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Vision Improvement in Retinal Degeneration Patients
by Implantation of Retina Together with Retinal

Pigment Epithelium

NORMAN D. RADTKE, ROBERT B. ARAMANT, HEYWOOD M. PETRY, PARKE T. GREEN,

DIANE J. PIDWELL, AND MAGDALENE J. SEILER
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PURPOSE: To demonstrate efficacy and safety of the
mplantation of neural retinal progenitor cell layers
sheets) with its retinal pigment epithelium (RPE) in
etinitis pigmentosa (RP) and dry age-related macular
egeneration (AMD) patients with 20/200 or worse
ision in the surgery eye.
DESIGN: Interventional nonrandomized clinical trial.
METHODS: Ten patients (six RP, four AMD) received

etinal implants in one eye and were followed in a phase II
rial conducted in a clinical practice setting. Early Treat-
ent Diabetic Retinopathy Study (EDTRS) was the pri-
ary outcome measure. All implant recipients and nine of
0 tissue donors were deoxyribonucleic acids typed.
RESULTS: Seven patients (three RP, four AMD) showed

mproved EDTRS visual acuity (VA) scores. Three of
hese patients (one RP, two AMD) showed improvement in
oth eyes to the same extent. Vision in one RP patient
emained the same, while vision in two RP patients de-
reased. One RP patient has maintained an improvement in
ision from 20/800 to 20/200 ETDRS for more than five
ears; at the six-year examination, it was still maintained at
0/320 while the nonsurgery eye had deteriorated to hand
otion vision. This patient also showed a 22.72% increase

n light sensitivity at five years compared to microperimetry
esults at two years; the other patients showed no improved
ensitivity. Although no match was found between donors
nd recipients, no rejection of the implanted tissue was
bserved clinically.
CONCLUSIONS: Seven (70%) of 10 patients showed

mproved VA. This outcome provides clinical evidence of
he safety and beneficial effect of retinal implants and
orroborates results in animal models of retinal degener-
tion. (Am J Ophthalmol 2008;146:172–182. © 2008
y Elsevier Inc. All rights reserved.)

ee accompanying Editorial on page 151.
ccepted for publication Apr 7, 2008.
From the Retina Vitreous Resource Center (N.D.R.), Anatomical

ciences and Neurobiology (R.B.A.), Ophthalmology andVisual Sciences
R.B.A., M.J.S.), and Psychological and Brain Sciences (H.M.P.), Uni-
ersity of Louisville, Louisville, Kentucky; Doheny Retina Institute
R.B.A., M.J.S.), Department of Ophthalmology, University of Southern
alifornia, Los Angeles, California; Anatomy and Neurobiology (R.B.A.,
.J.S.), UC Irvine, Irvine, California; Nidek Inc, Fremont, California

P.T.G.); Jewish Hospital, Louisville, Kentucky (D.J.P.); and Transplan-
ation Center, The Cleveland Clinic, Cleveland, Ohio (D.J.P.).
a
Inquiries to Norman D. Radtke, Retina Vitreous Resource Center, 240
udubon Medical Plaza, Louisville, KY 40217; e-mail: nradtke@rvrc.com
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ETINITIS PIGMENTOSA (RP) DENOTES A GROUP OF

inherited disorders that involve progressive loss of
photoreceptors or retinal pigment epithelium (RPE)1

nd progressive visual impairments. Age-related macular
egeneration (AMD) is the leading cause of blindness in
he population older than 55 in the United States2 and

estern Europe. Geographic atrophy (GA) of the RPE
s a form of advanced AMD that is associated with
entral vision loss,2 progresses gradually, and does not
egress over time.3

In each of these degenerative disorders, if the damaged
hotoreceptors can be replaced with new cells that con-
ect with the remaining host retina,4,5 it may be possible
o restore visual function. Human fetal donor tissue trans-
lanted to athymic nude rats can develop retinal layers in
ontact with a monolayer of cotransplanted RPE.6 Trans-
lants of fetal retinal layers have also been shown to
estore visual function in the brain in several models of
etinal degeneration7,8 and to make synaptic connections
ith the neural circuitry of the host retina.9 After inject-

ng freshly harvested retinal progenitor cells in the rho�/�

ouse, increased ganglion cell responses and pupillary
eflexes have been interpreted as visual improvements,10

imilar to previous results by other groups.11,12 However,
he reliability of ganglion cell recordings and pupillometry
or establishing transplant effects has been questioned.13,14

Limited clinical trials of retinal implantation have been
nderway since 1998. Between January 1, 1998 and Janu-
ry 1, 2001, phase I of a clinical trial was performed to
emonstrate the safety of implanting freshly harvested
ayers of fetal retina together with its RPE. Results showed
he safety of the procedure.15

The Food and Drug Administration (FDA) then allowed
he surgery to be performed in patients with 20/200 vision or
orse in the surgery eye. A phase II trial was conducted
etween 2002 and 2005 with a group of 10 patients (six RP
nd four AMD). This article presents the results.

METHODS

STUDY DESIGN: The study was performed in a clinical
ractice setting. Subjects had 1) decreased central visual

cuity (VA) of 20/200 or worse by Early Treatment

LL RIGHTS RESERVED. 0002-9394/08/$34.00
doi:10.1016/j.ajo.2008.04.009
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iabetic Retinopathy Study (ETDRS) vision testing for at
east one year before the procedure in the surgery eye, 2) a
iagnosis of RP or AMD, and 3) better vision in the
onsurgery eye than the surgery eye. There was no control
roup. Success was defined as preservation or improvement
f vision after one year as measured by EDTRS.
Subjects older than 21 years of age were recruited from

r Radtke’s private practice or via the practice’s website.
ll applicants met strict inclusion/exclusion criteria. Qual-

fied subjects were given detailed information about the
tudy and informed consent was obtained. The Western
nstitutional Review Board (IRB), FDA, or Norton
ealthcare Research Office did not require a data and

afety monitoring committee for this study, so one was not
ppointed. The Investigational New Drug Application
IND) number was very stringent and subject to close FDA
crutiny.

DONOR TISSUE: Donor tissues were derived from hu-
an fetal eyes, age range 10 to 15 weeks gestation, isolated

rom dead macerated fetuses after elective abortions. Do-
ors were not compensated or approached to donate tissue
ntil after the decision was made to terminate the preg-
ancy. All donors signed an informed consent form prior
o donation.

IMPLANTATION METHOD AND SURGICAL PROCE-

URE: The dissection of fetal retina together with its RPE
as been described previously.6,15 Eyeballs were dissected

ree from surrounding tissues and incubated in dispase
Collaborative Biomedical Products, Bedford, Massachu-
etts, USA) for 10 to 30 minutes. The final dissection was
erformed in the surgery room.
A standard three-port 20-gauge vitrectomy was per-

ormed, excising the posterior hyaloid face in all cases.
mmediately before implantation, 2-mm2 to 5-mm2 pieces
f fetal retina with its RPE were cut (average 3.8 mm2)
nder a dissection microscope and loaded into a custom-
ade implantation instrument with a flat plastic nozzle tip

t a 130-degree angle.15,16 The implantation instrument
aintained the orientation of the donor tissue. After a

etinotomy superior nasal to the fovea, the surgeon in-
erted the loaded nozzle tip into the subretinal space in the
acular area and then released the nozzle, which placed

repared sheets of retina/RPE into the target area. The
etinotomy was sealed by laser. Surgery success was defined
s good placement of the tissue under the fovea with
ompletely flat recipient retina and good sealing of the
etinotomy superior nasal to the fovea. Immediately after
mplantation, the medium in which the donor tissue had
een prepared was tested for sterility and endotoxins.
No immunosuppressant drugs were given. Six patients

Patients 1, 6, 7, 8, 9, and 10) received oxygen postoper-
tively to reduce surgical trauma.17,18 Patient 1 was on a
entilator postoperatively and received oxygen for 10 days;

he other patients received nasal cannula oxygen for one T

RETINAL IMPLANTATIOOL. 146, NO. 2
eek. Since visual stimulation during development is
mportant for the formation of synaptic connectivity (re-
iew19), these same patients were also asked to watch
xperimental visual stimulation videos on a volunteer
asis. The videos consisted of moving dots and stripes with
ifferent colors and were developed by a member of this
esearch team, who discussed their design with a low-
ision specialist, a psychophysics specialist, and several
atients.

IMMUNOLOGY TESTS: All retinal implant recipients
nd nine of the 10 donors were deoxyribonucleic acids
DNA) typed for major histocompatibility complex
MHC) antigens HLA-A, B, C, DR, and DQ at Jewish
ospital (Louisville, Kentucky, USA). Recipients were

yped after signing the consent form, well in advance of
he transplant surgery. One donor could not be typed
ecause of poor tissue quality. The donor DNA was extracted
sing a DNA tissue extraction kit (QIAGEN, Valencia,
alifornia, USA) and typed for HLA antigens by polymerase

hain reaction amplification using sequence-specific primers
Pel Freeze, Brown Deer, Wisconsin, USA).

At each recipient follow-up visit, a blood sample was
ested for donor-specific antibodies. Anti-HLA antibodies
ere detected using two techniques with sensitive flow
ytometric procedures: a pool of normal T cells and HLA
ntigen–coated beads (One Lambda, Canoga Park, Cali-
ornia, USA).

STUDY EVALUATION METHODS: All patients were fol-
owed for one year and offered annual follow-up examina-
ions. Four patients elected to participate in these optional
nnual exams (Patient 3 for two years, Patients 4 and 5 for
hree years, and Patient 1 for six years). All patients
eceived a clinical examination, funduscopy, and fluores-
ein angiography (FA); the nonsurgery eye was also exam-
ned postoperatively to rule out sympathetic ophthalmia at
ach examination time point (three times preoperatively;
nd one week and one, three, six, nine, and 12 months
ostoperatively). A complete refraction was performed on
ach patient before VA was measured by EDTRS. All
atients also had their lens removed and had an intraoc-
lar lens implant in the posterior chamber with the capsule
pened preoperatively.
Early Treatment Diabetic Retinopathy Study vision was

ested three times prior to surgery and at least seven times
ostoperatively using a previously described protocol,20

ith an ESV-3000 Illuminator cabinet (Vector Vision,
reenville, Ohio, USA; test luminance 85 cd/m2). Testing
as performed at 4 m; measurements at 1 m were per-

ormed when fewer than 15 letters were read at 4 m. The
otal ETDRS letters correctly identified were counted until
ne line (5 letters) was completely missed. The line above
as then converted to Snellen acuity by measuring the
istance of the patient from the chart, whether 4 m or 1 m.

his value was divided into 20 and multiplied by the meter

N IN HUMANS 173
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umber next to each line on the left side of the chart. For
xample, if the patient reads the 40-m line and is 4 m
way, the vision is 20/200 by Snellen. ETDRS tests were
erformed in the clinical practice of Dr Radtke and at an
ndependent test site (Patients 1, 3, 4, and 5 were tested
nly in Dr Radtke’s practice). Testers were masked to the
urgery eye. If there was a variation between test sites, the
esults from the independent site were reported.

Secondary evaluation methods used at the beginning of

IGURE 1. Study Patient 8 with retinitis pigmentosa (RP).
olumn shows postoperative images. Position of the transplant is
ight) Fundus at one year postoperative. (Top, small image in
igmented transplant indicated (arrow). (Middle left) Early fluo
ear postoperative. (Bottom left) Late FA, preoperative. (Botto
A document the presence of choriocapillaris underneath the
ejection. Pre-op � preoperative; Post-op � postoperative.
he study were scanning laser ophthalmoscopy (SLO) and a

AMERICAN JOURNAL OF74
ultifocal electroretinography (mfERG). As the study
rogressed and new imaging technology became available,
ptical coherence tomography (OCT) and microperimetry
MP1) replaced the SLO and mfERG methods. MP1 tests
ere performed in the clinical practice of Dr Radtke. OCT

ests were done in Louisville, Kentucky, at the clinical
ractices of Drs Radtke and Kumar. SLO and OCT tests
ere also performed at the University of Medicine and
entistry of New Jersey (UMDNJ), Newark, New Jersey,

left column shows preoperative fundus images and the right
cated by dotted rectangle. (Top left) Preoperative fundus. (Top
Fundus at one month postoperative with the position of the

in angiograph (FA), preoperative. (Middle right) Early FA, one
ght) Late FA, one year postoperative. The fundus images and
splant with no leakage. This implies evidence of no clinical
The
indi

sert)
resce
m ri
tran
nd mfERG tests at The Smith-Kettlewell Eye Research

OPHTHALMOLOGY AUGUST 2008
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nstitute, San Francisco, California. Again, testers were
asked to the identity of the surgery eye.
Scanning laser ophthalmoscopy tests with a small, dim

timulus were performed on three RP patients preopera-
ively and one AMD and two RP patients postoperatively.
he reference cross was fixed by manual tracking at clearly
efined vascular landmarks.21 Photopic mfERGs were re-
orded (VERIS Science software; EDI Inc, San Mateo,
alifornia, USA) as previously described.22 These record-

ngs were performed three times preoperatively on four
atients (two RP and two AMD) and five times postoper-
tively on three patients (two RP and one AMD). Several

IGURE 2. Study Patient 7 with age-related macular degenerati
olumn shows postoperative images. Position of the transplant is
ight) Fundus at one year postoperative. (Top, small image in
igmented transplant indicated (arrow). (Middle left) Early F
Bottom left) Late FA, preoperative. (Bottom right) Late FA,
resence of choriocapillaris underneath the transplant with no
ubjects were unable to travel the distance to the indepen- c

RETINAL IMPLANTATIOOL. 146, NO. 2
ent test sites for SLO and mfERG tests. These two
valuation methods were discontinued as full retina MP1
esting proved more accurate.

As stated above, OCT and MP1 tests were introduced
ater in the study. OCT tests were performed preopera-
ively and postoperatively on two RP patients and two
MD patients, and postoperatively on one AMD patient.
P1 tests with fixation and sensitivity (MP1; Nidek
dvanced Vision Information System (NAVIS); Nidek
echnologies, Vigonza, Italy) were performed on three
atients preoperatively (one RP and two AMD) and five
atients postoperatively (two RP and three AMD). MP1

he left column shows preoperative fundus images and the right
cated by dotted rectangle. (Top left) Preoperative fundus. (Top
Fundus at one month postoperative with the position of the
eoperative. (Middle right) Early FA, one year postoperative.
year postoperative. The fundus images and FA document the
age. This implies evidence of no clinical rejection.
on. T
indi

sert)
A, pr
one
leak
ontinuously registers fixation behavior by automated real-
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ime fundus tracking and alignment21 and digitally regis-
ers the infrared photograph from the current to the
revious test, allowing use of the same pattern and precise
lacement of the pattern’s previous location.

RESULTS

IMPLANT SURVIVAL: No rejection of the implanted
issue was observed clinically. No leakage was observed on
As, suggesting that the implanted RPE cells could have
eestablished a new blood-retinal barrier. Figures 1 and 2
how examples of RP Patient 8 and AMD Patient 7,
espectively. The pigmentation of the transplant was lost
n eight of 10 cases at three months postoperatively. Figure

shows OCTs of Patient 8 at one month and one year
ostoperatively.

IMMUNOLOGY TESTS: All typed donor-recipient pairs
ad at least one antigen mismatch at each of the A, B, and
R loci (Table 1). These mismatches indicate that the

rafts had the potential to be recognized as foreign by the
ecipient’s immune system.

Recipients were tested for anti-HLA antibody preim-
lant and postimplant. Four female recipients (Patients 1
nd 3, RP; Patients 10 and 6, AMD) had demonstrable
nti-HLA antibody preimplant either from exposure
hrough pregnancy or via blood transfusion. Several of
hese antibodies were specific for HLA antigens present on
he retinal grafts but no new donor-specific antibody
eveloped throughout the follow-up period. Patient 2 had
negative antibody screen pretransplant and developed an
ntibody-like reactivity at 10 months postimplant that was
ntirely absent in the subsequent sample at 15 months

IGURE 3. Study Patient 8 with RP. This optical coherence
omography of implant at one month (Top) and one year
ostoperatively (Bottom) shows the area (arrows) with thick-
ned retina indicating implant. The retinal pigment epithelium
nd choroid are highly reflective (red).
ostimplant. The anti-HLA specificity of this reactivity i

AMERICAN JOURNAL OF76
ould not be defined because of nonspecific reactivity of
his patient’s serum with the latex beads used in the assay.
n Patients 1 and 10, the antibody titers increased at nine and
2 months postimplant, respectively. However, the HLA
pecificity did not change, indicating that no de novo
nti–donor-specific antibody developed. In Patient 1, the
ntibody titer returned to preimplant levels in a sample
ollected three months after the apparent increase in titer.
or Patient 10, the increase in titer was detected in the
ast sample collected and no subsequent samples were
vailable to follow the titer. In this case, as was true for
ll patients with reactivity in the antibody screening
ssays, the specificity of the antibodies present did not
hange during the increase in titer. In all cases, the
ncrease was not restricted to the antibody specific to
he donor antigen but all specificities increased simul-
aneously. This pattern of activation may be seen in
ases of infection, vaccination, or generalized immune
ctivation and is not typical of a donor-specific re-
ponse, although this cannot be entirely excluded.
atient 6 had weak antibody but the titer never in-
reased over the two-year time period tested. With the
xception of Patient 2, no de novo donor-specific
ntibody was detected postimplant. Anti-HLA antibody
etected preimplant persisted postimplant in all cases.
ith the exception of Patient 2, whose anti-HLA

pecificity could not be defined, there were no instances
here a patient developed de novo antibody that could
e demonstrated to be specific for an HLA antigen
resent in their donor. Interestingly, all five patients
ith preimplant anti-HLA antibody had visual improve-
ent (Tables 2 and 3).

EARLY TREATMENT DIABETIC RETINOPATHY STUDY

ESULTS: Tables 2 and 3 present the results of ETDRS
esting. All subjects were evaluated three times preoperatively
nd at least seven times postoperatively. Four patients elected
o participate in optional annual follow-up exams (Patient 1
or six years; Patients 4 and 5 for three years, Patient 3 for two
ears). Clinical evidence of visual improvement by ETDRS
as seen in seven of 10 patients (three RP, four AMD). In
atients 1 and 3 (RP) and 5, 6, and 7 (AMD), the vision in
he surgery eye improved, whereas the vision in the nonsur-
ery eye did not change significantly or worsened. Patients 2
RP) and 10 (AMD) showed vision improvement in both
yes to the same extent. Patients 4 and 9 (RP) showed a
ecrease in vision, and Patient 8 (RP) remained the same.
atient 1 (RP) has maintained a previously reported23 vision

mprovement of 20/800 to 20/200 ETDRS for five years; at
he six-year examination it was still maintained at 20/320
hile the nonsurgery eye had deteriorated to hand motion
ision (see Table 2).

OTHER RESULTS: No changes were observed in the
fERG tests. The SLO tests showed an improvement in VA
n Patient 1 between nine months and 27 months postoper-

OPHTHALMOLOGY AUGUST 2008
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tively.23 MP1 tests showed no improved sensitivity with the
xception of Patient 1 (see Figure 4). Her MP1 results showed
defined area of cluster points just nasal and adjacent to the

TABLE 1. Recipient and Donor Hu

Recipient/Donor A B C

Patient 1 2, 3 14, 27

Patient 1 donor 1, 30 13, 14 6, 8

Patient 2 24, 33 13, 14 6, 8

Patient 2 donor 11, - 44, 49 7, 16

Patient 3 2, 23 44, 57 4, 6

Patient 3 donor 1, 2 8, - 7, -

Patient 4 11, - 35, - 15, -

Patient 4 donor 23, 24 44, 81 4, 18

Patient 5 2, - 27, 50 6, -

Patient 5 donor 1, 2 8, 45 7, 16

Patient 6 1, 30 8, 52 7, 16
Patient 6 donor 1, - 8, 51 7, 16
Patient 7 1, 26 39, 57 6, 7
Patient 7 donor 1, 3 7, 57 6, 7
Patient 8 2, 32 7, 44 5, 7

Patient 8 donor 1, 3 7, 57 6, 7

Patient 9 2, 30 51, 57 7, 14

Patient 9 donor 2, 32 7, 60 7, 10

Patient 10 1, 29 7, 44 7, 16

Patient 10 donor

Bold italic indicates a recipient/donor match. As the data show, do

(HLA). No tissue for HLA testing was available for the LC donor.

TABLE 2. Results of Study P

Patient ID

and Age

at Implant

Vision of Surgery Eye (ETDRS)

Preoperative

Postoperative
Change @ 1

Year (decima6 Months 1 Year

1 20/800 OS 20/400 20/160 Pos

62 4.0 (02/02) 2.0 0.9 �3.1

2 LP OS HM HM Pos

51 6.0 (02/03) 5.0 5.0 �1.0

3 HM OD 20/640 20/400 Pos

41 5.0 (03/03) 3.5 2.0 �3.0

4 20/640 OD 20/640 20/800 Neg

43 3.5 (10/03) 3.5 4.0 �0.5

8 LP OD LP LP NC

69 6.0 (06/05) 6.0 6.0 �0

9 20/320 OS LP LP Neg

81 1.8 (12/05) 6.0 6.0 �4.2

Average change in surgery 0.4 � 1.1

eye � SEM

CF � count fingers; ETDRS � Early Treatment Diabetic Retinopa

Neg � vision deterioration; OD � right eye; OS � left eye; Pos � v

For calculation of change in decimal vision values, HM was set as 5

change between surgery eye and nonsurgery eye, but the standard
mplant over which the average sensitivity was calculated to a

RETINAL IMPLANTATIOOL. 146, NO. 2
ave increased from 1.6 decibels [dB] (year three postopera-
ively) to 2.7 dB or 22.72% (year five postoperatively). This
esult correlates well with her improved ETDRS VA score

Lymphocyte Antigen Tissue Types

Bw4/6 DR DR51/52/53 DQ

4, 6 1, 13 DR52 5, 6

4, 6 17, 7 DR52, 53 2, -

4, 6 1, 7 DR53, - 2, 5

4, - 7, 13 DR52, 53 2, 6

4, - 7, - DR53, - 2, -

6, - 17, 7 DR52, 53 2, -

6, - 14, - DR52, - 5, -

4, 6 7, 11 DR52, 53 2, 6

4, 6 1, 7 DR53, - 2, 5

6, - 17, 15 DR52, 51 2, 6

4, 6 17, 18 DR52 2, 4
4, 6 4, 8 DR53 4, 8

4, 6 7, 16 DR53null,51 5, 9
4, 6 7, 15 DR53null,51 6, 9
4, 6 8, 11 DR52 4, 7

4, 6 7, 15 DR53null,51 6, 9

4, - 11, 15 DR52, 51 6, 7

6, - 4, 15 DR53, 51 6, 8

4, 6 7, 15 DR53, 51 2, 6

No type available

and recipients are mismatched in most human lymphocyte antigens

ts with Retinitis Pigmentosa

Vision of Nonsurgery Eye (ETDRS)Last Result of

Poststudy

Surveillance Preoperative Vision to Date

Change @ 1

Year (decimal)

6 years (02/08) 20/400 OD HM NC

20/320 1.8 2.0 (02/02) 5.0 (02/08) �0.2

1 year (04/04) LP OD HM Pos

HM 5.0 6.0 (02/03) 5.0 (04/04) �1.0

2 years (06/05) 20/400 OS 20/640 Neg

CF @ 3 feet 2.0 (03/03) 3.5 (07/04) �1.5

3 years (03/07) 20/800 OS 20/800 NC

20/800 4.0 4.0 (10/03) 4.0 (03/07) �0

1 year (10/06) 20/250 OS 20/200 Pos

LP 6.0 1.6 (06/05) 1.0 (10/06) �0.6

1 year (3/07) 20/160 OD 20/160 NC

LP 6.0 0.9 (12/05) 0.9 (03/07) �0

Average change in 0.05 � 0.35

nonsurgery eye � SEM

tudy; HM � hand motion; LP � light perception; NC � no change;

improvement; SEM � standard error of mean.

d LP was set as 6.0. There is no significant difference in the average

ations are significantly different.
man

nors
atien

l)

thy S

ision

.0 an
nd subjective function.
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DISCUSSION

O EFFECTIVE TREATMENT EXISTS FOR THE RECOVERY OF

isual loss from RP and AMD. Oral vitamin A therapy

IGURE 4. Study Patient 1 with RP. Results of microperimetr
ears postimplant (Right). A polygon in yellow and green highli
s calculated. Improvement in sensitivity is evident in the area
ovember 2004, the mean sensitivity in the polygon area is 1.6

ensitivity is 2.7 dB. The 22.72% increase in sensitivity of 1.1
cuity by Early Treatment Diabetic Retinopathy Study and th

TABLE 3. Results of Study Patients

Patient ID

and Age

at Implant

Vision of Surgery Eye (ETDRS)

Preoperative

Postoperative
Change @ 1

Year (decima6 Months 1 Year

5 20/640 OD 20/240 20/400 Pos

88 3.6 (02/04) 1.4 2.0 �1.6

6* 20/400 OS 20/240 20/200 Pos

76 2.0 (08/05) 1.4 1.0 �1.0

7 20/400 OS 20/340 20/160 Pos

71 2.0 (08/05) 1.8 0.9 �1.1

10 20/400 OS 20/320 20/260 Pos

76 2.0 (03/06) 1.8 1.5 �0.5

Average change in surgery 1.05 � 0.22

eye � SEM

ETDRS � Early Treatment Diabetic Retinopathy Study; NC � n

Pos � vision improvement; SEM � standard error of mean.

Difference between change in surgery eye and change in nons

statistical comparisons.

*Patient 6’s preoperative vision was very variable, between 20/260

and 20/640 in the nonsurgery eye (mean, 1.89 � 0.21) (average

variability. The values shown in the table are from the last test befo
as slowed the rate of electroretinogram loss in RP but c
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annot recover lost vision.24 Gene and pharmacologic
herapies are also being studied. A clinical trial of gene
herapy in Leber congenital amaurosis24 is underway,
nd Neurotech has started phase II clinical trials for

1 testing show retina at three years postimplant (Left) and five
the area of interest and the average sensitivity within that area
e polygon adjacent to the graft area. In the left image, taken in
ibels (dB); in the right image, taken in March 2007, the mean
rom 1.6 dB to 2.7 dB, corresponded well with improved visual
ient’s subjective assessment.

Age-Related Macular Degeneration

Vision of Nonsurgery Eye (ETDRS)Last Result of

Poststudy

Surveillance Preoperative Vision to Date

Change @ 1

Year (decimal)

3 years (04/07) 20/160 OS 20/200 NC

20/400 2.0 0.9 (01/03) 1.0 (04/07) �0.1

1 year (10/06) 20/200 OD 20/200 NC

20/200 1.0 1.0 (08/05) 1.0 (10/06) �0

1 year (10/06) 20/60 OD 20/200 Neg

20/160 0.9 0.5 (08/05) 1.0 (10/06) �0.5

1 year (04/07) 20/240 OD 20/160 Pos

20/260 1.5 1.4 (03/06) 0.9 (04/07) �0.5

Average change in �0.02 � 0.2

nonsurgery eye � SEM

nge; Neg � vision deterioration; OD � right eye; OS � left eye;

y eye appears significant (P � .05); however, too few values for

20/640 in the surgery eye (mean, 2.27 � 0.23) and between 20/200

different measurements). The other patients did not show such

rgery in August 2005.
y MP
ghts
of th

dec
dB, f
e pat
with

l)

o cha

urger

and

of 11
iliary neurotrophic factor (CNTF) for RP.25 Multiple
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enters26 –28 are actively pursuing development and use
f an artificial retina.
This study demonstrates visual improvement as measured

y ETDRS in seven of 10 patients. In our study, RPE absence
r presence at one year in the transplant area, genetic typing,
ender, or age of patients did not correlate with improvement
n vision. Multiple variables such as size of implant, time from
arvest to implantation, duration of surgery, fetus age, or
ode of inheritance (autosomal dominant [AD], autosomal

ecessive [AR], gender-linked, or sporadic) were not signifi-
ant in predicting visual outcomes. Without treatment, the
ikely outcome was that the vision of all subjects in the study
ould have deteriorated further.
No surgical complications occurred. The custom-made

mplantation instrument maintains proper orientation of
he fragile donor tissue and allows the surgeon to gently
lace the tissue flat, without roll-up, and without any push
r injection pressure and minimal additional fluid. This
liminates the requirement for a subretinal fluid bleb and
hus minimizes trauma to the implant and host retina.16

At more than five years postoperatively, no graft encap-
ulation, tissue destruction, or macular edema indicating
ejection was seen clinically or with FA on any subjects.
owever, without histologic data, the presence of more

ubtle graft rejection cannot be excluded. Previous reports
f human retinal implantation have varied in the inci-
ence of rejection depending on whether the implant
nvolved patches of cultured RPE cells29 or dissociated
ells and whether the patient had exudative or nonexuda-
ive manifestations of AMD.

Human lymphocyte antigen typing of recipients and do-
ors confirmed that none of the implants were HLA
atched. In solid organ transplant, HLA mismatches at the

lass II DR locus are particularly conducive to immune
ecognition and rejection episodes.30 In all cases here, there
as at least one DR antigen mismatch, indicating that DR
atching did not contribute to graft survival. Several patients

hat had previously been sensitized to HLA antigens demon-
trated increased titers of the antibody they were previously
ensitized to. However, transient increases in antibody titer
ithout any new antibody specificity can develop after many
anipulations that have pro-inflammatory effects, such as

urgeries or vaccinations.31 Since no patients developed new
ntibody specificity directed toward their retinal donor, there
s evidence that the patients’ immune systems were not
ecognizing the donor antigens and responding to them.
requently, if patients are re-exposed to an antigen they have
een sensitized to previously, their titer of antibody will
ncrease and will persist.32 We did not see that kind of
esponse in any of our patients that demonstrated previous
ensitization. With the exception of one patient (Patient 2)
hose anti-HLA specificity could not be defined, there was
o de novo donor-specific HLA antibody detected in any of
ur patients.

It is well documented that intraocular spaces are, to a

arge extent, immunoprivileged sites.33 Lack of apparent A
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ell-mediated rejection of the retinal tissue implanted to
he subretinal space likely derives from this immunologic
rotection.33 Additionally, the absence of detectable graft
amage from donor-specific antibodies that were present in
ome patients before implantation would indicate that the
lood-brain barrier is prohibiting antibody infiltration into
he subretinal space. Placement of allogeneic tissue into
he anterior chamber of the eye results in a protective
esponse called anterior chamber–associated immune de-
iation (ACAID).33 Similar immune deviation could be
ccurring in retinal implant recipients, which could ex-
lain graft survival despite the presence of HLA-mis-
atched graft antigens. If regulatory T cells are developing

n response to retinal implants, they are not inhibiting
emory B-cell antibody production as all antibody speci-

cities, donor directed and non–donor specific, persisted
n all sensitized patients studied here.32

In eight of 10 cases, the transplanted RPE cells lost their
igmentation at three to six months postoperatively, which
ould indicate graft rejection. However, the phenomenon of
igment loss has also been observed in co-grafts to Royal
ollege of Surgeons (RCS) rats where the unpigmented
onor RPE cells could nevertheless be identified histological-
y.16 RPE cells can lose their pigment in tissue culture.34 In
he patients’ eyes, with any of our imaging techniques, one
annot see individual RPE cells. If one can see pigment, one
annot tell if the pigment is extracellular, within the RPE, or
ithin macrophages. Because patients’ visual improvement

tarted after six months postoperatively and continued, it is
nlikely that there was a rejection of the donor RPE.

Several mechanisms are likely involved in the visual
mprovements: a trophic effect of the implant on host cones35

nd local synaptic connections between the implant and host
etina.9 Sham surgery can also have a transient trophic
ffect36 by upregulation of trophic factors.37 In adult rats,
njury-related effects on the survival of neurons in the retina
ay be the result of the intraocular synthesis and release of
olecules that are specific trophins for retinal ganglion cells.
owever, it would be unlikely for a sham surgery effect to

ersist for six years; neuroprotective effects from surgery or
njury in the rat model have been reported to last only three
onths37 and up to five months in pigs.38 Various cytokines

nd NTFs39,40 have been shown to protect against photore-
eptor degeneration resulting from continuous light exposure
r genetic defects. Most of these factors act indirectly on
hotoreceptors via Mueller cells.41,42 Implanted normal rod
hotoreceptor cells release soluble factor(s) to enhance cone
urvival in primary rod photoreceptor dystrophies35 without
he need for specific synapse formation. MP1 results of patient
, with an increased sensitivity in an area adjacent to but not
nside the implant area, could indicate a trophic effect.

Visual improvements by ETDRS have been reported after
ubretinal microchip implantation in three of six patients,27

wo of them with a follow-up of only six months. The visual
mprovement was reported in areas far from the implant.

lthough the ETDRS improvements of two of the three
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atients are comparable with the results of some of our
atients, only six-month follow-up data are available.

The possibility that synaptic connections from implant
o host can play an important role in the beneficial implant
ffect is supported by animal experiments. In different
odels of retinal degeneration, retinal sheet implants can

estore visual responses in a small area of the superior
olliculus visual center in rodents, corresponding to the
lacement of the graft in the retina.7,8 Synaptic connec-
ions between subretinal implants and host retina have
een demonstrated by a transsynaptic virus tracing from
he host brain to the implant.9

Two patients (Patients 2 and 10) showed improvement
n both eyes, indicating a cross-over effect that could be
rom several causes. It could be a placebo effect or a
ystemic effect like an immune response. The transplant
ay have trophic effects that act similar to injections of

nti-VEGF drugs, possible via systemic absorption.43 How-
ver, several examples in the literature indicate that
reatment of one eye can lead to improvement in the
ther. In RCS rats, photoreceptor rescue in one eye can
mprove the ability of the contralateral eye to drive
ortical cells.44 After gene therapy of RPE 65�/� dogs,
mproved cone responses were unexpectedly also found in
he nontreated control eyes after long-term follow-up.45

Patient 6 (AMD with visual improvement) had an
mplant of only neural retina without the RPE attached
ecause the RPE detached from its retina during implan-
ation. These results support the argument that photore-
eptors are more involved in the pathophysiology of AMD
han the RPE. Subfoveal RPE atrophy can reoccur follow-

ng macular translocation surgery in eyes with GA.46 It is o

nd Ann Ahola, Ambulatory Surgical Center, Louisville, Kentucky for their i

abnormalities and prognosis in eyes with age-related geo-
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nclear why GA recurs after macular translocation in eyes
ith previous GA, but one possibility is that the primary
efect in GA is in the photoreceptors, leading secondarily
o RPE death. Results with Patient 6 may support the
mportance of the role of photoreceptors.

Diseases that affect the RPE and photoreceptor cells
ight conceivably benefit from this type of implantation.
egardless of the mode of inheritance in RP, photorecep-

or degeneration is the end result, so replacement of
egenerated photoreceptors by healthy cells could be
seful in many types of RP.
Adverse effects related to retinal implantation have been

onsidered to include psychological stress (knowledge of donor
issue source) and the possible risk of transmission of viral
nfections such as acquired immunodeficiency syndrome (AIDS)
r hepatitis. These effects were not an issue in this study.

Important knowledge has been gained regarding the
afety and efficacy of retinal implantation in human
ubjects. Conduct of a clinical trial that follows a signifi-
antly larger number of patients for five years postopera-
ively will be pursued to gather further evidence of efficacy.
everal strategies that need further investigation for im-
roving clinical results are implantation of several sheets of
etina/RPE in the eye, postoperative visual stimulation,19

emoval of the inner limiting membrane of the donor
issue, and use of growth factors and oxygen therapy.
xygen therapy has been shown to preserve both rods and

one photoreceptors in cats after retinal detachment,17 to
elp maintain normal structure and function of Mueller
ells, to reduce surgical trauma, and to mitigate the effect

f detachment in Mueller cell activity.17,47
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