYFP in human corneal eothelium following
transduction with four lentiviral vectors containin g different internal promoters
Human corneas were transduced for 24 h with 6.3¥10per cornea (MOI 30) of
vectors containing either (a, b) the phosphoglyeetanase promoter (LV-PGK-
eYFP), (c, d) the simian virus type-40 early proenglLV-SV40-eYFP), (e, f) the
elongation factor-d& promoter (LV-EF-eYFP), or (g, h) the human cytorlegirus
immediate early promoter (LV-CMV-eYFP), and hareestlL d after transduction.
Fluorescence micrographs of representative cefmtds show (a, c, e, g) expression
of enhanced yellow fluorescent protein (eYFP) uree light excitation, and (b, d,
f, h) Hoechst-33258-stained endothelial cell nuakeder ultraviolet illumination of

each respective field. Original magnification 20x.
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Figure 3.15: Expression of eYFP by ovine corneal dothelium following
transduction with LV-CMV-eYFP

Ovine corneas were transduced for 24 h with 2.5x10 per cornea (MOI 20).
Fluorescence micrographs of representative cefiglls show enhanced yellow
fluorescent protein (eYFP) expression in corneasdséed after (a) 4 d, (b) 7 d, (c)

10 d, and (d) 14 d on vitro organ culture. Original magnification 20x.
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Human cornea

A human cornea transduced with LV-CMV-eYFP at 6@xTU per cornea
(MOI 30) was harvested for examination after 15fdrovitro organ culture. As
previously seen at 1 d post-transduction with thenes vector, reporter protein

expression was evident in >80% cells, and the dmatiotn was intact (Figure 3.16).

3.5 Discussion

The major findings of these studies were that theoh lentiviral vector transduced a
high proportion of both ovine and human cornealotielial cells, and demonstrated
stable expression for up to two weeksvitro using the SV40 and CMV promoters.
The duration of the transduction period and theitenid of polybrene to the
transduction mixture, were both found to influertbe final transduction rate in

ovine corneal endothelium.

High transduction rates were achieved by lentiviral vectors

Lentiviral vectors pseudotyped with the VSV-G piotare capable of transducing a

9 170

wide range of tissues including braffi, liver,*®® skeletal musclé®® retina’
haematopoietic celfs! and myocardiumi’> The capacity of lentiviral vectors to
transduce nondividing cells is of particular instrevith respect to the amitotic
human corneal endothelium. However, | am awareoofmiore than three reports of
lentiviral transduction of human corneal endotHelizells!****1*> and the

transduction rates achieved using the HIV-1-basadoA vector (>80%) compare
favourably with all of them. Suh and colleaguesnsuced primary cultured

endothelial cells with an Equine Infectious AnaeMieus-based (EIAV) vector and

reported eGFP expression in 30% of cells two teghdays after transductiofy.
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Figure 3.16: Expression of eYFP by human corneal ethelium following
transduction with LV-CMV-eYFP and in vitro organ culture

A human cornea was transduced for 24 h with 6.3F100of LV-CMV-eYFP (MO

30) and subjected to 15 d wof vitro organ culture. Fluorescence micrographs of a
representative central field show (a) expressionewoiianced yellow fluorescent
protein (eYFP) with blue light excitation, and @)dothelial cell nuclei stained with
Hoechst-33258 under ultraviolet illumination of thsame field. Original

magnification 20x.
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Beutelspacher and co-workers observed transgerressipn in approximately 10%
of endothelial cells in human corneas transduceld an HIV-1-based vector, and in
approximately 25% of those transduced with an El&¢tor’** Wang et al. detected
reporter gene expression in endothelial cells ahdm corneas transduced with an
HIV-1-based vector but did not quantify transdustiates-*® The current studies
demonstrated expression in >80% of endotheliat éelivhole human corneas for up
to two weeks ofn vitro organ culture. Importantly, this expression waseoied in
some human corneas which had been in hypotheronags in the Eye Bank for up
to 25 days prior to transduction.

The higher transduction rates observed in theeptestudies, compared to
previous reports, may be due to differences in arecesign and transduction
protocols. The vectors used by Beutelspacher alidagoes contained an EIAV
envelope protein, rather than the VSV-G proteindusethe current studies and in
those of Suh and co-workers. Both the BeutelspaahdrSuh groups used a three-
plasmid transfection system, in contrast to the-fdasmid system used to produce
the Anson vector. Furthermore, whereas a 24 hamstiuction period was used in
the current studies, Suh et al. used a transdugbemod of 12 hours while
Beutelspacher and colleagues reported using adiatisn period of just 3 hours. |
did not assess a transduction period of less tharhd@irs in human corneas.
However, a relationship between duration of traonida and final transduction rate
was observed for ovine corneal endothelium, arsgéms reasonable that this may
have contributed to the discrepancy in transduatédes achieved in human corneas
in the current studies compared to those reportedliqusly. Finally, whilst it is
impossible to make an accurate comparison of thdsM@ed in each system, the

dose of vector reportedly used by Beutelspachercandorkers (5x19infectious
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particles per cornea) was considerably lower therdbse used here (2.5%T0 per
cornea). The highest titre of virus produced inirtrsystem was reportedly 0
infectious particles per ml—10-fold lower than thcattained in the current studies.
Use of the VSV-G protein, as in the Anson systeimictv stabilises vector particles
during ultracentrifugation and allows concentratiorhigher titred>! may be partly

responsible for this difference.

Kinetics of expression varied between vectors and species

The time course of transgene expression is impbntatine selection of a vector for
the prevention of corneal allograft rejection. Favhset expression of an
immunomodulatory transgene may be required to stilitie afferent arm of the
immune response. The majority of studies demomsgyad prolongation of graft
survival with gene therapy have used adenoviratoreqTable 1.1). In the present
studies, an adenoviral vector attained a high thactson rate (>80%) within four
days of transduction. This is consistent with poesi reports of adenoviral
transduction of ovine corneal endothéfif> and of other animals, including the
rabbit® and rat:*

Compared to the adenovirus, lentivirus-mediatgatession in ovine corneal
endothelium was delayed, with similar transductiaties (>80%) not evident until 14
days ofin vitro organ culture had elapsed. This may be partlyaeléo the distinct
biology of each virus. Adenovirus enters cells legaptor-mediated endocytosis,
binding to the cell surface Coxsackie-adenovirusepgor (CAR) and being
internalised via clathrin-coated pitS.Once inside the cell, the virus is disassembled
and released by endosomal lysis—the genome beamggdorted into the nucleus,
where it remains episomal and transcription takie€ep The entire process may

occur in a matter of hour$? Conversely, retroviral transduction is known to de
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relatively inefficient procesY? and delays in expression have been noted
previously'’? In transducing rat cardiomyocytés vitro, Fleury and co-workers
detected eGFP expression in a majority of cellatée with adenovectors at three
days, but not those treated with lentivectors. By ¢bur, transduction rates were
comparable, although mean fluorescence values nemhdower with lentivectors.
The slower kinetics of lentiviral gene transfer @dakeen attributed to several
factors—including reverse transcription, secondsslr DNA synthesis, nuclear
translocation of the preintegration complex, andvjal integration:’> The
differences in the life-cycle of the parent viruseay partly explain the difference in
kinetics of expression between adenoviral and\eativectors in the ovine corneal
endothelium.

More surprising than the difference in kineticsetved between adenoviral
and lentiviral vectors, was the finding that thelaglein Ilentivirus-mediated
expression observed in the ovine corneal endotinelas not seen in the case of the
human corneal endothelium. In the human, maximetlse (>80%) of transgene
expression were evident as early as one day aféeisduction. Increasing the
multiplicity of infection in ovine corneas increasthe rate of eYFP expression, but
was associated with toxicity—probably due to theMS protein, which is known to
be cytotoxic in many mammalian cell linE.The precise reason for the delay in
expression observed in the ovine corneal endothelsuunknown. It did not appear
to be due solely to the promoter, as a delay watest following transduction with
vectors containing both the SV40 and CMV promoteatheit less pronounced in
the case of CMV vector. It has been reported thatartain cell types—such as
primary T lymphocytes—reverse transcription is thge limiting step in retroviral

transduction, and that preincubation of intact HIM4rions with deoxynucleotide
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triphosphates (dNTPs) increases transduction effai*° Perhaps the ovine corneal
endothelium, which has been shown to be effectivelpproliferating®> has low
cytoplasmic pools of dNTPs. However, if this wdne tase, one might expect to see
a delay in expression in the human corneal endathehlso, since it is known to be
arrested in the G1-phase of the cell cyclne difference in expression rate appears
to be species-specific and may have important reatibns forex vivoexpression of

therapeutic transgenes in the ovine model of oohiotcorneal transplantation.

Viral promoters produced higher expression than mammalian promoters

Lentivirus-mediated transgene expression is knawmary depending on the target
cell type and the choice of internal promoter. lcamparison of three promoters
driving expression of a reporter gene, expressionblood-derived vascular
endothelial progenitor cells was found to be highegh the CMV promoter,
intermediate with the EF promoter and lowest witte tPGK promotet’’ In
delivering a reporter gene to adult cardiomyocyté/-1-based lentiviral vectors
achieved higher expression with the CMV promoteanththe EF or PGK
promoters-’? Almost all studies of lentivirus-mediated genensfer to corneal
endothelium to date have utilised vectors contgirtthe CMV promoter. The one
exception utilised an HIV vector containing the pfomoter, but did not quantify
expression nor directly compare it with the CMV mpiater’*?

In the present studies, lentivirus-mediated exgoesin both ovine and
human corneal endothelium was found to be highesh whe human CMV
immediate early promoter, high with the SV40 egmgmoter, and lowest with the
PGK and EF promoters. The CMV promoter sequenceslaeed by the adenoviral
vector, which achieved rapid and strong expressioavine corneal endothelium.

Expression was observed in both ovine and humameabendothelium for at least
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two weeks following transduction with the SV40 a@dlV promoter lentiviral
vectors. Despite these promising results, the maspf promoter silencing must be
considered. Transcriptional silencing of the CMVomoter by methylation in
adenoviral vectors has been reported previoti8igiven the half-life of the reporter
protein is measured in days, longer observationldvty required to ensure that
lentivirus-mediated expression driven by the CMdmoter in corneal endothelium
IS not subject to transcriptional silencing. Howegveis worth noting that Wang and
colleagues used the CMV promoter in their lentivivector and reported no
diminution of eGFP expression in human corneal dra@l cells 60 days after
transductiort:*

In choosing a promoter for use in an integratieetwr, it must be recognised
that promoter elements have the potential to teaisate host genes. This was
epitomised by the development of leukaemia-likelifn@tions in three patients
undergoing retroviral gene therapy for X-linked evcombined immune deficiency
(SCID-X1). It is believed that overexpression a# tlIMO2 gene, as a result of trans-
activation by the retroviral LTR, was responsibler ftumorigenesis in these
patients:*® Self-inactivating (SIN) vectors such as the Ansestor reduce the risk
of such an event occurring by deletion of the veahancer/promoter sequences in
the U3 region of the LTR. Such vectors require aternal promoter to drive
transgene expression, and thus the potential famanted trans-activation events is
not eliminated completely. Interestingly, the trawsivation potential of the SV40,
CMV, EF, and PGK promoters has recently been inyatstd in three different
human cell lines and compared with retroviral antl $TRs!* The results
suggested that trans-activation was cell-type dégetnand often correlated with the

inherent transcriptional strength of the promotethat cell line. | am not aware of
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any adverse events in gene therapy applicatiossgrirom the use of one of the
four promoters tested in the current studies.

The SV40 virus is known to be oncogenic in animaldeis and it has been
implicated in the development of human malignantigsiowever, the oncogenic
capacity of the virus is understood to be due tpusstration by the large and small
T-antigens of important tumour suppressor protesugh as p53 and pRb. | am
aware of no evidence that the SV40 early promogéguence is, in and of itself,
pathogenic. Given that superior expression wasesaeli in both ovine and human
corneal endothelium using the viral promoters camgbato the mammalian
promoters, and that the SV40 promoter construct igadily available for cloning
purposes in the early stages of the project, futhx@eriments were performed with

vectors containing the SV40 promoter.

Final transduction rate was influenced by the duration of the transduction
period and the use of polybrene

The final transduction rate achieved in ovine calrendothelia, after a two hour
transduction period with the lentiviral vector, wagnificantly lower than that
observed after a 24 hour period. This was not 8ingy, given a report by Morgan
and colleagues that, after exposing murine fibrstsléo a retrovirus for two hours,
the majority of infectious virus was not bound e tells but free in solutio¥’ The
use of the cationic polymer polybrene led to arra@ase in final transduction rate
achieved during the shorter transduction perioces€éhfindings are consistent with
the known inefficiency of retroviral particles imlsorbing to target cells. Retroviral
particles reach the surface of target cells byuditin and bind to receptors whilst
subject to the electrostatic repulsion betweernr tben negative charge and that of

the cell membran¥>'®8 Cationic polymers are believed to enhance
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adsorption by neutralising this electrostatic rejua force'®>*%

and are commonly
used to improve retroviral transduction in tissulture (Figure 3.17). However, high
doses can have antiproliferative and cytotoxic@#* In the current studies, the
use of polybrene at up to 40 pug / ml was not aasediwith any evidence of toxicity
in ovine corneal endothelium, as judged by cellsitgnand nuclear morphology
following Hoeschst-33258 staining. However, thistimoel of assessment may have
failed to detect dead or injured endothelial cellsich had not detached from
Descemet’s membrane. That might have been achiesied a vital stain such as
trypan blue, or the viability stains calcein acetoethyl ester and ethidium
homodimer, which measure intracellular esterase/igctand plasma membrane

activity respectively® A potential toxic effect on the viability of trest allografts

could not be ruled out untih vivotesting was performed (Chapter 5).

Further studies

These experiments established that the transduetimrency of the Anson lentiviral

vector was superior to previous reports of lerdiviransduction of human corneal
endothelium. It was also shown that the SV40 and/Givbmoters produced higher
expression than the EF or PGK promoters, in botmeovand human corneal
endothelium. The results showed promise for susthi@xpression of therapeutic
transgenes in corneal endothelium using the Ansegtov. Further studies were
undertaken to characterise expression of the immadalatory cytokine

interleukin-10, under the control of the SV40 praenpprior to testing in the ovine

preclinical model of corneal transplantation. Thasedescribed in Chapter 4.



Target Cell

Receptor

Figure 3.17: Proposed mechanism of action of catian polymers in improving
retroviral transduction efficiency

Cationic polymers such as polybrene are believezhtance adsorption by a form of
charge shielding, whereby the electrostatic repeal$orce between the negatively
charged cell membrane and virus particles is niksgch As a result, a greater
proportion of virus particles are able to interah cell surface receptors, and gain

entry to target cells.
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4.1 Abstract

Aims

To construct lentiviral vectors and an adenoviratter, all encoding the model
secreted protein interleukin-10 (IL10), and to dufsurelative transgene expression
in ovine and human corneal endotheliimvitro.

Methods

Three vectors were produced and tested: (i) aviealtivector expressing ovine 1L10
under the control of the simian virus type-40 eangmoter (LV-SV40-IL10); (ii) a
lentiviral vector expressing IL10 under the contobla promoter consisting of five
glucocorticoid response elements (GRES) upstreatmefadenovirus 2 major late
promoter TATA box/initiation site (LV-GRE-IL10); ah(iii) an adenoviral vector,
co-expressing enhanced green fluorescent prot&iRRe and IL10 (Ad-GFP-IL10),
under the control of separate human cytomegalov{@islV) immediate early
promoters. Transgene expression in transduced d@alhgectors) and human (LV-
SV40-1L10 and LV-GRE-IL10) corneas was measureagiseal-time gRT-PCR to
detect ovine IL10 mRNA, and an ELISA for ovine ILp@otein in corneal organ
culture supernatants. For LV-SV40-IL10, rates @hscription and secretion were
analysed following alterations in the dose of vecamd the duration of the
transduction period, as well as after transduciiorthe presence or absence of
polybrene (40 pug / ml). The performance of theateinducible vector LV-GRE-
IL10 was assessed by an ELISA for ovine IL10 inaorgulture supernatants of
transduced ovine and human corneas.

Results

Real-time qRT-PCR of ovine corneal endothelium destrated a 1Bfold increase

in IL10 mRNA, 4 d after transduction with LV-SV4040, compared to control
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cornea. Secretion of IL10 by LV-SV40-IL10-transddaevine corneas was detected
within 6 d of transduction, with the rate of semmgtincreasing to approximately 20-
fold higher than control levels over 15 d in cu#turLentivirus-mediated IL10
expression increased with higher multiplicitiesrdéction (MOIs), and reducing the
duration of the transduction period from 24 h tb [2d to a reduction in expression
at both the mRNA and secreted protein levels. Tditian of polybrene (4@g / ml)

to the transduction mixture restored the expressata in ovine corneas undergoing
a 2 h transduction period, to levels comparablghtwse achieved using a 24 h
transduction period. Transduction of ovine correraothelium with Ad-GFP-IL10
achieved a level of IL10 mRNA expression which wil#E-fold higher than that
achieved in corneas transduced with LV-SV40-1L10 4atl post-transduction.
Secretion of IL10 from Ad-GFP-IL10-transduced ovamneas demonstrated a rapid
increase over the first 6 d in culture, reachingeak 16-fold higher than control
levels after 10-12 d. Expression of IL10 in LV-SVAAO-transduced human
cornea, as measured by ELISA, was dose-resporaiemore rapid than in ovine
cornea; levels of expression approximately 10-foigher were achieved at 15 d
post-transduction. LV-GRE-IL10-mediated expressimnIL10, as measured by
ELISA, showed an approximately 10-fold increaseth® presence of 50 nM
dexamethasone in ovine and human corneal endatheliluboth species, expression
levels were comparable to, or greater than, thosgéuged by LV-SV40-IL10.
Conclusions

Transduction of ovine corneal endothelium for 24iith the Anson lentiviral vector
resulted in expression levels which were increasiitgy 15 days of organ culture but
logarithmically lower than those achieved by anrad@al vector. Shortening the

lentiviral transduction period to 2 h led to a retilon in expression, but the addition
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of polybrene (4Qug / ml) to the transduction mixture restored expi@s to levels
comparable to those attained after a 24 h trangatuperiod. Transduction of human
corneal endothelium with the Anson lentiviral vectesulted in higher and more
rapid IL10 secretion than was observed in ovineeas. Dexamethasone-responsive
transgene expression was observed in both ovinehanmthn corneal endothelium

using a lentiviral vector containing the GRES5 sigfioducible promoter.

4.2 Introduction

In Chapter 3, a high proportion of ovine and huroarmeal endothelial cells (>80%)
were shown to be transduced with the Anson lemtiviector containing the SV40 or
CMV promoter, over 14 daym vitro. Those studies identified the influence of
transduction period duration on transgene expressiad the beneficial effect of
polybrene (40 pg / ml) in improving expression afeshort transduction period.
They also identified a hitherto unexplained delay HIV-1-lentivirus-mediated
expression kinetics in the sheep versus the hunoaneal endothelium. In this
chapter, | describe experiments establishing theetids of transgenic IL10
expression in lentivirus-transduced corneas; théokoye was chosen as a
prototypical secreted therapeutic protein whichlddae quantified at the level of
both mRNA and protein. As a benchmark for the pentmce of the Anson vector,
the expression kinetics of an adenoviral vectoresging IL10 were also assessed.
Lentivirus-mediate@x vivodelivery of the gene encoding IL10 to the corneal
endothelium is aimed at achieving sustained exjmessf the immunomodulatory
cytokine in the anterior segment for weeks to yéalfewing corneal transplantation.
Interleukin-10 exerts a range of effects on antigessenting cells. These include
downregulation of MHC Class Il and costimulatory lewle expressioff*®” and

inhibition of Langerhans cell migration by the geat®n of functional decoy
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receptors which act as molecular sinks and scavender inflammatory
chemokines®®*®° Furthermore, 1L10 inhibits production of monokirasch as IL1,
IL6, IL8 and TNFe. Thus, gene transfer leading to sustained exmessilL10 by a
corneal allograft is a strategy for impairing effee antigen presentation, reducing
graft immunogenicity, and inhibiting inflammatioAdenovirus-mediated transfer of
the gene encoding IL10 has been shown to prololagraft survival in rodent
models of cardiac transplantatiti;®* and after corneal transplantation in the
outbred sheep modé&l. The putative advantage of a lentiviral vector ower
adenoviral vector in expressing transgenic IL1@rafforneal transplantation is the
generation of stable expression. These experinemight to establish the optimal
transduction conditions for testing lentivirus-magdd IL10 expression in the ovine
model of corneal transplantation.

In addition to measuring the expression of lentisimediated IL10 secretion
under the control of a constitutive promoter, loatsansduced ovine and human
corneas with a lentiviral vector containing an ioithle promoter. The ability to
regulate transgene expression is a key featuréeoideal gene therapy vector for
corneal transplantation. The corneal endotheliuna isssue readily amenable to
regulation of transgene expression by virtue oadsessibility. Inducible expression
systems include those utilising a tetracycline-oesive promotet?? a promoter
responsive to changes in intracellular cyclic ad@m monophosphate (CAMB}
and the use of glucocorticoid response elementE&BR allow induction of gene
expression by steroid8® amongst many others. Since topical corticosteraidsthe
mainstay of the prophylaxis and treatment of cdrngeaft rejection, it is
inconceivable that any gene transfer strategy tetrgat human corneal donor

allografts would preclude their use. A steroid-sgive promoter might confer the
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ability to limit expression of a therapeutic traasg to clinically evident episodes of
acute rejection, reducing the risk of adverse #&ffe@ssociated with sustained
expression. Given the Anson vector is intended dlmical application, these
experiments included the construction and testing wector expressing IL10 under

the control of the GRES5 promoter designed by Maafer White!®

4.3 Specific aims

* To construct a lentiviral vector and an adenowsaitor, both encoding IL10,
and compare levels of transgene expression;

» To measure the kinetics and relative levels of Nenss-mediated IL10
expression in ovine and human corneal endothelium;

e To determine the influence of multiplicity of intémn, duration of
transduction, and the use of polybrene, on lenis¥mediated 1L10
expression in ovine corneal endothelium;

* To construct a lentiviral vector containing a stéfimducible promoter, and
measure the inducibility and expression levels #ndgenic IL10 in

transduced ovine and human corneal endothelium.

4.4 Results

4.4.1 Production of an adenoviral vector encoding | L10

Cloning of 1L10 gene into adenoviral shuttle vector

As a benchmark for the performance of the lentivwector, the adenoviral vector
Ad-GFP-IL10, expressing ovine IL10 and the enhangeskn fluorescent protein
(eGFP)—both under the control of individual humamM\C immediate early

promoters—was produced and tested. The 580 bp cB&gnence for ovine IL10



Chapter 4 Expression of IL10 vitro 144

was amplified from the plasmid pRC-CMV-IL10 by PCHRsing the primers
IL10kpnfor and IL10hindrev (Table 2.2), and clonetb the polylinker of the shuttle
vector pAdTrack-CMV using the restriction sitépnl andHindlll (Figure 4.1(a)). A
tag of six histidine residues was incorporatedhat 8’ end of the IL10 coding
sequence to facilitate purification of the protebut was not subsequently used.
Successful ligation, resulting in the formationtloé shuttle vector pAdTrack-CMV-
IL10, was confirmed by PCR using the primers IL1®igp and IL10hindrev, and
restriction enzyme digestion (Figure 4.1(b)). Tlegence and orientation of the
ovine IL10 insert were confirmed by sequencing gsihe primers IL10for and
IL10rev (Table 2.2) and the ABI BigDye Terminataggsiencing kit on an ABI

PRISM Genetic Analyzer (Applied Biosystems, Fo§idy, CA, USA).

Cotransformation of | L10-shuttle vector with adenoviral backbone

The shuttle vector pAdTrack-CMV-IL10 was lineariseith the restriction enzyme
Pmd, and cotransformation with the adenoviral backb@AdEasy was performed
by electroporation of BJ518&.coli with 400 ng of the shuttle and 100 ng of
pAdEasy. Plasmid mini-preps of potential recombisanere digested witlPad,
and confirmed the expected 30 kb and 4.5 kb fraggn@ngure 4.2). An endotoxin-
free plasmid maxi-prep was made of one such reawsnbi which was then

linearised with the restriction enzyrfad.

Transfection of HEK-293A cells with Ad-GFP-1L10 vector plasmid

A transfection was carried out in HEK-293A cellsngsthe linearised Ad-GFP-IL10
vector plasmid, as described in Section 2.3.3 (e Reverse transcription-PCR
(RT-PCR) conducted on transfected cells using thiengrs IL10kpnfor and

IL10hindrev (Table 2.2), confirmed expression af th10 transgene (Figure 4.3).



Figure 4.1: Cloning of the IL10 sequence into the AdTrack-CMV shuttle
vector

(@ A map of the pAdTrack-CMV shuttle vector shotte multicloning region
(MCS), including Kpnl and Hindlll restriction sites. Note the presence of two
cytomegalovirus (CMV) promoters, one upstream ef MCS, and a second driving
expression of the enhanced green fluorescent pr¢@iP). PA: polyadenylation
signal, LITR: left inverted terminal repeat, Orrigin of replication, Kan: kanamycin
resistance sequence [diagram adapted from AdEasyové&ystem Application
Manual® (b) A photograph of an agarose gel, followingtriesion digest of DNA
purified from the clone, demonstrates the liberatod a 580 bp fragment (arrow)
representing the size of the interleukin-10 (ILir§ert sequence. Lane 1 contains 2
log ladder DNA marker; lane 2 contains uncut cl@MNA; lane 3 contains clone
DNA single-cut byHindlll only; lane 4 contains clone DNA double-cut Kpnl and

Hindlll.
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Figure 4.2: Restriction digest confirming cotransfemation of the pAdTrack-
CMV-IL10 shuttle vector with the pAdEasy viral backbone

A photograph shows agarose gel electrophoresiswolly Pad digest of DNA
purified from a potential recombinant. Lane 1 camda2 log ladder DNA marker;
lane 2 contain®md-cut pAdTrack-CMV-IL10; lane 3 containBad-cut pAdEasy;
lane 4 contain®ad-cut recombinant and shows bands of expected siree—band

at >10 kb and one band at approximately 4.5 kloygrr
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Figure 4.3: Confirmation of IL10 expression in HEK-293A cells transfected with
Ad-GFP-IL10 vector DNA

A photograph of an agarose gel shows reverse tigtisa-PCR products from Ad-
GFP-IL10-transfected cells (upper row), and moansfected cells (lower row).
After RNA extraction, cDNA was synthesised and uasdemplate for a PCR with
the primers IL10kpnfor and IL10hindrev (Table 2.R).each row, lane 1 contains 2
log ladder DNA marker; lane 2 contains positive tooin PCR product for
interleukin-10 (IL10) DNA (580 bp); lanes 3—-12 caimt duplicates of products from
PCR of cDNA (serial dilutions as marked); lanes I8-contain duplicates of
products from PCR in which extracted RNA was usetkanplate (serial dilutions as

marked); lane 19 contains a PCR negative control.
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Production of purified adenoviral vector stock

In order to produce large quantities of Ad-GFP-ILfb® purification, HEK-293A
cells were subjected to repeated rounds of infectiith subsequent passages of
crude lysate from infected cells. Purified stocksAd-GFP-IL10 were obtained by
passing infected cell lysates through caesium wmldodensity gradients. These

procedures are described in detail in Section Z#ages 69-71).

4.4.2 Production of lentiviral vectors encoding IL1 0

Cloning of 1L10 geneinto lentiviral vector plasmid

With the aim of producing the lentiviral vector LS%40-IL10, the gene encoding
ovine IL10 was cloned into the plasmid pHIV-1-SDM-8mptyALTR (Figure
4.4(a)). The plasmid was linearised witKanl restriction site at one end and a blunt
cloning site at the other. The IL10 coding sequemas isolated from the pAdTrack-
CMV-IL10 adenoviral shuttle plasmid by restrictialigestion. Successful ligation
resulting in the shuttle plasmid pHIV-1-SDm-SV-ILMLTR was confirmed by
PCR (Figure 4.4(b)), and the sequence and orientaif the ovine IL10 insert
confirmed by sequencing, using the primers IL1Ghod IL10rev (Table 2.2) and the
ABI BigDye Terminator sequencing kit on an ABI PRISGenetic Analyzer

(Applied Biosystems, Foster City, CA, USA).

Cloning of GRE5 promoter sequence into lentiviral vector plasmid

The 320 bp sequence encoding five glucocorticoghaase elements from the rat
tyrosine aminotransferase gene, upstream of theoxdes 2 major late promoter
(AdMLP) TATA box/initiation site, was obtained ihe shuttle plasmid pGRE5-Iuc,

as the generous gift of Dr John White, Departméiithysiology, McGill University,
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Figure 4.4: Cloning of the IL10 coding sequence iot the lentiviral vector

plasmid

(a) A schematic representation of the vector pHISEIM-SV-IL10ALTR shows
the Kpnl and blunt restriction sites, between which th&(Lsequence was cloned.
LTR: long terminal repeat, RRE: rev response elé¢m#iamond represents central
polypurine tract, SV40: simian virus type-40 egshpmoter (b) A photograph of an
agarose gel shows PCR products amplified from piaderiones after ligation, using
primers IL10for and IL10rev (Table 2.2). Lane 1 t@ns 2 log ladder DNA marker:
lane 2 contains IL10 DNA positive control (300 bjane 3 contains a PCR negative
control; lanes 4-16 contain DNA from clones 1-1#wing the expected 300 bp

fragment in 12 out of 13 clones.
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Montreal, Quebec, Canada. The GRE5 promoter sequeas amplified by PCR
and cloned into the lentiviral vector plasmid pHIVSDmM-SV-IL10ALTR, by

substitution of the sequence encoding the SV40 ptemat the restriction sites
BanmHI andKpnl (Figure 4.5(a)). Successful ligation was confichisy PCR (Figure
4.5(b)), and resultant plasmid DNA sequenced, usiiegprimers GREbamfor and
GREkpnrev (Table 2.2) and the ABI BigDye Terminaseqguencing kit on an ABI

PRISM Genetic Analyzer (Applied Biosystems, Fo§idy, CA, USA).

Production, purification and titre determination of lentiviral vectors

The lentiviral vectors LV-SV40-IL10 and LV-GRE-IL1Gvere produced by
transfection of HEK-293T cells with the corresporglivector plasmid and the four
helper plasmids, before being purified accordingh& protocol for large-scale (LV-
SV40-IL10) or medium scale (LV-GRE-IL10) Ientiviralector preparations
described in Section 2.3.4 (pages 74-77). Vedi@stwere determined by real-time
PCR on transduced NIH3T3 cells, as described omr &8 and were consistently
10°-10° NIH3T3 iu per ml. The vector stocks were founcb® free of replication-
competent lentivirus by assaying expression of HI@24 (HIV-1 p24 ELISA Kkit,
PerkinElmer Inc, Boston, MA, USA) in transducediselver three weeks, using the

method described on page 80.

Differencein titre measurement between 1L10 and reporter gene vectors

Titres determined using real-time PCR fyag in transduced NIH3T3 cells were
found to be 5-10-fold higher than those determingidg flow cytometry of A549

cells transduced with vectors encoding the repa#se (data not shown). This was
probably due to detection of both transcribed aoatranscribed proviral copies by

real-time PCR, whereas the flow cytometric methadvigled a more accurate
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Figure 4.5: Cloning of the GRES5 promoter sequencento the lentiviral shuttle
vector

(a) A diagram of the vector pHIV-1-SDm-GRE-ILM-TR shows the restriction
sitesBanH| and Kpnl, between which the GRES (glucocorticoid respoeleenent)
promoter sequence was cloned. LTR: long terminpeae RRE: rev response
element, diamond symbol: central polypurine trdtt]O: interleukin-10 (b) A
photograph of an agarose gel shows PCR productéifeshgrom potential clones
after ligation, using primers GREbamfor and GREkpn{Table 2.2): lane 1 contains
2 log ladder DNA marker; lane 2 contains GRES pasitontrol (320 bp); lane 3
contains a PCR negative control; lanes 4-15 conBWA from clones 1-12,

showing the expected 320 bp fragment in seven fol2 alones.
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reflection of transcribed proviral copies alone.r Bbis reason, multiplicities of
infection (MOIs) of the IL10-expressing lentiviravectors are not directly

comparable to MOls of the reporter gene vectorsraeed in Chapter 3.

4.4.3 Quantification of IL10 expression in transduc ed ovine

corneas by real-time gRT-PCR

In order to measure transgenic IL10 expressionransduced ovine corneas at the
MRNA level, a real-time quantitative reverse traiption polymerase chain reaction
(gRT-PCR) assay was set up. Selection of referganes was limited by the relative
paucity of fully-sequenced ovine genes. The seqgeifar ovine glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) and ofiiaetin were both available and have
been used previously in qRT-PCR experiments inetissues>*%°| was not aware

of any previous studies of their expression in ewiorneal endothelium. Therefore,
the transcriptional stability of both genes in @vitcorneal endothelium was assessed
under various conditions, including lentiviral aadenoviral transduction, and

vitro organ culture.

Analysis of primer setsfor real-time PCR

Real-time quantitative polymerase chain reactios warformed on cDNA samples
from experimental corneal endothelia using primets sfor the gene sequences
encoding ovine IL10, ovine GAPDH and ovifieactin (Table 2.3). Primers were
designed as described on page 87. Real-time PCRugi were separated by
agarose gel electrophoresis (Figure 4.6). A sglitlnd indicating a single product
was identified for the ovine IL10 and ovine GAPDHnper sets. An intense band of
expected size was observed for ovjractin (105 bp), but was accompanied by a

very faint band at around 180 bp. The existenc@-a€tin pseudogenes has been
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200 bp

oIL10RT o0BA

Figure 4.6: Agarose gel electrophoresis of real-timmPCR products

Photographs show real-time PCR primer set proddcti®wing agarose gel
electrophoresis. The first lane of each gel cost@20 bp DNA ladder and PCR
products have been run in duplicate in adjoiningeta The sizes of the principal
products match the expected amplicon lengths foth@olL10RT (89 bp) and oBA
(105 bp) primer sets, and (b) the oGAP (81 bp) eriset. olL10RT: ovine
interleukin-10, oBA: ovinep-action, oGAP: ovine glyceraldehyde 3-phosphate

dehydrogenase.
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reported:®® and this band may have represented amplificatiom fa pseudogene or
genomic DNA despite the DNase treatment. The DNonftthe intense bands was
extracted from agarose gels using the QIAquick molyurification system (Qiagen,
Valencia, CA, USA) and eluted in 10 mM Tris.Cl pEb8or quantification and
sequencing. Purified DNA was labelled using theBig Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems, Foster City, ,04SA) and resolved using
corresponding primer sets (Table 2.3) and the ABIBGenetic Analyzer (Applied
Biosystems, Foster City, CA, USA). Sequences codd those predicted for all
primer sets. Melt-curve analysis was used to confimplicon specificity for each
test sample for each set of primers (Figure 4.7¢ltddurves for all primer sets
demonstrated a single tall peak consistent witingles PCR product. This indicated
that the product represented by the faint bancheragarose gel was not interfering

with amplification of the oving-actin primer set amplicon.

Amplification efficiencies for real-time PCR primer sets

Amplification efficiencies for the real-time PCRiper sets were calculated by
importing Takeoff points for serial dilutions ofeltDNA standard into gBase v1.3.5,
a free program for the management and automatetysimaf gPCR datd®
Amplification efficiencies for the ovine IL10, oven GAPDH and oving3-actin

primer sets were 104%, 105%, and 103% respectively.



Figure 4.7: Melt-curve analysis of real-time PCR poducts

At the end of each run, products of real-time PC&ensubjected to progressively
increasing temperatures to generate melt-curvessel'burves demonstrate peaks at
the points of maximal change in fluorescence (dJ;/d@presenting melting of the
amplicon or any other products present. Melt-curuesfor the three sets of primers
each display a single well-defined peak at a reyeinde temperature, indicative of a
single PCR product: (a) ovine interleukin-10 (olRID, (b) ovine glyceraldehyde 3-

phosphate dehydrogenase (0GAP), and (c) dd4aetin (0BA).
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Assessment of reference gene stability by real-time PCR

An analysis of relative reference gene expressisimg qBase v1.3.5, was performed
on samples subjected to a range of treatmentsydimg in vitro organ culture,
transduction with adenovirus or lentivirus, and @yre to polybrene (Table 4.1).
Raw expression levels @tactin resulted in a coefficient of variation of%Jacross
all samples, and those for GAPDH resulted in afeweht of variation of 67%.
Given the variability of expression for each gerather than use one or the other it
was decided that a normalisation factor based emxipression of both genes should
be calculated. This was done by determining themgdric mean of relative
expression levels for each reference gene accordimgthe method of
Vandesompelé®® After normalisation of the raw expression of eagmme to the
normalisation factor, the coefficients of variatifor B-actin and GAPDH improved
to 28% and 35%, respectively (Figure 4.8). Theseewdeemed acceptable. For
further analysis of relative IL10 expression, rdwi@ expression was normalised to

the normalisation factor calculated for each sample

Expression of 1L10 mRNA in transduced ovine corneal endothelium

The first experiment carried out using the vectxpressing IL10 was an analysis of
ILLI0 mRNA expression levels in lentivirus- and aderus-transduced ovine
corneas, 4 d after transduction. Corneas weredtmes! for 24 h with 5x70u per
cornea of LV-SV40-1L10 (MOI 40) or for 2 h with 581pfu per cornea of Ad-GFP-
IL10, and subjected to 4 d of vitro organ culture, before harvesting of endothelial
RNA for qRT-PCR. Normalised expression of IL10 mRNAcorneas transduced

with LV-SV40-I1L10 was approximately fdold higher than in nontransduced,



Table 4.1: Ovine corneal cDNA samples subjected gRT-PCR

No.

© 00 N O 0o~ WN P

e I e e L o o
© © N o 01 A W N kP O

20

Sample

Pooled standard
NTNC 1

NTNC 2

NTNC 3

Ad 5E7/2H/4D 1
Ad 5E7/2H/4D 2
Ad 5E7/2H/4D 3
LV 5E7/24H/4D 1
LV 5E7/24H/4D 2
LV 5E7/24H/4D 3
MOCK 2H/15D
LV 3.5E7/2H/15D
LV 7E7/2H/15D
MOCK 24H/15D

LV 3.5E7/24H/15D

LV 7E7/24H/15D
MOCK 3H/15D

LV 7E7/3H/15D NO PB
LV 7E7/3H/15D +PB 4
LV 7E7/3H/15D +PB 40

Vector

NA
Nil
Nil
Nil
Ad-GFP-IL10
Ad-GFP-IL10
Ad-GFP-IL10
LV-SV40-IL10
LV-SV40-IL10
LV-SV40-IL10
Nil
LV-SV40-IL10
LV-SV40-1L10
Nil
LV-SV40-IL10
LV-SV40-IL10
Nil
LV-SV40-IL10
LV-SV40-1L10
LV-SV40-IL10

MOl

NA
Nil
Nil
Nil

50
50

TP

(h)
NA

24
24
24

24
24
24

ocC

time (d)
NA

0
0

4
15
15
15
15
15
15
15
15
15
15

Polybrene

(Hg/ ml)
NA

0

0

4
40

***Eootnotes: MOI multiplicity of infection; TP trasduction period; OC organ culture; NA not
applicable; NTNC nontransduced, noncultured cornea
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Figure 4.8: Normalised expression of reference geman ovine corneal cDNA
samples

Gene expression in each sample (as listed in Tah)ewas normalised by dividing
the relative expression value—determined by reaétiPCR—by the geometric
mean of the expression levels of the two refergerees-actin and glyceraldehyde
3-phosphate dehydrogenase (GAPDH), in the samelsafigolumns represent the
meanxSD of triplicates performed for every sampiesach real-time PCR run. The
coefficients of variation for (ap-actin and (b) GAPDH, after normalisation, were
28% and 35% respectively. Expression levels haven bgcaled with sample 2
(nontransduced, noncultured corneal cDNA) set t8D: standard deviation of the

mean.
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noncultured control cornea (Figure 4.9). Normalisagression of IL10 mRNA in
corneas by transduced with Ad-GFP-IL10 was appraseéfy 15-fold higher than in
the LV-SV40-IL10-transduced corneas and-fddd higher than in the control. The
difference between relative lentiviral and adenalvexpression levels was highly

statistically significant (2-tailed, unpaired t4g3<0.0001).

Effect of transduction period and multiplicity of infection on lentivirus-
mediated | L10 mRNA expression in ovine corneal endothelium

Next, the influence of transduction period duratiand MOI on IL10 mRNA
expression was assessed (Figure 4.10). An anaydRNA extracted from ovine
corneas 15 d after transduction showed that a admesduced with 3.5x1@u per
cornea of LV-SV40-IL10 (MOI 25) for only 2 h, atted an expression level
approximately seven-fold lower than that achieved cornea transduced for 24 h at
the same MOI. The experiment was then repeated wkinble the dose (MOI 50).
In the cornea transduced for 2 h, no increase jmession was observed, compared
to the lower dose. However, expression in the @rm@ansduced for 24 h

approximately doubled compared to that measuréiedbwer dose.

Influence of polybrene on lentivirus-mediated 1L10 mRNA expression in
ovine corneal endothelium

An experiment was then performed to determine wdretihe addition of polybrene
to the transduction mixture could increase theswanction rate and hence the levels
of IL10 expression achieved after a short transdacperiod. The length of the
transduction period was set to 3 h, since this exgeected to be the longest period

practicable to allovex vivotransduction and transplantation to be carriedoouthe
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LV-SV40-IL10 Ad-GFP-IL10
Figure 4.9: Comparison of IL10 mRNA expression in éntivirus - and
adenovirus-transduced ovine corneal endothelium, nasured by gRT-PCR
Corneas were transduced for 2 h with 5xpfu per cornea (Ad-GFP-IL10), or for
24 h with 5x10 iu per cornea (LV-SV40-IL10), cultured for 4 d,dathe endothelia
then harvested for qRT-PCR. This equated to a pligity of infection of
approximately 40. Columns represent the relativgression level of ovine
interleukin-10  (IL10) normalised to ovine glyceraldyde 3-phosphate
dehydrogenase (GAPDH) and ovifieactin (mean+SD of three corneas), where
expression in nontransduced, noncultured controleais 1 (dotted line). Note log

scale. * 2-tailed, unpaired t-test : p<0.0001. S@andard deviation of the mean.
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Figure 4.10: Effect of transduction period durationand multiplicity of infection
(MOI) on IL10 mRNA expression in lentivirus-transduced ovine corneal
endothelium, measured by qRT-PCR
Corneas underwent a 2 h or 24 h transduction peviddno virus (MOI 0) or LV-
SV40-IL10 (MOI 25 and MOI 50). Each column repreaseaxpression levels of
ovine interleukin-10 (IL10) normalised to ovine g&yaldehyde 3-phosphate
dehydrogenase (GAPDH) and ovifeactin (meantSD) in the endothelium of a
single cornea, 15 d after transduction (where Xessmts the expression level in
nontransduced, noncultured cornea). Error barsesept the standard deviation of
the mean for three replicates per cornea. Columpesenting ‘MOI 0’ corneas are

not to scale, since actual levels were so low detmvisible in the figure.
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same day in laten vivo studies. Polybrene was added to the transductiaturei at

4 pg / ml or 40 pg / ml, with 7x10u per cornea of LV-SV40-I1L10 (MOI 50).
Corneas were incubated for 3 h followed by a 1%dogd ofin vitro organ culture,
whereupon endothelial RNA was extracted and gRT-Ri&Rormed. Corneas
transduced for 3 h in the presence of polybrenabérd higher rates of IL10
expression than those transduced without polybesrethe effect appeared to be
dose-dependent (Figure 4.11). However, the diffenbetween groups did not

reach statistical significance (2-tailed, unpair¢est: p>0.05).

4.4.4 Quantification of IL10 secretion from transdu ced ovine

corneas by ELISA of organ culture supernatants

To investigate expression of transgenic IL10 at teeel of secreted protein,
supernatants were collected at three-day interfral® corneas transduced with
either LV-SV40-IL10 or Ad-GFP-IL10, following theompletion of the transduction
period. The relative quantity of ovine IL10 presamtcorneal culture supernatants
was measured by sandwich ELISA. The protocol iscrilesd in detail on
pages 90-91. Absolute concentrations of ovine Iltl@rgan culture supernatants
were not determined, because no purified and digahtovine IL10 was available as
a standard. For this reason, all IL10 protein Is\ale presented as relative optical
density values at 450 nm as determined by ELISAmbmy of the experiments
described below, measurements were made on supethabllected at 3, 6, 9, 12
and 15 d post-transduction. It should be noted dhatach of these time points the
supernatant was completely removed from the coraea,the culture medium then
replaced with fresh medium. Therefore, the IL10 caomration at each point
represents the accumulation of the protein in tigesatant over the preceding 3 d

of organ culture only, not the cumulative concedmtrasince transduction.
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Figure 4.11: Effect of polybrene on IL10 mRNA exprssion in lentivirus-
transduced ovine corneal endothelium, measured byRjr-PCR

Ovine corneas transduced for 3 h with LV-SV40-1La0 7x10 iu per cornea
(MOI 50) in the absence (LV-PB) or presence of poitye (LV+PB), were subjected
to in vitro organ culture. At 15 d post-transduction, endaghelere harvested for
RNA extraction and qRT-PCR. Columns represent ix@aexpression of ovine
interleukin-10  (IL10) normalised to ovine glyceraldyde 3-phosphate
dehydrogenase (GAPDH) and ovifieactin (meantSD of three corneas), where 1
represents the expression level in nontransducaaguttured cornea. The column
representing the ‘Non-transduced’ group is notdales since actual levels were so

low as to be invisible in the figure. SD: standdeviation of the mean.
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Kinetics of IL10 protein secretion from lentivirus-transduced ovine corneal

endothelium

Initially, organ culture supernatants were collddi®m a cornea transduced for 24 h
with LV-SV40-1L10 at 1.3x18iu per cornea (MOI 100), and from control corneas
transduced with medium alone or LV-SV40-eYFP. TighiMOI was chosen with
the intention of maximising IL10 secretion, and wed expected to cause toxicity,
for reasons discussed on pages 151 and 153. TheAEdeémonstrated a steady
increase in the rate of IL10 secretion over thdaodeof organ culture in the LV-
SV40-IL10-transduced sample (Figure 4.12). Fromdhwards, the level of IL10 in
the transduced sample was higher than that in safmert from nontransduced
cornea or in supernatant from the cornea transducttd LV-SV40-eYFP. At the
15d collection point, the level of secretion hawtreased approximately 20-fold
compared to control corneas, and had not reachgdteau. In the controls, IL10
levels remained low and stable throughout the cellperiod. Endpoint fluorescence
microscopy of the LV-SV40-IL10-transduced corneamdastrated an intact

endothelium, using a Hoechst-33258 nuclear stagu(e 4.13).

Effect of multiplicity of infection on 1L10 secretion by lentivirus-transduced

ovine corneal endothelium

Having established the kinetics of lentivirus-meeliaIL10 protein secretion at a
single dose, the effect of changing the MOI wasthesestigated. Corneas were
transduced for 24 h with LV-SV40-1L10 at 3.5X1dr 7x10 iu per cornea, equating
to MOls of 25 and 50 respectively. Once again, suggants were collected at three-

day intervals for 15 d. A time-dependent increasexpression rate was reproduced
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Figure 4.12: Kinetics of IL10 secretion by lentivius-transduced ovine corneal
endothelium
Columns represent relative optical density (OD)elsvat 450 nm (meanzrange of
duplicates) following ELISA on supernatants coléettrom transduced endothelia at
three-day intervals oin vitro organ culture. For each treatment, one cornea was
transduced for 24 h with: medium only, 2.5%I0U per cornea LV-SV40-eYFP
(MOI 20), or 1.3x18 iu per cornea LV-SV40-1L10 (MOI 100), respectiveljhe
final collection of supernatant was made at 15 chbee beyond this point viability
of cultured corneas was significantly compromisgdpernatants were tested in an
ELISA specific for ovine interleukin-10 (IL10). Relve OD levels have been
rescaled with that of a ‘Medium only’ cornea at 3eat to 1. MOI: multiplicity of

infection.
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Figure 4.13: Fluorescence microscopy of LV-SV40-IL0-transduced ovine
corneal endothelium following 15 d ofin vitro organ culture

Fluorescence micrographs show a representativeatdigld of the ovine cornea
transduced with LV-SV40-IL10 at MOI 100 and subgetto 15 d oin vitro organ
culture (presented in Figure 4.12). (a) Blue ligloinfirms no enhanced yellow
fluorescent protein expression (spots are artefafiy Ultraviolet illumination of
Hoechst-33258-stained nuclei shows intact endathein the same field. Original

magnification 10x.
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at both doses tested (Figure 4.14). In additior, kigher MOI resulted in a
correspondingly higher rate of expression at eaok point. This recapitulated the
results of the gRT-PCR experiment showing a reatstigp between dose and

expression (Figure 4.10).

Kinetics of 1L10 protein secretion from adenovirus-transduced ovine corneal

endothelium

Next, experiments were conducted using the ademoviector Ad-GFP-IL10 in
ovine corneas. Supernatants were collected fromeogorneas transduced for 2 h
with Ad-GFP-IL10 at 5x10 pfu per cornea (MOI 40). Supernatants were also
collected from control corneas transduced with mmedionly under the same
conditions. The ELISA demonstrated a rapid increagbe rate of protein secretion
over the first 6 d of organ culture in Ad-GFP-ILI@nsduced samples (Figure 4.15).
Protein secretion peaked during the 13—15 d cadleqieriod at 16fold higher than
control levels. In the control samples, IL10 levelsmained low and stable
throughout the culture period. In the transducedcheas, endpoint fluorescence
microscopy demonstrated widespread eGFP expresanshan intact endothelium,

using a Hoechst-33258 nuclear stain (Figure 4.16).

Effect of transduction period duration on IL10 secretion by lentivirus-
transduced ovine corneal endothelium

As a follow-up to the real-time qRT-PCR experiméemonstrating the effect of
transduction period duration on IL10 mRNA expressgupernatants were collected
from ovine corneas transduced for either 2 h oh 24th LV-SV40-1L10 at 7x10iu

per cornea (MOI 50). Supernatant collected from ¢benea transduced for 24 h
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Figure 4.14: Effect of multiplicity of infection (MOI) on levels of secreted IL10
protein in supernatants collected from lentivirus-tansduced ovine corneal
endothelium
Columns represent relative optical density (OD)elsvat 450 nm (meantrange of
duplicates) following ELISA on supernatants colttfrom transduced ovine
corneas at three-day intervals of vitro organ culture. Three corneas were
transduced for 24 h: one with medium only (MOI 6he with 3.5x10iu of LV-
SV40-1L10 (MOI 25), and one with 7x1@u of LV-SV40-IL10 (MOI 50). The final
collection of supernatant was made at 15 d bechagend this point viability of
cultured corneas was significantly compromised. €dngtants were tested by an
ELISA specific for ovine interleukin-10 (IL10). Ralve OD levels have been

rescaled with that of an ‘MOI O’ cornea at 3 dteet.
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Figure 4.15: Kinetics of IL10 secretion by adenovius-transduced ovine corneal
endothelium
Columns represent relative optical density (OD)480 nm (mean+SD of three
corneas) following ELISA on supernatants collectiesh corneas transduced with
Ad-GFP-IL10 for 2 h at a dose of 5¥1pfu per cornea (MOI 40), after increasing
periods ofin vitro organ culture. Control corneas were transduced2fdr with
medium only. The final collection of supernatantswaade at 15 d because beyond
this point viability of cultured corneas was sigraintly compromised. Supernatants
were tested in an ELISA specific for ovine intelau10 (IL10). Relative OD levels
have been rescaled with that of control corne&@dtet to 1. Columns representing
control corneas are not to scale, since actualdevere so low as to be invisible in

the figure. MOI: multiplicity of infection, SD: stalard deviation of the mean.
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Figure 4.16: Fluorescence microscopy of Ad-GFP-ILHransduced ovine
corneal endothelium following 15 days oin vitro organ culture

Fluorescence micrographs of a representative ddrelé show (a) enhanced green
fluorescent protein (eGFP) expression, and (b) Hste83258-stained nuclei under
ultraviolet illumination, in an ovine cornea transéd with Ad-GFP-IL10 at 5x10
pfu (MOI 40) and subjected to 15 d iof vitro organ culture. These pictures are of

one of the corneas presented in Figure 4.15. Galigimagnification 10x.
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contained approximately five-fold more IL10 protéiran the 2 h-transduced sample
(Figure 4.17). This result supported the data fritm gRT-PCR experiment

(Figure 4.10).

Effect of polybrene on 1L10 secretion by lentivirus-transduced ovine corneal

endothelium

In view of the real-time gRT-PCR data suggestingimerease in IL10 mRNA
expression after transduction in the presence dybpene, supernatants were
collected from corneas transduced with LV-SV40-IlidaGhe presence of 4 ug / mi
and 40 pg / ml polybrene, and subjected to an ELA&AL10. Consistent with the
data from gRT-PCR (Figure 4.11), corneas transddoed h in the presence of
polybrene exhibited higher rates of IL10 expressaiter 15 d, at the level of
secreted protein (Figure 4.18). The effect was diependent, with the lower dose of
polybrene (4 pg / ml) showing only a marginal irase in secretion, but the higher
dose of polybrene (40 ug / ml) producing a ratdLdf0 secretion approximately
nine-fold higher than that observed in corneassttaned with the lentivirus alone.
The difference between expression levels achievddtive 4 pg / ml and 40 pg / ml

doses of polybrene was statistically significantgifed, unpaired t-test: p=0.037).
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Figure 4.17: Effect of transduction period durationon levels of secreted IL10 in
supernatants collected from lentivirus-transduced wine corneal endothelium
Ovine corneas transduced for 2 h or 24 h with LVAB\L10 at 7x10iu per cornea
(MOI 50) were subjected to 15 d af vitro organ culture. Supernatants were
collected after 15 d oih vitro organ culture, from media replenished at 12 d. An
ELISA for ovine interleukin-10 (IL10) was carriedutoon collected supernatants.
Columns represent meanzrange of optical density) @250 nm, in duplicates for a

single cornea at each treatment. OD values have tesaled with the ‘2 h No

virus’ sample set to 1.
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Figure 4.18: Effect of polybrene on levels of seded IL10 protein in
supernatants collected from lentivirus-transduced wine corneal endothelium
Ovine corneas transduced for 3 h with LV-SV40-IL&b 7x10 iu per cornea
(MOI 50) in the absence (LV-PB) or presence of podye (LV+PB), were subjected
to 15 d ofin vitro organ culture. Supernatants were collected afied dfin vitro
organ culture, from media replenished at 12 d. ASE for ovine interleukin-10
(IL10) was carried out on collected supernatantsdu@ns represent mean+SD of
optical density (OD) at 450 nm (n=3 corneas). LeVeve been rescaled with ‘LV-
PB’ samples set to 1. * 2-tailed, unpaired t-tegt=0.037 compared to

LV+PB 4 pg/ml, SD: standard deviation of the mean.
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4.4.5 Quantification of IL10 secretion from lentivi  rus-transduced

human corneas by ELISA of organ culture supernatant s

In the same manner as experiments on ovine corséaties were conducted on
human corneas to assess the expression of ovilepitdtein following transduction
with LV-SV40-1L10. A total of four corneas were ted (Table 4.2). The doses of
1x10 and 2x10 iu per cornea corresponded to MOIs of 50 and 106, former
being equivalent to the highest dose tested in raxpats on ovine corneas. The
same time-points for collection of the supernatavdse used (3, 6, 9, 12, and 15 d

post-transduction). A control cornea was transdwaéid medium only.

Table 4.2: Human corneas examined in LV-SV40-IL10ransduction assay

Sample Treatment Dose MOl Transduction
(iu per ml) Period (h)
1 LV-SV40-IL10 1x10 50 3
2 LV-SV40-IL10 1x10 50 24
3 LV-SV40-1L10 2x10 100 24
4 Medium only Nil Nil 24

***Eootnotes: MOI multiplicity of infection, h hots

Kinetics of IL10 secretion from lentivirus-transduced human corneal

endothelium

An ELISA on supernatants from a human cornea tnacesd with 1x10 TU of LV-
SV40-I1L10 (MOI 50) for 24 h showed that the ratellofO secretion increased over
the culture period, as seen in the ovine cornegu(Ei4.19). However, in contrast to
the ovine cornea, in which the rate of secretiols w@antinuing to rise at 15 d, the
secretion rate from the human cornea had reacpétteau at 12 d. The overall level
of IL10 detected in the supernatant from the huntamnea (MOI 50) was
approximately 10-fold higher than that from thersvicornea (MOI 50) at the 15 d

time-point.
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Figure 4.19: Kinetics of IL10 secretion in lentivius-transduced human corneal
endothelium
A human cornea, transduced for 24 h with I*il0of LV-SV40-IL10 (MOI 50),
was subjected to 15 d af vitro organ culture. Supernatants were collected, and
culture medium completely replenished, every 3 di ELISA for ovine
interleukin10 (IL10) was carried out on collectagbsrnatants. Columns represent
meanzrange of duplicates for relative optical dgn@D) at 450 nm. Relative OD
levels for an ovine cornea also transduced for 2eMBI| 50) are presented for
comparison (as in Figure 4.14). OD levels have bresnaled with the 3 d sample
from the ovine cornea set to 1. No ovine IL10 wasedted at any time point in
supernatants collected from a nontransduced huroamea. MOI: multiplicity of

infection.
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Effect of multiplicity of infection on 1L10 secretion by lentivirus-transduced

human corneal endothelium

An experiment in which an MOI of 100 (double theepous dose) was tested in
another human cornea, showed that the secretienwas at least 3—4-fold higher
than that of the MOI 50 cornea, at all time poiffigyure 4.20). Since the dose was
higher by a factor of only two, this may reflecathithe cornea transduced with the
higher dose had a higher endothelial cell densigy tthe other. This was unable to
be confirmed. However, the data suggested thatitieer dose was well tolerated by
human corneal endothelium for at least 15 d. NoOlldtotein was detected in
supernatants collected from a nontransduced comohea, demonstrating the

specificity of the assay for ovine IL10.

Effect of transduction period duration on IL10 secretion by lentivirus-
transduced human corneal endothelium

In view of the reduction in transgene expressioseoked in the ovine cornea after
shortening the transduction period, a human comas transduced for 3 h with

1x10 iu of LV-SV40-1L10 (MOI 50). Supernatants were leated every 3 d and

tested in an ELISA for IL10. As seen in the ovil@nea, the shorter transduction
period resulted in a 5-10-fold reduction in theregon of IL10 after 15 d ah vitro

organ culture (data not shown).
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Figure 4.20: Effect of multiplicity of infection (MOI) on IL10 secretion from
lentivirus-transduced human corneal endothelium
Individual human corneas transduced for 24 h with3V40-IL10 at 1x10 iu per
cornea (MOI 50) or 2x10iu per cornea (MOI 100) respectively, were sulgddb
15 d ofin vitro organ culture. Supernatants were collected antureuimedium
completely replenished, every 3 d. An ELISA for miinterleukin-10 (IL10) was
carried out on collected supernatants. Columnsesgmt meanzrange of optical

density (OD) at 450 nm. OD levels have been redcai¢h the MOI 50 sample at

3dsetto 1.
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4.4.6 Assay to confirm the function of transgenic | L10

To confirm the biological activity of the secretiednsgenic IL10, an experiment was
performed to investigate whether or not it retairtedability to inhibit the synthesis
of the proinflammatory cytokine TNé&- This assay was kindly carried out by
Professor Prue Hart and Dr Cecilia Prele at thetheh Institute for Child Health
Research, Subiaco, WA. The method is describetaildn Section 2.3.2 on pages
65—-66. Supernatant collected from A549 cells transd with LV-SV40-1L10 was
added to cultures of primary human monocytes. Thesee stimulated with
lipopolysaccharide (500 ng / ml) to induce secretd TNF-a. A 90% inhibition of
TNF-a secretion was found in these samples comparedoihdrot monocytes

stimulated with LPS alone (Figure 4.21).

4.4.7 Characterisation of a steroid-inducible lenti viral vector

A series of experiments were carried out to ingasé the performance and
inducibility of the steroid-inducible vector LV-GRE10 in A549 cells, ovine
corneas and human corneas. Dexamethasone sodiusphaite was used as the

induction agent.

Determination of optimal dose of dexamethasone for induction in A549 cells

transduced with LV-GRE-I1L10

To confirm expression of IL10 by the LV-GRE-IL10 oter construct an initial
experiment was conducted in tissue culture cellslis\of a 24-well plate (Nunc,
Rosklide, Denmark) were seeded with 0.25%B%49 cells and the cells left to
adhere for 3 h. The cells then underwent a 24 fisthaction period with 7.6x£0u

per well of LV-GRE-IL10 in the presence of polybee@ ug / ml). At the end of the
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Figure 4.21: TNF-a-inhibition assay to demonstrate function of transgnic 1L10
Supernatants were collected from A549 cells tracedwith medium only (Sham),
LV-SV40-eYFP or LV-SV40-I1L10. These were then addedcultures of primary
human monocytes, which were stimulated by the smfdibf lipopolysaccharide
(LPS) (500 ng / ml). At 24 h post-stimulation, meogte culture supernatants were
assayed for the concentration of TMFpy an ELISA. Columns represent the
meanzrange of duplicates tested. Controls includedocytes stimulated with LPS
only (LPS only) and cells co-treated with LPS aadombinant human interleukin-
10 (IL10) (10 ng / ml) (LPS+rhIL10). The assay wamducted by Professor Prue
Hart and Dr Cecilia Prele at the Telethon Institibe Child Health Research,

Subiaco, WA.
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transduction period, medium was replaced with caltmedium not containing
polybrene, but containing varying concentrationgddekamethasone (0, 2.5 nM, 50
nM or 1000 nM). Treatments were performed in tdgle. After 48 h of culture,
supernatants were collected and subjected to a®Alfbr IL10. Levels of IL10
were approximately 45-fold higher in samples froglisccultured in the presence of
50 nM and 1000 nM dexamethasone compared to sanples transduced cells
cultured in the absence of dexamethasone (Fig@2).4urther experiments were

performed using the 50 nM dose.

Effect of adding and withdrawing dexamethasone in A549 cells transduced

with LV-GRE-IL10

Next, an experiment was carried out to determineetimdr withdrawal of
dexamethasone from cells transduced with LV-GRBliavbuld result in a reduction
of IL10 expression to basal levels. Initially, A5d8lls were transduced with 7.6%¥10
iu per well of LV-GRE-IL10 as done in the previoassay. After the transduction,
cells were cultured in the presence of dexamettefmm?2 d, whereupon they were
split 1:10 and then cultured for another 4 d, agiaithe presence of dexamethasone.
On day six, cells were again split 1:10 and thehuoed for another 4 d but
dexamethasone was withdrawn. Cells transduced WWRGRE-IL10 but not
exposed to dexamethasone at any time were inclagambntrols. On days two, Six
and 10, culture supernatants were collected poosglitting cells and stored at
—80°C. The supernatants were subsequently subjéatad ELISA for IL10. The
assay showed approximately 30-35-fold upregulatdnIL10 in supernatants
collected from cells cultured with dexamethasong ewilected on days two and six
(Figure 4.23). Samples collected from cells at 10 after withdrawal of

dexamethasone, showed a return to control levels.
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Figure 4.22: Titration of dexamethasone dose for piuction of IL10 expression

in A549 cells transduced with LV-GRE-IL10

Supernatants were collected from A549 cells tracsduwith LV-GRE-IL10 and
cultured in the presence of increasing doses ofamexhasone. These were then
subjected to an ELISA for ovine interleukin-10 (@1 Columns represent mean+SD
of optical density (OD) at 450 nm for three repiesa OD levels have been rescaled

with the zero dose samples set to 1. SD: standanatibn of the mean.
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Figure 4.23: Effect of the addition and withdrawal of dexamethasone on IL10
secretion by A549 cells transduced with LV-GRE-IL10

Supernatants were collected from A549 cells traosduwith LV-GRE-IL10 and
cultured for 6 d in the presence of 50 nM dexansgiha (Dex) and a further 4 d in
its absence. Control cells were transduced withGRE-IL10 and cultured for 10 d
without any dexamethasone. Samples were collecte@, a6 and 10d post-
transduction prior to splitting cells 1:10. Theseravthen subjected to an ELISA for
ovine interleukin-10 (IL10). Columns represent meaD of optical density (OD) at
450 nm for three replicates. OD levels have besocated with control samples from

day two set to 1. SD: standard deviation of thermea
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Titration of optimal dose of dexamethasone for induction in ovine corneal

endothelium transduced with LV-GRE-IL10

The first experiment performed in ovine corneasigishe LV-GRE-IL10 vector was

a study to determine the dose of dexamethasoneredqto achieve maximal
induction of IL10 expression. Corneas were transduwith LV-GRE-IL10 and
subjected toin vitro organ culture in the presence of increasing doses o
dexamethasone (nil, 2.5 nM, 50 nM, 1000 nM). Sugkmts were collected and
subjected to an ELISA for IL10. As seen in the ekpents on A549 cells, 1000 nM
dexamethasone was found to have no advantage lbeebd nM dose (data not

shown). Therefore further experiments were conaligtgng 50 nM dexamethasone.

Secretion of IL10 by ovine corneal endothelium transduced with LV-GRE-

IL10

To measure the inducibility of IL10 driven by LV-GRL10 in ovine corneal
endothelium, corneas were transduced for 24 h Wwith0' iu per cornea of LV-
SV40-IL10 or LV-GRE-IL10 (MOI 8), and subjected ito vitro organ culture in the
presence or absence of 50 nM dexamethasone. Aftekr & organ culture,
supernatants from corneas transduced with LV-GRE}land cultured in the
presence of the glucocorticoid were found to cantgproximately nine times the
concentration of IL10 detected in supernatants famntrol corneas (Figure 4.24).
Those supernatants were also found to have appabedyn three times the
concentration of IL10 detected in supernatantsectdéld from corneas transduced
with an equal dose of LV-SV40-IL10. Supernatantarfrcorneas transduced with
the same dose of LV-GRE-IL10 but cultured in thealze of dexamethasone did

not contain more IL10 than those from control came
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Figure 4.24: Secretion of IL10 by ovine corneal erathelium transduced with
LV-GRE-IL10

Ovine corneas were transduced for 24 h in the poesef either: medium alone (no
virus), 1x10 iu per cornea LV-SV40-IL10 alone (MOI 8), 1X1id per cornea LV-
GRE-IL10 alone (- dex), or 1xi0iu per cornea LV-GRE-IL10 with 50 nM
dexamethasone (+ dex). Corneas were subjectéa wdro organ culture for 9 d.
Media were changed at 3 d and 6 d post-transductib® d the supernatants were
collected and subjected to ELISA for ovine inteki@d10 (IL10). Columns represent
meanzSD of optical density (OD) at 450 nm for thmeneas in each treatment
group. OD levels have been rescaled with the ‘Nosvisamples set to 1. MOI:

multiplicity of infection, SD: standard deviatiof the mean.
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Secretion of 1L10 by human corneal endothelium transduced with LV-GRE-

IL10

To investigate expression of IL10 from human correzalothelia transduced with
LV-GRE-IL10, six human corneas were procured fosirailar experiment to that
described above for ovine corneas. Corneas wersduged with 1x10iu per
cornea of LV-SV40-1L10 or LV-GRE-IL10 (MOI 50) arslibjected tan vitro organ
culture in the presence or absence of 50 nM dexwmmene. After 9 d oih vitro
organ culture, supernatants were collected andstég to an ELISA for ovine IL10.
Levels of IL10 in supernatants from corneas transduwith LV-GRE-IL10 and
cultured in the presence of dexamethasone weralftmbe comparable to levels in
supernatants from corneas transduced with LV-S\A@I Those levels were
approximately 14 times the concentration of IL1Ged&ed in supernatants from
corneas transduced with LV-GRE-IL10 and culturethaiit dexamethasone (Figure
4.25). As seen previously for LV-SV40-IL10 (Figu#el9), the levels of IL10
produced by LV-GRE-IL10 in the presence of dexamsbme were approximately
12 times higher than in the supernatant from ameowiornea transduced with LV-

SV40-1L10 at the same MOI.

4.5 Discussion

These studies characterised the expression ofgegaitsIL10 by lentiviral vectors
containing the SV40 or GRES promoter, in ovine aodhan corneal endothelium.
The findings reflected those of the reporter gengliss described in Chapter 3.
Transgene expression was more rapid and highetslefeer transduction were
attained with the adenoviral vector, compared ® lgntiviral vector. Lentivirus-

mediated expression was relatively delayed, and laiwer level, in ovine corneal
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Figure 4.25: Secretion of IL10 by human corneal enathelium transduced with
LV-GRE-IL10

Human corneas were transduced for 24 h in the peesef either 1x10iu per
cornea LV-SV40-IL10 alone (MOI 50), 1x10u per cornea LV-GRE-IL10 alone
(- dex), or 1x10iu per cornea LV-GRE-IL10 with 50 nM dexamethas¢relex).
Corneas were subjecteditovitro organ culture for 9 d. Media were changed at 3 d
and 6 d post-transduction. At 9 d the supernataet® collected and tested in an
ELISA for ovine interleukin-10 (IL10). Columns showeanzrange of optical
density (OD) at 450 nm for two corneas in eachttneat group. OD levels have
been rescaled with 1 representing the level deteictesupernatant from an ovine
cornea transduced for 24 h with LV-SV40-IL10 at tteme MOI (50) and also

harvested after 9 d (as presented in Figure 4M@): multiplicity of infection.
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endothelium compared to human. Multiplicity of iafien, the duration of the

transduction period, and the use of polybrene @@ ml) during transduction, were
found to influence expression in lentivirus-transeldl corneal endothelium.
Importantly, the transgenic IL10 protein was shdwmetain the immunomodulatory
function of cellular IL10. Finally, transduction tlia lentiviral vector containing the
GRES steroid-inducible promoter resulted in lowddaxpression and approximately
10-fold upregulation by dexamethasone, in both eviand human corneal

endothelium.

Adenoviral vectors achieved earlier and higher expression than lentiviral

vectors

In ovine corneal endothelium, the adenoviral vectonieved expression levels at
least 18-fold higher than the lentiviral vector, at botle thianscriptional and secreted
protein levels. The difference was evident as easyfour days post-transduction,
and persisted at 14 days. Whilst lentivirus-mediagecretion of IL10 was 10-fold
higher in human corneas compared to ovine cornedkeasame multiplicity of
infection, expression levels were still logarithallg lower than those attained by the
adenovirus. Therefore, the current studies dematestrthat lentivirus-mediated
IL10 expression in both ovine and human corneab#raium is much lower than
that achieved by adenovirus in the first two wefekewing transduction.

There have been numerous reports of adenovirusateddexpression of
secreted proteins by corneal endothelium. Productd the protein has been
detected for up to a month vitro.”*#*9"10¢108omer and colleagues, investigating
the time course of CTLA4-Ig expression by rat cas)ereported maximal
production of secreted protein in the first sevagsdand ongoing production to 27

days post-transductidfi. Rayner and co-workers detected a transgenic tumour
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necrosis factor receptor fusion protein (TNFR) 2§slafter adenoviral transduction
of rabbit corneal segmerits.However, in vivo adenovirus-mediated transgene
expression has been found to be relatively sheedli After injection of adenovirus
expressingp-galactosidase into the anterior chambers of dzas,and colleagues
reported strong expression at four and seven dagst@nsduction, a reduction in
intensity at seven days, and no detectable expresdter 10 day¥® Larkin et al.
transduced rabbit corneas with an adenoviral veaor detected expression for 21
daysin vitro, but for a maximum of 14 days after transplantatioto outbred
recipients'® A report by Qian and co-workers described adensvinediated
expression of a reporter gene in the corneal eetlath of syngeneic grafts in mice
for less than two weeks after transduction at 37°[terestingly, syngeneic grafts
transduced at 4°C manifested expression for u@tavdeks, the longest period iof
vivo adenovirus-mediated expression in corneal endathehat | am aware of.
Conversely, there have been numerous reports bg-term in vivo
expression in corneal endothelium following lem@aVitransduction. For example,
Bainbridge and colleagues detected reporter gepeession 12 weeks following
anterior chamber injection of mice with an HIV-1skd vectof** and more recently
the same group reported transgene expression léhsafter delivery of an EIAV
vector, also following anterior chamber injectiohnoice*® Thus, despite the lower
expression relative to adenovirus, chromosomal gmateon and the low
Immunogenicity of lentiviral vectors promise lorngin transgene expression. In the
case of the Anson lentiviral vector, persistencereggorter gene expression was
demonstrated for 21 days (Chapter 3) and transdeai@ for 15 days (herein), in

ovine corneal endothelium vitro. Due to the limited viability of ovine corneas
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vitro, studies oin vivo transgene expression were required to demonsteaitsgene

expression for even longer periods.

Secreted transgenic | L 10 was biologically active

The function of the transgenic IL10 was confirmegdalcytokine synthesis inhibition
assay on supernatants collected from A549 celtsthaced with the lentiviral vector.
However, the relative biological activity of supatants from adenovirus- and
lentivirus-transduced corneas was not compared.IstVproduction of IL10 was
shown to be much higher from adenovirus-transdumede corneas compared to
lentivirus, the optimal expression level of immuradulatory cytokines required to
achieve prolongation of corneal allograft survigahot known. Ex vivoadenovirus-
mediated gene transfer of p40-11332nd IL10° have been shown to prolong corneal
allograft survival in the sheep. Howevel vivoadenovirus-mediated gene transfer
of the prototypic immunomodulatory cytokine IL4 wded in eosinophilia,
inflammation and rejectioff. Excessive production of certain immunomodulatory
cytokines may be counterproductive. It remainedédoseen whether the relatively
low, but potentially long-term, expression of ILi® ovine corneal endothelium—
achieved by the Anson lentiviral vector—would résola prolongation of corneal

allograft survival in the outbred sheep.

Variability was observed in ovine reference gene expression

Variability in the expression of ovine GAPDH afhctin was observed across ovine
corneas treated with adenovirus or lentivirus, andhe presence or absence of
polybrene. This may be attributable to severaldiactin dissecting the endothelium
and Descemet's membrane away from the underlyingmst it was difficult to

exclude all traces of stroma, and it is likely thatiable amounts were carried over
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to individual samples. Difficulty extracting largenounts of high quality RNA from
highly collagenous tissues like the cornea has begarted previously?’ and some
degree of RNA degradation during the culture anasequent dissection process is
probably unavoidable. In addition to technical ¢ast the variability observed may
accurately reflect substantial inter-animal or ifiteatment variation of reference
gene expression in ovine cornea. Both GAPDH [aadtin are virtually ubiquitously
expressed at moderately abundant levels, but tigtisa of both genes has been
found to vary with experimental treatments and leetwindividuals®® | am unaware
of any reports of adenoviral or lentiviral transtioc influencing the expression of
these two reference genes, and no clear relatipnsias evident between their
expression and experimental conditions in the prtestudies. Thus, the variation
observed may represent inter-animal variation aoden attributable to technical
aspects of the RNA extraction process. The vanatwould certainly render these
genes inappropriate for the accurate quantificabbiow abundance transcripts,
where high sensitivity is vital. However, in ther@nt studies, vector transduction
induced a logarithmic increase in IL10 expressiowl @hus the variability was
unlikely to have influenced conclusions. For futtrensduction experiments in ovine
cornea, where heightened sensitivity may be requitewill probably be necessary

to perform a wider screen to identify more staklemrence genes.

Expression from the steroid-inducible vector was regulated by

dexamethasone

The ability to regulate transgene expression ima& &and dose-dependent manimer
vivo is a key feature of the ideal vector. Such a systeuld be well exploited in the
cornea, given its accessibility to topical medicas. In view of the central role of

topical corticosteroids in preventing and treatoogneal allograft rejection, | cloned
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the GRES steroid-inducible promoter into the Ankmntiviral vector and assessed its
ability to drive IL10 expression in response to @®ethasone. The vector was found
to drive IL10 expression in A549 cells, as welim®vine and human corneas, in the
presence of dexamethasone. Importantly, expredsiats supported by the GRES
promoter during induction with dexamethasone, amggkaomparable or superior to
levels achieved by the same vector carrying the(Sa&tly promoter.

| am not aware of any reports to date describigegdelivery to the cornea
under the control of a steroid-inducible promotdowever, such vector technology
has been described in other systems. The GRES peowas developed by Mader
and White, who described a synthetic minimal pranotcontaining five
glucocorticoid response elements (GRES) locatettegns of the adenovirus 2 major
late promoter TATA box/initiation site® When propagated stably in HeLa cells in
an Epstein-Barr virus episomal vector, the GRESmmter was more than 50-fold
inducible and its activity was strictly dependenttbe presence of dexamethasone.
The same system has since been used in a numbethef studies of gene
expression, bothin vitro and in vivo. Halaby and colleagues developed a
glucocorticoid-regulated plasmid vector for modulgtvascular endothelial growth
factor (VEGF) gene expression in a model of ratiiidlimb ischaemid®® They
showed not only increased VEGF expression aftatrirent with dexamethasone,
but also collateral vessel development—only inghesence of the steroid. Narumi
and co-workers described an adenoviral vector auntathe GRES promoter, which
was used to deliver the chloramphenicol acetyltexase (CAT) reporter gene to the
livers of mice™® The vector achieved a 100-fold increase in CAT resgion
following intraperitoneal dexamethasone. Severhagostudies also provide support

for the use of steroid-inducible promoters in collimg gene expression’*%°
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In the current studies, the GRE5 promoter resulteda 30-40-fold
upregulation of IL10 expression in A549 cells, leupression levels increased only
approximately 10-fold in transduced ovine and hu@meas. Whilst this was lower
than that reported in some other systems, the ssiore levels observed were
equivalent to (in human), or superior to (in shekgels achieved by the vector
containing the SV40 promoter. Importantly, the poten showed low leakiness in
the absence of dexamethasone, although ovine ILH8 wtill detectable in
supernatants from transduced human corneas. Ia gtedies, the steroid was added
to the culture medium. With a view to clinical udesther studies should be
performedin vivo, or using an artificial anterior chamber deviceclsias that
described by Thiel and colleagu8$, to determine if topical glucocorticoid
formulations can induce adequate transgene expressi

Other inducible promoters available for regulatlagtivirus-mediated gene
expression in the eye include the Tet-inducibleesys™’ In the original “Tet-Off”
system the presence of tetracycline or doxycydldux) maintains the system in an
“Off” state, whereas in the modified “Tet-On” systdéranscription is activated in the
presence of dox. The incorporation of a “Tet-On&teyn into an adenoviral vector
has recently been described in transducing Muktdls ©f the rat retind* Various
modifications have been introduced into the Tetioidle systems in an attempt to
reduce basal expression and increase maximal gaasgxpression. Though widely
used in laboratory and animal research, concernsaire about their ultimate
application in the clinical context. The Tet tractbzators are derived from bacterial
and viral sources, which are known to elicit hunh@ad cell-mediated immune
responseé? Little is known about what immunological responsesght be

provoked by delivery of lentiviral vectors incorpting Tet-inducible systemis
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vivo. The immune-privileged eye may be a preferredetaigy the delivery of such a
vector?® However, ocular immune privilege in potential ments of vector-
transduced corneal allografts is certain to be comfsed, diminishing the clinical

potential of the system.

A high dose of polybrene was required to improve expression in lentivirus-

transduced ovine corneal endothelium significantly

As found in the reporter gene studies, a shorteairige transduction period from 24
hours to 2 hours resulted in a decrease in traesgapression in lentivirus-
transduced ovine corneal endothelium. The addiiopolybrene to the transduction
mixture resulted in an improvement in expressiontbis was only significant at the
higher dose tested (40 pug / ml). This dose is 1d{iagher than that routinely used
to improve retroviral transduction in tissue cutuHowever, it seems reasonable to
speculate that, had the dose been directly toxaotaeal endothelial cells over the
15 days of organ culture, expression might haven meduced accordingly. On this

basis,in vivo studies described in Chapter 5 utilised the higlose of polybrene.

Further studies

The studies described in Chapter 3 showed thaftisen lentiviral vector achieved

impressive transduction rates in both ovine anddmporneal endothelium, and that
expression was stable for at least 14 diaysitro. Non-quantitative data in those
studies suggested that the adenoviral vector agtiibigher expression more rapidly
than the Anson vector. In this chapter | have preskequantitative data showing that
transcription and secretion of transgenic IL10 orneal endothelium was much
higher following adenoviral transduction than it swafollowing lentiviral

transduction. In addition, expression in the ovioeneal endothelium was delayed
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and lower than that attained in the human. Furtbeemreducing the transduction
period from 24 hours to 2 hours, compromised exgioeslevels—although they
could be improved by the addition of high-dose padye. The implications of these
results forex vivotransduction and corneal transplantation in thimeownodel are
significant. In order to achieve maximal lentivinediated expression it may be
necessary to subject ovine donor corneas to l@amgduction periods and subsequent
organ culture, or exposure to high-dose polybrdine. viability of the corneas after
such treatment is not known. These issues wereessel byin vivo studies

described in Chapter 5.



CHAPTER 5

LENTIVIRUS-MEDIATED GENE TRANSFER

TO OVINE CORNEAL ENDOTHELIUM IN VIVO
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5.1 Abstract

Aims

(i) To determine then vivo stability of lentivirus-mediated gene transferawane
corneal endothelium, and (i) to investigate théuence of lentivirus-mediated
interleukin-10 (IL10) expression on the survival dbnor allografts following
orthotopic corneal transplantation in the sheep.

Methods

The stability of enhanced yellow fluorescent protéeYFP) expression in ovine
donor corneas was assessed follonergvivotransduction with the lentiviral vector
LV-SV40-eYFP, and orthotopic transplantation intwetl sheep. Transduction rates
in transplanted donor corneal endothelia and coantly organ-cultured donor
corneal rims were measured by fluorescence micpys@iter euthanasia of the
animals and harvest of the donor cornea. The vplof organ-cultured ovine donor
corneas was examined following orthotopic trandaléon in outbred sheep. In
studies to assess the influence of lentivirus-ntedi@xpression of ovine IL10 on
corneal allograft survival, donor corneas were ddarced with a lentiviral vector
encoding IL10 under the control of the simian vitype-40 promoter (LV-SV40-
IL10), and orthotopic transplantation was perfornredutbred sheep. The influence
on allograft survival of adding high-dose polybred® ng / ml) to the LV-SV40-
IL10 transduction mixture was also investigated.mddified donor corneas and
corneas transduced with LV-SV40-eYFP constituteatrods. Allografts were
examined daily using a handheld slit-lamp to idgrthe day of graft vascularisation
and the day of onset of immunological rejectiondjwint histology was performed

on failed allografts.
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Results

Following ex vivo transduction with LV-SV40-eYFP and orthotopic ceah
transplantation, eYFP expression was maintaineovine corneal endothelial cells
for at least 28 dn vivo. Corneal rims subjected 1o vitro organ culture showed
lower expression than corresponding transplantedodduttons at 15 d post-
transduction (approximately 10% versus 80% respalgh. Nine of twelve
unmodified control allografts subjected to a 2shrm transduction period, followed
by time in organ culture, suffered primary graftifee or infection. Unmodified
control allografts, subjected to a 2-3 h sham ttaogson and no organ culture,
suffered no primary graft failures, and were regdcat a median of 18 postoperative
days (n=11). Allografts transduced for 2—3 h witt-§V40-eYFP were rejected at a
median of 17 d (n=3). Allografts transduced for Z+-3vith LV-SV40-IL10 in the
presence of polybrene (40 ug / ml) were rejected atedian of 20 d (n=9), and
showed evidence of polybrene-induced toxicity of tkpithelium. Allografts
transduced for 2-3 h with LV-SV40-IL10 in the absemf polybrene were rejected
at a median of 25 d (n=7); the difference betwden droup and the combined sham
transduced and LV-SV40-eYFP groups (n=14) wasssizdily significant (2-tailed
Mann-Whitney U-test, corrected for ties: p=0.026).

Conclusions

Lentivirus-mediated expression in ovine cornealothelium was stable for 28id
vivo. Ovine donor corneas did not tolerate conventibi@han corneal organ culture
methods. A seven day prolongation of allograft salv was achieved by
transduction of donor corneas for 2-3 h with LV-8M410. Attempts to increase

the expression of IL10 by the addition of polybr€a® g / ml) to the transduction
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mixture resulted in a toxic effect on the corneaclwhabrogated the beneficial effect

of IL10 on graft survival.

5.2 Introduction

Previous studies have shown that the outbred siseghigh-risk preclinical model
of corneal allograft rejectioff. Ovine corneas are naturally vascularised and goder
immunological rejection at a median of 20 days ihe tabsence of
immunosuppression. Adenovirus-mediated gene transfie several different
immunomodulatory cytokines including interleukin-{Q.10), has been shown to
prolong allograft survival in this model (Table /2% In the IL10 studies, indefinite
allograft survival was achieved in two of nine aalmtreated with Ad-IL10 but
tolerance was not achieved in eitf®Adenoviral transgene expression is known to
be limited by immunogenicity and transcriptionalesting®® Integrative vectors
such as the HIV-1-based Anson lentiviral vectorvslpmomise for achieving long-
term expression in corneal endothelitfth.

In Chapter 3, lentiviral vectors expressing a regrogene were shown to
achieve stable expression in transduced ovine abaralothelium for up to 21 days
in vitro. However, in Chapter 4 it was shown that adenbveators achieved levels
of expression in ovine corneal endotheliuni-fiddd higher than lentiviral vectors, at
as early as four days post-transduction. In additlentivirus-mediated transgene
expression in ovine corneal endothelium was foumcbé delayed compared to

expression in the human tissue.
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Table 5.1: Studies of gene-modified corneal allotresplantation in the sheep

Study Vector Treatment n Day of rejection Median
survival
Klebe et al. Adenovirus  Untreated 7 18,19,19,20,20,22,32 20
(2001)°
Ad-Mock 3 19,21,29 21
Ad-IL10 9 19,20,30,33,55,66,88,>196,>300 55*
Klebe et al. Adenovirus  Untreated 13  18,19,19,19,20,201,21,22,22, 21
(2005¥° 23,32,58
Ad-GFP 6 17,18,20,20,21,23 20
Ad-IL4 6 13,14,18,19,20,22 18.5
Ad-p40-IL12 9 22,23,32,36,45,58,93,93,121 45%*

* p=0.011 compared to untreated group (2-tailed M#hitney U-test, corrected for ties)
** n=0.003 compared to untreated group (2-tailechit&Vhitney U-test, corrected for ties)

Given the relatively low and delayed expressionldfO in ovine corneal
endothelium transduced with the lentiviral vectompared to an adenoviral vector,
strategies were explored to ensure maximal IL10esgon was achieved prior to
transplantation. The first approach was to subj@ohor corneas to a 24 h
transduction followed by a period in organ cultureias not aware of any previous
studies describing transplantation of organ-cultuo®ine corneas, so the method
adopted was based on existing methods used forrmhaoraeas. Organ culture is the
preferred storage method for human donor corne&siiopean Eye Banks. Corneas
can be stored for up to 30 days at 31-37°C in asdtare solutiorf****>commonly
minimal essential medium (MEM), supplemented wi#h 210% FCS (European
Eye Bank Association Directory, 12Ed., January 2004); and they may be
transferred to a deswelling medium containing dextifor a short period prior to
transplantatiod’>

The second strategy undertaken to improve leativexpression was to
transduce donor corneas for 2—3 hours in the pcesehpolybrene and to carry out

transplantation on the same day.
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5.3 Specific aims

* To determine thean vivo stability of lentivirus-mediated gene transfer to
ovine corneal endothelium following orthotopic atbnsplantation;

e To investigate the vivo viability of organ-cultured ovine donor corneas;

* To investigate the survival of ovine corneal alkdftg following transduction
in the presence or absence of polybrene, with @vieal vector encoding

interleukin-10.

5.4 Results

5.4.1 Expression in ovine corneal allografts follow ing ex vivo

transduction with LV-SV40-eYFP

Comparison between expression in organ culture and in vivo

To compare lentivirus-mediated reporter gene esmasin organ culturend in
vivo, two ovine corneas were transduced with 2.8x10 per cornea of LV-SV40-
eYFP (MOI 20) and each transplanted to the riglet @youtbred sheep. At the time
of surgery, the transduced but nontransplanted eedrmims were subjected to
concurrentin vitro organ culture. The grafts were examined daily gisirhandheld
slit lamp, to detect vascularisation of the donattdn and signs of rejection, as
described in Section 2.3.6 (pages 92-93). On dayéfore the onset of rejection,
the animals were euthanased and both the grafre@aldouttons and organ-cultured
rims were harvested into buffered formalin for maelstaining, micro-dissection and
fluorescence microscopy. In both cases, a highpression rate was evident in the
transplanted cornea compared to the respectivenangitured rim (approximately

80% versus 10% respectively). There was no grassction in corneal endothelial
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cell density in cultured rims, nor was there evienf chromatin condensation or
nuclear blebbing typical of apoptosis, as judgedirspection of Hoechst-33258-

stained nuclei under ultraviolet illumination (Frgwb.1).

Stability of expression in vivo

To investigate the stability of lentiviral expressin vivo, three ovine corneas were
transduceax vivofor 2—4 h with LV-SV40-eYFP at 2.5-5x10U per donor cornea
(MOI 20-40), and each transplanted to the right @éyeutbred sheep. Prior to the
onset of rejection, sheep were euthanased, anca®rmarvested for fluorescence
microscopy. One of the animals, which received mmunosuppression, was killed
20 d postoperatively before immunological rejectisupervened. The other two
sheep, which each received a single subconjunctingction of 10 mg
methylprednisone acetate immediately after surgemere killed after 28
postoperative days. In all cases, the donor entiotheappeared intact and
expression of eYFP was intense and widespread r@igL2). Examination of the
graft-host junction showed that no endothelialscallthe recipient cornea expressed
the reporter protein. All three ovine allograftsreveelear and thin at the time the
recipients were euthanased. Dense sheets of fibiesge were evident in the
anterior chambers of both animals which had receivan injection of

methylprednisone acetate.

5.4.2 Organ culture of ovine donor allografts

Data fromin vitro studies indicated that lentivirus-mediated ger@e&ssion in ovine
corneal endothelium was highest following a 24dms$duction period and increased
over time in organ culture. Polybrene (40 pg / mBs shown to improve the

transduction rate achievable during a short tractsolu period, although it was
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Figure 5.1: Expression of eYFP in organ-cultured owe corneal rims and
corneal allografts afterex vivo transduction with LV-SV40-eYFP

Corneal endothelium from (a, b) the rim of the docornea followingex vivo
transduction with 5x10TU of LV-SV40-eYFP (MOI 40) after 15 d af vitro organ
culture, and (c, d) from the corresponding tran#jgld corneal button, after 15iml
vivo. Fluorescence micrographs of representative deritedds show (a, c)
expression of enhanced yellow fluorescent prote®YFP) under blue light
excitation, and (b, d) endothelial cell nuclei st with Hoechst-33258 under
ultraviolet illumination of each respective fiel8imilar data were generated for a

second corneal allograft (not shown). Original magation 20x.




Figure 5.2: Stability of reporter gene expression féer ex vivo transduction of
ovine corneas with LV-SV40-eYFP and subsequent orttopic corneal
transplantation

Corneal allografts harvested at (a, c, e) 20 dayd ¢, d, f) 28 days after
transplantation. Representative fluorescence miapdg show (a, b) Hoechst-
33258-stained endothelial nuclei under ultravidlamination and (c, d) expression
of enhanced yellow fluorescent protein (eYFP) imniical fields of the same
corneas. Note the suture loop (arrow) near the-gt junction (dotted line) in (a)
and (c), and the absence of eYFP expression incooséal endothelium (left side of
field in (c)). The respective lentivirus-transdueaadne corneal allografts vivo, are
shown in (e) and (f), shortly before harvestingis$ue. Note dense fibrous tissue in
anterior chamber, inferiorly in (e), and forminglaeet in (f); in both cases, corneas
were thin and uninflamed. Original magnification, @ 4x and (b, d) 10x.

[Photographs of allografts taken by J. Johnston]




206

Chapter 5 Gene transfer to ovine corneal endatmeh vivo




Chapter 5 Gene transfer to ovine corneal endatmeh vivo 207

not found to be a prerequisite for expression. &loee, studies were undertaken to
determine thén vivo viability of ovine donor allografts following a Z4transduction
period andn vitro organ culture. Donor corneas underwent a 24 h gheamsduction
with 300 ul 2% RPMI at 37C. Corneas were then immersed in 40 ml of HEPES-
buffered RPMI—containing 10% v/v FCS and supplemgnt_-glutamine (2 mM),
penicillin (100 1U / ml), streptomycin (100 pg /yrdnd amphotericin B (0.2pg /
ml)—and cultured at 3T in sealed pots for zero to 14 d. In five cases)eas were
transferred to a deswelling medium containing 5% B#xtran T500, for a period of
24 h (two corneas) to 48 h (three corneas) pridrasplantation. No assessment of
endothelial cell density or viability was performdxkfore transplantation. The
outcomes after orthotopic corneal transplantatrenshown in Table 5.2

Table 5.2: Outcomes of organ-cultured ovine donaallografts

No. Transduction Time in Time in Outcome of allograft

period (h) organ culture  deswelling

(d) medium (h)

1 24 0 0 Primary graft failure
2 24 1 0 Primary graft failure
3 24 1 0 Primary graft failure
4 24 1 0 Immunological rejection (24 d)
5 24 1 0 Immunological rejection (62 d)
6 24 1 0 Infection*
7 24 2 0 Infection**
8 24 8 48 Primary graft failure
9 24 8 48 Immunological rejection (24 d)
10 24 14 24 Primary graft failure
11 24 14 24 Primary graft failure
12 24 14 48 Primary graft failure

Footnotes: h hours, d days, deswelling mediumwg¥Dextran T500
* unidentified gram positive bacillus, #oraxella ovis

In vivo viability of organ-cultured donor allografts

Even short periods (24-48 h) of organ culture teduin severe swelling of ovine
donor corneas, accompanied by the appearance d¥ ol Descemet’'s membrane
(Figure 5.3). A period in deswelling medium allee@ the swelling only marginally,

as judged by gross inspection. Satisfactory appasitof wound margins
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Figure 5.3: Effects of organ culture on ovine donocorneal allografts

(a) A photograph of a cornea (with scleral rim)jsated toin vitro organ culture for
22 d, shows severe swelling and folds in Descemet&nmbrane (endothelium
upwards). (b) A photograph taken on postoperatase seven, shows an orthotopic
corneal allograft transplanted after a 24 h shamsoluction and 14 d af vitro
organ culture (including 48 h in deswelling mediumNpte the oedematous wound
edges in the donor tissue; the donor cornea necewvered normal clarity. (c) A low
magnification photomicrograph shows a histologisattion of an organ-cultured
corneal allograft. (d) A photomicrograph shows legiial downgrowth at the graft-

host junction in an organ-cultured allograft. Oni@ji magnification 20x.
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during surgery was problematical due to the dispani thickness between host and
donor corneas. Following transplantation, graftsrev@ssessed daily using a
handheld slit lamp, as described Section 2.3.66p&3—-93). The majority of organ-
cultured corneas never recovered normal clarityhickness. Endpoint histology
revealed stromal swelling, poor wound edge appositepithelial downgrowth at
wound margins, and a mixed inflammatory cell indite containing mononuclear
cells and neutrophils; endothelial cells were pnede all these excised grafts
although in most cases their coverage of Descemetimbrane was incomplete. Of
12 donor corneas transplanted, seven were deenmadrprgraft failures and two
developed suture abscesses which were refractotgpioal antibiotic (Table 5.2).
The remaining three became quite thin and transpdne approximately 14 d after
transplantation, but underwent immunological regectat 24, 24 and 62

postoperative days respectively.

5.4.3 Survival of sham transduced, noncultured dono r allografts

Due to the high rate of primary graft failure inndo corneas subjected to a 24 h
sham transduction followed by organ culture, thategy was abandoned and further
studies were performed using a transduction pemwdd2-3 h followed by
transplantation on the same day. In the first grolip sheep received sham
transduced donor allografts, exposed to medium.dBhafts were assessed daily
using a handheld slit lamp. There were no infestionprimary graft failures in this
group. All underwent immunological rejection at adran of 18 postoperative days
(range 16-37 d) (Figure 5.4 and Table 5.3). Vasimalion of the donor tissue
occurred at a median of 6 d (range 2-12). Endpdistology showed a
predominantly mononuclear cell infiltrate, neovdagsation of the stroma, and

destruction of endothelial cells on the donor tssu
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Figure 5.4: Sham transduced ovine corneal allogradt

(a) A photograph of an ovine corneal allograft @tcRafter a 2 h sham transduction,
and before the onset of immunological rejectiorne thonor cornea was never
subjected ton vitro organ culture (the line apparent in the lower ¢pfadrant of the

graft is a reflection). (b) A photograph of a shamnsduced allograft taken on
postoperative day 26, shows evidence of immunoédgiejection; note stromal

oedema, presence of epithelial rejection lines, dadse vascularisation at graft
margins. (c) A photomicrograph of a sham transdudledjraft undergoing rejection,
shows stromal oedema, diffuse inflammatory infiktaand neovascularisation.
Original magnification 10x. (d) A photomicrograph a sham transduced allograft

shows mononuclear cells on Descemet’s membrangin@kimagnification 100x.




Table 5.3: Summary of outcomes of gene-modified ae allografts

Treatment n  Day of graft Median day of

vascularisation graft
vascularisation

Sham transduced (2-3 h) 11 2,2,6,6,6,6,6,6,7,8,12 6

LV-SV40-eYFP (2-3 h) 3 36,6 6

Combined controls 14 2,2,3,6,6,6,6,6,6,6,6,7,8,12 6

(Sham transduced and LV-SV40-eYFP)

LV-SV40-1L10 (2-3 h) with polybrene 9  3,5,5,5,5,7,8,9,12 5

(40 pg / ml)

LV-SV40-1L10 (2-3 h) 7  6,6,7,9911,13 To

Day of rejection

16,17,18,18,18,18,21,21,

22,28,37

16,17,19
16,16,17,17,183188,

19,21,21,22,28,37

12,12,17,18,20,21,23,23,

27

18,19,25,25,29,30,46

Median

survival

(days)
18

17
18

20

25

***Eootnotes: h hours! p=0.046 compared to Sham transducquk0.06 compared to Sham transduced and p=0.02farehto combined controls (2-tailed Mann-

Whitney U-test, corrected for ties)
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5.4.4 Survival of LV-SV40-eYFP-transduced donor all  ografts

Three sheep received allografts subjected to al2#r@&nsduction period with 2.5—
5x10 TU per cornea of LV-SV40-eYFP (MOl 20—40) and et in organ culture.

All underwent rejection at a median of 17 postopeeadays (range 16—19 d), with
vascularisation of the graft occurring at a med&s d (range 3—6 d) (Table 5.3).
Given that the survival of the LV-SV40-eYFP-transdd grafts did not differ from

that of the sham transduced grafts, these groups p@oled to form a combined
control group for comparison with the LV-SV40-ILi@&nsduced groups (n=14)

(vide infra).
5.4.5 Survival of LV-SV40-IL10-transduced donor all  ografts

Transduction with polybrene

On the basis ofn vitro studies demonstrating an increase in the levelLb0
expression achieved with the addition of polybré4@ ug / ml) to the transduction
mixture, nine animals received allografts which heen transduced with 7x1i
per cornea LV-SV40-IL10 (MOI 50) for 2—-3 h, in tpeesence of polybrene (40 pg/
ml). The median time until rejection for this growmas 20 postoperative days (range
12-27 d). Neither the time to vascularisation rog survival time of the grafts
differed significantly from unmodified controls (ble 5.3). The majority of these
allografts endured a fluctuating postoperative seuFor the first 10 d, a number of
animals exhibited excessive lacrimation, and regliopical antibiotic for treatment
of suspected infective abscess formation. Host dombr cornea underwent dense

vascularisation, and the epithelium appeared rougghéFigure 5.5).



Figure 5.5: LV-SV40-1L10-transduced ovine corneal Bografts

(a) A photograph of an allograft transduced with-8V40-1L10 in the absence of
polybrene, on postoperative day 34. (b) A photograp the same allograft on
postoperative day 49, 3 d after the onset of imrtagical rejection. (c) A
photograph of an allograft treated with LV-SV40-0Lin the presence of polybrene
(40 ng / ml), taken on postoperative day 11. Nate of residual scleral tissue in
superior graft, dense vascularisation of host arremnd loss of normal corneal
clarity. (d) A photograph of another allograft atseated with LV-SV40-IL10 in the
presence of polybrene (40 ug/ ml), on postopezatday 11. Note dense
vascularisation, fibrin in anterior chamber andsla$ normal corneal clarity. (e) A
photomicrograph of an allograft treated with LV-S¥K.10 in the presence of
polybrene (40 pg / ml), shows cytoplasmic vacutisaof epithelial cells. Original
magnification 100x. (f) A photomicrograph of anogjtaft treated with LV-SV40-
IL10 in the presence of polybrene (40 ug / ml) shdke presence of subepithelial

neutrophils and loss of normal epithelial morphgloQriginal magnification 100x.
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Endpoint histology revealed subepithelial aggrnegat of neutrophils, a
stromal mononuclear cell infiltrate, stromal oedemand marked stromal
neovascularisation. Epithelial changes were stgikiwith prominent cytoplasmic
vacuolisation, dyskeratosis, and loss of normalthepal morphology. Several
animals had evidence of concomitant infective absdermation, localised at the
epithelium. Evidence of injury to endothelial ceNas not as clear-cut, as specimens
were obtained after the onset of immunologicalatgpa. Histopathological sections
were examined by a consultant ocular pathologist§bnja Klebe, Department of
Pathology, Flinders Medical Centre, Bedford Park) 8nd were considered to be

consistent with acute toxicity of the cornea, prad@ntly affecting the epithelium.

Transduction without polybrene

In view of the toxic effect of polybrene, a seriglsallografts were performed in
which corneas were transduced with 7%1Q per cornea of LV-SV40-IL10
(MOI 50) for 2-3 h in the absence of polybrene. giafts eventually underwent
rejection, the median being at 25 postoperatives degnge 18-46 d) (Figure 5.5),
with vascularisation of the graft occurring at adma of 9 d (range 6-13 d). This
seven day prolongation of survival did not reachtistical significance when
compared with the sham transduced control groupea(@-tailed Mann-Whitney U-
test, corrected for ties: Z=-1.878; p=0.06), buswgnificant in comparison to the
combined control group (Z=-2.219; p=0.026) (Tahl®) 5Vascularisation of the graft
occurred at a median of 3 d later in the LV-SV4Q40tiransduced group compared
to the sham transduced group (Z=-1.993; p=0.04&Jpkint histology did not differ
from that seen in the case of sham transduced rafisg a predominantly
mononuclear cell infiltrate, concentrated at thdahelium and in the stroma at the

graft-host junction, was observed in all cases.
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5.5 Discussion

Following ex vivo transduction with the Anson lentiviral vector andhotopic
corneal transplantation, reporter gene expressias maintained in ovine corneal
endothelial cells for at least 28 daysvivo. Organ culture of ovine donor corneas
resulted in severe swelling and a high rate of anmagraft failure after
transplantationEx vivotransduction in the presence of polybrene withlémévirus
encoding IL10, appeared to have a toxic effecttendpithelium of donor corneas,
and did not result in a prolongation of allograft\gval. Lentivirus-mediated transfer
of the gene encoding IL10 to ovine donor allografishe absence of polybrene,

prolonged survival by a median of seven days coetptr controls.

Lentivirus-mediated expression was stable in vivo

Several studies have described stafleivo reporter gene expression in the corneal
endothelium mediated by lentiviral vect8f¢3 Balaggan and colleagues injected
the anterior chambers of mice with an EIAV vectod adetected expression of
enhanced green fluorescent protein (eGFP) 10 mdatitrs>° Barcia and co-workers
recently reported expression of eGFP 56 days #afd@sduction of mouse corneas
with an HIV-based vector and syngeneic graffihnd@he detection of widespread
reporter gene expression in corneal endothelidd oéltwo ovine allografts 28 days
after transplantation, confirms that the Ansonileral vector has the capacity for
stable expressioin vivo. It may be argued that the subconjunctival ingectof
methylprednisone acetate administered to thesgrafts postoperatively may have
suppressed an immune response against the vecaeudr, lentiviral vectors have

e132,133
1

been found to have little or no immunogenicity e tey and at least one

transduced allograft not treated with steroid & thrrent study, was examined after
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20 daysin vivo and showed widespread reporter gene expressitnneipreceding
clinical inflammation. Importantly, these findingsggested that expression of IL10
in allografts transduced with LV-SV40-1L10, persdt until the onset of

immunological rejection.

Lentivirus-mediated expression in vivo was superior to that in organ culture

Studies ofex vivetransduced ovine donor buttons and concurrentiamicultured
rims demonstrated a higher transduction rate iro#adial cells of the transplanted
tissue at 15 days post-transduction. This did ppiear to be due to a reduction in
endothelial cell density in cultured corneas, altjfio formal density counts and vital
staining were not performed. However, ovine corngalgjected tan vitro organ
culture at 37°C did develop severe swelling whicasvaccompanied by corneal
folds. In assessing endothelial cell apoptosiggan-cultured human corneas, Albon
and colleagues reported a close correlation betwleamumber and distribution of
apoptotic cells, and corneal foldifY.In the current studies, Hoechst-33258-staining
of endothelial cells did not demonstrate nucleagifnentation, but other apoptosis
detection techniques such as the TdT-dUTP termrmied-end labelling (TUNEL)
technique, were not performed. Thus, endothelidl @meoptosis may have been
underestimated. Nonetheless, the higher relatipeession in the endothelial cells of
transplanted corneas may have been due to thensarpto ovine growth factors in
the anterior chamber. Lai and colleagues exposadahucorneal tissue to rAAV
encoding a reporter gene and assessed transdugfficrency and kinetics of
expression over 14 days of vitro organ culturé®® Results were compared in two
different culture media. The general condition dethelial cells was relatively poor
in DMEM supplemented with 10% foetal bovine serddB$%) and 2 mM glutamine,

and expression was much lower in that medium tmamrarneas cultured in an
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enriched medium, which contained OPTIMEM-I suppleted with 8% FBS and
including a-fibroblast growth factor, nerve growth factor, @am chloride and
chondroitin sulphate. The health of corneal end@heells clearly has an impact not
only on the maintenance of the endothelial baaret metabolic pump functions, but
also on the efficiency of gene delivery and expogssThe finding that lentivirus-
mediated eYFP expression was higlrervivo thanin vitro suggested that 1L10
expression levels from LV-SV40-IL10 would also b&gher in vivo than was
observed duringn vitro studies—an important observation given that orgalture

proved unsuccessful (vide infra).

Organ-cultured ovine donor corneas were not viable in vivo

The high rate of failure of organ-cultured ovineraal allografts was primarily due
to their severe swelling. This was in turn probablyesult of massive imbibition of
water, a breakdown in intercellular junctional cdexgs which comprise the
endothelial barrier, and impairment of the endo#thehetabolic pump. There was
significant difficulty achieving satisfactory woundosure, and normal corneal
thickness was never recovered in most cases, tnaicareversible injury to those
compensatory mechanisms. In studies described apt€h3, endothelial cell density
in ovine corneas, as measured by Hoechst-33258+sjeapparently remained stable
at approximately 3,000 cells per mifor 15 days in organ culture, without evidence
of apoptosis. However, those corneas were sevewalten and it is not known what
proportion of endothelial cells was viable, sinceital stain was not used. Nor did
the assessment by nuclear staining give any indrcaif the status of junctional
complexes.

The specific reasons for the severe swelling ofeskrn ovine corneas

compared to what is seen in human corneas are wmkrimut structural differences
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may play a role. The ovine cornea is much larget #oppier than the human
cornea, and different quantities and proportionspaiteoglycans may lead to a
higher swelling pressure. In addition, the cornemdothelium has specific
requirements to maintain normal barrier and pumpctions. These may not have
been adequately addressed in the culture mediuh Uisgeed, the ovine corneal
endothelium may have particular requirements whighquite distinct from those of
the human cornea.

The method adopted for ovine corneal organ cultwa@s based on
conventional practices in European Eye Banks, whelfeM is commonly
supplemented with 2-10% FCS, and corneas are edlatr31-37°C. An evaluation
of the ability of different cell culture solutiorie preserve human donor corneas by
Moller-Pedersen and colleagues, reported that seeofi 8% FCS (in MEM) had a
marked protective effect on endothelium—showing thighest RNA synthetic
activity and the lowest endothelial cell loss—congghto numerous solutions
containing 2% FC3&”’ The medium used in the current studies was HERE®+ad
RPMI containing 10% v/v FCS and supplemented witglitamine (2 mM),
penicillin (100 1U / ml), streptomycin (100 pg / mland amphotericin B
(0.25ug / ml). No osmotic agent was added, except inghmsses when Dextran-
T500 was added in the final days before transplimmaThe hypothermic corneal
preservation medium Optisol® GS, which is widelgdisn Eye Banks in Australia
and the United States, contains chondroiton suiph&extran 40, sodium
bicarbonate, various amino acids and sodium pyeuv@tutathioné® calcium?®®
and bicarbonafé® are all known to be critical in maintaining nornfahction of
endothelial cells and their junctional complexeatuife attempts to culture ovine

corneas for transplantation will require a trial cbfferent organ culture solutions,
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ensuring that these essential components are gayvahd perhaps testing a variety
of growth factors.

Storage temperature may also have had an effectooneal swelling.
Lowering the storage temperature is classically esstdod to decrease the
endothelial pump function leading to increased eafrthicknes$* However, a
study of the influence of storage temperature orellswg and endothelial
morphology in cultured rabbit corneas found a pasicorrelation between swelling
rate and storage temperatdte. The swelling rate of cultured corneas was
significantly higher after culture at 37°C than3&t°’C, 31°C or 23°C. The authors
considered this attributable to an improved barfigrction at lower temperatures.
Unlike the 37°C used in the current studies, manyopean Eye Banks culture
corneas at a temperature of 31°C. In future ingasbns it may be worthwhile
attempting culture of ovine corneas at temperationgsr than 37°C.

The failure of ovine corneas to tolerate orgartural necessitated that the
transduction period be reduced and that graftingdreied out on the same day—
both factors which had been shown to result in loingnsduction rates and levels of

lentivirus-mediated transgene expression, duinngtro studies (Chapters 3 and 4).

Polybrene was toxic to ovine corneal allografts

An attempt to increase transduction of cornealgadifis by the addition of the
cationic polymer polybrene to the transduction mnigtwas unsuccessful. There was
clinical and histological evidence of a toxic effetue to polybrene not detected
during thein vitro studies of endothelial cell density and nuclearrghology
described in Chapter 3. The animals exhibited esteedacrimation and epithelial
cells displayed loss of normal morphology, as wasl marked dyskeratosis and

cytoplasmic vacuolisation. The course of fluctugtigraft clarity and oedema
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observed was probably the result of breakdown & @#pithelial barrier by
destruction of epithelial tight junctions, in addit to possible impairment of the
endothelial barrier and metabolic pump functionlyB@ne is known to have
cytotoxic and antiproliferative effects at certampses in cell cultur&’8
Importantly, a study of the effects of polycatiangerfused rat lungs demonstrated
significant extravascular leakage of water and gmotin polybrene-treated
pulmonary endothelial celfé® Electron microscopy of alveolar epithelial cellsda
pulmonary endothelial cells, after perfusion witie polycation protamine, showed
multiple cytoplasmic vacuoles and separation froe basement membrane. These
findings were remarkably similar to the changeseoled in ovine corneas. In the rat
lungs, the mechanism of injury was not clear, baswonsidered to be related to
breakdown of electrochemical gradients—as a resulalteration of the normal
negative surface charges of the cells—and subseginge in the membrane
permeability to ions. The dose of polycations teéstas 100 pg / ml.

The dose of polybrene used in the current stuadwas 40 pg / ml,
approximately 5-10-fold higher than that routinelyed in tissue culture or in a
recent report of lentiviral transduction of mouseneas® Given this dose was
unequivocally cytotoxic, lower doses may be bettderated. Howeverin vitro
studies described in Chapter 4, demonstrated nufisgnt increase in transgene
expression with 4 pg/ ml, and therefore the beradfieffect of lower doses on
transduction may need to be carefully titrated rgfacytotoxicity. An alternative
approach might be to trial a different polycatiarcts as protamine sulfate, which is
approved for human use by the U.S. Food and DrugiAdtration, and has been
shown to improve retroviral transduction efficienioyhuman keratocyt€$’ In an

interesting development, Landazuri and colleagua& hreported that complexation
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of retroviruses with a combination of oppositelyagdied polymers such as polybrene
and chondroitin sulphate C (CSC) results in rapdireentation onto target cells, and
enhances gene transfét?*> This may be because the negatively charged polymer
(CSC) protects target cells from what would otheevbe a cytotoxic dose of
polybrene. This may constitute another strategwhbich to improve transduction of

ovine corneal endothelium with the Anson lentivirattor.

A delay in graft vascularisation was observed in | L10-treated allografts

Vascularisation of the graft bed is a major risétda for immunological rejection in
human corneal allograftsEven in the low risk setting, corneal transplantatis
commonly followed by corneal neovascularisation.e Timited prolongation of
survival observed in allografts transduced with §V40-IL10 and not exposed to
polybrene, was accompanied by a modest delay inulerssation of the graft (a
median of three days). There have been a numb@pofts of inhibition of corneal
neovascularisation mediated by strategies targetitey potent angiogenic agent
vascular endothelial growth factor (VEGE}*®2!®Blockade of VEGF signalling
has been shown to inhibit not only corneal haenwgemesis but also
lymphangiogenesis, resulting in a prolongation bbgmaft survival in a murine
model?**?®|nterestingly, anti-angiogenic properties of ILA@ve been observed in
models of peripheral vascular dis€d5@and tumorigenesi€??* In one case IL10
was found to downregulate VEGF producfidnand in another, to competitively
inhibit VEGF??2 In the current studies no attempt was made to unea¥EGF
expression. However, the anti-angiogenic effeceolsl suggests that if the rate of
onset and maximal expression levels of IL10 cami@oved, the Anson lentiviral
vector has the potential to antagonise the poteBGN-mediated angiogenic

component of corneal allograft rejection.
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A modest prolongation of survival was achieved in I L10-treated allografts

The survival of unmodified allografts, following @ day transplantation, was
consistent with the results of previous studfeés:>*However, transduction of donor
allografts with the lentiviral vector encoding IL1 the absence of polybrene,
resulted in only a modest prolongation of survfaamedian of seven days compared
to controls), and several animals did not expegeagy prolongation whatsoever.
This lack of clinical efficacy could not be ascrbéo lack of function of the
transgenic 1L10. Studies described in Chapter 4 atestnated that transgenic 1L10
was secreted from transduced ovine donor corireasiro and that it retained its
immunoinhibitory function (page 180)Nor could it be attributed to loss of
expressionin vivo, since reporter gene expression was detected fh@mAnson
vector 28 days after transduction and allotrangpteon (vide supra). The limited
therapeutic effect of IL10 observed in the cursnties was most likely attributable
to the differences in expression levels and kisetiescribed in Chapter 4. The
concentrations of IL10 achieved in the anteriomsegt were probably insufficient to
modulate the alloimmune response.

This is not the first example of the delivery bl 0 failing to prolong corneal
allograft survival. A study of subconjunctival icj@ns every second day, following
corneal allotransplantation in a MHC-mismatched nabdel, failed to delay
rejection’®* In that case, the timing of the dosing, and theteaf administration
may have played a role. The sole report of a pgdton of corneal allograft
survival achieved followingx vivotransduction with an IL10-encoding vector came
from a study performed in the sheep, where deliveag mediated by adenovirus
(Table 5.1)"° Given the benefit of local IL10 expression is mbly attributable to

its effects on resident APCs, the collective firgdirof these studies may indicate that
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there is only a short window of opportunity followi transplantation during which
local expression of IL10 can decisively influenbe ultimate outcome of the graft.
The relatively low and delayed expression obselvekntivirus-transduced ovine
corneasn vitro compared to adenovirus-transduced corneas, ssgidtsecretion
probably was not high enough or rapid enough toutatd the alloimmune response
significantly—perhaps this was a case of too litib® late.

The modest effect of local immunomodulatory protproduction may also
be related to the site of expression. Delivery yibtoxic T-lymphocyte antigen-4
immunoglobulin fusion protein (CTLA4-Ig) is a goestample; there have been two
reports that systemic administration of adenovirattors expressing CTLA4-Ig
resulted in significantly greater extensions ofvgtal in rat corneal allografts thax
vivo transduction and local expressiGri® Further evidence that the site of
expression is crucial in modulating the rejectioogess was reported by Jessup and
colleagues, who found that local expression of-@m# single-chain variable-
domain antibody fragments—mediated by an adenoveeior—did not prolong the
survival of transduced rat corneal allogrdftdviore recently, Gong and colleagues
reported thatex vivo adenovirus-mediated transfer of viral IL10 in arHGH/II-
disparate rat model of corneal allotransplantatd@hnot result in a prolongation of
survival; however, systemic delivery ditiand was accompanied by modulation of
the cytokine mRNA expression profile in drainingnlgh nodes. Those studies
support the hypothesis that a critical componenttha alloimmune response—
probably T cell activation—occurs in the drainingmph nodes, and that the
expression of multiple therapeutic transgenes tengelistinct elements of the graft

rejection process at different sites, may be reglio achieve success.
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6.1 Summary of findings with respect to aims of the thesis

These studies were performed with one overarchimg @ assess the ability of the
HIV-1-based Anson lentiviral vector to achieve @fnt and stable gene expression
in corneal endothelium, thereby evaluating its pt&t for use in human corneal
transplantation. The outbred sheep was choserpeschnical model because of the
similarities between the corneal endothelium and tlorneal allograft rejection
process, in sheep and humans.

Lentiviral vectors containing the SV40 or CMV protars achieved stable
transgene expression in the majority of ovine andhdn corneal endothelial cells,
and transduction rates in human corneas were hiplaarthose previously reported
for other lentiviral vectors. However, the efficignof the vectors appeared to be
lower than that of adenoviral vectors.

Surprisingly, transgene expression in ovine caveas delayed compared to
expression in human corneas, and lower levels \a#&sned. Another important
finding was that ovine corneas were not viablerafte@neal organ culture; thus, it
was not possible to to delay transplantation tovallentivirus-mediated transgene
expression to reach higher levels. These previousknown characteristics of the
ovine model limited the therapeutic effect of lgitis-mediated IL10 expression in
transduced allografts. A delay in vascularisatibthe graft and an extension of graft
survival were observed, but these effects were stodreirthermore, an attempt to
improve transduction and hence expression—usingbpehe—resulted in toxicity
for the cornea which nullified the limited therapeueffect achieved without
polybrene.

Despite the limitations identified in the shedpe stability of expression and

higher efficiency observed in human corneas—conthingh their capacity for
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organ culture—demonstrated the Anson vector’s piatiefor use in human corneal
transplantation. However, in order to justify tHéo#d, cost and risk of moving to a
clinical trial—and to test the efficacy of potemtitherapeutic transgenes—it will
probably be necessary to perform further preclirstadies. If the ovine model is to
be retained, then the mechanisms underlying diffe@e in transgene expression
after transduction with lentiviral vectors need®elucidated, and measures taken to

overcome them.

6.2 The Anson vector in the context of clinical gen e therapy

Clinical trialsinvolving lentiviral vectors

The early hype surrounding gene therapy has digslp&low progress has curbed
expectation, and several significant adverse events led to tightened regulation of
clinical trials. The death of a patient after sysite infusion of an adenoviral vector

as a treatment for ornithine transcarbamylase idefiy??°

the development of T-
cell acute lymphoblastic leukaemia-like complicaion several patients treated with
a gammaretroviral vector for X-linked severe conebimmunodeficiency (SCID-
X1),”* and most recently, the death of a patient duringirical trial involving
articular injection of rAAVV?® (now thought to be unrelated to the vector) hast ke
the spotlight firmly fixed on the potential hazardf gene therapy. Nonetheless,
greater scrutiny has led to a more methodical amroand the field can lay claim to
success, the most noteworthy being treatment fdDSI@ addition, the treatment of
monogenic disorders such as cystic fibrosis andhBraice muscular dystrophy, as

well as complex disorders such as cardiovasculseade and cancer, have now

progressed to clinical trials, and early resultsehlaeen promisingf’
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The ability to transduce nondividing cells, anéginical studies showing no
evidence of insertional oncogenesis, position Venali vectors to replace
gammaretroviral vectors as the vehicle of choigegine transfer to haematopoietic
stem cells (HSCs). A number of clinical trials ugilentiviral vectors have been
approved and more are under review. The disorteiang targeted include
malignant melanoma, leukaemia and Ilymphomd-thalassaemia, and
mucopolysaccharidosis (MPS) type VII (www.wileyakigenetherapy/clinical/ at
November 2007). All these trials involex vivotransduction of autologous HSCs or
T lymphocytes.

To date, only one gene therapy clinical trial eogpig a lentiviral vector has
been completed; it evaluated the safety of a camditly replicating HIV-1-based
vector expressing an antisense gene against theehN&lope (termed VRX4965®
The trial involved infusion of autologous CD4+ Trphocytesransducedex vivg
with results showing the treatment was well toledatSafety assessments found no
evidence for insertional mutagenesis or the devedy of replication-competent
lentiviruses, after 21-36 months of observation. &ralysis of integration sites
showed integration of the vector was favoured inegach regions, reflecting the
pattern seen in the case of wild type HTWvo follow-on studies are now underway
to further evaluate the potential of the vector whgiven in multiple doses

(www.clinicaltrials.gov at November 2007).

Clinical trials of ocular gene therapy

Progress over the last 10 years in experimentalelsad now beginning to translate
into clinical trials of ocular gene therapy, mostably in the areas of angiogenesis
and retinal degeneration. A phase | study, in wipakients with neovascular age

related macular degeneration (AMD) received a singtravitreal injection of an
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adenoviral vector encoding pigment epithelium-dedivfactor, has now been
completed. Administration of the E1-, partial EB4-deleted adenovirus was well
tolerated, with no serious adverse events idedtffi2The therapeutic efficacy of the
vector will be investigated in further trials.

Long-term improvement of visual function has bedamonstrated in
preclinical models of Leber's congenital amaurosising rAAVs encoding the
visual cycle protein RPE68°?*?Those studies have now culminated in a phase /I
trial of AAV2/2 by subretinal injection for RPE6%dendent severe early-onset
retinal dystrophy, which commenced in the Uniteddtiom this year. Similar trials
have now received approval to proceed in the UrSitedies?’

The eye has been touted as being an ideal targah dor gene therapy for
some tim&>3%**|ts compartmentalised structure and accessitalityw targeting of
the vector to specific ocular tissues, restrictioin systemic dissemination, and
noninvasive imagingn viva?** It is worth noting that whilst intravitreal or siginal
injections of a viral vector may limit its distribon in comparison to systemic
administration, and have thus far proved saéx vivo transduction of a
nonproliferative tissue such as the endotheliura biman cornea may constitute the
ultimate form of controlled delivery.

To date, no clinical trials of gene therapy haeerb undertaken in corneal
transplantation. This is not due to a lack of ping therapeutic transgenes, since a
range of genes with diverse mechanisms have bemmnsto confer a prolongation
of survival in experimental models (Table 1.1, p@@¢ However, it may in part be
related to the need for a vector which has the apptor efficient transduction and
stable transgene expression in human corneal esldoth but also possesses an

acceptable biosafety profile.
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Prospectsfor clinical use of the Anson lentiviral vector

The most significant finding of the current studress the ability of the HIV-1-based
Anson vector to achieve a high transduction rateuman corneal endothelium of
Eye Bank corneas which had been in hypothermicageorfor up to 25 days.
Importantly, expression remained stable for a &nth4 days ofin vitro organ
culture, and could be regulated by a steroid-inolacpromoter in the presence of
dexamethasone. These results clearly demonstrategdtential of the vector to
achieve efficient, long-term, controlled expressioh therapeutic transgenes in
human corneal endothelium. Combined with existimgnunosuppression in the
form of topical corticosteroids, and by expressangnge of immunomodulatory and
cytoprotective factors, the vector may have theacdyp to alter the outcome of
human corneal transplants. It also bears noting the stability of expression
displayed by the Anson vector shows promise folahg-term genetic modification
of endothelial cells in disorders such as congeh#eeditary endothelial dystrophy,
Fuchs’ endothelial dystrophy and posterior polynhas dystrophy.

In addition to its favourable expression profikepm the all-important
standpoint of safety, the Anson vector meets requants for clinical use. It is a self-
inactivating vector, from which all of the HIV-1 @&ssory genes have been removed;
homology between constituent sequences has beemised; and it has been
codon-optimised to achieve high titres without @asing the chance of generating
replication-competent lentivirus. The integratedtee sequence does not contain the
woodchuck hepatitis virus post-transcriptional lagery element which improves
expressioft> but has been associated with the developmentvef liumours in
mice?**#*"and has caused safety concéffisinally, application of the vector relies

on the route of delivery employed by all approvédical trials involving lentiviral



Chapter 6 Final discussion 231

vectors:ex vivogene transfer to target cells (in this case, tidothelium of human

corneas).

Alternatives to the Anson lentiviral vector

Adenoviral vectors, rAAV vectors, and vectors dedvrom nonprimate lentiviruses
such as equine infectious anaemia virus (EIAV) bodne immunodeficiency virus
(BIV), are all potential alternatives to using tRason vector in a clinical trial of
gene therapy to prolong corneal allograft surviddbwever, each of them has
relative limitations. Adenoviral vectors have catently been shown to be highly
efficient in transducing human corneal endothelimnd have demonstrated an
ability to prolong allograft survival in severalfigirent animal models, including the
outbred sheef® Their clinical potential is limited by immunogeiticand transient
expression. Vectors based on AAV have been showenpcess transgenes in human
corneal endothelium for at least 14 d4y$*® and promise even longer-term
expression, but | am not aware of any reports oextension of corneal allograft
survival following rAAV-driven gene transfer in aaxperimental model. The
possibility of pre-existing neutralising antibodiaafluencing rAAV-mediated
transgene expression is also a consideration. émunttre, the limited transgene
carrying capacity of rAAV detracts from its abilityo deliver multiple
complementary therapeutic factors, which will beatuable strategy to improve the
success of gene transfer in corneal transplantattomally, whilst nonprimate
lentiviral vectors have been shown to achieve ieffic and stable transgene

tn013919244%ncluding prolongation of

expression in murine corneal endotheli
survival in one cas®, transduction rates in human corneal endotheliuxre len
less impressive than that achieved by the AnsotowE¢1°In addition, the clinical

safety of nonhuman lentiviruses remains unknown.
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6.3 Improving immunomodulatory gene transfer strate gies

for corneal transplantation

Isthere a magic bullet?

Steady improvements in the survival of renal alidigr over the last 50 years have
not been the result of one therapeutic breakthroRgither, the use of living related
donor kidneys, the introduction of HLA matchifi§;**® and advancements in
immunosuppressive therapfé$, have each made incremental contributions to
improvements in survival. In the case of corneahsplantation, the introduction of
corticosteroids approximately 40 years ago doubthesl an impact on success rates,
although there are no data available to prove i. akalysis of data within the
Australian Corneal Graft Registry shows that ndher improvement in survival has
been realised over the last 20 yeamss we now consider the prospect of gene
therapy making an impact on the survival of humameal allografts, we must not
expect to find a magic bullet. Further efforts ddobe made to achieve stable
coexpression of multiple immunomodulatory and cybbgctive agents. The Anson
vector would be an ideal candidate for such anaaagr, in view of its safety profile,
high transduction rates in human corneal endotheliand adequate transgene

carrying capacity.

Complex rejection mechanisms demand a combined approach

The CD4+ T cell is well established as the cenptaler in the corneal allograft
rejection process, but the precise means by whiabt$ remain uncledf.Efforts to

elucidate those mechanisms have served only to m&nate their complexity and
redundancy. With some notable exceptions (videa)nfattempts to prolong corneal

allograft survival in experiment models using gémerapy have concentrated on the
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overexpression of a single immunomodulatory facBuch an approach is yet to
prove universally successful. A range of transgemege had varying degrees of
success in different models. In contrast, the ynded success of corticosteroids in
preventing and treating corneal allograft rejectisnprobably due to their broad
spectrum of effect&*? Similarly, the approach required for success afegeherapy

in the clinical sphere, may be a combination of umemodulatory strategies, each

targeting different elements of the immune respaagbe graft.

Expression of multiple therapeutic transgenes

An example of the combined approach to immunomduiueof corneal allografts
was provided by Gong and colleagues, who repohatian extension of survival in
rat allografts transduced with an adenoviral ve@ncoding nerve growth factor
(NGF?! was significantly augmented by concurrent system@ivery of an
adenovirus expressing CTLA4-1g. This approach wesve to be associated with a
reduction in mMRNA expression of inflammatory masken transduced allografts,
and the prevention of apoptotic loss of graft ehdbal cells. The systemic delivery
of an adenoviral vector is unlikely to be accemali the clinical scenario, but
Gong’s study demonstrated that a multifaceted esgsatnvolving gene transfer has
potential.

Anti-angiogenic factors which target the neovaacabmponent of allograft
rejection, such as sfltt® and E-Kr$? show promise, and other potent agents such as
pigment epithelium-derived factor are yet to betegs Studies suggesting that
apoptosis may be an important factor in the loserafothelial cells after corneal

%,206

transplantatio make anti-apoptotic agents another strong prosp®atcia

and colleagues recently reported survival in 90%nmafrine corneal allografts
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eight weeks after transduction with an HIV-basedi@eencoding the anti-apoptotic
factor Bcl-xL53
A combined approach to immunomodulation might Kfiengom the

coexpression of multiple therapeutic transgenesglig driven at equal levels from a
vector containing a single internal promoter. Tise of an internal ribosomal entry
site may be not be successful, insofar as expresdithe transgene encoded by the
second cistron can be redu¢&dAn alternative system might utilise the 2A self-
processing sequence derived from the foot-and-maismase virus, which mediates
enzyme-independent cleavage to separate postdatamsll polypeptides. The
system has been employed to demonstrate stoichionuetexpression of at least
four different proteins in mic&* and expression of a full-length monoclonal
antibody—from a single open reading frame driverabsingle promoter—has also

been reported, followinmn vivo delivery to mice using rAAV?

Approachesto ovine corneal allograft rejection using the Anson vector

The choice of transgene for prolongation of cornalidgraft survival may be
dictated by the specific kinetics of expressiondoiced by the vector. Relatively low
early expression in ovine allografts by the Ansoacter may render it an
inappropriate choice for the expression of immundutatory cytokines. The
previous beneficial effects of IL10 on corneal ghaft survival in the sheep were
accomplished with an adenoviral vector, which wlagws in the current studies to
achieve much higher expression levels than theviestvector over the first two
weeks following transplantation. If the Anson lemtal vector encoding IL10 is to
prove equally or more successful in the ovine maddether efforts must be made to
improve expression levels achieved in the earlytquesative period. Measures

might include titrating doses of different catiopiclymers such as protamine sulfate
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to improve transduction rates, or tailoring apphmscto improve the viability of
ovine corneas during organ culture. Other meanasddfessing the species-specific
difference in expression are discussed below.

Perhaps the stable expression achieved by leadtiéctors is better suited to
other therapeutic transgenes which may not requicé high levels of expression so
soon after transduction. The success of the HI\édagector encoding the anti-
apoptotic factor Bcl-xL reported by Barcia and ealjues (vide supra), was achieved
despite transduction efficiencies of only 18%# useful strategy may be to perform
a cotransduction of ovine donor corneas with amadeus expressing IL10 and the
lentiviral vector expressing an anti-apoptotic ¢acsuch as Bcl-xL. Another means
of demonstrating the clinical potential of the Anseector in the ovine preclinical
model may be to combine local therapeutic transgeiqpeession by the vector with
short-term corticosteroids. These approaches mpgbwide intense short-term
immunosuppression sufficient to modulate the ephigise of the rejection response,
followed by a longer-term protective effect on etidtial cells. Indeed, this strategy
mimics the clinical scenario, in which patients eige topical corticosteroids
immediately postoperatively and intermittently thgbout the life of the graft.

The analysis of different internal promoters cartdd in the current studies
demonstrated that the viral SV 40 early promotel lamman CMV immediate early
promoter resulted in higher expression than thesphoglycerate kinase and
elongation factor-d promoters; but expression was equally high froe ¢himeric
mammalian/viral GRES5 promoter, in the presenceexfathethasone. Aim vivo trial
of the Anson vector driving transgene expressiamfrthis promoter would be
instructive. Incorporation of a reporter gene migliow direct visualisation of

expression, titration of the necessary dosage pitab corticosteroid required for
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induction, and an appraisal of the merits of tleeastl-inducible vector approach in

the clinical scenario.

6.4 A possible role for retroviral restriction fact ors

The relative delay and lower expression levels eaad in the ovine corneal
endothelium compared to the human, following traiesidon with the HIV-1-based

Anson vector, was an unexpected finding. It propadtcounts for the modest
therapeutic effect observed in transduced ovineeadrallografts. A satisfactory
explanation was not identified during the coursetld studies for this thesis,
although it was considered that a lack of cofacsoich as dNTPs might be involved.
However, recent developments in the field of innatéiretroviral immunity may

provide clues to the underlying mechanisms, andyestgstrategies for improving

transgene expression levels in the ovine model.

I nnate immunity to retroviruses

A range of cellular factors with the ability to test retroviral infection in a species-
specific manner, have now been identified. These raferred to agestriction
factors and include: the Fv1 protein in mice, which cotgrsusceptibility to Friend
leukaemia virus diseaé® the apolipoprotein B mRNA-editing catalytic polyjpiele
(APOBEC) proteins, which inhibit retroviruses in myavertebrate$*’ and most
recently, the tripartite motif & (TRIM5a) protein, which has emerged as an
important restriction factor impacting on retrovVirgplication—including that of

HIV-1—in mammalg*®
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Retroviral restriction by TRIM5a

The TRIM proteins comprise a large family of pragewhich are characterised by
RING, B-box, and coiled-coil domaif8’ Their functions are poorly understood.
Many cytoplasmic TRIM proteins, such as TRI&)5contain a C-terminal B30.2
(SPRY) domain that is thought to mediate bindingspecific ligands. The first
TRIM protein shown to have antiviral properties wagsus macaque TRIMb
which blocked HIV-1 particles before reverse traimion in the cells of Old World
monkeys, but was relatively permissive to simiamimodeficiency virus (SIV3*°
Orthologues of TRIM& with species-specific antiretroviral activity hasmce been
identified in a range of primates, including hum&atg>® Sequences in the B30.2
domain from TRIM& of different primates appear to determine the poteand
specificity of the restriction of particular retioyses. It seems that the sequences
encoding this domain have been subject to strorsifipe selection during primate
evolution, possibly as a result of sporadic ret@vepidemic$>* Differences among
TRIM5a orthologues in primate species account for thdepe of restriction
observed for particular retroviruses, and studiagehshown that the viral capsid
protein is the major determinant of susceptibility these restriction factof8®
Interestingly, it appears that retroviruses havehad capsids that are only
moderately restricted by the TRIM proteins exprdsd®y the natural host,
exemplified by the observation that human TRiV& best partially restricts HIV-1
infection?*

The mechanisms underlying the retroviral reswictiactivity of TRIM5y
remain unclear. However, TRIMSs ubiquitinylated and rapidly turned over by the
proteasome in a RING domain dependent ajt is thought that restricted virions

may be degraded by the proteasome, or that coafinfpe virus with TRIMD
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trimers may disrupt uncoating of the viral core aubsequent trafficking to the
nucleus?®® Inhibition of the proteasome during restrictedetrtfon permits reverse
transcription of the virus, but the TRIM%irus complex then remains
noninfectious™®

Importantly, TRIM5 orthologues with antiretroviraktivity against several
lentiviruses, including HIV-1, have most recentiel identified in the cells of both
cattle®*#" and rabbit$® In the case of the cow, Madin-Darby bovine kidicejls
were found to be efficiently transduced by a BI\&&a vector, but not by an HIV-1-
based vector. A TRIM5-like protein which was clgse¢lated to human and simian
TRIM50 sequences was identified, and experiments usiRdlAs$ targeting gene
transcripts, demonstrated that at least part ofblbek to HIV-1 infection in the

bovine cells was mediated by the protéth.

Thelikelihood of a TRIMS5 orthologue in the sheep

The findings discussed above suggest that TRIM-atedi innate immunity to
retroviruses might be widespread in mammals. Indaetiviral TRIM proteins may
be responsible for the poor infectivity of HIV-1parted in pig cell$>® Furthermore,
the phylogenetic relationship between cows andshases the possibility that an
ovine TRIM5 orthologue with antiretroviral activitpgainst HIV-1, has almost
certainly evolved in the sheep. Such a restrictiactor may at least be partly
involved in the low early expression observed imneal endothelium transduced
with the HIV-1-based Anson lentiviral vector.

It should be noted that in the present studies)stiuction of ovine corneal
endothelial cells by the HIV-1-based Anson vect@aswnot blocked completely.
Expression was very low for the first seven daylsdmpeared widespread within the

tissue by 14 days post-transduction; at all timresessed, levels remained lower than
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those seen in human tissue. If there were an oVR5a-like protein targeting
incoming capsids for degradation by the proteasomeendering undegraded virus
noninfectious, one might have expected transdudtidre prevented completely and
no expression seen whatsoever. However, TRIkgStriction can become saturated
at high MOls, and preinfection with virus-like pales that contain the target for
restriction abrogates the restriction, allowing seduent infection by virus that
would otherwise be inhibited® In ovine corneal endothelium, higher expression
was achieved earlier using higher MOIls, decreasig likelihood that the low
expression was due purely to an inability of theuwito use host cell cofactors
required for its life-cycle. It is possible thaetiMOls used in the studies were high
enough to saturate a putative restriction factal achieve some expression in the
majority of cells, but that expression was so lbattit only reached detectable levels
after several days. One must also bear in mind deaelopments in the field of
innate immunity to retroviruses, suggest that TRIK&ISNlikely to be the only factor

restricting virus infection—there are probably otlas yet unidentified factors at

play.

I dentification and inhibition of an ovine TRIM5 orthologue

Further studies are required to determine if a TRIMrthologue is present in the
sheep and whether it is responsible for restrictain Anson vector-mediated
expression in ovine corneal endothelial cellseHtriction by a TRIM5-like factor is
identified, a strategy could be devised to inhitsitactivity, leading to higher levels
of HIV-1-mediated expression and facilitating fuathrials of therapeutic transgenes
in the ovine preclinical model. Expression of treng might be confirmed by RT-
PCR on cDNA from ovine corneal endothelium and Amnseector-mediated

transgene expression assessed following knockdosingusiRNAs. Another
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informative experiment would be to transduce bowneeal endothelium with the
Anson vector, and measure the kinetics of exprassier 14 days post-transduction.
If expression was rapid and high levels were addewm bovine cornea, it would
seem unlikely that an ovine TRIM5 orthologue isp@ssible for poor expression in

the sheep.

6.5 Towards a clinical trial

Alternative animal models

If strategies to improve HIV-1-based lentiviral eagsion in the sheep are
unsuccessful, then preclinical proof-of-principlaymeed to be tested in a different
model of corneal allograft rejection. The choicdarfje outbred mammal models is
limited. Two possibilities are pigs and nonhumaimptes. The miniature pig model
described by Tavandzi and colleagues is inherdoter-risk than the sheep, and it
is not clear whether the endothelium is mit6tidVloreover, the efficiency of HIV-1-

vector mediated expression in pig cells has begoarted to be very lo¥° The use

of nonhuman primates is accompanied by signifiedhical issues, as well as high
costs of procurement and housing. In addition, ®idrld monkey cells, such as
those of the Rhesus macaque, are resistant to Hf¥liiting the choice to New

World monkeys such as the marmoset. Serious datibarwould be required before

embarking on preclinical studies in the monkey.

Has the time come?

Given the need for new therapeutics to improve ealrrallograft survival, the
success of the Anson vector in transducing humanees, and the challenges

confronting preclinical studies, it is tempting ¢onsider progressing directly to a
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clinical trial. After all, a preclinical model isothing more than an approximation of
what might happen in people—ultimately the clinical potentafl a promising
therapeutic can only be truly scrutinised in thenteat of a clinical trial. The
justification for initiating clinical trials is a atter of risk versus benefit. The patients
who stand to benefit most from a novel treatmentctrneal allograft rejection are
those with disabling bilateral disease and multmevious failed grafts, facing the
prospect of systemic immunosuppression. From that pb view of their sight, such
patients have little to lose and everything to gdine issue in justifying a trial of
gene therapy in these patients is the same oneieteced when considering the use
of systemic immunosuppressants—the patient's deseasot life-threatening, and
one can not say the treatment is without risk obss harm (however low that risk
may be). The difference lies in the fact that tldvesse effects of systemic
immunosuppression are well described and treatroantbe titrated or stopped,
whereas the risks of a gene-modified corneal adlib@re less certain, and expression
of the therapeutic agent is far less regulatedtdfacgn favour of the gene therapy
approach include restriction of the immunomodulatagent to the eye, and the
ability to examine the gene-modified tissue atdligamp, facilitating early detection
of a complication; if necessary the graft can belased. In addition, the
incorporation of an inducible promoter may confemg degree of control over
transgene expression levels.

Ex vivo transduction of human corneal endothelium using #reson
lentiviral vector and subsequent transplantatiorthef gene-modified graft is—in
principle—safer than the systemic infusion of lemtis-transduced autologous
lymphocytes, which has already been performed imans, so far without any

significant adverse effect&® However, the potential for complications related t
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effects of the transgene must not be overlooked. dity can transgenic proteins
provoke an immune response resulting in loss ofresgion, but sustained
immunomodulation by a protein such as IL10 miglgutein an immune deviant
response, manifesting as an increased susceptitalihfection or an auto-immune
disorder. Such complications were not observeduimeat or previous studies of
IL10 expression in ovine corneal allografts, bulyamvo of those animals survived
for longer than six months.

The studies in this thesis demonstrate the peaienttithe HIV-1-based Anson
lentiviral vector as a means of achieving stableression of therapeutic transgenes
in human corneal transplantation. The steroid-ifdacGRES5 promoter shows
particular promise for the clinical scenario. Howevfurther work is needed before a
clinical trial can be justified. The high-risk o@nmodel remains a robust
representation of the corneal allograft rejectioocpss in humans. To ensure that the
Anson vector fulfils its potential in human corndehnsplantation a methodical
approach is called for. Strategies for improvingVHlmediated transgene
expression in the ovine model warrant further itigasion, including identification
and inhibition of putative restriction factors,ahative methods of organ culture, the
use of different polycations, the coadministratiasf corticosteroids, and
coexpression of combinations of therapeutic tramsge The goals should be
indefinite survival in the majority of animals, aadfollow-up period of one to two
years to monitor for adverse effects. Such stut@d the key to undertaking a

clinical trial.

6.6 Final remarks

It is now over one hundred years since Eduard Zrnistoric operation ushered in a

century of wonderful advances in the field of orgmansplantatiod’ The 2!
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century promises to be a period of equally spetdacprogress in the field of

molecular genetics. It would be fitting if corngednsplantation once again took its
place in the vanguard of medical innovation by ging together the adolescent field
of gene therapy and the now well-travelled provintdransplantation. Successful
implementation of gene therapy in corneal trangptaon could pave the way for
application of the technology in other organs. T8ands of patients worldwide stand
to benefit from the success of such work. Howelike many worthy scientific

ventures, gene transfer to corneal allografts iswithout risks, and we must be
diligent in ensuring the efficacy and safety of g@etmansfer strategies before
exposing our patients to them. In the words of Nabel Laureate Marshall W.

Nirenburg, ‘When man becomes capable of instrudtisgown cells, he must refrain
from doing so until he has sufficient wisdom to tisis knowledge for the benefit of

mankind.?%?
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The following table contains a list of all the lmiial vector stocks used to transduce corneakarcburse of the project.

Virus Date
produced
LV-SV40-eYFP 30/8/04
LV-SV40-eYFP(2) 24/6/05
LV-SV40-IL10 22/7/05
LV-SV40-eYFP(3) 31/8/06
LV-SV40-1L10(2) 19/10/06
LV-PGK-eYFP 2/11/06
LV-EF-eYFP 17/1/07
LV-CMV-eYFP(2) 15/3/07
LV-GRE-IL10 30/3/07

Promoter

SV40

SV40

SV40

SV40

SV40

PGK

EF

CMV

GRES

Transgene Scale of_ Titre
preparation
eYFP Large 1R/B49 TU per ml
eYFP Large 4x10° A549 TU per ml
IL10 Large 1.4x101IH3T3 iu per ml
eYFP Large 1x10° A549 TU per ml
IL10 Large 1.4XIRIH3T3 iu per ml
eYFP Medium 4x10° A549 TU per ml
eYFP Medium 418549 TU per ml
eYFP Medium 1x10 A549 TU per ml
IL10 Medium 1xIOIH3T3 iu per ml

Application

In vitro experiments (Chapter 3)
In vivoexperiments (Chapter 5)
In vitro experiments (Chapter 3)
In vivoexperiments (Chapter 5)
In vitro experiments (Chapter 4)
In vivoexperiments (Chapter 5)
In vitro experiments (Chapter 3)
In vivoexperiments (Chapter 5)
In vitro experiments (Chapter 4)
In vivoexperiments (Chapter 5)
In vitro experiments (Chapter 3)

In vitro experiments (Chapter 3)
In vitro experiments (Chapter 3)

In vitro experiments (Chapter 4)

Footnotes: TU transducing units, iu infectious sin8V40 simian virus type-40, eYFP enhanced yeflaarescent protein, IL10 interleukin-10, CMV cytegalovirus,
PGK phosphoglycerate kinase, EF elongation factoiGREDS five glucocorticoid response elements



APPENDIX 2

RECORD SHEETS OF OVINE ALLOGRAFTS



Appendix 2 Records sheets of ovine allografts

SHEEP CORNEAL GRAFT OPERATION RECORD

Animal ID:

Experimental group:

Gender:
Eye grafted:

Size of graft:

Preoperative treatment:

Prevascularization/remarks at time of grafting:

Recipient:

Anaesthesia:

Operation notes:

Post-operative treatment:

Date of graft:

Surgeon:

Weight:

Other sheep grafted:

Donor:
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SHEEP CORNEAL GRAFT ASSESSMENT SHEET

Animal ID:
Date of graft:
DATE PO DAY | CLARITY] OEDEMA] CELLS | FIBRIN | INFLAMM VASC COMMENTS

0-4 0-4 04 0-4 0-4 ABCD
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ORIGINAL ARTICLE

Lentivirus-mediated gene transfer to the rat, ovine and

human cornea

DGA Parker'#, C Kaufmann™*°, HM Brereton', DS Anson™, L Francis-Staite’, CF Jessup’, K Marshall*,

C Tan?, R Koldej*?, D] Coster' and KA Williams®

Department of Ophthalmology, Flinders University of South Australin, Adelaide, Australia; ?Department of Genetic Medicine, Women's
and Children’s Hospital, Adelaide, Australin and 3Department of Paediatrics, Women's and Children’s Hospital, Adelaide, Australin

Gene therapy of the comea shows promise for modulating
comeal transplant rejection but the most appropriate vector
for gene transfer has yet to be determined. We investigated
a lentiviral vector (LV) for its ability to transduce comeal
endothelium. A lentivector expressing enhanced yellow
fluorescent protein (eYFP) under the control of the Simian
virus type 40 early promoter (LV-SV40-eYFP) transduced
80-90% of rat, ovine and human corneal endothelial cells
as detected by fluorescence microscopy. The kinetics of
gene expression varied among species, with ovine corneal
endothelium showing a relative delay in detectable reporier
gene expression compared with the rat or human corneal
endothelium. Vectors containing the myeloproliferative sar-

coma virus promoter or the phosphoglycerate kinase
promoter were not significantly more effective than LV-
SV40-eYFP. The stability of eYFP expression in rat and
ovine corneas following ex vivo transduction of the donor
comea was assessed following orthotopic comeal transplan-
tation. Following transduction ex vivo, eYFP expression was
maintained in corneal endothelial cells for at least 28 days
after comeal transplantation in the sheep and > 60 days in
the rat. Thus, rat, ovine and human corneal endothelial cells
were efficiently transduced by the LV, and gene expression
appeared stable over weeks in vivo.

Gene Therapy (2007} 14, 760—767. doi:10.1038/s.gt.3302921;
published online 15 February 2007

Keywords: corneal transplantation; corneal endothelium; lentiviral vector

Introduction

On a worldwide scale, congenital or acquired corneal
disease is the second most common cause of blindness.”
Corneal transplantation can restore vision in many
patients with corneal opacities, but its success is limited
by irreversible immunological rejection.” Ex vivo gene
therapy of the donor cornea offers the prospect of
improving corneal allograft survival, especially as a
number of transgenes that can modulate rejection have
already been identified.®* Expressed transgenic proteins
capable of prolonging corneal allograft survival in
animal models include mammalian interleukin 107 the
p40 subunit of interleukin 12,° interleukin 4 (albeit not in
all studies),”* soluble tumour necrosis factor receptor,®
endostatin-kringle 5 fusion protein (E-Kr5)," soluble
CTLA4 or CTLA4-Ig constructs™'® and indoleamine 2,3~
dioxygenase.™

Many studies in which modulation of corneal graft
rejection by gene transfer was the experimental objective
have utilized non-viral or replication-deficient adeno-
virus vectors to transduce the cornea, so that long-term
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expression of the transgene was not achieved and the
grafts ultimately failed. Integrative vectors such as
recombinant adeno-associated virus (AAV) and lenti-
virus hold greater promise for achieving long-term
transgene expression and corneal graft survival than do
non-viral or non-integrative viral vectors. A level of
corneal transduction sufficient to inhibit corneal neovas-
cularization has been reported with an adenc-associated
vector encoding a soluble vascular endothelial growth
factor receptor.’® Two different lentiviral vectors (LV)
have already been reported to transduce corneal en-
dothelium,' and a LV encoding E-Kr5 has been shown to
prolong rabbit orthotopic corneal allografts significantly,
compared with controls."

With the goal of producing safe, long-term gene
expression in human corneal endothelial cells trans-
duced ex wvivo, we investigated the suitability of a
vesicular stomatitis virus G glycoprotein (VSV-G) pseudo-
typed LV'7® for use in a range of species. This non-
replicative, self-inactivating vector, which is based upon
human immunocdeficiency virus type 1 (HIV-1), utilizes
codon-optimized reading frames, and multiple plasmids
to extend its safety profile, without compromising its
efficiency.'”*® To assess the efficacy of the vector in
transducing corneal endothelial cells, we used a con-
struct encoding the enhanced yellow fluorescence re-
porter protein (€YFP) and examined gene expression in
corneas of the rat (an inbred model), the sheep (an
outbred pre-clinical model) and the human (the eventual
target species). Expression of eYFP was quantified in rat,
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ovine and human corneas organ cultured i vitro, and in
rat and ovine comeas following ex vivo transduction and
orthotopic corneal transplantation. Expression of eYFP
from three different promoters in the rat, and from two
different promoters in the sheep, was also examined in
corneas i1 vitro.

Results

In vitro fransduction of rat, ovine and human comeas
with LV-5v40-eYFP

Rat, ovine and human corneas were transduced with
2.5 x 107 transducing units (TU)/cornea of a V5V-G-
pseudotyped lentivector expressing eYFP under the
control of the Simian virus type 40 intermediate early
promoter (LV-5V40-eYEP), organ cultured in vitro, and
examined periodically at the fluorescence microscope for
reporter gene expression (Figure 1). Approximately 88%
of rat and 84% of ovine corneal endothelial cells
expressed eYEP after 1 and 2 weeks of organ culture,
respectively (Table 1). A few rat corneal epithelial
cells also expressed eYFP after 1 week of organ culture
(Figure la). Few human comeas were available for
study, but over 80% of human corneal endothelial cells
were transduced by [V-5V40-eYFP after 2 weeks
of culture {Table 1). Because of the different sizes of
corneas from the different species examined, the mult-
plicity of infection (MOI) of lentivirus per corneal
endothelial cell at a dose of 2.5x 10° TU/cornea was
estimated as being 400 for the rat, 20 for the sheep and
120 for the human.

Kinetics of eYFP exprassion in rat, ovine and human
corneal endothelium

To assess the kinefics of transgene expression in the
corneal endothelium of each species, corneas were
transduced and examined over a period of in vifto organ
culture. In our experience, human and ovine corneas can
survive for 14 days in organ culture following transduc-
tion, whereas rat comeas can tolerate only 8-10 days
before losing viability. Therefore, these respective peri-
ods were set as limits for assessing transgene expression.
Rat corneas demonstrated rapid and efficient transduc-
Hion by 25 %107 TU /cornea of LV-5V40-eYFP, as mea-
sured by the percentage of corneal endothelial cells
expressing eYFF, without measurable change in the
dansity of corneal endothelial cells (Figure Za). In
contrast, ovine corneas showed a relative delay in eYFP
expression after transduction, but achieved maximal
expression by 14 days with no reduction in endothelial
cell densify (Figure 2b). In human corneas, eYFP
expression peaked within 1-4 days of transduction, and
persisted for 14 days in organ culture (Figure 3a).
Endothelial cell density did not appear to vary signifi-
cantly with time following transduction (Figure 3b):
differences among corneas probably reflected factors
such as donor age and time in Eye Bank storage, rather
than vector-associated toxicity.

Effect of altering MOl on fransgene expression

To investigate whether a lower MOl would be effective
in human corneas, transduction with 6.3 x 10¢ TU LV-
5V40-eYFP, equivalent to an MOI of 30, was examined
(Figures 3a and b). TransducHon at an MOI of 30

Lentivirus-mediated gene transfer to the comea
DGA Parker et af

Figure 1 Transduchon of corneas with 2.5 x 10F TU LV-5V40-eYFP
per cornea. (a} Rat cormeal epithelium transduced with LV-SVaD)-
eYFP (MOT 400} and examined after 6 days of # witro organ culture.
(h} Rat corneal endothelium transduced with LV-SVAD-eYFP (MOT
400} and examined en-face after 6 days of in witra organ culture.
{c} Sheep corneal endothelium transduced with LV-5Va0-eYFP
(MOT 20} and examined en-face after 14 days of in vitro organ
culture. {d} Human corneal endothelium transduced with LV-5Va)-
eYFP (MO 120} and examined en-face after 14 days of i1 vitro organ
culture. Original magnification =20

Table 1 Maximmum percentage of corneal endothelial cells expres-
sing eYFP reporter protein after transduction with 2.5 x 107 TU/
cornea LV-5V40-eYFP followed by in vitro organ-culture

Species No. ay Percentage eYFP-positive
corneas post-transduction coviieal endothelial cells,
mean+s.4>
Rat 3 8 87.8+18.0%
Sheep 4 14 83.9£55%
Human 2 14 83.0 (77-89)%"

Abbreviations: eYFF, enhanced yellow fluorescent proteim; LV,
lentiviral vector ; TU, fransducing units.

*meanzts.d. derived from examination of five microscope fields
from each cornea.

"mean and range.

produced proportionally lower reporter gene expression
compared to transduction at an MOI of 120, but, like the
higher dose, maximal expression was achieved after 1
day with no apparent effect on corneal endothelial cell
density.

To investigate whether a higher MOI would result
in more rapid expression of reporfer protein in ovine
corneal endothelial cells, transduction with LV-8V40-
eYFP at MOls ranging from 75 to 300 was investigated.
Expression of eYFP was still relatively delayed, com-
pared with the rate observed in rat and human corneas.
At a vector dose of 4x 10°TU/cornea (MOI 300),
expression of eYFP was achieved in 80% of ovine corneal
endothelial cells within 4 days (Figure 4a). However,
MOIs of 75 or higher were associated with a reduction in

comeal endothelial cell density (Figure 4b).

Gene Therapy
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Figure 2 Kinetics of eYFP expression in rat and ovine corneal
endothelium following corneal transduction with 2.5 %107 TU of
LV-5V40-eYFP and subsequent in vitro organ culture. (a) Rat corneal
endothelium, MOT 400. (b) Ovine corneal endothelium, MOI 20.
Hatched columns display the corneal endothelial nuclei density
{mean +s.d.) after various periods of organ culture. Points represent
the percentage corneal endothelial cells (mean+s.d.) expressing
eYFP. At each time point, 3-7 corneas {five fields/cornea) were
examined.

Influence of different internal promoters on reporter
gene expression

Plasmids containing the myeloproliferative sarcoma
virus promoter (MPSV) or the phosphoglycerate kinase
(PCGK) promoter, respectively, were used to produce
LV-MPSV-eYFP and LV-PGK-eYFP. LV-S5V40-eYFF, LV-
MPSV-eYFP and LV-PGK-eYFP were used to transduce
rat corneas in vitro at 5.5 x 10° TU/cornea. A relatively
low MOI of 50 and a relatively early time peint for
examination were selected to maximize potential differ-
ences in expression. Expression of eYFP was observed in
61+4% of rat corneal endothelial cells after 2 days of
in vitre organ culture in corneas transduced with LV-
PCGK-eYFP, compared with 134+2% of cells in corneas
transduced with LV-SV40-eYFP and 16+42% of cells in
corneas transduced with LV-MPSV-eYFP (Figures 5a and
b). Similarly, ovine corneas were transduced with either
LV-PGK-eYFP or LV-SV40-eYFP at an MOI of 20 and
examined after 4 days of in vitro organ culture.
Expression of eYFP was observed in 12+ 9% of ovine
corneal endothelial cells in corneas transduced with LV-
PGK-eYFP, compared with 4+4% of cells in corneas
transduced with LV-SV40-eYFP (Figures 5c and d). No
significant differences in gene expression or in endothe-
lial cell density were apparent among the different

Gene Therapy
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Figure 3 Kinetics of eYFP expression in human corneal endothe-
lium following corneal transduction with two different doses of LV-
SV40-eYFP and subsequent in vitro organ culture. (a) Percentage
corneal endothelial cells {mean+s.d.) expressing eYFP. {(b) Corre-
sponding corneal endothelial nuclei density {mean+s.d.). A total
of seven corneas were examined; each column represents the
mean +s.d. of five fields for a different cornea at each time point,
and an identical hatching pattern is used for each individual cornea.
Corneas were transduced with either 6.3 x10°TU (MOI 30)
{(asterisked) or 2.5 x 107 TU {(MOI 120} of LV-5V40-eYFP. Numbers
above the columns represent the number of days the cornea had
been stored in the Eye Bank, before being made available for
research.

constructs in either species. As neither of the vectors
with alternative promoters resulted in a significantly
higher transduction rate, the original vector with the
5V40 promoter was chosen for in vive studies in animal
models of corneal transplantation.

Stability of reporter gene expression in orthotopic rat
and ovine corneal grafts affer ex vivo transduction of
donor cormeas with a LV

Rat corneal isografts harvested at 14 and 28 days after
ex vivo transduction with 2.5 x 107 TU/donor cornea LV-
SV40-eYFP showed eYFP in 9.943.2 and in 16.7+6.8%,
respectively, of donor corneal endothelial cells. Similar
isografts harvested at 60-77 days after ex vivo transduc-
tion with 2.5x107TU/donor cornea LV-SVA(Q-eYFP
(MOT 400/ endothelial cell) revealed sustained expression
of the reporter gene (Figures 6a and b) in the corneal
endothelium of four of six grafts. Two ovine corneas
transduced ex vive with LV-SV40-eYFP at 5 x 107 TU/
donor cornea were transplanted as allografts and
harvested post mortem after 20 and 28 post-operative
days, respectively, before immunological rejection super-
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Figure 4 Effect of varying the MOI on (a) eYFP expression, and
{b) corneal endothelial cell density, following 24 h transduction of
sheep corneas with LV-5V40-eYFP and i vitro organ culture. Each
column represents the mean+s.d. of five fields examined for a
single cornea.

vened. Expression of eYFP was widespread within the
donor tissue, with approximately 60% of endothelial cells
positive for the reporter protein and cell density
appearing normal (Figures 6c and d). No endothelial
cells in the host peripheral cornea showed reporter
protein expression. All rat corneal isografts and both
ovine allografts were clear and thin at the time the
recipients were killed (Figures 6e and f).

Discussion

We report efficient transduction of rat, ovine and human
corneal endothelia with a VSG-G-pseudotyped HIV-1-
based LV. For all three species, maximal expression of the
transgene in 80-90% of corneal endothelial cells was
achieved after in woitro transduction and subsequent
corneal organ culture. However, unexpected differences
in the rate of in vitro reporter protein expression were
observed among species. Maximal levels of transgene
expression were reached within several days in rat and
human corneas, but were delayed for up to 2 weeks in
ovine corneas. Increasing the lentivirus MOI increased
the rate of eYFP expression in ovine corneas to some
extent, but was associated with unacceptable endothelial
cell loss. The reason for the species difference is
unknown. It is possible that the difference reflects

Lentivirus-mediated gene transfer to the cornea
DGA Parker et af

suboptimal levels of intracellular deoxynucleotides in
ovine corneal endothelial cells, as has been suggested for
transduced quiescent fibroblasts in vitro.'* Our data do
emphasize the likely importance of testing vectors
in vitro in the eventual target species (in this case,
human), ahead of eventual clinical trials.

Reporter protein expression persisted in organ cul-
tured corneas for as long as they could be maintained
in vitro. Further, and perhaps of greater interest, stability
of transgene expression in vive following ex vive
transduction of donor corneas was demonstrated by
detection of the eYFP reporter protein after 2 menths in
orthotopic rat corneal isografts, and 1 menth in ortho-
topic sheep comeal allografts. It was proved to be
possible to achieve reporter gene expression in both rat
and ovine corneal endothelium with short lentiviral
transduction times (3-6 h), and in the absence of any
enhancer such as polybrene.

In ovine corneal grafts, the transgene was expressed in
at least 60% of donor corneal endothelial cells at 1 month
after transplantation, compared with 17% in trans-
planted rat corneas at the same time. Rat corneal
endothelial cells exhibit considerable mitotic potential
but repair by division in vivo is relatively slow, occurring
over weeks.?® In contrast, ovine corneal endothelial cells
are post-mitotic and do not undergo repair by division.®
In the face of cell repair, rat corneal endothelial cells
might be expected to show less overall evidence of
vector-mediated toxicity after transduction with an
integrative vecior. However, if more donor endothelial
cells are lost in a small cornea after transplantation
because of surgical trauma, then overall transgene
expression might conceivably be lower in rat endothe-
lium than in the larger, posi-mitotic ovine corneal
endothelium, at least in the relatively early stages
following corneal transplantation.

The level of transgene expression achieved with a LV
in a given cell type depends in part upon the promoter.
For example, in a comparison of three different promo-
ters controlling the same transgene, expression in blood-
derived vascular endothelial progenitor cells was
reported to be greatest with the cytomegalovirus
promoter, intermediate with the elongation factor-1
(EF1) promoter and lowest with the PGK promoter” In
the mouse retina, the PGK, rhodopsin and EF1 promoters
all gave different patterns of expression of the same
gene* In terms of reporter gene expression in corneal
endothelium, we found no particular advantage in
replacing the SV40 early promoter in our original LV
with either the MPSV or the PGK promoter.

A wide variety of non-viral vectors (predominantly
liposomal agents) and disabled viral vectors (predomi-
nantly replication-defective adenovirus, AAV, herpes-
virus and retroviruses including lentivirus) have hitherto
been used for gene transfer to the cornea®#2*2% Non-
viral vectors, although safe, are generally very inefficient
and do not produce long-term gene expression in ocular
tissues.”*** Adenovirus, the first vector to be system-
atically explored for gene transfer to the cornea,>” is an
efficient vector suitable for both mitotic and post-mitotic
cells, but its inherent immunogenicity can limit the
duration of transgene expression.” Furthermore,
because the vector is non-integrative and remains
episomal, long-term expression of the transgene is not
achieved. There are also concerns over its safety for
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Figure 5 Expression of eYFP driven by different internal promoters after lentiviral transduction of corneas and subsequent /7 vitro organ
culture. {(a, b) Rat corneas transduced with 5.5 x 10° TU/cornea (MCI 50) and examined after 2 days of in vitro organ culture; (¢, d) sheep
corneas transduced with 2.5 x 107 TU/cornea (MOI 20) and examined after 4 days of i1 vitro organ culture. Each column represents the
mean +s.d. of three corneas examined (five fields /cornea), with the exception of MPSV (a, b), for which the mean and range of two corneas

{five fields/cornea) is shown.

clinical use®?* AAV vectors are less immunogenic and
produce persistent expression in target tissues, although
the degree to which this is a result of integration is not
clear. AAV vectors can also be difficult to grow to high
titre and have a limited capacity for foreign DNA 2520
Retroviral vectors are integrative but do not transduce
non-cycling cells efficiently, and so are not suitable for
gene therapy of corneal endothelium, which is post-
mitotic.

LV transduce both dividing and non-dividing cells
and can produce stable expression of a transgene in both
stem cells and in terminally differentiated target
tissues.®" LV encoding reporter genes have been shown
to transduce human corneal endothelial cells, keratocytes
and epithelial cells for prolonged periods in vitro® and
in vivo,* and injection of a LV into the anterior chamber
of neonatal mice resulted in efficient and stable infection
of the endothelium in vive>* Corneal epithelial cells®>
and epithelial progenitor cells®® can also be transduced
with LV. Thus, LV show particular promise for the future
because of their wide tropism for cells of the anterior
segment, including corneal endothelial cells and corneal
epithelial progenitor cells, their inherent relative lack of
immunogenicity, their failure to induce an immune
response after intraocular delivery,®® and their ability to
induce long-term gene expression in ocular cells. Inser-
tional mutagenesis remains a concern,® but there is
growing evidence that LV are less oncogenic than murine
leukaemia virus-based vectors in vivo.*® In this respect,
the safety profile of lentiviral gene therapy of post-
mitotic cells such as the human corneal endothelium

Gene Therapy

might be further improved by the use of a stable
integration-deficient vector, such as that recently shown
to promote long-term gene expression in ocular tissues.>?

Our vector is a recombinant HIV-1-based lentivirus*”'#
that has been pseudotyped with VSV-G, is non-replica-
tive and self-inactivating and can produce gene expres-
sion for at least 3 months in the murine nasal mucosa.*”
The vector does not contain the post-transcriptional
woodchuck hepatitis virus regulatory sequence that
improves transgene expression,* but that has been
associated with liver tumours in mice,*#** and which
has recently generated some safety concerns.* In all
three species examined herein, the vector produced
stable transgene expression in over 80-90% of corneal
endethelial cells in vitro. Cationic polymers or detergents
were not required to achieve LV transduction of corneal
endethelium. The transduction efficiency of our vector
compares favourably with that reported by others'®* for
LV, especially for human corneas. For example, Beutel-
spacher et al'® observed iransgene expression in
approximately 10% of endothelial cells in human corneas
transduced with a HIV-1-based vector, and in approxi-
mately 25% of corneal endothelial cells transduced with
an equine infectious anaemia virus-based vector. Wang
et al® did not quantify transduction rates in human
corneas transduced with an HIV-1-based vector, but
achieved good levels of expression in endothelium, as
assessed by flucrescence microscopy. Of note, our LV
produced sustained expression of donor corneal en-
dothelium in the transplanted ovine cornea in vivo, in a
model system that bears many similarities to that of
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Figure 6 Stability of reporter gene expression after éx wivo
transduction of the cornea with LV-SVAD-eYFF and subsequent
orthotopic corneal transplantation. (a, b} Rat corneal isograft
harvested 60 days after tansplantation; (¢, d} sheep corneal
allograft harvested 20 days after ransplantation. {a} and (¢} Show
staining with Hoechst 33258 dye; (b} and {d} show eYFP expression

in identical fields of the same corneas. Original magnification x 20.
(e} Long-surviving lentivirus-transcduced rat corneal isograft at 62
days postoperatively; (f} lentivirus-transduced ovine corneal
allograft at 20 days post-operatively.

orthotopic corneal transplantation in humans. The
performance of the vector prompts its exploration as a
means of achieving sustained expression of therapeutic
transgenes in human corneal transplantation.

Materials and methods

Production, purification and fitre defermination of
lentiviral vectors

Human embryonic Kdney 293T cells (SD3515, American
Type Culture Collection, Rockville, MO, USA) were co-
transfected with five different plasmids comprising
pHIV-15DmSV-eYFP-ALTR (shuttle plasmid), pHCMYV-
G (VSV-G), pcDNA3tatl0lml (HIV-1 Tab), pHCMV
whvrevml (HIV-1 Rev), and pHCMVwhvgagpolml
(HIV-1 GagPol) to produce LV-5V40-eYFF*" Plasmids
were prepared using commerdally available kits (Endo-
free Maxi kit; Qiagen, Valencia, CA, USA) to minimize
bacterial endotoxin contamination. In the original con-
struct, the eYFP reporter gene was controlled by the SV40
promoter. Analogous plasmids pHIV-1SDmMPSV-eYFP-
ALTR and pHIV-1SDmPGK-eYFP-ALTR containing the
MPSV or the PGK promoter, respectively, were used
to produce [V-MPSV-eYFP and L[V-PCGK-eYFP. Viral
vectors were concenirated as described previously.*

Concentrated LV (LV-SV40-eYFP, LV-MPSV-eYFP or

Lentivirus-mediated gene transfer to the cornea
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LV-PCK-eYFI?) was filtered thmugh a 0.8 pm filter,
further concentrated by ultracentrifugation at 50000 g
for 90 min at 4°C, resuspended in ophthalmic balanced
salt solution (Cytosol Ophthalmics, Lenoir, NC, USA),
aliquotted and stored at 80°C. All vector stocks were
tested for replicaion-competent lentivirus by assaying
expression of HIV-1 p24 (HIV-1 p24 ELISA kif, Perki-
nElmer Inc, Boston, MA, USA) in transduced cells over
3 weeks and found to be negative. Titres of vectors
carrying the eYFP reporter gene were determined by
flow cytometric analysis of transduced human lung
carcinoma A549 cells (CCL-185, American Type Culture
Collection, Rockville, MO, USA) as described pre-
viously.*® Titres of = 10° A549 cell TU /ml were routinely

obtained.

Lentivirus-mediafed fransduction of the cormea

Inbred Fischer 344 (F344) rats were bred within the
institution. Outbred Merino cross-breed sheep were
obtained from local farmers, and enucleated ovine eyes
were obtained within 3h of donor death from a local
abattoir (Normanville Meatworks, Normanville, SA,
Australia). Experimentation in rats and sheep was
performed with approval from the institutional Animal
Welfare Committee, Human corneas considered un-
suitable for clinical transplantation were obtained from
the Eye Bank of South Australia (Adelaide, SA, Australia)
with permission from the next-of-kin and with approval
from the institudonal Comunittee on Clinical Investiga-
tons. Human corneas had been stored for variable
periods at 4°C in Optisol S corneal storage medium
(Bausch and Lomb, Rochester, NY, USA) before being
made available for research.

Rat corneas: Eyes removed from rats killed by an
overdose of inhalation anaesthetic were decontaminated
in 10% (w/v} povidone-iodine (Faulding Pharmaceuti-
cals, Salisbury, SA, Australia) for 2 min, and rinsed twice
in ophthalmie balanced salt solution. Corneas dissected
with a 1-2 mm sderal rim were placed in 4-(2-hydro-
xyethyl)-1-piperazineethanesulphonic acid (HEPES)-buf-
fered RPMI 1640 medium (ICN, Costa Mesa, CA, USA)
supplemented with 100 [U/ml penidllin, 100 ug/ml
streptomycin sulphate, 2 mu L-glutamine and 2% (v/v}
heat-inactivated (56°C, 30 min} fetal calf serum (FCS)
@ll from Invitrogen, Rockville, MD, USA), hereafter
described as HEPES-RPMI-2% FCS, in a sterile 96-well
round-bottomed plate (Nalge Nunc International,
Rochester, NY, USA). Corneas were fransduced with
LV-5V40-eYFP (5.5 x 10°-2.5 x 10" TU /cornea), LV-MPSV-
eYFP? (5.Ax10° TU/comea}) or LV-PCK-eYFP (BAHx
10° TU/comea) diluted in 100 gzl HEPES-RPMI-2% FCS
for 3-6 h at 37°C, rinsed twice in medium, and were then
either organ cultured é# viftro in 2 ml HEPES-RPMI-10%
FCS at 37°C in air, or used within 1 h for transplantation.

Ouvine corneas: Sheep eyes were decontaminated for
3 min in 10% (w/v) povidone-iodine and washed twice in
sterile 0.9% (w/v) Na(l. Corneas were removed with a
2mam seleral im, suspended in 2 ml HEPES-RPMI-10%
FC5 and transduced by application of [V-5V40-eYFP
(2.5% 10740 x 10* TU /comea) or LV-PGK-eYFP (2.5 x%
107 TU/comea) to the corneal endothelium in 300 pl
HEPES-RPMI-2% FCS, for 24 h at 37°C. Then a further
§ml of the same medium was added and corneas were
organ cultured. For transplantation studies, the transduc-
ton time of the donor cornea was reduced to 4 h.
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Human corneas: Corneas were transduced with
25 x 107 TU/cornea LV-SV40-eYFP at 37°C for 24 h in a
total volume of 200 yl HEPES-RPMI-2% FCS. They were
then organ cultured in 10 ml HEPES-RPMI-10% FCS
at 37°C.

Orthotopic corneal transplantation

Corneal (3 mm in diameter) isografts from F344 donor
rats were transplanted as isografts to the eyes of F344
recipients, as described previously.** For sheep, 12-mm-
diameter corneal allografts were transplanted to 11-mm-
diameter graft beds of adult, outbred recipienis, as
described  previously*” Topical immunosuppression
was not administered to either rat or ovine corneal
grafts. Rat isografts were examined three times weekly
for at least 60 days at the operating microscope for clarity
and oedema;*® sheep allografts were examined daily at
the hand-held slit-lamp until rejection was considered
imminent.*

Quantification of eYFP reporter gene expression

Corneas were fixed in buffered formalin and counter-
stained with 10 mg/ml Hoechst 33258 dye (Sigma
Chemical Co. St Louis, MO, USA) for 30 min. Rat corneas
were flat-mounted and examined under a fluorescence
microscope (Olympus BX50) equipped with a digital
camera (Photometrics CoolSNAP high resolution cooled
CCD, 1.0 x tube). Different layers of the flat-mounts were
observed by traversing through different planes within
the same optical field. Corneal epithelial cells, stromal
cells and endothelial cells were clearly distinguishable by
nuclear morphology and size.*® For the thicker ovine and
human corneas, the endothelium and Descemet’s mem-
brane were siripped from the underlying stroma with
a scalpel blade before flatbmounting. The number of
Hoechst 33258-positive nuclei and the number of eYFP-
positive cells were counted in five microscope fields
(each 0.15mm®) from each cornea and expressed as a
mean+s.d. Transduction efficiency was defined as the
percentage of corneal endothelial cells expressing e YFP.*®
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