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Abstract

Inflammation of the retina is a contributing factor in ocular diseases such as uveitis, diabetic retinopathy, and
age-related macular degeneration (AMD). The M013 immunomodulatory protein from myxoma virus has been
shown to interfere with the proinflammatory signaling pathways involving both the NLRP3 inflammasome and
NF-jB. We have developed and characterized an adeno-associated viral (AAV) vector that delivers a secretable
and cell-penetrating form of the M013 protein (TatM013). The expressed TatM013 protein was secreted and
blocked the endotoxin-induced secretion of interleukin (IL)-1b in monocyte-derived cells and the reactive
aldehyde-induced secretion of IL-1b in retinal pigment epithelium cells. The local anti-inflammatory effects of
AAV-delivered TatM013 were evaluated in an endotoxin-induced uveitis (EIU) mouse model after intravitreal
injection of mice with an AAV2-based vector carrying either TatM013 fused to a secreted green fluorescent
protein (GFP) tag (sGFP-TatM013) or GFP. Expression of the sGFP-TatM013 transgene was demonstrated by
fluorescence funduscopy in living mice. In EIU, the number of infiltrating cells and the concentration of IL-1b in
the vitreous body were significantly lower in the eyes injected with AAV-sGFP-TatM013 compared with the eyes
injected with control AAV-GFP. These results suggest that a virus-derived inhibitor of the innate immune
response, when delivered via AAV, could be a generalized therapy for various inflammatory diseases of the eye.

Introduction

V iruses have evolved to infect host cells and disperse
to target tissues from the point of initial infection. Viral

dissemination and host-to-host spread create strong selection
pressure to evade the early stages of the host immune and
inflammatory responses. Viral genes that express inhibitors
capable of blocking inflammatory signaling pathways have
been discovered in many viruses, but poxviruses are espe-
cially adept at acquiring immune-inhibitory functions.1–3

These functions are generally not required for the replication
of the virus in cultured cells, but are essential for successful
infection of immunocompetent host animals. Myxoma virus
is a member of the poxvirus family that infects and causes
disease only in European rabbits, but many of its specific
immunomodulatory proteins can still target pathways in
nonrabbit host cells.4,5 The M013 gene from the myxoma
virus was previously shown to express a small cytoplasmic
pyrin domain (PYD)-containing immunomodulatory protein

with at least two distinct mechanisms of action. First, it binds
to the ASC (apoptosis-associated speck-like protein con-
taining a caspase recruitment domain) component of in-
flammasomes and inhibits the proteolytic processing of
caspase-1 and thus activation/secretion of interleukin (IL)-1b
and IL-18.6,7 Second, the M013 protein also directly binds to
the precursor NF-jB (p105), preventing its cleavage and
activation. Thus, M013 blocks this aspect of the NF-jB
signaling pathway and prevents the induction of other
proinflammatory cytokines under its control, such as IL-6 and
tumor necrosis factor (TNF)8 (see Fig. 1A). These dual in-
flammasome/NF-jB inhibitory properties of M013 are fully
active in rabbit, mouse, and human cells.

Although the eye is an immune-privileged organ, inflam-
matory processes can adversely affect the ocular tissue, either
acutely, after injury or infection, or chronically, as a conse-
quence of conditions such as age-related macular degenera-
tion.9,10 Uveitis is characterized by a massive inflammatory
reaction within the anterior and posterior chambers of the eye.
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The trigger for this inflammation is often unknown, but
recurrent uveitis is thought to have an autoimmune compo-
nent.11 Although the disease may be treated with corticoste-
roids, their prolonged use leads to elevated intraocular
pressure and risk of glaucoma.12 Proinflammatory cytokines
such as IL-1b and TNF-a have been associated with the ocular
damage ascribed to this disease.13,14

In this paper, we describe the development of an adeno-
associated viral (AAV) vector that delivers a secretable and
cell-penetrating form of the M013 dual inflammasome/NF-jB
inhibitor gene derived from myxoma virus. We have charac-
terized the function of this AAV-expressed antiinflammatory
protein, using in vitro models of inflammation. We have also

tested the efficacy of this novel anti-inflammatory treatment in
mice, using the endotoxin-induced uveitis model. Our results
suggest that this AAV-mediated expression of the modi-
fied M013 immunomodulator is a potential treatment for in-
flammatory eye disease, and possibly other tissue-specific
chronic inflammatory diseases that are amenable to AAV
therapy.

Materials and Methods

Study design

The goal of these studies was to develop and character-
ize an adeno-associated viral vector that could deliver the

FIG. 1. The myxoma virus M013 fusion protein inhibits interleukin (IL)-1b secretion. (A) The native M013 protein from
myxoma virus has been demonstrated to inhibit both nuclear factor (NF)-jB and NLRP3 inflammasome signaling pathways by
interacting with key effector components. (B) Map of lentiviral vector delivering the TatM013 fusiongene. The M013 andTatM013
fusion genes were cloned in-frame with the 2A peptide and puromycin resistance (puroR) sequence. (C) Monocyte-derived THP-1
cells were transduced with a lentiviral vectordelivering the M013-puroRfusion gene, the TatM013-puroR fusion, or the puroR gene
alone as a control. Stably transduced cells were incubated with IFN-c (4 hr) and lipopolysaccharide (LPS) (18 hr). Secreted IL-1b
was quantified by ELISA. M013 protein was measured in cell extracts by Western blotting, and compared with tubulin control
(inset) (n = 3, average – SEM). (D) ARPE-19 cells were transduced with either the TatM013-puroR or puroR lentiviral vector.
Stably transduced cells were incubated with 30lM 4-hydroxynonenal (4-HNE, 18 hr). Secreted IL-1b was quantified by ELISA
(n = 3, average – SEM). ASC, apoptosis-associated speck-like protein containing a caspase recruitment domain; AmpR, ampicillin
resistance gene; cPPT, central polypurine tract; EF1, elongation factor-1; HIV LTR, human immunodeficiency virus long terminal
repeat; Ij-B, inhibitor of NF-jB; IKKK, Ij-B kinase kinase; n.s., not significant; ORI/Ori, origin of replication; RRE, Rev response
element; RSV, Rous sarcoma virus; SV40, simian virus 40; TNF-a, tumor necrosis factor-a; WPRE, woodchuck hepatitis virus
posttranscriptional regulatory element. *p £ 0.05; ***p £ 0.0001. Color images available online at www.liebertpub.com/hum
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anti-inflammatory gene M013 from the myxoma virus. To
validate previously published results demonstrating the in-
hibitory activity of M013 on inflammasome signaling, we
used lentiviral vectors to generate stable cell lines in which
we induced the activation of this signaling pathway via
various agents. In these in vitro experiments the conditioned
media of three independent cultures were analyzed. Animal
studies were conducted in accordance with the guidelines of
the Institutional Animal Care and Use Committee (IACUC)
of the University of Florida (Gainesville, FL). These studies
were conducted with the minimal number of mice needed to
investigate end points that could not be addressed with
in vitro experiments. Animal were properly anesthetized
with ketamine and xylazine for in-life assessment by fun-
duscopy and humanely killed, using carbon dioxide inha-
lation, for the analysis of tissue.

Cell culture

Human HEK293T and mouse RAW 264.7 cell lines were
grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin–streptomycin (Pen-Strep) solution. The human
ARPE-19 cell line was grown in DMEM/F12 (50/50) me-
dium supplemented with 10% FBS and 1% Pen-Strep. The
human THP-1 cell line was grown in RPMI 1640 medium
supplemented with 10% FBS and 1% Pen-Strep. All the cell
cultures were maintained in an incubator at 37�C with 5%
CO2. All stable cell lines generated by lentiviral vector
transduction were grown in the corresponding medium
supplemented with puromycin at a dose of 1 lg/ml.

Concentration of conditioned medium

Conditioned M199 low-protein medium (Invitrogen Life
Technologies, Grand Island, NY) was harvested and placed
in a 15-ml conical tube and centrifuged at 2500 · g for 5 min
to remove any cellular debris. The conditioned medium was
then passed through a 50-kDa molecular weight cut off
(MWCO) Amicon-Ultra centrifugal filter (EMD Millipore,
Billerica, MA) by centrifugation at 14,000 · g for 15 min in
a tabletop microcentrifuge. The flow-through was then
harvested and passed through a 3-kDa Amicon-Ultra cen-
trifugal filter (EMD Millipore) by centrifugation at
14,000 · g for 30 min in a tabletop microcentrifuge. The
concentrated medium containing molecules with molecular
weights between 50 and 3 kDa was collected by inversion
and centrifugation of the filter at 1000 · g for 1 min.

Viral vectors

All the lentiviral vectors were created with the pCDH-EF1-
MCS-T2A-Puro plasmid (Systems Biosciences, Mountain
View, CA). The transgenes were cloned, using the EcoRI and
the NotI restriction sites in the multiple cloning sites. Plas-
mids were propagated in DH5a cells and sequenced by the
dideoxy chain termination method. To generate viral parti-
cles, the plasmids were cotransfected with the pPACKH1
lentiviral vector packaging kit (Systems Biosciences) in
HEK293T cells. The lentiviral vector-containing media were
harvested 48 hr after the cotransfection and were centrifuged
at 2500 · g for 5 min at 4�C. The vector-containing media
were passed through a 0.22-lm (pore size) syringe filter.

The sGFP-TatM013 vector plasmid was created by sub-
cloning the TatM013 fusion construct downstream of Igj-
GFP (IgG kappa light chain leader sequence fused to the
GFP sequence) while maintaining the reading frame of these
elements. This gene construct was then excised, using the
XbaI (5¢) and XhoI (3¢) sites, and cloned in the pTR-smCBA
AAV plasmid. The final pTR-smCBA-Igj-GFP- TatM013
plasmid was grown in SURE 2 cells (Agilent, Santa Clara,
CA) and purified by passage through a CsCl gradient. The
DNA was packaged, purified, and titered by the Center for
Vision Research Vector Core at the University of Florida
according to previously published methods.15,16

Isolation of vitreous

Mouse vitreous was isolated by the protocol developed by
Skeie and colleagues.17 Briefly, mice were humanely killed,
using CO2 as approved by the University of Florida IACUC.
A transverse incision was made in the cornea with a surgical
scalpel to allow the aqueous humor to flow. Excess aqueous
humor was absorbed with a paper towel. The retina, vitreous,
and lens were eviscerated by squeezing the eye from the
back. Tissues were collected in a sterile 1.5-ml tube and later
transferred into an Amicon Ultra centrifugal filter (cutoff, 50
kDa; EMD Millipore). An additional 100 ll of phosphate-
buffered saline (PBS) supplemented with protease inhibitor
cocktail (Thermo Fisher Scientific, Rockford, IL) was added
to the tube. Samples were centrifuged at 14,000 · g for 15 min
and vitreous flow-through was collected. Protein concentra-
tion of the vitreous was determined by DC protein assay (Bio-
Rad, Hercules, CA) according to the manufacturer’s protocol
and stored at –20�C until assayed.

ELISA

The ELISA kit for mouse IL-1b was purchased from
Peprotech (Peprotech, Rocky Hill, NJ). The concentration of
IL-1b was determined according to the manufacturer’s
protocol. The concentration of human IL-1b was determined
with a RayBiotech human IL-1b ELISA kit (RayBiotech,
Norcross, GA) according to the manufacturer’s protocol. In
both cases, a total of 100 ll of either tissue homogenate or
cell culture medium was analyzed.

Western blot

The cells corresponding to the conditioned media were
lysed in NP-40 lysis buffer supplemented with protease in-
hibitor cocktail (Thermo Fisher Scientific) and 2 mM EDTA.
The protein concentration of the samples was measured with
the DC protein assay (Bio-Rad) according to the manufac-
turer’s protocol. Protein lysates were diluted in Laemmli
buffer containing 100 lM dithiothreitol (DTT) and boiled
for 5 min.18 Equal amounts of protein were separated by
sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-
phoresis and transferred onto a polyvinylidene difluoride
(PVDF) membrane, using an iBlot system (Invitrogen Life
Technologies) as recommended by the manufacturer. This
membrane was blocked with a proprietary blocking buffer
from Li-Cor Biosciences (Lincoln, NE) for 1 hr at room
temperature and incubated overnight with the designated
primary antibody at 4�C. The membrane was then washed
four times with PBS–0.1% Tween 20 and incubated with the
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corresponding IRDye secondary antibody (1:5000 dilution
in blocking buffer; Li-Cor Biosciences). Finally, the mem-
brane was washed as done previously and scanned with an
Odyssey infrared imaging system (Li-Cor Biosciences).

Endotoxin-induced uveitis mouse model

Mice of the C57BL/6J strain were injected intravitreally
with 3 · 109 vector genomes in each eye. Two weeks after
injection the mice were inspected by spectral domain optical
coherence tomography, using a Bioptigen high-resolution
instrument, to exclude inflammatory infiltrates resulting
from injection of vector. One month after injection, green
fluorescent protein (GFP) expression was observed by
fluorescence funduscopy. The next day mice were injected
intravitreally in each eye with 25 ng of lipopolysaccharide
(LPS). After 24 hr, these mice were killed, and their eyes
were enucleated and placed in 4% paraformaldehyde at 4�C
overnight. The eyes were placed in PBS after fixation and
stored at 4�C until embedding. Eyes were dehydrated and
embedded in paraffin in preparation for sectioning. Em-
bedded eyes were sectioned through the cornea–optic nerve
axis, at a thickness of 12 lm. Eight step sections were col-
lected in independent slides, with sections on the same slide
having a difference of 80 lm. Slides were stained with he-
matoxylin and eosin to visualize infiltrating cells. These
cells were quantified in images of the sections by an indi-
vidual who was ignorant of the treatment group.

Funduscopy

A Micron III digital fundus retinal imaging microscope
(Phoenix Research Laboratories, Pleasanton, CA) was used
to monitor GFP expression in life. Conscious mice had their
eyes dilated with 1% atropine and 2.5% phenylephrine.
Mice were then anesthetized with a mixture of ketamine and
xylazine in normal saline (0.9% sodium chloride solution
USP, pH 5.0; Baxter, Deerfield, IL). To avoid loss of
moisture from the ocular surface during the procedure, mice
received a drop of 2.5% hypromellose ophthalmic demul-
cent solution (Gonak; AKORN, Lake Forest, IL). Bright-
field fundus images were acquired using the same exposure
times. GFP fluorescence was measured with the fluores-
cence filter, using the same exposure times for all the eyes.

Statistical analysis

Data from in vitro experiments are reported as aver-
ages – standard deviation. Values were compared by analy-
sis of variance followed by a Student Newman–Keuls t test
to determine significant differences between groups. For
animal studies, values are reported as averages – standard
error of the mean and statistical comparison was done by
Mann–Whitney U test to avoid potential biases introduced
by outliers. p < 0.05 was considered significant (*p £ 0.05,
**p £ 0.01, ***p £ 0.001).

Results

AAV-mediated expression of myxoma virus gene
M013 can inhibit the secretion of IL-1b in vitro

On inflammasome activation by appropriate stimulatory
ligands, IL-1b precursor is cleaved and secreted, thus pro-

viding a cytokine readout for inflammasome signaling. To
validate the inhibitory effect of fusion constructs of M013
on the secretion of IL-1b, we first used a lentiviral vector to
generate human myeloid THP-1 cells that stably express the
following: (1) M013 fused at its C terminus to the puro-
mycin resistance gene (puroR), (2) M013 with an N-termi-
nal cell-penetrating peptide (TatM013) fused to puroR, or
(3) the puroR gene alone (Fig. 1B). Activation of the in-
flammasome was induced by incubating the transduced
THP-1 cell lines with interferon (IFN)-c in the presence or
absence of lipopolysaccharide (LPS). The concentration of
secreted IL-1b in the conditioned media was increased in the
presence of LPS only in cells expressing the control puro-
mycin resistance gene alone (Fig. 1C). In the THP-1 cells
expressing either the unmodified M013 protein (*19 kDa)
or the TatM013 protein (*20 kDa) fused to puroR, the se-
cretion of IL-1b was significantly inhibited. Interestingly,
the level of detectable expression of the TatM013 protein
was considerably less than that of the unmodified M013
(Fig. 1C, inset) in total cellular extracts prepared from these
THP-1 cell clones. Nevertheless, both proteins prevented the
IFN/LPS-induced secretion of IL-1b.

In the retina, induced IL-1b can be secreted from mi-
croglia, endothelial cells,19 and cells of the retinal pig-
mented epithelium (RPE).20 The RPE-derived cell line
ARPE-19 was stably transfected with the same lentiviral
vectors as described previously to study the effect of
TatM013 on IL-1b secretion by a biologically relevant oc-
ular cell type. The modified ARPE-19 cells expressed the
TatM013-puroR fusion or the control puromycin resistance
gene alone (data not shown). Inflammasome activation was
induced by incubation of these cells with 4-hydroxy-2-
nonenal (4-HNE), a reactive aldehyde generated by oxida-
tive stress in the retina and reported to activate the in-
flammasome in these cells.20 In ARPE-19 cells, 4-HNE led
to a 3-fold induction of IL-1b secretion, but this induction
was blocked by expression of the TatM013 gene compared
with cells expressing GFP only (Fig. 1D). Together, these
results demonstrate that ectopic expression of M013 or
TatM013 protein inhibited inflammasome-activated IL-1b
secretion in vitro. Furthermore, this fusion of the M013 gene
with the cell-penetrating peptide Tat did not seem to com-
promise the efficiency of this inhibitory function of M013.

Development of an AAV vector that expresses
secretable and cell-penetrating M013

The various cellular sources of IL-1b in the eye make it
difficult to prevent its secretion by a gene therapy strategy
that blocks IL-1b secretion only from cells transduced with
the AAV vector. To permit the visualization of TatM013
protein, which has the potential to impact surrounding cells
that may not be directly transduced by the gene therapy
vector, the TatM013 coding sequence was fused to a se-
quence encoding a secretable version of GFP. This fusion
construct was expressed as a single recombinant protein
containing the N-terminal secretory signal from the Igj gene
fused to GFP and linked at the C terminus to the TatM013
gene and separated by a furin cleavage site sequence (Fig.
2A). This secretion system has been demonstrated to deliver
and secrete a small peptide derived from angiotensin.21 To
study the expression of the novel sGFP-TatM013 fusion
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construct, we cloned it in a lentiviral plasmid under the
control of the elongation factor (EF)-1a promoter and fused
it to the puromycin resistance (puroR) gene through a self-
cleaving 2A peptide (Fig. 2A). Expression of the fused
sGFP-TatM013 protein was demonstrated by Western blot,
which revealed a band of the predicted size using either an
antibody against the 2A peptide (not shown) or against GFP
itself (Fig. 2B). By using fluorescence microscopy, we ob-
served that control GFP had a cytoplasmic distribution,
whereas sGFP-TatM013 had a punctate pattern character-
istic of proteins within the secretory pathway22–24 (Fig. 2C).
This result suggested that the sGFP-TatM013 gene product
can be expressed and targeted for secretion.

For stable delivery to the eye, we next designed an AAV
vector to express sGFP-TatM013. AAV has proven to be

safe and effective in multiple clinical trials intended to
treat retinal disease.25–29 This construct was subcloned in a
plasmid containing the inverted terminal repeats (TRs) of
AAV2 and a truncated chimeric cytomegalovirus (CMV) b-
actin (smCBA) promoter, which is known to be ubiquitously
active in the retina30 (Fig. 3A). HEK293T cells were
transfected with the AAV plasmid delivering either con-
trol GFP or sGFP-TatM013 to determine the effect of the
secretion signal on the distribution of the fused protein.
By using fluorescence microscopy, we observed a similar
punctate pattern of distribution for GFP only among cells
transfected with sGFP-TatM013 (Fig. 3B). To demonstrate
that the sGFP-TatM013 protein was proteolyzed by furin
and secreted, we harvested conditioned media from cells
transfected with either control GFP or sGFP-TatM013.

FIG. 2. Development of a secretable and cell-penetrating TatM013 fusion construct. (A) Map of pCDH-EF1-sGFP-TatM013-
T2A-Puro plasmid. The TatM013 gene was fused to the secretable green fluorescent protein (sGFP) cDNA, separated by a furin
cleavage site sequence. The sGFP-TatM013 fusion gene was cloned in the lentiviral vector plasmid upstream and fused to the 2A
signal peptide and puroR sequence. All these sequences were cloned in-frame, which on translation generated the fused protein
sGFP-TatM013 targeted to the secretory pathway. (B) Expression of sGFP-TatM013 in lentivirus-transduced cells. HEK293T
cells stably expressing GFP, a control peptide fused to GFP or sGFP-TatM013, were lysed in NP-40 lysis buffer (Lys). Proteins in
the culture supernatant (Sup) were concentrated as described in Materials and Methods. A total of 30 lg of protein from each
sample was separated by SDS-PAGE, using a 12% gel. Expression of M013 was determined by Western blot with an anti-GFP
antibody. (C) sGFP-TatM013 protein exhibited a discrete perinuclear pattern of distribution in cells. Stably transduced HEK293T
cells were generated by transfection with either unmodified GFP or sGFP-TatM013 lentiviral vector particles and further selection
with puromycin. The expression of GFP was visualized by fluorescence microscopy. DAPI, 4¢,6-diamidino-2-phenylindole; Lys,
lysate; Sup, supernatant. Color images available online at www.liebertpub.com/hum
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Medium was concentrated and a portion of it was fractionated
on an SDS-polyacrylamide gel. In a Western blot (Fig. 3C),
GFP was detected in the conditioned medium of sGFP-
TatM013-expressing cells and was absent in the conditioned
medium of GFP-expressing cells, suggesting that secretion
and proteolysis at the furin cleavage site of the fusion protein
did occur. The biological activity of the extracellular pro-
teolyzed TatM013 was demonstrated by its ability to inhibit
inflammasome signaling in cells incubated with this condi-
tioned medium. Incubation of cells with TatM013-conditioned
medium caused a significant decrease in the amount of IL-
1b produced by cells treated with an inflammatory agent
(LPS or 4-HNE) when compared with cells that were in-
cubated with control medium (Fig. 3D). Although IL-1b
release was repressed by the TatM013 conditioned medium,
no cell death was observed after exposure to any of the con-
ditioned media. These results demonstrate that secretable
and cell-penetrating TatM013 can be expressed by AAV and

that this protein retains its anti-inflammasome activity when
exported into the conditioned medium.

AAV vector-mediated expression of sGFP-TatM013
protein is biologically active

With the goal of treating inflammatory retinal disease,
delivery of therapeutic vector to the vitreous compartment
of the eye may be clinically advantageous, because in-
travitreal injections are routinely performed in outpatient
office visits. We therefore packaged the sGFP-TatM013
plasmid in an AAV-based vector containing four tyrosine–
phenylalanine (Y–F) and one threonine–valine (T–V) mu-
tation on its capsid surface: AAV2(quadY-F + T-V). Y–F
mutations were at positions 272, 444, 500, and 730 and the
T–V mutation was at position 491. This variant is capable of
infecting multiple cell types in the retina after injection into
the vitreous compartment.31 AAV vector was injected into

FIG. 3. In vitro confirmation of the sGFP-TatM013-expressing AAV vector. (A) Map of the pTR-smCBA-sGFP-TatM013
plasmid. The sGFP-TatM013 sequence was cloned in an AAV plasmid between AAV2 inverted terminal repeats (TRs). (B)
Cellular distribution of sGFP-TatM013. HEK293T cells were transfected with the pTR-smCBA-sGFP-TatM013 plasmid.
GFP expression was validated at 48 hr, by fluorescence microscopy. As a control, HEK293T cells were transfected with
pTR-smCBA-GFP plasmid, which delivers an unmodified GFP gene. (C) Secretion of the sGFP-TatM013 fusion protein
into the medium of transfected cells. Conditioned media from the cells imaged in (B) were concentrated. Protein samples
from lysed cells (Lys) and conditioned media (Sup) were separated by SDS-PAGE, and GFP was detected with an anti-GFP
antibody. (D) The biological activity of secreted TatM013 was measured in human ARPE-19 cells (left). A total of 500 ll of
medium from cells transfected as in (B) (conditioned for 48 hr) was overlaid on ARPE-19 cells for 1 hr. Cells were
incubated with or without 4-HNE (40 lM) for 18 hr by adding this reagent to the wells without removing the conditioned
medium, and secreted IL-1b was quantified by ELISA. The biological activity of secreted TatM013 was measured in murine
RAW 264.7 cells (right). Conditioned medium containing either GFP- or sGFP-TatM013-transfected cells was overlaid on
RAW 264.7 cells. Cells were then incubated with or without LPS (18 hr), and secreted IL-1b was quantified by ELISA
(n = 3, average – SEM). *p £ 0.05; **p £ 0.001; ***p £ 0.0001. Color images available online at www.liebertpub.com/hum
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the vitreous fluid of right eyes (3 · 109 vector genomes de-
livered) of C57B/6J mice. As a control, the left eyes were
injected with the same capsid mutant driving only GFP. This
vector was chosen to control for the impact of ocular in-
jection on the release of neurotrophic factors such as basic
fibroblast growth factor (bFGF) and ciliary neurotrophic
factor (CNTF) as reported in the literature.32,33 Two weeks
after injection all mice were inspected by spectral domain
optical coherence tomography (SD-OCT) to rule out retinal
detachments and inflammatory infiltrates in the vitreous.
Importantly, neither the GFP-expressing virus nor the sGFP-
TatM013-expressing virus led to ocular inflammation.
Mice were evaluated by fluorescence funduscopy 4 weeks
after vector injection. Fluorescence imaging revealed that
AAV2(quadY-F + T-V)-smCBA-mediated GFP expression
was robust and panretinal, with the most intense labeling

surrounding retinal blood vessels. In contrast, AAV2(qua-
dY-F + T-V)-mediated sGFP-TatM013 exhibited a diffuse
pattern of fluorescence suggesting secretion of the fused
protein. This diffuse fluorescence, however, was not ob-
served in noninjected control animals, indicating that the
signal was caused by the expression of sGFP (Fig. 4A).

To test the biological activity of our AAV vector in a
model of acute ocular inflammation, we used the well-
characterized endotoxin-induced uveitis (EIU) mouse model
first described by Rosenbaum and colleagues.34 Increases in
IL-1b and other cytokines have been reported in this mod-
el,35 making it a suitable in vivo system for testing the
efficacy of our viral vector. The biological activity of AAV-
mediated sGFP-TatM013 was next evaluated by inducing an
inflammatory response in the treated eyes by an injection of
LPS 5 weeks after AAV injection. Levels of IL-1b in the

FIG. 4. Expression of the AAV-vectored TatM013 gene product inhibits the inflammatory response observed in the endotoxin-
induced uveitis (EIU) model. (A) Fundus of mice injected intravitreally with either AAV-GFP (left eye) or AAV-sGFP-TatM013
(right eye). Bright-field and fluorescence images of a noninjected eye (No Vector) are shown for comparison. (B) One week later,
three mice were injected intravitreally with 175 ng of LPS (both eyes), and their vitreous humor was harvested 24 hr later. The
secreted IL-1b concentration was quantified by ELISA (average – SEM). (C) Representative micrographs from eyes injected with
either GFP or sGFP-TatM013 AAV vector after induction of uveitis (with 25 ng of LPS). Paraffin-embedded eyes were sectioned
and stained (hematoxylin–eosin, H&E). Bright-field images were taken at original magnifications of · 5 and · 10 to observe
infiltrating cells. (D) Expression of the TatM013 gene product from AAV decreased inflammation in the EIU mouse model. Five
mice were injected as described in (A). Twenty-four hours after the injection of 25 ng of LPS mouse eyes were harvested and
processed for paraffin sections. The eye sections were stained with H&E and the infiltrating cells were counted by a masked
observer (average – SEM). vg, vector genomes. *p £ 0.05. Color images available online at www.liebertpub.com/hum
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vitreous body were quantified by subjecting the harvested
vitreous (as described in Materials and Methods) to an
ELISA. The concentration of IL-1b was significantly lower
in the samples from eyes treated with sGFP-TatM013 than
in the GFP-treated control eyes (Fig. 4B). To quantify the
effect of our vector on the recruitment of infiltrating cells,
we used the minimal dose of LPS (25 ng) that would induce
uveitis, allowing us to count these cells by light microscopy.
To quantify the amount of infiltrating leukocytes in response
to LPS challenge, eyes were harvested 24 hr after LPS in-
jection, when inflammatory cell infiltration response peaks
in the C57BL/6J strain,35 and fixed and embedded in par-
affin for sectioning and staining with hematoxylin and eosin
(Fig. 4C). The average number of immune cells infiltrating
the vitreous chamber in AAV-sGFP-TatM013-treated eyes
was reduced by nearly 50% relative to eyes treated with
control AAV-GFP (Fig. 4D). These results indicate that
expression of the fusion gene sGFP-TatM013 significantly
reduced the infiltrating inflammatory cell response in this
widely used model of ocular inflammation. Furthermore,
these results indicated that the TatM013 fusion gene had
anti-inflammatory activities that could be measured both in
cultured cells and in the eyes of test animals.

Discussion

Inflammation contributes to the pathology of chronic
diseases affecting many organ systems and tissues, includ-
ing the CNS. In the brain, activation of glial cells is thought
to play a role in the etiology of Alzheimer disease36 and
amyotrophic lateral sclerosis (ALS).37,38 In the retina,
chronic inflammation has been implicated in age-related
macular degeneration (AMD), but the sources of that in-
flammation are a matter of conjecture and include such
disparate molecules as oxidized lipids,39 bis-retinoids,40

double-stranded RNA,41 and amyloid peptides.42,43 To
suppress inflammation that may arise from more than one
stimulus affecting a variety of cell types within complex
tissues such as the eye, we exploited a generalized anti-
inflammatory strategy perfected by poxviruses. The myx-
oma virus M013 gene is expressed as a small (*19 kDa)
cytoplasmic PYD-containing protein which interacts with
two important regulatory components of innate immunity:
NF-jB/p105 and the ASC of the inflammasomes. Expres-
sion of M013 protein thus blocks two important innate im-
mune signaling cascades and reduces the secretion of
inflammatory cytokines under their control: for example, IL-
1b and IL-18 under inflammasome control and TNF and
IL-6 under NF-jB control.6–8 In infections of susceptible
hosts (rabbits of the genus Oryctolagus), suppression of
the immune response by myxoma is so successful that a single
infectious virion is sufficient to kill an adult rabbit.4 Viruses
deleted for the M013 gene, however, are severely attenuated
because of the inability of the mutant virus to inhibit innate
immune and inflammatory responses of the host.6,7 Some of
the immunomodulators expressed by this virus act only within
this rabbit species, but others, such as M013, inhibit host cell
targets in a wide variety of species.1,44 Thus, the M013 pro-
tein inhibits both NF-jB and inflammasome signaling in
human and murine cells, as well as in rabbits.7

Although the retinal pigment epithelium (RPE) plays a
major role in the secretion of inflammatory cytokines in

diseases such as uveitis and AMD, other important sources
of proinflammatory molecules include Müller glia, the ma-
jor resident macroglial cells of the retina, retinal microglia,
and vascular endothelial cells. Because there are multiple
sources of induced inflammatory pathways, we constructed
an AAV2-based capsid mutant that expresses a secretable
and cell-penetrating fused version of M013. The N-terminal
signal sequence from immunoglobulin j led to efficient
section of an sGFP-TatM013 fusion protein, with the GFP
cleaved from TatM013 by furin during the secretion phase.
The cell penetration signal derived from HIV tat permitted
entry of the TatM013 fusion protein into intact non-
transduced cells in the surrounding tissue. Cell culture ex-
periments indicated that this fused TatM013 gene retained
the immune suppressive properties of the parental M013
protein. The sGFP-TatM013 fusion protein inhibited the
secretion of ligand-induced IL-1b in relevant cell types, the
mouse monocyte line RAW 246.7, human myeloid THP-1
cells, and the RPE-like human ARPE-19 line, even after
incubation in media from various cells that had secreted
M013. When injected in mouse vitreous this capsid mutant
of AAV coexpressed recombinant M013 protein and GFP
with a pattern of fluorescence consistent with a secreted
protein. Furthermore, transduction with this AAV vector
also led to a significant decrease in the recruitment of in-
flammatory cells in the vitreous, when eyes were challenged
with LPS 1 month after vector delivery in the EIU mouse
model.

The eye presents a particularly useful tissue to test im-
munomodulatory therapy against chronic inflammatory
syndromes, using AAV gene therapy vectors armed with
this secreted tat-fusion version of M013. Inflammation in
the eye is localized and, because the TatM013 protein is
secreted from cells that take up and express the AAV-
TatM013 vector, a low dose of vector delivered to the vit-
reous compartment should protect all layers of the retina
from inflammatory signals that arise locally. Indeed,
monoclonal antibodies that bind vascular endothelial growth
factor (VEGF)-A are delivered directly to the vitreous in
order to block neovascularization from the choroid, on the
other side of the neural retina.45 Tseng and colleagues
demonstrated that activation of the inflammasome could be
associated with the low-grade inflammation associated with
dry AMD.46 Activation of the NLRP3 inflammasome has
also been reported in donor samples and in mouse models of
AMD.41,47 In addition to uveitis, there are other diseases of
the eye that may be amenable to therapy with this novel
AAV-TatM013 vector. For example, we developed a mouse
model of geographic atrophy, based on oxidative stress in
the RPE.48 We will next evaluate the secreted, cell-pene-
trating M013 for its ability to protect photoreceptor structure
and function in the face of increased oxidative stress.

This is the first report of a virus-derived inhibitor of in-
nate immunity expressed from a gene therapy vector that
demonstrates usefulness for protecting neighboring, non-
transduced cells against inflammatory insults that emanate
from the target tissue. As a regimen of immunosuppressive
gene therapy, systemic treatment with TatM013 might be
more applicable when production of the fusion protein can
be regulated with exogenous inducers. But even without
specific regulation of the TatM013 gene, localized AAV-
mediated expression of the secreted M013 may be of value
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for chronic autoimmune disorders or other organ-specific
inflammatory diseases.
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