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Abstract

Background: Drug discovery has undergone major transformations in the last century, progressing from the
recognition and refinement of natural products with therapeutic benefit, to the systematic screening of molecular
libraries on whole organisms or cell lines and more recently to a more target-based approach driven by greater
knowledge of the physiological and pathological pathways involved. Despite this evolution increasing challenges
within the drug discovery industry are causing escalating rates of failure of development pipelines.

Discussion: We review the challenges facing the drug discovery industry, and discuss what attempts are being
made to increase the productivity of drug development, including a refocusing on the study of the basic biology of
the disease, and an embracing of the concept of ‘translational research’. We consider what ophthalmic drug
discovery can learn from the sector in general and discuss strategies to overcome the present limitations. This
includes advances in the understanding of the pathogenesis of disease; improvements in animal models of human
disease; improvements in ophthalmic drug delivery and attempts at patient stratification within clinical trials.

Summary: As we look to the future, we argue that investment in ophthalmic drug development must continue to
cover the whole translational spectrum (from ‘bench to bedside and back again’) with recognition that both
biological discovery and clinical understanding will drive drug discovery, providing safe and effective therapies for

ocular disease.
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Background

The identification of effective and safe therapies that
ameliorate disease is central to the practice and progress
of medicine. Drug discovery has undergone major trans-
formations in the last century, progressing from the
recognition and refinement of natural products with
therapeutic benefit (such as the use of cardiac glycosides
extracted from plants of the genus Digitalis), to the
systematic screening of molecular libraries on whole
organisms or cell lines and more recently to a more
target-based approach driven by greater knowledge of
the physiological and pathological pathways involved.
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Major success stories such as anti-vascular endothelial
growth factor (VEGF) therapies must be seen in the con-
text of the very great challenges currently facing those
involved in drug discovery and development, both in
ophthalmology and in the sector as a whole. Hay et al.
noted that looking at the 2003—-2011 data across all spe-
cialities the number of new drugs approved by the US
Food and Drug Administration (FDA) has actually fallen
despite a 62 % increase in the number of compounds in
development, and a doubling of R&D expenditure over
the last decade [1-3]. The authors noted that in this
period an average of 26 new drugs (either new molecular
entities, NME, or biological products licensed through a
Biological Licence Application (BLA)) were approved
per year, a 25 % decline on the average rates of approval
in the 1990s [4].

In this review we consider the changing landscape of
drug discovery. We will start by looking back at the
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history of the anti-VEGF drug discovery programme,
and then consider the challenges facing both the drug
discovery industry as a whole and more specifically the
ophthalmic drug discovery sector. Finally, we will look
to the future of drug discovery in light of these chal-
lenges and consider what ophthalmic drug discovery can
learn from the sector in general and discuss strategies to
overcome the present limitations. As we look to the
future, we argue that investment in ophthalmic drug
development must continue to cover the whole transla-
tional spectrum (from ‘bench to bedside and back again’)
with recognition that both biological discovery and clin-
ical understanding will drive drug discovery, providing
safe and effective therapies for ocular disease.

Discussion

Past success: VEGF from basic science to the bedside

It is over 70 years since the importance of the develop-
ment of neovascular supply to tumour growth was first
demonstrated [5]. Forty years later, following the cloning
of VEGF as an angiogenic enhancing factor, research
using pharmacological and genetic tools resulted in the
clinical development of bevacizumab, a VEGF specific
antibody, which has today been approved for therapy of
multiple tumour types [6—10].

The first indicators that this might be relevant to the
field of ophthalmology were present as early as the
1940s when it was proposed that a diffusible factor
responsible for the development of the normal retinal
vasculature and for pathological neovascularization in
proliferative diabetic retinopathy [11]. By the 1990s
VEGF had been identified as a potential mediator of in-
traocular neovascularization and could be found in chor-
oidal neovascular membranes from individuals with wet
age related macular degeneration (AMD) [12, 13]. Proof-
of-concept studies showed that VEGF blockade resulted
in inhibition of intraocular neovascularization in a var-
iety of animal models [14—16]. In 2004 the results of the
first phase III clinical trial using an anti-VEGF to treat
neovascular AMD was published, demonstrating that
intravitreal administration of the aptamer pegaptanib
sodium (later launched as Macugen), reduced visual
loss [17].

Concurrently ranibizumab, a Fab fragment of the
humanised anti-VEGF bevacizumab, was being devel-
oped [8]. Ranibizumab had the theoretical advantage
over pegaptanib sodium that it bound more active iso-
forms of VEGEF, and the advantage over bevacizumab
that it was smaller and theoretically might have better
penetration through the retina [18]. Prior to the first hu-
man studies it was tested in a primate model of laser-
induced choroidal neovascularisation (CNV), showing
resolution of CNV on fluorescein angiography [19]. The
first phase I study identified the maximum tolerated
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intravitreal dose (of 500 micrograms), with higher doses
resulting in significant intraocular inflammation. Arising
from this a phase I/II study proceeded to test safety and
efficacy of monthly injections of either 300 or 500 mi-
crograms intravitreal ranibizumab. This was a larger
study of 64 patients, with an open label randomised
design vs usual care [20]. Based on these positive results,
the phase III study, MARINA, was undertaken which
was a multicentre, two-year, double-blind, sham-
controlled study of monthly intravitreal ranibizumab
(either 300 micrograms or 500 micrograms or sham in-
jections). This study of 716 patients reached its primary
endpoint, notably that the percentage of patients losing
fewer than 15 letters visual acuity at 12 months was
94.5 % and 94.6 % for ranibizumab (0.3 mg and 0.5 mg
dose respectively) vs 62.2 % for sham injections (P < 0.001
for both) [21].

It is hard to over-estimate the impact of these studies
in the field of Medical Retina. Before anti-VEGF therapy,
the main therapeutic options for patients with wet AMD
were laser photocoagulation, surgical resection of CNV,
or, in the latter years, photodynamic therapy, all of
which had limited efficacy, could be used only in se-
lected cases and were sometimes associated with signifi-
cant ocular morbidity [22]. The advent of anti-VEGF
drugs has revolutionised not only wet AMD but the
treatment of a range of retinovascular diseases, with pro-
found benefit to patients with these conditions [23].

Understanding why the drug development programme
targeting VEGF was so successful compared to many
notable failures in the industry is difficult. The drugs
were the product of decades of research and were thus
underpinned with extensive knowledge of the basic
pathophysiology of the disease area. The programme
also built on advances in the design of biological based
therapies to develop variants like ranibizumab for the
treatment of wet AMD. One can speculate about which
of these unique features led to success, however the fact
remains that despite this success the drug discovery
industry is today facing unprecedented challenges.
This review will now look at these challenges in more
detail and also consider those specific to ocular drug
discovery.

Present challenges

Challenges facing the drug discovery industry generally

A Forbes analysis in 2013 estimated that the larger
pharmaceutical companies were now spending around
$5 billion per drug approved [24]. A recent review look-
ing at drug approval rates from 2003 to 2011 which in-
cluded 835 drug developers (including big pharma, small
biotechs, and specialty companies) found that only 15 %
of drugs made it from phase I to approval based on their
lead indication; when looking at ‘all indications’ the
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success rate was only 10 %. Failure of drug candidates
occurred all the way along the pipeline with rates of
around 35 % at phase I, 68 % at phase II and 30-40 % at
phase III [1]. At this level of innovation the industry has
failed to develop adequate numbers of new drugs to re-
place existing treatments that are at the end of their pa-
tent life [25, 26]. Within the industry there is significant
debate about the causes and consequences of this
innovation drought [27].

Many industry reports have identified drug efficacy as
a major factor in the increase in drug failure rates [28].
Since efficacy is a fundamental component of the early
drug discovery process it would suggest that a key part
of the productivity crisis is how the pre-clinical drug dis-
covery process is performed and how specific drugs are
selected to continue into clinical development. In par-
ticular target selection has been highlighted as one of
the most important determinants of attrition and overall
R&D productivity [25, 29].

Target-based screening and phenotypic screening
are the two most commonly used preclinical strat-
egies to identify potential new drug candidates [29].
Phenotypic screening simply looks at the effect that a
particular compound has on the cell, tissue or whole
organism and so does not require a detailed under-
standing of the target or mechanism of action. In
contrast, target-based screening seeks to identify a
biologically relevant target first, and then develops
drugs that achieve a desired modification of that
target. Historically drug development has been dependent
on phenotypic screening, but since the 1990s the
target-based approach has become increasingly com-
mon to the point that it rapidly became the ‘preferred’
method of drug discovery. Both techniques have their
strengths, and interestingly, data for FDA approvals
for NME and biological products from 1999 to 2008
suggest that target-based approach is less likely to re-
sult in regulatory approval of a drug compared to pro-
jects based on a phenotypic approach [29, 30]. It is
likely however that it is not that the target-based tech-
nique is flawed, but rather that identifying the target is
only one part of the process of using a directed ap-
proach to developing a successful drug. It may be ar-
gued that we need even greater depth of biological
understanding and appreciation of the molecular
mechanism of action of the proposed drug (in contrast
to the relatively ‘blind’ approach of phenotypic screen-
ing) to fully realise the benefits of the target-based ap-
proach. The need for a better understanding of the
pathophysiology, clinical presentation and course of
disease is widely acknowledged [28]. In addition, a
good knowledge of the limitations of current therapies
is crucial to understand the requirements of possible
future treatments.
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Opportunities and challenges in ocular drug discovery
Despite highlights like the anti-VEGF story, there has
been a chronic lack of innovation in ocular drug devel-
opment despite an expanding market potential [31]. This
may, in part, be down to the unique features of the eye
which can both enhance and impede ocular drug discov-
ery and drug delivery. A major advantage of ocular dis-
ease is that in contrast to other parts of the central
nervous system, drug delivery can be more targeted
using either drops applied to the surface of the eye or in-
jections made directly into the eye [32]. These routes of
drug delivery minimise systemic toxic effects and there-
fore enhance therapeutic indices. However, some ana-
tomical and physiological features of the eye represent
challenges to drug discovery. In particular ocular bar-
riers including tear dilution, blood flow, lymphatic clear-
ance and blood-ocular barriers impede drug transport
and lower the efficacy of many drugs [33, 34]. Consider-
ation also needs to be given to ‘real world’ factors such
as patient adherence and, for self-administered therapies
such as eye drops, patient technique [35-37].

Outcome measures are a key area for ophthalmic stud-
ies, and have a number of distinct features in ocular dis-
ease. On the plus side, a number of key outcome
measures are non-invasive (such as visual acuity, intra-
ocular pressure, anterior chamber cell count) enabling
good patient acceptability to frequent monitoring and
early detection of responses for some conditions. The
problem is that most outcome measures in ophthal-
mology are subjective whether reported by the patient
(e.g. visual symptoms) or the clinician (e.g. anterior
chamber cells), many are imprecise and many are not
quantitative (or are only semi-quantitative). Indeed
most measures of inflammation (such as the National
Eye Institute (NEI) vitreous haze score favoured for
most studies of posterior segment-involving uveitis)
have the dubious honour of being subjective, semi-
quantitative, imprecise measurements with only mod-
erate inter-observer agreement [38, 39].

Another feature of ophthalmic disease is how the
prevalence of many of its major causes of disability (such
as AMD or glaucoma) increases with age. In the context
of our ageing populations, this is variously viewed as a
‘timebomb’ or an ‘opportunity’; it certainly is an import-
ant motivation for further innovation within ophthalmic
drug discovery [40]. One metric for analysing progress
in ocular drug discovery is to look at the growth trends
in the global ophthalmic therapeutic market. Data sug-
gests that this market is growing at two and a half times
the rate of the overall pharmaceutical industry [41]. Pre-
dictions suggest it will have continued to grow and
reached $20.6 billion by the end of 2014. Therefore, many
commercial opportunities for ophthalmic drugs exist, with
high revenues possible within the next decade.
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It is interesting to note that, despite glaucoma being a
dominant force in the ophthalmic market, at the time of
writing no new classes of glaucoma drug have been suc-
cessfully launched since Xalatan (latanoprost) in 1996
[42]. This lack of innovation has caused the glaucoma
market to be subject to increasingly major revenue de-
pletion due to recent and forthcoming patent expiries.
Expiry with a failure to launch new proprietary drugs
means that generics are predicted to make a significant
impact on valuations of the glaucoma therapeutics mar-
ket over the near term. This is well illustrated by Pfizer’s
estimate that in the UK National Health Service spend-
ing on Xalatan fell by £16 m (from £52 m to £36 m) a
year from 2012 following patent expiry. Interestingly
Lumigan (bimatoprost) had been expected to come off
patent in 2014, however Allergan has introduced a novel
formulation with a 0.01 % concentration for which it has
been successful in obtaining a US patent extending to
2025 (Patent US8933127 B2). Until recently major
growth areas in the glaucoma market were around ‘fine-
tuning’ existing products, notably an emphasis on
preservative-free preparations and combination therapies
rather than the development of new classes of drugs.

Despite the unique challenges posed in ocular drug
discovery and the historical lack of innovation things ap-
pear to be changing. By analysing a number of the drugs
currently undergoing late stage clinical trials in glau-
coma we see products from both established pharma-
ceutical companies and specialist biotechnology firms
(Table 1), many of which are entering the ophthalmology
market for the first time, tempted by lower barriers to

Table 1 A selected list of glaucoma drugs in late-stage clinical trails
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entry and large market sizes [31]. Over the past decade
there have been considerable advances in the under-
standing of the pathogenesis of ocular diseases, includ-
ing glaucoma, and an improved knowledge of the ability
of the eye to respond to physical and pharma-
cologic intervention. These advances are seen in the
clinical pipeline for glaucoma with the development of
novel groups of drugs such as nitric oxide-donating
prostaglandin F2-alpha analogues such as Vesneo
(latanoprostene bunod) and Rho kinase (ROCK) inhibi-
tors such as AR-12286, and combination molecules
based on this compound such as Rhopressa (Aerie
Pharmaceuticals) which is now in Phase III trials [42,
43]. A number of these drugs are also the products of
new treatment modalities (such as RNA interference
technologies [44]) and innovations in improving delivery
(such as punctal plug technologies [45]). These new
treatments aim to improve outcomes for patients whilst
reducing the side-effects that limit current treatments.

Although these new drugs have huge potential, even
those at a late stage of clinical development face strin-
gent regulatory hurdles and subsequently a high rate of
failure. Overall, however, the future holds enormous
opportunity for innovative ophthalmic drug discovery
and development.

The future in ocular drug discovery

As highlighted earlier, it is suggested that a key cause of
the productivity crisis affecting the drug discovery indus-
try is at the level of early-stage drug discovery, particu-
larly around target selection. Improved understanding of

Drug name Company Mechanism of action Clinical phase Clinical trial identifier ~ Ref
Vesneo Bausch & Lomb and Nicox  Nitric-oxide-donating prostaglandin ~ Phase Il NCT01749930 [43]
F2a analogue NCT01895972
NCT01749904
Trabodenoson Inotek Pharmaceuticals Adenosine receptor agonist Entering Phase Il in ~ NCT02565173 [103]
end 2015
Rhopressa Aerie Pharmaceuticals Inhibits Rho Kinase (ROCK), and the  Phase Il NCT02246764 [104]
norepinephrine transporter (NET) NCT02207621
NCT02207491
NCT02558374
Rocla tan Aerie Pharmaceuticals Combination of Rhopressa and Phase Il NCT02558400 [105]
latanoprost
Bamosiran Sylentis Small interference RNA (siRNA) Phase |l NCT02250612 [44]
inhibitor of beta 2 adrenergic
receptor
Latanoprost punctal plug ~ Mati Therapeutics Inc Sustained delivery of latanoprost Phase Il NCT02014142 [45]
delivery system (L-PPDS) via a punctal plug NCT01481051
NCT01481077
NCT00820300
NCT00845299

NCT01229982
NCT00821002
NCT00967811
NCT 01037036




Gower et al. BMC Ophthalmology (2016) 16:11

pathogenesis, better disease modelling, more effective
drug delivery techniques and appropriate patient stratifi-
cation for clinical trials are all proposed to reverse the
dwindling success rates of the last few years.

Understanding the pathophysiology of a disease

Just as the understanding of VEGF unlocked an effective
therapy for wet AMD, so the better understanding of the
pathophysiology of various ocular inflammatory diseases
is now opening them up to more targeted therapies,
which have the potential to be effective and safer than
current, usually corticosteroid-based, regimens.

Uveitis describes a heterogeneous group of disorders
characterised by intraocular inflammation. There are
currently no non-corticosteroid treatments licensed by
the FDA for the treatment of uveitis, despite a recogni-
tion that this is an area of high unmet need. Although
uveitis specialists use a number of standard immuno-
suppressants off-label (e.g. methotrexate, mycopheno-
late, etc.), animal models of uveitis and in vitro
human data are enabling the identification of specific
pathways that may be targeted in uveitis, including
the role of interleukin-17 (IL-17) secreting T- helper
cells (Th17), and the pro-inflammatory cytokines IL-6
and IL-1p.

Over the last decade IL-17A has become recognised as
a key mediator in a range of immune-mediated condi-
tions including inflammatory bowel disease, rheumatoid
arthritis and multiple sclerosis. Studies in patients with
active uveitis identified higher levels of the cytokine in
the peripheral blood compared to healthy controls or pa-
tients with inactive disease. In 2007 Amadi-Obi et al.
showed that IL17A was elevated in an animal model of
experimental autoimmune uveoretinitis and was found
to upregulate IL-12 production in retinal cells [46]. They
also noted that IL-17A inhibition reduced disease ac-
tivity in the animal uveitis model. The development
of secukinumab (AIN457, Novartis Pharmaceuticals
Corporation), a selective high-affinity fully human
monoclonal antibody for IL-17A, showed promise in
a proof-of-concept trial, encouraging a rapid translation to
phase III studies. Disappointingly these phase III studies
failed to demonstrate the beneficial effect seen in the
earlier studies, possibly because they used a subcuta-
neous form with lower bioavailability than the original
intravenous preparation [47]. In light of this observa-
tion the sponsor (Novartis Pharmaceuticals) is now
undertaking further assessment of the intravenous
preparation. A recent dose-ranging phase II trial of
intravenous (IV) vs subcutaneous (SC) secukinumab
has shown responses of 62 % and 73 % for the IV
dose (fortnightly 10 mg/kg and 30 mg/kg respectively)
compared to 33 % for SC dose (300 mg fortnightly).
The intravenous form of secukinumab was well
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tolerated and thus it would appear that the intraven-
ous form would be a good candidate for phase III
studies [48].

Other key inflammatory cytokines identified to have a
central role in both in vitro and animal studies are IL-6
and IL1p. IL-6 is found at elevated levels in the aqueous
humour of patients with active uveitis, and has been
shown to be upregulated early in the disease process
[49-51]. Tocilizumab (Actemra, Genentech, Inc.) is a
humanized monoclonal IL-6 receptor antibody which in-
hibits downstream signalling [52]. Tocilizumab has an
established role in the treatment of RA, and there is
now emerging data based on case series to support its
use in refractory uveitis [53-56] and uveitic macular
oedema [57-59]. There are two phase I/II clinical trials
of tocilizumab currently underway: one for non-
infectious intermediate, posterior or panuveitis (the
STOP-UVEITIS study; NCT01717170) and one specific-
ally on uveitis associated with JIA (NCT01603355).

Another example of an ophthalmic disease in which
laboratory research of human biofluids and tissues has
identified a candidate target molecule for treatment is
Thyroid Eye Disease (TED). Autoantibodies to insulin-
like growth factor-1 receptor (IGF-1R) are thought to be
involved in the pathogenesis of this inflammatory condi-
tion of the structures of the eye socket, particularly the
extraocular muscles and orbital adipose tissue. Indeed,
previous studies have demonstrated that IGF-1R expres-
sion is higher on orbital fibroblasts, as well as T and B
lymphocytes from TED patients as compared to healthy
controls [60—62]. Furthermore, serum from patients with
TED triggers orbital fibroblasts to produce T cell che-
moattractants and inflammatory mediators, effects abro-
gated by IGF-1R monoclonal antibody [63, 64]. Finally,
microarray analysis identifies IGF-1R signalling gene
overexpression in orbital tissue from patients with TED
[65]. As a result Teprotumumab, a human monoclonal
antibody that targets IGF-1R, and which was originally
designed for the treatment of solid and hematologic tu-
mors, is now undergoing trials in TED [66].

Improvements in modelling human disease

The lack of availability of predictive animal models
limits the ability to study human disease and to select
therapeutics that might succeed or fail during clinical in-
vestigation. By developing preclinical animal models that
more accurately recapitulate human disease many indus-
try insiders believe researchers will be better placed to
reliably test drug efficacy, model therapeutic mecha-
nisms of action, develop prognostic and diagnostic bio-
markers, study off-target activity and model mechanisms
of resistance [67, 68]. This can all be done for relatively
small expense before embarking on expensive clinical
trials [27].
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Animal models may be of value in drug development
for many major ophthalmic conditions, but it is import-
ant to be clear as to what aspects of pathogenesis or
clinical manifestation the model is designed to recapitu-
late, and to recognise the differences that exist between
even the best animal models and the human disease.

For example a pre-clinical animal model in glaucoma
would ideally mimic the human disease by showing ret-
inal ganglion cell and optic nerve damage brought about
by chronic or transient ocular hypertension and would
allow both frequent intra-ocular pressure measurements
and easy visualisation of retinal neuronal damage [69].
Although such models exist, there are important consid-
erations around anatomical differences between the spe-
cies and pathophysiological differences between the
disease processes. Anatomical differences between hu-
man and rodent eyes such as the small size of the rodent
eye and differences in the lens and vitreous cavity are a
significant limitation to the use (and interpretation) of
rat and mouse glaucoma models. Non-human primate
models have a number of pathophysiological advantages
but are expensive and have limited availability [70]. In
terms of disease initiation and ongoing pathogenesis, the
key issue for all such models is the extent to which they
occur ‘naturally’ or require ‘induction’ e.g. with injury by
toxin or trauma [71]. A range of such glaucoma models
exists across different species, but each has their limita-
tions and no ideal animal model currently exits [69].
This potential pathophysiological discordance applies
equally to a number of animal models for other disease
processes, for example inducing CNV by laser disruption
in a mouse to mimic age-related CNV in human
macular degeneration [72]; or inducing uveitis with
injection of lipopolysaccharide into the murine peri-
toneum to mimic acute anterior uveitis [73]. Newer
iterations of these animal models, such as the numer-
ous mouse models of CNV generation associated with
a range of complement, chemokine or chemokine re-
ceptor abnormalities may more accurately mimic the
human disease [72].

A further challenge is that some ocular diseases, such
as TED have been strikingly resistant to modelling in an-
imals. For a long time there was no robust animal model
for TED, with none of the models being felt to exhibit
the full spectrum of Grave’s disease or demonstrate a
primary role for the Thyroid Stimulating Hormone
Receptor (TSH-R) as an orbital target antigen [74]. A
number of TSH-R induced murine models were
attempted with either transfer of TSH-R-primed T cells
to naive syngeneic recipients, the use of a TSH-R fusion
protein or genetic immunisation with a plasmid encod-
ing the TSH-R to generate TSH-R-primed T cells [75].
Thyroiditis had been transferred to NOD (non obese
diabetic) and BALB/c mice, but this was associated with
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only low titres of TSH-R antibodies (which were pre-
dominantly inhibitory rather than stimulatory) and no
evidence of orbital disease in a significant proportion of
the mice [76]. However, examination of the orbits in 17
of 25 of animals showed lymphocytic and mast cell infil-
tration, accumulation of adipose tissue, dissociation of
muscle fibres and evidence of TSH-R immunoreactivity,
whereas control mice showed no such eye pathology
[76-79]. This was a predominantly Th2-mediated thy-
roiditis, with the extent of the orbit changes correlating
with the extent of the Th2 response in the thyroid im-
mune infiltrate. It has been observed, however, that
different methods of TSH-R vaccination may lead to
Thl responses in which IFN-y, rather than autoanti-
body, lead the immune response [75, 76]. More re-
cently, Moshkelgosha et al. (2013) found that all 22
female BALB/c mice immunised with human TSH-R
A-subunit plasmids by in vivo muscle electroporation
gained clinical and histopathological features of TED,
with evidence of asymmetric but bilateral enlarged
extraocular muscles, proptosis and indications of or-
bital congestion, clinically and on in vivo MRI, as
compared with those injected with control plasmids
[80]. In addition, histopathology of orbital tissue dem-
onstrated infiltration of CD3+ T lymphocytes, macro-
phages and mast cells, as well as glycosaminoglycan
deposition, although no B lymphocytes. The histo-
logical findings were heterogeneous, with some mice
manifesting predominantly extraocular abnormalities,
with interstitial inflammatory infiltrate or otherwise
adipogenesis with expansion of retro-ocular adipose
tissue. Furthermore, all animals had high levels of
TSH-R antibodies, predominantly with stimulatory
function, which persisted up to 15 weeks after plasmid
immunisation.

It is valuable to look outside of ophthalmology to see
how animal models are advancing in other specialities.
In oncology, xenograft based pre-clinical mouse models
have predominated [67, 81]. It is well established that
these models, whilst being cheap and easy to use, do not
truly model human malignancies. Many drug candidates
have shown strong anti-cancer activity in xenograft
models but have very often gone on to fail in the later
stages of clinical development [81]. In order to address
these limitations, the focus has moved towards generat-
ing genetically engineered mouse models (GEMM)
which mimic the spontaneous nature of tumours and
closely recapitulate the human disease. These models
have provided data about the mechanisms of tumour initi-
ation, progression, maintenance and resistance mecha-
nisms [82]. In order to validate particullar GEMMs
researchers have tried to retrospectively replicate clinical
trial results in these models. This approach has been suc-
cessful in two leading GEMMs: a Kras-driven non-small
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cell lung carcinoma model and a pancreatic ductal adeno-
carcinoma model [67]. This data provides further support
for the use of GEMMs in modelling therapeutic response
and in predicting the outcome of disease. A number of
therapeutic agents that completed their pre-clinical devel-
opment in GEMMs are currently in early stage clinical tri-
als for the treatment of specific cancer types. The hope is
that these advancements in pre-clinical development will
be reflected in improved clinical success rates for these
novel therapeutics.

Drug delivery-based advances

Whilst systemic drug delivery routes utilised in treating
many diseases are often limited by systemic toxicity is-
sues, the eye offers the tantalising opportunity to treat
ocular disease directly in an isolated environment with
potentially no systemic side effects. To realise this ad-
vantage drug delivery systems have to overcome many
ocular barriers that limit drug transport into the eye and
lower the efficacy of many drugs [83]. The goal in ocular
drug delivery is to develop novel, safe, and patient ac-
ceptable drug delivery technique(s) which can overcome
these barriers and deliver active drug at the right dose to
the correct sites.

Ocular drug delivery is generally divided into three
categories: topical agents mainly targeting the anterior
segment of the eye; intraocular/intravitreal agents which
typically target the posterior segment; and systemic
agents which can be used to treat both anterior and pos-
terior segment diseases.

Topical eye drops are the most convenient and patient
acceptable route of drug administration. This simple
delivery system has been used for many centuries and
still dominates the market today. Most conditions affect-
ing the ocular surface and anterior chamber can be
treated with topical formulations, however limitations
include poor penetration across the cornea (<5 %) and
low levels of accumulated drug due to rapid tear wash-
out [32, 33, 84]. A focus of development has been
around creating novel formulations of conventional top-
ical solutions to address these two limitations and to im-
prove patient adherence [33, 85]. Other approaches
include the development of lipophilic pro-drugs of com-
monly used topical ocular therapies like timolol. This
technique improves penetration of the drug and subse-
quently reduces systemic side-effects due to a reduced
dose requirement [86].

Despite the ocular drug market being dominated by
anterior segment disease therapies there has also been
good progress in ocular drug delivery systems targeting
posterior ocular diseases [84, 87]. Since the advent of
anti-VEGF therapies, the intravitreal injection route has
been widely used to deliver therapeutic entities to the
retina, and is now the standard method of local delivery
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to the posterior segment. Despite lowering the risk of
systemic exposure to drug their requirement for re-
peated invasive administration is associated with a sig-
nificant cumulative risk of complications including
retinal detachment, endophthalmitis and increased ocu-
lar pressure [88]. To overcome these limitations and in
order to expand the repertoire of drugs that can be used
to treat posterior segment disease a number of novel
drug-delivery systems have been developed.

Ocular implants These are designed with the aim of
providing sustained release of drug over several months
to years. Many novel patented systems are in develop-
ment [84] and results to date demonstrate an improve-
ment in bioavailability combined with superior patient
safety and fewer side effects due to a reduction in injec-
tion frequency. On Demand Therapeutics have devel-
oped an intravitreal implant that contains sealed
reservoirs of drugs which can be released in a non-
invasive manner using as a slit-lamp directed laser
[89]. Neurotech have taken an alternative approach
and developed an Encapsulated Cell Technology
(ECT) implant. ECT implants contain genetically
engineered cell lines that continuously deliver thera-
peutic proteins directly into the vitreous for up to
2 years [90]. Phase II trials for implants containing
cells secreting factors that treat pathological angiogenesis
are currently underway in dry AMD (NCT00447954) and
in both early stage retinitis pigmentosa (NCT00447980)
and in late stage retinitis pigmentosa (NCT00447993)
[91]. There are a number of other drug delivery systems
including drug-eluting punctal plugs, drug-eluting contact
lenses and anterior chamber implants [92, 93].

Ocular iontophoresis This is a non-invasive technique
that uses a low electric current to improve the uptake of
ionic drug into tissue, particularly across the cornea and
sclera. Fast and safe delivery of high dose ophthalmic
drug concentrations using transcorneal iontophoresis
has previously been demonstrated for antibacterial,
antiviral, and antifungal drugs, steroids, antimetabo-
lites, RNA and DNA molecules with encouraging re-
sults [32, 87].

With its ease of application, a reduction in systemic
side effects and increased drug penetration iontophoresis
is an attractive area for commercialisation. EyeGate have
developed an advanced ocular iontophoresis device and
have completed a Phase III study of their lead drug can-
didate EPG-437 (dexamethasone phosphate formulated
for iontophoresis) in non-infectious Anterior Uveitis
[94]. EPG-437 produced the same efficacy outcomes
over a four week period compared to the current stand-
ard of care (prednisolone eye drops) while eliminating
the need of applying up to 8 eye drops a day. This was



Gower et al. BMC Ophthalmology (2016) 16:11

achieved with a significantly lower incidence of in-
creased intraocular pressure. This clinical data shows
promising signs of efficacy, may address compliance
issues and may lead to a more predictable clinical re-
sponse in treating severe uveitis [84, 95].

The development of non-invasive delivery techniques
has the potential to revolutionise ocular drug discovery.
However, for this to be realised ocular drug delivery sys-
tems must be considered and optimised throughout the
drug discovery process. Business models involving non-
exclusive partnering of platform drug delivery systems
with companies developing therapeutic agents is a model
that may lead to success.

Clinical trials and patient stratification
In order to improve the current success rate of a novel
therapeutic agent in Phase II trials [96] the drug discov-
ery industry has started to move away from classifying
disease cohorts based on their clinical presentation and
moved towards classifying based on the underlying
pathophysiology of an individual’s disease. This has led
to the concept of personalised medicine in which ther-
apies are targeted to patient sub-populations based on
their specific disease type [97]. The concept is based on
the observation that in some clinical trials only sub-
groups of patients responded to treatment [98, 99]. By
analyzing responders, it is possible to develop stratifica-
tion or predictive biomarkers that can prospectively pre-
dict which patient groups will respond to a given
treatment. The field of oncology has led the way and
with the highly heterogeneous nature of the disease it is
an ideal platform for the development of stratification
biomarkers [97]. Recent successes include the approval
of Zelboraf (Vemurafenib) as a monotherapy alongside a
companion genetic test for BRAF mutations for the
treatment of adult patients with BRAF V600E mutation-
positive unresectable or metastatic melanoma [100].
Vemurafenib was developed as a specific inhibitor of the
mutant V60OE BRAF and showed a 74 % relative reduc-
tion in death or disease progression compared to stand-
ard treatment in Phase III trials [101]. Current research
suggests that stratification by biomarkers used in clinical
trials reduces the size and length of the clinical study.
This results in significant development cost savings and
an increased chance of clinical trial success [102].
Within ophthalmology there are likely to be a number
of conditions that have been grouped together due to
superficial clinical resemblance, but which arise from
different aetiological processes, and so may require dif-
ferent therapeutic strategies. Denniston and Dick have
argued how this applies to the challenging area of ocular
inflammatory disease, where many forms of uveitis are
‘lumped together’ in the same clinical trial, but may arise
from different derangements of the immune system,
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may require different outcome measures and may show
different responses to any one drug [38]. This lumping
together” arises for a number of reasons including poor
understanding of pathogenesis, lack clear diagnostic
markers, and poorly defined disease phenotypes. Add-
itionally, at the pragmatic level, their individually rarity
has pushed investigators to increase the size of trial by
broadening the uveitis types included, for example to ‘all
non-infectious posterior segment-involving uveitis’.
Under such circumstances there is a high risk of fail-
ing to identify a successful treatment due to the low
“signal-noise” ratio [38]. In contrast adopting a similar
biomarker-based patient stratification approach as
used in oncology trials, might enable more successful,
smaller trials with significant cost-savings [102].

Conclusion

Drug discovery is an essential part of ophthalmic care,
achieving ever more effective and safe treatments that
appropriately target the site of disease and are acceptable
to the patient. Whilst some large groups of patients are
now benefiting from major breakthroughs such as anti-
VEGF therapies in wet AMD, diabetic macular oedema
and retinal vein-occlusive diseases, there is still a huge
burden of both ‘untreatable’ eye disease or ‘under-
treated’ disease where effective treatments are not yet
available or are poorly tolerated.

In this review we have considered how past success
has given way to increasing challenges within the drug
discovery industry. We have discussed what attempts are
being made to increase the productivity of drug develop-
ment, including the refocusing on the study of the basic
biology of the disease. We have considered what oph-
thalmic drug discovery can learn from the sector in
general and have discussed strategies which seek to over-
come the present limitations such as the advances in the
understanding of the pathogenesis of disease, improve-
ments in animal models of human disease, approaches
to ophthalmic drug delivery and attempts at patient
stratification within clinical trials. Encouragingly the
most recent data from the FDA suggests that we may
now be experiencing an upturn in the number of new
products being licensed, with a total of 41 approvals
for NME and biological products in 2014. The future
holds great promise for safe and effective therapies
for ocular disease but this depends on ongoing in-
vestment in ophthalmic drug development covering

the whole translational spectrum from ‘bench to
bedside’.

Competing interests
The authors declare that they have no competing interests regarding the
publication of this paper.



Gower et al. BMC Ophthalmology (2016) 16:11

Authors’ contribution

NG, RB, ME, AD carried out the literature searches, NG and AD conceived the
study. NG, RB, ME, LT and AD drafted the manuscript, read and approved the
final manuscript.

Acknowledgements
RB is funded by a Fight for Sight Clinical Fellowship.

Author details

'Queen Elizabeth Hospital Birmingham, University Hospitals Birmingham NHS
Foundation Trust, Birmingham, UK. %Institute of Inflammation and Ageing,
College of Medical and Dental Sciences, University of Birmingham,
Edgbaston, Birmingham, UK. *Birmingham and Midland Eye Centre, Sandwell
& West Birmingham Hospitals NHS Trust, Birmingham, UK.

Received: 14 May 2015 Accepted: 8 January 2016
Published online: 16 January 2016

References

1.

Hay M, Thomas DW, Craighead JL, Economides C, Rosenthal J. Clinical
development success rates for investigational drugs. Nat Biotechnol.
2014;32(1):40-51.

World Preview 2018: Embracing the Patent Cliff. http://info.evaluatepharma.
com/WP2018_ELS_LP.html. Accessed Sept 2015.

Pharmaceutical Research and Manufactureres of America. Annual Report
2011, http://www.phrma.org/sites/default/files/159/phrma_2011_annual_
report.pdf. Accessed Sept 2015.

Cohen FJ. Macro trends in pharmaceutical innovation. Nat Rev Drug Discov.
2005;4(1):78-84.

Ribatti D, Vacca A, Dammacco F. The role of the vascular phase in solid
tumor growth: a historical review. Neoplasia. 1999;1(4):293-302.

Ferrara N. Vascular endothelial growth factor and age-related macular
degeneration: from basic science to therapy. Nat Med. 2010;16(10):1107-11.
Ferrara N, Hillan KJ, Gerber H-P, Novotny W. Discovery and development of
bevacizumab, an anti-VEGF antibody for treating cancer. Nat Rev Drug
Discov. 2004;3(5):391-400. doi:10.1038/nrd1381.

Presta LG, Chen H, O'Connor SJ, Chisholm V, Meng YG, Krummen L, et al.
Humanization of an anti-vascular endothelial growth factor monoclonal
antibody for the therapy of solid tumors and other disorders. Cancer Res.
1997,57(20):4593-9.

Kim KJ, Li B, Winer J, Armanini M, Gillett N, Phillips HS, et al. Inhibition of
vascular endothelial growth factor-induced angiogenesis suppresses tumour
growth in vivo. Nature. 1993;362(6423):841-4.

Avastin 25 mg/ml concentrate for solution for infusion. Bevacizumab. Last
updated 22 October 2015. http.//www.medicines.org.uk/emc/medicine/
15748#INDICATIONS. Accessed Sept 2015.

Michelson I. The mode of development of the vascular system of the retina
with some observations on its significance for certain retinal disorders.
Trans Ophthalmol Soc UK. 1948;68:137-80.

Lopez PF, Sippy BD, Michael Lambert H, Thach AB, Hinton DR.
Transdifferentiated retinal pigment epithelial cells are immunoreactive
for vascular endothelial growth factor in surgically excised age-related
macular degeneration-related choroidal neovascular membranes.
Investig Ophthalmol Vis Sci. 1996;37:855-68.

Kvanta A, Algvere PV, Berglin L, Seregard S. Subfoveal fibrovascular
membranes in age-related macular degeneration express vascular
endothelial growth factor. Investig Ophthalmol Vis Sci. 1996;37:1929-34.
Aiello LP, Pierce EA, Foley ED, Takagi H, Chen H, Riddle L, et al. Suppression
of retinal neovascularization in vivo by inhibition of vascular endothelial
growth factor (VEGF) using soluble VEGF-receptor chimeric proteins. Proc
Natl Acad Sci U S A. 1995,92(23):10457-61.

Adamis AP, Shima DT, Tolentino MJ, Gragoudas ES, Ferrara N, Folkman J,

et al. Inhibition of vascular endothelial growth factor prevents retinal
ischemia-associated iris neovascularization in a nonhuman primate. Arch
Ophthalmol. 1996;114(1):66-71.

Campochiaro PA, Hackett SF. Ocular neovascularization: a valuable model
system. Oncogene. 2003;22(42):6537-48.

Gragoudas ES, Adamis AP, Cunningham ET, Feinsod M, Guyer DR.
Pegaptanib for neovascular age-related macular degeneration. N Engl J
Med. 2004;351(27):2805-16.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 9 of 11

Mordenti J, Cuthbertson RA, Ferrara N, Thomsen K, Berleau L, Licko V,
et al. Comparisons of the intraocular tissue distribution,
pharmacokinetics, and safety of 125I-labeled full-length and Fab
antibodies in rhesus monkeys following intravitreal administration.
Toxicol Pathol. 1999;27(5):536-44.

Krzystolik MG, Afshari MA, Adamis AP, Gaudreault J, Gragoudas ES, Michaud
NA, et al. Prevention of experimental choroidal neovascularization with
intravitreal anti-vascular endothelial growth factor antibody fragment. Arch
Ophthalmol. 2002;120(3):338-46.

Heier JS, Antoszyk AN, Pavan PR, Leff, Steven R, Rosenfeld PJ, et al.
Ranibizumab for treatment of neovascular age-related macular
degeneration: a phase I/Il multicenter, controlled, multidose study.
Ophthalmology. 2006;113(4):633.

Rosenfeld PJ, Brown DM, Heier JS, Boyer, David S, Kaiser PK, et al.
Ranibizumab for neovascular age-related macular degeneration. N Engl J
Med. 2006;355(14):1419-31.

Jager RD, Mieler WF, Miller JW. Age-related macular degeneration.

N Engl J Med. 2008;358(24):2606-17.

Lucentis 10 mg/ml solution for injection. Ranibizumab. Last updated 24
September 2015. http://www.medicines.org.uk/emc/medicine/19409.
Accessed Sept 2015

Forbes analysis 2013. http://www.forbes.com/sites/matthewherper/2013/08/
11/how-the-staggering-cost-of-inventing-new-drugs-is-shaping-the-future-
of-medicine/. Accessed Sept 2015.

Paul SM, Mytelka DS, Dunwiddie CT, Persinger CC, Munos BH, Lindborg SR,
et al. How to improve R&D productivity: the pharmaceutical industry’s
grand challenge. Nat Rev Drug Discov. 2010;,9:203-14.

Booth B, Zemmel R. Prospects for productivity. Nat Rev Drug Discov.
2004,3:451-6.

Khanna I. Drug discovery in pharmaceutical industry: Productivity challenges
and trends. Drug Discov Today. 2012;17:1088-102.

Sams-Dodd F. Is poor research the cause of the declining productivity of
the pharmaceutical industry? An industry in need of a paradigm shift. Drug
Discov Today. 2013;18:211-7.

Swinney DC, Anthony J. How were new medicines discovered? Nat Rev
Drug Discov. 2011;10:507-19.

Pammolli F, Magazzini L, Riccaboni M. The productivity crisis in
pharmaceutical R&D. Nat Rev Drug Discov. 2011;10:428-38.

Zhang K, Zhang L, Weinreb RN. Ophthalmic drug discovery: novel targets
and mechanisms for retinal diseases and glaucoma. Nat Rev Drug Discov.
2012;11:541-59.

Gaudana R, Ananthula HK, Parenky A, Mitra AK. Ocular drug delivery. AAPS J.
2010;12:348-60.

Patel A, Cholkar K, Agrahari V, Mitra A. Ocular drug delivery systems: An
overview. 2013. http://www.wjgnet.com/2220-3192/full/v2/i2/47 htm.
Accessed November 10, 2014

Cholkar K, Patel SP, Vadlapudi AD, Mitra AK. Novel strategies for
anterior segment ocular drug delivery. J Ocul Pharmacol Ther. 2013;
29(2):106-23.

Strungaru MH, Peck J, Compeau EC, Trope GE, Buys YM. Mirror-hat
device as a drop delivery aid: a pilot study. Can J Ophthalmol.
2014;49(4):333-8.

An JA, Kasner O, Samek DA, Lévesque V. Evaluation of eyedrop administration
by inexperienced patients after cataract surgery. J Cataract Refract Surg.
2014:40(11):1857-61.

Sanabria MR, Montero JA, Losada MV, Fernandez-Munoz M, Galindo A,
Ferndndez |, et al. Ocular pain after intravitreal injection. Curr Eye Res.
2013;38(2):278-82.

Denniston AK;, Dick AD. Systemic therapies for inflammatory eye disease:
past, present and future. BMC Ophthalmol. 2013;13:18.

Hornbeak DM, Payal A, Pistilli M, Biswas J, Ganesh SK, Gupta V, et al.
Interobserver agreement in clinical grading of vitreous haze using
alternative grading scales. Ophthalmology. 2014;121(8):1643-8.

Querques G, Rosenfeld PJ, Cavallero E, Borrelli E, Corvi F, Querques L, et al.
Treatment of Dry Age-Related Macular Degeneration. Ophthalmic Res.
2014,52(3):107-15.

BCC Research market research report. www.bccresearch.com/market-
research/pharmaceuticals/ophthalmic-therapeutic-drugs-phm031c.html.
Accessed Sept 2015

Reuters 2015 report. www.reuters.com/article/2015/02/10/us-health-
glaucoma-idUSKBNOLEODG20150210. Accessed Sept 2015


http://info.evaluatepharma.com/WP2018_ELS_LP.html
http://info.evaluatepharma.com/WP2018_ELS_LP.html
http://www.phrma.org/sites/default/files/159/phrma_2011_annual_report.pdf
http://www.phrma.org/sites/default/files/159/phrma_2011_annual_report.pdf
http://dx.doi.org/10.1038/nrd1381
http://www.medicines.org.uk/emc/medicine/15748#INDICATIONS
http://www.medicines.org.uk/emc/medicine/15748#INDICATIONS
http://www.medicines.org.uk/emc/medicine/19409
http://www.forbes.com/sites/matthewherper/2013/08/11/how-the-staggering-cost-of-inventing-new-drugs-is-shaping-the-future-of-medicine/
http://www.forbes.com/sites/matthewherper/2013/08/11/how-the-staggering-cost-of-inventing-new-drugs-is-shaping-the-future-of-medicine/
http://www.forbes.com/sites/matthewherper/2013/08/11/how-the-staggering-cost-of-inventing-new-drugs-is-shaping-the-future-of-medicine/
http://www.wjgnet.com/2220-3192/full/v2/i2/47.htm
http://www.bccresearch.com/market-research/pharmaceuticals/ophthalmic-therapeutic-drugs-phm031c.html
http://www.bccresearch.com/market-research/pharmaceuticals/ophthalmic-therapeutic-drugs-phm031c.html
http://www.reuters.com/article/2015/02/10/us-health-glaucoma-idUSKBN0LE0DG20150210
http://www.reuters.com/article/2015/02/10/us-health-glaucoma-idUSKBN0LE0DG20150210

Gower et al. BMC Ophthalmology (2016) 16:11

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Weinreb RN, Ong T, Scassellati Sforzolini B, Vittitow JL, Singh K, Kaufman PL.
A randomised, controlled comparison of latanoprostene bunod and
latanoprost 0.005 % in the treatment of ocular hypertension and open
angle glaucoma: the VOYAGER study. Br J Ophthalmol. 2015,99(6):738-45.
Moreno-Montaiés J, Sddaba B, Ruz V, Gémez-Guiu A, Zarranz J,
Gonzélez MV, et al. Phase | clinical trial of SYL040012, a small
interfering RNA targeting B-adrenergic receptor 2, for lowering
intraocular pressure. Mol Ther. 2014;22(1):226-32.

Goldberg DF, Williams R. A Phase 2 study evaluating safety and efficacy of
the latanoprost punctal plug delivery system (L-PPDS) in subjects with
ocular hypertension (OH) or open-angle glaucoma (OAG). Invest Ophthalmol
Vis Sci. 2012;53(e - Abstract):5095.

Amadi-Obi A, Yu C-R, Liu X, Mahdi, Rashid M, Clarke GL, et al. TH17 cells
contribute to uveitis and scleritis and are expanded by IL-2 and inhibited by
IL-27/STAT1. Nat Med. 2007;13(6):711-8.

Dick AD, Tugal-Tutkun |, Foster S, Zierhut M, Melissa LSH, Bezlyak V, et al.
Secukinumab in the treatment of noninfectious uveitis: results of three
randomized, controlled clinical trials. Ophthalmology. 2013;120(4):777-87.
Letko E, Yeh S, Foster CS, Pleyer U, Brigell M, Grosskreutz CL. Efficacy and
safety of intravenous secukinumab in noninfectious uveitis requiring steroid-
sparing immunosuppressive therapy. Ophthalmology. 2015;122(5):939-48.
Curnow SJ, Scheel-Toellner D, Jenkinson W, Raza K, Durrani OM, Faint JM,
et al. Inhibition of T cell apoptosis in the agueous humor of patients
with uveitis by IL-6/soluble IL-6 receptor trans-signaling. J Immunol.
2004;173(8):5290-7.

Romano M, Sironi M, Toniatti C, Polentarutti N, Fruscella P, Ghezzi P, et al.
Role of IL-6 and its soluble receptor in induction of chemokines and
leukocyte recruitment. Immunity. 1997;6(3):315-25.

Mesquida M, Leszczynska A, Lloreng V, Adan A. Interleukin-6 blockade in
ocular inflammatory diseases. Clin Exp Immunol. 2014;176(3):301-9.
Venkiteshwaran A. Tocilizumab. MAbs. 2009;1(5):432-8.

Tappeiner C, Heinz C, Ganser G, Heiligenhaus A. Is tocilizumab an effective
option for treatment of refractory uveitis associated with juvenile idiopathic
arthritis? J Rheumatol. 2012;39(6):1294-5.

Hirano T, Ohguro N, Hohki S, Hagihara K, Shima Y, Narazaki M, et al. A case
of Behget's disease treated with a humanized anti-interleukin-6 receptor
antibody, tocilizumab. Mod Rheumatol. 2012,22(2):298-302.

Oshitari T, Kajita F, Tobe A, Itami M, Yotsukura J, Baba T, et al. Refractory
uveitis in patient with castleman disease successfully treated with
tocilizumab. Case Rep Ophthalmol Med. 2012,2012:968180.

Tsang AC, Roth J, Gottlieb C. Tocilizumab for severe chronic anterior uveitis
associated with juvenile idiopathic arthritis in a pediatric patient. Ocul
Immunol Inflamm. 2014;22(2):155-7.

Adén A, Mesquida M, Lloreng V, Espinosa G, Molins B, Hernéndez MV, et al.
Tocilizumab treatment for refractory uveitis-related cystoid macular edema.
Graefes Arch Clin Exp Ophthalmol. 2013;251(11):2627-32.

Adan A, Lloreng V, Mesquida M, Pelegrin L. Tocilizumab treatment for
recalcitrant uveitic macular edema. Graefes Arch Clin Exp Ophthalmol.
2013,251(9):2249-50.

Muselier A, Bielefeld P, Bidot S, Vinit J, Besancenot J-F, Bron A. Efficacy of
tocilizumab in two patients with anti-TNF-alpha refractory uveitis. Ocul
Immunol Inflamm. 2011;19(5):382-3.

Smith TJ, Tsai CC, Shih M-J, Tsui S, Chen B, Han R, et al. Unique attributes of
orbital fibroblasts and global alterations in IGF-1 receptor signaling could
explain thyroid-associated ophthalmopathy. Thyroid. 2008;18(9):983-8.
Douglas RS, Gianoukakis AG, Kamat S, Smith TJ. Aberrant expression of the
insulin-like growth factor-1 receptor by T cells from patients with Graves’
disease may carry functional consequences for disease pathogenesis.

J Immunol. 2007;178(5):3281-7.

Douglas RS, Naik V, Hwang CJ, Afifiyan NF, Gianoukakis AG, Sand D, et al. B
cells from patients with Graves' disease aberrantly express the IGF-1 receptor:
implications for disease pathogenesis. J Immunol. 2008;181(8):5768-74.
Gianoukakis AG, Douglas RS, King CS, Cruikshank WW, Smith TJ.
Immunoglobulin G from patients with Graves' disease induces
interleukin-16 and RANTES expression in cultured human thyrocytes: a
putative mechanism for T-cell infiltration of the thyroid in autoimmune
disease. Endocrinology. 2006;147(4):1941-9.

Smith TJ, Hoa N. Immunoglobulins from patients with Graves' disease
induce hyaluronan synthesis in their orbital fibroblasts through the self-
antigen, insulin-like growth factor-I receptor. J Clin Endocrinol Metab.
2004;89(10):5076-80.

65.

66.

67.

68.

69.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.
90.

Page 10 of 11

Ezra DG, Krell J, Rose GE, Bailly M, Stebbing J, Castellano L. Transcriptome-
level microarray expression profiling implicates IGF-1 and Wnt signalling
dysregulation in the pathogenesis of thyroid-associated orbitopathy. J Clin
Pathol. 2012,65(7):608-13.

Salvi M. Immunotherapy for Graves' ophthalmopathy. Curr Opin Endocrinol
Diabetes Obes. 2014;21(5):409-14.

Singh M, Murriel CL, Johnson L. Genetically engineered mouse models:
Closing the gap between preclinical data and trial outcomes. Cancer Res.
2012;72:2695-700.

Bennani YL. Drug discovery in the next decade: Innovation needed ASAP.
Drug Discov Today. 2011;16:779-92.

McNally S, O'Brien CJ. Drug discovery in glaucoma and the role of animal
models. In: Drug Discovery Today: Disease Models. 2014.

Zeiss CJ. Translational models of ocular disease. Vet Ophthalmol.
2013;16:15-33.

Bouhenni RA, Dunmire J, Sewell A, Edward DP. Animal models of glaucoma.
J Biomed Biotechnol. 2012;2012:692609.

Zeiss CJ. Animals as models of age-related macular degeneration: an
imperfect measure of the truth. Vet Pathol. 2010;47(3):396-413.

Caspi RR. Understanding autoimmunity in the eye: from animal models to
novel therapies. Discov Med. 2014;17(93):155-62.

Prabhakar BS, Bahn RS, Smith TJ. Current perspective on the pathogenesis
of Graves' disease and ophthalmopathy. Endocr Rev. 2003;24(6):802-35.
Baker G, Mazziotti G, von Ruhland C, Ludgate M. Reevaluating thyrotropin
receptor-induced mouse models of graves’ disease and ophthalmopathy.
Endocrinology. 2005;146(2):835-44.

Many MC, Costagliola S, Detrait M, Denef F, Vassart G, Ludgate MC.
Development of an animal model of autoimmune thyroid eye disease.

J Immunol. 1999;162(8):4966-74.

Costagliola S, Many MC, Stalmans-Falys M, Tonacchera M, Vassart G,
Ludgate M. Recombinant thyrotropin receptor and the induction of
autoimmune thyroid disease in BALB/c mice: a new animal model.
Endocrinology. 1994;135(5):2150-9.

Costagliola S, Alcalde L, Tonacchera M, Ruf J, Vassart G, Ludgate M.
Induction of thyrotropin receptor (TSH-R) autoantibodies and thyroiditis in
mice immunised with the recombinant TSH-R. Biochem Biophys Res
Commun. 1994;199(2):1027-34.

Costagliola S, Many MC, Stalmans-Falys M, Vassart G, Ludgate M. Transfer of
thyroiditis, with syngeneic spleen cells sensitized with the human
thyrotropin receptor, to naive BALB/c and NOD mice. Endocrinology.
1996;137(11):4637-43.

Moshkelgosha S, So P-W, Deasy N, Diaz-Cano S, Banga JP. Cutting edge:
retrobulbar inflammation, adipogenesis, and acute orbital congestion in a
preclinical female mouse model of Graves’ orbitopathy induced by
thyrotropin receptor plasmid-in vivo electroporation. Endocrinology.
2013;154(9):3008-15.

Cook N, Jodrell DI, Tuveson DA. Predictive in vivo animal models and
translation to clinical trials. Drug Discov Today. 2012;17:253-60.

Das Thakur M, Pryer NK;, Singh M. Mouse tumour models to guide drug
development and identify resistance mechanisms. J Pathol. 2014;232:103-11.
Urtti A. Challenges and obstacles of ocular pharmacokinetics and drug
delivery. Adv Drug Deliv Rev. 2006;58:1131-5.

Thrimawithana TR, Young S, Bunt CR, Green CR, Puglisi G, Alany RG. Drug
Delivery to the Posterior Segment of the Eye: Challenges and Opportunities.
Drug Deliv Lett. 2011;1:40-4.

Reardon G, Kotak S, Schwartz GF. Objective assessment of compliance and
persistence among patients treated for glaucoma and ocular hypertension:
a systematic review. Patient Prefer Adherence. 2011,5:441-63.

Ye T, Yuan K, Zhang W, Song S, Chen F, Yang X, et al. Prodrugs
incorporated into nanotechnology-based drug delivery systems for possible
improvement in bioavailability of ocular drugs delivery. Asian J Pharm Sci.
2013;8(4):207-17.

Eljarrat-Binstock E, Pe'er J, Domb AJ. New techniques for drug delivery to
the posterior eye segment. Pharm Res. 2010;27(4):530-43.

Peyman GA, Lad EM, Moshfeghi DM. Intravitreal injection of therapeutic
agents. Retina. 2009;29(7):875-912.

On Demand Therapeutics. www.ondemandtx.com. Accessed Sept 2015
Zhang K, Hopkins JJ, Heier JS, Birch DG, Halperin LS, Albini TA, et al. Ciliary
neurotrophic factor delivered by encapsulated cell intraocular implants for
treatment of geographic atrophy in age-related macular degeneration. Proc
Natl Acad Sci U S A. 2011;108(15):6241-5.


http://www.ondemandtx.com

Gower et al. BMC Ophthalmology (2016) 16:11

91
92.

93.

94.
95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Neurotech. www.neurotechusa.com. Accessed Sept 2015

Weiner AL, Gilger BC. Advancements in ocular drug delivery. Vet Ophthalmol.
2010;13(6):395-406.

Bengani LC, Hsu K-H, Gause S, Chauhan A. Contact lenses as a platform for
ocular drug delivery. Expert Opin Drug Deliv. 2013;10(11):1483-96.

Eye gate pharma. www.eyegatepharma.com. Accessed Sept 2015.

Halhal M, Renard G, Courtois Y, BenEzra D, Behar-Cohen F. lontophoresis:
from the lab to the bed side. Exp Eye Res. 2004;78(3):751-7.

Arrowsmith J. Trial watch: Phase Il failures: 2008-2010. Nat Rev Drug Discov.
2011;10:328-9.

Deyati A, Younesi E, Hofmann-Apitius M, Novac N. Challenges and
opportunities for oncology biomarker discovery. Drug Discov Today.
2013;18:614-24.

Paez JG, Janne PA, Lee JC, Tracy S, Greulich H, Gabriel S, et al. EGFR
mutations in lung cancer: correlation with clinical response to gefitinib
therapy. Science. 2004;304:1497-500.

Roberts PJ, Stinchcombe TE, Der CJ, Socinski MA. Personalized medicine in
non-small-cell lung cancer: Is KRAS a useful marker in selecting patients
for epidermal growth factor receptor-targeted therapy? J Clin Oncol.
2010;,28:4769-77.

Kim G, McKee AE, Ning Y-M, Hazarika M, Theoret M, Johnson JR, et al. FDA
Approval Summary: Vemurafenib for Treatment of Unresectable or
Metastatic Melanoma with the BRAFV600E Mutation. Clin Cancer Res.
2014;20(19):4994-5000.

Chapman PB, Hauschild A, Robert C, Haanen JB, Ascierto P, Larkin J, et al.
Improved survival with vemurafenib in melanoma with BRAF V600E
mutation. N Engl J Med. 2011,364(26):2507-16.

Walker |, Newell H. Do molecularly targeted agents in oncology have
reduced attrition rates? Nat Rev Drug Discov. 2009;8(1):15-6.

Tian B, Gabelt BT, Crosson CE, Kaufman PL. Effects of Adenosine Agonists on
Intraocular Pressure and Aqueous Humor Dynamics in Cynomolgus
Monkeys. Exp Eye Res. 1997,64(6):979-89.

Bacharach J, Dubiner HB, Levy B, Kopczynski CC, Novack GD. Double-
masked, randomized, dose-response study of AR-13324 versus
latanoprost in patients with elevated intraocular pressure. Ophthalmology.
2015;122(2):302-7.

Lewis RA, Levy B, Ramirez N, C Kopczynski C, Usner DW, Novack GD. Fixed-
dose combination of AR-13324 and latanoprost: a double-masked, 28-day,
randomised, controlled study in patients with open-angle glaucoma or
ocular hypertension. Br J Ophthalmol. 2015, [Epub ahead of print]

Page 11 of 11

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BioMed Central



http://www.neurotechusa.com
http://www.eyegatepharma.com

	Abstract
	Background
	Discussion
	Summary

	Background
	Discussion
	Past success: VEGF from basic science to the bedside
	Present challenges
	Challenges facing the drug discovery industry generally
	Opportunities and challenges in ocular drug discovery

	The future in ocular drug discovery
	Understanding the pathophysiology of a disease
	Improvements in modelling human disease
	Drug delivery-based advances
	Clinical trials and patient stratification


	Conclusion
	Competing interests
	Authors’ contribution
	Acknowledgements
	Author details
	References



