
Optimizing Donor Cellular Dissociation
and Subretinal Injection Parameters for
Stem Cell-Based Treatments

BRITTNI A. SCRUGGS ,a CHUNHUA JIAO,a CATHRYN M. CRANSTON,a EMILY KAALBERG,a

KAI WANG,b STEPHEN R. RUSSELL,a LUKE A. WILEY,a ROBERT F. MULLINS,a EDWIN M. STONE,a

BUDD A. TUCKER ,a ELLIOTT H. SOHN a

Key Words. Induced pluripotent stem cells • Retinal progenitor cells • Stem cell transplantation •
Subretinal transplantation • Inherited retinal dystrophy • Pig model

ABSTRACT

Subretinal delivery of stem cell-derived retinal cells as a strategy to treat retinal degenerative
blindness holds great promise. Currently, two clinical trials are underway in which human fetal
retinal progenitor cells (RPCs) are being delivered to patients by intravitreal or subretinal injec-
tion to preserve or restore vision, respectively. With the advent of the induced pluripotent stem
cell (iPSC), and in turn three-dimensional derivation of retinal tissue, it is now possible to gener-
ate autologous RPCs for cell replacement. The purpose of this study was to evaluate the effect
of commonly used cell isolation and surgical manipulation strategies on donor cell viability. iPSC-
RPCs were subjected to various conditions, including different dissociation and isolation methods,
injection cannula sizes, and preinjection storage temperatures and times. The effects of com-
monly used surgical techniques on both host and donor cell viability were evaluated in Yucatan
mini-pigs (n = 61 eyes). We found a significant increase in cell viability when papain was used for
RPC isolation. In addition, a significant decrease in cell viability was detected when using the
41G cannula compared with 31G and at storage times of 4 hours compared with 30minutes.
Although 96.4% of all eyes demonstrated spontaneous retinal reattachment following injection,
retinal pigment epithelium (RPE) abnormalities were seen more frequently in eyes receiving
injections via a 31G cannula; interestingly, eyes that received cell suspensions were relatively
protected against such RPE changes. These findings indicate that optimization of donor cell isola-
tion and delivery parameters should be considered when developing a subretinal cell replace-
ment strategy. STEM CELLS TRANSLATIONAL MEDICINE 2019;8:797–809

SIGNIFICANCE STATEMENT

Subretinal delivery of viral vectors and stem cells will be essential to treat the outer retina in
patients with blinding, inherited eye diseases. However, there are scant data to support the opti-
mal conditions for preparing and injecting induced stem cell-derived retinal precursor cells for
transplantation. This study examined (a) in vitro cell preparation conditions to determine their
impact on pretransplantation cell viability and (b) the surgical outcomes of various parameters in
live Yucatan pigs receiving subretinal vehicle or retinal precursor cells. The results demonstrate
that the needle cannula size, storage time, incubation temperature, and injection rate impact cell
viability and surgical outcomes. This study suggests that the optimization of subretinal injections
will improve the chances of restoring vision in patients with retinal degenerative diseases.

INTRODUCTION

Over the past decade, a significant body of the

literature has been amassed to demonstrate

the potential of stem cell-based cell replace-

ment for the treatment of retinal degenerative

blindness [1–5]. To restore vision in patients with

advanced, rare inherited retinal disorders such as

retinitis pigmentosa [6], new photoreceptor cells

will be required. For patients with more common
genetically complex diseases such as age-related
macular degeneration [7–10], in addition to pho-
toreceptor cells, replacement of both retinal pig-
ment epithelium (RPE) and choroidal endothelial
cells may be needed.

As long-term systemic immunosuppression
will likely be required to maintain transplants
containing cells that are not immunologically
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matched to the host, the ideal donor cell source for retinal cell
replacement is the autologous patient-derived induced plurip-
otent stem cell (iPSC) [11]. Like embryonic stem cells (ES),
iPSCs can be differentiated into any cell type from any of the
three embryonic germ layers, including photoreceptor cells,
RPE cells, and choroidal endothelial cells. Although extensive
data exist to demonstrate that iPSC-derived retinal cells have
the ability to integrate with the remaining host retina [6, 12–14],
different strategies for retinal cell replacement have resulted in
variable success. For instance, nonautologous iPSC-derived RPE
cell transplants can result in minimal clinical adverse effects, but
elicit an immune response at the cellular level in various animal
models [15–17]. On the other hand, autologous RPE transplantation
studies in humans have resulted in retinal detachment, ocular
inflammation, proliferative vitreoretinopathy, and/or hemorrhage
post-transplantation [18–21]. These various approaches demon-
strate some of the challenges that must be addressed before
cell transplantation may restore vision in a meaningful way with
acceptable risk to these patients.

Supplementing our understanding through animal experi-
mentation, several trials have focused on transplantation of
ES-derived and iPSC-derived RPE cells for the treatment of
AMD [8, 15, 22–27]. A unifying theme of these trials has been
that delivery of stem cell-derived RPE cells in suspension is
inferior to transplantation of RPE cells as an organized sheet
(RPE cell graft) [7, 28–30]. Specifically, unlike RPE cell grafts,
which following subretinal transplantation lay flat and inte-
grate with the remaining host RPE cell layer, many of the dis-
sociated RPE cells injected into the subretinal space may be
lost due to efflux and apoptosis. The donor cells that do sur-
vive fail to adhere to Bruchs membrane and elaborate into an
organized physiologic monolayer [31]. Similar findings have
been reported in preclinical animal studies focused on stem
cell-based photoreceptor cell replacement. Specifically, as com-
pared with cell suspension injection, retinal progenitor cells
(RPCs) transplanted into the subretinal space on polymeric cell
support scaffolds results in an approximately ninefold increase
in donor cell survival [32]. This finding can largely be attributed
to apoptosis due to a loss of cellular adhesion (anoikis), and to
physical shear force stresses associated with cellular dissociation
and direct injection via small gauge cannulas. The observations
in recent reports have demonstrated that photoreceptor precur-
sor cells directly isolated from developing mouse retina and
transplanted into diseased hosts results in extensive donor cell
death with transfer of donor cell material to remaining host
photoreceptor cells, further suggesting that stem cell-derived
progeny are fragile and will be more successfully transplanted
on a prefabricated biomimetic graft rather than as a cellular
slurry. By dissociating cells during early retinal differentiation
and seeding them onto a cell delivery scaffold [33] where they
will be allowed to mature and adhere prior to transplantation,
one can mitigate acute cellular dissociation effects and maximize
post-transplant cell viability. Moreover, although retinal graft
transplantation is our ultimate goal, early stage clinical trials
designed to evaluate both safety and efficacy of intravitreal and
subretinal injection of a suspension of human RPCs in patients
are currently underway (clinicaltrials.gov numbers NCT02464436
and NCT03073733). As such, evaluation of the effects of various
donor cell isolation, storage, and delivery parameters on cell via-
bility is timely.

Interestingly, there is a paucity of published data on the meth-
odology and safety of subretinal injections or the effects of trans-
plantation conditions on both donor and host cell viability. For
instance, the ideal injection rate to avoid harming residual host
RPE cells and overlying retina is uncertain. It is also unclear how
the size of the injection cannula used affects retinal reattachment
without air–fluid exchange and the cellular effects on the RPE
[34]. The porcine eye is an excellent model for preclinical develop-
ment of a retinal cell replacement strategy and in particular test-
ing of these surgical injection parameters. Like humans, the pig
has a multilayered retina with a cone-rich region called the visual
streak with similarities to the human macula. In addition, as the
pig eye is closer in size to that of the human, one can develop
surgical approaches using instruments and techniques that can
be readily translated to human retinal surgery.

We and others have previously demonstrated the ability to
(a) identify the specific genetic mutations responsible for caus-
ing various inherited eye diseases in our patients [35–38];
(b) generate patient-derived iPSCs and correct their disease caus-
ing mutations using the CRISPR-Cas9 system [39]; (c) differentiate
iPSCs into retinal cells using good manufacturing practices (GMP)
[5, 40]; and (d) transplant allogenic iPSC-derived photoreceptor or
RPE cells into a large animal model using pars plana vitrectomy
[15] and subretinal injections [15, 25]. The goals of this study were
twofold: first, we sought to optimize our donor cell dissociation
methods in an attempt to isolate the maximum number of healthy
RPCs from three-dimensional (3D) retinal organoids that could be
delivered for seeding of retinal cell grafts; second, we sought to
characterize and optimize the subretinal injection parameters used
for creating a subretinal bleb prior to retinal graft transplantation.
To do so, we analyzed outcomes from several key components of
surgery, including retinal reattachment with variably sized needle-
cannulas and the effect of injection rate on retinal morphology. In
addition, we compared injections with saline to those with a slurry
of donor cells and assessed viscosity changes and growth factors
that may potentially protect host cells from damage. We believe
that improving postdissociation cell viability and surgical outcomes
in the pig model will translate to safer, more effective therapy to
patients with retinal degenerative diseases.

MATERIALS AND METHODS

Generation of Patient-Derived iPSCs and Retinal
Organoids

Three-millimeter skin biopsies were obtained from patients
with known inherited retinal disease. Fibroblast cells were iso-
lated and expanded prior to being used for iPSC generation via
overexpression of SOX2, C-MYC, KLF4, and OCT4 as described
previously [37, 41, 42]. Passage 10 iPSCs were karyotyped and
analyzed using the scorecard assay [5]. Validated iPSCs were
subsequently subjected to our previously published 3D retinal
differentiation protocol [5]. Briefly, iPSCs were passaged, coun-
ted, and plated at a density of 1× 104 cells per well in 96-well
conical bottom, low attachment plates in 3D differentiation
media to induce sphere formation [5]. At 12 days postplating,
spheres were transferred to ultra-low attachment cell culture
dishes and fed with neural retina (NR) differentiation media
every other day. At �30 days postdifferentiation, retinal tissue
was dissected free from the attached forebrain tissue and cul-
tured as retinal organoids until harvest.
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Dissociation of 3D Retinal Organoids for Isolation
of RPCs

3D retinal organoids differentiated for 60 days were thor-
oughly minced using a sterile razor blade in NR differentiation
media. A 1 ml pipette was used to transfer the minced tissue
into a 15ml conical tube. The cell culture plate, in which the
retinal organoids were minced, was washed twice with fresh
NR media, which was added to the conical tube following each
wash to avoid losing cells (this is especially important around
the periphery of the dish). The cell suspension was triturated
using a fire polished pasture pipette and subsequently cen-
trifuged at 300g for 5 minutes at room temperature (RT).
Supernatant was removed and the cell pellet was resuspended
in dissociation media (Papain [Sigma–Aldrich, St. Louis, MO]
20U/ml and DNase I [Invitrogen, Carlsbad, CA] 10 U/ml in NR
differentiation media) at a density of two organoids per millili-
ter. Tubes were subsequently incubated for 25–30minutes in a
37�C water bath with gentle, intermittent agitation. Follow-
ing incubation, approximately 5 ml of Dulbecco’s modified
Eagle’s medium containing 10% human serum was added
and the suspension was centrifuged at 300g for 5 minutes
at RT. Following centrifugation, the supernatant was removed and
the cell pellet was re-suspended in balanced salt solution (BSS)/
Hanks’ buffered salt solution (HBSS) buffer (Fisher Scientific,
Pittsburgh, PA) at a concentration of approximately �10,000 cells
per microliter. If reconstituted for plating purposes, the cell pellet
was suspended in NR differentiation media supplemented with
RevitaCell (Thermo Fisher Scientific, Waltham, MA).

Immunocytochemical Staining of Dissociated RPCs

Dissociated RPCs (isolated from retinal organoids differentiated
for 60days) were plated in a four-chamber cell culture slide
coated with laminin overnight at 4�C. At 4 days postplating, the
cells were fixed in 4% paraformaldehyde for 5 minutes, blocked
using immunoblock, and stained using the primary antibodies
melanogenesis-associated transcription factor (MITF; Exalpha
Biologicals, Shirley, MA), Pax6 (BioLegend, San Diego, CA), Sox2
(R&D Systems, Minneapolis, MN), Nanog (R&D Systems, Minne-
apolis, MN), NRL (R&D Systems, Minneapolis, MN), and OTX2
(R&D Systems, Minneapolis, MN) and the secondary antibodies
Cy2, Cy3, Cy5, and Alexa-488. DAPI was used as a counterstain.
Images were obtained using an EVOS XL cell imaging system.

Cell Viability Studies

RPCs were injected through polyamide cannulas of different
gauges (31G versus 41G, MedOne Surgical, Inc., Sarasota, FL).
Noninjected cells were also exposed to various incubation
temperatures (0�C, 21�C, 37�C, and 50�C) after varying lengths
of storage time (30minutes versus 4 hours). Cell viabilities
were determined using a tetrazolium (MTS) assay and/or a
Countess II FL Automated Cell Counter (Invitrogen). The cell
viabilities were determined immediately after injection. MTS
Cell Proliferation Assay Kit (Abcam, Cambridge, MA) was used
according to the manufacturer’s instructions and the formazan
dye product was quantified by measuring the absorbance at
490–500 nm. For the trypan blue quantification, the percentage
of recovered, live cells per sample was calculated using a Count-
ess II FL Automated Cell Counter (Invitrogen) and verified using
a hemocytometer after exposure to trypan blue.

Animals and Animal Testing

All animal procedures were approved by the Institutional Ani-
mal Care and Use Committee of the University of Iowa and
conducted in accordance with the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research. Three to
6-months-old nonimmune suppressed wild-type Yucatan minia-
ture swine (Sinclair Bio-resources; Auxvasse, MO) were obtained
(n = 31 pigs). Anesthesia was induced using ketamine 5 mg/kg,
dexmedetomidine 0.03mg/kg, and butorphanol 0.3 mg/kg given
intramuscularly by a registered veterinarian technician and
maintained at 0.5%–5% isoflurane. The pupils were dilated
with 1% tropicamide ophthalmic solution (Alcon, Inc.; Lake
Forest, IL) followed by 2.5% phenylephrine hydrochloride oph-
thalmic solution (Paragon; Portland, OR). An endotracheal tube
was placed with the SpO2 and heart rate monitored continu-
ously throughout the procedure. The pigs were placed in
either the right or left lateral decubitus position. A lateral can-
thotomy was performed to increase exposure of the eye. To
keep the number of animals used to a minimum, subretinal injec-
tions were performed in both eyes of each animal (n =61 eyes).

Pars Plana Vitrectomy and Subretinal Injections of
RPCs into a Pig Model

Animals were prepped and draped in typical sterile fashion for
ophthalmic surgery with an eyelid retractor placed appropri-
ately. Cellugel (Alcon; Fort Worth, TX) or hypromellose 2.5%
ophthalmic demulcent solution (OCuSoft, Inc.; Rosenberg, TX)
was applied to the cornea during the procedure for ocular lubri-
cation. A conjunctival peritomy was performed to expose the
sclera. Three pars plana sclerotomies with 23-gauge trocars were
made approximately 1.5–2 mm posterior to the limbus. A BSS
enriched with bicarbonate, dextrose, and glutathione (BSS Plus;
Fort Worth, TX) was infused into the eye throughout the proce-
dure to maintain a pressure of approximately 20mmHg. After a
posterior vitreous detachment was induced, a polyamide can-
nula (31G or 41G, MedOne Surgical, Inc.; Sarasota, FL) was used
to create a small retinotomy to inject 300μl of a vehicle solution
(n =41 eyes), or 3 million human iPSC-RPCs (n = 20 eyes) directly
into the subretinal space of the cone-rich visual streak region.
For the vehicle injections using the 31G cannula, there were five
buffers tested as these have been used by various research
groups in animals and human trials utilizing gene therapy vec-
tors: BSS (n = 5), BSS Plus (n = 5), buffer A with N-acetylcysteine
(NAC; n = 5), buffer A without NAC (n = 5), and HBSS (n =10);
buffer A represents a buffer commonly used for human sub-
retinal injections that consists of 180mM sodium chloride and
10 mM sodium phosphate at a pH of 7.2. For the vehicle injec-
tions using the 41G cannula, BSS was injected (n =11).

The cannula was inserted through the retina between the
optic nerve and visual streak to result in a bleb in the sub-
retinal space. Cannulas were removed and sclerotomies were
sutured with 7-0 vicryl suture. Air–fluid exchange was not per-
formed on any eye in the study. A single intravitreal injection
of 1 mg/0.025 cc triamcinolone was administered to all eyes
that received subretinal injection via the larger, 31G, cannula.
The operative eye was then bathed with 5% povidone-iodine.
For pigs that received cells, the first eye was injected with the
cell solution and the second eye was immediately injected
with vehicle. Indirect ophthalmoscopy was performed at sacri-
fice on post op week 2 to post op week 5 to detect retinal
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reattachment and RPE changes. For euthanasia, pigs were
given intramuscular ketamine (14mg/kg) and intramuscular
acepromazine (1 mg/kg). The eyes were dilated and an eye
exam was performed. Blood was taken via an ear vein. Euthasol
(1 ml/10 lbs) was then given intravenously. Vitreous was col-
lected after both eyes were enucleated.

Tissue Processing and Histological Procedure

All eyes were enucleated at designated time points and
processed for histological assessment. In brief, whole eyes
were immediately fixed in 4% fresh paraformaldehyde over-
night then processed and embedded in paraffin for morpho-
logic analysis as described previously [15]. Transverse 10 μm
serial paraffin sections from central disc toward the superior
periphery were collected and mounted on Superfrost Plus
glass slides. Every 200 μm of sections were deparaffinized and
stained with hematoxylin and eosin (H&E) for overall morpho-
logical assessment. Selected adjacent sections were used for
immunohistochemistry staining using double-label or triple-
label immunofluorescence techniques. After deparaffinization,
sections were blocked in 2% bovine serum albumin in
phosphate-buffered saline. Primary antibodies (e.g., anti-
RPE65 or anti-IgG antibodies) were then applied to sections.
Secondary antibodies were conjugated to Alexa fluorochromes
488, 568, or 594 (1:200, Thermo Fisher). Sections were rinsed
and counterstained with DAPI then analyzed and imaged with
an Olympus BX41 fluorescence microscope.

Injection Rate Studies and Morphometry Analysis

Domestic cadaveric pig eyes obtained from a local abattoir
within 4 hours after enucleation underwent vitrectomy as
described above for the in vivo surgeries. Subretinal injection
of 300 μl of BSS buffer was administered at 1.8 ml/minute
(n = 8) or 0.18ml/minute (n = 6) using an automated syringe
pump injector (New Era Pump System). Control eyes under-
went vitrectomy without subretinal injection (n=4). Both non-
injected and injected eyes were processed as described above. At
every 200μm, tissue sections were assessed for the presence of a
bleb and depigmented RPE (i.e., pseudo-geographic atrophy;
pseudo-geographic atrophy [GA], described below). A subset of
adjacent sections was then selected and immunolabeled with an
anti-RPE65 antibody (Novus International, St Charles, MO, dilution
1:100) overnight at 4�C, followed by a 1 hour incubation in
Cy3-conjugated secondary antibody (Jackson Immuno Research
Lab, West Grove, PA). Antifade medium with DAPI was used for
counterstaining and coverslipping. All images were captured along
the entire length of the bleb with an Olympus BX41 fluorescence
microscope. To measure RPE65 loss, multiple images across the
entire bleb were automatically photo merged in Photoshop
(Adobe Photoshop CS, Adobe Systems, San Jose, CA); Fiji-Image J
software was used to measure both the length of bleb and the
missing RPE65 layer length. The ratio of RPE65 signal loss was cal-
culated by the absence of RPE65 over total length of bleb in every
20th section (i.e., every 200μm).

Multiplex Porcine Cytokine/Chemokine Assay

Supernatant was obtained from 34 pig eye vitreous samples fol-
lowing euthanasia either 2 weeks or 5 weeks after subretinal
injections of various buffers (BSS, BSS Plus, buffer A with NAC,
buffer A without NAC, and HBSS) with or without the
intraoperative use of preservative-free triamcinolone acetonide.

A total of 25μl of each neat vitreous supernatant was loaded
in duplicate and tested with the Milliplex Porcine Cytokine/
Chemokine Magnetic Bead Panel (Millipore, PCYTMG-23K-13PX,
Temecula, CA) according to the manufacturer’s instructions. To
obtain the supernatant, all vitreous samples were centrifuged at
12,000 rpm at 4�C for 15minutes, then the supernatant snap
frozen in liquid nitrogen and stored at −80�C until use. For any
given treatment group, protein from 5 to 10 pig eyes was tested
in duplicate with each well representing a single eye. The con-
centrations of cytokines/chemokines were measured and ana-
lyzed according to the manufacturer’s protocol on a BioRad
Bio-plex 200 Suspension Array System with Bio-Plex Manager
5.0 software (Bio-Rad Laboratories, Hercules, CA). All reported
values were calculated based on the standard curve of each
individual plate.

Statistical Analysis

All in vitro injection conditions were tested in three independent
experiments in triplicate using pooled cells isolated from five
patients with known inherited retinal disease. For the cell viabil-
ity studies, histological studies, in vivo studies, and injection rate
studies, statistical analysis of three or more groups was per-
formed using one-way analysis of variance (ANOVA) followed by
pairwise comparisons of the groups using post hoc testing with
Bonferroni correction. To determine the interaction between
temperature and time, two-way ANOVA was performed with
Sidak’s comparisons testing. Statistical analyses with a two-tailed
Student’s t test was used for comparison of only two means.
Retinal reattachment and postoperative data were analyzed by
Pearson chi-square test then Fisher’s exact test. Logistic regres-
sion was used to determine if the presence of vitreous opacities
on exam was associated with elevated cytokine levels and if
there were any significant covariates, including week of sacrifice,
use of triamcinolone, and presence of pseudo-GA. For all cyto-
kines analyzed, no significant covariates were identified; there-
fore, Pearson chi-square test and Fisher’s exact test were used.
Significance for the overall group effect and individual pairwise
comparisons was defined as p < .05 for all experiments. Logistic
regression analyses were performed by MedCalc for Windows,
version 18.0 (MedCalc Software, Ostend, Belgium). All other sta-
tistical tests and graphs were performed using GraphPad Prism
4.0b for Macintosh (GraphPad Software, San Diego, CA), and all
values were reported as mean� SEM except the cytokine
experiments, which reported values as median with range.

RESULTS

RPC Isolation and Characterization

RPCs were isolated from iPSC-derived 3D retinal organoids as
described in Materials and Methods (Fig. 1A). Postdissociation
RPC viability (i.e., percentage of recovered, live cells) was
98.40%� 2.78% using a MTS assay at RT (Fig. 2B). RPCs were
isolated using papain attached to laminin-coated plates by
1 day postplating and began to spread across the culture sur-
face by day 4 (Fig. 1A). As previously reported, RPE precursor
cells began to lose their dark pigment, which was present at
day 1, and adopted a more fibroblastic morphology [37, 43]
(Fig. 1A, arrows). Immunocytochemical analysis demonstrated
that cultures contained cells that expressed the retinal cell
transcription factor PAX6, the RPC markers SOX2 and OTX2
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and the RPE cell transcription factor MITF (Fig. 1B–1F). Cul-
tures did not express the pluripotency transcription factor
Nanog nor did they express the rod photoreceptor precursor
cell transcription factor NRL (data not shown). Collectively,
these data demonstrate that cultures isolated from 3D retinal

organoids at 60-days postdifferentiation contain a mixture of
neural retinal progenitor and RPE precursor cells, similar to
those delivered to humans in two independent clinical trials
that are currently underway (ClinicalTrials.gov numbers
NCT02464436 and NCT03073733).

Figure 1. Isolation of retinal progenitor cells from three-dimensional (3D) retinal organoids. (A): Retinal progenitor cells were isolated
from 3D retinal organoids (via the protocol outlined in the schematic) and plated on laminin-coated culture surfaces at 60 days
postdifferentiation via papain dissociation. At 1 day postplating, a mix of pigmented RPE and nonpigmented neural retinal progenitor cells
were present. By 4 days postplating, cells began to spread over the culture surface (a loss of pigment was noted at this time point). Scale
bar: 400 μm. (B–F): Immunocytochemical analysis targeted against Pax6 (B, D), Sox2 (C, D), MITF (E), and OTX2 (F) revealed the presence
of retinal progenitor and RPE cell precursors, respectively. Scale bar: 50 μm. Abbreviations: DAPI, 40,6-diamidino-2-phenylindole; MITF,
melanogenesis-associated transcription factor; OTX2, orthodenticle homeobox 2; Pax6, paired box 6; Sox2, SRY (sex determining region
Y)-box 2.

Figure 2. Temperature, storage time, and cannula gauge effect retinal progenitor cell viability. (A): Induced pluripotent stem cell-derived
retinal progenitor cells (RPCs) were incubated at various temperatures (0�C, 21�C, 37�C, and 50�C). Cell viabilities (mean� SEM) were
measured using trypan blue staining and an automatic cell counter after 1 hour (black) and 4 hours (checkered). Two-way ANOVA was
performed (factors: temp and time) with Sidak’s comparisons testing. **, p < .01; ***, p < .001; ****, p < .0001 comparing temperature-
matched samples. ++, p < .01 comparing 37� to 0� at 4 hours. †, p < .05; ††, p < .01; †††, p < .001 comparing samples to 50� at 4 hours. (B):
RPCs were injected through either a larger cannula (31G) or a smaller cannula (41G) and collected for in vitro analysis of the percentage
of live cells compared with preinjection cell counts. Cell viabilities (mean� SEM) were measured immediately using an automatic cell
counter using trypan blue staining (black) or an MTS assay (blue). *, p < .05; **, p < .01; ****, p < .0001 compared with no cannula.
++, p < .01 comparing 31G to 41G. Abbreviations: G, gauge of needle-cannula; MTS, tetrazolium assay.
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Effects of Injection Conditions on in vitro Cell Viability

Patient-derived RPCs were subjected to various conditions
in vitro, including different temperatures, incubation time, and
cannula size (Fig. 2). To investigate the effects of temperature
and incubation time on cell viability, RPCs were incubated at
0�C, 21�C, 37�C, and 50�C with cell viabilities measured using
an automated cell counter after 30minutes and 4 hours. Two-
way ANOVA was performed, a significant interaction between
temperature and time was found with Sidak’s comparisons
testing (F[3, 38] = 5.835; p = .002). There was no significant dif-
ference between the temperature groups when cell viability
was measured at 30minutes. However, the incubation time
significantly affected the cell viability across all groups (F[1,38]
= 54.93; p < .0001). When these samples were incubated for
4 total hours, the 37�C incubation group had significantly
increased cell viabilities compared with the group incubated
on ice (p < .01; Fig. 2A). Furthermore, the 0�C (p < .001), 21�C
(p < .01), and 50�C (p < .0001) groups all had significant
decreases in the cell viabilities compared with their 30minute
counterparts (Fig. 2A). In contrast, the 37�C group had stable
values over time. As expected, the 0�C (p < .05), 21�C (p < .01),
and 37�C (p < .001) groups had significantly higher cell viabil-
ities when compared with the 50�C control group (Fig. 2A).

To study the effect of cannula size on progenitor cell via-
bility, these cells were injected at 1 million cells per 100 μl
through a 41G (smaller) or 31G (larger) cannula (Fig. 2B). Try-
pan blue staining, followed by automated cell counting, was
initially used for this purpose, but the trypan blue was found
to be mildly toxic to the cells with only 83.00%� 1.58% of the
cells surviving in the control group, where no cannula was
used (Fig. 2B). This method did demonstrate a significant
decrease in cell survival when using the smaller cannula

(68.6%� 4.12% live cells) compared with no cannula (p < .05;
Fig. 2B). A MTS assay that used colorimetric analysis of meta-
bolically active cells was found to be more sensitive and com-
patible with cell health. Using the MTS assay, 98.40%� 2.78%
of the cultured cells survived the assay when no cannula was
used. The cell viability decreased to 79.33%� 6.52% when the
RPCs were injected through the 31G cannula (p < .05; Fig. 2B).
However, there was a decline to 53.32%� 3.12% cell survival
when using the 41G cannula (p < .0001; Fig. 2B). Comparison
of these cell viabilities between the 31G and 41G cannula
groups was significant (p < .01; Fig. 2B). These in vitro results
represent three independent experiments in triplicate using
cells isolated from five patients.

Ophthalmoscopy and Histological Analysis of Pig Eyes
Following Subretinal Bleb Formation

To raise a subretinal bleb (that would also be suitable for reti-
nal cell graft implantation), following pars plana vitrectomy, a
polyamide cannula (31G or 41G) was used to inject BSS (n = 41
eyes) directly into the subretinal space of the cone-rich visual
streak region. Indirect ophthalmology was performed for all
pig eyes (n = 41) at the time of sacrifice either at post op week
2 or post op week 5 to detect retinal reattachment and to
record all postoperative findings, including: “pseudo-GA” (used
to describe the clinical appearance of a focal sharply demar-
cated region of RPE depigmentation with or without true his-
tological RPE atrophy), RPE changes without GA, vitreous
floaters/opacities, retinal folds, uveitic processes, cataract for-
mation, and corneal opacities. The number of affected eyes
per category was compared between those that received injec-
tions via 41G versus 31G-cannulas. Table 1 provides an over-
view of these indirect ophthalmoscopic postoperative findings.

Table 1. Indirect ophthalmoscopic postoperative findings after subretinal injection of either vehicle or induced pluripotent stem cell-
derived retinal precursor cells using 41G or 31G needle-cannulas

Postoperative findings
(no. of eyes/total
no. of eyes examined)b

41G cannula 31G cannula p valuesa

Cells Vehicle

Total

Cells Vehicle

Total
Cells vs.
vehicle

31G vs.
41G

iPSC-derived
cells BSS

iPSC-derived
cells BSS

BSS
Plus

Buffer
Ac

Buffer A
without
NAC HBSS

Spontaneous retinal
reattachment

10/10 10/11 95.2% 6/6 5/5 4/5 4/4 5/5 9/9 97.1% >.9999 >.9999

Pseudo-GA 1/10 5/8 33.3% 0/6 3/5 3/4 2/3 4/5 2/9 43.8% *.0007d .5558

All RPE changes 2/10 5/8 38.9% 4/6 3/5 3/4 2/3 5/5 7/9 75% *.0272e *.0165f

Vitreous opacities 3/10 5/9 42.1% 6/9 3/5 0/4 2/5 2/5 3/9 43.2% .7765 >.9999

Retinal fold 6/10 2/8 44.4% 0/6 0/5 0/4 1/4 2/5 1/9 12.1% .1573 *.0153g

Uveitis 0/10 0/11 0% 2/8 1/5 0/4 1/4 0/5 0/9 11.4% .5866 .2856

Total eyes injected (n) 10 11 21 10 5 5 5 5 10 40

aPostoperative data were analyzed by chi-square test and then Fisher’s exact test. Significance was defined as p < .05 (indicated by *).
bFor all postoperative observations, the total number of eyes provided is the number of eyes that could be adequately examined for that
particular postoperative finding. Media opacities and/or surgical complications (e.g., total cataract, total retinal detachment, etc.) limited
assessment of retinal pathology for several eyes.

cBuffer A represents a buffer commonly used for human subretinal injections that consists of 180 mM sodium chloride and 10 mM sodium
phosphate at a pH of 7.2.
dWhen controlling for cannula size, the p values are *.0430 and *.0238 for the 41G and 31G groups, respectively.
eThere was no statistical difference between the 31G versus 41G groups when controlling for injection type.
fWhen controlling for injection type, the p values are *.0338 and .6021 for the cell and vehicle groups, respectively.
Abbreviations: BSS, balanced salt solution; G, gauge of needle-cannula; GA, geographic atrophy; HBSS, Hanks’ balanced salt solution; iPSC, induced
pluripotent stem cells; NAC, N-acetylcysteine; RPE, retinal pigment epithelium.
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Dense media opacities (n = 1), total cataracts (n = 3), and uve-
itis with anterior chamber fibrin, hypopyon, or small pupil
(n = 2) limited assessment of retinal pathology for six eyes.
There were eight eyes with very mild, focal cataracts and
seven eyes that had diffuse, mild corneal edema; neither of
these findings impacted the analysis of other postoperative
findings. Of the eyes that had an adequate view to the retina,
96.4% of these pig eyes (53 out of 55) had spontaneous retinal
reattachment using the 31G (33 out of 34 eyes) and 41G
(20 out of 21 eyes) cannulas (Table 1). Hematoxylin and eosin
stain was performed on some nonimmune suppressed pigs
injected with human iPSC-derived RPCs (Supporting Informa-
tion Fig. S2), but extensive phenotyping was not done as these
xenografts would be expected to result in more robust cellular
immune reaction than we reported in 2015 when allogenic
cells in the subretinal space led to an activated adaptive
immune response [15].

We compared the effects of cannula size on the presence
of RPE abnormalities (i.e., RPE changes without GA, pseudo-
GA, and total RPE changes). The 31G cannula group had an
increased amount of RPE changes without GA (p = .009) and
total RPE changes (p = .017) compared with the 41G cannula

group (Fig. 3A); however, the 31G-injected eyes were not asso-
ciated with increased amount of pseudo-GA (p = .56). When
controlling for the type of injection (i.e., cells or vehicle only),
there was no difference between any of the RPE abnormalities
between the cannula groups (Fig. 3B, 3C).

We also performed statistical analyses to determine the
effect of iPSC-RPCs (which might increase fluid viscosity) on
the incidence of RPE changes with or without GA (Fig. 3D–3F).
The iPSC-derived cell-injected eyes had a significantly
decreased amount of pseudo-GA compared with the vehicle-
injected group (p < .001; Fig. 3D). When controlling for the
type of cannula used, there was still less pseudo-GA in the
cell-injected cohort using 41G (p = .043; Fig. 3E) or 31G
(p = .024; Fig. 3F) cannulas. Comparing these same groups for
RPE changes without GA, there was no difference between the
cell and vehicle groups (p > .99; Fig. 3D). Of the 26 eyes that
received vehicle through a 31G cannula, the number of eyes
with pseudo-GA or significant RPE changes was compared with
determined effect of buffer type. All vehicle-injected groups
had eyes with pseudo-GA, but the HBSS group had fewer eyes
with pseudo-GA (two out of nine) compared with the buffer A
group with NAC (four out of five; p = .036); otherwise, there

Figure 3. Statistical analysis of injection conditions in association with pseudo-geographic atrophy or RPE changes based on ophthalmo-
scopic assessment. Indirect ophthalmoscopy was performed on all eyes (n = 50) that received subretinal injections of either iPSC-derived
retinal progenitor cells (n = 16) or vehicle (n = 34) via a 31G (n = 32) or 41G cannula (n = 18), and the number of eyes with pseudo-GA or
RPE changes without GA were compared between the two cannula groups (A–C) or the two injection groups (D–F). For (A)–(C), compari-
sons between the cannula groups were performed for all eyes that received subretinal injections (A), eyes that only received iPSC-derived
RPC injections (B), and eyes that only received subretinal vehicle injections (C). For (D)–(F), the number of eyes with pseudo-GA or RPE
changes were compared between the two treatment groups for all eyes that received subretinal injections (E), eyes that only received
41G cannula injections (F), and eyes that only received 31G cannula injections (G). For each graph, bars represent the percentage of
affected eyes for a specific finding. Data were analyzed by chi-square test and then Fisher’s exact test using GraphPad prism software.
p < .05 was considered statistically significant. All eyes that were examined and found to have a dense cataract, total retinal detachment,
and/or dense vitreous opacities were excluded as the presence or absence of pseudo-GA and RPE could not be assessed.
Abbreviations: G, gauge of needle-cannula; GA, geographic atrophy; RPE, retinal pigment epithelium. *, p < .05; ***, p < .001.

www.StemCellsTM.com © 2019 The Authors. STEM CELLS TRANSLATIONAL MEDICINE published by
Wiley Periodicals, Inc. on behalf of AlphaMed Press

Scruggs, Jiao, Cranston et al. 803



was no significant difference between the postoperative find-
ings of the various buffer groups.

There was no significant difference in the number of eyes
with vitreous opacities or uveitis when comparing the 31G ver-
sus 41G cannula groups or the cell-injected versus vehicle-
injected groups (Table 1). There were a higher number of eyes
in the 41G cohort (44.4%) that developed retinal folds com-
pared with the 31G cohort (12.1%, p = .015; Table 1). We identi-
fied these prominent retinal folds within the bleb region using
H&E staining (Fig. 4G), ocular coherence tomography imaging
(Fig. 4H), and indirect ophthalmoscopy (Fig. 4I); Figure 4G–4I
images represent three different pig eyes in the 41G cannula
group. Of note, there was no difference in retinal fold incidence
between eyes receiving cells versus vehicle (p = .16).

To determine the effects of these subretinal vehicle injec-
tions on the integrity of the retina, the post-mortem pig eyes
were processed for histological analysis of the retinal layers.

Eight eyes with pseudo-GA seen on exam (Fig. 4F) were evalu-
ated histologically (Fig. 4D) and compared with eyes without
clinical pseudo-GA (Fig. 4A). The RPE was intact in all eight
eyes; however, there was depigmentation of the apical villi in
five eyes, and there was also irregular loss of RPE65 expression
in three eyes, as determined by immunofluorescence staining
(Fig. 4E). These were no eyes that had positive IgG staining
(data not shown). Representative images of these experiments
are shown in Figure 4. The retina and underlying RPE regions
outside the injected bleb appeared normal histologically
(Fig. 4A, 4B); however, in the same eye, the bleb region was
found to have profound RPE depigmentation (Fig. 4D) with sig-
nificant loss of RPE65 expression (Fig. 4E, white arrows). Fun-
dus images were obtained of regions outside the injected
region (Fig. 4C) and within the bleb region (Fig. 4F, white
arrows) to demonstrate the striking appearance of pseudo-GA
we appreciated in many of the eyes injected with vehicle.

Figure 4. Histological and clinical evidence of pseudo-GA and retinal folds after subretinal vehicle injections in a pig model. (A–C): Rep-
resentative images taken outside the bleb region (i.e., noninjected retina). (D–I): Representative images taken of the injected, bleb region
of these eyes show evidence of either pseudo-GA (D–F) or retinal folds (G–I). The images in (A), (B), (D), and (E) represent the same eye.
H&E staining (A and D) shows depigmentation of the retinal pigment epithelium within the bleb region only (D), and immunohistochemis-
try (B and E) demonstrates that this same bleb region has a significant loss (E, white arrows) of RPE65 signal (green). For (B) and (E), DAPI
was used to counterstain nuclei. Indirect ophthalmoscopy demonstrates a normal appearance of the retina outside the bleb region
(C) and RPE changes with pseudo-GA within the bleb region (F, white arrows). (G–I): A prominent retinal fold within the bleb region is
seen using H&E staining (G), ocular coherence tomography imaging (H, white arrows), and indirect ophthalmoscopy (I, white arrows).
Scale bar = 100 μm. All panels are from postoperative week 2 except (C) (postoperative week 1), (F) (week 5) and (I) (week 1). Abbrevia-
tions: DAPI, 40,6-diamidino-2-phenylindole; GA, geographic atrophy; INL, inner nuclear layer; ONL, outer nuclear layer; RPE, retinal pig-
ment epithelium; RPE65, retinal pigment epithelium marker.

© 2019 The Authors. STEM CELLS TRANSLATIONAL MEDICINE published by
Wiley Periodicals, Inc. on behalf of AlphaMed Press

STEM CELLS TRANSLATIONAL MEDICINE

804 Conditions for Retinal Stem Cell-Based Therapies



Effects of Injection Rate on Retinal Histology

To determine the effect of injection rate on RPE and surround-
ing tissue, fresh cadaveric pig eyes were injected at a speed of
1.8 ml/minute (n = 8) or 0.18ml/minute (n = 6) then processed

for qualitative and quantitative assessment by H&E staining
and immunostaining (Fig. 5). Analysis of immunohistochemis-
try (Fig. 5A–5C) and H&E imaging (Fig. 5D–5F) demonstrated
the loss of RPE65 immunolabeling but no effect on RPE

Figure 5. Differential effects of injection rate on loss of RPE65 expression in cadaver pig eyes. (A–C): RPE65 retinal pigment epithelial
cell marker-immunolabeled (red) histological sections show higher expression of RPE65 in noninjected vitrectomized pig cadaver eyes
(A; n = 4) compared with 1.8 ml/minute injected eyes (C; n = 8) but not to 0.18ml/minute injected eyes (B; n = 6). Nuclei were counter-
stained with DAPI (blue). (D–F): Corresponding H&E stains on adjacent sections (bottom panels) show no substantial change in pigmenta-
tion of RPE in the 1.8 ml/minute group (F) compared with noninjected vitrectomized control sections (D) and the lower 0.18ml/minute
injection group (E). Scale bar: 100 μm. (G): There was a significant loss of RPE65 signal in the pig retinas injected with at a high speed
(1.8 ml/minute) compared with the retinas injected at a lower speed (0.18ml/minute) and the retinas that were not injected. Each point
represents the percentage of RPE65 signal loss for the bleb region of an individual eye, and inset horizontal lines show results as
mean� SEM. p < .05 was considered statistically significant. For all histological images, representative images are shown. Abbreviations:
DAPI, 40,6-diamidino-2-phenylindole; RPE65, retinal pigment epithelium marker.

Figure 6. Upregulated inflammatory cytokine levels in pig eyes with vitreous floaters/opacities after subretinal vehicle injections. (A–E):
Analysis of inflammatory cytokines by multiplex analysis. Supernatant was obtained from pig vitreous samples at euthanization
2–5 weeks after subretinal injections. These samples were analyzed on a 13-plex panel multiplex plate, which confirmed that at least five
inflammatory mediators (IL-1RA, IFN-γ, IL-12, IL-8, and IL-6) are upregulated in the vitreous at the protein level for eyes with ophthalmo-
scopic evidence of vitreous floaters. Each point represents the average of duplicate readings of the cytokine concentration in an individual
eye, and inset horizontal lines show results as median with range. Concentrations lower than the low limit of detection were defined as
nonmeasurable, and data were analyzed by chi-square test and then Fisher’s exact test. Logistic regression analyses were also performed
and there were no significant covariates. p < .05 was considered statistically significant. Abbreviations: IL, interleukin; IFN, interferon.
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depigmentation, respectively, in the eyes that received the
faster injection (Fig. 5). When compared with the ex vivo
vitrectomized cadaver eyes without injection, there was no
statistical difference in H&E images or RPE65 signal when
compared with the slower rate at 0.18ml/minute (Fig. 5G).
However, there was a marked decline in RPE65 signal when
comparing the control group (2.7%� 0.4%, n = 4, p < .0001) or
the slower rate (2.9%� 0.8%, p < .0001) to the higher injection
rate (8.6%� 0.5%, p < .0001; Fig. 5G).

Vitreous Cytokine Levels in Eyes Receiving Subretinal
Vehicle Injections

To help elucidate the mechanism for some of the postopera-
tive changes seen, we measured the level of 13 cytokines in
vitreous samples from eyes that received subretinal vehicle
with (n = 7) or without (n = 26) the use of preservative-free tri-
amcinolone acetonide, which was administered at the end of
cases utilizing 31G needles to help reduce postoperative intra-
ocular inflammation. These vitreous samples were obtained at
the time of sacrifice, either at post op week 2 (n = 26) or post
op week 5 (n = 7). Of the 13 cytokines tested, there were four
cytokines, IL-2, IL-4, IL-18, and TNF-α, that were not detectable
in any tested sample. IL-1 α, IL-1 β, IL-10, and GM-CSF were
detectable in some but not the majority of eyes tested. Most
vitreous samples had cytokine levels above the level of detec-
tion (LOD) for interferon (IFN) γ, IL-1RA, IL-6, IL-8, and IL-12.
Interestingly, for these five highly detectable cytokines, there
were two to seven eyes per cytokine that had relatively high
values. In order to investigate this further, we identified all the
eyes that were noted on postoperative exam to have vitreous
floaters/opacities and then compared the cytokine levels between
eyes that had floaters versus eyes that had no vitreous opacities.
Chi-square testing was performed to compare the number of
samples with cytokine levels over the LOD between the groups.
There was a significant upregulation of IFN-γ (p= .008), IL-1RA
(p= .008), IL-6 (p= .043), and IL-12 (p= .021) in the eyes with post
op vitreous opacities (Fig. 6). There was no significant correlation
between the presence of vitreous opacities and the presence of
pseudo-GA, the use of intraoperative triamcinolone, or the timing
of exam (Supporting Information Fig. S1).

DISCUSSION

Our laboratory previously demonstrated that (a) iPSC-derived
photoreceptor precursor cells integrate within the outer retina
of retinal degeneration mouse models [37] and that (b) trans-
plantation on polymeric cell support scaffolds is superior to
cell injection alone [44]. Herein, we describe the isolation of
patient-derived RPCs from 3D retinal organoids at 60-days
postdifferentiation. Our ultimate goal is to use these cells for
loading of photoreceptor cell delivery scaffolds, which follow-
ing further maturation in culture to induce photoreceptor pre-
cursor cell fate commitment, may be used for autologous cell
replacement based treatment of patients with advanced reti-
nal degenerative blindness. All steps of the 3D retinal differen-
tiation protocol used in this study were described previously
and performed in accordance with current GMP [41]. Unlike
earlier 2D differentiation protocols, in which it was difficult to
separate retinal from nonretinal forebrain tissue, by using this

3D retinal differentiation approach we can readily generate
and isolate RPCs in the absence of contaminating forebrain
neurons (for method, refer [41]). In addition, by isolating cells
from retinal organoids that are differentiated for 60 days, we
are able to largely avoid contamination of inner retinal gan-
glion cells, which are born much earlier and largely lost by this
time point due to lack of nutrient and oxygen exchange
afforded to the innermost layers of the enlarged organoid
[41]. Following generation, we have described an effective dis-
sociation protocol that allows us to consistently isolate RPCs
for retinal cell graft production without compromising cell
yield. These cells are expected to be very similar to those used
in the above-described ongoing clinical trials, which are iso-
lated during retinal development from human fetal retina.
As indicated above, our ultimate goal is to use 3D retinal
organoid derived RPCs to generate engineered photoreceptor
precursor cell grafts rather than use these cells as a direct
therapy for photoreceptor cell replacement. In light of ongoing
clinical trials, we reasoned that it would be useful to provide
an evaluation of cellular isolation and surgical manipulation
parameters that may impact both host and donor cell viability.
To that end, in this study we demonstrate how needle cannula
size, pretransplantation cell storage time, cell incubation tem-
perature, and solution injection rate impact cell viability and
surgical outcomes. These data indicate that if a single cell reti-
nal cell transplantation approach is to be used it should be
promptly timed after cell preparation, and delays in transplan-
tation warrant incubation of these cells at 37�C, which may
not be routine practice for many stem cell biologists.

The purpose of cell transplantation for retinal degenerative
diseases is to provide healthy cells to replace degenerated
ones of the outer retina and/or RPE. However, the process of
preparing cell suspensions and delivering these cells directly to
the intended region has the potential to negatively affect cell
number and/or cell integrity. Although many vitreoretinal sur-
geons prefer to perform subretinal injections using the smallest
cannula size possible, our study suggests that larger cannulas
result in better cell viability without an increased risk of retinal
detachment, despite the larger hole necessary to subretinally
deliver the cells. This expands on a recent paper by Wilson
et al., in which 30G cannulas were found to be superior to 41G
cannulas for optimization of cell recovery and viability [45].

We use the term “pseudo-GA” in this manuscript to distin-
guish it from true GA, which is the defining feature of advanced
nonexudative age-related macular degeneration that consists
of irreversible RPE, photoreceptor, and choroidal loss similarly
identified in humans on fundus examination [46–48]. The use of
the term GA would be problematic for describing the findings in
our study without further investigation as: (a) we did not find
morphologic evidence of surrounding photoreceptor or choroi-
dal loss in histologic sections and (b) it is unknown if the RPE
disturbance identified may resolve over time (i.e., at least one
study suggests this possibility after RPE damage in pigs [34]).

The injection rate/cell viability relationship we have found,
indicates the importance of controlling injection rate for sub-
retinal bleb formation for the purpose of retinal cell graft
transplantation and cell suspension delivery when choosing
this intervention paradigm. To demonstrate the importance of
injection rate for subretinal bleb formation, we injected vehi-
cle solutions into the subretinal space of fresh cadaver pig
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eyes; when injecting at a higher, controlled speed, there are
significant RPE changes and disruption of the outer retina
when compared with the same buffers injected at slower
speeds. RPE cells, although intact morphologically, have a
corresponding loss of RPE65 signal associated with increased
speed of injection. This loss of RPE65 is also identified in man-
ually injected pig eyes 2 to 5 weeks following surgery. These
findings are especially important when injecting manually
through a larger cannula, as we postulate that the 31G cannula
injections induced more RPE changes than the smaller cannula due
to the increased lumen size and increased volume injected per time,
which is independent of the type of buffer injected. RPE changes
and depigmentation with subretinal injections has been described
previously [49, 50], and we hypothesize that this may occur at
higher incidence in the larger cannula 31G group due to a turbu-
lence effect that is exacerbated with higher injection speed. The
decreased pseudo-GA seen in eyes injected with cells may be due
to less turbulence and trauma to the RPE from increased fluid vis-
cosity. Although the mechanism of action needs further studies to
confirm these findings, at this time we recommend surgeons inject
at a lower, controlled rate for subretinal injections of any fluid.

Wilson et al. recently described the presence of transplanted
cells and debris in the vitreous samples after transvitreal trans-
plantation [45]. We, too, observed an egress of fluid from the
retinotomy site into the vitreous cavity. Although this fluid loss
ultimately decreases the number of cells transplanted, data sug-
gest that this fluid egress may protect the bleb from increased
retinal strain that leads to the development of retinal folds such
as those that we saw in the 41G cannula group. For all human
cell-injected pig eyes that developed uveitis or had vitreous
opacities on exam, we considered these reactions a result of
xenogeneic cells introduced into the vitreous cavity. However,
there was no significant difference in the frequency of media
opacities when comparing the cell and vehicle groups, and, in
fact, 41% of all vehicle-injected eyes had prominent vitreous
opacities. Although tempting to think vitreous opacities could be
secondary to triamcinolone debris, the clinical picture of vitreous
triamcinolone did not appear similar to these opacities and our
cytokine data suggest that even vehicle-injected eyes have a
robust inflammatory reaction. Based on our data, we do not
believe the vitreous inflammation we encountered is a result of
the buffer used, the triamcinolone injected, or the surgical tech-
niques implemented. We observed a trend of decreasing vitre-
ous opacities and cytokine levels 5 weeks following surgery, and
this is consistent with the transient mild ocular inflammation
seen in the phase III trial using subretinal injections of gene ther-
apy for RPE65-mediated inherited retinal dystrophy [51]. This
suggests that immunosuppression in the initial period after
transplantation may be necessary for clinical trials involving
subretinal injections for gene and stem cell treatments
(regardless of donor cell source).

CONCLUSION

Our data support the hypotheses that patient-specific RPCs
can be isolated from iPSC-derived 3D-retinal organoids, and
the viability of these cells can be improved by optimizing dis-
sociation parameters and postdissociation conditions such as
temperature, cannula gauge, and storage time. Both 31G and

41G cannulas can be used to successfully administer subretinal
injections that will spontaneously reattach without need for
long-acting gas or laser in pigs. Higher bleb injection speeds
result in RPE changes or pseudo-GA seen postoperatively that
correlates to RPE depigmentation and loss of RPE65 expres-
sion. Postoperative vitreous opacities and increased cytokine
production were the most common adverse effects associated
with subretinal injection/retinal bleb formation. The findings
from this study have broad applicability to treatments that rely
on subretinal injections, such as gene therapy and bolus stem
cell-derived retinal cell transplantation.
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