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dependent upon microglia.

Introduction

Retinitis pigmentosa (RP) is a genetically heterogenous group of eye
diseases that causes progressive loss of vision due to the dysfunction
and degeneration of photoreceptors. Globally, the condition affects
an estimated 2 million people, with thousands of pathogenic muta-
tions identified to date spanning at least 80 different genes (1). In
RP, there is early death of rods, the photoreceptors needed for vision
in dim light, leading to difficulty with night vision typically by ado-
lescence (2, 3). Rod degeneration is then followed by the dysfunc-
tion and death of cones, the cells essential for daylight, color, and
high-acuity vision, loss of which can eventually result in blindness (3,
4). The pathogenesis of cone degeneration in RP is not understood,
in part due to the fact that causal mutations are often exclusively
expressed in rods, suggesting that cone death may be driven by a set
of converging mechanisms independent of the genetic lesion (4).
Despite ongoing efforts to characterize these mechanisms, there are
still no widely accepted interventions to halt primary rod degenera-
tion or secondary cone degeneration in patients with RP (5, 6).

One proposed treatment for RP and other inherited retinal
diseases (IRDs) is the use of gene therapy to introduce an allele
that can complement the mutation. This strategy recently led to
the first commercial gene therapy for an IRD and has tremendous
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Retinitis pigmentosa (RP) is a genetically heterogenous group of eye diseases in which initial degeneration of rods triggers
secondary degeneration of cones, leading to significant loss of daylight, color, and high-acuity vision. Gene complementation
with adeno-associated viral (AAV) vectors is one strategy to treat RP. Its implementation faces substantial challenges,
however; for example, the tremendous number of loci with causal mutations. Gene therapy targeting secondary cone
degeneration is an alternative approach that could provide a much-needed generic treatment for many patients with RP.
Here, we show that microglia are required for the upregulation of potentially neurotoxic inflammatory factors during cone
degeneration in RP, creating conditions that might contribute to cone dysfunction and death. To ameliorate the effects of
such factors, we used AAV vectors to express isoforms of the antiinflammatory cytokine transforming growth factor beta
(TGF-B). AAV-mediated delivery of TGF-B1 rescued degenerating cones in 3 mouse models of RP carrying different pathogenic
mutations. Treatment with TGF-f1 protected vision, as measured by 2 behavioral assays, and could be pharmacologically
disrupted by either depleting microglia or blocking the TGF-f} receptors. Our results suggest that TGF-1 may be broadly
beneficial for patients with cone degeneration, and potentially other forms of neurodegeneration, through a pathway

therapeutic promise (7, 8). Nonetheless, its implementation for
RP faces several key challenges. Specifically, developing a gene
therapy and clinical trial for each disease gene in RP will be logis-
tically difficult considering the large number of genes to target,
but the limited number of individuals with any given mutation (1).
Because RP may go undiagnosed until the onset of night blindness
(3), patients might also not have sufficient rods for correction of
the genetic lesion. In addition to these obstacles, RP due to autoso-
mal dominant or unidentified mutations, which together comprise
one-third of cases (9), is not amenable to gene complementation
and thus requires an alternative approach. To address these chal-
lenges, we and others have focused instead on the development of
gene therapy targeting secondary cone degeneration (10-12), the
process ultimately responsible for loss of quality of life in RP. Such
therapies, if successful, would provide a much-needed and broad-
ly applicable treatment option for the many patients with RP for
whom gene therapy is otherwise infeasible.

Microglia are the resident immune cells of the retina and central
nervous system (CNS). In response to infection or tissue damage, they
can become activated, a state characterized by changes in microglial
morphology, phagocytosis, and cytokine production (13, 14). Exces-
sive microglial activation has been implicated in virtually every neu-
rodegenerative disorder (13-15), including RP, in which activated
microglia in the retina have been shown to phagocytose photorecep-
tors (16). During primary rod degeneration in RP, activated microglia
appear to be harmful, as ablating these cells or suppressing their acti-
vation have been reported to enhance rod survival (16, 17). However,
howmicroglia contribute to secondary cone degenerationisless clear.
In a previous study of cone degeneration in RP, we overexpressed sol-
uble CX3CLI1 (fractalkine), a secreted molecule thought to regulate
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activation of microglia through a receptor on their surface (12). While
soluble fractalkine prolonged cone survival and function in RP mouse
models, it surprisingly did not require microglia to do so. In the cur-
rent study, we further addressed the role of microglia in cone death
by overexpressing different isoforms of transforming growth factor
beta (TGF-B), an antiinflammatory cytokine known to inhibit microg-
lial activation (18, 19). Using 3 mouse models of RP, we found that
TGF-p1 was able to protect degenerating cones and save vision via a
mechanism that required both microglia and TGF-p receptor signal-
ing. Our data support the application of TGF-B1 as a generic therapy
for patients with RP and highlight the therapeutic potential of modu-
lating microglia to treat neurodegenerative conditions.

Results

To examine the effects of microglia during secondary cone degen-
eration, mice were treated with PLX5622, a potent colony-stimu-
lating factor 1receptor (CSF1R) inhibitor that eliminates microglia
(20). In the rd1 mouse line, the most widely used animal model
of RP (21), PLX5622 treatment for 20 days depleted approximate-
ly 99% of retinal microglia (Figure 1, A-D) but grossly preserved
peripheral immune populations, such as circulating monocytes
and peritoneal macrophages (Supplemental Figure 1, B-E; sup-
plemental material available online with this article; https://doi.
org/10.1172/JCI136160DS1). We previously found that during
secondary cone degeneration, there is persistent upregulation in
the retina of Tmem119, a marker for microglia (22), as well as I/1a,
Il1b, Clqa, and Tnf(12), inflammatory factors that have been shown
to induce neurotoxicity both in vitro and in vivo (15, 23, 24). Here,
we confirmed these findings (Figure 1E) and sought to determine
if microglia were not just correlated with, but responsible for, the
upregulation of inflammatory genes. Real-time-polymerase chain
reaction (RT-PCR) performed on retinas from rdl mice with or
without PLX5622 treatment demonstrated that increased expres-
sion of Il1a, Il1b, Clga, and Tnfwas abolished following microglia
depletion (Figure 1E). These data strengthened our hypothesis
that microglia play a causal role in retinal inflammation during
secondary cone degeneration.

TGF-p is a major antiinflammatory cytokine that signals
through the TGF-B type I (TGFBR1) and type II (TGFBR2) recep-
tors to trigger downstream expression of target genes (25). Exog-
enous TGF-B can inhibit microglial production of inflammatory
cytokines such as Tnf and Il6 (18, 19), whereas ablation of TGF-f
signaling in microglia via genetic deletion of TGFBR2 leads to
activation of these cells (26) and, notably, degenerative changes
in the retina highly reminiscent of RP (27). We reasoned that sup-
pressing microglial activation and its resulting inflammation with
TGF-B might be beneficial for degenerating cones in RP. To test
this idea, adeno-associated viral (AAV) vectors encoding each of
the TGF-p isoforms — TGF-pl (AAV8-TGFB1), TGF-B2 (AAVS-
TGFB2), and TGF-B3 (AAV8-TGFB3) — were generated and subret-
inally injected into rdI mice at postnatal day O to 1 (PO-P1), a time
point enabling infection of photoreceptors throughout the entire
retina (Figure 2, A and B). These vectors used the human red opsin
promoter to drive expression in cones (28) and were coadministered
with a previously described GFP vector (AAV8-GFP) employing the
same promoter to facilitate cone quantification (11, 12). GFP driven
by the human red opsin promoter could first be detected in cones
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around 7 days after injection, with strong expression by day 14 (Sup-
plemental Figure 2A). AAV vectors with this same promoter resulted
in significant upregulation of TGF-f isoforms in infected retinas at
both the mRNA and protein levels (Supplemental Figure 2, Band C).

Secondary cone degeneration begins around P20 in rdI mice,
with massive loss of cones by P50, particularly within the central
retina (Figure 2C). To measure the effect of TGF-B isoforms on
retinal degeneration, the number of GFP-positive cones in the
central retina was quantified. Compared with AAV8-GFP alone,
there was no significant difference in the number of cones at P50
with the addition of AAV8-TGFB2, and only a modest increase
with AAV8-TGFB3 (Figure 2, D and E). In contrast, infection with
AAVS-TGFBI nearly tripled the number of cones in the central
retina at P50. To determine whether greater cone numbers with
TGF-B1 were a result of cone preservation or rather a perturba-
tion in retinal development, rdI retinas treated with AAV8-GFP
or AAVS8-GFP plus AAV8-TGFB1 were examined at P20, before
secondary cone degeneration. AAV8-TGFB1 did not alter the num-
ber of cones at this time point (Supplemental Figure 3, A and B),
suggesting that the difference in cones at P50 was indeed due to
prolonged survival. As increased cone counts with TGF-p1 could
also be explained by a rearrangement of peripheral cones to the
central retina, whole rdl retinas were analyzed at P30 by flow
cytometry, which showed significantly more GFP-positive cones
in eyes treated with AAV8-GFP plus AAV8-TGFB1 compared with
AAVS8-GFP only (Supplemental Figure 3, C and D). Finally, to ver-
ify that TGF-p1 was improving the survival of GFP-positive cones
and not just upregulating GFP expression, rdl retinas at P50 were
immunostained for cone arrestin, a marker of all cones, which
again demonstrated significantly more cones in the central retina
with the addition of AAV8-TGFB1 (Supplemental Figure 3, E and
F). Together, these data indicated that AAV8-TGFBI1 could rescue
degenerating cones in the rdl model of RP.

AAV8-TGFB1 was next studied in 2 more slowly degener-
ating mouse models of RP: rd10, which harbors a mutation in
Pde6b, a common cause of autosomal recessive RP (21), and
Rho”~, which lacks rhodopsin, the most frequently mutated
gene in autosomal dominant RP (29). Upregulation of Tgfbl
with AAV8-TGFB1 persisted in these older mice (Supplemen-
tal Figure 4A). In both strains, AAV8-TGFB1 again significantly
improved cone survival (Figure 3, A-C), implying that TGF-p1
might be generically beneficial for cones in RP. The impact of
TGF-B1 on rod survival was additionally investigated in rdI10
mice by measuring the thickness of the outer nuclear layer
(ONL), which normally consists primarily of rods. Despite pre-
serving cones in the same model, AAV8-TGFBI did not prevent
rod death and the reduction of ONL thickness in rdI0 retinas
(Supplemental Figure 4, B and C). Thus, the therapeutic effect
of AAV8-TGFBI1 in RP appears to be selective for cones.

Encouraged by our histological findings, we assessed the
potential clinical relevance of TGF-p1 gene therapy by subjecting
treated mice to a light-dark discrimination test. Sighted mice
spend less time in well-illuminated spaces, as demonstrated by
the strong preference of WT animals for the dark half of a 50:50
light-dark box (Figure 3D and Supplemental Figure 4D). Con-
versely, rd1 mice, which can no longer distinguish light from dark
by P30 due to loss of functional photoreceptors, equally split their
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Figure 1. Retinal expression of inflammatory genes after microglia depletion. (A) Timeline of microglia depletion. Microglia from FVB (rd7) mice were
pharmacologically depleted with PLX5622 beginning at P20 with harvesting of retinas at P40. (B) Retinal cross-sections from P40 rd1 mice (n = 2) with or
without depletion. Arrowheads depict IBA1-positive microglia in the ONL by immunostaining. Scale bar: 50 um. Representative gating (C) and quantifi-
cation (D) by flow cytometry of microglia as a percentage of all retinal cells in P40 rd7 mice (n = 4) with or without depletion. Microglia were defined as
CD11b-positive Ly6G/Ly6C-negative cells. For full gating strategy, see Supplemental Figure 1A. (E) mRNA expression of indicated genes in retinas (n = 4-5)
from 6- to 8-week-old WT (sighted FVB) or P40 rd7 mice with or without 20 days of PLX5622. Fold changes are relative to WT retinas. Data shown are
mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by 2-tailed Student’s t test for D, 2-tailed Student’s t test with Bonferroni’s correction

for E. ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer.

time between the 2 compartments. Compared with animals with-
out treatment or receiving AAV8-GFP only, rdl mice treated with
AAV8-GFP plus AAV8-TGFBI spent significantly more time in the
dark, consistent with an improvement in visual function allowing
for light-dark discrimination. As a complementary measure of
vision, the optomotor assay was performed on rd10 mice treated
with AAV8-GFP in one eye and AAV8-GFP plus AAV8-TGFBI in
the other. In this experiment, moving stripes are used to elicit the
visually dependent optomotor response. By adjusting the stripes
until the animal can no longer track them, the visual acuity in each
eye can be estimated (30). At P60, rd10 eyes treated with AAV8-
GFP plus AAV8-TGFBI exhibited significantly better visual acuity
than those only receiving AAV8-GFP (Figure 3E). From these data,
we concluded that TGF-B1 in mouse RP not only helps preserve
cones, but also importantly protects from vision loss.

Although we found AAVS-TGFBI to be beneficial for cones,
TGF-p signaling in the eye has also been reported to mediate cata-
ract formation (31, 32), ocular hypertension leading to loss of retinal
ganglion cells (RGCs) (32), and epithelial-mesenchymal transition
(EMT) in the retinal pigment epithelium (RPE), a process impli-
cated in proliferative vitreoretinopathy (33, 34). Mice treated with
AAV8-GFP or AAV8-GFP plus AAV8-TGFBI1 were thus examined
for these possibilities. At P30, no obvious difference in the opacity
of the lens was seen in animals receiving AAV8-GFP plus AAVS-
TGFBI1 compared with AAV8-GFP only (Supplemental Figure 5A).
Moreover, treatment with AAV8-TGFB1 did not impact the num-
ber of RGCs at this time point (Supplemental Figure 5, B and C).
To assess for EMT in the RPE, immunostaining was performed for
Z0-1, a component of epithelial tight junctions (35), and a-smooth
muscle actin (a-SMA), which labels RPE cells undergoing EMT (33,
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34). Neither of these proteins were qualitatively changed in the RPE
with the addition of AAV8-TGFB1 (Supplemental Figure 5, D and
E), suggesting that at least up to 1 month after treatment, AAV8-
TGFB1 is not noticeably disruptive in the eye.

How does AAV8-TGFB1 combat secondary cone degeneration?
Given the antiinflammatory properties of TGF-B, mRNA levels of
Tmeml119, Il1a, Il1b, Clga, and Tnfin P40 rdI retinas were quantified
and, surprisingly, were found to be unchanged with AAV8-TGFB1
(Figure 4A). AAVS-TGFBI likewise did not affect the number of
microglia in the retina as assayed by flow cytometry (Supplemen-
tal Figure 6, A and B), and treatment did not alter the percentage of
microglia in the ONL (Figure 4, B and C), the retinal layer in which
microglia preferentially localize during degeneration (12). To bet-
ter understand the microglial response to AAV8-TGFBI, microglia
from P30 rdI retinas treated with AAV8-GFP or AAVS-GFP plus
AAV8-TGFBI1 were isolated by cell sorting and subjected to RNA
sequencing (RNA-seq). Sorted microglia were highly pure, express-
ing microglia markers such as Tmem119 and P2ryl2, but not those
of other cell types (Supplemental Figure 6C). Only 23 genes were
significantly altered (adjusted P < 0.05, log, fold change >0.4) in
microglia treated with AAV8-TGFB1 (Figure 4D). These included
Sppl and Gas6, the most upregulated and downregulated of the 23
genes, respectively, which were validated by RT-PCR in microglia
from both P30 rdI and P200 rd10 retinas (Supplemental Figure 6D).

The importance of these gene expression changes in
microglia was subsequently evaluated by depleting microglia
from mice treated with AAV8-TGFB1 during secondary cone
degeneration. Beginning at P20, rdl mice were administered
PLX5622, which eliminated approximately 99% of retinal
microglia even in eyes infected with AAV vectors (Supplemen-
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Figure 2. Effect of overexpressing TGF-p isoforms on cone survival. Schematics of AAV vector design (A) and delivery (B). (C) Representative flat-
mounts of FVB (rd7) retinas treated with AAV8-GFP and harvested at P20 or P50. Paired images depict low and high magnifications (boxed areas).
Scale bar: 1 mm. (D) Representative flat-mounts of rd7 retinas treated with indicated AAV vectors and harvested at P50. Scale bar: 1 mm. (E) Quanti-
fication of GFP-positive cones in central retinas of rd7 mice (n = 12-28) treated with indicated AAV vectors. Data shown are mean + SEM. **P < 0.01,

**¥*¥%¥pP < 0.0001 by 2-tailed Student’s t test with Bonferroni’s correction.

tal Figure 6E). While microglia depletion had no significant
effect on cone survival in rdI retinas treated with AAV8-GFP
only (Figure 4G), consistent with our prior observations (12),
it significantly abrogated cone rescue by AAV8-TGFBI1. These
findings indicate that microglia are not inherently helpful
or harmful for degenerating cones, but are necessary for the
cone survival mediated by TGF-B1 gene therapy. In the retina,
microglia are among the only cells that highly express TGFBR1
and TGFBR2 (Figure 4, E and F, and ref. 27), both of which are
required for TGF-B signaling (25). We therefore hypothesized
that AAV8-TGFB1 might act via TGF-p receptors on microglia

in order to promote cone survival. To test this, 7dI mice treated
with AAV8-GFP or AAV8-GFP plus AAV8-TGFB1 were admin-
istered a combination of LY364947 and SB431542, potent TGF-
BR1/2 inhibitors capable of blocking these receptors in vivo
(36). As with microglia depletion, TGFBR1/2 inhibition had
no discernable effect on retinas treated with AAV8-GFP only
(Figure 4G), suggesting that any endogenous signaling through
these receptors during cone degeneration did not dramati-
cally affect cone survival. On the other hand, treatment with
LY364947 and SB431542 significantly disrupted the ability of
AAV8-TGFBI1 to preserve cones (Figure 4G). Collectively, these
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Figure 3. Effect of AAV8-TGFB1 on long-term cone survival and cone-mediated vision. Representative flat-mounts of rd70 (A) and Rho™- (B) retinas
treated with AAV8-GFP or AAV8-GFP plus AAV8-TGFB1. Paired images depict low and high magnifications (boxed areas). Scale bar: 1 mm. (C) Quantifi-
cation of GFP-positive cones in central retinas of rd10 (n = 18) and Rho™~ (n = 14) mice. (D) Percentage of time spent in dark in a 50:50 light-dark box for
untreated animals (n = 8-10) and C3H (rd7) mice (n = 11-14) treated with AAV8-GFP or AAV8-GFP plus AAV8-TGFB1. (E) Visual acuity in eyes from P60 rd10
mice (n = 23) as measured by optomotor after treatment with AAV8-GFP or AAV8-GFP plus AAV8-TGFB1. Data shown are mean + SEM. *P < 0.05,

**P < 0.01, ***P < 0.001, ****P < 0.0001 by 2-tailed Student’s t test for C and E, 2-tailed Student’s t test with Bonferroni’s correction for D.

results demonstrate that both microglia and TGF-p signaling
through TGFBR1 and TGFBR2 are needed for AAV8-TGFB1 to
function therapeutically.

Discussion

AAV8-TGFBI1 provides a novel gene therapy that protects cones and
vision in multiple mouse models of RP, supporting its potential trans-
lation to different genetic forms of retinal degeneration in patients.
Interestingly, although depletion of microglia itself does not help or

jci.org  Volume130  Number8  August 2020

hinder cone survival, cone rescue by AAV8-TGFBI requires microg-
lia. Together, these data suggest that microglia do not play a signifi-
cantly negative role during cone degeneration in RP, and under cer-
tain conditions, can be induced to benefit cones. Our study further
shows a dependence of TGF-p1 gene therapy on TGFBR1 and TGF-
BR2, which likely mediate signaling directly within microglia. We
favor a model in which this signaling induces microglia to create a ret-
inal environment favorable to cone survival. Our findings thus high-
light a new immunomodulatory strategy centered around microglia
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Figure 4. Role of retinal microglia in AAV8-TGFB1-mediated cone survival. (A) mRNA expression of indicated genes in FVB (rd1) retinas (n = 4-5)
treated with AAV8-GFP or AAV8-GFP plus AAV8-TGFB1. Fold changes are relative to untreated WT (sighted FVB) retinas. Representative images (B) and
quantification (C) of IBA1-positive microglia in the ONL of P40 rd1 retinas (n = 6-7) treated with AAV8-GFP or AAV8-GFP plus AAV8-TGFB1. Scale bar: 50
um. (D) Volcano plot of up- and downregulated genes in microglia sorted from P30 rd7 retinas (n = 7) after treatment with AAV8-GFP plus AAV8-TGFB1
relative to AAV8-GFP only. Dotted lines indicate adjusted P < 0.05 and log, fold change >0.4. (E) Normalized RNA-seq counts for expression of Tgfbr1 and
Tgfbr2 in microglia versus nonmicroglia cells from P30 rd1 retinas (n = 4-14). (F) Immunostaining for TGFBR2 in rd7 CX3CR1FP/+ retinas (n = 2). Arrow-
heads indicate colocalization of TGFBR2 with a CX3CR1-positive microglia in the ONL. Scale bar: 10 pm. (G) Quantification of GFP-positive cones in cen-
tral retinas of rd7 mice after 30 days of microglia depletion with PLX5622 (n = 16) or inhibition of TGFBR1/2 with LY364947 and SB431542 (n = 16). Data
for untreated groups are taken from Figure 2E. Data shown are mean + SEM. ***P < 0.001, ****P < 0.0001 by 2-tailed Student’s t test with Bonferroni’s
correction for A and G, 2-tailed Student’s t test for C and E. INL, inner nuclear layer.

for treating patients with RP, an approach that may also be relevant
for other degenerative diseases of the visual system and CNS.

Of note, dependence of TGF-B1 gene therapy on microglia
in this study was determined using PLX5622, a CSF1R inhibitor
which depleted up to approximately 99% of retinal microglia.
However, CSFIR is likewise present on monocytes and other

macrophages in the body, and although the majority of these
populations are not depleted with PLX5622 (37), their functions
could theoretically be affected by CSFIR inhibition. While we
cannot exclude possible contributions from monocytes or mac-
rophages residing in the choroid, we argue that retinal microg-
lia are the most likely effector cells of AAV8-TGFB1 given their
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high expression of the TGF-p receptors and proximity to degen-
erating cones. It should further be mentioned that in both our
microglia depletion and TGFBR1/2 inhibition experiments,
cone rescue with AAV8-TGFB1 was not fully eliminated. This
could have been due to therapeutic activity from TGF-p1 before
P20, as PLX5622, LY364947, and SB431542 were not admin-
istered until this age. Alternatively, blocking of the relevant
receptors by these drugs may have been incomplete, leading to
ablation of most, but not all, of the treatment effect.

One question that remains is how exactly microglia preserve
cones in response to TGF-Pl. Surprisingly, RNA-seq of retinal
microglia from P30 rdI mice only identified 23 genes that were sig-
nificantly altered with AAV8-TGFBI. This list included SppI, which
is upregulated in microglia associated with RPE protection (38),
but did not contain any genes already known to aid in cone sur-
vival. In treated eyes, it is conceivable that microglia may become
less sensitive to elevated TGF-B1 levels over time, resulting in few-
er and less pronounced transcriptional changes. RNA-seq of these
microglia at a time point earlier than P30 may therefore uncover
additional differences in gene expression that were not captured in
our analysis. Alternatively, the therapeutic effects of AAV8-TGFB1
may occur via changes not detectable by RNA-seq, such as through
posttranslational modifications of the proteome.

Clinically, a major appeal of AAV-mediated gene therapy is the
prospect of sustained or even lifelong treatment following a single
dose of vector. Nonetheless, receiving a long-term treatment also
carries risks, which must be carefully weighed against the benefits
of therapy. With AAV8-TGFB1, we were particularly concerned
about the possibilities of cataract formation, RGC death, and EMT
in the RPE, any of which could be detrimental to vision. Reassur-
ingly, none of these complications were observed at 1 month after
vector delivery, supporting the safety of TGF-B1 gene therapy in the
eye. Notable differences between the methodologies of our paper
and prior studies may explain why we found AAV8-TGFB1 to be well
tolerated. Using an adenoviral vector, Robertson et al. showed that
overexpression of TGF-B1 in rats could cause fibrosis in the lens and
severe RGCloss as early as 2 weeks after injection (32). However, this
vector was administered in the anterior segment of the eye rather
than the subretinal space, employed a promoter with much broader
expression, and, being an adenoviral vector, was substantially more
inflammatory than the AAV vectors tested here (39). In the RPE,
TGF-p1has been widely used to study EMT in vitro as it initiates loss
of epithelial markers and upregulates a-SMA in cultured RPE cells
(33, 34). Even so, it is unclear whether this effect of TGF-1 can be
extended in vivo, as experiments conducted on sheets of RPE sug-
gest that normal cell-cell contact, which is absent from cell culture
models, is sufficient to prevent induction of EMT by TGF-f signaling
(40). Finally, while we did not detect any changes in the lens, RGCs,
or RPE with AAV8-TGFBI after 1 month, the same assessment at
a later time point could yield different results. An important future
step will be to reevaluate the safety of TGF-f1 in the eye following a
longer duration of therapy, ideally in large animals.

What might treatment with TGF-B1 look like in patients? Com-
pared with mouse models of RP, which undergo cone degeneration
over the span of months, humans with the disease typically begin
losing their cones as young adults, with progression over multiple
decades (3, 41). Based on these kinetics, we speculate that prolonged
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cone survival for several months with AAV8-TGFB1 as demonstrated
in this study may potentially translate to years of meaningful vision
for patients. With the addition of TGF-f1, there is now a growing list
of promising molecules and mechanisms capable of alleviating cone
death in RP (4, 10-12). Although not individually curative, a combi-
nation of these and other treatments may ultimately slow the disease
enough to provide lifelong preservation of sight.

Methods

Animals. CD-1 (catalog 022) and FVB (rdl) (catalog 207) mice
were purchased from Charles River Laboratories. Sighted FVB
(catalog 004828), rd10 (catalog 004297), C3H (rdl) (catalog
000659), sighted C3H (catalog 003648), and CX3CR1™* (cata-
log 005582) mice were purchased from The Jackson Laboratory.
Rhodopsin null (Rho”") mice were a gift from Janis Lem (Tufts Uni-
versity, Boston, Massachusetts, USA) (29). FVB and CX3CR1¢™*
mice were crossed for at least 4 generations to obtain rdl
CX3CRI1°""* animals. Mice were subsequently bred and maintained at
Harvard Medical School on a 12-hour alternating light and dark cycle.
Both male and female mice were used in all experiments.

Histology. To prepare retinal cross-sections, enucleated eyes
were dissected in phosphate-buffered saline (PBS) to remove the
cornea, iris, lens, and ciliary body. The remaining eye cup was fixed
in 4% paraformaldehyde for 1 hour at room temperature, cryopro-
tected in a sucrose gradient, and embedded in a 1:1 solution of 30%
in PBS and optimal cutting temperature compound (Tissue-Tek)
on dry ice. Frozen eye cups were cut on a Leica CM3050S cryostat
(Leica Microsystems) into 20- to 30-um sections. If applicable, sec-
tions were then blocked for 1 hour at room temperature in PBS con-
taining 5% goat serum and 0.1% Triton X-100, stained with prima-
ry antibodies (Supplemental Table 1) in blocking buffer overnight
at 4°C, and incubated with the appropriate secondary antibody in
PBS for 2 hours at room temperature. All sections were incubated
for 5 minutes at room temperature with PBS containing 0.5 pg/mL
of 4',6-diamidino-2-phenylindole (DAPI) (Thermo Fisher Scientif-
ic) and mounted using Fluoromount-G (SouthernBiotech). To pre-
pare retinal flat-mounts for quantifying GFP-positive cones, whole
retinas were fixed in 4% paraformaldehyde for 30 minutes at room
temperature. After PBS washes, retinas were relaxed with 4 radial
incisions, flattened onto a microscope slide, and mounted with the
ganglion cell layer facing up. Descriptions of additional histology
procedures can be found in the Supplemental Methods.

Microglia depletion. Microglia were depleted using PLX5622 (a gift
from Plexxikon, Berkeley, California, USA), an orally available CSF1IR
inhibitor, formulated into AIN-76A rodent chow (Research Diets) at
1200 mg/kg and provided ad libitum.

Flow cytometry and cell sorting. All flow cytometry and cell sorting
were performed on a BD FACSAria IT and analyzed using FlowJo 10
(Tree Star). For retinal cells, freshly dissected retinas were dissoci-
ated as previously described (12) using cysteine-activated papain fol-
lowed by gentle trituration with a micropipette. If applicable, harvest-
ed cells were then blocked for 5 minutes with 1:100 rat anti-mouse
CD16/32 (BD Pharmingen) and incubated for 20 minutes on ice with
the antibodies listed in Supplemental Table 1. Before analysis, all
samples were passed through a 40-um filter and stained with 0.5 pg/
mL of DAPI (Thermo Fisher Scientific) in FACS buffer (PBS contain-
ing 2% fetal bovine serum and 2 mM ethylenediaminetetraacetic acid
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[EDTA]) to exclude nonviable cells. Descriptions of additional flow
cytometry procedures can be found in the Supplemental Methods.

RT-PCR. mRNA was isolated from whole retinas or sort-
ed microglia using an RNeasy Micro Kit (Qiagen) as previously
described (12), with the exception of mRNA from Rho”" retinas,
which was isolated from fixed tissues using the RecoverAll Total
Nucleic Acid Isolation Kit for FFPE (Thermo Fisher Scientific).
One whole retina or 1000-2000 sorted microglia were collected
per sample. cDNA was synthesized using the SuperScript III First-
Strand Synthesis System (Invitrogen) with oligo(dT) primers, fol-
lowed by RT-PCR using the Power SYBR Green PCR Master Mix
(Applied Biosystems) on a CFX96 real-time PCR detection system
(Bio-Rad). Reactions were performed in triplicate with expres-
sion normalized to the housekeeping gene Gapdh. Sequences for
RT-PCR primers were designed using PrimerBank (42) and are list-
ed in Supplemental Table 2. For Rho”~ samples, primers targeting
shorter amplicons (Gapdh-s and Tgfbl-s) were used to account for
potential fragmentation of mRNA following fixation.

AAV vector design and production. The AAV-human red opsin-
GFP-WPRE-bGH (AAV8-GFP) plasmid was a gift from Botond Ros-
ka (Friedrich Miescher Institute for Biomedical Research, Basel,
Switzerland) (43). To generate plasmids for TGF-f isoforms, the GFP
coding sequence from AAV8-GFP was replaced with the full-length
mouse cDNA for TGF-p1 (NM_011577.2), TGF-B2 (NM_009367.4),
or TGF-B3 (NM_009368.3) flanked by Notl and Agel restriction
sites. Recombinant AAV serotype 8 (AAV8) vectors were produced
as previously described (11, 12, 44). Briefly, HEK293T cells were
transfected using polyethylenimine with a mixture of the vector plas-
mid, adenovirus helper plasmid, and rep2/cap8 packaging plasmid.
Supernatant was harvested 72 hours after transfection, and viral par-
ticles were PEGylated overnight and precipitated by centrifugation.
Viral particles were subsequently centrifuged through an iodixanol
gradient to remove cellular debris, and the recovered vectors were
washed 3 times with PBS and collected in a final volume 0of 100-200
uL. AAV vectors were semiquantitatively titered by SYPRO Ruby
(Molecular Probes) staining for viral capsid proteins (VP1, VP2, and
VP3) in comparison with a reference vector titered by RT-PCR.

Subretinal injections. All subretinal injections were performed
on neonatal mice at PO-P1. After anesthetization of the mouse on
ice, the palpebral fissure was carefully opened with a 30-gauge
needle and the eye exposed. Using a glass needle controlled by a
FemtoJet microinjector (Eppendorf), approximately 0.25 pL AAV
vectors was then injected into the subretinal space. For each eye, 5
x 108 vector genomes (vg) per eye of AAV8-GFP were administered.
All other vectors were administered at 1 x 10° vg per eye.

Image acquisition and analysis. Images of retinal cross-sections and
GFP-positive cones in retinal flat-mounts were acquired using a Zeiss
LSM710 scanning confocal microscope (x20 air objective or x40 oil
objective) and Nikon Ti inverted widefield microscope (x10 air objec-
tive), respectively. All image analysis was performed using Image].
Quantification of GFP-positive cones was performed as previously
described (12) using a custom Image] module (available at https://sites.
imagej.net/Seankuwang/). For each flat-mount, the user indicated
the location of the optic nerve head and each of the 4 retinal leaflets.
The module then automatically defined the region corresponding to
the central retina and counted the number of GFP-positive objects
within the region. This value was used to represent the number of
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GFP-positive cones in the central retina for each sample. Quantifica-
tion of microglia in the ONL of retinal cross-sections was performed
by dividing the number of microglia in the ONL across 5 random fields
by the total number of microglia in those fields. Microglia were defined
as residing in the ONL if 50% or more of the cell body was located in
that layer. Descriptions of additional image analysis procedures can be
found in the Supplemental Methods.

Light-dark discrimination. Innate light-avoidance behavior in
mice was assessed as previously described (45) with minor modifi-
cations. A 28 cm (length) by 28 cm (width) by 21 cm (height) plastic
chamber (Med Associates) was divided into 2 equally sized compart-
ments: one dark and one brightly illuminated (~900 lux). Tempera-
tures in the 2 compartments differed by less than 1°C. A small open-
ing connected the 2 compartments, allowing subjects to freely travel
throughout the chamber. At the beginning of each trial, a mouse was
placed in the illuminated compartment and its activity recorded for
10 minutes. If after one minute, the animal had not yet entered the
dark compartment, it was gently directed there, removed from the
chamber, and the trial restarted. The location and movement of each
mouse were determined by infrared sensors and analyzed with Activ-
ity Monitor (Med Associates). Percentage of time spent in dark was
calculated based on activity during the final 9 minutes of each trial.

Optomotor assay. Visual acuity was measured by an observer
blinded to the treatment assignment using the OptoMotry Sys-
tem (CerebralMechanics) as previously described (11, 12, 46).
Mice were placed inside a virtual-reality chamber with bright
background luminance to saturate rods and presented with sine
wave gratings of varying spatial frequencies. During each test, the
observer assessed reflexive head-tracking movements of the ani-
mal in response to the sine wave grating, and for each eye, the high-
est spatial frequency at which the animal tracked the grating was
determined to be the visual acuity. Left and right eyes were test-
ed independently using clockwise and counterclockwise gratings,
respectively, as only motion in the temporal-to-nasal direction is
known to evoke the optomotor response in mice (4).

RNA sequencing. Transcriptional profiling of microglia (7 biological
replicates per experimental condition) or nonmicroglia (4 biological rep-
licates total) was performed as previously described (12). One thousand
microglia (CD11b* Ly6G/Ly6C") or nonmicroglia cells (CD11b") from
each retina were sorted into 10 uL of Buffer TCL (Qiagen) containing
1% B-mercaptoethanol and immediately frozen on dry ice. Samples were
subsequently sent to the Broad Institute Genomics Platform for cDNA
library synthesis and sequencing using a modified Smart-Seq2 proto-
col (47) with an expected coverage of approximately 6 million reads per
sample. Before analysis, reads were subjected to quality control mea-
sures and mapped to the GRCm38.p6 reference genome. Reads assigned
to each gene were then quantified using featureCounts (48) and normal-
ized and analyzed for differential expression using DESeq?2 (49).

TGFBRI1/2 inhibition. Pharmacological inhibition of the TGF-f type I
and I receptors in vivo was performed using a combination of SB431542
(SelleckChem) and LY364947 (SelleckChem) as previously described
(36). Both compounds were dissolved in PBS containing 5% dimethyl
sulfoxide (DMSO) and 30% polyethylene glycol 300 and dosed at 10 mg/
kg daily via intraperitoneal injections.

Data availability. All RNA-seq data generated in this work have
been deposited in the Gene Expression Omnibus (GEO) repository
(accession number GSE145601).
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Statistics. All group data are shown as mean * SEM. Two-tailed
Student’s ¢ tests were used to compare experimental groups, with the
addition of a Bonferroni’s correction if 3 or more hypotheses were test-
ed. Differences between groups were considered significant when the
Pvalue was less than 0.05.

Study approval. All animal experiments were approved by the IACUC
of Harvard University in accordance with institutional guidelines.
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