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METHODS AND MATERIALS FOR USING FIBRIN SUPPORTS FOR RETINAL
PIGMENT EPITHELIUM TRANSPLANTATION

BACKGROUND
1. Technical Field
This document relates to retinal pigment epithelium transplantation. For example,
this document relates to methods and materials for using fibrin supports for retinal

pigment epithelium transplantation.

2. Background Information

Macular degeneration diseases represent a variety of diseases and etiology, but
commonly stem from retinal pigment epithelium (RPE) dysfunction. Genetic macular
degenerations, including the bestrophinopathies, occur due to protein mutations involved
in RPE function. The bestrophinopathies (e.g., Best’s disease) arise from a mutation in
the Best1 gene, causing RPE dysfunction leading to eventual photoreceptor death. The
prevalence has previously been reported as 1 in 16,000-21,500 (Dalvin et al., Ophthalmic
Genet., Epub:1-5 (2016)). While the genetically-caused macular degenerations are rare,
age-related macular degeneration (AMD) is the leading cause of blindness in the first
world. It is estimated to account for 5 million cases in the US in 2050. AMD is a more
complex disease of immune and vascular function that directly affects RPE function.

RPE replacement as a treatment for macular degeneration has been a popular
focus in recent history. Modern advances in stem cell technologies have made embryonic
(ES) and induced pluripotent (IPS) stem cells attractive candidates for transplantation.
Multiple reports show the ability to differentiate both stem cell sources towards an RPE
lineage (Sonoda ef al., Nat. Protoc., 4:662-673 (2009); Johnson et al., Ophthalmol. Vis.
Sci., 56:4619 (2015); Brandl et al., NeuroMolecular Med., 16:551-564 (2014); Idelson et
al., Cell Stem Cell., 5:396-408 (2009); Carr et al., Mol. Vis., 15:283-295 (2009)). Both
ES-RPE and IPS-RPE have been shown to exhibit normal RPE function, including cell
markers, phagocytosis, and pigmentation (Singh ef al., Ophthalmol. Vis. Sci., 54:6767-
6778 (2013)).
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SUMMARY

This document relates to RPE transplantation. While in vitro successes of RPE
transplantation have been attained, many difficulties have risen in translation towards
clinical application. The earliest trials attempted to deliver RPE single cell suspensions to
the subretinal space in dry AMD patients (Peyman et al., Ophthalmic Surg., 22:102-108
(1991); and Schwartz et al., The Lancet., 379:713-720 (2012)). These studies showed
safety efficacy, as no adverse reactions were reported (Schwartz et al., The Lancet .,
379:713-720 (2012); Schwartz et al., The Lancet., 385:509-516 (2015); and Schwartz et
al., Ophthalmol. Vis. Sci., 57:0RSFc1-9 (2016)). However, transplantation was
characterized by low percentage of RPE attachment and survival. As expected, no major
improvement was detected in visual acuity (Schwartz et al., The Lancet., 385:509-516
(2015)).

As an epithelium, cell-cell contact is involved in RPE survival and function.
Subsequent trials have focused on the growth of RPE monolayers for transplantation. A
recent study utilized collagen gel culture of RPE and use of collagenase to detach the
monolayer as a single unit prior to transplantation (Kamao et al., Stem Cell Rep., 2:205-
218 (2014); and Sun ef al., Stem Cells, 33:1543-1553 (2015)). Animal studies
transplanting the unsupported RPE monolayer with this model have shown an
improvement in attached cell viability after transplantation. However, a concern
presented was the inability to maintain a flat, wrinkle-free monolayer through the surgical
procedure. As such, cell attachment is seen off target and with clumping phenotype. The
first human trial with this strategy has been performed (Mandai ef al., N Eng J Med.,
376:1038-1046 (2017)) and the clinical trial is on-going.

To overcome the maintenance of the monolayer, a general tissue engineering
strategy has been to utilize synthetic polymer substrates as a basal support to RPE during
the differentiation process and subsequent implantation. Two materials that are currently
in clinical trials include parylene (Hu et al., Ophthalmic Res., 48:186-191 (2012); and
Diniz et al., Invest. Ophthalmol. Vis. Sci., 54:5087-5096 (2013)) and polyester (Stanzel et
al., Stem Cell Rep., 2:64-77 (2014)). These materials can be modified to create
micropores and improve cell attachment (Lu ez al., Biomed. Microdevices, 14:659-667
(2012); McHugh et al., Invest. Ophthalmol. Vis. Sci., 55:1754-1762 (2014); and Lai et al.,
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PLoS ONE. 8:e54058 (2013)). These materials also degrade slowly, enabling culture of
cells through the long RPE differentiation protocol. Because of this slow degradation, the
material can remain between the RPE and choroid after implantation for several months
to years, causing concerns of chronic inflammation and fibrosis, low permeability and
potentially reduced RPE survival. Additionally, due to the rigidity of the material, there
is concern of damage to the underlying choroid, as seen in previous animal studies (Diniz
et al., Invest. Ophthalmol. Vis. Sci., 54:5087-5096 (2013)).

This document provides methods and materials for using fibrin supports for RPE
transplantation. Fibrin can be a cross-linking fibril network formed spontaneously after
the activation of a precursor to its self-polymerizing monomers. Fibrin typically makes
up the clot that forms physiologically during wound healing, and has a well characterized
cascade of activation, formation, degradation, and clearance (Undas et al., Arterioscler.
Thromb. Vasc. Biol., 31:¢88-e99 (2011)). For example, fibrin gels can be rapidly
degraded through the activation of plasminogen to plasmin, a process activated by
enzymes like tissue plasminogen activator (tPA). Fibrin, often referred to as fibrin glue,
is used in the clinic as a natural sealant during surgical incisions in soft tissues and is
available commercially. The fibrin used herein can be highly adhesive, can have
biomechanical rigidity, can be biocompatible, and can be degradable.

To confirm the suitability of fibrin as a substrate for RPE transplantation, the
properties of the fibrin hydrogel to form a thin layer, rigid hydrogel with defined
parameters for degradation on the scale of hours was varied. Then, the optimized
conditions were applied to iPSC-RPE monolayers. The ability to detach the fibrin-RPE
(FRPE) implant was investigated. /n vitro cell viability and phenotype was assessed after
each step, including hydrogel degradation, to insure the potential efficacy of the cells for
transplantation. As described herein, fibrin hydrogels can be used as a temporary
apically-apposed or basal support substrate for RPE transplantation. For example, RPE
transplantation can be performed using an RPE monolayer/fibrin implant provided herein.
The fibrin scaffold can be on the apical side or basal side of the RPE monolayer for
improved RPE attachment. In some cases, RPE can be grown on the fibrin support to
develop a monolayer with basal support. These cultures can be cut to develop individual

units for implantation. In other examples, the fibrin scaffold can be on the apical side of
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the RPE monolayer for improved RPE attachment. In some cases, modular tiling of
multiple (e.g., two, three, four, or more) RPE monolayer/fibrin implants can provide large
area coverage, and laser tacking can be used to enable precision of delivery location. In
some cases, the fibrin scaffold can be degraded under controlled conditions during
surgery using, for example via tPA.

In general, one aspect of this document features a retinal implant comprising, or
consisting essentially of, (a) a retinal pigment epithelium monolayer having an apical
surface and a basal surface, and (b) a fibrin hydrogel layer attached to the apical and/or
basal surface of the monolayer. The fibrin hydrogel layer can be from about 20 um to
about 400 pum thick. The implant can comprise plasminogen. The implant can comprise
from about 0.1 U of plasminogen per mL to about 40 U of plasminogen per mL. In some
cases, the implant can comprise from about 0.001 U of plasminogen per mL to about 40
U of plasminogen per mL. In some cases, the fibrin hydrogel layer can be obtained
autologously.

In another aspect, this document features a method for making a retinal or sub-
retinal implant. The method comprises, or consists essentially of, (a) obtaining a retinal
pigment epithelium monolayer having an apical surface and a basal surface, and (b)
depositing a coating of fibrinogen and thrombin onto the apical surface of the monolayer.
The coating can be from about 20 pm to about 400 pum thick. The method coating can
comprise from about 20 mg of fibrinogen per mL to about 80 mg of fibrinogen per mL.
The method coating can comprise from about 2 U of thrombin per mL to about 1500 U of
thrombin per mL. The method can comprise depositing plasminogen onto the apical
surface of the monolayer. The method can comprise depositing plasminogen within the
fibrin hydrogel onto the apical surface of the monolayer. The method coating can
comprise from about 0.1 U of plasminogen per mL to about 40 U of plasminogen per mL.
In some cases, the implant can comprise from about 0.001 U of plasminogen per mL to
about 40 U of plasminogen per mL.

In another aspect, this document features a method for making a retinal or sub-
retinal implant. The method comprises, or consists essentially of, culturing retinal
epithelial cells on a fibrin basal support substrate in a medium comprising a protease

inhibitor or an antifibrinolytic agent (e.g., a small molecule protease inhibitors). The
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medium can comprise the protease inhibitor, and the protease inhibitor can be aprotinin.
The medium can comprise from about 5 U of aprotinin per mL to about 500 U of
aprotinin per mL. The medium further can comprise plasminogen. The medium can
comprise from about 0.1 U of plasminogen per mL to about 40 U of plasminogen per mL
(e.g., 0.1 U of plasminogen per mL to about 30 U of plasminogen per mL). In some
cases, the implant can comprise from about 0.001 U of plasminogen per mL to about 40
U of plasminogen per mL. In some examples, plasminogen can be added to the medium
just prior to transplantation. The fibrin basal support substrate can comprise endothelial
cells. In some cases, the endothelial cells were obtained from a source selected from the
group consisting of iPSC-derived endothelial cells, blood outgrowth endothelial cells
(BOEC), endothelial colony-forming cells (ECFCs), endothelial progenitor cells (EPCs),
and umbilical vein endothelial cells (UVEC). The fibrin basal support substrate can
comprise sub-RPE tissue cell populations. The sub-RPE tissue cell populations can
comprise melanocytes, pericytes, or fibroblasts. In some cases, the fibrin basal support
substrate can be obtained autologously.

In another aspect, this document features a retinal implant comprising (a) a retinal
pigment epithelium monolayer having an apical surface and a basal surface, and (b) a
fibrin hydrogel layer attached to the basal surface of the monolayer. The fibrin hydrogel
layer can be from about 20 um to about 400 um thick. The implant can comprise
plasminogen. The implant can comprise from about 0.1 U of plasminogen per mL to
about 40 U of plasminogen per mL or from about 0.001 U of plasminogen per mL to
about 40 U of plasminogen per mL. The fibrin hydrogel layer can comprise a coating.
The coating can comprise basement membrane proteins, matrigel, or geltrex. In some
cases, the fibrin hydrogel monolayer can be obtained autologously.

In another aspect, this document features a method for making a retinal implant.
The method comprises (a) obtaining a fibrin hydrogel layer, (b) coating a surface of the
fibrin hydrogel layer with an agent, and (c¢) forming a retinal pigment epithelium
monolayer having an apical surface and a basal surface on the coating, wherein the basal
surface is closer to the fibrin hydrogel layer than the apical surface. The fibrin hydrogel
layer can be from about 20 um to about 400 um thick. The fibrin hydrogel layer can

comprise from about 20 mg of fibrinogen per mL to about 80 mg of fibrinogen per mL.
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The fibrin hydrogel layer can comprise from about 2 U of thrombin per mL to about 1500
U of thrombin per mL. The fibrin hydrogel layer can comprise from about 0.1 U of
plasminogen per mL to about 40 U of plasminogen per mL or from about 0.001 U of
plasminogen per mL to about 40 U of plasminogen per mL. In some cases, the fibrin
hydrogel monolayer can be obtained autologously.

In another aspect, this document features a method for making a retinal implant.
The method comprises culturing retinal epithelial cells on a fibrin basal support substrate
in a medium comprising a protease inhibitor or an anti-fibrinolytic agent. The medium
can comprise the protease inhibitor, and the protease inhibitor can be aprotinin. The
medium can comprise from about 5 U of aprotinin per mL to about 500 U of aprotinin per
mL. The medium can comprise the anti-fibrinolytic agent, and the antifibrinolytic agent
can be transexamic acid or aminocaproic acid. The medium can further comprise
plasminogen. The medium can comprise from about 0.1 U of plasminogen per mL to
about 40 U of plasminogen per mL or from about 0.001 U of plasminogen per mL to
about 40 U of plasminogen per mL. The fibrin basal support substrate can comprise
endothelial cells. The endothelial cells can be obtained from a source selected from the
group consisting of iPSC-derived endothelial cells, blood outgrowth endothelial cells
(BOEC), endothelial colony-forming cells (ECFCs), endothelial progenitor cells (EPCs),
and umbilical vein endothelial cells (UVEC). The fibrin basal support substrate can
comprise a coating. The coating can comprise basement membrane proteins, matrigel, or
geltrex. The coating can be present prior to culturing the retinal epithelial cells on the
fibrin basal support substrate. The fibrin basal support substrate can comprise sub-RPE
tissue cell populations. The sub-RPE tissue cell populations can comprise melanocytes,
pericytes, or fibroblasts. In some cases, the fibrin basal support substrate can be obtained
autologously.

Unless otherwise defined, all technical and scientific terms used herein have the
same meaning as commonly understood by one of ordinary skill in the art to which this
invention pertains. Although methods and materials similar or equivalent to those
described herein can be used in the practice or testing of the present invention, suitable
methods and materials are described below. All publications, patent applications, patents,

and other references mentioned herein are incorporated by reference in their entirety. In
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case of conflict, the present specification, including definitions, will control. In addition,
the materials, methods, and examples are illustrative only and not intended to be limiting.
Other features and advantages of the invention will be apparent from the

following detailed description, and from the claims.

DESCRIPTION OF DRAWINGS

Figure 1A is a schematic of a method for making an RPE monolayer with apical
fibrin and loading it into a surgical implantation device. Figure 1B is a schematic of a
method for making an RPE monolayer with basal fibrin and loading it into a surgical
implantation device.

Figure 2A is a schematic of a method for implanting an RPE monolayer with
apical fibrin into an eye to treat macular degeneration. Figure 2B is a schematic of a
method for implanting an RPE monolayer with basal fibrin into an eye to treat macular
degeneration.

Figure 3 is a schematic of a fibrinolysis process.

Figure 4A is a photograph of a sprayer system for forming thin layer fibrin gels.
Figure 4B is an enlarged photograph of the nozzle of the sprayer system.

Figure 5 is a photograph of a fibrin gel according to some embodiments. The
dimensions are 1.5 mm (W) x 5 mm (D) x 200 um (H).

Figure 6 is a photograph of apical fibrin attached to an RPE monolayer.

Figure 7 is a photograph of live/dead staining of an RPE monolayer attached to
apical fibrin. Attached cells are alive 2 hours later.

Figure 8 is a photograph of an RPE monolayer attached to apical fibrin. The
image shows a continuous monolayer attached to fibrin.

Figure 9 is a photograph of ZO-1, a cell-cell tight junction protein, staining (red)
and a DAPI (blue) staining of cell nuclei.

Figure 10 contains photographs showing biomaterial degradation of fibrin
following treatment with tissue plasminogen activator (tPA) for two hours. The range of
time of fibrin degradation can be from one hour to 72 hours.

Figure 11 contains graphs plotting the kinetics of degradation when varying

fibrinogen concentrations. Plasminogen and tPA concentrations were fixed. Degradation
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was independent of rate constant. A linear relationship was observed between fibrinogen
concentration and degradation time.

Figure 12 contains graphs plotting the kinetics of degradation when varying
plasminogen concentrations. Fibrinogen and tPA concentrations were fixed. Rate
constant was dependent on plasminogen concentrations. A non-linear relationship was
observed between plasminogen concentration and degradation time.

Figure 13 is a graph plotting the kinetics of degradation when varying tPA
concentrations. Fibrinogen and plasminogen concentrations were fixed. A large range of
degradation times was observed.

Figures 14A-C are images of plates containing induced pluripotent stem cell-
derived (iPSC) retinal pigment epithelial (RPE) cells in a fibrin gel, cultured for two
weeks in media containing Aprotinin on plates with (Figure 14B) or without (Figure 14C)
a geltrex coating. The inclusion of Aprotinin in the media appeared to prevent fibrin gel
degradation.

Figures 15A and 15B are images of plates containing iPSC-RPE cells cultured on
a basal fibrin gel with Aprotinin, after detachment of the gel from the plates. The cells
remained adherent after the gel was detached (Figure 15A), and there was minimal cell
removal after the gel was cut (Figure 15B).

Figures 16A and 16B are images iPSC-RPE cells that were cultured in a fibrin gel
with media containing Aprotinin, on plates with (Figure 16A) or without (Figure 16B) a
geltrex coating, after detachment and cutting of the gel. Cells were stained with calcein-
AM, indicating that they remained viable after detachment and cutting, and that geltrex
may not be required for viability.

Figure 17 is an image of iPSC-RPE cells at the edge of a fibrin gel that was
cultured without geltrex coating. The gel was released from the plate and cut, and cells
were stained with calcein-AM (Live) and ethidium homodimer (Dead). Live cells appear
green, while dead cells are red.

Figures 18A and 18B are images of plates containing iPSC-RPE cells cultured in a
fibrin gel, which was then degraded by digestion with 0.1 U/ml plasminogen and 22 U/ml
tissue plasminogen activator (tPA) for 60 (Figure 18A) or 96 (Figure 18B) hours. The

cells detached from the plates as a monolayer.
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Figure 19 is an image of iPSC-RPE cells in a monolayer after the fibrin gel was
digested for 96 hours with plasminogen and tPA. Cells were stained with calcein-AM
(Live) and ethidium homodimer (Dead); live cells appear green and dead cells appear red.

Figure 20 is a photograph showing that the diseased retina affects a large surface
area. The macula (circled area) is 5 mm in diameter (25 mm?). The retina is 1200 mm?.
The methods and materials described herein can be used to address the entire macula or
other regions of the retina.

Figure 21 is a photograph showing the use of an implantation device to deliver an
RPE monolayer/fibrin implant onto the region of interest within an eye.

Figure 22 is a photograph showing the result of using a laser tool to tack the
implant down, preventing it from slipping.

Figure 23 is a photograph showing the use of an implantation device to deliver a
second RPE monolayer/fibrin implant onto the region of interest within an eye. The
second implant is placed adjacent to the first, preferably through the original incision.

Figure 24 is a photograph showing the result of using a laser tool to tack the
second implant down, preventing it from slipping.

Figure 25 is a photograph showing the use of an implantation device to deliver a
third RPE monolayer/fibrin implant onto the region of interest within an eye. The third
implant is placed adjacent to the second, preferably through the original incision.

Figure 26 is a photograph showing the result of using a laser tool to tack the third
implant down, preventing it from slipping.

Figure 27 is a photograph of fibrin scaffolds cut to different size and shape
specifications.

Figure 28 is a schematic of one example of an implantation device for implanting
RPE monolayer/fibrin implants into an eye.

Figure 29 contains photographs of one prototype of an implantation device for
implanting RPE monolayer/fibrin implants into an eye.

Figure 30 is a photograph of an implant that can be delivered via the prototype of
Figure 29. The length can range from about 0.1 mm to about 3 mm, and the width can

range from about 0.1 to about 2 mm.
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Figure 31 contains photographs of another prototype of an implantation device for
implanting RPE monolayer/fibrin implants into an eye.

Figure 32 contains photographs of a cannula port that provides multiple entries
into the eye and that maintains eye pressure to prevent eye collapse.

Figure 33 is a schematic of a cannula port that provides multiple entries into the
eye and that maintains eye pressure to prevent eye collapse. The length can range from
about 0.1 mm to about 4 mm; and the width can range from about 0.1 mm to about 3 mm.

Figure 34 is mechanical strength data of fibrin gels formed in the 1.5 mm x 5 mm
geometry. Figure 34A shows an example of the testing setup. Figure 34B shows a
sample force versus displacement graph, from which slope (mechanical strength) and
maximum force data are obtained. Figure 34C shows mechanical strength and maximum
force by varying the fibrinogen concentration of the fibrin hydrogel from 20-80 mg/mL.
Figure 34D shows mechanical strength and maximum force by varying the hydrogel
thickness from 100-300um.

Figure 35 is shows images of the fibrin hydrogel structure. Figure 35A shows a
macroscopic image of the fibrin hydrogel after begin cut to the 1.5 mm by 5 mm
geometry. Figure 35B shows a cross sectional view of the fibrin hydrogel using spectral
domain optical coherence tomography. Figure 35C shows a scanning electron
microscope image of the surface of the fibrin hydrogel. Figure 35D shows a higher
magnification of the fibrin hydrogel fibril structure using SEM. Figure 35E shows that
the fibrin hydrogel curls at lower fibrinogen concentrations such as 10 mg/mL, but have
sufficient strength to retail its shape when formed with 40 mg/mL fibrinogen
concentration.

Figure 36A contains photographs showing degradation of fibrin following
treatment with tissue plasminogen activator plus plasminogen (tPA+P), plasminogen, or
tPA over time. Figure 36B contains graphs plotting the kinetics of degradation when
varying fibrinogen concentrations. Plasminogen and tPA concentrations were fixed.
Degradation was independent of rate constant. A linear relationship was observed graphs
plotting the kinetics of degradation when varying plasminogen concentrations.
Fibrinogen and tPA concentrations were fixed. Rate constant was dependent on

plasminogen concentrations. A non-linear relationship was observed between

10



10

15

20

25

30

WO 2018/106414 PCT/US2017/061300

plasminogen concentration and degradation time. Figure 36C contains graph plotting the
kinetics of degradation when varying tPA concentrations. Fibrinogen and plasminogen
concentrations were fixed. A non-linear relationship was observed between tPA
concentration and degradation time.

Figure 37 is shows data for the need to include a protease inhibitor such as
aprotinin. Figure 37A shows a macroscopic view of iPSC-RPE cultured on fibrin with
and without aprotinin supplement. Without aprotinin, the fibrin is degraded and the cells
are unable to attach to form monolayers. Figure 37B shows that aprotinin, as high as
8,000 U/mL, does not show any toxicity to the iPSC-RPE. Figure 37C shows how
varying the aprotinin concentration affects iPSC-RPE monolayer formation. For
example, at concentrations below 1 U/mL, the incidence of holes within the monolayer
increases. Figure 37D shows quantification of the total iPSC-RPE monolayer at various
aprotinin concentrations.

Figure 38 is characterization of iPSC-RPE grown on a fibrin hydrogel support.
Figure 38A shows iPSC-RPE appear as pigmented, cobblestone patterned monolayers
when viewed under phase contrast light microscopy. Figure 38B uses a live/dead assay to
show that iPSC-RPE are viable when cultured on fibrin. Figure 38C shows ELISA
quantification of VEGF and PEDF secretion by the iPSC-RPE. Figure 38D shows
western blot analysis for the key RPE markers, Bestl, RPE65, and CRALBP, with a
reference B-actin. Figure 38E shows immunofluorescent staining for Best1, Ezrin, and
Z0O-1.

Figure 39A contains images of a plate containing iPSC-RPE cells cultured on a
fibrin gel, which was then degraded with 0.1 U/mL plasminogen and 22 U/mL tissue
plasminogen activator (tPA) over time. The cells detached from the plates as a
monolayer and formed winkles and folds. Figure 39B is shows live/dead assay of iPSC-
RPE after fibrin gel had been completely degraded. Figure 39C is a graph showing
quantitative iPSC-RPE viability before and after fibrin degradation. Figure 39D is an
immunofluorescent stain of ZO-1 in iPSC-RPE monolayer after fibrin was fully degraded,
showing the retention of the monolayer.

Figure 40 is a table showing the RNA profile of iPSC-RPE cultured on fibrin gels
using PCR.

11
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Figure 41 is a photograph of a fibrin hydrogel implanted into the subretinal space
of a rabbit eye. No evidence of the fibrin hydrogel was observed in the eye after 48
hours.

Figure 42A is a graph comparing VEGF release from fibrin (F), fibrin plus
matrigel, and matrigel control, and Figure 42B is a graph comparing PEDF release from
fibrin (F), fibrin plus matrigel, and matrigel control. The secretion of both growth factors
was similar between all three samples.

Figure 43 contains images of immunofluorescent staining for Ezrin and Zo-1 with
iPSC-RPE grown on fibrin or fibrin plus matrigel (F+MG). Both groups exhibited
positive, characteristic staining patterns.

Figure 44 contains images of live/dead assay with iPSC-RPE grown on fibrin or
fibrin plus matrigel (F+MG). Cell viability was similar between the groups.

Figure 45 contains an image of a Western blot analysis for Bestl, RPE6S,
CRALBP, and B-actin with iPSC-RPE grown on fibrin (F) or fibrin plus matrigel (FMG).
L is the size ladder. Bestl, RPE65, and CRALBP are RPE markers.

Figure 46 is a side view of a fibrin hydrogel support device according to one
embodiment.

Figure 47 is a top view of a fibrin hydrogel support device according to one
embodiment.

Figure 48 is a side view of a fibrin hydrogel support device together with a fibrin

hydrogel according to one embodiment.

DETAILED DESCRIPTION
This document relates to retinal pigment epithelium transplantation. For example,
this document provides methods and materials for using fibrin supports for retinal
pigment epithelium transplantation. As described herein, fibrin hydrogels can be used as
a temporary substrate for RPE transplantation. The fibrin hydrogel can be a basal support
substrate (Figure 1B) or an apically-apposed substrate (Figure 1A) for the RPE. In some
cases, the RPE can be sandwiched between two fibrin hydrogels; one basal support

substrate and one apically-apposed substrate.

12
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The RPE monolayer/fibrin implants provided herein can maintain the RPE as a
flat, wrinkle-free monolayer. In some cases, the fibrin configuration can provide
mechanical support and protection during the transplantation process and can ensure
implantation of correct RPE polarity. In some cases, the RPE monolayer/fibrin implants
provided herein can reduce potential chronic inflammation, obstacles to RPE/Bruch’s
membrane attachment and can maintain diffusion permeability from choroid.

Any appropriate method can be used to produce a fibrin substrate for RPE
monolayers. Gelation kinetics can be directly related to thrombin concentration, and
fibrin hydrogel mechanical properties can be directly related to initial fibrinogen
concentration. In some cases, a higher fibrinogen concentration can result in increased
cross links and a stiffer fibrin hydrogel. In general, fibrin hydrogel can be formed as a
thin sheet. In some cases, compaction of the fibrin hydrogel can further stiffen the
hydrogel.

In some cases, fibrin thin film deposition can be achieved through either spray-
coating or sandwich method. In one example, a mixture of fibrinogen and thrombin (and
optionally plasminogen) can be sprayed onto the apical side of RPE monolayer and
allowed to gel fully to achieve an apical fibrin coating. In one example, a droplet mixture
of fibrinogen and thrombin (and optionally plasminogen) can be placed onto the apical
side of RPE monolayer, and the droplet can be compressed or spread and allowed to gel
fully to achieve an apical fibrin coating,

In some cases, a spray coating of a thin layer of fibrin can be used to form a fibrin
hydrogel. Sprayer systems such as those used for general and laproscopic surgery can be
repurposed to produce fibrin hydrogels as described herein. See, also, Chaurasia et al.
(Transl. Vis. Sci. Technol., 1:2 (2012)). The thickness of the fibrin hydrogels provided
herein can be from about 10 um to about 400 um (e.g., from about 20 um to about 400
um, from about 50 pm to about 400 um, from about 10 pm to about 200 um, or from
about 50 pum to about 200 um).

A fibrin hydrogel provided herein can be easily maneuvered with surgical tools
for precise orientation and location. In some cases, a fibrin hydrogel provided herein can
be pliable, while maintaining its original shape and surface properties. In some cases,

adherent cells do not detach from the surface of a fibrin hydrogel provided herein.

13
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In some cases, a fibrin hydrogel provided herein can be made by spraying a
solution containing from about 0.01 mg/mL to about 80 mg/mL of fibrinogen (e.g., from
about 20 mg/mL to about 80 mg/mL of fibrinogen). In some cases, greater than 30
mg/mL of fibrinogen (e.g., from about 30 mg/mL to about 80 mg/mL of fibrinogen) can
be used to produce a fibrin hydrogel that can be manipulated with tweezers. In some
cases, a fibrin hydrogel provided herein can be made by spraying a solution containing
from about 40 mg/mL to about 60 mg/mL of fibrinogen.

In some cases, a fibrin hydrogel provided herein can be made using fibrinogen as
described herein and from about 2 U/mL to about 1000 U/mL of thrombin (e.g., from
about 10 U/mL to about 200 U/mL of thrombin). In some cases, greater than 5 U/mL of
thrombin (e.g., from about 10 U/mL to about 100/mL of thrombin) can be used to
produce a fibrin hydrogel that can be manipulated with tweezers. In some cases, a fibrin
hydrogel provided herein can be made by spraying a solution containing from about 40
mg/mL to about 60 mg/mL of fibrinogen and from about 10 U/mL to about 100 U/mL of
thrombin.

In some cases, a fibrin hydrogel provided herein can be preloaded with inactive
plasminogen. For example, inactive plasminogen can be pre-loaded into a fibrin hydrogel
by binding it to the intact fibrin hydrogel. In some cases, inclusion of plasminogen can be
achieved through the incubation and diffusion of plasminogen into the fibrin gel prior to
delivery of a fibrin supported RPE for implantation into an eye. In some cases, an
RPE/fibrin hydrogel implant provided herein that contains plasminogen can be exposed to
tPA after the implant is positioned within an eye. In these cases, the tPA exposure
activates the plasminogen into plasmin, which in turn degrades the fibrin hydrogel. The
plasmin concentration is directly related to fibrin degradation kinetics as described herein.
In some cases, a fibrin hydrogel provided herein can be made to contain from about 0.001
U/mL to about 40 U/mL of plasminogen (e.g., from about 0.5 U/mL to about 4 U/mL of
plasminogen, from about 0.1 U/mL to about 30 U/mL of plasminogen, or from about 0.1
U/mL to about 40 U/mL of plasminogen). In some cases, an RPE/fibrin hydrogel implant
provided herein can be delivered as a suspension in solution with plasminogen and/or

tissue plasminogen activator for implantation into an eye.
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In some cases, an RPE/fibrin hydrogel implant provided herein can be produced
over a collagen gel. In such cases, the RPE/fibrin hydrogel implant can be harvested
using collagenase (e.g., from about 200 U/mL to about 1500 U/mL of collagenase).
Collagenase does not interfere with cell-cell interaction and allows the RPE monolayer to
detach from the collagen gel. The RPE monolayer also remains adhered to the fibrin
hydrogel following collagenase treatment. In some cases, dispase (e.g., from about 0.5
U/mL to about 10 U/mL of dispase) can be use in addition to collagenase or in place of
collagenase.

In some cases, an RPE/fibrin hydrogel implant provided herein can be produced in
the presence of an antifibrinolytic agent, such as the protease inhibitor Aprotinin (e.g.,
from about 5 U/mL to about 500 U/mL of Aprotinin), to preserve the fibrin scaffold and
prevent degradation of fibrin support throughout the culture period. Other anti-
fibrinolytic agents that can be used as described herein include, without limitation,
protease inhibitors (e.g., macroglobulin, thrombin, thrombin-activatable fibrinolysis
inhibitor, and carboxypeptidases), members of the serine protease inhibitors (serpin)
family (e.g., antitrypsin, alpha 2-antiplasmin, and plasminogen activator inhibitor 1 and
2), metalloprotease inhibitors (e.g., Tissue inhibitors of metalloproteinases 1-4,
Batimastat, Cipemastat, and Ilorastat) and small molecules (e.g., aminocaproic acid
(Amicar), tranexamic acid (Lysteda), heparin, alpha-N-acetyl-L-lysine methyl ester
(NALME) , Vitamin K, and p-aminomethyl-benzoic acid).

As described herein, the fibrin hydrogel of an RPE/fibrin hydrogel implant
provided herein can be a short-term (e.g., less than 72 hours, or less than 1 week),
mechanical support for delivering the RPE monolayer. For example, the fibrin hydrogel
can be attached to the apical (top) side of RPE for delivery into subretinal space of eye,
can be biocompatible, and can be rapidly degraded in a controllable manner using tPA as
described herein.

In some cases, an RPE/fibrin hydrogel implant provided herein can be implanted
into an eye to provide an effective RPE (Figures 2A and 2B).

The document also provides methods for using an RPE/fibrin hydrogel implant
provided herein to treat eye conditions such as high myopia, angioid streaks, and macular

degeneration. Some of the diseases that classify as macular degeneration and that can be
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treated as described herein include, but are not limited to, age-related macular
degeneration (AMD), central geographic atrophy, bestrophinopathies, Leber’s congenital
amaurosis, choroideremia, Gyrate atrophy, Sorsby’s macular dystrophy, mitochondrial-
inherited diabetes and deafness (MIDD), chloroquine-associated retinopathy, malattia
leventinese, North Carolina dystrophy, hyperornithinemia, central serous
chorioretinopathy, adult-onset foveomacular dystrophy and Stargardt’s disease. For
example, a mammal (e.g., a human) can be prepared for eye surgery, and a sub-retinal
detachment is created to expose a damaged RPE region (Figure 20). At this point, an
implantation device such as one shown in Figures 28, 29, or 31 can be used to deliver an
RPE/fibrin hydrogel implant onto the region of interest (Figure 21). In some cases, a
cannula (see, e.g., Figures 32 and 33) can be used to gain access to the eye. In some
cases, an air-phase bubble may be used to push the RPE/fibrin hydrogel implant into
place. A laser tool (e.g., a laser tool used for diabetic retinopathy) can be used to tack the
implant down via laser photocoagulation, preventing it from slipping (Figure 22). At this
point, an implantation device can be used to deliver a second RPE monolayer/fibrin
implant onto the region of interest within an eye (Figure 23). The second implant can be
placed adjacent to the first, preferably through the original incision or cannula. A laser
tool can be used to tack the second implant down, preventing it from slipping (Figure 24).
An implantation device can be used to deliver a third RPE monolayer/fibrin implant onto
the region of interest within an eye (Figure 25). The third implant can be placed adjacent
to the second, preferably through the original incision or cannula. A laser tool can be
used to tack the third implant down, preventing it from slipping (Figure 26). While this
section describes implanting three RPE monolayer/fibrin implant, any appropriate number
can be used to cover the area to be treated. For example, one, two, three, four, five, six,
or more RPE monolayer/fibrin implants can be implanted within a single eye being
treated. In general, this modular tiling approach can allow a clinician to personalize the
implants to the patient’s need, is scalable to large areas, is applicable to any region of the
retina, and reduces the number of incisions required.

In some cases, a mechanical punch can be used to design an RPE monolayer/fibrin

implant having a particular shape or size (see, e.g., Figure 27). Other methods to shape
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the fibrin implant can include gel casting with custom molds, laser microdissection
microscopy, and 3D printing,

An implantation device for implanting an RPE monolayer/fibrin implant provided
herein into an eye can be a plunger style device with a mechanical control of ejection. In
some cases, an implantation device can have designed to deliver various sized RPE
monolayer/fibrin implants and to have the ability to insert multiple implants rapidly using
clip-style tips. In some cases, an implantation device provided herein can have a liquid
reservoir to maintain hydration of cells and hydrogel. In some cases, an implantation
device provided herein be designed for one hand manipulation and use.

In cases involving use of a fibrin basal support, a pre-vascularization strategy can
be combined with RPE culture to form choroid tissue. Fibrin can be vascularized by
various methods, including through the use of a microfluidic device (Moya et al.,
Methods Mol. Biol., 1202:21-7 (2014)), 3D printing (Pinnock et al., Methods, 99:20-7
(2016)), and spontaneous vascularization of encapsulated endothelial cells within a matrix
(Mishra ef al., Biomaterials, 77:255-66 (2016)). These strategies can be combined with
an RPE monolayer culture on top of the pre-vascularized fibrin to form RPE-choroid
complex. RPE-choroid can be a therapeutic for macular degenerative diseases in which
both the choroid and RPE are dysfunctional, including dry AMD. Endothelial cells (EC)
can be obtained from various sources, such as iPSC-derived endothelial cells, blood
outgrowth endothelial cells (BOEC), endothelial colony-forming cells (ECFCs),
endothelial progenitor cells (EPCs), and umbilical vein endothelial cells (UVEC).

In cases involving use of fibrin basal support, a multi cell population tissue can be
combined with RPE culture to form transplant tissue. The fibrin support can be loaded
with other cell types found in the sub RPE tissue, including melanocytes, choroidal
pericytes, and fibroblasts.

This document also provides a fibrin hydrogel support device that can be used to
grow the cells on a fibrin hydrogel that is suspended in cell culture medium. In some
cases, this allows a RPE/fibrin hydrogel implant provided herein to be formed in a
manner that avoids the need to detach the scaffold from a solid substrate and that allows
access of culture media to the basal surface of the cells as they grow and differentiate. In

one embodiment, the device can include two separate pieces that can be easily attached to
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each other to hold the scaffold material in suspension (Figures 46-48). A top piece can be
a cylindrical inner tube that can be inserted into a bottom, base piece to press and secure a
fibrin hydrogel layer sandwiched in between (Figure 48). The bottom, base piece can
include a side wall and an annular bottom with a central opening. The top cylindrical
inner tube can be retained and supported by the bottom, base piece. The two components
can be made of any appropriate material including, without limitation, Teflon, silicone, or
other plastics via, for example, injection molding. In some cases, polystyrene can be
used. The dimension of each component can be as shown in Figures 46-48. In some
cases, the top cylindrical inner tube can engage the bottom, base piece via threads, a snap-
fit, or clipping mechanism.

In some cases, a fibrin hydrogel provided herein can be coated prior to apply cells.
For example, a fibrin hydrogel provided herein can be coated with basement membrane
matrix and/or basement membrane protein (e.g., matrigel or other agent) prior to apply
cells. Examples of other agents that can be used to coat fibrin hydrogel provided herein
include, without limitation, geltrex, laminin 511, laminin 521, victronectin, collagen,
gelatin, and combinations thereof. In some cases, matrigel and geltrex can be used
interchangeably as they are both basement membrane matrix derived from mouse
sarcoma cells.

The invention will be further described in the following examples, which do not

limit the scope of the invention described in the claims.

EXAMPLES
Example 1 — Use of Fibrin Hydrogels for IPSC-RPE transplantation

Chemicals

Fibrinogen was obtained from three sources: as Evicel from Ethicon (60 mg/mL),
as Tisseel from Baxter (95 mg/mL), and as research grade material from Sigma-Aldrich
(57 mg/mL). Thrombin also was obtained from three sources: part of Evicel from
Ethicon, part of Tisseel from Baxter, and research grade material from Sigma-Aldrich.
Plasminogen was obtained as research grade material from Sigma-Aldrich. Recombinant
tissue plasminogen activator (tPA) was obtained as research grade material from Sigma-
Aldrich.
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Cells

IPSC-RPE cells were produced as described elsewhere with modification
(Johnson et al., Investig. Ophthalmol. Vis. Sci., 56:4619 (2015)). A membrane support
was utilized with apical and basal media, including either transwell or HA membrane.
The membrane surface was coated with a collagen gel, per manufacturer’s protocol, and,
either subsequently or alternatively, coated with a geltrex or matrigel solution, up to 0.1
mg/mL for 2 hours at 37°C. Cells were then plated and allowed to form a monolayer for
up to one month. For this study, IPSC-RPE was used from healthy control patients. Cells
were used after diff stage 5. The trans epithelial resistance was measured above 100

ohms. Pigmentation was noted prior to use.

Formation of thin layer fibrin gels

Fibrin gels were formed by varying the fibrinogen concentration and thrombin
concentration. Thin layer gels were formed initially by a plate sandwich method, in
which a mixture of fibrinogen and thrombin solutions was sandwiched between two
layers of parafilm within a plastic mold with a 200 pum gap thickness. The solution was
allowed to gel up to 1 hour in a humid 37°C. The parafilm was removed, and the gels
were hydrated and washed in PBS prior to use. Gels formed by this method had an
average thickness of 196 + 90 um.

Alternatively, a sprayer system was used to form thin layer fibrin gels. Dual
microinjector systems (WPI) were connected to a pump controller, which was connected
to a computer. Two 1-mL syringes, each with fibrinogen and thrombin solutions, were
mounted to the microinjector apparatus, and a two-to-one mixer connector was attached
to the syringes. The mixer was then connected to an atomizing nozzle (The Lee Co). A
CO; gas regulator also was attached to the nozzle, to provide the air pressure for
atomization. Figures 4A and 4B show the set up.

To achieve thin fibrin gel formation, the air pressure and amount of liquid
dispensed was varied (0.3-1.5 bar). A custom MATLAB script was utilized to vary

sprayer times and rates. The air pressure was varied on the regulator and controlled by a
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foot pedal. After spraying, the solution was allowed to gel up to 1 hour in a humid 37°C.

The gels were hydrated and washed in PBS prior to use.

Gel Thickness measurement

After gel formation using the sprayer system, the gels were stained with 0.01
mg/mL FITC isothioanate solution for 1 hour and shaken. The unlabeled FITC was
removed through subsequent washes with PBS. Confocal z-series images were taken

through the gel, and the measure of FITC stained slices was measured to obtain thickness.

Mechanics

Gel biomechanics were obtained using compression testing as described
elsewhere (Uehara ef al., J. Bone Joint Surg. Am., 97:1792-1798 (2015)). Gels made with
various fibrinogen concentrations and thicknesses were measured. Briefly, the gel was
mounted to a custom made stainless steel block. The compression tests were done using a
flat-cylindrical aluminum indenter. The diameter of the diameter was 1.3 mm. The
testing was conducted using a Bose Electroforce 3200 actuator. The force was measured
using a 10 gram Honeywell miniature load cell. The displacement was measured using
the Bose Electroforce 3200 internal linear variable differential transformer. The data was
collected using LabVIEW. A static deflection test was conducted at 0.05 mm/s until
fracture. The stress and strain curve was graphed and fit for the linear region to give

young’s modulus values.

Degradation kinetics

Various gels were made using the sandwich method, with varying fibrinogen
concentrations (40-60 mg/mL). Thrombin concentration did not appear to affect stiffness
or degradation kinetics and was held constant at 100 U/mL. Varying plasminogen
concentrations (0.8-4.0 U/mL) were loaded within the gel by mixing with the fibrinogen
concentration prior to gelation. After formation, gels were punched using a custom sized,
handheld hollow punch. The shape was oval, with a height of 1.5 mm and width of 5 mm
(Figure 5). The punched gels were incubated in various concentrations of tPA solution

(0.1-1,000 U/mL). Over time, samples were taken of the suspension solution. To
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elucidate the effect of each variable (i.e., fibrinogen, plasminogen, and tPA
concentrations), each was varied while holding the other two constant.

The fibrin degradation products (FDP) were quantified using a 660 nm Protein
Assay, following the manufacturer’s protocol. A standard curve of known FDP
concentrations was used to obtain concentrations from absorbance values. A graph of
concentration vs time was utilized to obtain a rate constant, using an exponential fit

model.

Detachment of fibrin/RPFE implant

Detachment of cells was attained both prior and post fibrin gel apposition. Cells
on membrane supports were washed with PBS. The cells were incubated in basal 750
U/mL purified collagenase (Worthington) or 1 U/mL dispase in DMEM (Stem Cell Tech)
up to 30 minutes. The transwell was removed and dried, while the membrane was cut and
placed on top of parafilm. Fibrin was then sprayed on top, and allowed to fully gel.
Alternatively, the sandwich method was used to appose the fibrinogen and thrombin
mixture on the apical RPE monolayer and allowed to fully gel. After hydration, forceps
were used to peel off the fibrin/RPE system (FRPE). The FRPE was then incubated in
culture media.

Alternatively, RPE on membrane supports were washed with PBS. Once the PBS
was removed, fibrin was sprayed on top and allowed to fully gel. After hydration, the
cells were incubated in basal 750 U/mL purified collagenase or 1 U/mL dispase in
DMEM up to 30 minutes. The membrane was carefully cut off and placed in a petri dish
and submerged with PBS. The FRPE was then peeled off using forceps, or scraped off

using a cell scraper.

FRPE staining and imaging

To determine the maintenance of monolayer phenotype, the FRPE was stained for
Z0-1, a cell-cell junctional protein found in epithelial cells. FRPE samples were punched
and fixed in 10% formalin for 1 hour. Staining was done as described elsewhere
((Johnson et al., Invest. Ophthalmol. Vis. Sci., 56:4619-4630 (2015)). Fixed cells were
blocked with NGS, incubated overnight at 4°C in primary antibody, and incubated 2
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hours in secondary antibody. Samples were mounted on glass slide using aquamount and
imaged under Nikon Fluorescent microscope.

TEM images were obtained to view the interaction of the fibrin and RPE. FRPE
samples were fixed in 2.5% glutaraldehyde for 1 hour. Fixed samples were processed for
resin embedment, and 0.5 pm sections were cut and mounted. Imaging was done on a

TEM microscope.

Live/dead assay

Punched FRPE implants were monitored over time using bright field microscopy.
To determine cell viability, a live/dead kit was utilized on the FRPE, per manufacturer’s
protocol. Live cells were visualized under FITC spectrum (Absorbance: 495 nm;
Emission: 520 nm), and dead cells were visualized under TRITC spectrum (Absorbance:
543 nm; Emission: 560 nm). Cell viability was calculated as a percent (live stained cells

divided by total cells visualized).

PCR
PCR was accomplished on cells to confirm their functionality 24 hours after
detachment from culture support and 24 hours after degradation of fibrin support.

Markers included PEDF, RPE65, Bestl, and control.

Results

Figure 5 shows the success of attaching fibrin to the apical surface of the RPE and
detachment from culture surface using dispase. After mechanical punching, the cells are
still adherent to the fibrin.

RPE cells were attached to the surface of the gel (Figure 6), and the presence of
calcein-AM staining suggests that the cells attached to the fibrin were still alive (Figure
7). The successful attachment of fibrin to the apical surface of the RPE monolayer with
large regions maintaining monolayer and pigmentation was observed (Figure 8). The
scale showed how scalable this method was for larger implant generation. DAPI (blue)
and ZO-1(red) revealed the staining of RPE monolayers attached apically to fibrin (Figure
9). The presence of ZO-1 suggested the presence of the monolayer through cell-cell
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junctions. In the presence of plasminogen, tPA was used to dissolve the fibrin gel (Figure
10). Without tPA, plasminogen was not activated, and the gel did not degrade.

With fixed plasminogen and tPA concentrations, fibrinogen concentration had no
effect on the degradation kinetics of the gel, as the rate constant was independent of
fibrinogen concentration (p=0.35) (Figure 11). With fixed fibrinogen and tPA
concentrations, plasminogen concentration had an effect on degradation kinetics of the
gel, as the rate constant increased with increasing plasminogen concentration (p=0.005)
(Figure 12). Thus, the total degradation time was reduced exponentially by increasing
plasminogen concentration. With fixed fibrinogen and plasminogen concentrations, tPA
concentration increases correlated to exponential decay in the degradation time (Figure
13). The culture of RPE on fibrin scaffold was observed without aprotinin (Figure 14A),
where the RPE degraded the fibrin substrate within 3-4 days, causing many of the cells to
die. Very few cells remained, and no phenotype of monolayer formation was observed.
By including aprotinin in the culture media, RPE survival and monolayer formation were
observed (Figure 14B). This formation appeared to be independent of geltrex coating,
suggesting the RPE can attach directly to fibrin (Figure 14C).

The mobilization of the fibrin basal support RPE culture was observed (Figure
15A), and the RPE remained attached after mechanical punching (Figure 15B).

RPE attached to fibrin basal support remained viable after mechanical punching
(Figure 16). Further, the viability and adherence to the substrate was independent of the
geltrex coating.

A close up of a live/dead image of a punched fibrin basal supported-RPE was
obtained (Figure 17). The extreme edge revealed an increased loss of cell viability, likely
due to the stress enduring during the mechanical punch. The cell viability in this region
was 83.1%.

A time lapse degradation of the fibrin basal support was obtained (Figure 18).
After 60 hours, the edge of the gel degraded, showing the monolayer curling onto itself.
After 96 hours, more than 50% of the gel degraded, and the remaining RPE monolayer
was curling and folding onto itself. The gel was completed degraded after 120 hours.
This result demonstrated a need of the mechanical support from the fibrin in order to

maintain the flat, wrinkle-free phenotype of the RPE.
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A close up of a live/dead image of the RPE monolayer in a region where the gel
completed degraded was obtained (Figure 19). The folds were viewed as out of focus
regions. Overall, cell viability remained high and was comparable to viability of cells
prior to degradation.

The use of a surgical tool for delivering a RPE/fibrin implant was shown (Figure
29). The tool used the hydrostatic pressure to flow the implant in and out of the device.

These results demonstrate that an appropriate stiffness can be achieved using a
fibrinogen concentration of 40-60 mg/mL and that the gel thickness can be from about 50
um to about 300 um (e.g., from about 100 um to about 200 um, or from about 50 um to
about 200 um). These results also demonstrate that cell-cell junctions can remain intact
following treatment with collagenase and plasminogen.

The results provided herein demonstrate that the degradation kinetics of fibrin
substrate can be varied from about 1.5 hours to about 20 hours by adjusting fibrinogen,

plasminogen, and tPA concentrations.

Example 2 — Effects of Aprotinin on fibrin attachment and cell viability

Studies were conducted to determine the effect of Aprotinin on fibrin gel
attachment and maintenance, and on cell viability. iPSC-RPE cells were cultured for two
weeks on a fibrin gel with (Figure 14A) and without (Figure 14B) geltrex coating, in
media containing 50 U/mL Aprotinin. The inclusion of Aprotinin in the media appeared
to prevent fibrin gel degradation. In addition, these studies indicated that attachment of
the cells to the fibrin gel may occur independent of the presence of geltrex. The cells
remained adherent after the gel was released from the plates (Figure 15A), and there was
minimal cell removal after the gel was cut (Figure 15B).

To assess the viability of iPSC-RPE cells in fibrin gel after culture with Aprotinin
for two weeks, followed by detachment and cutting of the gel, cells were stained with
calcein-AM (Live) and ethidium homodimer (Dead). The cells remained viable after
detachment and cutting, whether geltrex was present (Figure 16A) or absent (Figure 16B).
A closer inspection of the cells at the edge of a gel cultured with Aprotinin, and with or

without geltrex, after release from the plate and cutting, revealed that most cells were
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viable, although some dead cells were apparent around the periphery of the gel (Figure

17).

To evaluate the effects of gel degradation on the cultured cells, a fibrin gel

containing iPSC-RPE cells was degraded by digestion with 0.1 U/mL plasminogen and
22 U/mL tPA. Images were taken at 60 (Figure 18A) and 96 (Figure 18B) hours,

showing that the cells detached from the plates as a monolayer. Cells in the monolayer

were stained with calcein-AM (Live) and ethidium homodimer (Dead) to evaluate

viability after 96 hours of gel digestion, showing most of the cells remained alive (Figure

19).

Example 3 - Protocol for retinal pigment epithelium monolayer with apical fibrin

1)

2)

3)

4

5)

6)
7)

Gel 2.5 mg/mL collagen onto cellulose ester membrane filter insert.
a. 1.0-5.0 mg/mL collagen.
b. Cellulose ester, polycarbonate, PTFE, TCPS membrane filter.
Coat the collagen surface with 1:5 dilution of matrigel.
a. Range: 1:1-1:50 dilution.
b. Matrigel, geltrex or purified laminin.
Plate cells at 0.5 x 10° cells/cm?.
a. 0.1-22.0x 10° cells/ecm?.
Culture for about 2 weeks.
a. 1-6 weeks.
Wash cells with PBS.
Dry cell surface.
Spray 80 pL of mixed 50 mg/mL fibrinogen, 2 U/mL plasminogen, and 100 U/mL
thrombin, at total flow rate of 80 uL/sec, 0.8 bar for 1 second at a height of 10 cm.
a. Spray 30-200 puL of mix.
b. 30-70 mg/mL fibrinogen.

¢. 0.1-4.0 U/mL plasminogen.
d. 10-600 U/mL thrombin.

e. 30-400 pL/seconds flow rate.
f. 0.6-1.2 bar.

g. 5-15 cm height.
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8) Allow fibrinogen to gel 1 hour 37°C.
a.  Gel 30 minutes to 2 hours.
9) Rcehydrate with PBS.
10) Detach monolayer by placing insert on 750 U/mL collagenase.
a. 400-1500 U/mL collagenase.
11) Wash gently with PBS.
12) Transfer fibrin-RPE implant to flat surface and punch out multiple implants.
13) Load implants into surgical device.
14) Prep eye for surgery.
15) Plunge implant into subretinal space.
16) Laser tack.
17) Tile multiple implants within subretinal space.
18) Close eve.
19) After 24 hours, intravitreal injection of 100 pL of 4,000 U/mL tissue plasminogen
activator.
a. 3-72 hours post surgery.
b. 50-200 pL injection.
¢. 100-35,000 U/mL.
This protocol produces RPE monolayer supported by apical fibrin hydrogel.

Example 4 - Protocol for retinal pigment epithelium monolaver with basal fibrin support

1) Plate mixed solution of 30 mg/mL fibrinogen and 100 U/mL thrombin to gel.

a. 20-80 mg/mL fibrinogen.

b. 10-600 U/mL thrombin.

c. Swirl plate to ensure uniform spread.

d. A mold is used to compress the gel to desired thickness.

e. Thickness: 50 um to 1 mm.

f.  Mixture is plated onto TCPS, polycarbonate, cellulose ester.

g. Alternatively, flat sheets of fibrin gel are pre-formed using a mold and
mounted to a cell culture insert.
h. Mixture is sprayed onto surface.

2) Coat the gel surface with 1:5 dilution matrigel.
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a. Range: 1:1-1:50 dilution.
b. Matrigel, geltrex, Laminin 521, Laminin 511.
c. Coating step is not necessary.
3) Plate cells at 0.5 x 10° cells/cm?.
a. 0.1-2.0x 10° cells/cm?,
4) Culture for 2 weeks with media with 50U/mL Aprotinin.
a. Range: 20-150 U/mL
b. 1-10 weeks.
5) Mobilize fibrin-RPE by peeling fibrin from support.
6) Optional: Load plasminogen into basal fibrin gel.
a. Incubate fibrin-RPE in plasminogen solution.
i. 0.001-40 U/mL (e.g., 1-40 U/mL) plasminogen.
ii. 2-6 hours.
7) Optional: Apical gel for additional support.
a. Spray 80 uL of mixed 50 mg/mL fibrinogen, 2 U/mL plasminogen, and
100 U/mL thrombin, at total flow rate of 80 uL/second, 0.8 bar for 1
second at a height of 10 cm.
i. Spray 30-200 pL of mix.
ii. 30-70 mg/mL fibrinogen.
iii. 0.1-4.0 U/mL plasminogen.
iv. 10-600 U/mL thrombin.
v. 30-400 pL/second flow rate.
vi. 0.6-1.2 bar.
vii. 5-15 cm height.
b. Allow fibrinogen to gel 1 hour 37°C.
i. Gel 30 minutes to 2 hours.
8) Transfer fibrin-RPE implant to flat surface and punch out multiple implants.
9) Load implants into surgical device.
10) Prep eye for surgery.
11) Plunge implant into subretinal space.
12) Laser tack.
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13) Tile multiple implants within subretinal space.
14) Close eye.
15) After 24 hours, intravitreal injection of 100 pL of 4,000 U/mL tissue plasminogen
activator.
a. 3-72 hours post surgery.
b. 50-200 pL injection.
¢. 100-35,000 U/mL.

This protocol produces RPE monolayer with basal fibrin support.

Example 5 — Eve treatment protocol

A clinic obtains a patient skin biopsy and sends it to a GMP facility to produce
iPSC-RPE cells as described elsewhere (Sonoda et al., Nat. Protoc., 4:662-673 (2009);
Johnson et al., Ophthalmol. Vis. Sci., 56:4619 (2015); Brandl et al., NeuroMolecular
Med., 16:551-564 (2014); Idelson et al., Cell Stem Cell., 5:396-408 (2009), and Carr et
al., Mol. Vis., 15:283-295 (2009)). The iPSC-RPE are cultured on fibrin hydrogels using
the cell culture insert for up to 3 months. The RPE/fibrin gel is cut to specifications of the
patient’s need. The cut implants are loaded into the tip components of an implantation
device, stored in culture media with or without plasminogen, and shipped to the clinic.

The clip component pre-loaded with the RPE/fibrin gel is inserted into the
implantation device. The patient is prepped for surgery. A standard 3 port vitrectomy is
performed, followed by formation of a bleb using a fine cannula, followed by a
retinotomy using retinal scissors. An incision (e.g., a3 mm or 1.5 mm incision) is made
in the sclera (or retina with detachment). The tip of the implantation device is inserted
into the eye in position under the retinotomy, and the implant is deployed. A laser is used
to tack the implant in place. This is repeated with additional implants to cover the area
being treated. The retinal detachment is closed using silicone oil or perfluorocarbon
liquid tampenade. The scleral incision is sutured closed. tPA is intravitreally injected.
The patient is allowed to recover and heal. Once healed, visual testing is performed to

confirm treatment.
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Example 6 — Fibrin hydrogels as a xeno-free and rapidly degradable support for

transplantation of RPE monolayers

The following was performed to confirm the suitability of fibrin as a substrate for
RPE transplantation. A variety of fibrin hydrogels were produced by varying the
concentrations of fibrinogen and thrombin to form a thin rigid hydrogel with defined
parameters for degradation in the scale of hours. Subsequently, the optimized conditions
were utilized to produce fibrin gels on which iPSC-RPE were cultured, forming well-
differentiated monolayers. Finally, the fibrin support was degraded in vitro and the
effects of this degradation on the RPE monolayer were assessed. The results provided
herein demonstrate that fibrin hydrogels can be used as a long-lived substrate for the
differentiation of RPE from stem cells that can then be rapidly degraded under controlled

circumstances following delivery to the subretinal space.

Chemicals

Fibrinogen and thrombin were obtained from Ethicon (Somerville, NJ) (Evicel,
fibrinogen at 60 mg/mL), Baxter (Deerfield, IL) (Tisseel, fibrinogen at 95 mg/mL), and
Sigma-Aldrich (St Louis, MO) (fibrinogen at 57 mg/mL). Plasminogen and recombinant

tissue plasminogen activator (tPA) were obtained from Sigma-Aldrich.

Formation of thin layer fibrin gels

Fibrin gels were formed by varying the fibrinogen concentration and thrombin
concentration. Initial studies showed minimal variation with thrombin concentration, and
all experiments utilized a final concentration of 100 U/mL thrombin. For acellular
experiments, thin layer gels were formed by using a custom thickness mold, which
consisted of two plates of polycarbonate and 2 layers of parafilm with a defined thickness
spacer ranging from 0 to 200 um. A mixture of fibrinogen and thrombin solutions was
sandwiched between the two layers immediately after mixing, and the solution was
allowed to gel for 1-2 hours at 37°C in a humidified incubator. After the top plate and
parafilm were removed, the gels were hydrated and washed in PBS. A custom
mechanical punch was used to cut out similar sized gels, in an oblong shape, 1.5 mm x 5

mm. Forceps were carefully used to manipulate the gels.
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Gel Thickness measure

Punched gels were imaged using OCT to determine thickness. An Envisu R4110
(Leica, Wetzlar, Germany) was set up using an AIM table, with the camera and attached
telecentric lens faced down on the gel. Prior to imaging, the gels were placed in PBS in a
clear 60 mm petri-dish. A and B scans were taken of the gels, and the thickness per gel

was averaged across four random locations.

Electron Microscopy

Scanning electron microscopy (SEM) images were obtained of the fibrin hydrogel
using a Hitachi S-4700 (Hitachi High Technologies; Schaumburg, IL) and Hitachi SEM
software (V3.6). Gels were fixed in 2.5% paraformaldehyde and 1% glutaraldehyde in
0.1 M phosphate buffer pH 7 with divalent cations overnight. Gels were then critical-
point dried using carbon dioxide, mounted on an aluminum stub, and sputter-coated for

60 seconds using gold-palladium.

Mechanics

Gel biomechanics were obtained using bulge testing using a setup described
elsewhere (Uehara et al., J. Bone Joint Surg. Am., 97:1792-1798 (2015)). Gels made with
various fibrinogen concentrations and thicknesses were measured. Briefly, the gel was
mounted to ring forceps (WPI, Sarasota, FL) with a 2 mm internal diameter, which was
sanded to increase grip. The forceps were mounted to an XY stage (Klinger; Irvine, CA)
to line up the indenter with the gel (Figure 34A). The tests were conducted using a
custom flat-cylindrical aluminum indenter with a 1.3 mm outer diameter. The testing was
conducted on a custom-build z-stage driver. The force was measured usinga 10 g
miniature load cell (Honeywell; Morris Plains, NJ), and the data was collected using
LabVIEW V12.0 (National Instruments; Austin, TX). A static deflection test was
conducted at 1 mm/second until fracture. The force and displacement curve was graphed
and fit so that the linear region gave the mechanical stress values (Figure 34B).

Maximum load was also obtained as the peak of the curve.
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Degradation kinetics

Gel degradation kinetics were determined by varying the concentration of
fibrinogen, plasminogen, or tissue plasminogen activator (tPA). Thrombin concentration
did not appear to affect stiffness or degradation kinetics and was held constant at 10
U/mL. Identical sized gels (1.5 mm x 5.0 mm oblong) were generated using a custom
punch. The punched gels were incubated in various concentrations of plasminogen (0.01-
1 U/mL) and tPA solution (0.1-1,000 U/mL). To elucidate the effect of each variable
(fibrinogen, plasminogen, and tPA concentrations), each was varied while holding the
other two constant.

Over time, samples were taken of the suspension solution. The fibrin degradation
products (FDP) were quantified using a Pierce 660 nm Protein Assay (Life Technologies;
Carlsbad, CA), following the manufacturer’s protocol. A standard curve of known FDP
concentrations was used to obtain concentrations from absorbance values. A graph of
concentration vs time was utilized to obtain a rate constant, using an exponential fit

model assuming first order kinetics.

Cells

The iPSC line 006-BIOTR-001 generated from a 21-year old Caucasian female
donor was used (Johnson et al., Investig. Ophthalmol. Vis. Sci., 56:4619 (2015)). iPSC-
RPE cells were generated from this line by LAgen Laboratories (Rochester, MN) using a
differentiation process described elsewhere (Johnson et al., Investig. Ophthalmol. Vis.
Sci., 56:4619 (2015)).

Fibrin gels were made by mixing fibrinogen (final: 30 mg/mL) and thrombin
(final: 10 U/mL) solutions in the bottom of the culture surface (either 60 mm, 6 well
plate, 12 well plate, or 12 well Transwell), and a custom Teflon weight was used to
flatten and smooth the gel surface. The gels were then incubated for 1-2 hours in 5%
CO», 37°C humid incubator. Gels were washed with PBS prior to plating.

RPE were passaged as described elsewhere (Johnson et al., Investig. Ophthalmol.
Vis. Sci., 56:4619 (2015)). Suspended cells were plated onto the fibrin or matrigel-coated
surfaces at a density of 0.4-0.5 x10° cells/mL. RPE differentiation media (RPEM (LAgen
Laboratories), with 2% (v/v) B27 and 1% (v/v) antimycotic/antibiotic (Life
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Technologies)) was supplemented with varying concentrations of aprotinin to preserve
the fibrin gel. Media was changed every 2 days. RPE were cultured on the gels for 6-10
weeks prior to use. When appropriate, RPE cultured on matrigel-coated tissue culture

polystyrene was used as a positive control.

RPE Immunofluorescence

Immunofluorescence was used to visualize protein expression in the iPSC-RPE.
Samples were fixed in 100% ice-cold methanol for 10 minutes at -20°C. Staining was as
performed as described elsewhere (Johnson et al., Investig. Ophthalmol. Vis. Sci.,
56:4619 (2015)), using the following primary antibodies at a 1:1000 dilution: polyclonal
rabbit-anti Bestl (pAB125); polyclonal rabbit-anti Ezrin (Cell Signaling; Danvers, MA);
and polyclonal rabbit-anti ZO1 (Life Technologies). Samples were mounted on glass
slides using Fluoromount and imaged using a Nikon E600 fluorescence microscope

(Nikon; Tokyo, Japan).

Live/dead assay

A LIVE/DEAD Viability/Cytotoxicity kit (Live Technologies) was utilized per
manufacturer’s protocol to perform a live/dead assay. Live cells were visualized using a
FITC filter (Absorbance: 495 nm/ Emission: 520 nm), and dead cells were visualized
using a TRITC filter (Absorbance: 543 nm/ Emission: 560 nm). RPE monolayers
cultured on fibrin were used before or after degradation. Degradation was achieved using
1 U/mL plasminogen with 100 U/mL tPA. Cell viability was calculated as the percent of
live stained cells divided by total cells visualized. Results for experimental groups were

normalized to control groups.

PCR

RPE cultured on fibrin were scraped into 1X DPBS, centrifuged for 5 minutes at
5,000g at 4°C. Cells were lysed in Trizol, and total RNA was isolated using a total RNA
isolation kit (Zymo; Irvine, CA). Total RNA was treated with RNase-free DNAse [
(Roche Bio; Basel, Switzerland). cDNA was synthesized from total RNA using

Superscript I1I reverse transcriptase (Life Technologies). Total RNA was primed with
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oligo dT (Life Technologies). Primers were designed using Primer-BLAST software (Ye
et al., BMC Bioinformatics, 13:134 (2012)). Sendai Viral Primer sequences were from
the CytoTune™-iPS 2.0 Sendai Reprogramming Kit. Primers were ordered desalted from
IDT (Coralville, IA). Forty cycles of PCR using 10-100 ng of input cDNA and PowerUp
Sybr Green Master Mix (Applied Biosystems; Foster City, CA) were done on an Applied
Biosystems QuantStudio 5 qPCR instrument. PCR reactions were batched according to
the annealing temperature of the primer sets. A gene was deemed present if the Ct was

less than 37 cycles.

ELISA

An ELISA assay kit (RND Systems; Minneapolis, MN) was used to quantify
VEGF and PEDF secretion using pre-coated plates, following the manufacturer’s protocol
from media collected after 48 hours. Total protein was determined using a standard

curve.

Western Blot

RPE were scraped from fibrin in TPI buffer with 1% Triton-X, 20 mM Tris, 150
mM NaCl, and 5 mM EDTA, pH 8.0. Cells were lysed for 1 hour at 4°C. Samples were
diluted and resolved on a capillary electrophoresis-based western blot instrument (Protein
Simple Wes; San Jose, CA) using manufacturer’s solution kits and protocol. Primary
antibodies included RPE65 (401.8B11.3D9), Bestrophin 1 (pAB125), CRALBP (B2), and
B-actin (AC-15).

Statistics

Data was analyzed using JMP 10 (SAS; Cary, NC). For fibrin mechanical testing
and degradation studies, a 1-way ANOVA test was used. For aprotinin toxicity studies, a
2-way ANOVA test was used. After ANOVA analysis, significance was tested amongst
groups using a Tukey HSD test. For all cellular quantitative data, a student’s t-test was

used to compare individual groups. Statistical significance was considered for p<0.05.
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Results
Gel formation mechanical properties

The materials provided herein for RPE transplant can be designed to be thin,
laminar sheets with sufficient strength to maintain flatness while being manipulated with
surgical instruments. A custom mold (50 mm x 50 mm square, 400 um thick) was used
to produce identical thickness gels while varying concentrations of fibrinogen and
thrombin. Thrombin concentration did not affect mechanical properties of fibrin
hydrogels made at concentrations above 1 U*mL™*mg fibrinogen as described
elsewhere (Rowe et al., Acta Biomater., 3:59-67 (2007)). The following work was done
with a fixed thrombin concentration (100 U/mL).

Fibrin produced smooth, thin, and rigid gels that were opaque (Figure 35A). No
swelling of the fibrin gel was noticeable after hydration. The edges of the gels were well
defined. OCT imaging demonstrated that the gels formed by this method had an average
thickness of 200 = 30 um (Figure 35B), within the range expected based on the
dimensions of the mold. SEM images of the fibrin gels indicated a smooth surface
(Figure 35C), with a fibrilar microstructure similar to that described elsewhere for fibrin
(Filova et al., J. Biomed. Mater. Res. A., 90A:55-69 (2009); Figure 35D).

A custom oblong shaped punch with dimensions of 1.5 mm x 5 mm was used to
generate similar sized hydrogels from a large sheet of fibrin formed in a custom mold.
The 1.5 mm x 5 mm dimension was chosen to balance the need to cover the surface area
of the macula (5 mm diameter) while maintaining a small incision to perform the
implantation. With these dimensions, 3 implants could be lined up to cover >90% of the
surface area of the macula while requiring a <3 mm incision. Fibrin gels punched in this
geometry appeared more rigid with increasing fibrinogen concentration. Gels of varying
fibrinogen concentration were lifted with forceps out of the PBS to qualitatively observe
an ability to retain its shape and support its hydrated weight (Figure 35E). The 10 mg/mL
concentration gels exhibited immediate curling of the gel when removed from the PBS
and folded onto itself. Gels made of 20 and 30 mg/mL fibrinogen concentrations
exhibited reduced curling, and 40 mg/mL and above exhibited no curling. All gels
exhibited sufficient plasticity to revert to a flat shape after being placed back in PBS.

Gels made at or above 40 mg/mL fibrinogen concentration appeared pliable, durable, and
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maneuverable with a variety of surgical instruments. Obtaining gels from very high
concentrations of fibrinogen solution can be difficult due to the high viscosity of the
solution, and the highest concentration tested was 80 mg/mL. However, no observable
differences on rigidity were made between gels made of 40 mg/mL and 80 mg/mL.

Quantitatively, mechanical strength increased with increasing fibrinogen
concentration at a fixed thickness of 300 um (Figure 34C). For gels made of 20, 40, 60,
and 80 mg/mL fibrinogen, the mechanical strength was 0.016 = 0.012 N/mm, 0.039 +
0.011 N/mm, 0.035 £ 0.013 N/mm, and 0.045 + 0.012 N/mm (n=5, p=0.003),
respectively. Within groups, the 20 mg/mL concentration group was statistically different
from 40 mg/mL (p=0.027) and from 80 mg/mL (p=0.006). Maximum yield force also
increased with increasing fibrinogen concentration. Maximum force values for 20, 40,
60, and 80 mg/mL fibrinogen were 0.036 = 0.038 N, 0.081 £ 0.039 N, 0.086 + 0.035 N,
and 0.111 +£0.033 N (n=5, p=0.030), respectively. Within groups, only the 20 mg/mL
concentration group was statistically different from 80 mg/mL (p=0.023).

After casting gels in a custom mold with varying thickness spacers, the fibrin gels
were punched out, imaged using OCT to quantify actual thickness, and mounted for
mechanical testing. To insure proper handling of thinner gels, the fibrinogen
concentration was fixed at 60 mg/mL, while varying thickness. Using OCT, the 100 um
group had an actual thickness of 91 + 13 um, the 200 pm group was 198 + 10 um, and the
300 um group was 298 + 9 um (n=5). Varying the thickness showed a direct exponential
relationship to both mechanical strength and maximum force (Figure 34D). A thickness
of 100 um yielded a mechanical strength of 0.004 + 0.003 N/mm and max force of 0.004
+ 0.003 N, while a thickness of 200 um yielded a mechanical strength of 0.020 + 0.013
N/mm and max force of 0.032 £ 0.028 N. A thickness of 300 um yielded a mechanical
strength of 0.043 £+ 0.019 N/mm and max force of 0.094 + 0.031 N. There was a
significant effect of thickness on mechanical strength (n=3, p=0.034), with the 100 um
group statistically different from the 300 pm group (p=0.029). Similarly, thickness had a
significant effect on max force (n=3, p=0.010), with the 300 pm group significantly
different from both 100 pm (p=0.009) and 200 pm (p=0.045) groups. Qualitatively, the

100 pm gels were difficult to maneuver with surgical instruments compared to both the
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200 um and 300 um gels, as they tore easily. The 200 pm thickness appeared to be the

thinnest gel with sufficient mechanical strength for surgical manipulation.

Degradation kinetics of fibrin hydrogels

Fibrin gels did not undergo noticeable degradation on their own when stored
sterile in PBS at room temperature. To date, fibrin gels have been stored at room
temperature for > 9 months. Fibrin gels in PBS did not undergo noticeable degradation
when exposed to tPA (Figure 36A). However, when the combination of plasminogen and
tPA was added, fibrin gels began to degrade rapidly. Degradation proceeded as an overall
thinning of the gel with some gels breaking into smaller fragments. Degradation was
considered complete when no visible remnants remained.

For degradation kinetics studies, 200 um thick fibrin hydrogels of the same
dimensions used for mechanical studies (1.5 mm x 5 mm, oblong) were used. The effect
of three different component concentrations (fibrinogen, plasminogen, and tPA) were
studied by fixing the other two (Figure 36B). At constant plasminogen (0.1 U/mL) and
tPA concentrations (100 U/mL), kinetic rate constants for the degradation of gels
produced using various fibrinogen concentrations were 0.023 + 0.002 min’! for 40
mg/mL, 0.025 £ 0.001 min™ for 50 mg/mL, and 0.025 + 0.005 min™ for 55 mg/mL.

There was no effect of fibrinogen concentration on the rate constant (n=3, p=0.55),
suggesting zero-order kinetics. As such, degradation time was related linearly to
fibrinogen concentration: 100 + 10 minutes for 40 mg/mL, 113 £ 13 minutes for 50
mg/mL, and 120 + 10 minutes for 40 mg/mL. As no difference was detected in the
mechanical stiffness of gels above 40 mg/mL, the 40 mg/mL concentration was
determined to be the optimal condition for a rigid gel capable of fast degradation.

At fixed fibrinogen (40 mg/mL) and tPA concentrations (100 U/mL), plasminogen
concentration variation had an effect on the degradation rate constant and total
degradation time. Degradation rate constants at varying plasminogen concentrations were
0.363 +0.048 min™ at 1 U/mL, 0.116 = 0.008 min™* at 0.5 U/mL, 0.025 + 0.002 min™' at
0.1 U/mL, 0.0083 £ 0.0055 min™! at 0.05 U/mL, and 0.0048 £ 0.0013 min™! at 0.01 U/mL
(n=3, p<0.001). Within groups, the 1 U/mL group (P<0.001) and the 0.5 U/mL group
(p<0.003) was different from all other groups. The total degradation times at varying
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plasminogen concentrations were 7 + 1 min at 1 U/mL, 24 + 3 min at 0.5 U/mL, 34 +3
min at 0.1 U/mL, 81 + 16 min at 0.05 U/mL, and 177 + 32 min at 0.01 U/mL (n=3,
p<0.001). Within groups, the 0.01 U/mL group (p<0.001) and the 0.05 U/mL (p=0.03)
groups were statistically different from all other groups.

At fixed fibrinogen (40 mg/mL) and plasminogen concentrations (0.1 U/mL),
degradation rate constant increased with respect to tPA concentration until reaching a
plateau at 100 U/mL. Degradation rate constant values at varying tPA concentrations
were 0.011 + 0.003 min™ at 1 U/mL, 0.021 = 0.003 min™ at 10 U/mL, 0.039 + 0.002 min
U'at 100 U/mL, and 0.042 + 0.005 min™ at 1,000 U/mL (n=3, p<0.001). Within groups,
the 1 U/mL (p=0.036) and 10 U/mL (p=0.036) groups were significantly different from
all other groups. Total degradation time similarly approaches a plateau at 100 U/mL tPA
concentration. Total degradation times at varying tPA concentrations were 170 + 17 min.
at1 U/mL, 113 =12 min. at 10 U/mL, 65 £ 9 min. at 100 U/mL, and 57 + 6 min. at 1,000
U/mL (n=3, p<0.001). Within groups, the 1 U/mL (p<0.001) and the 10 U/mL (p=0.004)

were statistically different from all other groups.

RPE culture on Fibrin Requires Aprotinin

For RPE culture, fibrin gels were formed to fit various cell culture formats using a
custom Teflon weight to flatten the meniscus. All cell culture was done using fibrin gels
formed with 40 mg/mL fibrinogen concentration. RPE initially cultured on fibrin
degraded the substrate within the first 48 hours (Figure 37A). To address this, the
protease inhibitor aprotinin was used. Aprotinin is FDA approved for use in humans.

To determine the range of aprotinin concentrations that might be useful, it was
determined whether aprotinin exhibited any toxicity toward iPSC-RPE. To accomplish
this, a live/dead assay was utilized on iPSC-RPE in 96-well plates. Cells were fed media
supplemented with aprotinin at concentrations ranging from 250 U/mL to 8,000 U/mL
(Figure 37B) at 2 day intervals. The percentage of live cells was normalized to the
percentage of live cells present in a O U/mL control group. Viability for all aprotinin
concentrations tested did not vary from the control (Figure 37B). Using a two-way
ANOVA, no significant effect decrease in viability was observed at any concentration of

aprotinin tested over the course of the 8-week experiment (n=3, p>0.999).
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To determine the optimal amount of aprotinin necessary to maintain the fibrin
support, aprotinin was added to RPE culture media at concentrations varying from 0.5
U/mL to 50 U/mL, and the survival of the fibrin hydrogel supporting an RPE monolayer
was monitored qualitatively over time. After 1 week, photomicrographs were taken of
various groups over the course of 8 weeks (Figure 37C). At 0 U/mL, the majority of gel
was degraded, and minimal cell attachment was observed within 2 days. Cells that
attached to the surface did not form monolayers. In the 0.5 U/mL group, the majority of
gel remained intact after 2 days in culture. At this concentration, iPSC-RPE cells grew
over the patches in which fibrin gel remained but not in areas where the gel was degraded
(Figure 37C, asterisks). In the groups receiving 1-10U/mL, fewer patches of degraded gel
were observed with increasing aprotinin concentration.

Gels exposed to aprotinin concentrations from 10 U/mL to 50 U/mL remained
intact, covering the entire surface of the plate, and showed coverage with a monolayer of
iPSC-RPE. Quantitatively after 1 week, the percent of surface area with cell attachment
was 20.0 £ 8.9% at 0 U/ml, 93.6 + 1.3% at 0.5 U/mL, 98.1 £ 0.9% at 1 U/mL, 99.7 +
0.5% at 5 U/mL, and 99.8 + 0.2% at 10 U/mL (n=3, p<0.001; Figure 37D). Within
groups, the 0 U/mL control was significantly different from all other groups (p<0.001).
Overall, the addition of 25 U/mL aprotinin prevented RPE degradation of fibrin for > 8

months.

Phenotype of RPL on fibrin

iPSC-RPE cultured on fibrin are pigmented and form a cobblestone monolayer of
cells (Figure 38A). Live/dead assay confirmed that the cells were viable (Figure 38B).
Validation of the RPE phenotype was performed by qPCR using a panel of 20 key RPE
markers (Figure 40). A marker was considered present if a peak was observed prior to
the 37" cycle of PCR. Similar to what was observed for iPSC-RPE grown on matrigel
coated tissue culture plastic, all RPE markers (notably, RPEG65, CRALBP, and MITF)
were detected in iPSC-RPE grown on fibrin gels for 10 weeks. The pluripotency marker
LIN284 and markers for sendai virus delivered “Yamanaka” factors (KLF, KOS, c-myc)

were negative in all groups.
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Western blot analysis was used to confirm the protein expression of RPE markers
(Figure 38D). Bands for RPE65, Best 1, and CRALBP (normalized to a-actin) were
observed in lysates from iPSC-RPE grown on fibrin gels. Immunofluorescent staining
was performed for Best 1, Ezrin, and ZO-1 (Figure 38E). Previously reported staining for
Bestl, Ezrin, and ZO-1 in iPSC-RPE grown on matrigel-coated transwells were used as
reference (Johnson et al., Investig. Ophthalmol. Vis. Sci., 56:4619 (2015)). Bestl was
localized to the basolateral surface of the cells. Ezrin, a marker of microvilli, was
observed as puncta on the apical surface of the cells indicative of microvilli. ZO-1 was
observed to outline the borders of all cells indicating the presence of junctional
complexes and a single monolayer.

RPE secretion of VEGF and PEDF was quantified by ELISA (Figure 38C). After
48 hours of culture with RPE, the media from the fibrin group had a VEGF concentration
of 6.46 + 0.23 ng/mL. For PEDF, the fibrin group had a concentration of 6.41 + 1.61
ug/mL, and the matrigel control had 6.10 £ 0.53 ug/mL (n=3, p=0.822). Thus, no
differences were noted between RPE grown on fibrin hydrogels or tissue culture plastic.

Similar results were obtained culturing iPSC-RPE on matrigel-coated fibrin
hydrogels. For example, ELISA quantification of VEGF and PEDF showed similar
release of iPSC-RPE cultured on fibrin + matrigel coating to both fibrin hydrogels alone
and matrigel-coated TCPS (figure 42). Immunofluorescent staining showed similar
patterns of Ezrin and ZO-1 between iPSC-RPE cultured on fibrin or fibrin + matrigel
coating (Figure 43). Live/Dead assay showed similar viability of iPSC-RPE grown on
fibrin or fibrin+matrigel (Figure 44). Western blot analysis showed expression of Best1,

RPE65 and CRALBP from iPSC-RPE grown on fibrin or fibrin+tmatrigel (Figure 45).

Degradation of fibrin leaves an intact RPE monolayer

The purpose of this study was to generate a rapidly degradable support for the
growth and transplantation of an RPE monolayer. Having established parameters to
produce fibrin hydrogels that are rapidly degradable and of appropriate size and
mechanical strength, the following was performed to determine whether the presence of
an iPSC-RPE monolayer and growth in aprotinin altered the degradation kinetics of the
gels and whether degradation altered the viability of the iPSC-RPE in vitro. Based on the
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data accumulated using gels sans iPSC-RPE, degradation studies were performed using
0.5 U/mL plasminogen and 100 U/mL tPA. As shown in Figure 39A as the fibrin began
to degrade, the RPE monolayer began curling onto itself from the edges (Figure 39A).
Wrinkles were seen in regions where no fibrin support remained. In regions with fibrin
still intact, the RPE appeared flat. Once fully degraded, the RPE remained as a
monolayer sheet, with many curls and wrinkles, and it became difficult to handle with
surgical instruments. However, the RPE appeared as a continuous, pigmented tissue
(Figure 39A).

To confirm the viability of the RPE after the fibrin support was degraded, a
live/dead assay was performed 24 hours after the fibrin was completely degraded (Figures
39B and 39C). Viability was normalized to percent of viable RPE cultured on fibrin prior
to degradation. The normalized viability values for RPE prior to degradation were 100.0
+ 3.9 % and following degradation were 101.1 + 10.5 % (n=3, p=0.877).

Finally, immunofluorescence was utilized to detect ZO-1 presence after fibrin
degradation (Figure 39D). 24 hours after complete fibrin degradation, fixed RPE
monolayers exhibited positive staining for ZO-1. Staining of the unsupported RPE
monolayer was indistinguishable from that of monolayers on undegraded fibrin.

While certain results provided herein were obtained using iPSC-derived RPE,
there is no reason why the fibrin hydrogel materials described herein could not be used
for RPE derived from other sources such as ESCs and adult stem cells.

The results provided herein demonstrate that fibrin can be used as a material for
RPE transplantation. Fibrin can be formed in a variety of shapes and sizes, with
mechanical stiffness and degradation properties appropriate for RPE delivery. The results
provided herein also demonstrate that a protease inhibitor such as aprotinin can be used to
slow the ability of RPE to degrade the fibrin. In addition, when iPSC-RPE are cultured
on fibrin in the presence of a protease inhibitor such as aprotinin, the cells can appear
phenotypically similar to RPE. After the fibrin is degraded, the RPE can remain as a

viable monolayer.
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Example 7 — Implanting a fibrin hydrogel containing a RPE monolayer

A fibrin hydrogel was implanted into the subretinal space of a rabbit eye (Figure
41). The fibrin hydrogel was prepared by mixing fibrinogen (final: 40 mg/mL) and
thrombin (final: 100 U/mL) solutions in a custom mold to generate a thin sheet (200 pm).
A small volume of trypan blue was added to make the gel easier to visualize after
implantation. Implants were punched to a 1.5 mm x 5 mm oblong geometry. Once
prepared, the implant was loaded into an implantation device. To perform the surgical
implantation, a white female New Zealand rabbit (3 kg) was anesthetized and prepped for
surgery. A standard 3-port vitrectomy was performed, followed by bleb formation using
a fine cannula, and a retinotomy was created using retinal scissors. A 3.2 mm slit knife
was used to create an incision through the sclera. The implantation device was inserted
into the eye and positioned under the retinotomy. The implant was deployed into place.
After the implantation device removed, the scleral incision was sutured closed. Prior to
the animal awakening, the implant could be seen as a flat sheet under a flattened retina.
The animal was sacrificed after 48 hours, and the eye was harvested. Gross dissection

examination revealed no remaining evidence of the fibrin hydrogel.

OTHER EMBODIMENTS
It is to be understood that while the invention has been described in conjunction
with the detailed description thereof, the foregoing description is intended to illustrate and
not limit the scope of the invention, which is defined by the scope of the appended claims.
Other aspects, advantages, and modifications are within the scope of the following

claims.
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WHAT IS CLAIMED IS:

1. A retinal implant comprising (a) a retinal pigment epithelium monolayer having
an apical surface and a basal surface, and (b) a fibrin hydrogel layer attached to said

apical surface of said monolayer.

2. The implant of claim 1, wherein said fibrin hydrogel layer is from about 20 um to

about 400 pum thick.

3. The implant of any one of claims 1-2, wherein said implant comprises
plasminogen.
4. The implant of any one of claims 1-2, wherein said implant comprises from about

0.1 U of plasminogen per mL to about 40 U of plasminogen per mL or from about 0.001

U of plasminogen per mL to about 40 U of plasminogen per mL.

5. A method for making a retinal implant, wherein said method comprises:

(a) obtaining a retinal pigment epithelium monolayer having an apical surface and
a basal surface, and

(b) depositing a coating of fibrinogen and thrombin onto said apical surface of

said monolayer.

6. The method of claim 5, wherein said coating is from about 20 um to about 400 pm
thick.
7. The method of any one of claims 5-6, wherein said coating comprises from about

20 mg of fibrinogen per mL to about 80 mg of fibrinogen per mL.

8. The method of any one of claims 5-7, wherein said coating comprises from about

2 U of thrombin per mL to about 1500 U of thrombin per mL.
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9. The method of any one of claims 5-8, wherein said method comprises depositing

plasminogen onto said apical surface of said monolayer.

10. The method of claim 9, wherein said coating comprises from about 0.1 U of
plasminogen per mL to about 40 U of plasminogen per mL or from about 0.001 U of

plasminogen per mL to about 40 U of plasminogen per mL.
11. A method for making a retinal implant, wherein said method comprises culturing
retinal epithelial cells on a fibrin basal support substrate in a medium comprising a

protease inhibitor or an anti-fibrinolytic agent.

12.  The method of claim 11, wherein said medium comprises said protease inhibitor,

and said protease inhibitor is aprotinin.

13. The method of claim 12, wherein said medium comprises from about 5 U of

aprotinin per mL to about 500 U of aprotinin per mL.

14.  The method of claim 11, wherein said medium comprises said anti-fibrinolytic

agent, and said antifibrinolytic agent is transexamic acid or aminocaproic acid.

15. The method of claim 11, wherein said medium further comprises plasminogen.
16.  The method of claim 15, wherein said medium comprises from about 0.1 U of
plasminogen per mL to about 40 U of plasminogen per mL or from about 0.001 U of

plasminogen per mL to about 40 U of plasminogen per mL.

17. The method of claim 11, wherein said fibrin basal support substrate comprises

endothelial cells.
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18. The method of claim 17, wherein said endothelial cells were obtained from a
source selected from the group consisting of iPSC-derived endothelial cells, blood
outgrowth endothelial cells (BOEC), endothelial colony-forming cells (ECFCs),
endothelial progenitor cells (EPCs), and umbilical vein endothelial cells (UVEC).

19. A retinal implant comprising (a) a retinal pigment epithelium monolayer having
an apical surface and a basal surface, and (b) a fibrin hydrogel layer attached to said basal

surface of said monolayer.

20. The implant of claim 19, wherein said fibrin hydrogel layer is from about 20 um
to about 400 um thick.

21.  The implant of any one of claims 19-20, wherein said implant comprises

plasminogen.

22. The implant of any one of claims 19-20, wherein said implant comprises from
about 0.1 U of plasminogen per mL to about 40 U of plasminogen per mL or from about

0.001 U of plasminogen per mL to about 40 U of plasminogen per mL.

23. The implant of any one of claims 19-22, wherein said fibrin hydrogel layer

comprises a coating,

24, The implant of claim 23, wherein said coating comprises basement membrane

proteins, matrigel, or geltrex.

25. A method for making a retinal implant, wherein said method comprises:

(a) obtaining a fibrin hydrogel layer,

(b) coating a surface of said fibrin hydrogel layer with an agent, and

(c) forming a retinal pigment epithelium monolayer having an apical surface and a
basal surface on said coating, wherein said basal surface is closer to said fibrin hydrogel

layer than said apical surface.
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26. The method of claim 25, wherein said fibrin hydrogel layer is from about 20 um
to about 400 pum thick.

27. The method of any one of claims 25-26, wherein said fibrin hydrogel layer

comprises from about 20 mg of fibrinogen per mL to about 80 mg of fibrinogen per mL.

28. The method of any one of claims 25-27, wherein said fibrin hydrogel layer

comprises from about 2 U of thrombin per mL to about 1500 U of thrombin per mL.

29. The method of any one of claims 25-28, wherein said fibrin hydrogel layer
comprises from about 0.1 U of plasminogen per mL to about 40 U of plasminogen per
mL or from about 0.001 U of plasminogen per mL to about 40 U of plasminogen per mL.
30. A method for making a retinal implant, wherein said method comprises culturing
retinal epithelial cells on a fibrin basal support substrate in a medium comprising a

protease inhibitor or an anti-fibrinolytic agent.

31. The method of claim 30, wherein said medium comprises said protease inhibitor,

and said protease inhibitor is aprotinin.

32.  The method of claim 31, wherein said medium comprises from about 5 U of

aprotinin per mL to about 500 U of aprotinin per mL.

33. The method of claim 30, wherein said medium comprises said anti-fibrinolytic

agent, and said antifibrinolytic agent is transexamic acid or aminocaproic acid.

34. The method of claim 30, wherein said medium further comprises plasminogen.
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35.  The method of claim 34, wherein said medium comprises from about 0.1 U of
plasminogen per mL to about 40 U of plasminogen per mL or from about 0.001 U of

plasminogen per mL to about 40 U of plasminogen per mL.

36. The method of claim 30, wherein said fibrin basal support substrate comprises

endothelial cells.

37. The method of claim 36, wherein said endothelial cells were obtained from a
source selected from the group consisting of iPSC-derived endothelial cells, blood
outgrowth endothelial cells (BOEC), endothelial colony-forming cells (ECFCs),
endothelial progenitor cells (EPCs), and umbilical vein endothelial cells (UVEC).

38.  The method of any one of claims 30-37, wherein said fibrin basal support

substrate comprises a coating.

39. The implant of claim 38, wherein said coating comprises basement membrane

proteins, matrigel, or geltrex.

40. The implant of claim 38, wherein said coating was present prior to culturing said

retinal epithelial cells on said fibrin basal support substrate.

41.  The method of claim 11 or 30, wherein said fibrin basal support substrate

comprises sub-RPE tissue cell populations.

42. The method of claim 41, wherein said sub-RPE tissue cell populations comprise

melanocytes, pericytes, or fibroblasts.
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