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Purpose: To evaluate the effects of miR-146a in trabecular meshwork (TM) cells and on
intraocular pressure (IOP) in vivo via viral delivery of miR-146a to the anterior chamber
of rat eyes.

Methods:Human TM cells were transfectedwithmiR-146mimic or inhibitor. Some cells
from each group were then subjected to cyclic mechanical stress (CMS). Other cells
from each group had no force applied. Gene expression was then analyzed by quantita-
tive polymerase chain reaction (qPCR). Replication-deficient adenovirus and lentivirus
expressing miR-146a were inoculated into the anterior segment of Brown Norway rat
eyes. IOP was monitored by rebound tonometry, visual acuity was evaluated by optoki-
netic tracking (OKT), and inflammationmarkers in the anterior segment were examined
by slit-lamp, qPCR, and semi-thin sections.

Results: miR-146 affected the expression of genes potentially involved in outflow
homeostasis at basal levels and under CMS. Both lentiviral and adenoviral vectors
expressing miR-146a resulted in sustained decreases in IOP ranging from 2.6 to
4.4 mmHg. Long term follow-up of rats injected with lentiviral vectors showed a
sustained effect on IOP of 4.4 ± 2.9 mmHg that lasted until rats were sacrificed more
than 8months later. Eyes showed no signs of inflammation, loss of visual acuity, or other
visible abnormalities.

Conclusions: Intracameral delivery ofmiR-146a canprovide a long-termdecreaseof IOP
in rats without signs of inflammation or other visible adverse effects.

Transitional Relevance: The IOP-lowering effects of miR-146 observed in rats provides
a necessary step toward the development of an effective gene therapy for glaucoma in
humans.

Introduction

Primary open angle glaucoma is the most preva-
lent type of glaucoma in the United States. It affects
about 2% of individuals over age 40, accounting for 6%
of all blindness and 19% of blindness among African
Americans.1 Gene therapy is an attractive approach
for diseases of the eye because of the easy accessibil-
ity, low doses required for vector delivery, and relative
immune privilege.2 Gene therapy has been success-
fully applied to monogenic disorders of the eye but
not so successfully to complex disorders, although
there have been clinical trials for macular degenera-
tion, macular edema, and glaucoma.2 A small interfer-
ing RNA against a β2-adrenergic receptor (ADRB2)

has been shown to reduce intraocular pressure (IOP)
in humans in phase I and II of clinical trials (Gonzalez
V. IOVS. 2014;55:ARVO E-Abstract 564).3 However,
although important efforts have been made to develop
a gene therapy to treat ocular hypertension, an effec-
tive therapy for lowering IOP for long periods of time
(at least 6 months) with low cytotoxicity or other
adverse effects is not currently available. Attempts to
develop a gene therapy for ocular hypertension have
encountered significant problems, such as low effects
on IOP, presence of adverse effects, and short duration
of IOP-lowering effects.4–21 Therefore, the identifica-
tion of new effective targets is essential to developing
a gene therapy for ocular hypertension.

MicroRNAs (miRNAs) are attractive tools to
achieve prolonged modulation of biological functions,
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such as IOP, because of their stability and capac-
ity to regulate entire networks of genes to achieve
specific functional effects.22 Their use in gene therapy
has some advantages due to their small size compared
with larger genes, which allows them to be carried
by many different vectors. In addition, miRNAs show
relatively low cytotoxicity comparedwithDNAgene or
protein therapies.23

miR-146a (miRBase: MI0000477; symbol,
MIR146A; HGNC ID, HGNC:31533) has been
shown to play a critical role in fibrosis and the inflam-
matory response.24–28 In the past, we found that
miR-146a was upregulated in senescent fibroblasts and
trabecular meshwork (TM) cells and that its upregu-
lation could act as a brake to excessive production of
inflammatory cytokines that are part of the senescence-
associated secretory phenotype.29 Additional studies
have shown that miR-146a is upregulated by cyclic
mechanical stress (CMS) in TM cells.30 The TM is
constantly subject to mechanical forces such as IOP
spikes, cardiac cycle, blinking, and eye movement.
These changes in IOP result in cyclic stretching of
TM cells, and it has been hypothesized that cellular
responses to such stretching may play a significant role
in both homeostasis and pathological alterations of the
outflow.31–37 The aim of this study was to investigate
the potential role of miR-146a in intraocular pressure
modulation and evaluate its potential as a gene therapy
target for ocular hypertension.

Materials and Methods

Cell Culture, miRNA Transfection, and Virus
Transduction

Human trabecular meshwork (HTM) primary cell
cultures were generated from cadaver eyes or cornea
rings from donors with no history of eye disease and
were validated as previously reported.38 Cell cultures
were maintained at 37°C in 5% CO2 in media (low-
glucose Dulbecco’s Modified Eagle Medium [DMEM]
with l-glutamine, 110 mg/mL sodium pyruvate, 10%
fetal bovine serum, 100 mM non-essential amino
acids, and 100 units/mL penicillin). All reagents were
obtained from Thermo Fisher Scientific (Waltham,
MA). HTM primary cells, passage 3 to 4 (HTM
L3, from a 25-year-old donor, HTM 1788, from
a 23-year-old donor) were transfected at around
70% confluency 1 day after plating using Lipofec-
tamine 2000 (Thermo Fisher Scientific) and follow-
ing the manufacturer’s instructions. Cells were trans-
fected with hsa-miR-146a mimic (146M), hsa-miR-
146a inhibitor (146I), and their respective negative

controls, scrambled mimic or scrambled inhibitor, at
40-pM concentration (Dharmacon, Chicago, IL) and
analyzed 72 hours after transfection. HTM cells trans-
duced with adenovirus (Ad-CAG-miR-146a or Ad-
CAG-empty, 50 plaque-forming units [pfu] each) were
analyzed 72 hours after transduction. HTM cells trans-
duced with lentivirus (Lenti-CAG-miR-146a, 30 pfu)
were analyzed 1 week after transduction.

Cyclic Mechanical Stress

HTM cell cultures were plated on type I collagen-
coated flexible silicone bottom plates (Flexcell Inter-
national, Hillsborough, NC) and transfected 24 hours
later with miRNAs. Cells were subjected to CMS
72 hours after transfection. The medium was switched
to serum-free DMEM 2 hours before CMS. The
cells were stretched for 4 hours (20% stretching,
one cycle per second) using the computer-controlled
and vacuum-operated Flexercell Strain Unit FX-3000
(Flexcell International). A frequency of one cycle
per second was selected to mimic cardiac frequency.
Control cells were cultured under the same conditions,
but no mechanical force was applied.

Quantitative Polymerase Chain Reaction

Total RNA was isolated from HTM cells and from
the anterior chambers of rat eyes (cornea, trabecular
meshwork, ciliary body, and a small fraction of iris
and sclera) using the Direct-zol RNA MiniPrep Kit
(Zymo Research, Irvine, CA) according to manufac-
turer’s instructions. RNA yields were measured using a
NanoDrop spectrophotometer (Thermo Fisher Scien-
tific). First-strand complementary DNA (cDNA) was
synthesized from total RNA (700 ng cells and
500 ng tissue) by reverse transcription using oligo(dT)
and SuperScript II Reverse Transcriptase (Invitro-
gen, Carlsbad, CA) according to the manufacturer’s
instructions. Quantitative polymerase chain reaction
(qPCR) was performed using 20-μL mixtures contain-
ing 1 μL of the cDNA preparation and 1× iQ SYBR
Green Supermix (Bio-Rad, Hercules, CA). The follow-
ing PCR parameters were used: 95°C for 3 minutes
followed by 40 cycles at 95°C for 15 seconds, 55°C
for 15 seconds, and 72°C for 15 seconds. Beta actin
and glyceraldehyde-3P-dehydrogenase (GAPDH) were
used as an internal normalized reference for cDNA.
miRNA cDNA (50 ng) was transcribed using the
TaqMan MicroRNA Reverse Transcription Kit and
TaqManMicroRNAassays formiR-146a andRNU6B
(normalized reference; Thermo Fisher Scientific). It
was then amplified using the TaqMan Universal PCR
MasterMix, following the manufacturer’s instructions.
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Table. Primers Used for qPCR

Name NCBI Gene ID Forward 5′–3′ Reverse 5′–3′

Hs.COX1 5742 TAGAGATTGGGGCTCCCTTT AGGGACAGGTCTTGGTGTTG
Hs.COX2 5743 TGAGCATCTACGGTTTGCTG TGCTTGTCTGGAACAACTGC
Hs.IL1β 3553 AACAGGCTGCTCTGGGATTCTCTT ATTTCACTGGCGAGCTCAGGTACT
Hs.IL8 3576 AGAAACCACCGGAAGGAACCATCT CACCTTCACACAGAGCTGCAGAAA
Hs.IL6 3569 AAATTCGGTACATCCTCGACGG AGTGCCTCTTTGCTGCTTTCACAC
Hs.PAI1 5054 AATGTGTCATTTCCGGCTGCTGTG ACATCCATCTTTGTGCCCTACCCT
Hs.IRAK1 3654 ATTTATGCTTGGGAGGTCGAGGC TCGCTTCTTGCTAGGACTGAACCA
Hs.HSP70 3310 ACAGGAGCACAGGTAAGGCT TTCATGAACCATCCTCTCCA
Hs.GADPH 2597 TCAACAGCGACACCCACTCCT C ATGAGGTCCACCACCCTGTTGC
Hs.beta actin 60 CCTCGCCTTTGCCGATCCG GCCGGAGCCGTTGTCGACG
Rn.TNFα 24835 GGTCCCAACAAGGAGGAGAA GCTTGGTGGTTTGCTACGAC
Rn.IL1β 24494 CACTCATTGTGGCTGTGGAG AGGACGGGCTCTTCTTCAAA
Rn.CD68 287435 ACGGACAGCTTACCTTTGGA AATGTCCACTGTGCTGCTTG
Rn.GADPH 24383 AAGATGGTGAAGGTCGGTGT GCTTCCCATTCTCAGCCTTG
Rn.beta actin 81822 TCCTCCCTGGAGAAGAGCTA ACGGATGTCAACGTCACACT

The absence of nonspecific products was confirmed
by melting curve analysis. All qPCR experiments were
performed with a CFX96 thermal cycler (Bio-Rad).
Results from qPCR are expressed as 2−�Ct (delta CT)
and are represented as a percentage of the control± SD
or as 2−��Ct (fold) ± SD. The primers used for qPCR
amplification were designed using Primer 339 and are
shown in the Table.

Recombinant Adenovirus, Lentivirus, and
Adeno-Associated Virus Preparation

To prepare adenovirus expressing miR-146a
under the CAG promoter system (Ad-CAG-miR-
146a) or a control “empty” adenovirus (Ad-CAG-
empty), pENTR1A (Thermo Fisher Scientific) was
modified to eliminate the restriction sites for Not1
and EcoR1 from the multiple cloning site by PCR
amplification using the following primers: F, 5′-
AAAAGCTTGCCGCACTCGAGATATCTAGACC3′;
R, 5′-CGGTACCGGATCCAGTCGACTGAATTG-
GTTC3′ (restriction sites are in bold). This was
followed by digestion of the PCR product with
SalI and HindIII and ligation to the fragment
generated from the digestion of the pCAGEN
plasmid (11160; Addgene, Watertown, MA) with
SalI and HindIII. The fragment from pCAGEN
contains the CAG promoter, a multiple cloning site
(EcoRi/XhoI/EcorV/NotI), and rabbit globin polyA
signal.40 miR-146a was obtained through PCR ampli-
fication of the pre-miRNA region from plasmid
15092 (Addgene)41 using the following primers: F, 5′-

TGGTCTCTAATTGGCTGGGACAGGCCTGGAC-
3′; R, 5′AGGCGGCCGCTCGAGGAGCCTGAGA
CTCTG-3′ (restriction sites are in bold; BsaI with
EcoRI end and NotI). miR-146a PCR product was
cloned into pENTR1A-CAG and digested with
EcoRI and NotI to generate pENTR-CAG-146a;
miR-146a was confirmed by sequencing. Recombi-
nant adenoviruses for miR-146a and empty plasmid
(pENTR1A-CAG) were prepared using the Invitrogen
Gateway system, following the manufacturer’s instruc-
tions. CAG-mir-146a/pENTR1A or CAG-/pENTR1A
were recombined with pAd/PL-DEST (Invitrogen)
using LR recombinase (Invitrogen). miR-146a was
resequenced for confirmation. Adenoviruses were
amplified, purified, and titer determined using the
AdenovirusMini Purification Kit (Virapur, San Diego,
CA) and the Adeno-X Rapid Titer Kit (Clontech,
Mountain View, CA), following the manufacturer’s
instructions.

For adeno-associated virus (AAV) preparation, the
PCR fragment of miR-146 was digested with BsaI
(with compatible EcoRI end) and NotI, and cloned
between the BamHI and NotI sites of pscAAV-CAG-
GFP plasmid (83279; Addgene),42 which resulted in
replacement of the GFP gene with miR-146a to gener-
ate the pscAAV-CAG-miR-146a plasmid. To gener-
ate lentivirus-expressing miR-146a under the CAG
promoter, the IRES-GFP fragment from vector plenti-
CAG-IRES-GFP (69047; Addgene)43 was replaced
with miR-146a by digestion of plenti-CAG-IRES-
GFP with EcoRI and NotI and miR-146 with BsaI
with EcoRI compatible end and NotI.
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Both lentivirus and AAVs were prepared at the
Duke University School of Medicine Viral Vector
Core. The lentivirus vector is based on the human
immunodeficiency virus (HIV) pseudotyped with the
vesicular stomatitis virus G-protein. AAV viruses
(miR-146 and GFP) are self-complementary AAV
(scAAV) type 2 vectors withmiR-146a andGFP driven
by the same CAG promoter.

In Vivo Injections, IOP Measurements, and
Ophthalmologic Examinations

All experiments with animals were conducted in
accordance with the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research and were
approved by the Institutional Animal Care and Use
Committee at DukeUniversity. Retired BrownNorway
female breeder rats (age, 8–12 months) from Charles
River Laboratories (Wilmington, MA), were housed
in pairs with a 12-hour cycle of light and dark; the
average luminosity during the light cycle was 184.25
± 22.5 lux (n = 4) 1 m above the floor and was 11.25
± 7.67 lux (n = 4) inside the cages. The rats received
water and food ad libitum. For intraocular injections,
rats were anesthetized with a mixture of oxygen and
isofluorane (V-1 TabletopLaboratoryAnimalAnesthe-
sia System; VetEquip, Pleasanton, CA) plus a drop of
topical anesthetic (proparacaine hydrochloride; Akorn
Pharmaceuticals, Lake Forest, IL). Rats were injected
with viral suspension in one eye using insulin syringes
with an ultra-fine needle (31-gauge; BD Biosciences,
San Jose, CA), and the contralateral eye was used as
a control. Injections were conducted for all vectors in
the right eye regardless of the basal IOPs to prevent
any potential bias in the choice of eye injected. The
needle was inserted through the peripheral cornea with
the bevel up, and the bevel rotated 90° for viral inocu-
lation. Ten rats were injected with adenovirus Ad-
CAG-miR-146a and six rats with adenovirusAd-CAG-
empty (both with 1.5 × 1011 pfu/mL, 15 μL); 10 rats
were injected with AAV-CAG-miR-146a and six rats
with AAV-CAG-GFP (both with 3 × 1013 pfu/mL,
15 μL); and nine rats were injected with Lenti-CAG-
miR-146a (three rats with 5.6 × 108, 25μL, and six rats
with 1.0 × 109 pfu/mL, 15 μL).

IOP was measured in awake animals using topical
anesthetic two times a week for the first 3 months and
once a week after that.Measurements were taken at the
same time of the day (between 8:30AMand 10:00AM)
with an average of six readings per eye using a portable
tonometer (TonoLab; iCare, Vantaa, Finland). The
measurements of IOPs were conducted in a masked
manner (by a person not involved in the injections)

for the adenoviral vectors and for the first 3 months
of the lentiviral vectors. After that point, IOPs had
to be measured by the same personnel who conducted
the injections. Examinations of the anterior chamber
structures (corneal epithelium, endothelium, chamber
depth, lens status, and inflammation) were performed
in a masked manner by a board-certified ophthalmolo-
gist (P.C.) using a slit-lamp biomicroscope (SL-2E Slit
Lamp; Topcon, Tokyo, Japan) and an ophthalmoscope
(Universal S3; Carl Zeiss, Oberkochen, Germany).

Optomotor Response

Visual function was evaluated by optokinetic track-
ing (OKT) using OptoMotry (CerebralMechanics,
Medicine Hat, Alberta, Canada).44 Briefly, rats were
placed on an elevated platform in the middle of a
chamber surrounded by screen monitors displaying
vertical gratings rotating at a speed of 12°/s. A camera
situated above imaged the behavior of the animal, and
a cursor was placed on the forehead of the animal
to allow the observer to track the head movement.
The movement was tracked clockwise (left eye) or
counterclockwise (right eye) in response to the rotating
gratings in real time. To determine the spatial frequency
threshold, the vertical bands were displayed at 100%
contrast starting at 0.042 cycles/deg, and the spatial
frequency was increased until the animal no longer
tracked.

Semi-Thin Sections

Control (not injected) and experimental (injected
with Lenti-CAG-miR-146a) eyes were enucleated,
washed in phosphate-buffered saline (PBS), and
fixed in 2% glutaraldehyde/2% paraformaldehyde
in PBS. Post-fixation, they were placed in 1% osmium
tetroxide, dehydrated, embedded in epoxy, sectioned
(0.5 μm), and stained at the Morphology Facility at
Duke University Eye Center. Semi-thin sections were
examined by light microscopy (Axioplan 2; Carl Zeiss).

Statistical Analyses

Paired Student’s t-test was used for IOP comparison
among Lenti-CAG-miR-146a, Ad-CAG-miR-146a,
and Ad-CAG-empty and their respective contralateral
control (non-injected) eyes. Data are presented as
mean ± SD. Results from qPCR are represented as a
percentage of the control ± SD or fold ± SD. Signif-
icance for qPCR was evaluated using the unpaired
Student’s t-test. P < 0.05 was considered significant.
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Figure 1. Effects of overexpression of miR-146a on gene expression in HTM cells at the basal level and under CMS. Gene expression of
two primary HTM cells (L3 and 1788) was analyzed after transfection with miR-146a mimic or scrambled mimic under two experimental
conditions: basal level or CMS. Gene expression in cells transfected with (1) miR-146a at the basal level (146M-basal), (2) miR-146a under
CMS (146M-CMS), and (3) scrambled mimic under CMS (scrambledM-CMS) are represented as a percentage of expression in control cells
transfected with scrambled mimic at basal conditions (horizontal line at 100). Each experiment was run in triplicate. The bars represent
mean ± SD. The statistical significance was calculated using an unpaired t-test; *P < 0.05 and **P < 0.01.

Results

Effects of miR-146a Overexpression on HTM
Cells Subjected to CMS

To follow up on the studies showing that miR-
146 was upregulated by cyclic mechanical stress in
HTM cells30 and that its overexpression in HTM
cells downregulated genes that could potentially affect
outflow homeostasis,29 two HTM primary cells lines
were transduced with miR-146a mimic, miR-146
inhibitor, and their respective negative controls, scram-
bled mimic and scrambled inhibitor, and then were
subjected to CMS or kept in the same conditions with
no CMS. Nine genes were analyzed by qPCR (COX2,
IL6, HSP70, IRAK1, BMP2, PAI1, COX1, IL8, and
IL1B). Those genes were chosen because they were up-
or downregulated by CMS and/or miR146 in previous
experiments.

Under basal conditions (noCMS),HTMcells trans-
fected with the miR-146 mimic showed significant
downregulation formost of the genes analyzed, with an
average of 34% decrease in gene expression compared
with control cells transfected with a scrambled mimic,
as shown in Figure 1. In addition, when cells were
subjected to CMS, the induction of gene expression
due to the stretching was also partially or totally inhib-
ited in miR-146a–transduced cells for most of the

analyzed genes. The average increase in expression of
the selected genes was 93% for controls and 42% in cells
treated with 146a mimic (Fig. 1).

To study the effects of miR-146a inhibition on gene
expression, HTM cells were transfected with miR-146
inhibitor or scrambled inhibitor. Consistent with the
effects observed after miR-146a overexpression, inhibi-
tion of miR-146a increased the basal expression levels
of the analyzed genes an average of 106% compared
with cells transfected with scrambled inhibitor. When
subjected to CMS, cells transfected with miR-146
inhibitor showed an average increase in expression of
the selected genes of 446% compared with cells trans-
fected with scrambled inhibitor. However, this increase
was not as homogeneously distributed among genes as
the decrease in expression observed in cell transfected
with 146a mimic for reasons that at this point we do
not fully understand (Fig. 2).

Effect of Viral Delivery of miR-146a on IOP in
Living Rat Eyes

Intracameral adenoviral injections of Ad-CAG-
miR-146a in normotensive rat eyes resulted in a
sustained decrease in IOP (average difference for
contralateral eyes, 4.02 mmHg ± 1.99; n = 10), which
lasted at least for 2 months (Fig. 3A). To ensure that
the effect on IOP was specific to miR-146a, we injected
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Figure 2. Effects of inhibition of miR-146a on HTM cells at the basal level and under CMS. Gene expression of two primary HTM cells (L3
and 1788) was analyzed after transfection with miR-146 inhibitor or scrambled inhibitor under two experimental conditions: basal level or
CMS. Gene expression in cells transfected with (1) miR-146 inhibitor at basal level (146I-basal), (2) miR-146 inhibitor under CMS (146I-CMS),
and (3) scrambled inhibitor under CMS (scrambledM-CMS) is represented as a percentage of expression in control cells transfected with
scrambled inhibitor at basal conditions (horizontal line at 100). Each experiment was run in triplicate. The bars represent mean ± SD. The
statistical significance was calculated using an unpaired t-test; *P < 0.05 and **P < 0.01.

a control virus with the same CAG promoter system
but no insert. As shown in Figure 3B, no significant
change in IOP was observed between injected and non-
injected contralateral control eyes (average difference
of 0.35 mmHg ± 0.84; n = 6). The ability of Ad-CAG-
miR-146a to overexpress miR-146a was confirmed
by qPCR in HTM primary cells as described in the
Methods section. Cells transduced with Ad-CAG-
miR-146a showed a significant increase in expression
(303-fold; P = 0.0001; n = 3) compared with controls.

Because adenoviral vectors are not the best option
for gene therapy due to their relatively high immuno-
genicity, we tested an scAAV type 2 vector45 with
miR-146a driven by the CAG promoter as well as a
control scAAV type 2 expressing GFP under the same
promoter. Injection of these vectors at up to 1011 pfu
in the anterior chamber of living rats did not result
in any measurable effect in IOP. Expression of GFP
was limited to a very small number of cells in the
TM (data not shown); therefore, we generated lentiviral
vectors expressingmiR-146a under the CAGpromoter.
The first preparation of lentiviral vector yielded

5.6 × 108 pfu/mL. Given the relatively low titer, we
injected 25 μL in the anterior chamber of three Brown
Norway rats. Injections of such high volume are likely
to result in loss of viral particles, which will exit the
anterior chamber due to high pressure and stretch-
ing of the TM. It is therefore difficult to evaluate the
level of transduction of TM cells in these conditions.
However, as shown in Figure 4, injected eyes showed
a clear trend toward a decrease in IOP that lasted
more than 4 months. The difference in IOP between
the injected and the contralateral (non-injected) control
eyes decreased over time with an average difference
of 2.61 ± 1.43 mmHg (Fig. 4). Expression of Lenti-
CAG-miR-146a was confirmed in HTM-transfected
cells (12,359 ± 2002 fold; P = 3.76E-08).

A second preparation of the same lentiviral vector
yielded a titer of 1 × 109 pfu/mL. With this prepara-
tion, we were able to inject six eyes with a total volume
of 15 μL per eye. The effects on IOP of these injections
were of higher magnitude compared with the previ-
ous set of injections and were sustained in all animals
for 6 months. In five out the six animals, the effects
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Figure 3. Mean IOP of rat eyes transduced with (A) Ad-CAG-miR-146a (n = 10) or (B) Ad-CAG-empty (n = 6). Bars represent mean ± SD.
The statistical significance in mean IOP between miR-146a treated and control eyes was calculated using paired t-tests at each time point;
*P < 0.05 and **P < 0.01.

were sustained for more than 8 months. There was an
average difference of 4.45 ± 2.93 mmHg (Fig. 5).

Effects of Viral Delivery of miR-146a on Visual
Function andMorphology

To evaluate whether treatment with Lenti-CAG-
miR-146a had any potential adverse effect on eye
function, we analyzed visual acuity by involun-
tary image tracking (optokinetic reflex) using an
OptoMotry system at 1.5 and 7 months after injec-
tion. The results showed no significant difference in
visual acuity between treated and control eyes (Fig. 6).
Visual inspections of the eyes did not reveal any
obvious abnormalities, such as opacity or corneal
edema, at any time during the experiment. Slit-lamp
and ophthalmoscope examinations conducted by a
certified ophthalmologist at 6 and 7months revealed no
visible abnormalities or signs of inflammation associ-
atedwith lentivirus delivery of miR-146a. The conjunc-
tiva, cornea, iris, and fundus appearance were scruti-
nized. No cells or flare were seen in the anterior
segment, and no other ocular abnormalities were
noted.

Expression of miR-146a and selected inflamma-
tory markers was also evaluated postmortem by qPCR.

Tumor necrosis factor alpha (TNFα), cluster of
differentation 68 (CD68), interleukin-1 beta (IL-1β),
and miR-146a were analyzed in the anterior chamber
of three animals. miR-146a was significantly upregu-
lated (4.28 ± 1.97 fold; P = 0.001) in the eyes injected
with Lenti-CAG-miR-146a 9 months after the injec-
tion. Expression of inflammatory markers was not
significantly different between eyes injected with Lenti-
CAG-miR-146a and the control eyes that were not
injected (Fig. 7). Analyses of semi-thin sections of the
angle from three rat eyes injected with Lenti-CAG-
miR-146a and three non-treated contralateral controls
showed no apparent abnormalities or signs of inflam-
mation associated with Lenti-CAG-miR-146a injec-
tion and no evident differences with the control eyes
(Fig. 8).

Discussion

Previous experiments in our laboratory using HTM
cells suggested a potential role of miR-146a as a
modulator of IOP due to its ability to alter the expres-
sion of genes that could affect outflow homeostasis
and because miR-146a itself was upregulated under
CMS.29,30 In this study we showed thatmiR-146a alters
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Figure 4. Mean IOP of rat eyes transduced with Lenti-CAG-miR-146a at 5.8 × 108 pfu/mL compared with non-treated controls (n = 3).
Bars represent mean± SD. The statistical significance in mean IOP betweenmiR-146a–treated and control eyes was calculated using paired
t-tests at each time point; *P < 0.05 and **P < 0.01.

Figure 5. (A) Average IOP and (B) average IOP difference in rat eyes transduced with Lenti-CAG-miR-146a at 1.0 × 109 pfu/mL compared
with non-treated controls eyes (n = 6). Bars represent mean ± SD. The statistical significance in mean IOP between miR-146a–treated and
control eyes was calculated using paired t-tests at each time point; *P < 0.05 and **P < 0.01.
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Figure 6. Visual acuity of rat eyes injected with miR-146a. Spatial
frequency was used as a measure of visual function and evalu-
ated by OKT at two time points (1.5 and 7 months) after injection.
No significant differences were observed between Lenti-CAG-miR-
146a–injected eyes (146) and un-injected control eyes (Cont). Bars
represent mean ± SD.

Figure 7. Expression of inflammatory genes in the anterior
chamber of rat eyes transduced with miR-146a. Inflammatory
markers (TNFα, IL-1β , and CD68), as well asmiR-146a, were analyzed
by qPCR 9 months after rat eyes were transduced with Lenti-
CAG-miR-146a. Gene expression is represented as a percentage of
expression in untreated control eyes (100%). Bars represent mean
± SD. Statistical significance was calculated using unpaired t-tests;
*P < 0.05.

the expression of these genes at basal level and/or
under CMS. To gain knowledge of its effects in vivo we
injected miR-146a in the anterior chamber of rat eyes.
Our results showed that the administration of adenovi-
ral and lentiviral miR-146a to the anterior chamber of
normotensive rats significantly reduces IOP. Although
the results from the administration of 25 μL per eye
of Lenti-CAG-miR-146a at 5.6 × 108 pfu/mL could be
interpreted as just a trend given the small number of

animals, administration of 15 μL at 1.0 × 109 pfu/mL
in six rats provided a robust and sustained decrease of
IOP for more than 8 months in most animals. These
results suggest that optimizing the volume, titer, and
method of administration might improve the intensity
and duration of the effects of miR-146 on IOP.

Our initial hypothesis was that miR-146 could
act as a brake in the production of inflammatory
cytokines. Given that production of some inflamma-
tory cytokines by TM cells in response to mechani-
cal stress had been shown to increase aqueous humor
outflow facility,46 we hypothesized that the induction
of miR-146a could elevate IOP. Previous experiments
using a different construct of miR-146 (influenza-
associated virus–CMV promoter–mature miRNA)
produced a transient increase in IOP in rats (Luna
C. IOVS. 2014; 55:ARVO E-Abstract 4516). However,
levels and duration of transgene expression with this
vector were substantially lower than those achieved
with either Ad-CAG-miR-146a or Lenti-CAG-miR-
146a.

Although the reasons for the decrease in intraoc-
ular pressure induced by miR-146a (adenovirus and
lentivirus) in rats have not been elucidated, there are
several possible mechanisms, alone or in combination,
that could contribute to this effect. miR-146a has been
shown to play significant roles as a negative regula-
tor of the inflammatory response and fibrosis. Also,
miR-146a has been shown to decrease the inflamma-
tory response in mice and humans mainly by attenuat-
ing nuclear factor kappa B (NF-κB) signaling through
its targets TRAF6 and IRAK1, affecting downstream
factors such as IL-1β, IL-6, IL-8, and TNFα.47–49
NF-κB regulates the expression of a vast number of
genes that could potentially affect outflow. Specifically,
it plays a key role in the regulation of autotaxin, a
major producer of lisophosphatidic acid (LPA).50,51
Both, autotaxin and LPA are known to be increased in
the aqueous humor of open-angle glaucoma patients.
Inhibition of autotaxin has been shown to increase
aqueous outflow ex vivo.52 Therefore, the effect of miR-
146a onNF-κB could potentially affect outflow facility
through modulation of LPA and autotaxin levels.

miR-146a is also a negative regSulator of transform-
ing growth factor- beta (TGF-β) by targeting Smad4
in several cell types, and in vivo it attenuated the
fibrotic markers induced by TGF-β.53,54 Although the
mechanisms that contribute to high IOP in glaucoma
are complex, TGF-β1 and TGF-β2 are potent profi-
brotic factors that have been shown to be directly
implicated in the pathogenesis of IOP55–57 and to be
elevated in the aqueous humor of glaucoma patients.58
Plasminogen activator inhibitor 1 (PAI1) is another
gene downregulated by miR-146 in HTM cells.29 PAI1
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Figure 8. Semi-thin sections of rat eyes angle transduced with Lenti-CAG-miR-146a or contralateral control eyes 9 months after injec-
tion. (A–C) Representative images of Lenti-CAG-miR-146a transduced eyes. (D–F) Representative images of contralateral eyes (n = 3). SC,
Schlemm’s canal; TM, trabecular meshwork.

is the main inhibitor of the extracellular proteinases,
tissue and urokinase plasminogen activators (tPA and
uPA). An increase in PAI1 could lead to extracellular
matrix deposition in the aqueous humor and trabec-
ular meshwork. Glucocorticoid treatment of HTM
cells increases PAI1. Blocking this increase could be
partially responsible for lowering IOP in vivo using a
steroid agonist.59 miR-146 could act as a mechanosen-
sor in certain cell types. For example, in lung epithelial
cells, miR-146a was upregulated by oscillatory pressure
and/or TNFα. miR-146a can regulate mechanical
induced inflammation60 and in human chondrocyte
was involved in apoptosis in response to mechani-
cal injury.61 Our experiments involving analyses of
gene expression changes induced by CMS had intrinsic
levels of variability among different experiments due
to the nature of the experimental model, as observed
by the differences in gene expression induced by CMS
in cells transfected with scrambled mimic compared to
those transfected with scrambled inhibitor. However,
the results consistently demonstrated the ability of
miR-146a to alter the response of certain genes induced
by CMS; among these are PAI1 and several cytokines.
These results, together with the previously reported
observation thatmiR-146a is induced byCMS inHTM
cells,29,30 might contribute to modulating some of the
effects of CMS in the TM.

Finally, miR-146a has been shown to target Rho
kinase 1 (ROCK1) in several cell types.62,63 Given
the known IOP-lowering effects of pharmacological
inhibition of ROCK1,64 targeting this protein could
also potentially contribute to the observed effects
of miR-146a in living rat eyes. Therefore, with the
pleiotropic effects of miR-146, multiple mechanisms
could be involved in the observed effects on IOP in
living rat eyes. Specific studies aimed at determin-
ing such mechanisms are necessary to understand the
relative roles of different genes and pathways regulated
by miR-146a in IOP. Eyes transduced with miR-146a
showed no signs of inflammation. This is possibly due
to its antiinflammatory effect but could also be because
miRNAs have shown low toxicity and immunogenic-
ity when compared with DNA gene therapy or protein-
based drug molecules.23

The current study has some important limitations.
These include the small number of animals and lack
of a lentivirus control. However, control lentiviral
vectors (HIV- or feline immunodeficiency virus–based)
have been tested previously in rats and other species
and have consistently shown no significant effects
on IOP. 4,15,17,19,65 Specifically, the lentivirus system
with the CAG promoter was tested in rats by Tan
et al.,15 and the controls did not show any signifi-
cant effect on IOP, similar to what we observed in
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our results for the adenoviral vector. Therefore, we
believe that the results strongly suggest that adminis-
tration of a lentivirus expressing miR-146a to the cells
of the anterior chamber of living rats can decrease
IOP without obvious adverse effects for more than
8 months. miR-146a appears to be a promising candi-
date for developing an effective gene therapy for
sustained control of IOP in glaucoma patients.
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