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Abstract

Millions of people worldwide suffer from debilitaty, progressive, and often permanent
loss of vision without any viable treatment optiofiee complex physiological barriers
of the eye contribute to the difficulty in develogi novel therapies by limiting our
ability to deliver therapeutics in a sustained aodtrolled manner; especially when
attempting to deliver drugs to the posterior eyetrging to regenerate the diseased
retina. Cell-based therapies offer a significamteptial advancement in these
situations. In particular, encapsulating, or immisolating, cells within implantable,
semi-permeable membranes has emerged as a clnigalle means of delivering
therapeutic molecules to the eye for indefiniteiquis of time. The optimization of
encapsulation device designs is occurring togettidhr refinements in biomaterials,
genetic engineering, and stem-cell production dygj, for the first time, the possibility
of widespread therapeutic use of this technologsreHwe highlight the status of the
most advanced and widely explored iteration of ealtapsulation with an eye toward
translating the potential of this technological @eh to the medical reality.

Keywords:
Cell therapy, encapsulation, ophthalmic diseasesg dlelivery, encapsulated cell

technology, protein.



1. Introduction

The loss of vision, culminating in blindness, iseoof the most prevalent and feared
health conditions any person will ever face. Acaogdto the World Health
Organization (2016) approximately 180 million peopWorldwide have visual
impairments secondary to ophthalmic disease. Sdnileeamost devastating examples
are age-related progressive diseases of the pmssagment of the eye including age-
related macular degeneration (AMD), diabetic macutglema (DME), retinitis
pigmentosa (RP) and diabetic retinopathy. Theseadiss impact tens of millions of
people leading to vision impairment and blindnesduced independence and limited
normal activities. In developed nations, theseaties are the leading causes of vision
loss. The societal and economic burden of theseases is staggering. In the United
States alone it has been estimated that >40% qddpelation has some type of disease
causing impaired vision with an annual economicaotf $35 billion USD (National
Center for Health Statistics, 2012).

While recent advances in biology are shedding lagghthe underlying nature of ocular
diseases and have led to some new symptomationgatt there are no cures or
prosthetics that restore vision and the best hépegpatients is a slowing of disease
progression. Unfortunately, the need for new ambwative approaches us becoming
increasingly urgent as the aged population incredsthile numerous factors contribute
to the lack of therapeutics including limited urstanding of disease mechanisms,
significant patient heterogeneity, and our limitguility to detect early stage disease;
much of the difficulty in treating and managing sbaliseases results from the unique
anatomy and physiology of the eye that consists miltilayered system that protects it
from dangerous substances, microorganisms and stoXihese barriers, which are
essential for maintaining vision, also limit thetrgnof potentially therapeutic drugs to
the eye (Urtti, 2006). These barriers begin with torneal and conjunctival epithelial
layers that cover the ocular surface. The bloodeags barrier, consisting of the uveal
capillary endothelia and ciliary epithelia, limggstemically administered drug access
to the anterior segment, while the blood-retinaribarimits distribution from the
circulating blood to the retina and vice versa. Tadaolitional components of this system
include the outer and inner blood-retina barriaeg aire formed by the retinal pigment

epithelium (RPE) and the tight retinal capillaryllwarespectively.



Traditional routes of drug delivery to the eye ud# topical, oral, intravitreal and
periocular delivery (Box 1). Topical applicationvi®ll-suited for short-term delivery of
drug solutions, suspensions or ointments but adoegsnd the anterior segment of the
eye is limited (Lakhani et al., 2018). Systemicidgausing oral or intravenous delivery
can be used to deliver drugs to the retina but thige suffers from several issues
including peripheral metabolism/degradation, liditbility to cross the inner and outer
blood-retinal barriers, and the need to use vegh lsystemic doses which carry
significant systemic toxicological potential (Awwad al., 2017). Delivery of potential
therapeutic proteins is further hampered by protéegradation and aggregation

significantly limiting sustained delivery acrosede barriers (Awwad et al., 2017).

Periocular injection can enable drug delivery te gosterior segment by crossing the
sclera, via the choroidal systemic circulation, torough the agueous and vitreous
humor (Waite et al., 2017). Direct intravitreal idety provides the highest drug

bioavailability to the retina because of the classociation of the vitreous and retina
but repeated intravitreal injections can lead tdina¢ hemorrhage/detachment,

endophthalmitis and cataracts. Drug washout aratatee is also significant with these
routes making sustained, long-term delivery in olvaliseases even more difficult to
achieve (Martin, 2018). While difficult to accomgti, the value of sustained delivery is
confirmed by the long-term drug delivery and eftigachieved using the Retisert and

lluvian implant systems to deliver fluocinolone (Bms et al., 2018).

This review focuses on an emerging concept for-kemg drug delivery based on the
use of living cells that are encapsulated withiraknimplantable capsules in the form
of spheres or slender hollow fibers. Encapsulatdttierapy overcomes many of the
fundamental obstacles of traditional approachesdmybining the potency of de novo
situ synthesis of cell-derived molecules (includingtphos and peptides) with the safety
of an implantable and retrievable medical devioethis approach, cells are enclosed or
“encapsulated” within a capsule that has a semipabte outer wall or membrane that
can be implanted directly into the desired regidihe capsule wall morphology
provides a pore structure that allows oxygen artdenis to enter and nourish the cells
while simultaneously providing a route for cell-sted proteins, small molecules,

antibodies, etc. to diffuse from the capsule ani ithe surrounding environment.



Encapsulated cell systems have been used for meang yo deliver molecules both
systemically and into compartmentalized segmenth®tody including the brain and
eye. While thousands of pre-clinical studies haweafictmed the potential of this

approach in multiple disease models, recent clirstizdies have further demonstrated
the clinical and medical translational reality ocapsulated cell technology. Within the
visual system, locally implanted cells provide ldegn release of potent drugs,
proteins and peptides to specific areas includegvitreous or directly to the choroid,
RPE, ganglion cells or photoreceptors of the netgtha. Here, we detail progress
using these systems in both preclinical modelshamdan diseases of visual impairment

with an “eye” towards scaled and widespread clirapglication.

2. Theimmune privilege of the eye provides an opportunity for cell therapy

The eye has a unique immunological privilege (Jiatgal., 1993). The limited
exchange between the systemic system and the aaulaonment restricts the entry of
blood-borne factors and cells into the various dhemrs of the eye. From an
evolutionary perspective, this immune privilege kdaseloped to limit and control the
intraocular expression of immunogenic inflammatwamich, if uncontrolled, could lead
to serious functional and survival limitations. Tinemune privilege of the eye is based
on a delicate balance of local and systemic meshani(Forrester et al., 2008; Perez
and Caspi, 2015) that when altered may render yeesasceptible to immune action.
For instance, in adult macular degeneration (AM@aucoma, chorioretinal disorder,
autoimmune and diabetic retinopathy, immunity hagaificant role in the progress of
these pathologies (Nussenblatt et al., 2013; PamndzCaspi, 2015; Perez et al., 2013).
Actions of the innate and adaptive immune systelang g critical role in both acute and
chronic inflammatory responses (Benhar et al., 20dth neutrophils and macrophages
being involved in disease onset and T cell activafPerez et al., 2013).

Both the anterior and posterior segments of thecegate unique environments which
reduce and/or prevent immune defense mechanisniscthdd otherwise damage
sensitive ocular tissue. This protection from “atéfal damage” is based on the ocular
tissue expression of immunosuppressive factors saghQa-1, fas L, indolamine
dioxidase (IDO), TGH, o—melano-stimulating hormone o-MSH) and anti-
complementary factors in aqueous humor (Cone g2@08; Niederkorn, 2002, 2006a;

Stein-Streilein and Streilein, 2002). In additi@mterior chamber-associated immune



deviation (ACAID) can be stimulated by ocular irtien. For instance, subjects with
virus-induced acute retinal necrosis do not gepecall-mediated immunity but do
present circulating viral antibodies (Kezuka et 2001).

The immune privilege of the eye provides a valuaaleantage for using living cellular
systems to deliver molecules to the eye. Yearstudiass have certified that these
properties, which are somewhat analogous to th&atemervous system (Orive et al.,
2010; Orive et al., 2009), lessen the chance faft-glestroying immune responses
within the eye. As such, this unique microenvireminprovides an optimal implant
environment for the long-term implantation and fiwmality of cell-based medicines
(Niederkorn, 2003; Taylor, 2016). In the case ofcapsulated cells systems,
immunological reactivity is even further reduced tne fact that the same porous
structure that permits bi-directional flow alsongihates entry of damaging elements of
the host immune system into the capsule.

Treating the chronic, progressive nature of manstgroor segment disorders requires
long-term and sustained treatment. Ideally, theattnent would circumvent the topical
and systemic routes and apply the therapy diraotly the vitreous in a minimally
invasive, one-time procedure to target the refirtee pharmacokinetics of a variety of
drugs shows that new approaches must be develapethd treatment of posterior
segment disorders (Del Amo et al., 2017). Accorgingarious sustained-release gels,
microparticles, nanoparticles and liposomes aragoeivestigated for their ability to
deliver drugs into the vitreous humor or periocutpace (Table 1) in an extended

manner.

The use of cell-based therapy to replace damadetdhlreells or to secrete a particular
molecule or protein of interest is actively beingeastigated as a means of overcoming
the traditional obstacles of targeted, long-tererdpy (De Castro et al., 2005; Murua et
al., 2007; Santos et al.,, 2013b). The retina is,gameral an excellent target for
evaluating cell therapies because of its relatiweune privilege, but also because of it
accessibility for surgical implantation and remgvahd the ability to easily and
repeatedly image and monitor the ongoing diseaseeps and efficacy of any applied
therapy. Numerous noninvasive techniques allow ipeecetinal examination in live
animals and patients. The ability to quantify efig in subjects in a noninvasive
manner over time is a major advantage and in tleatesf significant toxicity the eye

can be removed without risk of life-threatening dae Experimentally, eyes provide a



perfect control group, as the contralateral, umnéeaeye can be compared with the
intervention eye. Moreover, even though the eyafiis a complex organ, the number
of cell types residing in the retina is relativdlyw allowing therapies to target
replacement, repair, or protection of a single @~ Inumber of cell types such as

pigmented epithelial cells, ganglion cells, or mheteptors.

Given these considerations, we believe the rislefieratio for the use of encapsulated

cell therapy in ocular diseases is favorable. Aigidist of reasonable criteria includes:

1. Degenerative ocular diseases are not life-theaatg diseases in of themselves but
they disproportionally impact a massive number ebgle worldwide with enormous
impacts on quality of life, medical care and casig societal function.

2. The eye is a unique organ providing unparalleéedess for real-time monitoring
and evaluation of cell-based therapy that is otheeanot available in other tissue and
organ systems.

3. Few effective treatments exist for degeneratuglar diseases and when therapies
are available they tend to slow disease progresaiobest. Recently, LUXTURNA a
one-time gene therapy for individuals with an integt retinal disease due to mutations
in both copies of the RPE65 gene has been apprax#&dT URNA improved functional
vision, increasing participants' ability to perforactivities of daily living.

4. The general approach of encapsulated cell therapready has already been
evaluated in clinical trials with demonstrated letegm (>5 years) safety.

5. The treatment has the potential to provide tsytmptomatic relief and also disease-

modifying benefits.

3. A brief history of encapsulated cell therapy

In the 1960’s T.M.S. Chang introduced the concdpgncapsulation as a strategy for
immunoprotection of transplanted cells and tiss(@bang, 1964). This strategy,
dubbed "artificial cells", incorporated the celista spherical polymeric structures
designed to ensure maximum surface/volume ratio eptimum protection. As

originally conceived, cells are included in biocatiple polymeric matrices that allow

the ingress of nutrients and oxygen diffusion ® émcapsulated cells together with the



outward diffusion of the cell-secreted product. sThiccurred while preventing the
access of antibodies and immune cells (Figure ablerg the use of any type of allo- or
xenograft. Thus, it became possible to recovefuhetionality of damaged tissues and
organs or to simply act as a sustained releasemysft therapeutic factors. Over the
next two decades, several experimental studies deimaded the feasibility of these
artificial cellular systems. In one of the mostrsiigant initial studies, Lim and Sun

demonstrated that implanted encapsulated panciiskgis controlled hyperglycemia in

experimental diabetic animals (Lim and Sun, 1980).

Advances in genetics, biology and pharmaceuticahrtelogy have focused the
therapeutic applications of cell encapsulation mebtbgy from a means of partial or
total replacement of damaged organs (Limited; LedhitTechnologies) (No da et al.,
2014; Vegas et al., 2016b), to a strategy for thaiouous and controlled release of a
virtually unlimited variety of therapeutic molecalgChang, 2005) across various
chronic disorders (Desai and Shea, 2017; Emericth.,e2014; Hashemi and Kalalinia,
2015; Zanin et al.,, 2012). The sustained delivefypmteins and peptides from
encapsulated cells has become particularly ath@ctthen compared to the direct
encapsulation of purified peptides and proteins sustained release polymers. In fact,
entrapped cells synthesize and secrete active mlekeas a function of physiological
requirements and indé novd fashion. The latter is especially relevant duetlie
biological and physicochemical properties protemsist retain to preserve their
function and potency (Shoichet and Winn, 2000). aypdthere is a large body of
evidence showing encapsulated cells can exert isadtabiological effects and
controlled activity ranging from months to yeamgardless of the administration route
or the used encapsulation device (Elliott et &Q72 Sieving et al., 2006). Furthermore,
some of the most relevant ideal requirements ftibesed devices are well-known as

illustrated in Box 2.

The use of genetically-manipulated cells has plagegdivotal role in the effort to
achieve the goals of long-term, continuous androtiati administration of therapeutic
products (Orive et al., 2014b). Numerous cell lifemve been incorporated into
biocompatible immobilization devices (Korsgren, 205ong et al., 2015; Tuch et al.,

2011; Zanotti et al., 2013) to secrete hormonesratensmitters or growth factors over



long periods of time and in controlled dosages achievable with primary cells
(Gonzalez-Pujana et al., 2017b). As such, cell psdation is being employed in the
treatment of multiple pathologies such as diab@esta et al., 2011; Tuch et al., 2009),
intracerebral hemorrhage (AG; Heile and Brinker, 120 and neurodegenerative
diseases (Luo et al., 2013; Technologies; Teclyied).

Advances in the scientific, manufacturing, and tatguy areas of cell encapsulation
have resulted in the formation of several promigidgnt et al., 2017; Liu et al., 2017;
Song et al., 2015) biotechnological companies wadd (Figure 2). Just to mention
some examples, Viacyte (USA) is mainly based ondiénelopment of encapsulation
devices using either islets or stem cells for tleatment of Diabetes (Viacyte.), while
companies such as Living Cell Technologies (LCT,wN&ealand, Australia)
(Technologies.), and Neurotech (USA) (Neuroteclif¢rosystems based on different
cell types for clinical evaluation in variety oherapeutic applications including
Parkinson’s disease, Alzheimer's disease, and akvephthalmic applications.
Austrianova, in Singapore, offers encapsulatiowiserin cellulose sulphate matrices,
namely Cell-in-a-Box®, in addition to a variety aksays on the encapsulated cell
product, including pre-clinical tests, to demonstracell viability and function
(Austrianova.). PharmaCyte (USA) uses the samentdoby registered by Austrianova
to develop unique therapies for the treatment abua forms of cancer and both Type
1 and Type 2 diabetes (Biotech.). The dovetailihgamtinued academic research with
industrial development will serve to further estaléhe translation of cell encapsulation
into clinical evaluation and product approval.

4. Micro- versus macr oencapsulation

Two general types of devices are used for the imimabon of cells: microcapsules

and macrocapsules. The latter, most frequentlygdesi as hollow fibers, are composed
of a semipermeable polymer that surrounds the eutaied cells. Its size can range
from a few millimeters to a few centimeters. In trast, microcapsules are typically
100 to 700 microns in diameter. In microcapsulég tells are incorporated into
spherical polymer matrices coated with a semipebleeaembrane that increases

stability while regulating the permeability of tih@icrocapsule. Microcapsules have an



excellent surface/volume ratio, that favors the srtaagnsfer of oxygen into the capsule
and that facilitates cell viability. Implanted macapsules also have adequate bi-
directional diffusion but have the additional adwzgye that they are easier to remove if

needed or desired. These 2 systems are detailed .bel

4.1 Microencapsulation

There are four common strategies for microencapsuntadual-core microspheres,
polymer microsphere matrices, coated-microsphericaa, and microcapsules. Each
has particular advantages, depending on the targétesue (Olabisi, 2015).

Microcapsules consist of a cell-laden matrix ansemipermeable coating. Hydrogels
typically form the microcapsule core due to thaghawater content and capacity to
transition from a solution to gel (from sol to ggklation) in a cell-friendly manner.

These matrices provide the cells with the physicligenvironment needed to maintain
cell homeostasis and viability (Peppas et al., 13%89monden et al., 2008). Hydrogels
are known for creating three-dimensional structungth interconnected molecular

meshes ranging from nano- to micrometers, that igeothe optimal permeability

required for the free diffusion of oxygen, nutrgntand growth factors. Their

hydrophilicity renders them inert to protein orIcatisorption, thus reducing foreign
body reactions (Gasperini et al., 2014). In micoagrsulation, allogeneic (separate
individuals of the same species) or xenogeneicn(frdifferent species) cells are
protected from the host's immune system throughasgon from the immune

components via the semipermeable membrane (Pep@ds 2006). Furthermore, the
flexibility and adaptability of microspheres allowsem to be non-invasively implanted
into almost any tissue. Finally, these particles ba readily fabricated and scaled-up,
although some considerations should be taken iotoumt. For example, one of the
principal manufacturing challenges lies in transtatlaboratory-based techniques
(maintained under aseptic, physiologic and mildditions) to large scale, regulatory-

compliant good manufacturing processes (GMP) anleraltlinical use.

So far, a large number of natural and synthetigmpels have been employed in the
development of capsule matrices including alginatgarose, chitosan, cellulose,
collagen, poly(ethylene glycol) (PEG), polyurethaaed polyvinyl alcohol (PVA) (de

Vos et al., 2014). Among them, alginate, a natyraticurring polysaccharide, is by far

the most commonly used and studied option givenexksellent biocompatibility,

10



availability and unequaled, (mild, and cell friey)dgel forming capacity (Bayer et al.,
2011; Lee and Mooney, 2012; Orive et al., 2014apAs et al., 2000).

Without a doubt alginate microspheres can succigsfiicapsulate and immunoisolate
cells (Mazumder et al., 2009) but the mechanicaperties of these capsules still need
to be improved. Only a few approaches have syrgbdsalginate microspheres with
uniform size and good mechanical stability (Herreandt al., 2010). One of the main
drawbacks is that when using ionic crosslinking, tlydrogel core may be weakened by
the exchange of calcium ions with other physiolagjions. This weakening can in turn
impact the function of encapsulated cells second@ryinadequate mechanical
stimulation (i.e. mechanosensing). This issue @anute difficult to resolve given that
the viscoelastic properties of matrices (usuallyasueed by a rheometer and/or texture
analyzer) can be largely dependent on the celi&iss be encapsulated and the intended
application. Some of the approaches that have b#empted to improve this include
variation of molecular weight, guluronic acid/manmnic acid (G/M) ratio, and the
change of crosslinking strategies (i.e. covalemsslinking). Thus, development of
alginate-based composites has been explored tercgréater mechanical and thermal
stability to alginate microparticles (Dandoy et @013). These modifications still need
to be further refined to optimize biocompatibilitgnd the impact that these
physicochemical changes have on their interactieitis the body upon implantation
(Tam et al., 2011). While there is an agreemerttdhdy alginate has been thoroughly
gualified as safe for application in patients (des\ét al., 2014) this biomaterial is still
far from being ideal and the search continues &w materials and the design of new
microcapsules with improved mechanical stabilityd aguaranteed cell viability for

longer periods of time (Santos et al., 2013b).

Microcapsules usually incorporate a polycationtfa formation of the semipermeable
membrane. Poly-L-lysine and poly-L-ornithine aree tmost extensively used
polycations in the fabrication of the outer memier§8imo et al., 2017). Thanks to the
intrinsic characteristics of this membrane, nutiseand oxygen are able to penetrate the
core, while the waste and therapeutic product&rest are released. In contrast, T-
cell receptors and immunoglobulins are not ablénteract with surface antigens on

protected cells, and even access of the complesystém is partially prevented by

11



membrane pores; thereby avoiding or at least redubieir cytotoxic activity (Figure 3)
(Chang and Prakash, 1998).

The outer coatings are primarily responsible for cinamical properties of
microcapsules, providing resistance to either pmessexerted by the nearby tissues or
pressures generated by enclosed cells because ssfbjgo overgrowth. This is of
paramount importance since it is a priority tha dapsules prevent the leakage of the
immobilized cells and avoid the risk of uncontrdliextracapsular growth.

The outer coatings are primarily responsible for cinamical properties of
microcapsules, providing resistance to either pmessexerted by the nearby tissues,
which are generally reproduced in laboratory bgxure analyzer (compression assay),
or pressures generated by enclosed cells because@frowth, the latter being usually
assessed by swelling/explosion assays (osmotickshest) in vitro. This is of
paramount importance since it is a priority thapstdes prevent the leakage of the
immobilized cells and avoid the risk of uncontrdllgrowth in surrounding host’s
tissues. Strikingly, to date there are no standartiparameters to stick to when it
comes to focusing on different applications, anchetimes this issue remains largely
overlooked (Paredes Juarez et al.,, 2014). To asldhes issue, several authors have
proposed key parameters to properly design andctdbrthe cell-loaded capsules. For
example, Lacik studied the rupture load necessarysucceed in intraperitoneal
implantations with microcapsules made by differbimmaterials, concluding that the
range of few to tens of grams/capsule was enougfedist those in vivo conditions
(Lacik et al., 1998; Wang et al., 1997) .Moreovanst authors agree that implantation
in intraperitoneal cavity necessarily involves tglresistance to rupture than other
routes such as striatum or subcutaneous space.h®rother hand, the minimum
mechanical stability requirements for intravitr@gection are still to be elucidated. As
additional concern, going from small to larger maasnwhere shear and compressing
forces are higher, would demand a proper adaptafiomechanical properties. Paredes-
Juares and colleagues stated that microcapsulbstaning an 8 g force were able to
complete the whole lifespan of rats (2 years apprately), but failed in pigs (Paredes
Juarez et al., 2014).

The size of microparticles has been a major condarimg the last decade. Elaborating
microcapsules of reduced size means opening a we&oh of possibilities for their

application. Diseases of the CNS or the eye arar obxamples of this. Applying
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genetically modified, immunoisolated cells in plasich as the spine, cerebral cortex,
striatum or ocular retina is an ambitious challengat sound steps have been made
lately. For example, flow focusing technology haet harnessed to produce highly
monodisperse alginate-poly-L-lysine-alginate (AP#)crocapsules 5§ 100 um) to
minimize local damage while delivering maximal, Iaariability capsule numbers to
the intravitreous space. Encapsulated mouse-de@y€g myoblasts implanted in the
rat vitreous, remained viable for at least 3 we@kgure 4) (Santos et al., 2012).
Although this duration is still far from being idedt proves the feasibility of this
therapy, even with a xenogeneic cell source. Furpémization in cell requirements
(e.g. accommodation to low oxygen levels) and ntapsule configuration (e.qg.
permeability) will probably translate into more pistic results. Fabrication of
conformal coatings may represent another effe@napsulation design (Gattas-Asfura
and Stabler, 2013; Wilson et al., 2011). Here,im flall and regular shell adapted to the
geometry of the cellular content is created (Toreeial., 2014). In fact, constant
improvements in microfluidic fabrication methodse doringing the opportunity to
obtain relatively homogeneous beads of sub-50 pae at higher production rates
(Akbari et al., 2017).

4.2 Macroencapsulation

Although the term macroencapsulation refers tavalfeof devices including flat-sheets
(Lathuiliere et al., 2016), RAIr® (Ludwig et al.022; Neufeld et al., 2013), Encaptra®
(Agulnick et al., 2015) or TheraCyte™ (Kumagai-Brele et al., 2013), among others;
the majority of work is focused on hollow fiberkdi devices (Figure 5). Despite not
having the same volume of published basic reselastking-up its technological
development, hollow fibers represent a significpattion of the clinical trials in the
field (Olabisi, 2015). The main advantage of maapsules is that once the therapy is
completed and/or in case the treatment requirdsetbalted, the device can be easily
removed from the implanted tissue. The possibiityretrieving the implanted cells
mitigates some major biosafety concerns, includimg uncontrolled proliferation of
enclosed cells or any undesired adverse effech(llare et al., 2015). Moreover, it is
worth noting that hollow fibers can be adapted ifoplantation into the vitreous, the
subcutaneous space and the always difficult tohre@blS, both intrathecally and

intraparenchymally (Lathuiliere et al., 2015).
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A typical hollow fiber structure consists of an eutsealed, cylindrical and
permselective wall composed of thermoplastic polgseich as polyethersulfone (PES)
or poly(acrylonitrile-vinylchloride) (PAN-PVC), wit a molecular weight cut-off
(MWCO) of 60-100 KDa (Olabisi, 2015; Uludag et &0Q00). Besides regulating the
passive diffusion of molecules and preventing ac@#shumoral and cellular immune
components across the capsule, the membranes mwusttie necessary mechanical
properties to bear the shear stress exerted btatget tissue during the implantation,
during residence of the device in vivo, and duraxgplantation. Indeed, hollow fibers
tend to bend and curve, which may result in graifufe (Lathuiliere et al., 2015). In
order to overcome such drawbacks, the devices neayeimforced by inclusion of
titanium coils (Schwenter et al., 2011), or additaf thermoplastic meshes (Josephs et
al., 1999; Lathuiliere et al., 2014b; Lathuilieteag, 2015).

The inner part of a typical hollow fiber device s@ts of a polyvinyl alcohofPVA),
polyethylene terephthalate (PET) or PVC matrix pimg an adherent scaffold for the
encapsulated cells. Additional options for the rinék scaffolding include natural
polymers like alginate (Cornolti et al., 2009) aillagen (Li et al., 2000). Because the
size and geometry of the device limits the cell teay and thus the final
secretion/dosing of active compounds a balance mesnhaintained between a high
enough cellular density to achieve therapeutic rapgiLathuiliere et al., 2014b),
adequate oxygen and nutrient diffusion, and preeent of excessive
proliferation/aggregation, cellular necrosis, ahe telease of the so-called damage-
associated molecular patterns (DAMPs) (Lathuiliereal., 2015). Recent advances in
the development of genetically modified stable deles capable of secreting high
levels of therapeutic factors play an importanétiol a suitable strategy to achieve these
goals (Lathuiliere et al., 2014a).

5. Most relevant properties of encapsulation devices

The ultimate and ideal drug delivery system shqutavide an effective concentration
of the therapeutic compound at the target siteafoextended period of time; all while
minimizing systemic exposure. At the same time, shecess of a biomaterial-based,

implantable drug delivery system is highly dependenthe capacity to customize and
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tune its building-blocks to achieve appropriate cbimpatibility, physicochemical
properties and desired biological responses. Tleenwal composition, pore size, and
the size of these devices are critical for thecaffious biomolecule transport between

the encapsulated cells and the target environment.

In this sense, cell encapsulation offers severaaaiges as drug delivery system. (1)
First, encapsulated engineered cells may act ammiumed factories producing the
desired therapeutic factale novoand in a sustained fashion. This provides chemical
stability and higher efficiency when compared teedi drug administration and/or drug
encapsulation. (2) The immobilization geneticallpdified cellsis particularly
attractive, since one administration ensures tlectfeness of treatment for several
months to years. (3) Cell encapsulation allowsptwection of the inner cell content
from both mechanical stress and the host's immuespanse. Thus, chronic
administration of immunosupressants can be elirathaturther improving quality of
life. (4) An important advantage in comparison withvivo gene therapy is that this
technology does not modify the host's genome, ecihgnits biosafety (5) There is a
wide range of cell sources available for immobtiza, from freshly isolated

mesenchymal stromal cells, to multiple bioengindex@l lines, and stem cells.

In the last decade, much effort has been placedstadying and improving the
biocompatibility of encapsulating materials to eneslong-term functionality. The use
of clinical-grade biopolymers is fundamental. ltwell documented that raw alginates
can induce lymphocyte stimulation, pro-inflammatoggokine activation and eventual
fibrosis. To prevent such a scenario, the use aingercially available ultra-purified,
“clinical-grade” alginate has been established hes rhinimum criteria to reduce the
foreign body reaction to microcapsules (Basta aal@ftore, 2011; Calafiore and Basta,
2014; Kim et al., 2013). Indeed, this alginate doeselicit any immune response when
injected subcutaneously in mice or when assayed imuman whole blood model
(Gravastrand et al., 2017; Lee and Mooney, 2012jrQret al., 2016; Rokstad et al.,
2011). Foreign body responses may be even funiiteyated by chemical modification
of alginates with triazole-thiomorpholine dioxidBMTD). The latter has been proposed
as a valuable strategy to achieve a better bioctlgs (Vegas et al., 2016a; Vegas et
al., 2016b), though further independent studiesushoertify this hypothesis. Of note,

while these same criteria apply to macrocapsukesent clinical trials conducted by
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Neurotech, inc. have confirmed the biocompatibildapd retrievability of macro-

encapsulated CNTF-secreting cells (see below fditiadal details).

Membrane permeability is another pivotal paraméterthe design and fabrication of
cell-laden devices. The semi-permeable barrier nsugtport cellular metabolism,
proliferation, differentiation and cellular homeasis (de Vos et al., 2002; Uludag et al.,
2000). The viability and function of encapsulateéllss and permeability of
microcapsules has been correlated for many yeansekter, this correlation depends on
several factors that are still poorly understood s challenging to define appropriate
permeability requirements as they relate t ospeacéll types (Rokstad et al., 2014).
However, there is a wide consensus that, for mas¢s; the ideal molecular mass cut-
off (MWCO) should be around 70 kDa (Orive et aD14a; Uludag et al., 2000).

Not all cell types are likely to perform in the fawitreal space as it presents an
uncommon hypoxic environment to encapsulated ¢dlisderkorn, 2006b). For this
reason, primary cells might be suboptimal choisesmgtheir limited lifespan and the
fact that they are harder to expand or modify geaky. Cell lines could in principle
be immortalized and engineered to be resistanypmXia and nutrient deprivation but
these cell lines may also show undesirable behgvigiving rise to erratic and
uncontrollable responses. These considerationsy geehave been primary in the
choice of the immortalized, human retinal pigmepitreelial cell line (ARPE-19) used
by Neurotech, inc. in their clinical trials. TheRRE-19 line, originally derived from
the retina of a donor patient is contact inhibit@ehenable to genetic modification, and
performs well post implantation. Stem cells aregpessively gaining prominence due
to their immune-privileged properties and plasyiqittia et al., 2014; Goren et al.,
2010). Among these cells, mesenchymal stem cel&G8), derived from bone marrow,
adipose tissue, dental pulp or umbilical cord blotmjether with neural stem cells
(NSCs) represent interesting options to build aalicapsulation technologies for
therapeutic aims in eye. Both MSCs and NCSs exetraprotection and axon
regeneration of retinal cells, including Retinaln@kon Cells, by secreting neurotrophic
factors such as nerve growth factor (NGF), brainveéd neurotrophic factor (BDNF),
glial cell-derived neurotrophic factor (GDNF) orliary neurotrophic factor (CNTF)
(Mead et al., 2015).
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Optimal device performance requires understandimdy regulating the biology of the
encapsulated cells. Cell-matrix interactions playkey role in this aspect of cell
encapsulation. Biologically inert polymers can befinctionalized with Arg-Gly-Asp
(RGD) (Santos et al., 2014; Yu et al., 2010) andyr@ther adhesion sequences (Llacua
et al., 2018; Nakaoka et al., 2013). RGD sequermeesfound in natural adhesion
proteins of the extracellular matrix including fimectin, vitronectin or fibrinogen. The
incorporation of these sequences into the otherimisg matrices allows cell adhesion
through the integrins, making possible focal cotstathat act as mechanosensors,
transmitting regulatory signals to promote cell veral and enhance long-term
functionality (Cipitria and Salmeron-Sanchez, 201¥; et al., 2015; Walters and
Gentleman, 2015).

The mechanical properties of device matrices cao alffect cellular behavior,
depending on the type of cell. Therefore, cell baracan be further regulated by
tuning the composition of the system (Huebsch ¢t28l110; Trappmann et al., 2012).
This can be achieved by varying the chain lengtthefpolymers, component ratios or
by adjusting its concentration (Chaudhuri et ab1@ Wilson et al., 2014). It is also
possible to adjust the crosslinker ratio (Trappmanal., 2012) or to use crosslinking
agents with different affinities (B& > SF* > C&") that confer unique physical
properties to the systems (Chan et al., 2011). chioéce of osmolarity adjusting agents
significantly contributes to mechanical stabilitydathe regulation of cell responses, for
example, by exerting control over the proliferati@te of the cells. Tailoring of the
physicochemical properties of the developed systerthe target cell type is important
for its compatibility and functionality. which dté same time provides a safer and more

predictable delivery of peptides/proteins (Gonz&eana et al., 2017a)

Finally, biosafety represents, undoubtedly, a paxarh concern for this
biotechnological approach in its path towards chhiuse (Santos et al., 2013b).
Towards this end, genetic procedures are beinglales@ to facilitate monitoring and
regulation of implanted cell-based devices. FomgXa, reporter/biosafety genes such
as pSFGesTGL vector, which codes for reporter genes of heipmplex virus thymine
kinase Type 1 (HSV1-TK), fluorescent green proi@&#P) and luciferase (Luc). have
been introduced in the genome of encapsulated &ditena et al., 2010; Deglon et al.,

1996; Santos et al., 2013a). Thus, it is possiblenbw the exact location and activity
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of the encapsulated cells in a non-invasive antitie@ manner (Catena et al., 2010).
Other possibilities include inducing cellular apag$ to inactivate the implanted cells
via intravitreal injection of ganciclovir (Deglon al., 1996; Santos et al., 2013a).

6. Delivery of neurotrophic and anti-angiogenic proteins

Neurotrophic factors play key roles in the repaid grotection of normal neuronal
function in adult organisms and in the survival ahfferentiation of neurons during
development, following brain injury, and in neurgdaerative diseases (Skinner et al.,
2009). Several trophic signaling molecules providaroprotection to retinal neuroims
vivo and in vitro including basic fibroblast growth factor (bFGF)eunotrophic
cytokines, nerve growth factor (NGF) and brain-dgedi neurotrophic factor (BDNF),
pigment-epithelium-derived factor (PEDF), and theunmopoietic cytokine ciliary
neurotrophic factor (CNTF). Ciliary neurotrophiccfar is one of the most studied
molecules and has been consistently been showestme photoreceptors and retinal

ganglion cells from genetic and environmental ihsul

Like other potentially therapeutic, neuroprotectiygokines and proteins, CNTF cannot
be effectively delivered via direct injection assmffers from a short half-life and

potential local toxicity secondary to the high dosguirements needed to acheive
efficacy. To overcome these limitations, gene aedl-ltased therapies have been
developed both pre-clinically and clinically. Ditereplacemnt of defective genes
provides the possibility of replacing a single d#éfee gene within a specific cell type.

While appealing, this approach is limited giventttieere is enough diversity of ocular
cell types to require multiple therapeutic intertvens to be effective. A second general
approach involves manipualting the host cellulachn@ery to produce a therapeutic
molecule or knock-down a defective gene. Whilenmsing, gene therapy requires the
therapy to be delivered directly to the target, sithich can require subretinal injections
and associated retinal detachment. The risk of unotogical responses to the
treatment is limited but it is not possible to riege or discontinue expression of the
trophic factor once the virus is injected. Thealget and efficiency of the virus in

human cells may also differ from that of animal relsd
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Stem cells can be differentiated and injected pmpelate damaged retinal cells. Stem
cells can also be engineered to produce trophtorfsa@nd can then be injected directly
into the target site. While inherently appealistem cells may produce additional
active factors beyond those desired, and oncetegestem cells may migrate; raising
safety concerns. The limitations to this approaoh €imilar to those seen in gene
therapy. Patients’ bodies may reject the stens cafid there is an overall lack of ability

to control the stem cells once they are injected.

Angiogenesis plays an important role in normal pblggiical process but pathological
angiogenesis occurs in several eye disorders suchage-related wet macular
degeneration and diabetic retinopathy. This ablienaovascularization involves the
growth of new, abnormal blood vessels and is prechdty VEGF. Anti-VEGF
injections effectively improve vision in patientsitbtheir use could be improved by
eliminating the need for frequent injections ansoagated heavy treatment burden. A
long-term, continuous therapy with a low treatmiemtden remains a clear unmet need
in wet AMD treatment. The intraocular inhibition tfie action of VEGF has been
recently attempted in clinical trials by Neurotaging the NT-503 device (see section
below) (Guerrero-Naranjo et al., 2013). A similtnagegy has also been approached in
preliminary studies using microcapsules containgrgrapped cells engineered to
produce the soluble receptor of VEGF (KDRS). Irs thpproach, murine cells were able
to survive at least 3 weeks in the vitreous of (8&@ntos et al., 2012). Anti-angiogenic
factors released from encapsulated cells havelasn investigated for their antitumor
activity. By using endostating-secreting biosystesimgnificant enhancement of survival
was obtained in a BT4C brain tumor model (Read.eR@01). Later studies confirmed
that this therapy reduced tumor vascularizatiamoaigh tumor growth was not reduced
in that study (Kleinschmidt et al., 2011).

6.1 Delivery of Ciliary Neurotrophic Factor from encapsulated cells: preclinical

studies.

CNTF has shown to be effective in retarding phateptor neuron loss in animal
models of retinal degeneration, including environtak light stress and genetic
dysfunction models with resulting phenotypes simila retinitis pigmentosa and
geographic atrophy (Liu et al., 1999; Tao et 8002). The most developed iteration of
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CNTF therapy using encapsulated cells has beenlapmee by Neurotech. Their

approach uses a macro-encapsulation device wittyatpersulfone external membrane
(NT-501) that contains an immortalized, human adtipigment epithelial cell line

(ARPE-19) that is genetically engineered to seciiedeapeutic proteins such as CNTF
(NT-501) or anti-VEGF receptor (NT-503) at a regethdelivery rate (Kauper and

Nystuen, 2017). As observed with other cell linesluding myoblasts and fibroblasts
(De Castro et al., 2005), ARPE-19 is easily amen#dblgenetic engineering by stable
expression of transgene vectors and it is bioldlgicsable, a very relevant property
compared to other unstable cell sources immobilimeghcapsulation devices (Orive et
al., 2001). The device has been constructed usisgnai-permeable polymer outer
membrane, medical-grade sealant and a titaniumoarathone end of each device to
facilitate suturing to the sclera following implatiirough the pars plana and into the

vitreous of the eye.

From a structural perspective, these devices eah an internal polyethylene
terephthalate (PET) yarn scaffold. The membrane¢twls porous and manufactured
using traditional polymer phase-inversion techngjuslows oxygen and nutrients in
the vitreous to freely diffuse inward, and alloveerapeutics to freely diffuse outward
as well as it resists protein fouling by serum @itd such as those found in the vitreous
(Singh et al., 2012). The potency of this systeraupported by evidence showing the
benefits of CNTF as a potential therapeutic foinedtdegenerative diseases (Bok et al.,
2002; Rhee et al., 2013) as it reduces photorectyss associated with degeneration of
the cells of the outer retina. Neurotech demotedrahat encapsulated CNTF-
producing cells protected photoreceptors in theemutuclear layer (ONL) of
experimental rats and dogs. In the rhodopsin @ficat model of retinitis pigmentosa
(RP), intravitreally placed CNTF devices were comepato identical control devices
containing non-modified ARPE-19 cells. While cohtamimals exhibited 1-2 rows of
photoreceptors, the CNTF-treated animals showeadrafisantly higher (5-6) rows of
these same photoreceptors. These data were cedfirmthe rcdl dog model of RP
where CNTF devices also conferred a protectiveceti@ ONL photoreceptors. The 1
cm long devices were implanted into the vitreougmwthe dogs were 7 weeks old and
remained in vivo for an additional 7 weeks. Thetcalateral eye was untreated for
control purposes. Results revealed that each treaie had significantly more

photoreceptors and the cells in the capsules resdaimable and densely distributed
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throughout. Importantly, the protection of phot@eiors was dose-dependent with
minimum protection observed at CNTF doses of 0.2L.® ng/day relative to that
achieved at higher doses (Figure 6) (Tao et ab220

6.2 Clinical evaluation of CNTF Delivery from ECT in geographic atrophy,
retinitis pigmentosa and glaucoma patients

Based on encouraging preclinical data, Neuroteaiducted a Phase 2 clinical trial
(Pharmaceuticals) to test its CNTF implant, degigghaas NT-501, in patients with RP
and geographic atrophy (GA) (Zhang et al., 201 &a}idnts treated with the high dose
NT-501 implant (approximately 20 ng/day), exhibitedtatistically significant increase
in macular volume between 4 and 12 months as detedrusing optical coherence
tomography. A trend towards visual stabilizatiomsvobserved and a subgroup analysis
of high dose patients that started the trial withsaial acuity of 20/63 or better revealed
a modest but a significant improvement over theriti?th treatment period compared
to the control group.

Critically, after removal 2 years later, the degicentinued to release CNTF (Figure 7).
Histological evaluation of the devices confirmedattithe continued release was
associated with viable cells. The company followlsese results with a report of good
viability and secretion from explanted clinical ams after 5.5 years. In another study,
two patients with RP and one with Usher syndronpe & who participated in a Phase 2
clinical trial (Pharmaceuticals) received CNTF largs in one eye and sham surgery in
the contralateral eye (Talcott et al., 2011). Nanges were noted in visual acuity,
visual field sensitivity, or electroretinographyspenses in either eye of the three
patients over 24 months. The outer retinal layegse significantly thicker in CNTF-
treated eyes than in sham-treated eyes and coosgnd density was increased in
the CNTF treated versus the control eyes (FigureC8)lectively, these data confirm
long-term, sustained deliver of CNTF to the vitreouth the potential to protect retinal
morphology. Data recovered from these initial ickh trials suggested that sustained
intraocular delivery of CNTF has the potential tmtpct retina from degeneration in
humans and further provides evidence for the trearip potential of CNTF delivery by
encapsulated cell technology.
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Glaucoma is another indication that might be amientbtreatment with CNTF. For
more than 150 years, the only proven treatmenglimucoma has been the reduction of
intraocular pressure with drugs or surgical appneac(Liebmann and Cioffi, 2017).
Today, the ultimate goal in glaucoma research i itfentification of treatment
interventions that directly target neuronal headiid survival thereby treating the
underlying damage to the retina and optic nervegtigrm treatment with CNTF could
beneficially impact the pathology of glaucoma. CN&¥els are reduced in the aqueous
humor and lacrimal fluid of patients with primarpem-angle glaucoma (Shpak et al.,
2017). CNTF is also released by retinal glial cellsesponse to injury and it promotes
retinal ganglion cell survival. A Phase | clinicsiudy involving 11 patients with
primary open-angle glaucoma was initiated in 201 2valuate safety, neuroprotection
and neuroenhancement of CNTF-releasing NT-501 CNifiplants (Goldberg).
Eighteen months of CNTF delivery was associatetl wiaintenance of visual field and
with regenerated retinal nerve fiber layers relativ untreated control eyes. A Phase 2
trial was initiated to confirm these findings, lbasults are currently unavailable.

6.3 Neuroprotection in the Treatment of Macular Telangiectasia

Given the involvement of CNTF in neuroprotectiondasuggestions of possible
therapeutic benefit in retinal diseases, NT-501vdey of CNTF is being investigated in
macular telangiectasia (MT) patients. NT-501 CNEvides were implanted into the
vitreous of a single eye in patients in an initdase 1 trial (Pharmaceuticals). After 4
years, a 5 letter improvement in visual acuity whserved in the treated eye suggesting
that NT-501 treatment slowed the progression abrisoss. The data further showed
that progression of the inner segment —outer segiii®rOS) break was reduced by
43% indicating a reduction in photoreceptor atroptBased on these data, a Phase 2
multi-center, controlled study of NT-501 treatmerior MT was initiated
(Pharmaceuticals). In 2017, Neurotech reporteddhelts of the 67 patient study. After
24 months of CNTF treatment, there was signifigateéss photoreceptor loss versus
sham. The area of ellipsoid zone break increaggifisantly by 0.213 mrhin sham
eyes compared to 0.148 rfirim treated eyes. Neurotech also reported thatutaac
thickness and the proportion of eyes with a 35%nore increase from baseline in the

ellipsoid zone was significantly reduced followiGNTF.
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7. Room for progress

Significant progress has been achieved in the esliof potential therapeutics to the
eye and cell encapsulated-based protein deliverpne of the more promising
approaches with notable demonstrations of long-tand reasonably stable protein
delivery both in pre-clinical and clinical studietill, there are critical issues that need
to be overcome to optimize use of this therapeapjroach. First, while device-related
adverse events have been uncommon to date, masedestudies will be needed to
determine the risk/benefit as related to possibents including vitreal leakage and
retinal damage and/or detachment. The possibilitynlammatory responses with
associated increases in intra-ocular pressure, ip@ssorneal trauma, cataract
formation, local scarring, and changes in fluidinlige and reabsorption all need to be
carefully considered. Second, genetically-modiftetls will likely continue to be used
in the future. To date, no obvious issues haveayisut larger and more lengthy studies
will be needed to ensure that the vectors andfeatisn techniques used are stable and
without mutagenicity. Third, degenerative diseasab probably require life-long
therapy. A significant challenge will be titratiran effective therapeutic dose of the
desired agent in the face of ongoing degenerafioials to date have delivered low
levels of factors such as CNTF for several yeatsitoremains unknown whether the
molecule (e.g. CNTF) was effectively tested or Wketfurther dose-escalation could
yield better results. This issue will not be retate only CNTF as being able to control
and test various doses of single or multiple compsufrom encapsulated cells over
prolonged times to achieve controlled and predietatbsing remains a formidable
challenge. A fourth issue is related to the choodemolecule to test. The two
fundamental and overarching issues in the topihaveto deliver the desired molecule
and which molecule to deliver. Assuming that ena&gied cell technologies can fulfill
the first goal (and will presumably only become eeogliable) the choice of molecule
remains a complex and largely open question. Oaeple of this is the use of NT-503.
A recent Phase 2 trial of a soluble anti-VEGF rémeprotein was discontinued. The
Neurotech, inc website stated “the study was stghes to a larger than anticipated
number of patients requiring rescue medicationhl treatment arm. ECT was well
tolerated for the duration of the trial and theraswno observed safety signal that

contributed to the decision to discontinue thel.trihew details are available and it
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remains unclear if the dosage was inadequateeisthdy design and patient inclusion
could have been optimized, or if the molecule m@y ineffective in this disease.
Nonetheless, as pointed out by Kauper and NystEanger, K., Nystuen, A., 2017)
patients demonstrated equivalent or improved stabih visual acuity relative to
controls despite requiring more supplemental injpest of aflibercept than planned. The
authors concluded that increasing the amount aftd®lVEGF receptor protein should
be evaluated as logical next step in developing dpproach. These complexities serve
to highlight both the potential of this approackdahe amount of research, clinical

evaluation, time, and expense that will be needddlly answer these questions.

8. Conclusion and futuredirections

Retinal diseases such as macular degenerationgtdiamacular edema, retinitis
pigmentosa, glaucoma and macular telangiectasi@x@dremely common and each of
them presents a unique etiological and pathologipalctrum. This heterogeneity has
played a limiting factor in the development of nbvkerapeutics. Another major
limiting factor has been the development of drulivdey systems capable of providing
sustained, long-term delivery to the posterior seginof the eye via the physiological
barriers dictated by ocular anatomy. Several ambrem are under continued
development to optimize drug delivery to the eyeluding direct injections, gene
therapy approaches, and cell-based delivery userg sells. Each have advantages but
are restrained by practical and technical issuaslimmit their further development and
widespread use. Direct injections are cumbersomeasive, and require frequent,
perhaps life-long treatments. Pump technologiese H@come increasingly useful for
sustained delivery but are not practical for the.en gene therapy, a viral vector
containing the gene that expresses the trophiorfastinjected directly into the target
site. If successful, the patient’s cells to prodtive desired factor. This approach can
achieve high levels of localized production butimsited by difficulties regulating or
discontinuing expression of the factor once thesis injected. Finally, stem cells can
be engineered and injected into the desired siwlyeaStem cells may produce
additional active factors beyond those intended, the cells may migrate. With both
gene therapy and stem cell approaches, it is diffio discontinue the treatment of

refine the dosing as needed.
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In this review, we discussed the development oélevery system based on implanting
cells that have been encapsulated in a polymer mamabbefore implantation. The
pores of the membrane are sufficiently large tovalinolecules to cross the membrane
and enter the surrounding host tissue, but smalligimto protect the encapsulated cells
from host recognition and possible immune destoactiEncapsulated cell therapy
provides a targeted, continuous, de novo synthésspeirce of high levels of factors
including small molecules, proteins, and antibodrest can be distributed throughout
the target site. As such, this therapeutic tectgyopdatform combines the potency of de
novo, in situ synthesis of cell-derived factors hwithe safety of an implantable,
biocompatible, and retrievable medical device. [psatated cells remain viable and
continuously deliver factors to the surroundinguis following implantation because
the capsule is constructed such that oxygen andentg can enter to nourish the
encapsulated cells. Immunological reactions of éneapsulated cells are obviated
because the semipermeable membrane prevents therimsne system from gaining
access to cells; thereby preventing their rejecti®y using human cells as delivery
vehicle, the chances of immunological reactions baneven further reduced. An
additional advantage is that the capsule can bevedand/or replaced if necessary or
desired. These advantages have been confirmethtgeaextent in recent clinical trials
where continued CNTF secretion was confirmed folfgrvimplantation directly into
the vitreous.

While we are suggesting that encapsulated cellntdoies hold the greatest current
opportunity to provide long-term, perhaps permametivery, of efficacious molecules,
it is possible that this approach will ultimatelg b part of a sophisticated multilayered
approach to treating retinal diseases. As it ctiyestands, the most advanced iterations
use the delivery of trophic factors such as CNTIkis Bpproach is only useful during a
portion of the degenerative process. Early, preggmatic treatment is currently not
possible without clear cut genetic markers andrwetation too late in the process is
likely to be ineffective due to the lack of cellulmachinery left to save. Regenerating
retinal cells is a futuristic prospect. A niche fgene therapy might be found in the
treatment of congenital diseases. As one exampimerous successful pre-clinical
studies led to clinical trials using AAV to delivdRPEG5 for Leber congenital
amaurosis (Bainbridge et al., 2015). Moreover, steththerapies may ultimately prove
useful for replacing damaged retinal cells andugss For instance, recent efforts have

elucidated a method of pharmacologically enhanciiggenesis in pluripotent stem
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cells perhaps providing a method to mature indydadpotent stem cells for clinical
application (May-Simera et al., 2018). All of themed other approaches will continue
their development at various rates but it is pdedi» envision scenarios in which they
will be combined to provide the best possible ontedoased on prevention, protection,
and replacement. Until that time, the technical nafacturing and clinical progress
achieved in cell encapsulation will provide a vaaglito overcome the therapeutic
challenges unique to the eye and retina.
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L egends

Figure 1. Cell encapsulation, general concepts. This strategy is aimed at physically
isolating a cell mass from an outside environmesithin the boundaries of a
semipermeable membrane. The membrane, in turnegisothe encapsulated cells
against immune cell and antibody mediated rejectwamle allowing the entrance of
nutrients and oxygen, and the exit of therapeutcpcts into the surrounding tissue.

Figure 2. Private investment. Companies worldwide developing cell encapsulation-

based biotechnology products.

Figure 3. Molecular cutoff of different types of microcapsule membranes. The
molecular weights of various enzymes, antibodiespnmement components, other
proteins, peptides and metabolites are listed emigit. Abbreviations: C2-9 and C19,
various components of the complement cascademigiwinoglobulin; IL-1, interleukin
1; NGF, nerve growth factor; APA, alginate-polyysine/ornithine-alginate.
Reproduced with permission from (Chang and Prake39g).

Figure 4. Microcapsules. (A) APA microcapsules of 500 um diameter on a éirig.
(B-E) Highly monodisperse 100 um APA microcapsuésapsulated cells showing an
excellent cell viability (B). Microcapsules staineith Membrane Blue® in a total dose
of 10 pL (C) and subsequent retinography upon aditnation in the intravitreous space
of rats, where encapsulated cells remained viabldeast 3 weeks (E). (B-E)

Reproduced with permission from (Santos et al. 2201

Figure 5. Macroencapsulation device (Hollow Fiber). Schematic representation of the
NsG0202.1 device. PET, polyethylene terephthaRéproduced with permission from
(Eyjolfsdottir et al., 2016).

Figure 6. Retinal photomicrographs of transgenic rats cagyhe rhodopsin mutation
S334ter. (A) S334ter untreated eye, (B) NTC-20Cep@ cell-treated eye, and (C)
NTC-201 cell-treated eye. Brackets denote ONL. Bdyced with permission from
(Tao et al., 2002).
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Figure 7. NT-501 releases CNTF in the vitreous for at leéagears in patients. (A)
Photomicrographs of H&E stained histological sewtiof explanted devices. (B) CNTF
levels detected in human vitreous over 6, 12, IB2thmonths from high dose implants
corresponding to explanted CNTF device secreti@préduced with permission from
(Kauper et al., 2012).

Figure 8. Retinal and adaptive optics scanning laser opmbstopy (AOSLO) images.
For each patient, fundus photographs are shown WISLO images and foveal
horizontal spectral-domain optical coherence toraplyy (OCT) scans superimposed
(horizontal lines: OCT scan location; white squanesAOSLO images: ROIs where
cone spacing was analyzed in each AOSLO image 80emonths; yellow squares:
retinal locations of density examples shown in B2j. (A) Sham-treated and CNTF-
treated eyes of patient 1. (B) Sham-treated andFetidated eyes of patient 2. Bilateral
epiretinal membranes on OCT images. (C) CNTF-tceaed sham-treated eyes of
patient 3. No AOSLO images were acquired in thenstreated eye of patient 3
because of severe cystoid macular edema and v@ti@macities (arrow points to opacity

obscuring retinal detail). Reproduced with pernaisdrom (Talcott et al., 2011).
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Tables

Tablel

Material/Device Drug Delivered Duration of Ref.
Delivery
PLA microparticles TG-0054 3 months (Shelke et al., 2011)
PLGA microparticles GDNF 11 weeks in (Garcia-Caballero et
Vivo al., 2017)
PLGA microparticles Dexamethasone 50 days (Zhang et al., 2009)
PLA microparticles and Budesonide 2 weeks (Kompella et al.,
nanoparticles 2003)
PLA microparticles and Triamcinolone 2 months (Kadam et al., 2012)
nanoparticles acetonide
PLGA (85:15) Celecoxib 14 days (Ayalasomayajula

microparticles

Polyesteramide
microspheres

PLA  nanoparticles in
porous PLGA
microparticles

Hyaluronic acid/dextran-
based in situ hydrogel

Hyaluronic acid/dextran-
based in situ hydrogel

ESHU gel
mMPEG-PLGA gel
Silk hydrogels
Collagen matrix

Liposome

Liposome

Retisert
(nonbiodegradable
implant, PVA implant)

Iluvien
implant)

(intravitreal

Bevacizumab

Bevacizumab

Dexamethasone

Bevacizumab

Bevacizumab
Bevacizumab
Bevacizumab
Cisplatin

Ganciclovir

Bevacizumab

Fluocinolone
acetonide

Fluocinolone
acetonide

29

2 months in
Vivo

2 months

3 months in
Vivo

6 months

9 weeks
1 month
3 months
2 weeks

43 days

42 days

3 years

3 years

and Kompella, 2005)

(Yandrapu et al,,
2013)

(Yandrapu et al,,
2013)

(Andres-Guerrero et
al., 2015)

(Yu et al., 2015)

(Rauck et al., 2014)
(Hu et al., 2014)

(Lovett et al., 2015)
(Gilbert et al., 2003)

(Le Bourlais et al.,
1996)

(Abrishami et al,,
2009)

(Driot et al., 2004)

(Sanford, 2013)



Ozurdex
implant with PLGA)

(biodegradable

Nonbiodegradable device,

EVA copolymer

Biodegradable,
intrascleral implant

PLGA
scleral plug

PLA

biodegradable

Dexamethasone
Betamethasone
Betamethasone

phosphate
FK506 (tacrolimus)

6 months

1 month

8 weeks

at least 6
weeks (for
uveitis
treatment)

(Lee et al., 2010)

(Okabe et al.,
2003b)

(Okabe et al.,
2003a)

(Sakurai et al.,
2003)
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Box 1.

Box 1. Traditional routes of ocular drug delivery

Systemic delivery: Oral or intravenous administration can be usedofarlar delivery but is
typically not advised sue to peripheral degradatipoor bioavailability across blood-retin
barriers, and the need to deliver high drug comatiohs to achieve therapeutic leve

Systemic delivery is a generally poor choice fogdas, polar, unstable proteins and perptides.

Topical delivery: Topical administration of eye drops is the moshown, patient complain
and least invasive route of drug delivery. Tradiil methods include emulsions, ointments
suspensions which may be used to improve sevarglahraracteristics including solubility af
bioavailability. Emulsions are generally oil-water water-oil formulations. Suspensio
consist of generally insoluble particles in solvbased media. Drug action duration
dependent on particle size in these systems. @mBnimprove drug duration ar
bioavailability by mixing a drug with a hydrocarbdike paraffin that melts at physiologic
temperatures. Thermosensitive gels such as Re@ellsa be administered

Direct injection: Direct injections of drugs permits delivery didgdio the posterior segme
but typically only achieves short duration benedite to drug washout and clearance. Chr
administration is difficult as repeated injectioase associated with retinal detachme
bleeding, cataract formation and inflammation. Téfnement of microneedles may overco
some of these issues by minimizing tissue damagk allowing deposition into specifi
compartments such as the sclera. Thermosensiéilesgich as ReGel can be manufacty
such that gelation occurs at physiological tempeest The gels provide longer durati
action, require less frequent administration thheondrops and have improved bioavailablity

Implants: These systems are designed for direct ocular plece and can be formulated
either biodegradable or non-degradable systemsileW#quiring an invasive procedure the
systems overcome the need for repeated injectiodspeovide longerm, sustained delivery
Non-degradable systems may require removal afeedibg is delivered making this appros
expensive and cumbersome for the patient. Thetiaddi procedure also raises the risk

adverse events. It is notable though that seualhnts have been approved for use includi

Vitrasert, Retisert, Surodex, and Ozurdex. AltHoungpt an implant in the traditional sen
contact lens can be formulated with drugs by sapkirem prior to placement or coating thg
with particles.

Nanotechnology: Recent developments in nanotechnology have petnigixploration of &
number of drug formulations that use very small tips including nanomicelles
nanosuspensions, liposomes, nanoparticles, andidend. These nano-formulations can
used as gels or ointments and their small size shdéltem well-tolerated, with decreas
washout, improved bioavailability, and good bioceatiplity. Particles size and bioadheran
are important considerations when attempting tamize clearance.

Implantable living cells. Cell therapy can, in principle, be used to repaireplace damage
ocular tissues. Stem cells can be derived fromrgomniic sources or can be “induced” to fo
appropriate cells to replace (for instance) retoals. On the otherhand, cells can be modi
to secrete and deliver potentially efficacious males including proteins and peptides. T
cells can be delivered with or without a matrix whéhey secrete the desired factor in a Ig
term, sustained fashion. Encapsulating the callan immunoisolatory device allows for
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Box 2: Ideal requirementsfor cell-based devices

Biocompatible: The external components of the device includirgrttembrane,
adhesive that forms any seals, and any exterr@riag or handles for implantation
and retrievable must be biocompatible. Refinemenisaterials engineering and the
use of medical grade, easily curable glues haveéymed devices that elicit negligible
fibrosis, cellular ingrowth, or protein adsorption.

Implantable and retrievable: The devices must be minimally invasive and coniybat
with current surgical techniques. The devices sthaido be easily retrievable if need:s
or desired. Hollow fiber devices such as thosehysieurotech, inc. have been
clinically verified to be easily implantable andrrevable even after several years in
life.

Non-animal, human cell sources: Early encapsulation studies focused on the use @
animal-derived, uncontrolled dividing tissues (#ogoblasts) that would typically
overgrow the device and form accumulating necitiggue that impaired both cell
viability and membrane diffusion. Even the useeshtinally differentiated cell lines
was found to be unreliable and uncontrollable. otaman derived cells such as
ARPE-19 (and perhaps stem cells in the near fuanepeing used with reduced
immunogenicity (as they are allogeneic), improvaagtterm viability and protein
delivery (at least 5.5 years to date in the eya)ekent safety records in both eye and
CNS compartments, and good compatibility with genetgineering techniques.

Compatible with membrane scaffolding: The survival and function of encapsulate
cells is highly dependent on the type of extradatlmatrix scaffolding used within the
devices. This scaffolding serves to immobilize gbrevent aggregation and necrosi
and control cell morphology. Different cell type®fer different scaffolding with
ARPE-19 cells preferring PET yarn and chromaffitisggreferring alginate (as 2
examples).

Molecular techniques per mitting high and controllable dosing: Early studies in
animals demonstrated that primary cells were ingefit at producing reasonable levg

of secreted agents. While the feasibility of deiivg proteins and other molecules from

modified cells was evident it was also clear thghér factor secretion would be need

to enable adequate distribution and dosing. Todagkecular techniques (such as the

Sleeping Beauty transposon system used by Glofiaeeapeutics) yield stable gene
transfer with secretion approaching log order iases over that achieved with earlier
techniques.

Manufacturable: Each of the requirements listed above need tacbiewed under
controllable and scalable processes. All devicepmmnts should be sourced and
tested under GMP conditions. Refinements in sertaraated robotically-assisted
manufacture and cell-loading will serve to contiasly improve performance and
consistency.
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Company Country Main application Technology Current research status
Semma USA Pluripotent stem cell-derived pancreatic Beta Under development Preclinical stage
Therapeutics cells for diabetes
Sernova Canada Islets combined with Sertoli cells for diabetes Cell Pouch System™ Conducting a Phase 1/2 clinical study in
subjects with diabetes
Neurotech USA Genetically modified cells for ophthalmic Encapsulated Cell Therapy (ECT) NT-501 for MacTel — Positive Phase 2
diseases such as MacTel and glaucoma results reported
NT-501 for glaucoma — Phase 2
NT-503 for Wet AMD — Phase 2 program
discontinued
Pharmacyte USA Ifosfamide-activating cells for cancer and insulin- Cell-in-a-Box® Reduced tumor size with no obvious
producing genetically engineered human liver adverse side effects in Phase 1/2 clinical
cells “Melligen” for diabetes study for pancreatic cancer
Preclinical stage for diabetes
Viacyte USA Differentiation of stem cells into pancreatic Beta Encaptra® Encouraging observations for PEC-Encap™
cell precursors (PEC-01™) for diabetes (or VC-01™) in Phase 1/2 clinical trials
Encapsulife USA Pancreatic Beta cells for diabetes Multi-component membrane capsule Successful trials in primates
system based on PMCG-CS /CACL2-
Alginate membrane
Gloriana USA Genetically modified cells for AD and PD Encapsulated Cell technology (EC) Safe and long-lasting (6-12 months) Phase

Therapeutics

(former NsGene)

1b trial with EC-NGF product for AD

EC-GDNF program for PD in preclinical
development




Living Cell
Technologies

New Zealand,
Australia

Choroid plexus epithelial cells for PD

IMMUPEL™

Statistically significant improvement with
NTCELL® for PD in the Phase 2b study

BetaO2
Technologies

Israel

Pancreatic Beta cells for diabetes

BAIr Bio-artificial Pancreas

Demonstrated safety with limited islet
function shown by BAir Bio-artificial
Pancreas in Phase 1 study

AustriaNova

Singapore

GMP encapsulation services

Cell-in-a-Box®
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PharmaCyte
USA

Encapsulife  Gloriana
ViaCyte USA 'LI;ISI:rapeutlcs
USA T

Company
Semma Therapeutics

"~ Semma
Therapeutics
USA

Neurotech
USA

Main application
Stem cells for diabetes

BetaO2 Technologies
Israel

' Singapore

AustriaNova

Living Cell Technologies
New Zealand, Australia

Current research status

Preclinical stage

Sernova Islets combined with Sertoli cells for diabetes Conducting a Phase 1/2 clinical study in subjects with diabetes
Neurotech Genetically modified cells for ophthalmic diseases such as MacTel NT-501 for MacTel — Positive Phase 2 results reported
and glaucoma
NT-501 for glaucoma — Phase 2
NT-503 for Wet AMD — Phase 2 program discontinued
Pharmacyte Cancer and diabetes Reduced tumor size with no obvious adverse side effects in Phase
1/2 clinical study for pancreatic cancer
Preclinical stage for diabetes
Viacyte Stem cells for diabetes Encouraging observations for PEC-Encap™ {or VC-01™) in Phase 1/2
clinical trials
Encapsulife Diabetes Successfultrials in primates

Gloriana Therapeutics
(former NsGene)

Genetically modified cells for AD and PD

Safe and long-lasting {6-12 months) Phase 1b trial with EC-NGF
product for AD

EC-GDNF program for PD in preclinical development

Living Cell Technologies

Choroid plexus epithelial cells for PD

Statistically significant improvement with NTCELL® for PD in the
Phase 2b study

BetaO2 Technologies

Diabetes

Demonstrated safety with limited islet function shown by BAir Bio-
artificial Pancreas in Phase 1 study

AustriaNova

GMP encapsulation services




