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PURPOSE. To characterize the intraocular immune cell infiltrate induced by intravitreal
adeno-associated virus (AAV) gene therapy.

METHODS. AAV vectors carrying plasmids expressing green fluorescent protein under the
control of PR2.1 were injected intravitreally into AAV naive and AAV primed C57Bl/6
mice. Clinical inflammation was assessed using optical coherence tomography. Intraoc-
ular immune cell populations were identified and quantified by flow cytometry on days
1, 7, and 29 after intravitreal injection and compared with sham and fellow eye controls.

RESULTS. Optical coherence tomography inflammation score and total CD45+ cell number
were significantly higher in AAV injected eyes compared to uninjected fellow eye and
sham injected controls. Clinically apparent inflammation (vitritis on optical coherence
tomography) and cellular inflammation (CD45+ cell number) was significantly increased
in AAV injected eyes and peaked around day 7. Vitritis resolved by day 29, but cellu-
lar inflammation persisted through day 29. On day 1, neutrophils and activated mono-
cytes were the dominant cell populations in all AAV injected eyes. On day 7, eyes of
AAV exposed animals had significantly more dendritic cells and T cells than eyes of
AAV naive animals. By day 29, CD8– T cells were the dominant CD45+ cell population
in AAV injected eyes.

CONCLUSIONS. Intravitreal AAV injection in mice generates clinically evident inflammation
that is mild and seems to resolve spontaneously. However, the total number of intraocular
CD45+ cells, particularly T cells, remain elevated. Both innate and adaptive immune cells
respond to intravitreal AAV regardless of prior immune status, but the adaptive response
is delayed in AAV naive eyes.
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Adeno-associated virus (AAV) is the most widely used
vector platform for gene therapy delivery in many

organ systems, including the eye.1 This is largely due to
its wide tissue tropisms, persistent gene expression with-
out genomic integration, and history of safe application.
Over thirty ocular gene therapy clinical trials have been
performed or are underway for a range of inherited reti-
nal diseases including choroideremia, Leber hereditary optic
neuropathy, Stargardt disease, X-linked retinoschisis, and
X-linked retinitis pigmentosa.2 The 2017 FDA approval of
Vortigene naeparovec (Luxturna) for the treatment of Leber’s
congenital amaurosis brought ocular gene therapy into clin-
ical practice, with other clinical trials in phases I/II and
III.3 Apart from the risk of the invasive procedure required
to deliver gene therapy to the eye, there is now mounting
evidence that uveitis can develop after intravitreal or subreti-
nal vector administration.4–7 The relevance of gene therapy
associated uveitis (GTAU) to therapeutic efficacy and safety,
the immune mechanisms responsible, and appropriate treat-
ment strategies to control the inflammation in gene therapy
recipients are all important areas of active investigation.

Modeling GTAU in mice provides access to a wide range
of genetic and immunologic tools for studying the ocular
immune response to gene therapy and for the precise deter-
mination of the immune mechanisms involved. Furthermore,
this model system provides a good platform for preclinical
testing of corticosteroid-sparing strategies that could be used
to prevent or manage GTAU in humans. In this study, we
establish a reliable murine model of GTAU using an AAV2
capsid and photoreceptor specific green fluorescent protein
(GFP) expression cassette. We used this model to charac-
terize the time course and longitudinal cellular populations
responsible for GTAU after intravitreal injection. Addition-
ally, we test the impact of prior AAV exposure on GTAU.

METHODS

Mice, Vector Preparation, and Intravitreal
Injection

Male and female C57BL/6 WT mice ranging in age from
6 to 10 weeks old were bred or purchased from Jackson
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Laboratories (Bar Harbor, ME) and maintained with stan-
dard chow and water ad libitum under specific pathogen-
free conditions. Drinking water was supplemented with
acetaminophen (200–300 mg/kg) after intravitreal injection
to minimize discomfort. The animal study protocol was
approved by the Animal Care and Use Committee of the
University of Washington (animal study protocol #4481-02)
and was compliant with ARVO guidelines for use of animals
in vision research or by standard laboratory protocols.

Four different AAV preparations (AAV Prep #1–4) were
used in the pilot study. Only AAV Prep #2 was used for flow
cytometry analysis. The cargo in each preparation is a varia-
tion of the PR2.1-RHLOPS construct used by Mancuso et al.8

AAV Prep #1 cargo was PR2.1-GFPv1.0, which is identical to
PR2.1-RHLOPS except that the recombinant human L Opsin
(RHLOPS) cDNA was replaced with the coding sequence for
eGFP. Prep #1 was packaged into an AAV2 capsid at a titer of
1.45 × 1012 vg/mL. AAV Prep #2 cargo was a modified plas-
mid called PR2.1-GFPv2.0 (Supplementary Fig. S1B). AAV
Prep #2 was packaged into an AAV2 capsid at a titer of 1.5 ×
1013 vg/mL. AAV Prep #3 was made using a modified plasmid
called PR2.1-GFPv3.0 (Supplementary Fig. S1B), packaged
into an AAV2-7m8 capsid9 at a titer of 4.77 × 1014 vg/mL.
AAV Prep #4 was made using a plasmid called PR2.1-GFP
SV40 (Supplementary Fig. S1B) packaged into an AAV2-7m8
capsid at a titer of 4.19 × 1014 vg/mL. AAV preps #1, #3, and
#4 were packaged using the adenovirus-free triple plasmid
method.9 AAV Prep #2 was packaged by the UW VECTOR
core (MDCRC, Muscular Dystrophy Cooperative Research
Center) using standard protocols as outlined by Halbert
et al.10 and adapted for AAV2 packaging.

Intravitreal injections were performed as described previ-
ously.11,12 Briefly, animals were anesthetized and topical
tetracaine, 2.5% phenylephrine, and 5% betadine were
applied to the right eye. We then administered 1.5 μL of viral
vector or PBS (sham injection) by intravitreal injection. One
month before intravitreal injection, animals in the exposed
cohorts received an intramuscular injection of 1.5 × 1013 vg
of AAV Prep #2 in 50 μL of 1 M PBS.13

Optical Coherence Tomography (OCT) System,
Image Acquisition, and Analysis

OCT images were taken as described previously.12 Briefly,
images were acquired using the Bioptigen Envisu R2300
(Bioptigen, Inc., Morrisville, NC). Animals were anesthetized
and eyes were dilated with phenylephrine (2.5%, Akorn,
Inc., Lake Forest, IL) and corneal protection provided by
Genteal (Alcon Laboratories, Inc. Fort Worth, TX). Animals
were wrapped in warming gauze and placed in the prone
position on the Bioptigen mouse imaging cassette. For the
anterior chamber, 3.6 × 3.6 mm images (1000 A-lines/B-
Scan × 400 B-scans) were captured using a Bioptigen 12-mm
telecentric lens (product # 90-BORE-G3-12; Bioptigen, Inc.,
Wetzlar, Germany). For posterior chamber imaging, 1.6 ×
1.6 mm images (1000 A-lines/B-scan × 200 B-scans) were
captured using the Bioptigen mouse retina lens (product
# 90-BORE-G3-M; Bioptigen, Inc., Wetzlar, Germany). The
degree of clinical inflammation was determined by count-
ing the number of inflammatory cells present in the aque-
ous or vitreous on an OCT B-scan image. Cell counts were
performed by a manual grader masked to eye, treatment,
and day. An inflammatory cell was defined as a discrete

hyper-reflective dot in the aqueous on anterior segment OCT
images or in the vitreous on posterior segment OCT images.

Flow Cytometry

After OCT imaging, the animal was euthanized and both
right (injected) and left (fellow, uninjected) eyes were
enucleated and intraocular contents collected separately as
described by John et al.14 Briefly, each eye was rinsed in
a flow buffer, placed in 50 μL of flow buffer, the cornea
and lens removed, and the aqueous humor, iris, vitreous,
retina, and retinal pigmented epithelium were collected.
The intraocular contents were incubated with 10 mg/mL
of DNAse (Roche, Germany) and 0.5 mg/mL of colla-
genase (Roche, Germany) at 37°C for 25 minutes, and
passed through a 70 μg filter and washed with flow buffer.
Single cells were counted using a Nexcelom Cellometer
Auto 2000 (Nexcelom Bioscience, MA). For each sample,
1 × 106 cells were stained with Zombie Aqua Fixable
Viability dye (Biolegend, San Diego, CA) and incubated
in Fc Block (2% per sample; Biolegend). The cells were
stained with primary antibodies from Biolegend (Lys6G-
AF647 [1A8,127609], Lys6C-FITC [HK1.4,128005], CD11b-
PerCPCy5.5 [m1/70,101227], CD3-BV421 [17A2, 100228],
CD19-BV605 [6D5, 115539], CD11c-APC/fire F780 [N418,
117351], NK1.1-PE [Pk136, 108707], and CD45-BUV395
[30-F11, 565967]) for 30 minutes at 4°C. After stain-
ing, cells were washed and fixed with 1% paraformalde-
hyde in PBS. Data were acquired with a BD LSRII flow
cytometer using BD FACSDiva software (BD Bioscience,
Franklin Lakes, NJ). Cell counts were obtained using Count-
Bright counting beads according to manufacturer proto-
cols. Compensation was performed using single color
controls prepared from BD Comp Beads (BD Biosciences).
Cell lineages were defined by the following combination
of cell surface markers: T cells (CD45+,CD3+,CD19-), B
cells (CD45+,CD3-,CD19+), NK cells (CD45+, CD11blo-mid,
NK1.1+), NK T cells (CD45+,CD11blo-mid, NK1.1+, CD3+),
dendritic cells (CD45+, CD11bhi,CD11chi), neutrophils
(CD45+, CD11bhi, Ly6G+), inflammatory macrophages
(CD45+,CD11bhi, Lys6Chi), microglia (CD45+, CD11bhi,
NK1.1- cd11c-, Ly6c-). The gating strategy is shown in
Supplemental Fig. S2. Data analysis was performed using
FlowJo v10.1 software (FlowJo LLC, Ashland, OR).

Immunohistochemistry

Eyes were enucleated and fixed in 4% PFA (Electron
Microscopy Services, Hatfield, PA) for 1 hour at room
temperature (RT), followed by a 30% sucrose solution for
1 hour at RT. OCT Compound (Tissue Tek, Torrance, CA)
was added to the 30% sucrose solution to create a 1:1
ratio and eyes were fixed for an additional hour at RT. The
eyes were then placed in cryosectioning molds filled with
OCT Compound and stored at –80°C. Cryosectioning was
performed on the Leica CM 1850. The sections obtained
were 8 μm thick. Slides were incubated with PBSTx (Boston
Bioproducts, Ashland, MA) for 1 hour at RT, then 5% Normal
Goat Serum (Fisher, #01-6201, Hampton, NH) for 1 hour at
RT, followed by a 1:200 dilution of GFP antibody (Fisher #A-
21311) at +4°C overnight. After 24 hours, the slides were
mounted with mounting media + DAPI (Southern BioTech,
Birmingham, AL). Images were obtained using an AMG
EVOS inverted fluorescence microscope (Advanced Micro-
scope Group, Millcreek, WA).
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FIGURE 1. Model illustrating the induction of AAV GTAU. (A) Clinical inflammation was scored on OCT images of the posterior segment.
Results from four cohorts of mice (AAV Preps #1-4) were combined and the average vitreous cell count per day are shown. (B) At 40x
magnification, GFP expression (green) is detected in a photoreceptor (white box) and multiple inner retinal cells 30 days after AAV2-
PR2.1-GFP IVT. DAPI (blue) marks retinal nuclei. (C) Mice that were either naive or exposed to AAV received an intravitreal injection of
AAV2-PR2.1-GFP or PBS (sham) in the right eye. (D) Outline of experimental study procedures by day. IHC, immunohistochemistry; IVT,
intravitreal injection.

Statistical Analysis and Images

Data were graphed and analyzed in GraphPad Prism
(version 8.0, GraphPad Software Inc. San Diego, CA). The
OCT scores and cell counts were compared between groups
on each day using ordinary one-way ANOVA with pairwise
post hoc comparisons by Sidak’s multiple comparison test.
Corrected P values reported with a P value of 0.05 or less
were considered significant. Mouse graphics were created
with BioRender.com.

RESULTS

There are few reports of visible inflammation in murine eyes
after intravitreal injection of AAV gene therapy vectors. We
hypothesized that inflammation had been present in prior
murine studies, but not detected because it had not been
specifically sought. An alternative hypothesis is that inflam-
mation is associated with specific vector variables, includ-
ing the immunogenicity of specific viral capsids, high viral
dose, and contamination from lipopolysaccharide, proteins,
or empty viral capsids owing to different packaging proto-
cols.6,15,16 To address these possibilities, we used serial OCT
imaging as a sensitive method for detecting anterior cham-
ber cell and vitritis in murine eyes.12,17,18 We also tested four
different AAV preparations that varied over a range of viral
doses (109–1011 viral genomes/eye), by packaging capsid
(AAV2 or AAV2-7m8), cargo plasmid (see maps in Supple-
mentary Fig. S1), or packaging protocol (research laboratory
or viral gene therapy core facility) to determine whether the
inflammation would be dependent on a variable present in
any one preparation.

Eighteen right eyes were injected with one of four AAV
preparations (n = 4–5 eyes per preparation) and longi-
tudinal anterior and posterior segment OCT imaging was

performed starting the day after intravitreal injection and
continued at 2- to 5-day intervals over the course of 1 month.
Inflammation on each day was quantified as the total number
of vitreous cells identified on the OCT scan centered on
the optic nerve head (Fig. 1A, Supplementary Fig. S1A). At
baseline, before intravitreal injection, OCT imaging identi-
fied vitreous cells in 13 of 18 eyes (mean cell number, 3.7 ±
3.4; maximum cell number, 11). Incident inflammation after
intravitreal injection was, therefore, defined as the presence
of 10 or more vitreous cells per image and two or more
times the baseline number of vitreous cells for the same
eye. Anterior chamber (AC) inflammation in the form of AC
cells and keratic precipitates was noted sporadically on qual-
itative analysis. Additional AC quantitative analysis was not
performed. On day 1 after intravitreal injection, 10 of the
18 eyes demonstrated incident vitreous inflammation. AAV
Prep #1 had an average of 25.5 ± 37.3 cells per image, AAV
Prep #2 had an average of 7.0 ± 6.7 cells per image, AAV
Prep #3 had an average of 18.2 ± 9.8 cells per image, and
AAV Prep #4 had an average of 11.8 ± 5.6 cells per image.
On day 7, all AAV injected eyes (18/18) demonstrated inci-
dent inflammation. AAV Prep #1 had an average of 57 ± 61.6
cells per image, AAV Prep #2 had an average of 71.8 ± 15.6
cells per image, AAV Prep #3 had an average of 103.2 ± 49.5
cells per image, and AAV Prep #4 had an average of 86.0 ±
40.3 cells per image. By day 28, cell counts had returned to
baseline levels in eyes injected with AAV Preps #2, #3, and
#4, but remained nonsignificantly elevated in AAV Prep #1
injected eyes (27.5 cells per image ± 20.0; P = 0.40). To
verify successful transduction of retinal cells, immunohisto-
chemistry was performed on day 30 eyes. GFP expression
was noted in rare photoreceptor cells as well as multiple
inner retinal cells (Fig. 1B).

Owing to the development of vitritis detectable by OCT
in all injected eyes regardless of AAV preparation variable,
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FIGURE 2. Intravitreal AAV injection generates uveitis in both AAV naive and AAV exposed animals. (A) OCT images of the posterior segment
of eyes from AAV naive or AAV exposed animals injected with either AAV2-PR2.1-GFP or PBS (sham). Inflammatory cells can be seen in
the AAV injected eyes, but not in PBS injected eyes. (B) Quantification of inflammatory cells on OCT images obtained at baseline (before
injection), day 1, day 7, and day 29 after intravitreal injection. Bars indicate mean and standard deviation. (C) Representative day 7 flow
cytometry dot plots from injected and fellow eyes illustrating the gate used to quantify intraocular CD45+ cells. (D) The total number of
CD45+ cells per injected eye for each treatment group on days 1, 7, and 29. (E) The total number of CD45+ cells per AAV injected (right)
eye and uninjected (left) fellow eye on days 1,7, and 29. (F) The total number of CD45+ cells per sham injected (right) eye and uninjected
(left) fellow eye on days 1, 7, and 29. *P < 0.05; **P < 0.01; ***P < 0.001. One-way ANOVA with Sidak’s post hoc test.

we concluded that inflammation in murine eyes is likely a
common response to intravitreal AAV and that the mouse
could be a useful model system for GTAU. To proceed with
further mechanistic studies using a vector capsid, prepara-
tion protocol, and dose with the best relevance to the vision
science community, we selected AAV Prep #2, the AAV2-
PR2.1-GFP provided by the gene therapy core facility at 1.5
× 1013 vg/mL (dose 1.5 × 1010 vg/eye).

Next, we designed a study with four treatment arms that
would measure the inflammation associated with intravit-
real injection of AAV2-PR2.1-GFP and intravitreal injection
of PBS (sham) in both AAV naive and AAV exposed animals
(Fig. 1C). AAV exposure was provided by intramuscular
injection of AAV Prep #2 1 month before intravitreal injec-
tion. A total of 25 animals received an intravitreal injection of
PBS (Naive:Sham, n= 16 or Exposed:Sham, n= 9). A total of
35 animals received an intravitreal injection of AAV2-PR2.1-
GFP (Naive:AAV, n = 22 or Exposed:AAV, n = 13). Clinical
signs of inflammation were monitored and quantified using
OCT imaging. At each time point, a cohort of animals in each
treatment arm were sacrificed and eyes were collected for
analysis of inflammatory cells by flow cytometry (Fig. 1D).
Based on the time course of inflammation determined from
the pilot study, day 1 (24 hours after injection) was chosen to
evaluate the acute inflammatory response, day 7 was chosen

for evaluation of the peak inflammatory response, and day
29 chosen for evaluation of the resolved response.

Baseline OCT imaging was performed on all eyes before
intravitreal injection. No significant differences in the base-
line vitreous cell number were identified between Sham
and AAV injected controls or between the AAV naive or
AAV exposed animals (Fig. 2B). On day 1, OCT vitre-
ous cell number increased in AAV injected eyes, but not
in sham injected eyes (Naive:Sham 6.4 ± 7.4 cells per
image [maximum, 26] vs. Naive:AAV 24.1 ± 20.2 cells per
image [maximum 71]; P = 0.08) and (Exposed:Sham 2.1
± 2.8 cells/image [maximum, 8] vs. Exposed:AAV 35.2 ±
44.0 cells/image [maximum, 168]; P < 0.01). Day 7 scores
in AAV injected eyes were significantly higher than in their
respective sham injected control eyes (Naive:Sham 12.8 ±
16.8 cells per image vs. Naive:AAV 83.7 ± 52.7 cells per
image [maximum, 174]; P < 0.001) and (Exposed:Sham 9.3
± 12.2 cells per image vs. Exposed:AAV 91.6 ± 57.5 cells
per image [maximum, 208]; P < 0.01). On day 29, scores in
AAV injected eyes had decreased to near baseline levels, and
were not increased compared with sham injected controls
(Naive:Sham 3.6 ± 2.7 cells per image [maximum, 7] vs.
Naive:AAV 13.4 ± 11.7 cells per image [maximum, 34];
P = 0.08) and (Exposed:Sham 5.7 ± 8.1 cells per image
[maximum, 15] vs. Exposed:AAV 13.8 ± 8.3 cells per image
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[maximum, 26]; P = 0.26). There were no significant differ-
ences in OCT vitreous cell number in Naive:AAV eyes and
Exposed:AAV eyes at any time point.

Next, we quantified the number of CD45+ cells present
in individual eyes on days 1, 7, and 29 using flow cytometry
(Fig. 2C, Supp Fig. S3). Comparisons were made between
AAV and sham injected controls (Fig. 2D) and injected
eyes and uninjected fellow eyes from the same animal
(Figs. 2E, 2F). On day 1, the increase in CD45+ cells in
AAV injected eyes was significant when compared with unin-
jected fellow eyes: Naive:AAV (injected 4305 ± 1174 cells
per eye vs. fellow 1083 ± 359 cells per eye; P < 0.0001)
and Exposed:AAV (injected 2999 ± 849 cells per eye vs.
fellow 1094 ± 486 cells per eye; P < 0.01) and sham injected
controls: (Naive:Sham 1361 ± 689 cells per eye; P < 0.001)
and (Exposed:Sham 1036 ± 342 cells per eye; P < 0.05).
The total CD45+ cell number on day 1 was not significantly
increased in eyes injected with PBS when compared with
uninjected fellow eyes: Naive:Sham (fellow 960 ± 273 cells
per eye; P = 0.48), and Exposed:Sham (fellow 635 ± 290
cells per eye; P = 0.67). CD45+ cell number in AAV injected
eyes peaked on day 7 and remained significantly increased
when compared with uninjected fellow eyes: Naive:AAV
(injected 10,918 ± 4814 cells per eye vs. fellow 941 ± 234
cells per eye; P < 0.001) and Exposed:AAV (injected 14,147
± 3844 cells per eye vs. fellow 745 ± 235 cells per eye; P
< 0.0001) and sham injected controls (Naive:Sham eyes 791
± 293 cells per eye; P < 0.001) and (Exposed:Sham 461 ±
175 cells per eye; P < 0.001). By day 29, the CD45+ cell
number decreased from peak levels in Naive:AAV injected
eyes, but remained significantly increased when compared
with uninjected fellow eyes (Naive:AAV injected 7444 ± 5111
cells per eye vs. Naive:AAV fellow 1152 ± 675 cells per eye;
P < 0.01) and Naive:Sham injected eyes (987 ± 595 cells per
eye; P < 0.05). On day 29, the CD45+ cell number decreased
from peak levels in Exposed:AAV injected eyes (3392 ± 1758
cells per eye) but remained nonsignificantly elevated when
compared with uninjected fellow eyes (1153 ± 619 cells per
eye; P = 0.52) and Exposed:Sham injected eyes (642 ± 161
cells per eye; P = 0.68).

We then compared the impact of prior exposure to
AAV on inflammatory cell populations in AAV2-PR2.1-GFP
injected eyes over time (Fig. 3). The pie charts depict
each cell population as the percent of the total intraoc-
ular CD45+ cell population, which represent the aver-
age results of four to six individual eyes per time point
(Fig. 3A). On day 1 after intravitreal injection, the major-
ity (82%) of CD45+ Cells in Naive:AAV eyes were either
neutrophils (42%), Ly6Chigh macrophages (28%), or retinal
microglia (12%). In Exposed:AAV eyes, the same cell types
accounted for a slightly smaller majority (71%) with Ly6Chigh

macrophages (35%) comprising the dominant population
instead of neutrophils (22%). Exposed:AAV eyes also had a
larger proportion of NK cells (7% vs. 2%) and T cells (9%
vs. 5%) when compared with Naive:AAV eyes. On day 7,
neutrophils had almost completely disappeared from both
Naive:AAV and Exposed:AAV eyes (both <2%). In Naive:AAV
eyes, Ly6Chigh monocytes (37%) became the dominant popu-
lation along with NK cells (22%) and T cells (19%). In
contrast, in Exposed:AAV eyes, innate cells such as Ly6Chigh

monocytes (18%) and NK cells (13%) were less populous
than T cells (35%). An additional marked difference between
the Naive:AAV and Exposed:AAV day 7 results was the
greater proportion of dendritic cells in Exposed:AAV eyes
(7% vs. <1%). By day 29, T cells were the dominant cell

type in both Naive:AAV (49%) and Exposed:AAV (46%) eyes,
and all innate cell populations besides retinal microglia had
decreased to 10% or less of the total CD45+ cells.

These longitudinal changes in intraocular inflammatory
cell populations were also compared using the absolute
numbers of each cell type per day (Fig. 3B, Supp Fig.
S3). Although there were no significant differences in
total CD45+ cell number between AAV injected eyes in
either the Naive:AAV or Exposed:AAV animals on any day
(Fig. 2D, Fig. 2E), there were significant differences in the
total number of certain cell types. On day 1, there were
significantly more neutrophils in Naive:AAV eyes (1932 ±
929 cells per eye) than in Exposed:AAV eyes (682 ± 316 cells
per eye; P < 0.001). On day 7, there were significantly more
Ly6Chigh monocytes in Naive:AAV eyes (3949 ± 1465 cells
per eye) than in Exposed:AAV eyes (2615 ± 894; P < 0.05).
Together, these day 1 and day 7 data suggest a more robust
innate immune response in Naive:AAV eyes. In contrast, on
day 7, there were significantly more dendritic cells and T
cells in Exposed:AAV eyes (DC: 903 ± 195 cells per eye; T
cell, 100 ± 2,278 cells per eye) than in Naive:AAV eyes (DC,
46 ± 30 cells per eye [P < 0.01]; T cell, 2080 ± 1078 cells
per eye [P < 0.05]), suggesting an earlier adaptive response
in Exposed:AAV animals. However, by day 29, dendritic cell
and T cell numbers decreased in Exposed:AAV (DC, 102 ± 82
cells per eye; T cell, 1520 ± 644 cells per eye) and increased
in Naive:AAV (DC, 750 ± 670 cells per eye, T cell, 3555 ±
2,438 cells per eye), suggesting the adaptive response was
present but delayed in Naive:AAV eyes. On day 29, there
were three- to seven-fold fewer T cells and dendritic cells in
sham injected eyes than in AAV injected eyes (Naive:Sham:
DC, 41 ± 72 cells per eye; T cells, 149 ± 99 cells per eye)
and (Exposed:Sham: DC, 5 ± 3 cells per eye; T cell, 232
± 105 cells per eye), suggesting that the AAV injected eyes
were experiencing on-going inflammation. For NK and NK
T cells, there were no significant differences in the number
of cells in the naive or exposed cohorts, and both conditions
demonstrated a similar influx pattern that peaked on day 7
and decreased on day 29.

Owing to the importance of the cytotoxic CD8+ T-cell
response in liver toxicity associated with gene therapy for
hemophilia,19 we quantified the number of CD8+ T cells
in eyes injected with AAV Prep #2 (Fig. 3B). There were
no significant differences in the total number of CD8+
cells between Naive:AAV and Exposed:AAV eyes on any day,
but on day 7 there were significantly more CD8– T cells
in Exposed:AAV eyes (4069 ± 1986 cells per eye) when
compared with Naive:AAV eyes (1358 ± 627 cells per eye; P
< 0.01), suggesting a more robust CD4+ T-cell response in
the AAV exposed condition.

DISCUSSION

In this study, we demonstrate the consistent induction of
GTAU in mice after intravitreal injection of an AAV2 gene
therapy vector. GTAU manifested clinically as vitritis that was
detectable both by OCT imaging and by significant increases
in intraocular CD45+ cells. Importantly, although the clini-
cally apparent vitritis subsided after 1 month, the increase in
total intraocular CD45+ cells persisted, and were predom-
inantly T cells regardless of prior AAV exposure. To our
knowledge, this study is the first to investigate GTAU inflam-
matory cell infiltrate in ocular tissues longitudinally and with
flow cytometry. Despite the downregulatory immune envi-
ronment in the eye, we show that all the major cell types of



Characterization of GTAU Following IVT AAV IOVS | February 2021 | Vol. 62 | No. 2 | Article 41 | 6

FIGURE 3. Prior AAV exposure impacts leukocyte population dynamics over the time course of GTAU. (A) Pie graphs showing intraocular
inflammatory cell populations in Naive:AAV and Exposed:AAV injected eyes as a percent of the total CD45+ cells on day 1, day 7, and day
29 after IVT of AAV2-PR2.1-GFP. (B) Graphs of total cell number in AAV and sham injected eyes for each treatment group by cell type and
by day. Comparisons of results for each cell type across all days were performed with a one-way ANOVA test. For significant results (P <

0.05), post hoc pairwise comparisons between Naive:AAV and Exposed:AAV by day were performed using Sidak’s test. Adjusted P values
indicated by * for P < 0.05, ** for P < 0.01, and *** for P < 0.001. IVT: intravitreal injection.

the innate and adaptive immune response respond to this
intervention. Our work also provides an initial timeline for
when the various cell types enter and leave the eye. The
antigen specificity of the T cells and whether or not they are
proinflammatory or possibly regulatory remains to be deter-
mined, but their presence raises the possibility that the uveal
tissues of the eye experience ongoing cellular inflammation
after intravitreal gene therapy that is not readily apparent on
clinical examination.

In this model of GTAU, the intensity and timing of the
uveitis were not impacted by prior exposure to AAV2. In

both the exposed and naive conditions, low-level inflam-
mation was noted in AAV injected eyes on day 1 and
increased significantly, peaking on day 7. The inflammation
regressed spontaneously over the next month. The inflam-
matory infiltrate demonstrated an early innate response
that was replaced by a T-cell–dominant adaptive response
regardless of prior exposure status. However, there were
significant differences in the day when specific immune
cell types arrived in the eye based on prior AAV expo-
sure. In general, Naive:AAV eyes demonstrated a stronger
innate immune response than Exposed:AAV eyes on days
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1 and 7 (neutrophils, macrophages, and NK cells). These
findings may be explained by the presence of neutraliz-
ing antibodies in the vitreous of Exposed:AAV eyes that
could have impacted vector concentration and decreased
early innate signaling within the eye.15,20 Priming also influ-
enced the timing of the adaptive immune response. Both
dendritic cells and T cells were significantly more numerous
in Exposed:AAV eyes than in Naive:AAV eyes on day 7. This
result reversed on day 29 when dendritic cells and T cells
were more numerous in Naive:AAV eyes, suggesting that the
adaptive immune response in this group was delayed but
not absent.

In our pilot study, incident inflammation was generated
by two capsid variants, intravitreal doses ranging from 109

to 1011 vg/eye, cassettes with differing introns, and vector
produced both by our laboratory and a viral gene therapy
core facility. We concluded from these results that GTAU
is common and represents an immune response to intrav-
itreal AAV and/or its cargo. However, we did not specifi-
cally control for the possibility that inflammation could be
the result of a common contaminant or owing to different
contaminants with varied immunogenic potential produced
by the independent packaging protocols. Additionally, alter-
native promoters, cargo genes, and clinically important
serotypes such as AAV8, AAV2/5, AAV2/8, and AAV2tYF were
not tested. Further testing of these variables will help to
determine to what extent our findings are generalizable.

Despite the general safety and efficacy that has been
observed in a large number of preclinical and human stud-
ies, there is a growing appreciation for the possibility of
inflammation following intravitreal and subretinal AAV gene
therapy.4–7 The field now needs to balance the benefits of
gene therapy treatments on vision recovery with the risks
of inflammation and subsequent corticosteroid treatment.
Multiple factors appear to contribute to GTAU in humans,
including the total viral genome dose, route and method of
vector administration, vector preparation, purity, and empty
capsid burden.21 Until recently, reports of GTAU in preclin-
ical models were limited, and few studies have systemati-
cally tested the impact of changing individual variables on
the risk of GTAU.15,16,22 When choosing which models are
best suited to test these variables, it is important to closely
consider the model’s ability to mimic the human immune
response, the availability of reagents, and financial and ethi-
cal considerations. It is unlikely that a single model system
will prove superior for all considerations. Several compo-
nents of this murine model make it highly desirable for use
in studying GTAU. Importantly, the time course and inten-
sity of the inflammatory response mirrors the reports of
inflammation from human clinical trials.6 In addition, the
genetic and molecular tools available in a murine system
allow for rapid, broad-based, and well-controlled hypothe-
ses testing that is not available in most other model organ-
isms. However, we acknowledge that there are limitations to
the murine model system as a model for human eye disease
and recognize the need for studies utilizing larger animal
and nonhuman primate (NHP) models. As part of a coor-
dinated approach, studies with mice should be included to
help narrow the range of mechanistic hypotheses to a small
number of high-yield hypotheses appropriate for testing in
larger animal and NHP models.

Similar to the results in our study, previous work by
Reichel et al.23 in NHPs identified evidence of a robust adap-
tive immune response developing 7 days after the injection
of rAAV8.hCNGA3 in animals with baseline AAV8 seropos-

itivity. In this NHP study, the authors identified increasing
serum titers of anti-AAV8 antibodies in animals receiving
intravitreal and high-dose subretinal injections. Although we
did not measure the humoral response in mice, our results
did identify both T and B cells within AAV2 injected eyes
starting on day 7. These similarities in the timing of the
adaptive response suggest that the murine and NHP model
systems share relevant features after exposure to intravitreal
AAV.

It is important to keep in mind that the majority of reti-
nal gene therapy clinical trials use a subretinal approach for
vector delivery instead of an intravitreal approach. However,
during subretinal injection, reflux from the subretinal bleb
into the vitreous humor can occur and may be a factor
contributing to the development of vitritis in some eyes.24,25

A vitrectomy is performed before subretinal injection in
human and NHP studies and this step cannot be repli-
cated in the mouse model; however, understanding the
immune response to AAV therapies that escape the subreti-
nal space will help to clarify the importance of this variable
on patient outcomes. Among the clinical trials utilizing an
intravitreal approach, the ongoing X-linked retinoschisis trial
(NCT02317887) found dose-related inflammation in multiple
subjects as well as a dose-related increase in serum AAV8
antibodies.26 Additionally, the subject in this trial who devel-
oped the most significant GTAU with 3+ AC cell, 2+ vitreous
cell and haze, and retinal vasculitis also developed a postin-
flammatory posterior vitreous detachment complicated by
retinal tear and subsequent vitreous hemorrhage. Although
this experience has not been the case for the majority of
ocular gene therapy patients, it does highlight the need
to understand and control the ocular immune response in
future trials.

Another consideration is the impact of prior retinal
degeneration on the timing and character of the immune
response to gene therapy. Microglia are important mediators
of neuroinflammation and play a role in retinal degenera-
tion.27–29 In this study, we determined the cellular response
in wild-type nonretinal degenerate eyes. Using disease-
specific mice that model specific forms of retinal degener-
ation in humans will help to predict how preexisting reti-
nal disease will impact the immune response to gene ther-
apy. A final, clinically relevant question is the efficacy of a
subsequent intravitreal injection in the contralateral eye. Li
et al.30 reported decreased transduction efficacy of a subse-
quent contralateral intravitreal injection attributed to the
presence of neutralizing antibodies. Our data suggest the
possibility that a CD8+ T-cell response is also generated
by intravitreal injection, which will need to be confirmed
with antigen-specific testing. For contralateral eye injections
using the intravitreal route, this raises the additional concern
that a cytotoxic T-cell response could remove cells that were
successfully transduced.

The limitations of this study include not exploring the
immune response to subretinal gene therapy delivery. One
group has demonstrated retinal and RPE toxicity after
subretinal injection of vectors with promoters that induced
ubiquitous RPE expression, but no toxicity with photore-
ceptor specific promoters.16,31 It is currently unknown if
the same mechanisms driving GTAU after intravitreal injec-
tion are also responsible for the toxic effects seen after
subretinal injection. This study also did not address the
question of antigen specificity of the adaptive immune
response or the possibility that innate immune function
is sufficient for GTAU. Rather, this study identifies the
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feasibility of using this model to begin to answer these
important questions. Future studies should therefore explore
the antigen specificity of the adaptive immune response,
recurrent inflammation beyond 30 days, the efficacy of
a second contralateral injection, the mechanistic under-
pinnings of GTAU beginning with the role of the innate
immune response, and the impact of subretinal injection of
AAV2-PR2.1-GFP.

In summary, intravitreal injection of AAV2-PR2.1-GFP in
mice consistently generates clinically evident inflammation
that is mild and seems to resolve spontaneously in a manner
similar to reports of inflammation in human clinical trials.
Importantly, although most eyes showed spontaneous clin-
ical improvement, signs of cellular inflammation persisted
and were of unclear clinical significance. The murine model
presented here will be useful for studying the mechanisms of
GTAU and provide valuable insights that may inform future
therapies in humans.
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