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Abstract

We injected lentiviral vectors into the eyes of live nonhuman primates to assess potential for glaucoma gene
therapy. Anterior chambers of five cynomolgus monkeys were injected with green fluorescent protein (GFP)-
encoding feline immunodeficiency viral vectors. The monkeys were monitored for in vivo transgene expression
and clinical parameters. Their eyes were harvested 2–15 months postinjection for tissue analyses. All seven eyes
injected with 1.0–2.0�108 transducing units (TU) showed substantial GFP fluorescence in the trabecular
meshwork (TM), which was observable even by goniophotographic monitoring for up to 15 months. Only the
lowest dose (0.03�108 TU) failed to result in TM fluorescence detectable in vivo, and five of the eight vector-
injected eyes continued to display substantial GFP expression when enucleated eyes were examined at 2, 7, or 15
months postinjection. Some transduced cells were also detected in the iris and ciliary body. Mild, transient
postinjection inflammatory responses exceeding that induced by a control saline injection were observed, but
vectors did not raise intraocular pressure and were well tolerated. The results demonstrate the first lentiviral
vector transduction of the nonhuman primate aqueous humor outflow pathway and support application of the
system to human glaucoma gene therapy.

Introduction

Primary open angle glaucoma (POAG), the most com-
mon form of glaucoma, is a leading cause of irreversible

blindness (Quigley and Broman, 2006). Increased intraocular
pressure (IOP) is the major risk factor for POAG development
and progression, and its reduction is the primary treatment
modality (Boland and Quigley, 2007). Chronic IOP elevation
results from impeded outflow of aqueous humor. This fluid is
produced continuously by the ciliary body and exits the eye
from the anterior chamber, primarily via the trabecular out-
flow tract (trabecular meshwork or TM) and to a lesser extent
through a pressure-independent uveoscleral pathway. The
TM generates much of the resistance to normotensive aqueous
outflow (Grant, 1963; Rohen, 1983). The normal result is
maintenance of IOP in a narrow range (10–21 mmHg), which
is essential for optical clarity and viability of the intraocular
tissues.

Most small-molecule glaucoma therapeutics exert their ef-
fects in the TM or uveoscleral outflow tracts, or ciliary body
tissues (Weinreb et al., 2002). Prostaglandin analogs enhance

outflow primarily via the uveoscleral pathway. The trabecu-
lar pathway can be targeted indirectly via increased ciliary
muscle tone with cholinergic agents and directly with b-
adrenergic agonists, but the latter two are now rarely used
because of local and systemic side effects. Aqueous humor
formation can be inhibited with b-adrenergic antagonists,
carbonic anhydrase inhibitors, and a2-adrenergic agonists.

Numerous features of POAG have interested researchers in
the prospect of gene therapy as a long-term treatment (Borras
et al., 2002; Martin and Quigley, 2004; Ferrer, 2006). Disease
outcomes can be severely disabling, risk is chronic (lifelong),
and current therapies are unable to prevent progression in all
patients. Current glaucoma treatment strategies have draw-
backs. Pharmacologic therapies require that patients self-
administer topical medications that may have side effects for a
condition that is often asymptomatic until late in its course,
often contributing to poor therapeutic adherence (Hatten-
hauer et al., 1998; Schwartz, 2006). Surgical treatments may
initially bypass compliance issues but carry risks such as in-
fection, cataracts, and hypotony and many surgical patients
eventually must resume topical therapy.
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In addition, translational feasibility of gene therapy is fa-
vored by the confined anatomy, low number of target cells
(4–8�105 TM cells in the human eye; Grierson and Howes,
1987), and relative immunoprivilege of the anterior chamber
(AC). Although a number of genes have been associated with
less common forms of glaucoma (Stone et al., 1997; Rezaie et al.,
2002), these findings have not yet been translated into work-
able gene therapy strategies for POAG. However, various
candidate transgene systems are in development to target the
regulatory processes of the aqueous outflow pathway tissues.

Any gene therapy approach to glaucoma must address the
chronicity of this disease and the mitotically quiescent state of
TM cells. Lentiviral vectors possess promise for this and other
ocular applications because they integrate permanently into
target cell DNA and, unlike gammaretroviral vectors, do so in
terminally differentiated, postmitotic cells (Saenz and Poes-
chla, 2004). Several lentiviruses have been engineered into
effective lentiviral vectors (Naldini et al., 1996; Olsen, 1998;
Poeschla et al., 1998; Mitrophanous et al., 1999) and the three
main types (human immunodeficiency virus type 1 [HIV-1],
feline immunodeficiency virus [FIV], and equine infectious
anemia virus [EIAV]) have been studied in the AC, using
various models. HIV-1 and FIV vectors were effective in
short-term ex vivo studies in cultured human donor eyes
(Loewen et al., 2001, 2002). EIAV vectors were shown to
transduce mouse TM (Balaggan et al., 2006). The most exten-
sive prior animal work was carried out in a domestic cat
model, in which FIV vectors produced sustained transgene
expression for more than 2 years, with expression largely lo-
calized to the TM (Loewen et al., 2004a; Khare et al., 2007).
Although the feline AC is much closer to human size, struc-
ture, and physiology than that of rodents, the extent to which
any gene therapy vector is efficacious and tolerated can vary
greatly with the transition from lower mammals to primates.
Here, we assess the efficacy and tolerability of FIV vectors in
the primate AC.

Materials and Methods

FIV vectors

The FIV-based lentiviral vector system employed in these
monkey experiments has been iteratively modified since its
inception (Poeschla et al., 1998). As reviewed elsewhere
(Loewen and Poeschla, 2005; Saenz et al., 2006; Barraza and
Poeschla, 2008), these modifications have minimized viral
sequences, improved separation of cis- and trans-acting
functions, and enhanced efficiency of gene transfer. Vector
preparations were produced as described, using packaging
construct pFP93 and transfer vector pGINSIN (Loewen et al.,
2003a,b, 2004a,b; Saenz et al., 2006; Khare et al., 2007). The
green fluorescent protein (GFP) allele is the enhanced (eGFP)
version. Vectors were pseudotyped with vesicular stomatitis
virus glycoprotein G (VSV-G). Briefly, pFP93 (253.5 mg),
transfer vector pGINSIN (253.5 mg), and VSV-G expression
plasmid pMD.G (84.5 mg) were transiently transfected into
293T cells in 1-liter culture devices (Cell Factories; Nunc,
Naperville, IL) by the calcium phosphate coprecipitation
method. Medium was changed 12 hr later and supernatant
was harvested 48 hr after replacement. Particles were con-
centrated by double ultracentrifugation and resuspended in
phosphate-buffered saline (PBS). Titers were determined by
flow cytometric analysis of GFP expression in transduced

Crandell feline kidney (CrFK) cells as described (Saenz et al.,
2006) and GFP-transducing capacity of banked vector was
reverified before monkey injection.

Animals and lentiviral vector delivery

Animals were handled in accordance with the Institutional
Animal Care and Use Committee and the Association for
Research in Vision and Ophthalmology (ARVO, Rockville,
MD) Statement for the Use of Animals in Ophthalmic and Visual
Research (see http:==www.arvo.org=eweb=dynamicpage.
aspx?site¼arvo2&webcode¼AnimalsResearch; accessed Jan-
uary 2009). Experiments were conducted in five ocular nor-
motensive adult cynomolgus monkeys (Macaca fascicularis), of
either sex, 6 to 16 years of age, weighing 4.2 to 8.7 kg. Animals
had been housed and used for routine intraocular pressure
(IOP) and slit-lamp examinations for several years before this
study. All animals were viral vector naive. Each had under-
gone at least one to three AC perfusions to determine outflow
facility in the 1–4 years before the study; some received
facility-influencing small-molecule drugs as well at that time
but none received any viral vector. One eye (627, left eye [OS])
had received two AC perfusions and one intravitreal injection
before initiation of this study. The one eye (591 OS) that had
received TM laser treatment (and later vitrectomy) was not
injected in this study. Before vector administration, monkeys
were anesthetized (ketamine-HCl, 10 mg=kg, supplemented
with ketamine-HCl at 5 mg=kg) for ocular examination and
IOP measurements with a miniaturized Goldmann tonome-
ter (Kaufman and Davis, 1980). On the day of vector injection,
monkeys were again anesthetized with the same ketamine
regimen plus medetomidine (15–75 mg=kg) and a 20- to 30-ml
bolus of vector preparation was injected transcorneally
into the AC. Vector solutions were injected with a 30-gauge
needle connected to a micrometer syringe with polyethyl-
ene tubing. Under microscopic visualization, the needle was
threaded through the cornea for several millimeters, and
then the tip was angled into the anterior chamber. The needle
was left in place for 2 min after injection of the solutions to
allow for hysteresis due to the tensile properties of the tub-
ing to subside. No fluid leakage was observed during
needle withdrawal. Monkeys were regularly examined with
a slit-lamp biomicroscope for corneal and lenticular clar-
ity and for evidence of AC and vitreal cavity cells and flare.
Eight eyes in total from the five monkeys were employed
and injected with 0.03, 0.3, or 1.0 transducing units (TU)
(four eyes), or with 2.0�108 TU (two eyes). One eye was
injected with saline, and one eye was not injected. One ani-
mal was reinjected at 4 months, and another at 5 months
(Table 1).

Noninvasive goniophotographic monitoring
of transgene expression in vivo

GFP expression was monitored serially and noninvasively
as previously described (Borras et al., 2001). Briefly, after in-
stallation of 0.5% proparacaine hydrochloride, a Swan-Jacob
gonioscopy lens was placed on the corneal surface of an-
esthetized, supine-positioned monkeys to view the ir-
idocorneal angle and TM tissue. A Topcon 50EX retinal
camera (Latham and Phillips Ophthalmic Products [LPO],
Grove City, OH) fitted with a Nikon D1x digital single-lens
reflex (SLR) camera body (Nikon Instruments, Melville, NY)
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was positioned to photograph the anterior chamber angle.
Standard clinical fluorescein exciter and barrier filters were
used. The same Nikon camera body was also mounted to a
slit-lamp biomicroscope and photos were taken with a three-
mirrored gonioscopy lens with a 10-mm contact diameter
(OG3M-10; Ocular Instruments, Bellevue, WA) applied to the
eye without coupling fluid. A customized Nikon microscope
(Nikon Instruments) with a 12-bit, monochromatic, cooled-
CCD (charge-coupled device) camera (Retiga-2000RV; QI-
maging, Surrey, BC, Canada) and a specific GFP filter set was
also used to collect images at one time point.

Outflow facility measurements

Outflow facility was determined by two-level constant
pressure perfusion (*15 and 25 mmHg) of the anterior
chamber with Bárány’s solution, correcting for internal ap-
paratus resistance, as described previously (Bárány, 1964).
Briefly, the anterior chamber of the monkey was cannulated
with a branched needle, with one branch connected to an
external reservoir by tubing (inflow line) and the other to a
pressure transducer. During perfusion, Bárány’s solution
flowed from the reservoir into the eye through the inflow line,
and the volume of fluid flow was determined with a strain
gauge connected to the reservoir. Outflow facility was cal-
culated as described previously (Tian and Kaufman, 2005).

Enucleation, tissue processing, histology,
and immunofluorescence

Animals were killed with intravenous Euthasol (1 ml=4.5 kg;
each milliliter contains 390 mg of pentobarbital and 50 mg of
phenytoin). Eyes were enucleated, placed in a small amount
of saline packed in ice, transported from the University of
Wisconsin (Madison, WI) to the Mayo Clinic College of Med-
icine (Rochester, MN), and dissected within 5 hr of enucleation.
Eyes were bisected and AC hemispheres were segmented into
six wedges per eye. Three wedges were flat-mounted and
imaged under fluorescence light microscopy. Gene expression
levels were graded from 0 to 4 (Loewen et al., 2004a; Khare
et al., 2007). Remaining wedges were used for histology and
immunofluorescence. Anterior segment tissues including
cornea, TM, iris, and ciliary body were fixed in 4% parafor-
maldehyde, infiltrated with paraffin, and cut in 6-mm sections.
Some tissue samples were stained with hematoxylin and eosin
(H&E). Other tissue samples were deparaffinated and antigen

retrieval was enhanced by boiling in 0.05% citraconic anhy-
dride (pH 7.4). Rabbit anti-GFP (NB 600-303, diluted 1:500;
Novus Biologicals, Littleton, CO) and Alexa Fluor 594-
conjugated goat anti-rabbit IgG (A11037, diluted 1:100;
Invitrogen, Carlsbad, CA) were used as primary and second-
ary antibodies, respectively. Specimens were photographed
with a digital camera mounted on a BX60F5 light-field=
fluorescence microscope (Olympus America, Melville, NY).
H&E-stained tissue section slides from all injected and control
eyes were placed in random order and then analyzed and
scored by an ophthalmic pathologist ( J.D.C.) masked to all
prior history and injection assignments.

Results

Clinical findings

The primary end points of this study were extent and du-
ration of transgene expression in primate eyes injected with an
FIV-based lentiviral vector. We also monitored IOP, clinical
tolerance, and AC inflammation. All animals were viral vector
naive. We used a GFP-encoding vector at doses (Table 1)
comparable to those in previous studies in domestic cats
(Loewen et al., 2004a; Khare et al., 2007). The vector was well
tolerated in monkeys. Most eyes demonstrated mild inflam-
mation 1 week postinjection, characterized by low levels of
cells (generally 1þ =4, occasionally 2þ =4) and flare (1þ =4) in
the AC. This generally had completely resolved by 3–4 weeks
postinjection, with a mean recovery time to trace cells=flare of
16.67� 3.1 days (range, 11–28) and a mean time to complete
AC clarity of 27.3� 4.9 days (range, 6–50). Of note, injection of
saline alone also triggered AC inflammation, with recovery to
trace cells achieved on day 4 and clarity on day 12 (monkey
666, OS). In the two monkeys who were reinjected with
1.0�108 TU at 4 and 5 months, respectively (monkeys 666 and
682), recovery times to trace cells=flare were similar (7 and 27
days), but full AC clarity was delayed longer than after the
first injection (50 and 61 days). IOP, which was also measured
weekly, initially decreased in vector-injected eyes averaging
*8 mmHg (*50%), but returned to baseline levels by 3 weeks
(Table 1).

Gene expression assessed in vivo

Gene expression was evaluated in two main ways: stan-
dard tissue examinations postmortem and, during life, by

Table 1. Dose Assignments, Timing, and Intraocular Pressure Changes in Cynomolgus Monkeys

Reinjected IOP (baseline and changes, mmHg)

Animal Eye Dose (108 TU) Date Dose
Time

of sacrifice Baseline Week 1 Week 2 Week 3 Week 4 Week 5 Sac

591 OD 1.0 15 16 �5 �2 �1 �1 �2
OS No inj.

627 OD 1.0 2 19 �4
OS 2.0 19.5 �10

654 OD 2.0 7 15 �12 �3 �1 �2 �1
OS 1.0 15 �11 �2 �1 �3 �2

666 OD 1.0 5 months 1.0 7 13 �10 �1 0 �1 �1
OS Saline 5 months Saline 14

682 OD 0.03 4 months 1.0 9 18 �2 �4 �2 0 0
OS 0.3 19 �11 �8 �1 0 2

Abbreviations: inj., injection; IOP, intraocular pressure; OD, right eye; OS, left eye; Sac, IOP at sacrifice.
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serial slit-lamp examinations and goniophotography under
white and fluorescent light sources. Although the noninvasive
gonioscopic method naturally has lower sensitivity than
fluorescence microscopy of enucleated eye tissue, GFP ex-
pression was nevertheless ample and readily visualized in vivo
as a green fluorescent ring in the location corresponding to the
TM (Fig. 1 and Table 2). Although predominantly seen in the
TM, GFP expression was also observed in the iris and anterior
ciliary body=uveal meshwork (Fig. 2). No fluorescence was
observed in control eyes (Fig. 1 and Table 2).

At 1 week postinjection, all but one FIV vector-injected eye
demonstrated gonioscopically visible GFP expression in the
trabecular band (Table 2). GFP expression was graded from 0
to 4, using the same scale as in previous feline studies (Loewen
et al., 2004a). Grade 0 was defined as no visible fluorescence,
grade 1 as single fluorescent spots, grade 2 as numerous
nonconfluent fluorescent spots with some confluent areas,
grade 3 as extensive, mostly confluent, mid-level transduc-
tion, and grade 4 as extensive, high-level, and completely
confluent fluorescence. All six eyes receiving 1–2�108 TU
were graded as 2þ or 3þ initially (Table 2). Only the monkey
receiving 100-fold less (i.e., 3.0�106 TU, the lowest dose in the

FIG. 1. GFP expression in cynomolgus monkey anterior
segment. Images were taken with a fundus camera and Swan-
Jacob gonioprism. (A and B) Temporal quadrant; (C and D)
nasal quadrant. Arrows indicate fluorescence in the region of
the TM in animal 666, 12 days after injection. i, iris; c, cornea.
The right eye (OD) received 1�108 TU of vector and the left
eye (OS) received saline. Slit-lamp examination at this time
showed rare cells, no flare. Photomicrograph in (A) is re-
produced with permission from Liu and coworkers (2007).

Table 2. Transgene Expression Assessed in Vivo and in Enucleated Eyes

In vivo (0–4) Postmortem (0–4)

Animal Eye Dose (108 TU) Week 1 Week 2 Week 4 Week 6 At sacrifice Montha Gradeb

591 OD 1.0 3.0 2.5 2.0 2.0 1.0 15 3.0
OS No inj. 0 0 0 0 0 15 0

627 OD 1.0 2.0 0 0 0 0 2 2.0
OS 2.0 2.0 0 0 0 0 2 1.0

654 OD 2.0 3.0 3.0 2.5 2.0 2.0 7 3.0
OS 1.0 3.0 3.5 3.0 2.0 1.0 7 3.0

666 OD 1.0 3.0 3.0 3.0 0c 0 7 0
OS Saline 0 0 0 0 0 7 0

682 OD 0.03 0 0 0 0 0 9 0
OS 0.3 2.0 1.0 1.0 1.0 0 9 0

aTime of animal sacrifice after vector injection.
bGrades assessed from 0–4 by direct UV microscopy of TM flat mount at necropsy.
cGonioscopic detection lost after perfusion experiment.

FIG. 2. Transduced cells in the iris. Image taken with mi-
croscope system, 392 days postinjection. Orange arrows in-
dicate areas of fluorescence. p, pupil.
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study) demonstrated no detectable GFP expression in vivo. The
eye receiving 0.3�108 TU was graded 2þ. Visible expression
grade peaked between 1 and 2 weeks (Table 2 and Fig. 3).

Five eyes had stable, long-term expression (Table 2). In
three, this could be detected in vivo goniophotographically
until sacrifice, that is, for durations from 214 days (654, OS
and OD) to 455 days (591, OD). Expression was no longer

visible noninvasively in some eyes at various time points, but
the relative insensitivity of gonioscopic detection was also
apparent because loss of in vivo expression occurred in eyes
where postmortem detection revealed sustained GFP at much
later time points (e.g., animal 627; Table 2). One eye (666, OD)
lost expression subsequent to a perfusion outflow facility
experiment on day 41.

FIG. 3. Noninvasively detectable expression over time. (A–C) and (E–G) were taken with a fundus camera. (D) and (H)
were taken with a customized Nikon microscope system with GFP-specific filters and higher magnification. All photos were
taken with a Swan-Jacob gonioprism. Arrows indicate fluorescence.

Table 3. Outflow Facility

Animal Days Eye Dose (TU)
Outflow facility
(ml=min=mmHg)

Change in outflow
facility from baseline

Slit-lamp biomicroscopy
postperfusion

654 Baseline OD 0.425
58 days pre OS 0.587
Day 159 post OD 2.00�108 0.345 19% decrease Clear day 6

666 Baseline OD 0.493
58 days pre OS 0.553
Day 41 post OD 1.00�108 0.237 52% decrease Trace cells day 14 Clear day 26
Day 41 post OS Saline 0.847 53% increase Clear day 6
Day 108 post OD 1.00�108 0.256 48% decrease Rare cell day 9,

1þ cells day 29
Clear day 50

Day 108 post OS Saline 0.681 23% increase Rare cell day 9 Clear day 29
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Outflow facility

Three eyes from two animals underwent perfusion outflow
facility measurements (Table 3). Monkey 666 had baseline
measurements taken 58 days preinjection and subsequent
measurements on days 41 and 108 postinjection. Facility in the
vector-injected eye decreased by 52 and 48% whereas the
saline-injected eye increased by 52 and 23%, relative to base-
line, on days 41 and 108, respectively. Monkey 654 had
baseline measurements taken 58 days preinjection and a
subsequent measurement in the eye that received 2�108 TU
on day 159 postinjection. Facility in the vector-injected eye
decreased by 19%, relative to baseline. In addition, the vector-
injected eye of monkey 666 had a longer period of inflam-
mation postperfusion than the control eye and expression was
no longer visible. Monkey 654 recovered normally and re-
tained visible transgene expression.

Transgene expression assessed directly
in enucleated eye tissue

Anterior segments were isolated postmortem (2–15 months
postinjection) and dissected into six wedges per eye. Three
wedges were imaged as unfixed flat mounts for GFP expres-
sion (Fig. 4 and Table 2) and three were fixed for sectioning

FIG. 4. GFP expression in cynomolgus TM and iris imme-
diately postmortem. (A and B) TM, outflow tract (original
magnification,�40; animal 654, OD). (C and D) Iris. Anterior
chamber (AC) wedge with iris folded back to expose anterior
surface (original magnification, �40; animal 654, OS). The
homogeneously green area in the foreground in (D) is au-
tofluorescence. TM, trabecular meshwork; I, iris; asterisk (*),
corneal endothelium.

FIG. 5. Immunofluorescence labeling of AC tissue for GFP in eyes transduced with 1�108 TU or more. (A) GFP expression
was observed in the outflow tract and, to a lesser extent, in the ciliary body (original magnification,�40; animal 654, OD). (B)
Trabecular outflow tract tissue (original magnification,�200; animal 654, OD). (C) Labeled cells detected on anterior surface of
iris (arrows) (animal 654, OD). (D) Labeling control (saline-injected eye; animal 666, OS). TM, trabecular meshwork; CB,
ciliary body; I, iris; asterisk (*), corneal endothelium.
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and slide mounting (Figs. 5 and 6). Animals injected with
1–2�108 TU demonstrated high-grade, persistent transgene
expression in the TM and to a lesser extent in the iris and
ciliary body. Trabecular meshwork anatomies and cellularity
were normal. Mild chronic iridocyclitis was noted in the left
eye of animal 627 (2.0�108 TU). Histologically, the right eye of
animal 654, which also received 2.0�108 TU, appeared com-
pletely normal. It is unclear whether the observed iridocyclitis
in animal 627 was related to the vector injection because this
was the one eye that had received an intravitreal injection
before this study. A mild lymphoplasmacytic infiltrate was
observed in only one section of the right eye of animal 666.
Other sections of this eye appeared completely normal.
Anterior chamber tissue of all other eyes appeared anatomi-
cally normal and no signs of acute or ongoing inflammation
were observed (Fig. 6).

Discussion

Anterior chamber-focused gene therapy approaches to
glaucoma may require long-term transgene expression in
outflow tract tissues. Here we have shown that this can be
achieved in a nonhuman primate with a single transcorneal

injection of an FIV vector. Substantial transgene expression
was observed, primarily in the TM but also in some neigh-
boring cells. This was achievable at relatively low vector doses
(i.e., a total of 108 TU), and for a sustained duration (i.e., at
least 455 days). Thus, in addition to gene delivery efficacy
these results also demonstrate a scale of vector production
and use per eye that enhances the feasibility of clinical
translation.

The TM was highly favored for transduction, although
GFP-expressing cells could also be seen in the iris and ciliary
body. The postmortem flat mounts and the individual trans-
duced cells detected by immunofluorescence in 6-mm sections
of TM correlate well with the in vivo imaging of the whole
tissue by goniophotography. The normal flow of aqueous
likely carries most of the vector to the TM after trans-
corneal injection and the vectors may also exhibit cell-specific
preferential transduction that favors the TM (Loewen et al.,
2004a). This targeted transduction opens the door to deliv-
ery of therapeutic transgenes that can regulate aqueous
humor outflow. On the basis of cell and organ culture and
live animal data, the structures and biochemical=enzymatic
pathways involved in cellular and tissue contractility=relaxa-
tion, cell shape maintenance, cell–cell and cell–extracellular
matrix (ECM) interactions (Honjo et al., 2001; Rao et al., 2001;
Carr and Noisakran, 2002; Tian and Kaufman, 2005; Gabelt
et al., 2006; Liu et al., 2007), and the Wnt signaling pathway
(Wang et al., 2008) are examples of potential TM targets. Other
gene therapy strategies with potential to lower IOP by tar-
geting the TM or neighboring tissue include regulating matrix
proteins in both conventional and uveoscleral pathways and
expressing prostaglandin biosynthesis and response pathway
components. Transfer of matrix metalloproteinases to the TM
of rat and human donor eyes with an adenoviral vector has
been demonstrated (Kee et al., 2001).

The issue of species-specific restriction of retroviruses de-
serves brief comment. By extending our prior FIV vectors
studies from cats to the cynomolgus monkey, an Old World
primate, the present work indicates that there are no signifi-
cant intrinsic immunity barriers to experimental use of these
vectors in the nonhuman primate AC. As discussed below,
human gene therapy use is even less likely to be impaired by
postentry restriction. Like HIV-1 vectors (Stremlau et al.,
2004), FIV vectors are known to be restricted postentry in
some cultured Old World (rhesus macaque) monkey cells by
the restriction factor tripartite motif (TRIM)-5a (Saenz et al.,
2005; Diaz-Griffero et al., 2007). In a number of New World
(owl monkey) and Old World (rhesus and pigtail macaque)
monkey cells, FIV is also restricted by related TRIMcyp pro-
teins, in which the capsid-binding element is cyclophilin A
(Diaz-Griffero et al., 2006, 2007; Lin and Emerman, 2006;
Virgen et al., 2008; Wilson et al., 2008). The effects of cyno-
molgus TRIM proteins on FIV have not been determined.
Nevertheless, it is probable that cynomolgus macaque TRIM-
cyp does restrict FIV because the closely related TRIMcyp
proteins of pigtail and rhesus macaques do so (Virgen et al.,
2008; Wilson et al., 2008). Comparative expression levels in
various body tissues are not established for any of these
proteins in any species, but they are believed to restrict ret-
roviruses at low intracellular levels.

Even if TRIM protein restriction of FIV can occur in cyno-
molgus monkey AC cells, we likely easily overcame it in this
ocular gene therapy setting by focal deposition of vector

FIG. 6. Histology. H&E-stained AC tissues are shown. (A)
Eye injected with 2�108 TU of vector (animal 654, OD). (B)
Eye injected with saline (animal 666, OS). Note normal an-
terior segment structure and absence of inflammatory infil-
trates in both eyes. TM, trabecular meshwork; CB, ciliary
body; I, iris; asterisk (*), corneal endothelium.
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particles, which readily saturates target cell TRIM protein
restriction (Hatziioannou et al., 2003), as previously discussed
for FIV vectors (Loewen and Poeschla, 2005; Saenz et al., 2005).
Furthermore, there is no evidence of a TRIMcyp protein in
humans. Of most relevance to human gene therapy, human
TRIM-5a displays substantially weaker postentry restricting
activity against FIV than does Old World monkey TRIM5-a
(Saenz et al., 2005; Diaz-Griffero et al., 2007). Consistent with
this, we have also seen good FIV vector efficacy in short-term
cultures of human donor eyes (Loewen et al., 2001, 2002).
Considering our present results in the cynomolgus macaque
along with the human donor eye data, we suggest that post-
entry restriction by human TRIM-5a is unlikely to present any
impediment to the use of FIV vectors in AC-focused human
gene therapy. Moreover, in common gene therapy settings, in
which vector is focally deposited, the existence of even mild,
locally saturable restriction by human TRIM-5a might be a net
advantage, providing a potential block to systemic propaga-
tion of any replication-competent retrovirus species that have
theoretical potential to arise after gene therapy.

We conclude that an easily achievable dose of FIV vector
results in sustained transgene expression in the primate eye.
All but the lowest dose eye (0.03�108 CrFK TU) had gonio-
photographically visible expression after injection. Three eyes
retained in vivo expression at all in vivo and postmortem ex-
aminations, two lost in vivo expression but had expression
visible postmortem by direct ultraviolet microscopy of TM flat
mounts, and two lost all evidence of transgene expression.
In the six eyes receiving doses: 1�108 TU, only in one eye
(666, OD) did goniophotographic expression appear to be lost
in vivo and remain so postmortem, and the in vivo loss was
directly subsequent to an invasive perfusion experiment. In
the other eyes, goniophotographic expression persisted in vivo
or was found postmortem. Note that actual outflow tract cell-
transducing units are without doubt much lower than 108

because the input vector transducing unit values are deter-
mined with CrFK cells, a highly transducible fibroblast cell
line.

Long-term, H&E-stained sections of transduced AC tissue
generally appeared histologically normal with no vector-
attributable alteration of AC tissue when comparing saline-
injected with vector-injected eyes. In general, then, the vectors
were well tolerated and inflammatory responses were
short-lived and mild. The transient inflammatory signs were
accompanied by IOP reductions, all of which subsided per-
manently by 4 weeks postinjection. The two attempts to re-
treat previously injected eyes were unsuccessful, possibly
because of recall immune responses. It may be of interest to
investigate whether short-term topical or systemic antiin-
flammatory treatments are beneficial in this regard. In addi-
tion to such immunosuppressive measures around the time of
vector administration, there are potential ways to forestall
such immune responses entirely with vector-incorporated
strategies such as tissue-specific microRNA target sequences
(Brown et al., 2006, 2007).

Both the cat and the cynomolgus (or rhesus) monkey
models should be useful for future studies. The efficacy of
glaucoma therapeutics has historically been well predicted
using these two normotensive animal models, which provide
good simulations of human ocular outflow anatomy and
physiology (Zhan et al., 1992; Sagara et al., 1999; Wang et al.,
1999, 2007; Stjernschantz, 2001; Gabelt et al., 2003; Rasmussen

and Kaufman, 2005; Toris et al., 2006). Although challenges
remain, especially the identification of a therapeutic trans-
gene(s), the potential clinical benefits of gene therapy for
glaucoma are appealing.
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