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Abstract 

Gene therapy with adeno-associated viral (AAV) vectors has emerged as a promising treatment 

option for patients with debilitating genetic disorders. Nonetheless, implementation of AAV gene 

therapy for many conditions still faces substantial challenges, precluding large-scale clinical 

translation of these vectors. In this thesis, I explore two of the major barriers limiting the use of 

AAV gene therapy in patients: 1) genetic heterogeneity in diseases, which complicates the 

development of targeted therapies, and 2) vector-induced immunity and inflammation, which 

reduce treatment efficacy and, in some cases, may compromise safety. With collaborators, I 

design and conduct experimental studies addressing these obstacles in the eye, one of the 

primary sites of ongoing gene therapy trials. These studies result in several advances for the 

ocular gene therapy field, including 1) the creation of two novel AAV vectors capable of treating 

a genetically heterogeneous eye disease in mice, 2) the discovery that expression of AAV 

vectors in specific cell types correlates with ocular inflammation, 3) the successful mitigation of 

vector-induced inflammation in mice and pigs by “cloaking” AAV genomes from host immune 

responses, and 4) the development of a fluorescence in situ hybridization-based method that 

can visualize and quantify individual AAV genomes in transduced cells. This collection of work 

may improve the safety and efficacy of AAV vectors for a broad range of vision disorders with 

the potential to vastly expand the number of patients who benefit from gene therapy. 
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Chapter 1: Overview 

Gene therapy refers to the delivery of nucleic acids such as DNA and RNA as a 

therapeutic strategy for human disease. With the advent of whole genome sequencing and 

personalized medicine, it has become clear that many disease states are driven by underlying 

genetic changes, often due to aberrant activity in just one or several key genes (1). The goal of 

gene therapy is to restore healthy levels and functions of these genes in patients, whether by 

introducing a corrected allele, silencing or removing deleterious mutations, or expressing 

proteins beneficial to the affected cells (2). To achieve this, numerous methods for nucleic acid 

transfer have been devised over the past 50 years, many of which utilize viruses given their 

natural propensity to insert genetic material into cells (3). Recombinant vectors derived from a 

range of different viruses have demonstrated clinical promise in animal models and occasionally 

in humans (4). Increasingly, however, adeno-associated viral (AAV) vectors are emerging as the 

preferred vehicle for gene therapy delivery, especially in non-dividing cell types such as those of 

the brain, retina, muscle, and heart.  

Derived from a member of the Parvoviridae family, AAV vectors are non-integrating and 

replication-defective, but capable of long-term transgene expression in host cells even after a 

single administration (5,6). The genetic material of these vectors, a single-stranded DNA 

genome, is surrounded by a protein capsid that determines cell tropism and can be modified to 

selectively infect target tissues (7,8). A major advantage of AAV vectors is their safety profile 

and relative lack of pathogenicity, as infection with the wild-type virus is not known to cause 

symptoms in humans (5). In addition, because they do not typically integrate into the host 

genome, AAV vectors have a much lower risk of insertional mutagenesis and oncogenesis 

compared to other viral vectors being considered for gene therapy (5). These therapeutically 

desirable features of AAV vectors have culminated in their use in over 200 clinical trials to date 

(clinicaltrials.gov).  
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Ocular disorders are thought to be particularly amenable to AAV gene therapy due to the 

accessibility and small size of the eye as well as the fact that it is relatively immune privileged 

(9). Indeed, the first in vivo AAV vector to be approved by the FDA, voretigene neparvovec-rzyl 

(Luxturna), was developed for an ophthalmic disease, establishing the safety and efficacy of this 

approach (10). Nonetheless, substantial obstacles still prevent widespread adoption of AAV 

vectors for debilitating eye conditions such as retinitis pigmentosa (RP), which affects one in 

every 4000 people and presently lacks effective treatment (11). Specifically, a significant barrier 

to implementing gene therapy in these patients is the extensive heterogeneity of causal 

mutations, as several thousand mutations spanning over 80 different genes are known to be 

pathogenic for RP (12). While it may be theoretically possible to design and produce AAV 

vectors targeting each of these genetic lesions, this is in practice infeasible considering the high 

cost of clinical trials and limited number of individuals with any given mutation. Until this issue of 

genetic heterogeneity is addressed, AAV gene therapy will likely not be a realistic treatment 

option for the majority of patients with RP.       

Another concern with AAV gene therapy in both ocular and non-ocular tissues is the 

induction of inflammation and cellular toxicity by the vector, especially at higher doses. Although 

AAV vectors are considered non-pathogenic, they are still recognized by the body as foreign 

and can elicit robust innate and adaptive immune responses which may compromise the 

therapeutic effect (13). In fact, there is growing evidence from large animal studies as well as 

human clinical trials that host immunity may not only reduce the efficacy of gene therapy in the 

eye, but in some cases trigger intraocular inflammation despite immunosuppression with 

corticosteroids, resulting in structural damage and permanent vision loss (14–16). How AAV 

vectors precisely mediate this inflammation and cellular toxicity is not understood, although 

signaling through Toll-like receptor 9 (TLR9) has been implicated (17). A better characterization 

of these responses may enable the development of safer and less immunogenic AAV vectors, 

improving the clinical utility of AAV gene therapy both in and outside the eye.     



 

3 

In this thesis, I present data from five studies that I either led or helped design 

addressing the genetic and immunological barriers to ocular AAV gene therapy described 

above. To develop a broadly applicable gene therapy for RP circumventing the issue of genetic 

heterogeneity, I first investigated the pathways downstream of causal mutations in different 

mouse models of RP and identified microglial activation as a shared mechanism, leading to the 

discoveries of soluble CX3CL1 (Chapter 2) and TGF-β1 (Chapter 3) as potential mutation-

independent treatments for this disease. In collaborative projects, I then help characterize the 

components of AAV vectors responsible for cellular toxicity and inflammation in the eye 

(Chapter 4) and report a strategy to mitigate these responses in both mice and pigs by 

“cloaking” the vector from TLR9-mediated immunity (Chapter 5). Finally, leveraging recent 

advances in fluorescent in situ hybridization, I describe a novel method to visualize and quantify 

individual AAV genomes in tissues (Chapter 6), allowing for future work examining early cellular 

events in the eye and other organs following transduction with toxic AAV vectors. 
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Chapter 2: Soluble CX3CL1 gene therapy improves cone survival and function in mouse 

models of retinitis pigmentosa 

 

Abstract 

Retinitis pigmentosa (RP) is a disease that initially presents as night blindness due to genetic 

deficits in the rod photoreceptors of the retina. Rods then die, causing dysfunction and death of 

cone photoreceptors, the cell type that mediates high acuity and color vision, ultimately leading 

to blindness. We investigated immune responses in mouse models of RP and found evidence of 

microglial activation throughout the period of cone degeneration. Using adeno-associated viral 

(AAV) vectors, delivery of genes encoding microglial regulatory signals led to the identification 

of soluble CX3CL1 (AAV8-sCX3CL1) as a promising therapy for degenerating cones. Subretinal 

injection of AAV8-sCX3CL1 significantly prolonged cone survival in three strains of RP mice. 

Rescue of cones was accompanied by improvements in visual function. AAV8-sCX3CL1 did not 

affect rod survival, microglial localization, or inflammatory cytokine levels in the retina. 

Furthermore, although RNA sequencing of microglia demonstrated marked transcriptional 

changes with AAV8-sCX3CL1, pharmacological depletion of up to ~99% of microglia failed to 

abrogate the effect of AAV8-sCX3CL1 on cone survival. These findings indicate that AAV8-

sCX3CL1 can rescue cones in multiple mouse models of RP via a pathway that does not 

require normal numbers of microglia. Gene therapy with sCX3CL1 is a promising mutation-

independent approach to preserve vision in RP and potentially other forms of retinal 

degeneration. 
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Introduction 

Retinitis pigmentosa (RP) is a disease of the eye that presents with progressive 

degeneration of rod and cone photoreceptors, the light-sensing cells of the retina (1). The 

disease can result from mutations in any of over 80 different genes and is the most common 

inherited cause of blindness in the world, affecting an estimated 1 in 4000 people (2–4). One 

approach proposed to treat RP is gene therapy, e.g. using adeno-associated viral (AAV) vectors 

to deliver a wild-type allele to complement a mutated gene (5,6). While this approach has 

proven successful in other conditions, even leading to the approval of a gene therapy for 

RPE65-associated Leber’s congenital amaurosis (7), it is difficult to implement for the majority of 

RP patients given the extensive heterogeneity of genetic lesions and the fact that a causal 

mutation is not always identified (2). A gene therapy that is agnostic to the many possible 

underlying mutations in RP would provide a treatment option for a greater number of patients. 

Presently, there is no effective therapy of any kind for RP, and despite more than a dozen 

clinical trials to date, none have been able to demonstrate an improvement in visual function (8). 

In patients with RP, there is an initial loss of rods, the photoreceptors that mediate vision 

in dim light. Clinically, this results in the first manifestation of RP, poor or no night vision, which 

usually occurs between birth and adolescence (1). Daylight vision in RP is largely normal for 

decades, but eventually deteriorates, beginning when most of the rods have died. This is due to 

dysfunction and then death of the cone photoreceptors, which are essential for high acuity and 

color vision, and are the major source of morbidity in the disease (1). Importantly, while the vast 

majority of genes implicated in RP are expressed in rods, few actually exhibit expression in 

cones, suggesting the existence of one or more common mechanisms by which diverse 

mutations in rods trigger non-autonomous cone degeneration (9–11). We and others have 

attempted to elucidate these mechanisms with the goal of developing therapies for RP that 

preserve cone vision regardless of the underlying mutation (12–16). 
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One possible contributor to non-autonomous cone degeneration in RP that has yet to be 

closely examined is the body’s own immune system. As they die, many cells, including 

photoreceptors in RP, release damage-associated molecular patterns (DAMPs) that act as 

endogenous danger signals and incite inflammation (17,18). By numerous pathways, DAMPs 

can then stimulate proinflammatory cytokine activity or recruit immune cells, such as neutrophils 

and T cells, to the site of cell death (17). Even in homeostatic conditions, the retina is 

continuously surveyed by microglia, resident macrophages of the central nervous system (CNS) 

derived from myeloid progenitors in the embryonic yolk sac (19,20). Following injury or exposure 

to noxious stimuli, microglia may become activated, a state characterized by acquisition of an 

ameboid morphology, upregulation of cytokines, and increased phagocytosis of cell debris (21–

23). Notably, activation of microglia can also be modulated by various regulatory factors from 

the CNS, allowing for manipulation of these cells in both experimental models and in humans 

(24–26). 

Here, we investigated the involvement of immune responses during non-autonomous 

cone degeneration in mouse models of RP. We found evidence of microglial activation 

throughout the period of cone death. We subsequently developed four AAV vectors to deliver 

genes that target retinal microglia. One of these genes, soluble CX3CL1, also called fractalkine, 

significantly prolonged cone survival in three different mouse models of RP. Rescue of cones 

was accompanied by improvements in visual function, highlighting the potential of soluble 

CX3CL1 as a mutation-independent treatment for RP and other retinal diseases. 

 

Results 

Microglia reside in the photoreceptor layer throughout cone degeneration 

The rd1 and rd10 mouse lines are commonly used models of RP (27). Each strain 

harbors a different mutation in the rod-specific phosphodiesterase beta subunit, with rd1 

exhibiting more rapid photoreceptor degeneration than rd10 (28). To characterize immune 
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activity during non-autonomous cone degeneration, we first performed RT-PCR on retinas from 

albino rd1 and pigmented rd10 mice, as well as those from albino CD-1 and pigmented C57BL/6 

(B6) mice, two strains with wild-type (WT) vision. Primers were designed to assay for mRNAs of 

both innate and adaptive immune components, including inflammatory cytokines (Il1a, Il1b, Il6, 

Tnf), complement (C1qa), neutrophils (Ly6g), T cells (Cd4, Cd8a), and microglia (Tmem119, 

Cd68). In each strain, two distinct time points were examined corresponding to the onset 

(postnatal day 20 [P20] for rd1, P40 for rd10) and peak (P35 for rd1, P70 for rd10) of cone 

degeneration (12,13). Compared to age-matched CD-1 and B6 retinas, rd1 and rd10 retinas 

demonstrated significant upregulation of Il1a, Tnf, and C1qa at both time points, as well as Il1b 

specifically in rd1 mice (Fig. 1A-D). Upregulation of these factors was also associated with 

higher expression levels of Tmem119, a microglia-specific marker (29), and Cd68, a marker of 

lysosomal activity and microglial activation (30), but not Ly6g, Cd4, or Cd8a. As activated 

microglia have previously been shown to produce and secrete IL1A, TNF, and C1Q (23), these 

data pointed to a possible proinflammatory role of microglia during non-autonomous cone death. 

Rods in mice, and in humans, are far more abundant than cones, representing ~95% of 

photoreceptors (31,32). In the retina, rod and cone cell bodies form a structure called the outer 

nuclear layer (ONL), which dramatically shrinks with rod death in RP until only a single row of 

cells remains, comprising the surviving cones. Pathologic infiltration of microglia into the ONL 

has been described during the initial rod death phase of RP (33,34). However, less is known 

about how microglia behave during the subsequent period of cone degeneration. To aid in 

visualizing microglia within the retina, RP and WT animals were bred with Cx3cr1GFP reporter 

mice, in which microglia are labeled with GFP (35). Only ~10% of retinal microglia were 

normally located in the ONL in cross-sections from CD-1;Cx3cr1GFP/+ and B6;Cx3cr1GFP/+ WT 

eyes (Fig. 1E-H). Conversely, ~40-50% of retinal microglia could be seen in the ONL in 

rd1;Cx3cr1GFP/+ and rd10;Cx3cr1GFP/+ mice throughout the period of cone degeneration. Thus, 
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even after the disappearance of rods, cone degeneration in RP mice was associated with both 

cytokine upregulation and the continued localization of microglia to the photoreceptor layer. 

 

Figure 1. Expression of immune response genes and microglial localization during cone 
photoreceptor degeneration. (A-D) Whole retina RNA expression levels of immune response genes 
during onset (P20, P40) and peak (P35, P70) of cone degeneration in two RP mouse models (albino rd1 
and pigmented rd10) versus two WT strains (albino CD-1 and pigmented B6). (E, G) Retinal cross-
sections from RP and WT mice depicting Cx3cr1GFP-labeled microglia during cone degeneration. Scale 
bar, 100 µm. (F, H) Quantification of percent of total retinal microglia residing in the ONL during cone 
degeneration in RP and WT mice. Data shown as mean ± SEM. n = 4-6 animals per condition. * P<0.05, 
** P<0.01, *** P<0.001, **** P<0.0001 by two-tailed Student’s t-test with Bonferroni correction for (A-D), 
two-tailed Student’s t-test for (F, H). ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell 
layer; N.S., not significant. 
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Overexpression of soluble CX3CL1 prolongs cone survival in RP mice 

We hypothesized that during the later stages of RP, activated microglia may create a 

proinflammatory environment deleterious to nearby cones. We further postulated that 

overexpression of factors opposing microglial activation might alleviate this damage, favoring 

cone survival. To test this idea, a previously characterized AAV vector expressing GFP under 

the human red opsin promotor (AAV8-GFP) was chosen to label cones and aid in their 

quantification (Fig. 2A) (36). Subretinal delivery of AAV8-GFP in neonatal mice led to brightly 

labeled cones throughout the entire retina, allowing for visualization of these cells in adult 

animals (Fig. 2B and Supplemental Fig. 1). AAV vectors were then designed to express either 

CD200 or CX3CL1, membrane-bound proteins reported to suppress proinflammatory activity via 

their respective receptors on microglia, CD200R and CX3CR1 (24–26). Given the hypothesized 

interaction between microglia and degenerating cones, full-length variants of CD200 (fCD200) 

and CX3CL1 (fCX3CL1) were expressed under the cone-specific human red opsin promoter 

(Fig. 2D). Because soluble variants of both proteins have also been described (37,38), 

additional AAV vectors were generated for soluble CD200 (sCD200) and CX3CL1 (sCX3CL1) 

using the human Best1 promoter to drive expression in the retinal pigment epithelium (RPE), a 

cell layer adjacent to the photoreceptors (Supplemental Fig. 2) (39). 

The ability of the four vectors (AAV8-fCD200, AAV8-sCD200, AAV8-fCX3CL1, AAV8-

sCX3CL1) to prolong cone survival was initially tested in rd1 mice, which were injected at P0-P1 

and evaluated at P50. In mouse RP, cone death proceeds from center to periphery starting from 

the optic nerve head. To assay cone survival during degeneration, the central retina was 

therefore interrogated. Using an ImageJ module, the number of GFP-positive cones in the 

central retina could be reliably quantified (Supplemental Fig. 3). Compared to rd1 retinas 

infected with AAV8-GFP alone (Fig. 2C), there was no significant improvement in cone survival 

with the addition of AAV8-fCD200, AAV8-sCD200, or AAV8-fCX3CL1 (Fig. 2E and F). In 

contrast, co-infection of AAV8-GFP with AAV8-sCX3CL1 significantly increased the number of 
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cones remaining in the central retina (P<0.0001), supporting a potential therapeutic effect of 

sCX3CL1 in RP. 

 

Figure 2. Effect of CD200 and CX3CL1 overexpression on cone survival. (A, B) Schematics of AAV8-
GFP vector and delivery. (C) Flat-mounted P50 rd1 retina infected at P0-P1 with AAV8-GFP. Scale bar, 1 
mm. (D) Schematics of CD200 and CX3CL1 AAV vectors. (E) Flat-mounted P50 rd1 retinas infected at 
P0-P1 with the indicated vectors. Scale bar, 1 mm. (F) Quantification of cone survival in the central retina 
of P50 rd1 retinas infected with the indicated vectors. Data shown as mean ± SEM. n = 7-18 animals per 
condition. **** P<0.0001 by two-tailed Student’s t-test with Bonferroni correction. 



13 

Cone survival with AAV8-sCX3CL1 was next examined in older, more degenerated rd1 

mice. At P75, co-infection of AAV8-GFP with AAV8-sCX3CL1 continued to prolong cone 

survival compared to AAV8-GFP alone (P<0.001) (Fig. 3A-A”). Even at P100, by which time the 

central retinas of AAV8-GFP infected eyes were nearly devoid of cones, significantly greater 

cone survival with AAV8-sCX3CL1 was observed (P<0.01) (Fig. 3B-B”). To determine if 

sCX3CL1 might provide a generic therapy for non-autonomous cone death, AAV8-sCX3CL1 

was trialed in rd10 (Fig. 3C-C”) and Rho-/- (Fig. 3D-D”) mice. Rho-/- mice lack rhodopsin, the  

 

Figure 3. Effect of AAV8-sCX3CL1 on long-term cone survival in RP mouse models. (A-D’) Flat-
mounted P75 rd1 (A, A’), P100 rd1 (B, B’), P100 rd10 (C, C’), and P150 Rho-/- (D, D’) retinas infected at 
P0-P1 with AAV8-GFP alone or AAV8-GFP plus AAV8-sCX3CL1. Scale bar, 1 mm. (A”-D”) 
Quantification of cone survival in the central retina of P75 rd1 (A”), P100 rd1 (B”), P100 rd10 (C”), and 
P150 Rho-/- (D”) retinas. Data shown as mean ± SEM. n = 7-9 animals per condition. ** P<0.01, *** 
P<0.001 by two-tailed Student’s t-test. 
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photopigment gene in rods, which is also the most commonly mutated gene in humans with 

autosomal dominant RP (40). Photoreceptors in the Rho-/- strain degenerate at a slower rate 

than in the rd1 or rd10 strain (41,42). In rd10 and Rho-/- mice, AAV8-GFP plus AAV8-sCX3CL1 

again resulted in a higher number of cones in the central retina compared to AAV8-GFP alone 

(P<0.01 for rd10, P<0.001 for Rho-/-). 

  

AAV8-sCX3CL1 improves cone-mediated visual function 

Because we observed histological preservation of cones with AAV8-sCX3CL1, we asked 

whether cone-mediated vision was similarly rescued. Electroretinography (ERG), a physiological 

measure of retinal activity in response to light, can be used to record rod and cone activity. We 

thus used ERG to measure photopic b-wave responses, a cone-mediated signal from the inner 

retina known to decline relatively early in RP in both animals and humans (1,13). ERG 

recordings from P40 rd10 mice showed no difference in photopic b-waves between AAV8-GFP 

infected and untreated eyes, as expected (Fig. 4A). In contrast, in animals treated with AAV8-

GFP plus AAV8-sCX3CL1 in one eye and AAV8-GFP in the other, a modest but significant 

increase in photopic b-wave amplitudes could be seen (P<0.05) (Fig. 4A and B). 

To evaluate vision using a behavioral test, we additionally subjected rd10 mice to the 

optomotor assay. This assay elicits a motor response to simulated motion, that of moving 

stripes. By varying the stripe width until the animal is no longer able track the stimulus, a spatial 

frequency threshold can be calculated, corresponding to the visual acuity in each eye (43,44). 

Mice were placed under bright light conditions to probe cone vision. In rd10 mice infected with 

AAV8-GFP in one eye and untreated in the other, optomotor results from P45 to P60 showed a 

similar drop in visual acuity between the two eyes over time (Fig. 4C). However, when animals 

were infected with AAV8-GFP plus AAV8-sCX3CL1 instead of AAV8-GFP alone, loss of visual 

acuity over the same interval was slowed in the AAV8-sCX3CL1 treated eye (P<0.01). 
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AAV8-sCX3CL1 does not improve rod survival, microglial localization, or retinal 

inflammation  

Absence of CX3CL1 signaling during rod degeneration in RP mice has been shown to 

decrease rod survival, reduce the number of microglia in the ONL, and upregulate levels of TNF 

and IL1B in the retina (33,45). We thus investigated the effect of AAV8-sCX3CL1 on these 

phenotypes to uncover possible mechanisms by which sCX3CL1 gene therapy might promote 

cone survival. Rods normally comprise ~95% of cells in the ONL and are thought to support 

cone survival through several pathways, such as secretion of trophic factors and maintenance 

of a normoxic environment (15,31,46). To examine how sCX3CL1 treatment affected rods, the 

thickness of the ONL in RP retinas was measured. In P20 rd1 and P40 rd10 retinas infected 

with AAV8-GFP, only one to two rows of nuclei remained in the ONL (Fig. 5A), consistent with 

Figure 4. Effect of AAV8-sCX3CL1 on cone-
mediated visual function.  

(A) Photopic ERG responses in P40 rd10 mice 
infected at P0-P1 with AAV8-GFP in one eye only 
(n = 12) or AAV8-GFP in one eye and AAV8-GFP 
plus AAV8-sCX3CL1 in the contralateral eye (n = 
17).  

(B) Representative photopic ERG traces from a 
P40 rd10 animal infected with AAV8-GFP in one 
eye (green) and AAV8-GFP plus AAV8-sCX3CL1 
in the contralateral eye (orange).  

(C) Optomotor assessments of visual acuity in 
rd10 mice at the indicated ages compared to 
contralateral uninjected eyes after infection with 
AAV8-GFP (n = 20) or AAV8-GFP plus AAV8-
sCX3CL1 (n = 21). 

Data shown as mean ± SEM. * P<0.05, ** P<0.01 
by two-tailed two-way ANOVA. N.S., not 
significant. 
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Figure 5. Effect of AAV8-sCX3CL1 on microglial localization and immune response genes during 
cone degeneration. (A) Mid-peripheral retinal cross-sections from rd1 and rd10 mice infected at P0-P1 
with AAV8-mCherry or AAV8-mCherry plus AAV8-sCX3CL1. Scale bar, 50 µm. (B) Quantification of ONL 
thickness in rd1 and rd10 retinas during onset of cone degeneration. (C, E) Cx3cr1GFP-labeled microglia in 
rd1 (C) and rd10 (E) retinal cross-sections infected with AAV8-mCherry or AAV8-mCherry plus AAV8-
sCX3CL1. Scale bar, 100 µm. (D, F) Quantification of microglia residing in the ONL during cone 
degeneration with or without AAV8-sCX3CL1. (G-J) Whole retina RNA expression levels of immune 
response genes during the onset (G, I) and peak (H, J) of cone degeneration with and without AAV8-
sCX3CL1. Fold changes are relative to age-matched WT retinas. Data shown as mean ± SEM. n = 4-6 
animals per condition. * P<0.05, ** P<0.01, *** P<0.001 by two-tailed two-way ANOVA for (B), two-tailed 
Student’s t-test for (D, F), two-tailed Student’s t-test with Bonferroni correction for (G-J). ONL, outer 
nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer; N.S., not significant. 
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near completion of rod death by the onset of cone degeneration (12,13). Relative to these 

retinas, co-infection with AAV8-sCX3CL1 did not significantly alter ONL thickness (Fig. 5A and 

B). This observation demonstrated not only a lack of rod preservation by AAV8-sCX3CL1, but 

also that cone survival was not secondary to rescue of rods. 

We next asked how microglia responded to sCX3CL1 therapy by comparing retinas from 

rd1;Cx3cr1GFP/+ (Fig. 5C) and rd10;Cx3cr1GFP/+ (Fig. 5D) mice with and without AAV8-sCX3CL1. 

As use of AAV8-GFP in these animals complicated visualization of GFP-expressing microglia, 

an analogous AAV8-mCherry virus was generated for control infections. During both the onset 

and peak of cone degeneration in eyes receiving only AAV8-mCherry, ~40% of retinal microglia 

could be found in the ONL, indicating continued localization of these cells to the vicinity of cones 

(Fig. 5E and F). This percentage remained unchanged with the addition of AAV8-sCX3CL1, 

arguing against a role of sCX3CL1 in reducing microglial residence in the ONL. 

Finally, given upregulation of inflammatory cytokines and complement during the period 

of non-autonomous cone death, the effect of AAV8-sCX3CL1 on these factors was evaluated by 

RT-PCR. For the majority of genes tested, including Il1a, Il1b, C1qa, and Tmem119, expression 

levels in the retina were similar in eyes infected with AAV8-GFP or AAV8-GFP plus AAV8-

sCX3CL1 (Fig. 5G-J). The notable exception was Cd68, a microglial activation marker which 

was upregulated with AAV8-sCX3CL1 throughout cone degeneration (30). Collectively, these 

data challenged the notion that AAV8-sCX3CL1 attenuates complement and inflammatory 

cytokine activity in the retina. Moreover, they showed that even with massive rod death, 

microglia in the ONL, and ongoing inflammation in the eye, AAV8-sCX3CL1 was still able to 

prolong cone survival. 

 

AAV8-sCX3CL1 induces markers of microglial activation 

To probe for gene expression changes in microglia that might be brought about by 

AAV8-sCX3CL1, RNA sequencing (RNA-seq) of retinal microglia from AAV8-sCX3CL1 infected 
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eyes was performed. Flow cytometry of RP retinas carrying the Cx3cr1GFP transgene indicated 

that microglia corresponded to a CD11b+ Ly6G/Ly6C- population in the retina (Supplemental 

Fig. 4), consistent with earlier studies (47,48). Using these cell surface markers, retinal microglia 

from rd10 mice infected with AAV8-GFP or AAV8-GFP plus AAV8-sCX3CL1 were sorted at P70 

during the peak of cone degeneration. Sorted microglia were a highly purified population, 

expressing microglia-specific genes, such as Fcrls, P2ry12, and Tmem119, but not markers for 

other retinal cell types compared to non-microglia (CD11b- Ly6G/Ly6C- and CD11b- 

Ly6G/Ly6C+) cells (Supplemental Fig. 5) (49–56).  

 

Figure 6. Transcriptional profiling of retinal microglia during cone degeneration with sCX3CL1. (A) 
Volcano plot of upregulated and downregulated genes from P70 rd10 retinal microglia following infection 
at P0-P1 with AAV8-GFP or AAV8-GFP plus AAV8-sCX3CL1. Dotted lines indicate adjusted P<0.05 and 
magnitude of fold change ≥2. (B) RT-PCR validation of gene expression changes in P70 rd10 retinal 
microglia with AAV8-sCX3CL1. (C) Gene set enrichment analysis of P70 rd10 microglia from retinas 
infected with AAV8-GFP plus AAV8-sCX3CL1 (orange) compared to AAV8-GFP alone (green). Gene sets 
with family-wise error rate (FWER) <0.05 are displayed. Data shown as mean ± SEM. n = 7-8 animals per 
condition. * P<0.05, ** P<0.01, **** P<0.0001 by two-tailed Student’s t-test. 
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RNA-seq analysis of sorted microglia from P70 rd10 retinas infected with AAV8-

sCX3CL1 demonstrated significant (adjusted P<0.05, fold change ≥2) upregulation and 

downregulation of 50 and 40 genes, respectively (Fig. 6A). Four of these expression changes 

were validated by RT-PCR on independent samples (Fig. 6B). Among the genes upregulated 

with AAV8-sCX3CL1 were known markers of microglial activation during neurodegeneration, 

including Cst7, Spp1, Igf1, Csf1, Lyz2, Cd63-ps, and Gpnmb (57–60). In support of this, gene 

set enrichment analysis (GSEA) of microglia with AAV8-sCX3CL1 revealed significant 

enrichment of lysosome components (Fig. 6C), a prominent feature of activated microglia 

(30,34,61). Interestingly, low levels of multiple cone-specific genes such as Aipl1, Chrnb4, and 

Gnb3 were observed in microglia from AAV8-GFP treated retinas (62–64), potentially due to 

phagocytosis of dying cones or cone fragments. Fewer of these transcripts were detected in 

microglia from AAV8-sCX3CL1 treated retinas, hinting that sCX3CL1 might affect the digestion 

of phagocytosed materials. 

 

Normal numbers of microglia are not necessary for cone rescue with AAV8-sCX3CL1 

In healthy eyes, CX3CR1, the only known receptor for CX3CL1, is thought to be 

specifically expressed by microglia (65). This fact and the above RNA-seq data prompted us to 

ask what effect ablation of microglia might have on cone survival. In addition, we were curious if 

microglia were necessary for the rescue of cones by AAV8-sCX3CL1. It is possible to 

pharmacologically deplete microglia using PLX3397, a potent colony stimulating factor 1 

receptor (CSF1R) inhibitor (23,66). To this end, rd1 mice were fed PLX3397, and depletion of 

retinal microglia was assessed using flow cytometry. PLX3397 treatment led to ~99% depletion 

of microglia after 30 days (Fig. 7A and B). To determine if reduction in microglia prolonged cone 

survival, and to test whether the activity of AAV8-sCX3CL1 in preserving cones required 

microglia, rd1 mice were infected with AAV8-GFP with or without AAV8-sCX3CL1 and 

administered PLX3397 for 30 days during the period of cone degeneration. Depletion of 
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microglia non-significantly (P>0.05) increased cone survival in both conditions (Fig. 7C and D). 

Moreover, depletion of microglia did not abrogate the ability of AAV8-sCX3CL1 to rescue cones 

(P<0.0001). 

 

Figure 7. Effect of microglia depletion on AAV8-sCX3CL1 cone rescue. (A) Representative flow 
cytometry gating of microglia (CD11b+ Ly6G/Ly6C-) and CD11b- Ly6G/Ly6C+ populations in P50 rd1 
retinas with or without PLX3397 treatment from P20 to P49. Panels are gated on live cells (DAPI-) 
following doublet exclusion. (B) Fraction of microglia and CD11b- Ly6G/Ly6C+ cells remaining relative to 
controls in P50 rd1 retinas infected at P0-P1 with AAV8-GFP alone or AAV8-GFP plus AAV8-sCX3CL1 
after 30 days of PLX3397 treatment. Retinas from littermates without PLX3397 treatment were used as 
controls. (C) Flat-mounted P50 rd1 retinas from PLX3397 treated mice infected with AAV8-GFP or AAV8-
GFP plus AAV8-sCX3CL1. Scale bar, 1 mm. (D) Quantification of cone survival in the central retina of 
P50 rd1 retinas from PLX3397 treated mice infected with AAV8-GFP or AAV8-GFP plus AAV8-sCX3CL1. 
Data shown as mean ± SEM. n = 3-4 animals per condition for (A), n = 9-18 animals per condition for (D). 
**** P<0.0001 by two-tailed Student’s t-test. N.S., not significant. 

 

Discussion 

In this study, we developed a novel gene therapy vector, AAV8-sCX3CL1, that 

prolonged cone survival in three different RP mouse models and delayed the loss of cone-

mediated vision. Preservation of cones with AAV8-sCX3CL1 occurred despite elevated cytokine 

levels in the retina, and despite the continued presence of microglia in the ONL. Depletion of up 
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to ~99% of microglia during cone degeneration non-significantly improved cone survival and did 

not disrupt the rescue effect of AAV8-sCX3CL1. While the mechanism by which AAV8-

sCX3CL1 saves cones remains to be elucidated, our findings suggest that sCX3CL1 gene 

therapy could be beneficial for a wide range of RP patients, and potentially for other patients 

with inflammatory processes that affect vision or other areas of the CNS. 

CX3CL1 is a 373-amino acid protein with a single transmembrane domain that can 

undergo proteolytic cleavage to release sCX3CL1 into the extracellular environment (38). In the 

CNS, both fCX3CL1 and sCX3CL1 are primarily produced by neurons and, by binding CX3CR1 

on microglia, are thought to regulate key aspects of microglial physiology (67,68). One of the 

main responsibilities of CX3CL1 in neuron-microglia interactions is to suppress the activation of 

microglia (69,70). Supporting this notion, exogenous delivery of CX3CL1 has been shown to 

decrease microglial activation as well as neurological deficits in animal models of Parkinson’s 

disease and stroke (71–73). 

Based on these data, we overexpressed CX3CL1 in RP mice with the hope that it would 

attenuate immune responses in the retina that were perpetuating non-autonomous cone death. 

Use of sCX3CL1 indeed prolonged cone survival during degeneration, though it did so without 

reducing inflammation or the number of microglia in the ONL. Interestingly, cone rescue was 

seen when sCX3CL1 was secreted by the RPE, but not when full-length membrane-bound 

CX3CL1 was expressed on cones. This result could be due to differences in the level of 

expression, as the RPE-specific human Best1 promoter is quite strong relative to the human red 

opsin promoter. Alternatively, it could be that sCX3CL1 acts on other cell types besides 

microglia and is better able to reach these cells when secreted. In contrast, overexpression of 

CD200, another repressor of microglial activation (24), failed to rescue cones whether 

expressed as a sCD200 from the RPE or fCD200 on cones. Of note, we recently reported dose-

dependent vector toxicity with certain promoters, including human Best1, resulting in 
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dysmorphic RPE and mild photoreceptor damage (74). In this study, AAV8-sCX3CL1 containing 

the human Best1 promoter was nonetheless able to improve cone survival. 

Activated microglia are a hallmark of early RP, given their migration into the ONL, 

production of inflammatory cytokines, and phagocytosis of living photoreceptors (33,34,45). In 

early RP, rods are degenerating, and these microglia activities are deleterious, as genetic 

ablation of microglia has been demonstrated to ameliorate rod death (34). Acute retinal 

detachment, another condition causing photoreceptor loss, is similarly characterized by 

inflammatory cytokines and phagocytic microglia (75,76). Unlike with early RP, however, 

removal of microglia during retinal detachment was observed to accelerate photoreceptor 

degeneration, implying a protective role for activated microglia (76). Here, we found evidence of 

microglial activation during cone death in RP as illustrated by the presence of microglia in the 

ONL, and upregulation of Il1a, Tnf, C1qa, and Cd68. We hypothesized that, as in early RP, 

these microglia might be detrimental, and consequently, our goal was to develop AAV vectors 

capable of suppressing retinal microglial activation. Interestingly, drug-induced depletion of 

microglia in rd1 retinas provided evidence for only a slight negative effect of activated microglia 

on cones; only a small increase in the number of cones was seen with microglia depletion, and 

this change did not reach statistical significance. One explanation for this could be that while 

activated microglia in RP do hinder cone survival, they may also provide some benefits. We 

speculate that one such benefit may be increased clearance of harmful cell debris. By RNA-seq, 

we detected small amounts of cone-specific RNAs in microglia from AAV8-GFP infected rd10 

retinas, potentially from phagocytosis of cones or cone fragments. Because such RNAs were 

fewer in microglia from AAV8-sCX3CL1 infected retinas, cone debris might accumulate in 

control microglia if digestion of these materials cannot keep up with engulfment. Inability of 

microglia to complete phagocytosis may then trigger the release of factors injurious to cones, 

akin to the model of “frustrated phagocytosis” experienced by microglia in Alzheimer’s disease 

(77). As we observed upregulation of lysosomal pathways in microglia with AAV8-sCX3CL1, 
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these cells may more efficiently digest cone material, alleviating this frustration and favoring 

cone preservation. 

Notably, depletion of up to ~99% of microglia also failed to abrogate AAV8-sCX3CL1 

cone rescue. Although this could indicate that sCX3CL1 prolongs cone survival independently of 

microglia, we cannot rule out the possibility that sCX3CL1 mediated the rescue effect via 

microglia prior to their depletion. Because AAV8-sCX3CL1 was administered before PLX3397, 

there may have been enough time for microglia to respond to sCX3CL1 and alter the retinal 

microenvironment in a manner promoting cone survival. While it normally takes around two 

months for subretinal AAV8 expression to peak, a small amount of signal can be detected as 

early as five days post-infection (78). Consistent with this, we did see transcriptional changes in 

retinal microglia 20 days after delivery of AAV8-sCX3CL1 (data not shown), though it is difficult 

to interpret the relevance of such changes in delaying cone degeneration. Another scenario 

could be that only a few microglia are needed for AAV8-sCX3CL1 to save cones. In a recent 

study by Liddelow et al., depletion of microglia by PLX3397 was unable to eliminate a 

phenotype in astrocytes induced by microglia (23). Specifically, the authors found that 

inflammatory cytokines from activated microglia caused astrocytes to damage neurons. 

Astrocyte neurotoxicity was absent in CSF1R null mice, which are devoid of microglia (79). 

However, in other strains, neurotoxicity was still observed despite pharmacologically depleting 

95% of microglia (23). Thus, it could be that the ~1% of retinal microglia that survive PLX3397 

treatment are sufficient to respond to sCX3CL1 and preserve degenerating cones. For these 

remaining microglia, greater sCX3CL1 signaling per cell may additionally account for the slight 

additivity of AAV8-sCX3CL1 and microglia depletion on cone rescue. 

An alternative model, given how modest the effect of microglia depletion was on cone 

survival, is that non-autonomous cone death is caused by mechanisms largely independent of 

microglia (9,13–15). For AAV8-sCX3CL1, the reason for cone rescue might then be due to 

sCX3CL1 acting on a CX3CR1-expressing cell type other than microglia. This cell type would 
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have to be external to the retina, since none of the non-microglia cells in our rd1;Cx3cr1GFP/+ 

retinas expressed CX3CR1 when analyzed by flow cytometry. Outside of the CNS, CX3CR1 is 

also present on several immune cell populations, including monocytes, peripheral 

macrophages, and certain subsets of T cells, natural killer cells, and dendritic cells (35,80). In 

these populations, one of the roles of CX3CR1 is to mediate a chemotactic response to 

CX3CL1 (80,81). It is therefore plausible that sCX3CL1 secreted by the RPE might act on one 

of these cell types in the vascular-rich choroid, perhaps to induce migration into the subretinal 

space. Future work is needed to examine these possibilities and determine at a molecular level 

how sCX3CL1 preserves cones. Such information will aid the development of better RP 

treatments that more specifically target cone degeneration. 

In 2017, an AAV vector encoding the RPE65 gene became the first gene therapy to be 

approved for an inherited retinal disorder (82). Despite this achievement, there are still 

thousands of retinal disease mutations for which no effective treatment exists (83). Addressing 

these lesions one by one would be cost-prohibitive and time-consuming, and specifically for RP, 

rods carrying the mutation have often died by the time of diagnosis (1), making gene correction 

therapy infeasible. Mutation-independent gene therapy is an alternative approach that, while not 

curative, may improve vision for a much larger number of patients, including those for whom no 

causal mutation has been identified. Previously, only two examples of mutation-independent 

gene therapy have been shown to rescue cones in animal models of RP (84). In 2015, Byrne et 

al. reported better cone survival and vision in two strains of RP mice with viral-mediated 

expression of rod-derived cone viability factor (RdCVF), a protein normally secreted from rods 

that stimulates cones to take up glucose (15,85,86). That same year, our group found that cone 

numbers and function in three RP mouse lines could be improved with AAV-mediated delivery 

of antioxidant-based therapy, particularly a master antioxidant transcription factor, NRF2 (13). 

Here, we demonstrated that AAV8-sCX3CL1 is also a mutation-independent gene therapy 

capable of saving cones in different types of RP mice. Our results support further assessment of 
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AAV8-sCX3CL1 in larger RP animal models and highlight its potential to help treat this disease 

in patients, regardless of their mutation. 

Finally, photoreceptor death occurs in other diseases, such as age-related macular 

degeneration (AMD), the leading cause of blindness in the industrialized world (87). Although 

AMD pathogenesis is not fully understood, loss of rods typically precedes that of cones (88,89), 

not unlike non-autonomous cone death in RP. Furthermore, genetic polymorphisms in CX3CR1, 

the receptor for CX3CL1, have been associated with a higher risk of AMD in patients (90). It 

would thus be interesting to test if sCX3CL1 can similarly alleviate retinal degeneration in AMD. 

 

Materials and Methods 

Animals. CD-1 (#022), rd1 (FVB/N) (#207), and C57BL/6 (#027) mice were purchased 

from Charles River Laboratories. Cx3cr1GFP (#005582) (35) and rd10 (#004297) (27) mice on a 

C57BL/6 background were purchased from The Jackson Laboratory. Rhodopsin null (Rho-/-) 

mice were a gift from Janis Lem (Tufts University, Boston, MA, USA) (42). Animals were 

subsequently bred and maintained at Harvard Medical School on a 12-hour alternating light and 

dark cycle. All experimental procedures were approved by the Institutional Animal Care and Use 

Committee (IACUC) at Harvard University. 

Plasmids. The AAV-human red opsin-GFP-WPRE-bGH (AAV8-GFP) vector plasmid 

was a gift from Botond Roska (Friedrich Miescher Institute for Biomedical Research, Basel, 

Switzerland) (91) and used the promoter region originally developed by Wang et al. (92). The 

AAV8-mCherry vector was generated by replacing the GFP coding sequence with that of 

mCherry flanked by NotI and AgeI restriction sites. AAV8-fCD200 and AAV8-fCX3CL1 were 

then cloned by digesting AAV8-mCherry with NotI and HindIII restriction enzymes and replacing 

the mCherry coding sequence with the GCCGCCACC Kozak sequence followed by the full-

length mouse cDNA for CD200 (NM_010818.3) or CX3CL1 (NM_009142.3), respectively. A 

vector utilizing the human Best1 promoter was created by replacing the CMV promoter of the 
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AAV-CMV-PI-EGFP-WPRE-bGH plasmid, a gift from James M. Wilson (University of 

Pennsylvania, Philadelphia, PA, USA), with the -540/+38 base pair region of the human Best1 

promoter (93). Vector plasmids for AAV8-sCD200 and AAV8-sCX3CL1 were cloned by 

digesting the AAV-human Best1 promoter vector with NotI and HindIII restriction enzymes and 

replacing the EGFP coding sequence with the GCCGCCACC Kozak sequence followed by the 

first 714 base pairs (amino acids 1-238) of CD200 or first 1008 base pairs (amino acids 1-336) 

of CX3CL1, respectively, followed by a stop codon.    

Vector production and purification. Recombinant AAV serotype 8 (AAV8) vectors 

were generated as previously described (13,94). HEK293T cells were transfected using 

polyethylenimine with a mixture of the AAV plasmid, rep2/cap8 packaging plasmid, and 

adenovirus helper plasmid. Seventy-two hours post-transfection, the supernatant was harvested 

and vector particles precipitated by overnight PEGylation followed by centrifugation. To remove 

cell debris, vectors were then subjected to centrifugation through an iodixanol gradient. The 

recovered AAV vectors were washed three times with phosphate-buffered saline (PBS) and 

concentrated to a final volume of 100-200 µl. The titer of purified vectors was semi-quantitatively 

determined by staining of viral capsid proteins VP1, VP2, and VP3 using SYPRO Ruby 

(Molecular Probes) and relating the staining intensity to a standard titered using RT-PCR of 

genome sequences. 

Subretinal injections. All injections were performed on P0-P1 neonatal mice. Following 

anesthetization of the mouse on ice, the palpebral fissure was carefully cut using a 30-gauge 

needle and the eye exposed with dull forceps. A glass needle controlled by a FemtoJet 

microinjector (Eppendorf) was then used to deliver a volume of ~0.25 µl into the subretinal 

space for all injections. To standardize labeling of cones, AAV8-GFP and AAV8-mCherry were 

administered at 5 x 108 vector genomes (vg) per eye, a dose adequate for infecting >90% of 

cones in WT retinas (Supplemental Fig. 1). All other vectors were dosed at 1 x 109 vg per eye. 

The subretinal bleb was formed in the inferotemporal quadrant for the right eye and 
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superotemporal quadrant for the left. Right and left eye injections for each condition were 

alternated from litter to litter, and no significant difference was found in the number or 

distribution of GFP-positive cones between right or left eyes injected with the same vectors. 

Histology. Enucleated eyes for retinal cross-sections were dissected in PBS. Following 

removal of the cornea, iris, lens, and ciliary body, the remaining eye cup was fixed in 4% 

paraformaldehyde for two hours at room temperature, cryoprotected in 10%, 20%, and 30% 

sucrose in PBS, and embedded in a 1:1 mixture of 30% sucrose 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 50 µm sections for Cx3cr1GFP retinas or 20 µm sections 

otherwise and stained with 4′,6-diamidino-2-phenylindole (DAPI) (Thermo Fisher Scientific) for 

five minutes at room temperature before mounting with Fluoromount-G (SouthernBiotech). For 

flat-mounted retinas, isolated retinas were fixed in 4% paraformaldehyde for 30 minutes at room 

temperature. Four radial incisions were made to relax the retina into four leaflets, which were 

flattened onto a microscope slide with the ganglion cell layer facing up using a fine-haired brush. 

To perform antibody staining of retinal cross-sections or whole retinas, tissues were blocked 

with 5% goat serum or 5% bovine serum albumin in PBS with 0.1% Triton X-100 for one hour at 

room temperature, after which tissues were incubated with primary antibodies in block solution 

at 4oC overnight followed by secondary antibodies in PBS for two hours at room temperature. 

Primary antibodies included rabbit anti-CX3CL1 (Abcam, ab25088, 1:500) and rhodamine-

conjugated peanut agglutinin (PNA) (Vector Laboratories, RL-1072, 1:1000). Goat anti-rabbit 

Alexa Fluor 594 (Jackson ImmunoResearch, 111-585-144, 1:1000) was used as a secondary 

antibody. 

Image acquisition and analysis. Images of microglia in retinal cross-sections and of 

flat-mounted retinas were acquired on a Keyence BZ-9000 widefield fluorescent microscope 

using a 10x air objective. All other images were acquired on a Zeiss LSM710 scanning confocal 

microscope using a 10x air, 20x air, or 40x oil objective. Image analysis was performed using 
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ImageJ. To calculate the percentage of microglia in the ONL, a mask was drawn around the 

ONL following the outlines of DAPI-labeled nuclei. Each microglia was determined to reside in 

the ONL if 50% or more of its cell body was located within the mask. GFP-positive cones in flat-

mounted retinas were quantified using a custom ImageJ module. To indicate the location of the 

optic nerve head and boundaries of the retina, a line was first drawn by the user from the optic 

nerve head to the center of the edge of each of the four retinal leaflets as depicted in 

Supplemental Fig. 2. All subsequent steps were performed by the module without requiring user 

input. To define the region corresponding to the central retina, the module connected the four 

aforementioned lines at their midpoints to form a quadrilateral around the optic nerve head. The 

image then underwent several processing steps to account for areas of uneven fluorescence or 

overlapping GFP signal, including local background subtraction, watershed segmentation, and 

particle size filtering. Finally, an automatic threshold was applied, and the number of GFP-

positive particles within the quadrilateral was quantified by the module. This value was used to 

represent the number of GFP-positive cones in the central retina of the sample. The module can 

be freely downloaded from https://sites.imagej.net/Seankuwang/. 

Electroretinography (ERG). In vivo ERG recordings were performed and measured 

using the Espion E3 System (Diagonsys) as previously described (13,95). To minimize inter-

animal variation, conditions were tested using right and left eyes of the same animals. Mice 

were dark-adapted overnight and anesthetized with an intraperitoneal injection of 100 mg/kg 

ketamine and 10 mg/kg xylazine. Following dilation of the pupils with 1% tropicamide, gold-wire 

electrodes were applied to the surface of both eyes and hydrated with a drop of lubricating gel 

(Optixcare). Reference and ground electrodes were placed subcutaneously near the scalp and 

tail, respectively. The animal was then light-adapted for 12 minutes under a 30 cd/m2 

background light. Upon completion of light adaptation, photopic vision was assessed using 

multiple flashes of 1, 10, and 100 cd/m2 light. The average amplitude of the photopic b-wave in 
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response to each flash intensity was subsequently measured by an observer (Y.X.) blinded to 

the treatment assignment. 

Optomotor assay. Visual acuity was measured using the OptoMotry System (Cerebral 

Mechanics) as previously described (13,95). Mice were placed on a platform within a virtual-

reality chamber in which the spatial frequency of a displayed sine wave grating could be altered 

using a computer program. A bright background luminance setting was used to saturate rod 

responses to provide a measure of cone vision. During each test, an observer (P.R.) blinded to 

the treatment assignment assessed for reflexive head-tracking movements in response to the 

grating stimulus. Right and left eyes were tested independently using counterclockwise and 

clockwise gratings, respectively, as only motion in the temporal-to-nasal direction evokes the 

optomotor response in mice (44). For each eye, the highest spatial frequency at which the 

animal tracked the grating was determined to be the visual acuity. 

RT-PCR. For RT-PCR of whole retinas, freshly dissected retinas were homogenized 

using a handheld pellet pestle (Kimble Chase) in 350 µl of RLT buffer containing 1% beta-

mercaptoethanol. One retina was used per sample. For RT-PCR of microglia, approximately 

1000 microglia per retina were sorted into 10 µl of Buffer TCL (Qiagen) to lyse cells, to which 70 

µl of RLT buffer containing 1% beta-mercaptoethanol was added. RNA extractions were 

performed using an RNeasy Micro Kit (Qiagen) followed by cDNA synthesis using the 

SuperScript III First-Strand Synthesis System (Invitrogen). RT-PCR reactions were conducted in 

triplicate using the Power SYBR Green PCR Master Mix (Applied Biosystems) on a CFX96 real-

time PCR detection system (BioRad) to determine cycle threshold (Ct) values. Expression levels 

were quantified by normalizing to the housekeeping gene Gapdh with fold changes relative to 

age-matched WT (CD-1 or B6) retinas. P-values were calculated using ΔΔCt values. Primers for 

RT-PCR were designed using PrimerBank (96). 

RPE explants. Enucleated eyes were dissected in PBS to remove the cornea, iris, lens, 

ciliary body, retina, and connective tissue. Four relaxing radial incisions were made to the 
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remaining RPE-choroid-sclera complex. Each complex was then placed on a 12 mm Millicell cell 

culture insert (Millipore) resting on 3 mL of prewarmed culture media with the RPE side facing 

up. Culture media consisted of a 1:1 ratio of DMEM and F-12 supplemented with L-glutamine, 

B27, N2, and penicillin-streptomycin. Explants were maintained in humidified incubators at 37°C 

and 5% CO2 for 48 hours, after which the media was collected and assayed for CX3CL1 protein 

using a commercial ELISA kit (R&D Systems) according to manufacturer’s instructions. ELISA 

reactions were performed in duplicate using 50 µl of media as input. 

Flow cytometry and cell sorting. Retinal microglia were isolated using fluorescence-

activated cell sorting (FACS) and data analyzed on FlowJo 10 (Tree Star). To dissociate cells, 

freshly dissected retinas were incubated in 400 µl of cysteine-activated papain solution 

(Worthington) for 5 minutes at 37oC, followed by gentle trituration with a micropipette. 

Dissociated cells were blocked with rat anti-mouse CD16/32 (BD Pharmingen, 1:100) for 5 

minutes on ice followed by staining with PE-Cy5-conjugated anti-CD11b (BioLegend, M1/70, 

1:200), APC-Cy7-conjugated anti-Ly6G (BioLegend, 1A8, 1:200), and APC-Cy7-conjugated 

anti-Ly6C (BioLegend, HK1.4, 1:200) for 20 minutes on ice. After washes, cells were 

resuspended in FACS buffer (2% fetal bovine serum, 2mM EDTA in PBS) containing 0.5 µg/mL 

DAPI to label non-viable cells and passed through a 40 µm filter. Sorting was performed on a 

BD FACSAria II using a 70 µm nozzle according to the gating shown in Supplemental Fig. 4. 

RNA sequencing of microglia. Eight biological replicates were used per experimental 

condition. For each retina, 1000 microglia (CD11b+ Ly6G/Ly6C-) were sorted into 10 µl of Buffer 

TCL (Qiagen) containing 1% beta-mercaptoethanol and immediately frozen on dry ice. For a 

subset of retinas, 1000 non-microglia cells (CD11b-) were also sorted. Upon collection of all 

samples, frozen microglia and non-microglia lysates were thawed on wet ice and loaded into a 

96-well plate for cDNA library synthesis and sequencing. A modified Smart-Seq2 protocol was 

performed on samples by the Broad Institute Genomics Platform (97). Libraries from 96 

samples with unique barcodes were combined and sequenced on a NextSeq 500 Sequencing 
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System (Illumina) to an expected coverage of ~6 million reads per sample. Following 

demultiplexing, reads were subjected to quality control measures and mapped to the 

GRCm38.p6 reference genome. Reads assigned to each gene were quantified using 

featureCounts (98), and samples with fewer than 30% assigned reads were excluded from 

further analysis. Count data were analyzed using DESeq2 to identify differentially expressed 

genes with an adjusted P-value less than 0.05 considered significant (99). Gene set enrichment 

analysis (GSEA) was performed using GSEA v3.0 software from the Broad Institute under 

default settings on the GO Cellular Component Ontology collection (580 gene sets) from the 

Molecular Signatures Database (MSigDB). Gene sets with a family-wise error rate (FWER) less 

than 0.05 were considered significantly enriched. 

Microglia depletion. Microglia were depleted using PLX3397 (SelleckChem), an orally 

available CSF1R inhibitor. PLX3397 was incorporated into AIN-76A rodent chow (Research 

Diets) at 290 mg/kg and provided ad libitum for 30 days prior to harvesting of the animal on P50. 

Statistics. Unpaired two-tailed Student’s t-tests were used for comparisons between two 

groups. For comparisons of three or more groups, a Bonferroni correction was added to the test 

by multiplying the resulting P-value by the number of hypotheses tested. Two-tailed two-way 

ANOVA was used to analyze ERG, optomotor, and ONL thickness experiments in which the 

same subjects are compared over a series of conditions or time points. In all cases, a P-value 

less than 0.05 was considered statistically significant. 
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Supplemental Figure 1. Expression of AAV8-GFP in cone photoreceptors. (A, B) Cross-section from 
a P50 WT (CD-1) retina infected at P0-P1 with 5 x 108 vg of AAV8-GFP and stained with peanut 
agglutinin lectin (PNA), a marker of the matrix surrounding cone inner and outer segments (100). Scale 
bars, 500 µm (A), 50 µm (B). (C) High-magnification image of a flat-mounted P50 WT retina infected at 

P0-P1 with AAV8-GFP and stained with PNA. Scale bar, 20 µm. 
 
 
 
 

 

Supplemental Figure 2. Validation of sCX3CL1 overexpression with AAV8-sCX3CL1. (A) Cross-
section from a P30 WT (CD-1) retina infected at P0-P1 with AAV8-GFP or AAV8-GFP plus AAV8-
sCX3CL1 and stained with anti-CX3CL1 antibody. Scale bar, 50 µm. (B) Schematic of RPE explant 
culture. The RPE-choroid-sclera complex was isolated from the rest of the eye and placed on a cell 
culture insert resting on culture media. (C) Quantification of secreted CX3CL1 from P40 WT RPE extracts 
infected at P0-P1 with AAV8-GFP or AAV8-GFP plus AAV8-sCX3CL1. Media was collected 48 hours 
after explantation and assayed by ELISA. **** P<0.0001 by two-tailed Student’s t-test. 
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Supplemental Figure 3. Cone quantification methodology. (A) Representative image of a P50 flat-
mounted RP retina infected at P0-P1 with 5 x 108 vg of AAV8-GFP to label cones. (A’) A line was drawn 
by the user from the optic nerve head to the center of the edge of each of the four retinal leaflets. (A”) An 
ImageJ module then subjected the image to automatic processing and thresholding, connected the 
midpoints of these four lines to form a region defined as the central retina, and quantified the number of 
GFP-positive cones in the central retina. (B, B’) Comparison of raw image from a flat-mounted RP retina 
infected with AAV8-GFP versus the same retina after automatic processing and thresholding. (C) 
Correlation of cone quantification results obtained independently by two authors (S.K.W. and P.R.) using 
the ImageJ module. Each dot (n = 87) represents a separate retina. **** P<0.0001. R2 determined using 
Pearson’s correlation analysis. 
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Supplemental Figure 4. Flow cytometry gating of retinal microglia. (A) P35 rd1;Cx3cr1GFP/+ retinas 
were dissociated and gated for DAPI-negative single cells, from which three populations were isolated. 
(B) Histograms of Cx3cr1GFP signal in each population. CD11b+ Ly6G/Ly6C- cells were defined as 
microglia while CD11b- Ly6G/Ly6C- and CD11b- Ly6G/Ly6C+ cells were defined as non-microglia. Data 
shown as mean ± SEM. n = 4 animals per condition. 
 
 
 
 

 

Supplemental Figure 5. Microglia and retinal cell markers in sorted cell populations. (A) 
Comparison of microglia and non-microglia cell populations sorted from rd10 retinas for expression of 20 
microglia-specific genes by RNA-seq (50). (B) Comparison of microglia and non-microglia cell populations 
sorted from rd10 retinas for expression of indicated retinal cell-type markers by RNA-seq (51–56). Data 
shown as mean ± SEM. n = 24 animals for microglia, n = 6 animals for non-microglia. RGC, retinal 
ganglion cell; AC, amacrine cell; HC, horizontal cell. 
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Chapter 3: Modulation of microglia by TGF-β1 as a generic therapy for retinitis 

pigmentosa 

 

Abstract 

As discussed in Chapter 2, 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 – e.g., the tremendous diversity of causal mutations. Gene therapy 

targeting secondary cone degeneration is an alternative approach that could provide a much-

needed generic treatment for many RP patients. Here, we show that microglia are required for 

the upregulation of potentially neurotoxic inflammatory factors during the period of 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 anti-

inflammatory cytokine transforming growth factor-beta (TGF-β). AAV-mediated delivery of TGF-

β1 rescued degenerating cones in three mouse models of RP carrying different pathogenic 

mutations. Treatment with TGF-β1 protected vision, as measured by two behavioral assays, and 

could be pharmacologically disrupted by either depleting microglia or blocking the TGF-β 

receptors. Our results suggest that TGF-β1 may be broadly beneficial for patients with cone 

degeneration, and potentially other forms of neurodegeneration, through a pathway dependent 

upon microglia. 

  



41 

Contributions 

Sean K. Wang1, Yunlu Xue1, Constance L. Cepko1,2 

 

1 Departments of Genetics and Ophthalmology, Harvard Medical School, Boston, MA 02115, 

USA 

2 Howard Hughes Medical Institute, Chevy Chase, MD 20815, USA 

 

S.K.W. and C.L.C. conceived the study; S.K.W., Y.X., and C.L.C. designed research; S.K.W. 

and Y.X. performed experiments and analyzed data; S.K.W. and C.L.C. wrote the paper. 

 

Note: This work has been submitted for publication and is currently in revision at the Journal of 

Clinical Investigation. 

  



42 

Introduction 

As discussed in Chapter 2, 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. Worldwide, the condition affects an estimated two million people, with 

thousands of pathogenic mutations 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 adolescence (2,3). Rod degeneration is then followed by 

the dysfunction 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 currently no effective interventions to halt primary rod degeneration 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 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 logistically 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 autosomal 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 challenges, we and others have focused instead on the 

development of gene therapy that targets secondary cone degeneration (10–12), the process 
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ultimately responsible for loss of quality of life in RP. Such therapies, if successful, would 

provide a much-needed and broadly 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). Excessive 

microglial activation has been implicated in virtually every neurodegenerative disorder (13–15), 

including RP, in which activated microglia in the retina have been shown to phagocytose 

photoreceptors (16). During primary rod degeneration in RP, activated microglia appear to be 

harmful as ablating these cells or suppressing their activation have been reported to enhance 

rod survival (16,17). However, how microglia contribute to secondary cone degeneration is less 

clear. In a previous study of cone degeneration in RP, we overexpressed soluble CX3CL1 

(fractalkine), a secreted molecule thought to regulate 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 current study, we further 

addressed the role of microglia in cone death by overexpressing different isoforms of 

transforming growth factor beta (TGF-β), an anti-inflammatory cytokine known to inhibit 

microglial activation (18,19). Using three mouse models of RP, we found that TGF-β1 was able 

to protect degenerating cones and save vision via a mechanism that required both microglia and 

TGF-β receptor signaling. Our data support the application of TGF-β1 as a generic therapy for 

patients with RP and highlight the therapeutic potential of modulating microglia to treat 

neurodegenerative conditions. 

 

Results and Discussion 

To examine the effects of microglia during secondary cone degeneration, mice were 

treated with PLX5622, a potent colony stimulating factor 1 receptor (CSF1R) inhibitor that 
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selectively eliminates microglia (20). In the rd1 mouse line, the most widely used animal model 

of RP (21), PLX5622 treatment for 20 days depleted ~99% of retinal microglia (Fig. 1A-D) 

without affecting peripheral immune populations, such as circulating monocytes or peritoneal 

macrophages (Supplemental Fig. 1). 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 Il1a, C1qa, and Tnf (12), inflammatory factors that have been shown to induce 

neurotoxicity both in vitro and in vivo (15,23). Here, we confirmed these findings (Fig. 1E) and 

sought to determine if microglia were not just correlated with, but responsible for the 

upregulation of inflammatory genes. RT-PCR performed on retinas from rd1 mice with or without 

PLX5622 treatment demonstrated that increased expression of Il1a, C1qa, and Tnf were 

abolished following microglia depletion (Fig. 1E). We thus concluded that microglia play a 

causal role in retinal inflammation during secondary cone degeneration. 

Figure 1. Retinal expression of inflammatory genes after microglia depletion. (A) Timeline of 
microglia depletion. Microglia from FVB (rd1) mice were pharmacologically depleted with PLX5622 
beginning at P20 with harvesting of retinas at P40. (B) Retinal cross-sections from P40 rd1 mice with or 
without depletion. Arrowheads depict Iba1-positive microglia in the ONL by immunostaining. Scale bar, 50 
µm. (C, D) Representative gating (C) and quantification (D) by flow cytometry of microglia as a 
percentage of all retinal cells in P40 rd1 mice (n = 4) with or without depletion. Microglia were defined as 
CD11b-positive Ly6G/Ly6C-negative cells. For full gating strategy, see Supplemental Fig. 1. (E) mRNA 
expression of indicated genes in retinas (n = 4-5) from WT (CD-1) or rd1 mice with or without depletion. 
Fold changes are relative to WT retinas. Data shown as mean ± SEM. * P<0.05, ** P<0.01, **** P<0.0001 
by two-tailed Student’s t-test for (D), two-tailed Student’s t-test with Bonferroni correction for (E). ONL, 
outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer. 
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TGF-β is a major anti-inflammatory cytokine that signals through the TGF-β type I 

(TGFBR1) and II (TGFBR2) receptors to trigger downstream expression of target genes (24). 

Exogenous TGF-β can inhibit microglial production of inflammatory cytokines such as Tnf and 

Il6 (18,19), whereas ablation of TGF-β signaling in microglia via genetic deletion of TGFBR2 

leads to activation of these cells (25) and, notably, degenerative changes in the retina highly 

reminiscent of RP (26). We reasoned that suppressing microglial activation and its resulting 

inflammation with TGF-β might be beneficial for degenerating cones in RP. To test this idea, 

adeno-associated viral (AAV) vectors encoding each of the TGF-β isoforms – TGF-β1 (AAV8-

TGFB1), TGF-β2 (AAV8-TGFB2), and TGF-β3 (AAV8-TGFB3) – were synthesized and 

subretinally injected into rd1 mice at postnatal day 0-1 (P0-P1), a time point that enables 

infection of the entire retina (Fig. 2A and B). These vectors used the human red opsin promoter 

to drive expression in cones (27) and were co-administered 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 around 7 days post-

injection, with strong expression by day 14 (Supplemental Fig. 2). AAV vectors with this same 

promoter resulted in significant upregulation of TGF-β in infected retinas at both the mRNA and 

protein levels (Supplemental Fig. 2).  

Secondary cone degeneration begins around P20 in rd1 mice, with massive loss of 

cones by P50, particularly within the central retina (Fig. 2C). To measure the effect of TGF-β 

isoforms on retinal degeneration, the number of GFP-positive cones in the central retina was 

therefore quantified. Compared to 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 (Fig. 2D and E). In contrast, co-infection with AAV8-TGFB1 nearly tripled the 

number of cones in the central retina at P50. To determine whether greater cone numbers with 

TGF-β1 were a result of cone preservation or rather a perturbation in retinal development, rd1 

retinas treated with AAV8-GFP or AAV8-GFP plus AAV8-TGFB1 were examined at P20, prior to  
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Figure 2. Effect of overexpressing TGF-β isoforms on cone survival. (A, B) Schematics of AAV 
vector design (A) and delivery (B). (C) Representative flat-mounts of FVB (rd1) 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 rd1 retinas treated with indicated vectors and 
harvested at P50. Scale bar, 1 mm. (E) Quantification of GFP-positive cones in central retinas of rd1 mice 
treated with indicated vectors (n = 12-28). Data shown as mean ± SEM. ** P<0.01, **** P<0.0001 by two-
tailed Student’s t-test with Bonferroni correction. N.S., not significant.  

 

secondary cone degeneration. AAV8-TGFB1 did not alter the number of cones at this time point 

(Supplemental Fig. 2), suggesting that the difference in cones at P50 was indeed due to longer 

survival. As increased cone counts with TGF-β1 could also be explained by a rearrangement of 

peripheral cones to the central retina, whole rd1 retinas were analyzed at P30 by flow 

cytometry, which showed significantly more GFP-positive cones in eyes treated with AAV8-GFP 
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plus AAV8-TGFB1 compared to AAV8-GFP only (Supplemental Fig. 2). Together, these data 

indicated that AAV8-TGFB1 could rescue degenerating cones in the rd1 model of RP. 

AAV8-TGFB1 was next studied in two more slowly degenerating 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 

(28). In both strains, AAV8-TGFB1 again significantly improved cone survival (Fig. 3A-C), 

implying that TGF-β1 might be broadly beneficial for cones in RP irrespective of the causal 

mutation. In addition, the impact of TGF-β1 on rod survival was investigated in rd10 mice by 

measuring the thickness of the outer nuclear layer (ONL), which normally consists primarily of 

rods. Despite preserving cones in the same model, AAV8-TGFB1 did not prevent rod death and 

the reduction of ONL thickness in rd10 retinas (Supplemental Fig. 3). Thus, the therapeutic 

effect of AAV8-TGFB1 in RP appears to be selective for cones.  

Encouraged by our histological findings, we assessed the potential clinical relevance of 

TGF-β1 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 wild-

type animals for the dark half of a 50:50 light-dark box (Fig. 3D and Supplemental Fig. 3C). 

Conversely, rd1 mice, which can no longer distinguish light from dark by P30 due to loss of 

functional photoreceptors, equally split their time between the two compartments. Compared to 

animals without treatment or receiving AAV8-GFP only, rd1 mice treated with AAV8-GFP plus 

AAV8-TGFB1 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-TGFB1 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 (29). At P60, rd10 eyes treated with 

AAV8-GFP plus AAV8-TGFB1 exhibited significantly better visual acuity than those only 
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receiving AAV8-GFP (Fig. 3E). From these data, we concluded that TGF-β1 in mouse RP not 

only helps preserve cones, but also importantly protects from vision loss. 

 

Figure 3. Effect of AAV8-TGFB1 on long-term cone survival and cone-mediated vision. (A, B) 
Representative flat-mounts of rd10 (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) 
Quantification 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 and C3H (rd1) mice 
treated with AAV8-GFP or AAV8-GFP plus AAV8-TGFB1 (n = 8-14). (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 as mean ± SEM. * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001 by two-tailed 
Student’s t-test for (C, E), two-tailed Student’s t-test with Bonferroni correction for (D). 
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How does AAV8-TGFB1 combat secondary cone degeneration? Given the anti-

inflammatory properties of TGF-β, mRNA levels of Tmem119, Il1a, C1qa, and Tnf in P40 rd1 

retinas were quantified and, surprisingly, were found to be unchanged with AAV8-TGFB1 (Fig. 

4A). AAV8-TGFB1 likewise did not affect the number of microglia in the retina as assayed by 

flow cytometry (Supplemental Fig. 4), and treatment did not alter the percentage of microglia in 

the ONL (Fig. 4B and C), the retinal layer in which microglia preferentially localize during 

degeneration (12). To better understand the microglial response to AAV8-TGFB1, microglia 

from P30 rd1 retinas treated with AAV8-GFP or AAV8-GFP plus AAV8-TGFB1 were isolated by 

cell sorting and subjected to RNA sequencing (RNA-seq). Sorted microglia were highly pure, 

expressing microglia markers such as Tmem119 and P2ry12, but not those of other cell types 

(Supplemental Fig. 4). Only 23 genes were significantly altered (adjusted P<0.05, log2 fold 

change >0.4) in microglia treated with AAV8-TGFB1 (Fig. 4D). These included Spp1 and Gas6, 

the most upregulated and downregulated of the 23 genes, respectively, which were validated by 

RT-PCR in microglia from both P30 rd1 and P200 rd10 retinas (Supplemental Fig. 4). 

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, rd1 mice were administered PLX5622, which eliminated ~99% 

of retinal microglia even in AAV-infected eyes (Supplemental Fig. 4). While microglia depletion 

had no significant effect on cone survival in rd1 retinas treated with AAV8-GFP only (Fig. 4G), 

consistent with our prior observations (12), it significantly abrogated cone rescue by AAV8-

TGFB1. These findings indicate that microglia are not inherently helpful or harmful for 

degenerating cones, but are necessary for the cone survival mediated by TGF-β1 gene therapy. 

In the retina, microglia are among the only cells that highly express TGFBR1 and TGFBR2 (Fig. 

4E and F) (26), both of which are required for TGF-β signaling (24). We therefore hypothesized 

that AAV8-TGFB1 might act via TGF-β receptors on microglia in order to promote cone survival. 

To test this, rd1 mice treated with AAV8-GFP or AAV8-GFP plus AAV8-TGFB1 were  
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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 WT (CD-1) retinas. (B, C) 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 µm. (D) Volcano plot of up- and down-regulated genes in microglia 
sorted from P30 rd1 retinas (n = 7) after treatment with AAV8-GFP plus AAV8-TGFB1 relative to AAV8-
GFP only. Dotted lines indicate adjusted P<0.05 and log2 fold-change >0.4. (E) Normalized RNA-seq 
counts for expression of Tgfbr1 and Tgfbr2 in microglia versus non-microglia cells from P30 rd1 retinas (n 
= 4-14). (F) Immunostaining for TGFBR2 in an rd1;CX3CR1GFP/+ retina. Arrowhead indicates 
colocalization TGFBR2 with a CX3CR1-positive microglia in the ONL. Scale bar, 10 µm. (G) 
Quantification of GFP-positive cones in central retinas of rd1 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 as mean ± SEM. *** P<0.001, **** P<0.0001 by 
two-tailed Student’s t-test with Bonferroni correction for (A, G), two-tailed Student’s t-test for (C, E). INL, 
inner nuclear layer; N.S., not significant. 
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administered a combination of LY364947 and SB431542, potent TGFBR1/2 inhibitors capable 

of blocking these receptors in vivo (30). As with microglia depletion, TGFBR1/2 inhibition had no 

discernable effect on retinas treated with AAV8-GFP only (Fig. 4G), suggesting that any 

endogenous signaling through these receptors during cone degeneration did not dramatically 

affect cone survival. On the other hand, treatment with LY364947 and SB431542 significantly 

disrupted the ability of AAV8-TGFB1 to preserve cones (Fig. 4G). Collectively, these results 

demonstrated that both microglia and TGF-β signaling through TGFBR1 and TGFBR2 are 

needed for AAV8-TGFB1 to function therapeutically.  

In summary, AAV8-TGFB1 provides a novel gene therapy that generically protects 

cones and vision in multiple mouse models of RP, supporting its potential translation to human 

patients. Interestingly, although depletion of microglia itself does not help or hinder cone 

survival, cone rescue by AAV8-TGFB1 requires microglia. Together, these findings suggest that 

microglia do not play a significantly negative role during cone degeneration in RP, and under 

certain conditions, can be induced to benefit cones. Our study further shows a dependence of 

TGF-β gene therapy upon TGFBR1 and TGFBR2, which likely mediate signaling directly within 

microglia. We favor a model in which this signaling induces microglia to create a retinal 

environment favorable to cone survival. Our findings thus highlight a new immunomodulatory 

strategy centered around microglia for treating patients with RP, an approach that may also be 

relevant for other degenerative diseases of the visual system and CNS. 

 

Materials and Methods 

Animals. CD-1 (#022) and FVB (rd1) (#207) mice were purchased from Charles River 

Laboratories. rd10 (#004297), C3H (rd1) (#000659), sighted C3H (#003648), and CX3CR1GFP/+ 

(#005582) mice were purchased from The Jackson Laboratory. Rhodopsin null (Rho-/-) mice 

were a gift from Janis Lem (Tufts University, Boston, MA, USA) (28). FVB and CX3CR1GFP/+ 

mice were crossed for at least four generations to obtain rd1;CX3CR1GFP/+ animals. All mice 
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were subsequently bred and maintained at Harvard Medical School on a 12-hour alternating 

light and dark cycle. 

Histology. Preparation of retinal cross-sections for immunohistochemistry and retinal 

flat-mounts to measure cone survival was performed as described in Chapter 2. If applicable, 

sections were then blocked for one hour at room temperature in phosphate-buffered saline 

(PBS) containing 5% goat serum and 0.1% Triton X-100 and stained with either 1:1000 of rabbit 

anti-Iba1 (Thermo Fisher Scientific) or 1:100 of rabbit anti-TGFBR2 (Abcam), followed by 

1:1000 of goat anti-rabbit Alexa Fluor 594 (Jackson ImmunoResearch). 

Microglia depletion. Microglia were depleted using PLX5622 (a gift from Plexxikon, 

Berkeley, CA, USA), an orally available CSF1R inhibitor, formulated into AIN-76A rodent chow 

(Research Diets) at 1200 mg/kg and provided ad libitum. 

Flow cytometry and cell sorting. Flow cytometry and cell sorting were performed on a 

BD FACSAria II and analyzed using FlowJo 10 (Tree Star). Sorting of retinal cells was 

performed as described in Chapter 2. For peripheral blood cells, 50 µL of tail vein blood from 

each mouse was collected in PBS containing 2mM ethylenediaminetetraacetic acid (EDTA) and 

red blood cells lysed using BD Pharm Lysing Buffer according to manufacturer’s instructions. 

For peritoneal cells, 10 mL of FACS buffer (PBS containing 2% fetal bovine serum and 2mM 

EDTA) was injected into the peritoneal cavity of each animal shortly after sacrifice. Following 

peritoneal massage, the buffer was collected and centrifuged at 400 x g for ten minutes to 

precipitate peritoneal cells. If applicable, harvested cells were blocked for five minutes on ice 

with 1:100 of rat anti-mouse CD16/32 (BD Pharmingen) and stained with 1:200 of PE-Cy5 anti-

CD11b, FITC anti-F4/80, APC-Cy7 anti-Ly6C, or APC-Cy7 anti-Ly6G (all BioLegend). 

Populations were then passed through a 40 µm filter and resuspended in FACS buffer 

containing 0.5 µg/mL 4′,6-diamidino-2-phenylindole (DAPI) to exclude non-viable cells. 

RT-PCR. mRNA was collected from whole retinas or sorted microglia as described in 

Chapter 2. Following cDNA synthesis, RT-PCR reactions were performed in triplicate with 
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expression normalized to the housekeeping gene Gapdh. Sequences for RT-PCR primers were 

designed using PrimerBank (31). 

Plasmid design and vector production. The AAV-human red opsin-GFP-WPRE-bGH 

(AAV8-GFP) plasmid was a gift from Botond Roska (Friedrich Miescher Institute for Biomedical 

Research, Basel, Switzerland) (32). To generate plasmids for TGF-β isoforms, the GFP coding 

sequence from AAV8-GFP was replaced with the full-length mouse cDNA for TGF-β1 

(NM_011577.2), TGF-β2 (NM_009367.4), or TGF-β3 (NM_009368.3) flanked by NotI and AgeI 

restriction sites. Recombinant AAV serotype 8 (AAV8) vectors were produced as described in 

Chapter 2.  

Subretinal injections. All injections were performed on neonatal mice (P0-P1) as 

described in Chapter 2. For each eye, 5 x 108 vector genomes (vg) per eye of AAV8-GFP were 

administered, a dose sufficient to infect 90-99% of cones in wild-type retinas (11,12). All other 

vectors were administered at 1 x 109 vg per eye. At these doses, co-infection with two AAV 

vectors in cones is expected to be at least 90% (11). 

Image acquisition and analysis. Images of retinal cross-sections and flat-mounts were 

acquired using a Zeiss LSM710 scanning confocal microscope (20x air objective or 40x oil 

objective) and Nikon Ti inverted widefield microscope (10x air objective), respectively. All image 

analysis was performed using ImageJ. Quantification of cone survival in retinal flat-mounts and 

microglia in the ONL of retinal cross-sections were performed as described in Chapter 2.  

Ex vivo retinal culture. Freshly isolated retinas were relaxed with four radial incisions 

and placed on a 12 mm Millicell cell culture insert (Millipore) resting on 2 mL of prewarmed 

culture media with the ganglion cell layer facing up. Culture media consisted of a 1:1 ratio of 

DMEM and F-12 supplemented with L-glutamine, B27, N2, and penicillin-streptomycin. Explants 

were maintained in humidified incubators at 37°C and 5% CO2 for 48 hours, after which the 

media was assayed for TGF-β1 protein using a commercial ELISA kit (R&D Systems). ELISA 

reactions were performed in triplicate with 50 µL of media as input. 
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Light-dark discrimination. Innate light-avoidance behavior in mice was assessed as 

previously described (33) with minor modifications. A 28 cm (length) by 28 cm (width) by 21 cm 

(height) plastic chamber (Med Associates) was divided into two equally sized compartments: 

one dark and one brightly illuminated (~900 lux). Temperatures in the two compartments 

differed by less than 1°C. A small opening connected the two 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 ten 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 Activity Monitor (Med Associates). Time 

spent in dark was calculated based on activity during the final nine minutes of each trial.        

Optomotor assay. Visual acuity was measured using the optomotor response by an 

observer (Y.X.) blinded to the treatment assignment as described in Chapter 2.  

RNA sequencing. Transcriptional profiling of microglia (seven biological replicates per 

experimental condition) or non-microglia (four biological replicates total) was performed as 

described in Chapter 2. 1000 microglia (CD11b+ Ly6G/Ly6C-) or non-microglia cells (CD11b-) 

were sequenced from each retina with an expected coverage of ~6 million reads per sample. 

TGFBR1/2 inhibition. Pharmacological inhibition of the TGF-β type I and II receptors in 

vivo was performed using a combination of SB431542 (SelleckChem) and LY364947 

(SelleckChem) as previously described (30). 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. 

Statistics. All group data are shown as mean ± SEM. Two-tailed Student’s t-tests were 

used to compare experimental groups, with the addition of a Bonferroni correction if three or 

more hypotheses were tested. Differences between groups were considered significant when 

the P-value was less than 0.05. 
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Supplemental Figure 1. (A) Representative flow cytometry gating for microglia and non-microglia cells in 
the retina. Microglia were defined as CD11b-positive Ly6G/Ly6C-negative cells. Non-microglia were 
defined as CD11b-negative cells. (B) Representative flow cytometry gating for lymphocytes, monocytes, 
and granulocytes from peripheral blood. Each population was defined based on its characteristic forward 
scatter (FSC) and side scatter (SSC) profile as previously described (34). (C) Representative flow 
cytometry gating for peritoneal macrophages isolated from the peritoneal cavity. Peritoneal macrophages 
were defined as CD11b-positive F4/80-positive cells. (D, E) Quantification of peripheral blood immune 
populations (n = 5-6) (D) and peritoneal macrophages (n = 6) (E) from P40 FVB (rd1) mice with or without 
microglia depletion by PLX5622. Data shown as mean ± SEM. N.S., not significant by two-tailed Student’s 
t-test.  
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Supplemental Figure 2. (A) Kinetics of GFP expression in cones after subretinal delivery of AAV8-GFP. 
Arrowheads indicate faint GFP expression. Scale bar, 50 µm. (B) mRNA expression of Tgfb1 in FVB (rd1) 
retinas (n = 4-5) after treatment with AAV8-GFP plus AAV8-TGFB1 relative to AAV8-GFP only. (C) 
Quantification of TGFB1 secreted during ex vivo culture from WT (CD-1) retinas (n = 6-7) treated with 
AAV8-GFP or AAV8-GFP plus AAV8-TGFB1. (D, E) Representative images (D) and quantification (E) of 
cone survival in central retinas of P20 rd1 mice (n = 9-13) treated with AAV8-GFP or AAV8-GFP plus 
AAV8-TGFB1. Scale bar, 500 µm. (F, G) Representative gating (F) and quantification (G) by flow 
cytometry of GFP-positive cones from P30 FVB (rd1) retinas (n = 11) treated with AAV8-GFP or AAV8-
GFP plus AAV8-TGFB1. Data shown as mean ± SEM. ** P<0.01, **** P<0.0001 by two-tailed Student’s t-
test. RPE, retinal pigmented epithelium; INL, inner nuclear layer; N.S., not significant. 
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Supplemental Figure 3. (A, B) Representative cross-sections (A) and measurements of ONL thickness 
(B) at indicated distances from the optic nerve in P40 rd10 retinas (n = 6) treated with AAV8-GFP or 
AAV8-GFP plus AAV8-TGFB1. Scale bar, 50 µm. (C) Representative movement tracks during light-dark 
box testing from untreated animals and C3H (rd1) mice treated with AAV8-GFP or AAV8-GFP plus AAV8-
TGFB1. Data shown as mean ± SEM. N.S., not significant. 
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Supplemental Figure 4. (A, B) Representative gating (A) and quantification (B) by flow cytometry of 
microglia as a percentage of all retinal cells in P40 FVB (rd1) retinas (n = 7-9) treated with AAV8-GFP or 
AAV8-GFP plus AAV8-TGFB1. (C) Normalized RNA-seq counts for indicated cell type markers in 
microglia sorted from P30 rd1 retinas (n = 14). (D) mRNA expression of Spp1 and Gas6 in sorted 
microglia from P30 rd1 retinas (n = 12) and P200 rd10 retinas (n = 10-12) after treatment with AAV8-GFP 
plus AAV8-TGFB1 relative to AAV8-GFP only. (E) Quantification by flow cytometry of retinal microglia 
from P35 rd1 retinas (n = 2-6) treated with AAV8-GFP or AAV8-GFP plus AAV8-TGFB1 after 15 days of 
microglia depletion. Data shown as mean ± SEM. * P<0.05, *** P<0.001, **** P<0.0001 by two-tailed 
Student’s t-test. RGC, retinal ganglion cell; RPE, retinal pigmented epithelium; N.S., not significant. 
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Chapter 4: AAV cis-regulatory sequences are correlated with ocular toxicity 

 

Abstract 

Adeno-associated viral (AAV) vectors have become popular for gene therapy given their many 

advantages, including a reduced inflammatory profile compared to other viral-derived vectors. 

Nonetheless, even in areas of immune privilege such as the eye, AAV vectors are capable of 

eliciting host-cell responses. To investigate the effects of such responses on several ocular cell 

types, we tested multiple vector genome structures and capsid types using subretinal injections 

in mice. Assays of morphology, inflammation, and physiology were performed. Pathological 

effects on photoreceptors and the retinal pigment epithelium (RPE) were observed. Müller glia 

and microglia were activated, and the proinflammatory cytokines TNF-α and IL-1β were 

upregulated. There was a strong correlation between cis-regulatory sequences and toxicity. 

AAV vectors with any one of three broadly active promoters, or an RPE-specific promoter, were 

toxic, while vectors with four different photoreceptor-specific promoters were not toxic at the 

highest doses tested. There was little correlation between toxicity and transgene, capsid type, 

preparation method, or cellular contaminants within a preparation. The toxic effect was dose-

dependent, with the RPE being more sensitive than photoreceptors. Our results suggest that 

AAV vector toxicity in the eye is associated with certain cis-regulatory sequences and/or their 

activity and that retinal damage occurs due to responses by the RPE and/or microglia. 
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Introduction 

Adeno-associated viral (AAV) vectors are small, single-stranded (ss) DNA vectors 

derived from viruses in the Parvoviridae family that have several advantages as somatic gene 

therapy vectors. Recombinant AAV genomes typically lack viral genes and do not efficiently 

integrate into the host genome, reducing the risk of insertional mutagenesis. They establish as 

stable episomes and express transgenes indefinitely in postmitotic cells. Naturally existing AAV 

variants, together with an array of engineered variants, can infect a large variety of tissues and 

cell types in both animals and humans (1–3). These capsid variants can enable more targeted 

infection of a selected set of cell types, with transgene expression further specified through the 

use of transcription regulatory sequences. Finally, AAV vectors are non-pathogenic, which has 

predicted their safety for applications in gene therapy. Multiple clinical trials have indeed borne 

this out (4–7). 

There are many recessive genes that cause ocular disease (sph.uth.edu/retnet/), and 

complementation by a vector-encoded gene can lead to an improvement in vision (8,9). The 

target cells for ocular gene therapy are most often the photoreceptors and retinal pigment 

epithelial (RPE) cells, as most genetic retinal diseases involve dysfunction and/or death of these 

cell types. There are two types of photoreceptors: rods, necessary for vision in dim light, and 

cones, required for color and daylight vision. Photoreceptor cells are supported by the RPE, a 

monolayer of epithelial cells with processes interdigitated with the outer segments (OS) of the 

photoreceptors. The subretinal space, the virtual space between the RPE and photoreceptors, 

is thus an effective injection delivery site for most ocular human gene therapy. In addition to 

these target cell types being very accessible for gene therapy, the eye offers several other 

advantages for somatic gene therapy. It is relatively immune-privileged (10) and anatomically 

compartmentalized and can be targeted by established clinical interventions. Furthermore, its 

target cells do not replicate and thus do not require integration. Given the cost of generating 

highly pure vectors, ocular AAV vectors also benefit from the fact that only a small volume is 
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needed for local administration. These advantages contributed to the approval of an AAV vector 

encoding the RPE65 gene (Luxturna) for Leber’s congenital amaurosis 2 (LCA2) (4–6) and have 

motivated AAV-based clinical trials for other ocular diseases, such as choroideremia and 

retinitis pigmentosa (11,12). 

Despite the safety of AAV vectors in humans to date, problems may be unmasked as 

use expands to more patients and additional indications. Current techniques for subretinal 

injection can only infect cells near the injection site, which comprise a small percentage of target 

cells. A more complete infection would likely result in a greater improvement in vision but would 

require a higher dose, possibly leading to toxicity. Toxicity associated with increasing doses of 

AAV vectors has been seen in preclinical models including nonhuman primates (NHPs), both in 

ocular and non-ocular tissues. An early indication came from treatment of hemophilia B by AAV-

mediated factor IX expression. Infection in the liver triggered memory T cells reactive with the 

capsid, which cleared the infected cells and resulted in only transient expression of factor IX 

(13). More recently, systemic delivery of high doses of an AAV vector to NHPs and pigs led to 

neurotoxicity due to an uncharacterized mechanism (14). Specifically in the eye, AAV-induced 

toxicity has been observed in both small and large animal models (15–17). For example, 

following use of AAV2-CNGA3 to treat color blindness (achromatopsia) in sheep, two animals 

had loss of photoreceptors and RPE while another developed retinal atrophy and lymphocytic 

infiltration (18). In a different study, subretinal injection of AAV8-CNGA3 into NHP eyes resulted 

in activation of both innate and adaptive immune responses despite concomitant steroid 

treatment (19). In one of the LCA2 gene therapy trials, strong evidence of an inflammatory 

response emerged. Five out of eight subjects injected with the higher dose of AAV2-RPE65 

(1E12 vector genomes [vg] per eye) developed various degrees of intraocular inflammation (20). 

One significant adverse event was reported in the Alberta choroideremia gene therapy trial, in 

which presumed intraretinal inflammation led to permanent structural and functional impairment 

of the patient’s treated retina (21). 
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Our group has been studying gene therapy for degenerative retinal diseases in hope of 

creating vectors that are able to prolong photoreceptor survival and function. We found that 

subretinal delivery of some, but not all, AAV vectors in mice consistently induced cone OS 

shortening, reduction of the outer nuclear layer (ONL) where rods and cones reside, and 

dysmorphic RPE. We began tracking many details about our vectors but found no link between 

ocular toxicity and preparation methods, endotoxin level, cellular protein contaminants, or 

whether they were made in-house or at various core facilities. To search for the source of 

toxicity, we tested vector stocks with different cis-regulatory sequences, transgenes, and 

capsids. We found a strong correlation between the cis-regulatory sequences and toxicity. 

Vectors incorporating broadly active promoters, including cytomegalovirus immediate-early 

promoter (CMV) (22), human ubiquitin C promoter (UbiC) (23,24), and chicken beta actin 

promoter (CAG) (25), as well as an RPE-specific promoter (Best1) (26), were toxic. In contrast, 

vectors with photoreceptor-specific promoters, including human red opsin (RedO) (25, 26), 

human rhodopsin (Rho) (27,28), human rhodopsin kinase (RK) (29), and mouse cone arrestin 

(CAR) (30), were not toxic. As might be expected, damage from toxic AAV vectors was 

associated with dose. However, high-dose administration of photoreceptor-specific vectors did 

not lead to toxicity. The RPE was more sensitive to vector toxicity than photoreceptors. 

Moreover, microglial activation and inflammatory cytokine expression were triggered by the toxic 

vectors. These data highlight the need to develop sensitive assays for toxicity specific to the 

organs and cell types being targeted for gene therapy. Such assays will enable the design of 

AAV vectors that can be safely used at higher doses, potentially improving treatment efficacy. 

 

Results 

Photoreceptor toxicity is correlated with the specificity of vector promoters 

Serotype 8 AAV vectors (AAV8) expressing either GFP or no transgene (“null”) under 

the control of different promoters were injected subretinally into neonatal mice (CD-1). Neonatal 
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mice were used as we have been able to achieve complete infection of the RPE and retina 

using animals of this age (31). In addition, less tissue damage is induced by injection at this 

early stage compared with the mature stage. The retinas and RPE were harvested for 

histological analysis at 30 days post-infection (or as indicated). The CMV promoter/enhancer 

sequence drives robust transgene expression in cone photoreceptors and the RPE, as well as 

other cell types (31). With AAV8-CMV-GFP, we saw photoreceptor toxicity and glial activation 

as indicated by cone OS shortening, ONL thinning, cone photoreceptor loss, and upregulation of 

GFAP in the Müller glia (Fig. 1A-C). In contrast, GFP driven by the photoreceptor-specific 

 

Figure 1. Ocular toxicity is induced by broadly 
active but not retinal cell-type-specific vector 
promoters.  

(A, B) Wild-type retinas of CD-1 mice were infected 
at P0 with the indicated viruses at either high (3E9 
vg per eye) or low dose (8E8 vg per eye) and 
harvested at P30 for histology. Retinal cross-
sections were stained for short- and medium/long-
wavelength opsins (red) (A) and for GFAP (red) (B). 
Loss of opsin staining and upregulated expression 
of GFAP were observed in the retinas infected with 
AAV8-CMV-GFP. Scale bar, 100 µm.  

(C) Quantification of ONL thickness at 1 mm from 
optic nerve head (ONH). Data shown as mean ± 
SD. n = 3–17 per group. ** P<0.01 by one-way 
ANOVA analysis with Tukey test. NS, not 
significant between the designated group and the 
uninjected group.  
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promoters, including RedO, Rho, RK, and CAR, induced no retinal toxicity or glial activation 

(Fig. 1A-C and data not shown). To determine if toxicity was due to protein expression, AAV8-

CMV-null, which did not express any transgene, was tested. By these assays, AAV8-CMV-null 

was just as toxic as AAV8-CMV-GFP (Fig. 1C and data not shown). 

 

RPE toxicity is induced by AAV vectors with broadly active or RPE-specific promoters 

Promoter-specific AAV toxicity also was observed in the RPE, which is efficiently 

transduced by subretinally delivered AAV. We developed a semi-quantitative assay to measure 

the RPE toxicity level to compare among vectors. Whole RPE flat-mounts were stained with 

phalloidin, which labels the F-actin borders of the hexagonal RPE array. These were imaged 

with a spinning-disk microscope and scored for the morphology using a grading system with six 

grades that we devised. Grade 0 indicates completely normal RPE morphology and grade 5 

indicates complete RPE loss (Fig. 2A). Four representative areas in the midperiphery of each 

flat-mount were imaged and evaluated by four independent scorers blinded to the vector identity 

and dose, with the average score for each flat-mount shown in Fig. 2B. With this scoring 

system, we found that AAV vectors containing broadly active promoters (CMV, CAG, and UbiC) 

induced strong RPE toxicity while none containing photoreceptor-specific promoters did (Fig. 

2B). The Best1 promoter was also tested for toxicity as it can drive strong expression in the 

RPE at a level comparable to that of CMV or CAG (26). Interestingly, AAV8 with Best1 promoter 

also induced RPE toxicity in the RPE (Fig. 2B).  

 

Vector toxicity occurs independently of vector preparation 

To determine if the method of vector preparation contributed to ocular toxicity, several 

different AAV8 preparation and purification protocols were tested. In addition, stocks of the 

same genomes and capsids were obtained from three different core facilities. For all vectors 

with a broadly active or RPE-specific promoter, toxicity was observed. Furthermore, we 
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examined toxic and non-toxic preparations on protein gels to examine the level of contamination 

by cellular proteins. We found that the level of cellular protein contaminants and endotoxin 

levels did not correlate with toxicity (data not shown). 

 
 

Severity of photoreceptor and RPE toxicity correlate with vector dose 

In clinical trials, AAV vectors are subretinally administered at a wide range of doses 

(20,21,32,33). To investigate whether vector-induced toxicity was dose-dependent, we thus 

injected AAV8-CMV-GFP into neonatal CD-1 mice at three doses (5E8, 1E9, and 2E9 vg per 

eye). RPE toxicity was evaluated at 30 days post-infection. There was a clear correlation 

Figure 2. RPE toxicity from AAV vectors 
is induced by promoters with RPE 
activity.  

(A) Grading criteria of RPE toxicity, with 
grade 0 representing completely healthy 
RPE and grade 5 representing the most 
severe RPE damage. The typical 
phenotypes of each grade are described 
below each image. Scale bar, 50 μm.  

(B) Scatter dot plot of RPE toxicity grades. 
All viruses were tested at a dose of 8E8 vg 
per eye except for AAV8-CAR-GFP (3E9 vg 
per eye) in CD-1 mice injected at P0 and 
harvested at P30. Data are presented as 
mean ± SD. n = 2–8 per group. ** P<0.01 by 
one-way ANOVA analysis with Tukey test. 
NS, not significant between the designated 
group and the uninjected group. 
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between the severity of RPE toxicity and vector dose. A lower dose of 5E8 vg per eye induced 

RPE cell enlargement with some loss of RPE cells (approximately grade 3), while a higher dose 

of 2E9 vg per eye caused nearly complete RPE loss (approximately grade 5) (Fig. 3A–C). 

 
 

Photoreceptor toxicity was examined in preparations where the RPE and retina were 

kept together, so that neighboring RPE and photoreceptor cells could be inspected for local 

effects. Cone OS were stained by peanut agglutinin (PNA), a proxy for photoreceptor health. 

Severe photoreceptor toxicity was seen at the doses of 1E9 and 2E9 vg per eye such that cone 

OS were largely absent (Fig. 3E and F). However, photoreceptors were less sensitive to vector 

toxicity than RPE, as low-dose (5E8 vg per eye) AAV8-CMV-GFP caused clear abnormalities in 

RPE morphology while neighboring cone OS were largely normal (Fig. 3A and D). RPE and 

cone OS loss were usually found in the same area, which could have resulted from higher local 

infection or an amplifying effect between compromised RPE and photoreceptors. Damage to the 

RPE and retina was always restricted to the infected area. When the entire eye was not 

infected, toxicity did not spread beyond GFP-positive areas. These results show that the 

severity of RPE and photoreceptor toxicity are positively correlated with the dose of toxic vector, 

and that photoreceptors are more tolerant of vectors than the RPE. AAV vectors with 

photoreceptor-specific promoters did not induce toxicity even at the highest doses injected. 

Figure 3. RPE and retina damage are 
dependent on the dose of the vector. 

(A-C) Representative images of RPE 
(labeled with phalloidin) from P30 CD-1 
mice following infection at P0 with low 
dose (5E8 vg per eye), medium dose 
(1E9 vg per eye) and high dose (2E9 
vg per eye) of AAV8-CMV-GFP. Scale 
bar, 50 µm. 

(D-F) Corresponding images of 
photoreceptors (labeled with PNA) from 
the same eyes depicted in A-C. Scale 
bar, 50 µm. 
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Assessment of vector toxicity using clinical measures of visual activity 

Human vision can be assayed physiologically using electroretinography (ERG) under 

lighting conditions that assess for either rod or cone function. Vision in animals can additionally 

be measured by a behavioral test, the optomotor assay. These assays were applied to 

C57BL/6J mice injected with AAV8-CMV-GFP at P0. As a non-toxic control, mice were injected 

with a 5:1 ratio of AAV8-RedO-GFP and AAV8-Best1-GFP to mimic the expression pattern of 

CMV. For ERG recordings of rods and cones, scotopic (low light levels without background 

light) and photopic conditions (with background light to saturate rods) were used, respectively. 

The a-wave provides a measure of photoreceptor function, while the b-wave provides a 

measurement of signaling between photoreceptors and their synaptic partners, the bipolar cells. 

Injection of high-dose AAV8-CMV-GFP resulted in a significant drop in the a-wave (−84%, 

P<0.001) and b-wave amplitudes (−71%, P<0.0001) in scotopic conditions (Fig. 4A and B), 

suggesting a severe functional deficit in rods and the rod pathway. Under photopic conditions, 

the AAV8-CMV-GFP likewise showed a 50–70% decrease in b-wave amplitudes at all light 

intensities (Fig. 4C and D) compared with the combination of AAV8-RedO-GFP and AAV8-

Best1-GFP, and approximately a five-fold increase in I1/2 (Fig. 4D), a measure of the flash 

intensity giving 50% maximal response (34). These observations indicate that the cone pathway 

in animals injected with AAV8-CMV-GFP were much less sensitive to light as they required five-

fold more photons to reach the 50% maximal response.  

Injected mice were also tested in the optomotor assay, which measures visual acuity by 

assessing the motor response of mice to a virtual rotation of stripes of different widths (35). 

Consistent with the outcomes of ERG, optomotor showed a deterioration in visual acuity by 30% 

(P<0.05) in the high-dose AAV8-CMV-GFP group (Fig. 4E). Together, these results suggest that 

the retinal damage induced by toxic vectors such as AAV8-CMV-GFP can result in visual 

deficits. 
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Figure 4. Toxic AAV vectors worsen clinical measures of visual acuity in mice. (A) Representative 
scotopic ERG traces (flash intensity: 0.1 cd s/m2, wavelength: 530 nm) from P30 C57BL/6J mice injected 
at P0 with AAV8-RedO-GFP + AAV8-Best1-GFP (5:1 ratio, RedO+Best1) or AAV8-CMV-GFP (CMV) at a 
low (8E8 vg per eye, L) or high (3E9 vg per eye, H) dose. (B) Comparison of scotopic a- and b-wave 
amplitudes and implicit times from (A). n = 7-10 per group. (C) Representative photopic ERG traces from 
P30 C57BL/6J mice injected at P0 with RedO+Best1 or CMV. (D) Comparison of photopic b-wave 
amplitudes from (C). Inset depicts the photopic b-wave intensity-response (r/rmax) curves normalized to 
RedO+Best1. n = 7-10 per group. (E) Optomotor responses from P35 C57BL/6J mice injected with either 
RedO+Best1 or CMV. n = 7-13 per group. All data shown as mean ± SEM. * P<0.05, *** P<0.001, **** 
P<0.0001, *# P<1×10−6, ***# P<1×10−8 by two-tailed Student’s t-test. NS, not significant. 
 

Vector toxicity is associated with microglial activation 

Microglia are the main innate immune cell type in the retina (36). We thus examined 

whether microglia were activated in retinas infected with toxic AAV vectors. Iba1 is a marker of 

microglia and increases in intensity with activation (37). At 30 days post-infection, there were 

significantly more Iba1-positive microglia in the retina after infection with high-dose (3E9 vg per 

eye) AAV8-CMV-GFP (Fig. 5A). These microglia migrated to the ONL and subretinal space, 
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where they adopted an activated amoeboid morphology (Fig. 5A). In contrast, microglial 

number, localization, and morphology did not change significantly in retinas infected with non-

toxic vectors such as AAV8-RedO-GFP (Fig. 5A and B). Microglia were very sensitive to toxic 

vectors, as their activation was evident even with low-dose (8E8 vg per eye) AAV8-CMV-GFP 

(Fig. 5B). To confirm that microglia numbers were increased, we utilized transgenic Cx3cr1-GFP 

mice in which microglia are marked by GFP (38). This strain was injected with AAV8-CMV-

TdTomato (3E8 vg per eye), which utilizes the same CMV enhancer/promoter as the toxic 

AAV8-CMV-GFP. The percent of all live retinal cells that were GFP-positive microglia was 

analyzed using flow cytometry. A three-fold increase of GFP-positive microglia was observed 

with AAV8-CMV-TdTomato compared to uninjected or PBS-injected retinas (Fig. 5C). 

 

Figure 5. Activation of microglia and 
innate immune responses by toxic 
AAV vectors.  

(A) Iba1 staining in retinal sections from 
P30 CD-1 mice infected at P0 with the 
indicated vectors (3E9 vg per eye). Scale 
bar, 50 μm.  

(B) Quantification of displaced Iba1-
positive cells by cell layer. High = 3E9 vg 
per eye, Low = 8E8 vg per eye. Data 
shown as mean ± SD. n = 4 per group. 

(C) Quantification by flow cytometry of 
retinal microglia from P20 Cx3cr1-GFP 
mice injected with PBS or AAV8-CMV-
TdTomato (3E8 vg per eye). n = 3–4 per 
group. Data shown as mean ± SD.  

(D) mRNA levels of TNF-α, IL-1β, IL-6, 
and IFN-γ in retinas from P30 CD-1 mice 
infected at P0 with the indicated vectors 
(3E9 vg per eye). Expression levels were 
normalized to the housekeeping gene 
Gapdh. Data shown as mean ± SEM. n = 
4–8 per group.  

* P<0.05, ** P<0.01 by one-way ANOVA 
analysis with Tukey test. NS, not 
significant between the designated group 
and the uninjected group. 
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Upon activation, microglia can increase expression of proinflammatory cytokines, such 

as TNF-α, IL-1β, IL-6, and IFN-γ. We tested this possibility by examining mRNA levels of these 

genes by RT-PCR in dissociated retinas at 30 days post-infection. mRNAs for TNF-α and IL-1β 

were highly upregulated in retinas infected with toxic compared to non-toxic vectors, while levels 

of IL-6 and IFN-γ were not significantly changed (Fig. 5D). The increase in TNF-α and IL-1β 

mRNAs in these retinas correlated with the dose of the toxic vectors (Fig. 5D). 

 

Discussion 

Ocular delivery of AAV vectors is relatively safe as shown by the results of several 

clinical trials (4,6,7,39–41). However, the sensitive assays that we were able to conduct in mice 

have shown that there can be several manifestations of toxicity from subretinal injections of 

AAV. Toxicity was seen with multiple vectors and did not correlate with preparation methods, 

endotoxin level, non-viral protein contamination, or mouse strain. Rather, the two variables 

showing the strongest association to toxicity were the promoter and the viral dose. It is likely 

that other variables can in some cases contribute to toxicity (e.g., stocks with a high degree of 

endotoxin or empty capsids). Nonetheless, our results demonstrate the importance of sensitive 

and organ-specific assays for different manifestations of toxicity. For ophthalmologists, we 

anticipate that standard examination equipment and the grading scales developed for clinical 

studies of uveitis could be employed to measure vector-induced ocular toxicity (42). Moreover, 

optical coherence tomography (OCT), autofluorescence, and microperimetry are routinely used 

in preoperative planning for human gene therapy in the eye. In the post-treatment follow-up 

period, these modalities could be similarly used to quantify changes from baseline across many 

parameters including retinal layer thickness, infiltration of inflammatory cells, RPE stress, and 

retinal sensitivity (43,44). These strategies would allow for the development of safer ocular gene 

therapy vectors, reducing the likelihood of problems as a greater number of patients are treated. 
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In human clinical trials, the dose of AAV vectors used in subretinal injections ranges 

from 1E10 to 1E12 vg per eye (20,21,32,33). So far, most ocular gene therapy trials have used 

AAV2, and thus less is known about the safety and efficacy of AAV8 or other capsid types. 

However, AAV8, and likely other capsid types under development, offer advantages in terms of 

number of cells and the cell types infected. In our study, AAV8 encapsidated genomes were 

toxic at a dose of 5E8 vg per eye or higher. A recent study, also testing subretinal injections in 

mice, reported similar dose-dependent retinal toxicity with AAV8-CAG-GFP at 5E9 vg per eye 

and above (17). Across studies, it is often difficult to extrapolate and compare results as 

different subjects, injection routes, and ages are used. We chose the somewhat unusual time 

point of P0 for our injections, but this is unlikely to be the cause of the toxicity that we observed. 

In collaborative studies using pigs, where injections were done to animals at 2 to 3 months of 

age, toxicity also was seen using AAV8-CMV-GFP (see Chapter 5). Moreover, other studies 

reporting ocular toxicity used injections in adults (15–20). Another variable complicating 

comparisons among studies is the issue of vector titer. Different groups use different methods to 

titer, and even for a given stock, differences of up to 100-fold have been reported (45). Overall, 

our results, and those of others (14,15,17), emphasize the importance of testing the dose of 

specific vectors with sensitive assays relevant to the infected cell types. Most assays conducted 

to date examine only a few parameters, such as neutralizing antisera or gross inflammation and 

tissue damage. 

In light of clinical trials conducted in the eye, it is interesting that two promoters shown to 

be toxic in our studies have been used safely in humans. The Best1 (also called VMD2) 

promoter has been used to express the RPE gene, MERTK, to treat one form of retinitis 

pigmentosa (11,46). The AAV2-VMD2-hMERTK vector, when administered at 4E8 or 4E9 vg 

per eye in Sprague-Dawley rats, did not cause any obvious retinal damage compared with the 

saline-injected eyes, although RPE morphology was not examined (46). In the follow-up clinical 

trial, none of the six patients who received either 5.9E10 vg or 1.8E11 vg of AAV2-VMD2-
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hMERTK vector developed severe complications (11). However, in patients with MERTK 

mutations, there is defective RPE phagocytosis with geographic atrophy at baseline, making it 

difficult to attribute RPE damage to the vector. In addition to the Best1 promoter, the CAG 

promoter is used in the LCA2 vector, Luxturna, approved by the Food and Drug Administration 

(6). Still, since subretinal infections of human eyes result in local infection of ∼10% of retinal or 

RPE cells, the clinical benefits are more limited than what would be ideal. If safer vectors could 

be developed to transduce a greater number of cells, it would likely benefit many patients. 

A key observation in our study is that toxicity correlated with promoter type, with broadly 

active and RPE promoters leading to toxicity and photoreceptor-specific promoters being 

benign. Toxicity has also been seen with broadly active promoters in other tissues, including the 

heart (47,48) and the central nervous system (49,50). However, a systematic investigation of 

toxicity with these promoters has not been reported. One mechanism that might explain vector 

toxicity is that the broadly active promoters tend to drive higher expression of transgenes than 

cell-type–specific promoters. Indeed, GFP protein has been shown to be toxic via reactive 

oxygen species and apoptosis (51,52). Nonetheless, toxicity cannot be solely attributed to GFP 

or a protein transgene as AAV8-CMV-null was as toxic as AAV8-CMV-GFP. Another hypothesis 

is that the CMV sequence, present in both the CMV and CAG vectors, stimulates an innate 

immune response, as CMV is a virus that naturally activates the innate immune system (53). 

Arguing against this, the UbiC and Best1 promoters are human in origin but were also toxic. A 

third possibility is that there is a common sequence motif among the toxic vectors. Toll-like 

receptor 9 (TLR9), which senses unmethylated CpG DNA, can detect the AAV genome and set 

off innate and adaptive immune responses (54), and CpG-depleted AAV vectors can evade 

TLR9-mediated immune detection (55). In examining the vectors tested, we failed to find any 

correlated sequence motifs. A search for toxic sequences using deletions and chimeric viral 

genomes may be better able to detect toxic and/or protective sequences. 
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It is of interest to consider the cell types that might be responsible for vector toxicity. The 

RPE is situated between the rich vascular bed of the choriocapillaris and the retina, constitutes 

a portion of the blood-retinal barrier, and expresses at least several genes of the innate immune 

system, including the TLRs (56). Furthermore, our observations favor the RPE as a primary 

sensor of toxic vectors, as all toxic vectors had promoters that were active within the RPE, 

including the RPE-specific promoter, Best1. Two other glial cell types in the retina, Müller glia 

and astrocytes, can also respond to inflammatory stimuli (57–59). However, Müller glia are not 

yet born at P0 when we perform our injections, and astrocytes are just beginning to migrate into 

the retina at this time (60). Microglia also can sense and respond to viruses (61), and given their 

activation by the toxic but not by the non-toxic vectors, it is likely that they are involved. We did 

not see GFP in microglia following infection with any vector, but it has been reported that they 

are difficult to infect in vivo (62). The other cell types at the injection site, the photoreceptors, 

generally do not express genes encoding sensors of innate immunity (61). We thus would not 

expect these cells to react directly to transcription or vector RNA. 

What is being sensed in the RPE and/or microglia? Our data are most consistent with 

transcription from a non-chromosomal genome or some form of viral RNA. The ITRs in AAV 

vectors have been shown to possess promoter activity (63,64). If an ITR generates an antisense 

transcript, it could hybridize to a sense transcript, creating double-stranded RNA, which might 

then trigger for innate immunity (65). Future analyses of RNA changes following infection with 

toxic and non-toxic vectors might reveal the primary responders as well as secondary effects. 

Follow-up studies using genetics in mice may further delineate the responsible pathways and 

cell types. Although not all studies conducted in mice can be extrapolated to other species, 

these data can provide a starting point for experiments that are more difficult to conduct in large 

animals and may be predictive of safer vector structures for human gene therapy. 
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Materials and Methods 

Mice. CD-1 and C57BL/6J mice were purchased from Charles River Laboratories and 

kept on a 12-h light/12-h dark cycle. All animal procedures performed were approved by the 

Institutional Animal Care and Use Committee of Harvard University and by Hong Kong 

Department of Health under Animals Ordinance Chapter 340. 

Plasmids. pAAV-CMV-GFP and pAAV-CMV-null vector plasmids were obtained from 

the Harvard DF/HCC DNA Resource Core. pAAV-UbiC-GFP was made by replacing the CMV 

promoter in AAV-CMV-GFP with that of human UbiC from Addgene no. 11155 (23,24). pAAV-

CAG-GFP (from the E. Boyden laboratory) was obtained from Addgene (no. 37825). pAAV-

RedO-GFP, pAAV-Rho-GFP, and pAAV-CAR-GFP were gifts from B. Roska (Friedrich 

Miescher Institute for Biomedical Research, Basel, Switzerland) (28). pAAV-RK-ZsGreen was a 

gift from T. Li (National Eye Institute, Bethesda, MD) (29). pAAV-Best1-GFP was cloned by 

replacing the CMV promoter of the pAAV-CMV-GFP-BGHpA vector with the −585/+39 bp region 

of human Best1 promoter (26). pAAV-CMV-TdTomato was cloned by replacing GFP with the 

TdTomato coding sequence. pAAV rep/Cap 2/8 and adenovirus helper plasmids were obtained 

from University of Pennsylvania Vector Core, Philadelphia. 

Vector production and delivery. Recombinant AAV8 vectors were produced, titered, 

and subretinally injected into P0 mouse eyes as described in Chapter 2.  

Histology. For whole eye mounts, enucleated eyes were dissected from tendons and 

extraocular muscles and fixed in 4% paraformaldehyde for 2 hours at room temperature. The 

anterior segment, lens, and vitreous were next removed. The posterior segment eye cups were 

blocked with 4% heat-inactivated goat serum and 1% Triton X-100 in PBS for 1 hour at room 

temperature. If applicable, eye cups were then incubated with 1:100 of rabbit anti-cone arrestin 

(EMD Millipore AB15282) in the blocking buffer for 2 days, rinsed three times in PBS for 30 min 

each, and stained with 1:100 of donkey anti-rabbit Alexa Fluor 647 (Jackson ImmunoResearch) 

and 1:100 of Alexa Fluor 568-conjugated phalloidin (ThermoFisher) in PBS for 2 days. Following 
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staining, radial cuts were made to enable flat-mounting of the eyes. Whole-eye mounts were 

imaged on a Nikon T1 W1 Yokogawa spinning-disk microscope using a 20× objective. 

For retinal cross-sections, dissected retinas were fixed and cryo-sectioned as described 

in Chapter 2. Tissues were blocked in 5% bovine serum albumin in PBS with 0.1% Triton X-100 

for one hour at room temperature, followed by staining with primary antibodies at 4 °C overnight. 

Primary antibodies included rabbit anti-red/green opsin (1:300, AB5405, EMD Millipore); goat 

anti-blue opsin (1:100, sc-14365, Santa Cruz Biotechnology Inc.); rabbit anti-GFAP (1:500, 

Z0344, DAKO); rabbit anti-Iba1 (1:1000, PA5-21274, ThermoFisher); and rhodamine-

conjugated and FITC-conjugated PNA (1:1000, Vector Laboratories). Sections were 

subsequently stained with 1:1000 of a secondary antibody from Jackson ImmunoResearch and 

nuclei visualized with 4′,6-diamidino-2-phenylindole (DAPI) (Thermo Fisher Scientific). Images 

of retinal cross-sections were acquired as z-stacks on a Zeiss LSM780 confocal microscope 

using a 40× objective. Images used for comparison between groups were taken side-by-side at 

the same confocal settings. 

Assessment of vision. ERG recordings and optomotor responses were measured 

using the Espion E3 System (Diagonsys LLC) and OptoMotry System (Cerebral Mechanics), 

respectively, as described in Chapter 2.  

Flow cytometry. Retinas from adult Cx3cr1GFP (#005582, The Jackson Laboratory), in 

which microglia are GFP-positive, were analyzed by flow cytometry as described in Chapter 2. 

Statistics. Data are shown as mean ± SD for Figs. 1C, 2B, 5B, and 5C and mean ± 

SEM for Fig. 5D. Two-tailed Student’s t-tests were performed to compare two groups and one-

way ANOVA with Tukey test for multiple groups. Statistics were performed in GraphPad Prism. 
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Chapter 5: Engineering adeno-associated viral vectors to evade innate immune and 

inflammatory responses 

 

Abstract 

Nucleic acids are utilized in many therapeutic modalities, including gene therapy, but as 

discussed in Chapter 4, their ability to trigger host immune responses in vivo can lead to 

decreased safety and efficacy. In the case of adeno-associated viral (AAV) vectors, studies 

have shown that the DNA genome of the vector activates Toll-like receptor 9 (TLR9), a pattern 

recognition receptor that senses foreign DNA. TLR9 signaling activates inflammatory and innate 

immune defenses that subsequently promote the development of adaptive T cell responses 

against the AAV capsid protein. As AAV gene therapy begins to see success in the clinic, a 

wealth of data indicates that inflammation and T cell responses can not only hamper therapeutic 

benefit, but in some cases, permanently worsen outcomes. Here, we engineered AAV vectors to 

be intrinsically less immunogenic by incorporating short DNA oligonucleotides that antagonize 

TLR9 activation directly into the vector genome. The engineered vectors elicited markedly 

reduced innate immune and T cell responses and enhanced gene expression in clinically 

relevant animal models across different tissues. In particular, we demonstrated that subretinal 

administration of higher dose AAV vectors in a large animal model resulted in photoreceptor 

pathology with infiltration by microglia and T cells, which were avoided in contralateral eyes that 

received the engineered vectors. Our results highlight the vector genome as a key source of 

immunogenicity in AAV gene therapy and demonstrate the concept of linking specific 

immunomodulatory non-coding sequences to much longer therapeutic nucleic acids to “cloak” 

the vector from inducing unwanted immune responses. This “coupled immunomodulation” 

strategy may widen the therapeutic window for the numerous AAV therapies being explored as 

well as other DNA-based gene transfer methods.  
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Introduction 

Gene therapy holds exciting promise for treating multiple genetic disorders, but host 

immune responses pose a major challenge for in vivo gene transfer (1). While adeno-associated 

viral (AAV) vectors are known to be much less immunogenic than other viral vectors such as 

adenoviruses, preclinical and clinical studies have demonstrated dose-dependent inflammation, 

which can reduce efficacy and lead to dose-limiting toxicity (2–6). These include examples such 

as ocular AAV therapies leading to a permanent reduction in visual acuity following intraocular 

inflammation (7–9), and liver-directed therapies resulting in liver transaminase elevations which 

coincide with decreased factor IX (FIX) transgene expression, likely due to AAV capsid-specific 

cytotoxic T cells destroying transduced hepatocytes (5,6).  

Several studies have demonstrated a central role for Toll-like receptor 9 (TLR9), an 

immune sensor of DNA, in detecting AAV genomes and triggering innate immune and CD8+ T 

cell responses that inhibit AAV gene therapy (10–12). TLRs are a family of innate immune 

sensors conserved across mammalian species that are found on endosomal or plasma 

membranes of immune cells (13). TLR9 normally senses DNA from pathogenic viruses and 

bacteria that contains unmethylated cytosine-phosphate-guanine (CpG) motifs, which are also 

present in AAV genomes. CpG binding to TLR9 promotes its dimerization and activates TLR9 

signaling via the signaling adaptor MyD88, leading to induction of type I interferons (IFNs) and 

pro-inflammatory cytokines. Innate immune responses like interferon induction trigger an 

antiviral state among cells, while inflammation recruits other immune cells to the site of infection 

and primes adaptive immune responses (10,11).  

One strategy for blocking TLR9 activation is the administration of specific short single-

stranded DNA oligonucleotides (typically 12-24 nucleotide [nt]) that antagonize TLR9 activation 

(hereby termed “TLR9i” for TLR9-inhibitory). Structural studies recently described two different 

TLR9i sequences that formed stem-loop structures that fit snugly into the interior of the ring 

structure of TLR9, preventing dimerization and activation (15). Furthermore, the binding site of 
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TLR9i oligonucleotides on TLR9 partially overlapped with that of CpG DNA, and the TLR9i 

oligonucleotide tested possessed higher binding affinity for TLR9 than CpG DNA. TLR9i 

sequences have been tested extensively in the literature as a standalone agent co-administered 

with inflammatory DNA ligands, but this strategy likely requires a large amount of 

oligonucleotide to inhibit all TLR9 molecules, which may not be feasible especially in the context 

of an organism. Here, we hypothesized that the immune-inhibitory activity of short TLR9i 

sequences remain functional in a much longer strand of DNA and can be utilized for dampening 

immune responses to AAV vectors by directly incorporating them in the vector genome. 

 

Results and Discussion 

We first selected multiple TLR9i sequences described in the literature and individually 

linked each of them directly to a 24 nt-long highly inflammatory oligodeoxyribonucleotide (ODN), 

ODN 2006, which contains 4 CpG sites (16), resulting in fusion constructs hereafter termed 

“ODN 2006-TLR9i”. Using a TLR9 reporter cell assay, we observed that treatment of cells with 

ODN 2006-TLR9i oligonucleotides resulted in markedly reduced NF-kB response compared to 

ODN 2006 linked to two separate control sequences not expected to stimulate or inhibit TLR9 

(control1 or control2), demonstrating that TLR9i sequences are able to function in cis 

(Supplemental Fig. 1). Insertion of a 5 nt intervening sequence (AAAAA) between ODN 2006 

and TLR9i sequences yielded similar results, as well as when the order of ODN 2006 and the 

TLR9i sequence was reversed (Supplemental Fig. 1). We identified a condition in which ODN 

2006-control2 (in cis) gave comparable NF-kB response as ODN 2006 and control2 co-

administered at the same concentration (in trans) and observed that ODN 2006-TTAGGG 

blocked ~80% of induced NF-kB response, while co-administration of ODN 2006 and TTAGGG 

only inhibited ~35% of it (Supplemental Fig. 1). Thus, incorporation of a TLR9i sequence within 

the same molecule as an inflammatory DNA sequence can be more effective at dampening 

inflammation than administering it as a separate molecule. ODN TTAGGG, a well-known TLR9i 
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sequence derived from mammalian telomeres (17), did not inhibit the activation of TLR7 or 

TLR2/6 (sensors of microbial RNA and lipoproteins, respectively) even at high concentration, 

supporting its specificity for TLR9 (Supplemental Fig. 1). 

Next, we evaluated the ability of TLR9-inhibitory sequences incorporated within AAV 

genomes to reduce innate and adaptive immune responses to gene therapy in vivo. We used 

multiple clinically relevant target tissues and routes of administration in both small and large 

animal models: 1) liver following an intravenous injection in mice, 2) skeletal muscle via direct 

intramuscular injection in mice, 3) retina following an intravitreal injection in mice, and 4) retina 

following a subretinal injection in outbred pigs. In addition, we tested primary human immune 

cells for innate immune responses in vitro.  

We first inserted an oligonucleotide consisting of three copies of ODN TTAGGG 

separated by short AAAAA linkers (Fig. 1A, “io1” for “inflammation-inhibiting oligonucleotide 1”) 

into the 5’ untranslated region (UTR) of a self-complementary (sc) AAV vector plasmid encoding 

human FIX under the control of a liver-specific transthyretin (TTR) promoter (11). We chose 

scAAV vectors for proof-of-concept as they have been shown to trigger TLR9-dependent innate 

immune responses in the liver of mice efficiently after intravenous administration (11).  

As expected, systemic administration of 1 x 1011 vector genomes (vg) (equivalent to ~4x 

1012 vg/kg, a therapeutically relevant dose in the clinic) of scAAV8.FIX in mice stimulated 

moderate type I interferon (Ifnb1 and Ifna13) gene expression in the liver at 2 hours post-

injection (hpi), the peak time point as previously described (11). In contrast, the same dose of 

scAAV8.FIX.io1 elicited no detectable innate immune responses in the liver (Fig. 1B). 

scAAV8.FIX.io1 treatment also did not elevate interferon gene expression compared to 

phosphate-buffered saline (PBS) 4 hpi (data not shown). Administration of 10-fold lower doses 

(1 x 1010 vg) of either scAAV8.FIX or scAAV8.FIX.io1 did not trigger interferon responses in the 

liver, consistent with the immune response being AAV-dose dependent (Fig. 1C). We confirmed 

with Myd88-/- mice that the innate immune response was indeed dependent on the TLR9/MyD88 
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pathway (Fig. 1D), as shown in the literature (10–12). While scAAV8.FIX stimulated 

macrophage infiltration of the liver, scAAV.FIX.io1 avoided immune cell infiltration (Fig. 1E).   

 

Figure 1. Innate immune response and human FIX expression in mice following intravenous AAV8 
administration. (A) Schematic diagram of scAAV.FIX and scAAV.FIX.io1. The io1 sequence is not 
expected to be transcribed or translated due to its placement in an untranslated region upstream of the 
promoter. (B-D) Innate immune response in liver assayed by RT-PCR 2 hours after AAV8 administration. 
Fold changes are relative to PBS injection. n = 4-7 animals per group. * P<0.05 by two-tailed Mann-
Whitney test compared to PBS. (E) F4/80+ macrophage infiltration in liver 2 hours after AAV8 

administration. Scale bar, 100 m. n = 6-7 animals per group. * P<0.005 by two-tailed Mann-Whitney test. 
(F-H) hFIX levels in plasma of mice at indicated time points. n = 3-8 animals per group. ** P<0.005 by 
two-tailed Mann-Whitney test. Data shown as mean ± SEM for (B-D), mean ± SD for (F-H). ITR, inverted 
terminal repeat; TTR, transthyretin promoter; hFIX, human factor IX; bGH, bovine growth hormone 
poly(A) signal; TRS, terminal resolution site; ns, not significant. 
 

When we studied transgene expression, we observed that scAAV8.FIX.io1 enhanced 

human FIX levels in plasma nearly three-fold compared to scAAV8.FIX 28 days post-injection 

(dpi) (Fig. 1F), consistent with published findings that Tlr9-/- mice expressed higher FIX levels 

than wild-type mice after AAV treatment and substantiating an important role for TLR9-mediated 

a

cb

ITR     TTR                  hFIX bGH ITR∆TRS

scAAV.FIX

scAAV.FIX.io1

AAV8 capsid

_
_

_

i.v.

3 copies of ODN 

TTAGGG with linkers

**

io1

ns

*
*

ns

d e

PBS                     

scAAV8.FIX

scAAV8.FIX.io1

F4/80

14 d

1 x 1011 vg
C57BL/6

1 x 1010 vg
C57BL/6

PBS

scAAV8.FIX

scAAV8.FIX.io1

scAAV8.FIX

scAAV8.FIX.io1

1 x 1011 vg
C57BL/6

1 x 1010 vg
C57BL/6

1 x 1011 vg
MyD88-/-

14 d

1 x 1011 vg
C57BL/6

1 x 1010 vg
C57BL/6

PBS

scAAV8.FIX

scAAV8.FIX.io1

scAAV8.FIX

scAAV8.FIX.io1

1 x 1011 vg
C57BL/6

1 x 1010 vg
C57BL/6

1 x 1011 vg
MyD88-/-

14 d

1 x 1011 vg
C57BL/6

1 x 1010 vg
C57BL/6

PBS

scAAV8.FIX

scAAV8.FIX.io1

scAAV8.FIX

scAAV8.FIX.io1

1 x 1011 vg
C57BL/6

1 x 1010 vg
C57BL/6

1 x 1011 vg
MyD88-/-

gf h

**

ns
ns

ns

Ifn

b1

Ifn

a1

3 Il6

Isg
15

0

1

2

3

4

5

F
o

ld
 e

x
p

re
s
s
io

n

Ifn

b1

0

1

2

3

4

5

14 d

1 x 1011 vg
C57BL/6

1 x 1010 vg
C57BL/6

PBS

scAAV8.FIX

scAAV8.FIX.io1

scAAV8.FIX

scAAV8.FIX.io1

1 x 1011 vg
C57BL/6

1 x 1010 vg
C57BL/6

Ifn

b1

0

1

2

3

4

5

1 x 1011 vg

Myd88-/-

1 x 1011 vg
C57BL/6

1 x 1010 vg
C57BL/6

1 x 1011 vg

Myd88-/-

14 d

1 x 1011 vg
C57BL/6

1 x 1010 vg
C57BL/6

PBS

scAAV8.FIX

scAAV8.FIX.io1

scAAV8.FIX

scAAV8.FIX.io1

1 x 1011 vg
C57BL/6

1 x 1010 vg
C57BL/6

1 x 1011 vg

Myd88-/-

14 d 28 d

0

100

200

300

400

h
u

m
a
n

 f
a
c
to

r 
IX

 (
m

g
/m

l)

28 d

0

50

100

150

14 d 28 d

0

2

4

6

8

10

1 x 1011 vg
C57BL/6

1 x 1010 vg
C57BL/6

1 x 1011 vg

Myd88-/-

14 d

1 x 1011 vg
C57BL/6

1 x 1010 vg
C57BL/6

PBS

scAAV8.FIX

scAAV8.FIX.io1

scAAV8.FIX

scAAV8.FIX.io1

1 x 1011 vg
C57BL/6

1 x 1010 vg
C57BL/6

1 x 1011 vg

Myd88-/-

14 d 28 d

0

100

200

300

400

h
u

m
a
n

 f
a
c
to

r 
IX

 (
m

g
/m

l)

28 d

0

50

100

150

14 d 28 d

0

2

4

6

8

10

1 x 1011 vg
C57BL/6

1 x 1010 vg
C57BL/6

1 x 1011 vg

Myd88-/-

*

ns

14 d

1 x 1011 vg
C57BL/6

1 x 1010 vg
C57BL/6

PBS

scAAV8.FIX

scAAV8.FIX.io1

scAAV8.FIX

scAAV8.FIX.io1

1 x 1011 vg
C57BL/6

1 x 1010 vg
C57BL/6

1 x 1011 vg

Myd88-/-

PB

S

sc

A
AV8

.F
IX

sc
A

AV8
.F

IX
. i

o1

0

250

500

750

1000

1250

#
 F

4
/8

0
+

 m
a
c
ro

p
h

a
g

e
s
/m

m
2

1 x 1011 vg
C57BL/6

1 x 1010 vg
C57BL/6

1 x 1011 vg

Myd88-/-



90 

immune responses in AAV transgene expression (11). In experimental settings where an innate 

immune response was not triggered (using 10-fold lower doses of vector or Myd88-/- mice), 

scAAV8.FIX.io1 did not lead to an enhancement in FIX expression (Fig. 1G and H), suggesting 

that the two vectors do not have inherently different potencies. We observed the development of 

comparable amounts of neutralizing antibody (NAb) titers at 28 dpi against AAV8 for both 

scAAV8.FIX and scAAV8.FIX.io1 (data not shown), in agreement with previous observations 

that Tlr9-/- and wild-type mice develop similar antibody titers (11). Together, these results 

indicate that incorporation of io1 into an scAAV vector evades innate immune responses in the 

liver and enhances transgene expression following intravenous administration. 

While dose-dependent immune responses are well-appreciated following systemic AAV 

vector delivery in humans, robust T cell responses are generally not observed by this route in 

mice. Similarly, we were unable to detect appreciable CD8+ T cell responses against AAV8 

capsid via an IFN-gamma enzyme-linked immune absorbent spot (ELISpot) assay in our 

intravenous scAAV8.FIX experiments (data not shown). To test the effect of our strategy on 

anti-capsid T cell responses, we modeled a more immunogenic condition in mice by utilizing 

intramuscular delivery and AAVrh32.33 capsid (rh32.33), a uniquely immunogenic capsid in 

mice. This combination has been shown to elicit robust CD8+ T cell responses against rh32.33 

capsid and local infiltration of cytotoxic T cells into muscle in a TLR9-dependent manner 

(12,18). We tested single-stranded AAV vectors, which are more widely used because of their 

larger coding capacity. We observed that at a dose of 1 x 1010 vg injected into the quadriceps 

muscle, rh32.33.GFP triggered a range of CD8+ T cell responses against an immunodominant 

capsid epitope via ELISpot at 21 dpi, with 7 of 10 animals showing positive T cell reactivity (Fig. 

2A). In contrast, rh32.33.GFP.io2, which harbors inflammation-inhibiting oligonucleotide 2 (io2) 

designed for single-stranded vectors (Supplemental Fig. 2), showed almost no CD8+ T cell 

response (1 of 10 animals positive) and was not statistically different from PBS treatment. We 

confirmed with Myd88-/- mice that development of CD8+ T cell responses against rh32.33 capsid  
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Figure 2. Immune responses to single-stranded vectors in mouse skeletal muscle in vivo and 
human PBMCs in vitro. (A) CD8+ T cell responses to rh32.33 capsid 21 days after intramuscular 
injections. Representative images of the ELISpot well are shown. Dotted line (50 SFU/106 splenocytes) 
indicates cutoff for a positive T cell response. (B-D) Number of CD8+ T cells and CD8+ Granzyme B+ T 
cells in the muscle sections (four fields per sample) for PBS and 1010 vg rh32.33 vectors. White arrows 

indicate double positive cells. Scale bar, 10 m. (E) Representative images of GFP expression (brown) by 

immunohistochemistry staining in muscle sections. Scale bar, 50 m. (F) Human FIX levels in plasma of 
mice at indicated time points following 1x 1011 vg rh32.33 vector administration. n = 4 animals per group. 
Data shown as mean ± SD. (G-H) Intracellular cytokine staining of IL-1β (n = 7-13) or IFN-β (n = 4-7) in 
specific dendritic cell (DC) populations 24 hours after infection of primary human peripheral blood 
mononuclear cells (PBMCs) from different donors. * P<0.05, ** P<0.005 by two-tailed Mann-Whitney test 
for (A-D), two-way ANOVA with Sidak’s post-hoc test for (F), two-tailed Wilcoxon matched-pairs signed 
ranked test for (G), and two-tailed Student’s t-test for (H). not significant; SFU, spot forming units.  
 

was dependent on the TLR9/MyD88 pathway (10,12) (Fig. 2A). Cytotoxic T cell infiltrates have 

been observed in muscle biopsies of patients receiving intramuscular AAV gene therapy (19–

21). Thus, we further characterized immune cell infiltration into the local tissue environment. We 

observed robust CD8+ T cell infiltration in muscle samples from rh32.33.GFP-injected animals 

with approximately one-third positive for granzyme B, a marker for activated cytotoxic T cells, 
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while no CD8+ T cell infiltration was observed in any of the eight rh32.33.GFP.io2-injected 

muscle samples (Fig. 2B-D). These findings strongly suggest that the presence of io2 prevented 

capsid-directed CD8+ T cell responses and infiltration. 

At a higher dose of 1 x 1011 vg, both vectors elicited extremely high capsid-directed T 

cell responses (~800-1000 spot forming units [SFU]/million splenocytes). While not statistically 

significant, the engineered vector elicited a modestly weaker T cell capsid response than the 

unmodified vector, consistent with TLR9i sequences functioning in a vector dose-dependent 

manner (Fig. 2A). Although io2 was only partially protective at the higher dose, rh32.33.GFP.io2 

muscle sections exhibited higher GFP expression than those with the unmodified vector by 

immunohistochemistry (Fig. 2E). To facilitate quantification of transgene expression, we tested a 

similar dose of a single-stranded vector expressing human FIX with a ubiquitous CAG promoter 

(rh32.33.FIX or rh32.33.FIX.io2) intramuscularly and likewise observed that the engineered 

vector augmented human FIX levels in vivo (Fig. 2F). Together, these results indicate that 

incorporation of io2 into a single-stranded AAV vector reduces CD8+ T cell responses and 

infiltration and enhances transgene expression following intramuscular AAV delivery.  

Plasmacytoid dendritic cells (pDCs) are critical for TLR9/MyD88-dependent early innate 

immune responses to AAV vectors and subsequently orchestrate anti-capsid CD8+ T cell 

responses in vivo by activating conventional DCs to cross-present capsid antigen (22). To 

evaluate our approach on human innate immune responses, we tested primary human 

peripheral blood mononuclear cells (PBMCs) from thirteen healthy donors with single-stranded 

AAV2 vectors (AAV2.GFP.WPRE and AAV2.GFP.WPRE.io2) in vitro (Supplemental Fig. 2). 

AAV2.GFP.WPRE.io2 elicited lower IL-1β cytokine responses than the unmodified vector in 

pDCs from nine out of ten donors, and in monocyte-derived dendritic cells (moDCs) from nine 

out of eleven donors (Fig. 2G). Furthermore, AAV2.GFP.WPRE.io2 elicited reduced IFN-β 

cytokine responses (Fig. 2H). These results underscore the value of our approach in evading 

innate immune responses in human pDCs, suggesting relevance for human patients. 
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The eye is often described as immune privileged due to the presence of a blood-retina 

barrier that limits the entry of immune cells and a microenvironment rich in immunosuppressive 

factors. However, intraocular inflammation and a few instances of persistent loss of visual acuity 

have been independently reported in clinical trials following subretinal AAV vector administration 

with dose-dependent severity, in spite of prophylactic immunosuppression (8,9,23). Beyond 

safety considerations, ocular inflammation may also reduce efficacy directly due to undesirable 

immune responses in the retina, or indirectly by mandating the use of lower sub-optimal doses. 

To test if our TLR9-inhibitory strategy could be beneficial for ocular gene therapy, we started 

with intravitreal administration in mice, a more immunogenic route of administration in the eye 

compared to subretinal administration, but sparsely studied for immune responses beyond 

neutralizing antibody formation. Following intravitreal injection of 1 x 1010 vg of AAV2 vectors, in 

vivo retinal imaging with non-invasive optical coherence tomography (OCT) detected local 

inflammation ~10 dpi, featuring optic disc swelling, retinal vascular changes and cellular 

infiltration of the vitreous cavity (Fig. 3A). This inflammatory response has not been reported 

before in mice, yet is consistent with the anatomical distribution and phenotype seen in ocular 

clinical trials (7). We subjected eye tissues to flow cytometry analysis and surprisingly observed 

CD3+ T cell and CD8+ T cell infiltration, suggesting adaptive T cell responses in the eye. We 

took advantage of this model to test our strategy and found that while AAV2.GFP.WPRE.io2 did 

not completely abolish the inflammatory response, it reduced ocular T cell numbers compared 

to AAV2.GFP.WPRE (Fig. 3B). Crucially, incorporation of io2 resulted in earlier and more 

extensive levels of GFP transgene in vivo observable by longitudinal intravital retinal imaging 

(Fig. 3C). Flow cytometry analysis of dissociated retinas confirmed a multi-fold boost in the 

number of GFP+ retinal cells and further revealed that GFP mean fluorescence intensity was 

higher on a per cell basis (Fig. 3D), implying that evasion of TLR9-mediated immune responses 

enhanced transduction and/or survival of transduced retinal cells. Together, our results indicate 

that intravitreal AAV vectors stimulate T cell infiltration in mice, and that incorporation of io2 
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diminishes local T cell numbers while allowing greater transgene expression by boosting both 

the number of GFP+ cells and the degree of GFP expression per transduced cell. 

 

Figure 3. Engineered vector suppresses retinal infiltration and achieves greater GFP transgene 
levels following intravitreal injection in mice. (A) Representative fundal and optical coherence 
tomography (OCT) scans of the retina 10 days after intravitreal injection with AAV2.GFP.WPRE, 

AAV2.GFP.WPRE.io2, or PBS control. Scale bar, 100 m. Image annotations: optic disc (*), vasculitis 
(solid white arrow), vitreous cavity (VC), retinal vessels (open white arrow), photoreceptor layer (PR). (B) 
Quantification by flow cytometry of CD45+CD3+ and CD45+CD3+CD8+ T cell populations from retinas at 
11 dpi. (C) Standardized fluorescent in vivo retinal images from mice injected with AAV2.GFP.WPRE or 
AAV2.GFP.WPRE.io2 groups at 10 dpi. (D) Quantification of GFP+ cells and geometric mean of GFP 
fluorescence intensity (gMFI) by flow cytometry in retinas from eyes injected with AAV2.GFP.WPRE, 
AAV2.GFP.WPRE.io2, or PBS control. Dotted line indicates gMFI from PBS-injected eyes. Data shown as 
mean ± SD. n = 5-6 animals per group. * P<0.05, ** P<0.005 by two-tailed Mann-Whitney test.  

 

Next, we studied subretinal delivery of the vector, which is a more commonly used route 

of administration in ocular gene therapy programs. In the mouse eye, subretinal AAV vectors 

have been regarded as minimally immunogenic; hence we used a pig model, as large animal 

studies recapitulate intraocular inflammation observed in clinical trials (24,25) and pig and 
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human eyes share similarities in size and morphology (26). We injected a single-stranded AAV8 

vector, AAV8.GFP or AAV8.GFP.io2 and selected an intermediate dose of 4 x 1011 vg per eye, 

based on published reports showing inflammation in patients at 1011 to 1012 vg per eye (8,9,23). 

No systemic steroid treatment was used in this study to model a more immunogenic condition.  

At 6 weeks post-injection (wpi) in all five AAV-injected outbred pigs, we observed 

marked loss, shortening, or altered morphology of cone outer segments with AAV.GFP (Fig. 

4A), suggesting AAV-induced pathology in cone photoreceptors. In contrast, contralateral eyes 

injected with AAV8.GFP.io2 showed substantially better preservation of cone outer segments 

and appeared more morphologically similar to uninjected or vehicle-injected eyes, which was 

verified by quantification of the length of GFP+ cones (Supplemental Fig. 3). We further 

confirmed these findings by performing cone arrestin staining which labels the entire cone 

photoreceptor (Supplemental Fig. 3). In addition, we observed in two of five animals (23585 and 

23586) substantial loss or retraction with AAV8.GFP of cone pedicles, the synaptic terminals of 

cones important for signaling visual information (Fig. 4A and Supplemental Fig. 3). No such loss 

was observed in eyes injected with AAV8.GFP.io2.  

We analyzed retinal images from in vivo OCT b-scans to assess the extent of damage to 

outer retinal lamination. The vehicle-injected eye (Supplemental Fig. 4) showed a small area of 

non-severe damage surrounding a similarly sized area of severe damage around the retinotomy 

site, and the areas of damage were reduced between 2 wpi and 6 wpi. For two AAV-injected 

animals (23586 and 23587), we observed similar damage between the two eyes at 2 wpi 

(Supplemental Fig. 4). However, at 6 wpi, the area of severe damage was largely reduced for 

AAV8.GFP.io2-injected eyes, but not AAV8.GFP-treated eyes. Animal 23585 also experienced 

severe vitritis at 2 wpi in the AAV8.GFP-treated eye but not the contralateral eye treated with 

AAV8.GFP.io2 (data not shown). Together, these findings demonstrate that subretinal 

administration of higher dose AAV vectors can trigger photoreceptor pathology that is 

significantly reduced with the engineered vector. 
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Figure 4. Engineered vector evades photoreceptor pathology and immune responses in 
subretinal-injected pig eyes. (A) Representative images of the outer nuclear layer (ONL) of the retina 6 
weeks after subretinal injections. Cone outer segments were visualized with anti-red-green cone opsin. 

Scale bar, 10 m. (B) Microglial activation and proliferation in the retina visualized with anti-Iba1. Scale 

bar, 50 m. (C) Cytotoxic T cell infiltration in the retina visualized with anti-CD8. Scale bar, 50 m. Each 
animal is indicated by an identification number. Iba1, ionized calcium-binding adaptor protein 1. 
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We next undertook a detailed analysis of immune responses at the cellular level in the 

pig retina at 6 wpi. Microglia are the resident innate immune cells of the retina and have been 

reported to respond to CpG ligands (27). In uninjected and vehicle-injected eyes, staining for 

microglia with Iba1 showed a ramified pattern outside the outer nuclear layer (ONL) where the 

photoreceptors reside, consistent with resting microglia (Fig. 4B). In contrast, Iba1 signal was 

significantly increased in all AAV-injected eyes (Fig. 4B), suggesting microglial activation and 

proliferation. Notably, the unmodified vector AAV8.GFP stimulated robust infiltration of microglia 

into the ONL in animals 23585 and 23586, which was not observed for the engineered vector 

AAV8.GFP.io2 in the contralateral eyes (Fig. 4B and Supplemental Fig. 3). In these same 

animals, we detected elevated numbers of infiltrating CD8+ T cells in eyes that received 

AAV8.GFP, but not in contralateral eyes receiving AAV8.GFP.io2 (Fig. 4B and Supplemental 

Fig. 3). We did not observe enhanced GFP expression in photoreceptors of AAV8.GFP.io2-

treated eyes compared to AAV8.GFP (Supplemental Fig. 3), though it is possible that a longer 

in-life study may yield different results. Interestingly, while both AAV8.GFP-treated eyes in 

animals 23585 and 23586 showed substantial numbers of microglia and T cells in the retina via 

histology, only the former presented with vitritis during clinical examinations, implying that 

clinical manifestations of ocular inflammation incompletely capture the extent of inflammation, 

particularly tissue-localized immune responses in the retina. Taken together, our data suggest 

that, unlike the unmodified vector, the engineered vector carrying TLR9-inhibitory sequences 

can avoid eliciting undesirable innate and adaptive immune cell responses in the retina. 

Recent successes in AAV gene therapy in the clinic (4,28) highlight the potential for in 

vivo gene therapy to treat multiple genetic disorders. However, as the field moves beyond the 

most devastating diseases as well as newer applications such as direct vector administration 

into the CNS and the use of high dose systemic vectors to treat neuromuscular conditions, there 

is a pressing need to address host immune responses. In this study, we sought to develop AAV 

vectors that are intrinsically less immunogenic by exploiting the linkage of specific 
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immunomodulatory non-coding sequences to much longer therapeutic nucleic acids to “cloak” 

the AAV genome from immune responses. We directly compared AAV vectors with or without 

TLR9i sequences in experiments encompassing different capsid serotypes, genome 

configurations, promoters and transgenes, target tissues, routes of administration and animal 

models, and showed marked reduction of immune responses without changing any other 

sequences. This “coupled immunomodulation” strategy may offer a versatile, broadly applicable 

solution for different AAV therapies without impacting capsid or vector genome elements such 

as promoter choice. Our approach may widen the therapeutic window of gene therapy, enable 

novel gene therapy applications, and guide the design of future nucleic acid-based therapeutics.  

 

Materials and Methods 

Mice. C57BL/6J and Myd88-/- mice [B6.129P2(SJL)-Myd88tm1.1Defr/J] were purchased 

from The Jackson Laboratory or Charles River Laboratories and maintained at Harvard Medical 

School or the University of Bristol. All mouse experimental protocols were approved by the 

Harvard Medical School Institutional Animal Care and Use Committee and the University of 

Bristol Animal Welfare and Ethical Review Group. 

In vitro testing of DNA oligonucleotides. A HEK293-based reporter cell line stably 

expressing human TLR9 and an inducible SEAP (secreted embryonic alkaline phosphatase) 

reporter gene was obtained (HEK-Blue hTLR9, Invivogen). The SEAP gene is under the control 

of the IFN-β minimal promoter fused to five NF-kB and AP-1 binding sites. Stimulation with a 

potent TLR9 ligand such as ODN 2006, which contains 4 CpG sites, activates NF-kB and AP-1, 

inducing the production of SEAP. SEAP activity can subsequently be measured to quantify the 

amount of NF-kB response, indicating inflammation. All single-stranded DNA oligonucleotides 

were synthesized with a phosphorothioate backbone for increased stability (IDT). ODN 2006 

was directly linked to the indicated sequence with no intervening nucleotides or with an AAAAA 

linker sequence. ODN Control1 (15 nt) and ODN Control2 (24 nt) were selected to match the 
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approximate range of lengths of the various TLR9 inhibitory oligonucleotides and were not 

expected to inhibit or stimulate TLR9. Indicated concentrations of oligonucleotides were 

incubated with 6 x 104 HEK293-TLR9 cells in 200 l of DMEM growth media per well in 96-well 

flat bottom plates for 18 hours. 50 l media was aspirated and incubated with 150 ul HEK-Blue 

Detection media (Invivogen) for 1-6 hours at 37°C to allow sufficient color change. Absorbance 

was then read at 630 nm on a Synergy HT microplate reader (BioTek). SEAP activity was 

similarly measured in HEK293 reporter cell lines (Invivogen) stably expressing the inducible 

SEAP reporter and either human TLR7 (1 x 105 cells) or TLR2 (6 x 104 cells). These cells were 

stimulated, respectively, with 1 g/ml of Gardiquimod or 100 ng/ml of FSL-1 for 18 hours with or 

without oligonucleotides. For IL-8 production, supernatant was analyzed using an ELISA kit for 

human IL-8 (BMS204-3INST, Thermo Fisher).  

Vector production. Self-complementary (sc) or single-stranded (ss) AAV vectors were 

used in this study and all vector genomes were flanked by AAV2 ITRs. scAAV vectors lack the 

terminal resolution sequence in one ITR and allow earlier and increased transgene expression 

compared to ssAAV vectors. Unless indicated as self-complementary, all vectors were single-

stranded. scAAV.FIX was a kind gift from R. Herzog (Indiana University) and has been 

described previously (11). AAV.GFP (ss) was obtained from the Harvard DF/HCC DNA 

Resource Core (clone ID: EvNO00061595). AAV.GFP.WPRE (ss) was a kind gift from L. 

Vandenberghe (Massachusetts Eye and Ear Infirmary). To distinguish the two single-stranded 

GFP vectors, we have denoted the former as AAV.GFP and the latter as AAV.GFP.WPRE. 

ssAAV.FIX vector was constructed by replacing the CMV promoter and GFP in 

AAV.GFP.WPRE with a CAG promoter and human FIX. 

To engineer scAAV.FIX, sequences were inserted into the unique KpnI site found 

immediately 5’ of the TTR promoter. Three copies of ODN TTAGGG (TTTAGGGTTAGGGTTAG 

GGTTAGGG) were inserted, separated by AAAAA linkers (termed “io1” for inflammation-
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inhibiting oligonucleotide 1). We used 3 copies of ODN TTAGGG as pilot experiments 

suggested the use of 3 copies was superior to 1 or 2 copies for blocking innate immune 

responses (data not shown). A widely used ODN TTAGGG (Invivogen, tlrl-ttag) harbored an 

additional T (in bold) compared to published studies and thus was included in the sequence. To 

engineer AAV.GFP, KpnI – [3 copies of ODN TTAGGG with linkers (positive sense)] – [3 copies 

of INH18 with linkers (negative sense)] – NheI (termed “io2” for inflammation-inhibiting 

oligonucleotide 2) was inserted immediately 5’ of the XbaI site upstream of the right ITR. 

AAAAA was used as a linker between copies of ODN TTAGGG and INH18. Similarly, to 

engineer AAV.GFP.WPRE and AAV.FIX, KpnI-io2 was inserted immediately 5’ of the XhoI site 

just upstream of the right ITR. As single-stranded AAV vectors have an equal chance of 

packaging positive or negative strands of the vector genome, we added both sense and anti-

sense TLR9-inhibitory sequences to ensure that all packaged AAV genomes carried copies of 

TLR9-inhibitory sequences in the right orientation.  

AAV vectors were packaged into AAV2, AAV8 and AAVrh32.33 capsids and were 

purified by the viral vector core facility Gene Transfer Vector Core (GTVC) at Massachusetts 

Eye and Ear Infirmary/Harvard unless noted otherwise. Briefly, adenoviral helper plasmid, rep2-

cap packaging plasmid, and transgene plasmid were transfected at a ratio of 2:1:1 into ~80% 

confluent HEK293 cells with polyethylenimine in ten-layer HYPERFlasks (Corning). PEI Max 

(Polysciences)/DNA ratio was maintained at 1.375:1. The supernatant and cells were collected 

72 hours after transfection and cell lysates were formed by three sequential freeze-thaw cycles. 

The viral solution was incubated with 25 U/ml Benzonase (EMD Millipore) at 37°C for 1 hour, 

and NaCl was added to a final concentration of 650 mM, then the viral solution was kept at 4 ⁰C 

for overnight. Cell debris was removed by high speed centrifugation. The collected supernatant 

was run through Tangential Flow Filtration to concentrate to a volume of 10 mL and then run on 

an iodixanol gradient. Recovered AAV vectors were washed 3 times with final formulation buffer 

(FFB: 1x PBS + 35 mM NaCl + 0.001% PF68) using Amicon 100K columns (EMD Millipore) and 
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concentrated to ~600-1000 l. Vector titers were determined by digital droplet PCR (ddPCR) 

using primers directed against the promoter or poly-adenylation signal regions of the transgene 

cassette. The purity of vector preps was evaluated by running 1 x 1010 vg (vector genomes) on 

an SDS-PAGE gel. Vector preps had <1EU/ml of endotoxin using a limulus amebocyte lysate 

assay (Genscript). No significant differences in yield (titer x volume) were observed between 

unmodified and engineered vectors for >20 purifications, suggesting that insertion of the 

described sequences do not hamper packaging.  

AAV2.GFP.WPRE and AAV2.GFP.WPRE.io2 were run on an iodixanol gradient as 

above and recovered vectors underwent an additional purification step using a heparin column 

and two washes of 25 ml of PBS plus 0.1 M NaCl as previously described (29). The eluate was 

then washed with FFB and concentrated as above. The percent of full and empty capsids for 

AAV8.GFP and AAV8.GFP.io2 was determined by negative stain electron microscopy. 

Formvar/carbon-coated copper mesh grids (Electron Microscopy Sciences) were glow 

discharged and loaded with 5 x 1010 vg of AAV8.GFP or AAV8.GFP.oligo in PBS for 5 minutes. 

Grids were washed twice in dH2O and stained with 0.5% uranyl acetate. After drying, grids were 

imaged on a FEI Tecnai T12 transmission electron microscope (FEI) equipped with a Gatan 

UltraScan 895 4k CCD. Ten images for each sample were acquired and particles counted as 

empty or full based on the intensity of uranyl acetate staining in the center of the capsid. 

Mouse liver studies. Adult C57BL/6J or Myd88-/- mice were injected intravenously with 

100 l PBS or AAV8 self-complementary viruses (1 x 1010 vg or 1 x 1011 vg per animal) by tail 

vein injection as previously described (11). For innate immune responses, the animals were 

sacrificed 2 hours later. A portion of the right median lobe of the liver was saved in RNAlater 

solution (Thermo Scientific) and a portion of the left median lobe was fixed in 10% formalin 

overnight and transferred to 70% ethanol. For RT-PCR, total RNA was extracted from 10-30 mg 

of mechanically disrupted liver using an RNA extraction kit (OMEGA Bio-Tek). Similar amounts 
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of RNA were reverse transcribed into cDNA with a high-capacity RNA-to-cDNA kit (Thermo 

Scientific). cDNA was assayed using TaqMan Fast Advanced Master Mix (Thermo Scientific) 

and commercially available probes with FAM reporter dye for the indicated target genes (IDT). 

Expression levels were calculated by normalizing to the housekeeping genes Actb or Gapdh 

using the ΔΔCT method and expressed as fold levels compared to saline-injected mice. 

Reactions were run on a realplex MasterCycler (Eppendorf). 

For histology, samples were processed at Beth Israel Deaconess Medical Center 

(BIDMC) histology core facility. Immunohistochemistry staining was performed on paraffin 

embedded sections that were cut, deparaffinized and hydrated before use. Antigen retrieval was 

performed by boiling slides for 10 minutes in 10mM sodium citrate in a pressure cooker. 

Samples were stained for F4/80+ macrophages (1:50, Abcam) overnight at 4oC and incubated 

with goat anti-rabbit IgG conjugated with HRP polymer (Abcam) for an hour at room 

temperature. Slides were developed using DAB (Diaminobenzidine) metal enhanced kit (Vector 

Lab), counter-stained with hematoxylin (Thermo Fisher) and mounted in Permount mounting 

media. Slides were observed under the Zeiss Axio Zoom V16 microscope under a 1x/0.25 

objective. Five random 25x brightfield images per sample slide were captured with an AxioCam 

506 digital camera using Zeiss Zen Pro imaging software. 

For hFIX expression, plasma samples were obtained 14 and 28 days after vector 

delivery. hFIX expression was quantified by analyzing diluted plasma samples using an ELISA 

kit specific for human factor IX (Abcam). The kit had a sensitivity of at least 0.78 ng/ml. In vitro 

neutralizing antibody (NAb) assays were performed on plasma samples 28 days after PBS or 1 

x 1011 vg AAV8 administration as previously described (30). 

Mouse muscle studies. Adult C57BL/6J or Myd88-/- mice were injected intramuscularly 

with 50 l PBS or AAVrh32.33 single-stranded viruses (1 x 1010 or 1 x 1011 vg per animal) 

encoding GFP or hFIX in the left quadriceps muscle. Animals were sacrificed 21 days later and 

a portion of the quadriceps was fixed in 10% formalin overnight and transferred to 70% ethanol. 
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For histology, muscle samples were processed at Dana-Farber/Harvard Cancer Center 

Specialized Histopathology Services (SHS) and BIDMC histology core facilities, embedded in 

paraffin, and stained for CD8 (1:500, CST) and granzyme B (1:500, R&D). Muscle sections 

were also stained for GFP (1:800, Abcam). For rh32.33.FIX injected mice, plasma samples 

were obtained 14, 28, 42 and 60 days after 1 x 1011 vg vector administration with hFIX 

expression was measured by ELISA as described above. 

For IFN-gamma T cell ELISpot assays, spleens were harvested at 21 days post-

injection, dissociated, passed through a 70 m cell strainer, and spun down. The cell pellet was 

treated with 1 mL of ACK lysing buffer (Life Technologies) to lyse red blood cells. To determine 

the number of cells secreting IFN-gamma in response to antigenic stimulation, an IFN-gamma 

ELISpot assay was used (R&D Systems). Briefly, 96-well plates were pre-blocked with RPMI 

growth media for 2 hours at room temperature and rinsed twice with PBS. 5 x 105 splenocytes 

were seeded per well in T cell medium for 18 hours with 2 g/mL of a CD8+ h2-kb restricted 

dominant epitope of AAVrh32.33 capsid (Genemed Synthesis) or PMA/ionomycin as a non-

specific positive control, followed by staining. ELISpot plates were evaluated in blinded fashion 

(ZellNet Consulting, Inc.) with an automated ELISpot reader system (KS ELISpot reader, Zeiss). 

Human PBMCs studies. Cryopreserved peripheral blood mononuclear cells (PBMCs) 

from de-identified healthy donors were purchased from Cellular Technology Limited. Briefly, 

PBMCs were thawed for 5 minutes at 37°C, and the content of each cryovial was transferred to 

a 15 mL Falcon tube. Tubes were filled with 10 mL AIM-V Glutamax medium (Gibco) containing 

benzonase (Millipore Sigma). Cells were washed and resuspended at a final concentration of 

107 cells/mL in AIM-V medium with plasmocin (InvivoGen). For dendritic cell (DC) stimulation, 

PBMCs were seeded at 5 × 106 cells per well in a 24-well plate with AAV2.GFP.WPRE or 

AAV2.GFP.WPRE.io2 at 3 × 1010 vg/well. LPS (InvivoGen) was used as positive control at 5 

µg/ml. PBMCs from 13 donors were used and cells were incubated for 24 hours prior to harvest 
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and staining. Before staining, cytokine secretion was blocked for 5 hours with a mix of Brefeldin 

A and Monensin (BD Biosciences). Wells were then washed with AIM-V medium to remove non-

adherent cells. A cell scraper was used to recover the activated, adherent DCs, which were 

treated with FcR binding inhibitor (Thermo Fisher). DC-surface staining was performed with anti-

human CD3 (Beckman Coulter), CD19 (Beckman Coulter), CD14 (BD Horizon), CD11c 

(Thermo-Fisher) and HLA-DR (BD Biosciences). Dead cells were stained with Zombie Yellow 

Fixable Viability kit (BioLegend). Fixation and permeabilization of cells were performed with 

Cytofix/Cyto-perm (BD Biosciences). DCs were intracellularly stained with antibodies against 

human IL-1β (511710, BioLegend) and IL-6 (17-7069, Thermo Fisher). Fluorescence was 

measured on a Cytoflex S flow cytometer (Beckman Coulter), and results analyzed with the 

FlowJo software (Tree Star). Intracellular IFN- β staining of PBMCs from 7 donors was 

performed as above with an anti-human IFN-β antibody (MBS531514, MyBiosource). 

Mouse eye studies. Adult mice were anesthetized by intraperitoneal injection of 

ketamine/xylazine and pupils dilated with a drop of 1% tropicamide. 2 µL of AAV vector at 5 x 

1012 vg/mL was then delivered intravitreally via the pars plana using a 33-gauge needle on a 

microsyringe under direct visualization (Hamilton Company). The contralateral eye of each 

animal received a control injection of PBS. Immediately following injection, 1% chloramphenicol 

ointment (Martindale Pharma) was topically applied, and the animals warmed on a heating pad 

for recovery. Laterality of injected eyes was randomized with investigators blinded to the vector 

type throughout intervention and analysis. On selected days post-injection, mice were 

anesthetized with 2% isofluorane and pupils dilated for clinical assessment. A Micron IV retinal 

imaging microscope (Phoenix Research Laboratories) was used to capture OCT scans and 

color and fluorescence fundal images. 

For flow cytometry, eyes were dissected as described in Chapter 2 to isolate mouse 

retinas. Tissues were then mechanically dissociated before straining cells through a 60 μm filter 

and centrifuging at 1200 rpm for 5 minutes. The cell pellet was resuspended in FACS buffer and 
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incubated with rat anti-mouse CD16/32 Fc block (1:50, BD Biosciences) for 10 minutes at 4oC 

before incubation with fluorochrome-conjugated antibodies against CD45 (1:1500, BD 

Biosciences), CD3 (1:40, BioLegend), CD4 (1:100, BD Biosciences), and CD8 (1:200, 

BioLegend) at 4oC for 20 minutes. Cells were washed and resuspended in 7-aminoactinomycin 

D (7AAD, Thermo Fisher) for dead cell exclusion. Cell suspensions were acquired using a 4-

laser Fortessa X20 flow cytometer (BD Cytometry Systems) and analyzed using FlowJo 

software (Tree Star).  

Pig eye studies. Surgeries were performed at the University of Louisville with approval 

from the University of Louisville Institutional Animal Care and Use Committee. Six 50-day-old 

wild-type domestic female pigs were purchased (Oak Hill Genetics). After a one-week 

acclimatization period, surgery to subretinally inject AAV vectors was performed. Animals were 

sedated with intravenous ketamine (10 mg/kg) and dexmedetomidine (0.04 mg/kg) and treated 

with atropine (0.25 mg/kg). An endotracheal tube was inserted, and 1-3% of isoflurane was 

administered to achieve a surgical plane of anesthesia. An IV line inserted in the ear vein 

delivered 10-15 mL/kg/h Lactated Ringers Solution with or without 5% dextrose to maintain 

blood pressure and normal glycemic levels. Body temperature was monitored with a rectal 

thermometer and maintained via a heated procedure table. Heart and respiration rates and 

oxygen saturation were recorded throughout the procedures and anesthesia adjusted to 

maintain a physiological range. A vitreoretinal approach was used to access the subretinal 

space. A lateral canthotomy was performed to increase exposure in the surgical field. After 

insertion of an eyelid speculum, two 25-gauge trocars were placed at 1.5 mm posterior to the 

limbus; one in superior-nasal and the other in inferior-nasal quadrant. An anterior chamber fluid 

paracentesis was performed to make space for the injected volume. A light pipe was inserted 

into one trochar to help visualize the retina. A 41-gauge subretinal cannula needle was placed 

through the other trochar and used to make a local retinal detachment (bleb), which included 

injection of inoculum (~75 l). The inoculum contained either AAV8.GFP.io2 or AAV8.GFP in 
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final formulation buffer (FFB) or FFB alone (vehicle). We injected either AAV8.GFP.io2 or 

AAV8.GFP into OD or OS of two pigs in each of three surgery sessions (total of 10 AAV-treated 

eyed, 1 FFB-injected eye and 1 uninjected control eye). After the injection, the light pipe, needle 

and the trochars were removed. The lateral canthotomy was sutured closed with 4-0 nylon and 

antibiotic and steroid ointment topically administered.  

A complete clinical examination of the eye was performed at weekly intervals in 

anesthetized pigs from 2 to 6 weeks post-injection (wpi). This included a slit lamp examination 

to inspect the anterior segment of the eye, indirect ophthalmoscopy to inspect the fundus, and 

fundus photography to document the state of the retina. In addition, each eye was scored for 

inflammation using the SUN classification (31). The surgeon performing injections was blinded 

to the test article, and similarly, clinical examinations were performed blinded. Prior to surgery 

and at 2 and 6 wpi, OCT (Bioptigen/Leica Biosciences) was performed to image the retinal 

layers in vivo. Pupils were dilated and accommodation relaxed with topical 2.5% phenylephrine 

hydrochloride and 1% tropicamide. Lid specula held the eyelids open and corneas were wet 

throughout imaging with artificial tears (OcuSoft). Using OCT b-scans, we identified the 

retinotomy site and characterized the lamination pattern of hypo- and hyper-reflective bands as 

a function of distance from that area in both the axial and lateral dimensions. We defined two 

types of damage: severe damage represented areas where hyper-reflective bands representing 

the retinal pigment epithelium and photoreceptor inner/outer segments were disrupted. Non-

severe damage were areas where at least one of these hyper-reflective bands was present, but 

one or both were thinner and less well-defined than areas without damage. The shape, location 

and size of these two types of damage were measured. These areas were then superimposed 

on the fundus image and the areas of damage compared to GFP expression.    

At 6 wpi, pigs were sacrificed with a 1 mL/5 kg solution of Beuthanasia (390 mg 

pentobarbital sodium, 50 mg phenytoin sodium/ml) and eyes enucleated. The cornea and lens 

were removed, and the eyecup was dissected and fixed in 4% paraformaldehyde in PBS for 1 
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hour at room temperature. Wholemount retinas were examined using a fluorescent microscope 

(Olympus MVX10) and the region of GFP+ expression located. The retina was dissected such 

that the piece used for histology included all of the GFP+ region, as well as flanking GFP- 

regions. Pig retinal tissue was cryoprotected in graded sucrose solutions up to 30% sucrose in 

PBS, then embedded in a 1:1 mixture of 30% sucrose and optimal cutting temperature (Tissue-

Tek) followed by cryosectioning on a Leica CM3050S (Leica Microsystems). Transverse 

sections of retinal tissue were cut at 20 m. For immunohistochemistry, tissue sections were 

blocked with 5% donkey or goat serum in PBS with 0.1% Triton X-100 for 1 hour at room 

temperature and stained overnight at 4 C in blocking solution with primary antibodies against 

red-green opsin (1:600, EMD Millipore), human cone arrestin (1:10000, a gift from C. Craft, 

University of Southern California), Iba1 (1:200, Abcam) and CD8 (1:200, Bio-Rad). Sections 

were then stained with 1:1000 of the appropriate secondary antibody (Jackson 

ImmunoResearch) for 2 hours at room temperature followed by 4’,6-diamidino-2-phenylindole 

(DAPI) for 5 minutes. Mounted slides were examined using a LSM710 laser scanning confocal 

microscope (Zeiss) with a 40x oil-immersion objective. For sections from AAV-injected eyes, 

care was taken to acquire representative images of GFP+ regions near, but not directly at, the 

retinotomy scar. Similar laser settings were used when acquiring images of the two eyes of 

each animal. To quantify the morphology of infected photoreceptors, we measured the inner 

segment plus outer segment (IS+OS) length of GFP+ cones, defined as the distance from the 

apex of the cone outer segment to the proximal edge of the nucleus. For each eye, the mean 

IS+OS length was calculated from a minimum of 30 GFP+ cones over at least three different 20 

m sections. The number of Iba1+ processes extending into the ONL and CD8+ cells infiltrating 

the retina were also quantified as described. 

Statistics. Two-tailed Student’s t-tests were used for testing oligonucleotides in 

HEK293-TLR9 reporter cells in vitro. A two-tailed Mann-Whitney test, two-way ANOVA with 
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Sidak’s post-hoc test, or two-tailed Student’s t-test was used for in vivo studies, as indicated. A 

two-tailed Wilcoxon matched pairs signed ranked test was used for human PBMC IL-1β/IL-6 

experiments and a two-tailed Student’s t-test for IFN-β experiments. A P value of <0.05 was 

considered statistically significant. No pre-specified effect size was assumed. Three to ten 

replicates or animals or donors for each condition were used. 

  



109 

 
Supplemental Figure. 1. NF-kB response to single-stranded DNA oligonucleotides in reporter cells 

in vitro. (A-C) NF-kB response (A-C) or IL-8 response (C) by HEK293-TLR9 reporter cells after treatment 

with indicated oligonucleotides at 0.5 M. (D) NF-kB response by HEK293-TLR9 reporter cells after 

treatment with 0.02 M of linked oligonucleotides or unlinked oligonucleotides. (E, F) NF-kB response by 

HEK293-TLR7 (E) or HEK293-TLR2 (F) reporter cells after treatment with Gardiquimod (E) or FSL-1 (F) 

with or without oligonucleotides at 5 M. n = 3 biological replicates for all experiments. Data shown as 

mean ± SD. ** P<0.005 by two-tailed Student’s t-test. ns, not significant. 
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Supplemental Figure 2. Engineered single-stranded vectors. (A) Schematics of AAV.GFP 
(unmodified vector) and AAV.GFP.io2 (engineered vector). Vectors were packaged in rh32.33 capsid for 
intramuscular injections in mice in vivo, and in AAV8 for subretinal injections in pigs in vivo. (B) 
Schematics of AAV.GFP.WPRE (unmodified vector) and AAV.GFP.WPRE.io2 (engineered vector). 
Vectors were packaged in AAV2 capsid for human PBMCs in vitro and intravitreal injections in mice in 
vivo. In both (A) and (B), the io2 sequence is not expected to be transcribed or translated due to its 
placement in an untranslated region of the vector downstream of the poly(A) signal. As single-stranded 
AAV vectors have an equal chance of packaging positive or negative strands of the viral genome, io2 is 
designed to include both sense and anti-sense TLR9-inhibitory sequences, ensuring that all packaged 
AAV genomes carry copies of TLR9-inhibitory sequences in the right orientation. ITR, inverted terminal 
repeat; CMV, cytomegalovirus promoter; b-globinint, beta-globin intron; b-globinp(A), beta-globin poly(A) 
signal SV40int, SV40 intron; WPRE, Woodchuck Hepatitis Virus Posttranscriptional Regulatory Element; 
bGH, bovine growth hormone poly(A) signal.  
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Supplemental Figure 3. Engineered vector evades photoreceptor pathology in subretinal-injected 
pig eyes. (A) Quantification of inner segment plus outer segment (IS+OS) length of GFP+ cones, defined 
as the distance from the apex of the cone outer segment to the proximal edge of the nucleus. For each 
eye, mean IS+OS length was calculated from a minimum of 30 GFP+ cones over at least three different 

20 m sections. * P<0.05 by two-tailed Mann-Whitney test. (B) Representative images of retinas 6 weeks 
after subretinal injections. Cone photoreceptors were visualized with anti-human cone arrestin. Scale bar, 

50 m. GFP signal from the right half of each image was digitally removed to allow better visualization of 
arrestin staining. (C) Quantification of Iba1+ processes extending into the ONL. For each eye, images of 

three GFP+ fields of view (20x) from separate 20 m sections were acquired and the number of Iba1+ 
processes counted. Example Iba1+ processes (white arrows) in the ONL (yellow lines) from animal 23586 

are shown. Scale bar, 50 m. (D) Quantification of CD8+ cells in retinas. For each eye, CD8+ cells were 

counted in ten separate GFP+ fields of view (20x) from at least three separate 20 m sections. (E) 
Quantification of GFP expression in the ONL. For each eye, two GFP+ sections were imaged and 
intensity values obtained and averaged from the field of view (20x) with the highest GFP signal in each 
section. ONL, outer nuclear layer; CAR, cone arrestin; Iba1, ionized calcium-binding adaptor protein 1. 
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Supplemental Figure 4. Engineered vector ameliorates outer retina laminar pathology in 
subretinal-injected pig eyes. (A-C) Extent of each type of damage determined by optical coherence 
tomography (OCT) superimposed on fundus images for eyes injected subretinally with vehicle (A), 
AAV8.GFP (B, C, top), or AAV8.GFP.io2 (B, C, bottom). Areas were defined as severe damage (red), 
non-severe damage (yellow), normal (green), or retinal detachment (blue). Severe damage always 
surrounded the retinotomy and was defined as loss of the hyper-reflective outer retinal bands that 
represent the retinal pigment epithelium and photoreceptor inner/outer segments. Non-severe damage 
(yellow) was usually found surrounding areas of severe damage and was defined as areas where the 
outer retinal hyper-reflective bands were thinner and/or more poorly defined. Dashed white lines denote 
the GFP+ regions as determined by fluorescence images of each eye cup. In eyes injected with 
AAV8.GFP.io2, the area of severe damage decreased up to 84% between 2 and 6 wpi. In contrast, in 
eyes injected with AAV8.GFP, the area with severe damage remained approximately constant. A 
meaningful statistical analysis could not be performed with the small number of eyes in the study. 
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Chapter 6: In situ detection of AAV genomes with DNA SABER-FISH 

 

Abstract 

Gene therapy with recombinant adeno-associated viral (AAV) vectors is a promising modality for 

the treatment of genetic disorders with multiple recent successes in human patients. Despite 

these advances, a number of therapeutically relevant concepts regarding AAV vectors remain 

incompletely understood, due in part to the lack of readily adoptable methods to track vector 

particles or genomes. Here, we describe a novel application of DNA signal amplification by 

exchange reaction fluorescence in situ hybridization (SABER-FISH) that enables the 

visualization and quantification of individual AAV genomes. Using highly sensitive SABER-FISH 

probes, we found that AAV genomes could be detected within retinal cells as early as 3 hours 

after subretinal delivery of AAV vectors in mice. We subsequently quantified these AAV 

genomes in rod photoreceptors, cone photoreceptors, and the retinal pigment epithelium (RPE) 

and observed a direct correlation between the number of genomes in a cell and its level of 

vector-mediated transgene expression. Our findings show that SABER-FISH can be used to 

visualize AAV genomes in situ, allowing for the identification and tracking of vector-transduced 

cells in tissues receiving AAV gene therapy. 
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Introduction 

First described more than 35 years ago, recombinant adeno-associated viral (AAV) 

vectors derived from non-enveloped and replication-defective adeno-associated viruses have 

become the vector of choice for gene therapy due to their long-term expression of transgenes 

and relative lack of pathogenicity (1–4). AAV vectors consist of a small (~25 nm) protein capsid 

surrounding either a positive- or negative-sense single-stranded DNA (ssDNA) genome, which 

are packaged with equal frequency and can accommodate up to 4.7 kb of exogenous DNA 

(3,5,6). At the 5’ and 3’ ends of the vector genome lie palindromic sequences called inverted 

terminal repeats (ITRs), which form hairpin structures and initiate synthesis of the 

complementary second strand through a self-priming mechanism (7,8). Although capable of 

integration into the host genome (9), AAV vectors in infected cells are thought to predominantly 

exist as extrachromosomal episomes in the nucleus (10). These episomes are diluted and 

subsequently lost in actively dividing cells, but can be effectively maintained in post-mitotic cell 

types such as those of the brain, retina, muscle, and heart.   

In recent years, use of AAV vectors in human patients has grown tremendously, 

highlighted by the advent of gene therapy treatments for Leber’s congenital amaurosis and 

spinal muscular atrophy (11,12). The translational potential of AAV vectors has now led to over 

200 phase I, II, and III clinical trials (clinicaltrials.gov). Despite these advances, a number of 

therapeutically relevant concepts regarding AAV vectors remain incompletely understood, due 

in part to the lack of readily adoptable methods to visualize vector particles or genomes. For 

instance, it is still unknown in most cell types whether one or multiple transduction events are 

required for AAV transgenes to be expressed. Likewise, for vectors without a reporter gene 

such as those administered in patients, it is often challenging to determine the identities of 

infected cells and distinguish them from uninfected cells in the same region. One strategy for 

tracking AAV vectors in animal models has been to tag capsid proteins with radioactive or 

fluorescent labels (13–15). While this approach allows for the detection of vectors shortly after 
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delivery, it can only provide information prior to viral uncoating and be applied to tissue samples 

that receive the specially labeled capsids. To address the concerns above, an alternative option 

could be to visualize AAV vectors by targeting the vector genome with fluorescence in situ 

hybridization (FISH). However, the sensitivity of conventional FISH for DNA sequences below 5-

10 kb is limited, a drawback that has precluded broader use of this technique in AAV and gene 

therapy research. 

Signal amplification by exchange reaction (SABER) is a method that uses a strand-

displacing polymerase and catalytic DNA hairpin to generate FISH probes containing long 

arrays of binding sites for fluorescent oligonucleotides (16). Compared to probes used in 

conventional FISH, SABER-FISH probes result in a 5- to 450-fold amplification of DNA and RNA 

signals, allowing for highly sensitive detection of nucleic acid-based molecules (16). Here, we 

describe a novel application of SABER-FISH that enables the visualization and quantification of 

individual AAV genomes in tissues. Using this technique, we examined AAV genomes in mice 

following subretinal injection of AAV vectors and demonstrate a direct relationship between the 

number of vector genomes inside a cell and its corresponding level of transgene expression. 

Our findings illustrate the versatility of SABER-FISH as a tool to study AAV vectors with the 

potential to expedite both preclinical and clinical efforts to develop AAV gene therapy. 

 

Results 

SABER-FISH detects fluorescent DNA puncta after subretinal delivery of AAV vectors  

SABER-FISH probes were first synthesized to target the genome of AAV8-CMV-GFP, a 

serotype 8 AAV vector employing the commonly used cytomegalovirus (CMV) promoter to drive 

expression of GFP (Fig. 1A and B). AAV vectors possess a linear ssDNA genome that converts 

to double-stranded DNA before being processed to generate mRNA and protein (3). Probes 

were thus designed to recognize only the negative-sense strand of the AAV8-CMV-GFP 

genome to avoid binding of mRNA transcribed from the vector. A total of 47 probes were made 
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in vitro as previously described (16) and hybridized to tissues infected with AAV8-CMV-GFP. To 

model in vivo gene therapy, subretinal injections were performed in neonatal mice. Delivery of 

AAV8-CMV-GFP by this route resulted in strong pan-retinal GFP signal by 3 weeks post-

injection (p.i.) (Fig. 1C), consistent with prior reports on the kinetics of AAV-mediated transgene 

expression (17,18). 

 

Figure 1. SABER-FISH detects fluorescent DNA puncta after subretinal delivery of AAV vectors. 
(A) Schematic of SABER-FISH protocol for detection of AAV genomes. SABER-FISH probes 
complementary to the negative-sense strand of the AAV8-CMV-GFP genome were synthesized in vitro 
and hybridized to fixed retinal tissue from mice that had been subretinally injected with the vector. Short 
fluorescent oligos were then hybridized to the primary SABER-FISH probes, allowing for signal 
amplification and fluorescent detection. (B) Schematic of AAV8-CMV-GFP vector design. (C) 
Representative image of a flat-mounted retina demonstrating pan-retinal GFP expression by 3 weeks 
after postnatal day 0 subretinal injection of 1 x 1012 vector genomes (vg)/mL of AAV8-CMV-GFP. Scale 
bar, 1mm. (D) Low and high magnification images of retinas at 1, 3, and 6 hours after subretinal injection 
of 1 x 1012 vg/mL of AAV8-CMV-GFP (top) or 1 mg/mL of plasmid encoding the AAV8-CMV-GFP 
sequence (bottom). Cell membranes were labeled with WGA. Scale bar, 50 µm. (E) Simultaneous 
detection of AAV8-CMV-GFP puncta and Grik1 mRNA in sections from the same retina with or without 
RNase A treatment. Scale bar, 50 µm. nt, nucleotides; PER, primer exchange reaction; ITR, inverted 
terminal repeat; bg, beta-globin; pA, polyadenylation sequence. 
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Probes were initially tested after subretinal injection of either AAV8-CMV-GFP virions, 

which were predicted to infect and enter retinal cells, or AAV8-CMV-GFP plasmid, which was 

predicted to remain in the subretinal space. These locations were identified by using wheat 

germ agglutinin (WGA) to label cell membranes. One hour after both virion and plasmid 

injections, the subretinal space was filled with fluorescent puncta (Fig. 1D, left panels). 

However, at 3 and 6 hours p.i., puncta could be detected inside retinal cells only in the eyes 

receiving AAV8-CMV-GFP virions (Fig. 1D, center and right panels). To verify that these puncta 

corresponded to AAV genomes and not mRNA from the vector, tissues were treated with 

RNase A, which degrades RNA without affecting DNA. While treatment with RNase A 

eliminated SABER-FISH detection of Grik1 mRNA, it had no effect on fluorescent puncta from 

AAV8-CMV-GFP (Fig, 1E), suggesting that the latter consisted of DNA. SABER-FISH thus 

allows for the detection of DNA puncta in eyes after subretinal injection of AAV vectors, with 

puncta visible inside retinal cells as early as 3 hours p.i.  

 

SABER-FISH enables visualization of individual AAV genomes in the retina.  

Does each DNA punctum detected by SABER-FISH represent a single AAV genome or 

multiple genomes in close proximity? To distinguish between these possibilities, a limiting 

dilution analysis was performed by subretinally injecting mice with five different titers of AAV8-

CMV-GFP. If each AAV genome generated a single fluorescent punctum, we reasoned that an 

x-fold decrease in AAV vector titer would likewise result in an x-fold decrease in the number of 

puncta; i.e. there would be a linear relationship between vector titer and puncta count. 

Conversely, if a group of y genomes in close proximity were needed to detect each punctum, 

the same x-fold drop in vector titer should produce a xy-fold drop in puncta, assuming the 

location of each genome was independently determined. Using previously described methods 

(16,19), cell boundaries in the neural retina could be delineated in 3D based on their labeling 

with WGA (Supplemental Fig. 1). Puncta in these images could then be computationally 
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assigned to cells, facilitating automated quantification of puncta in the retina (Supplemental Fig. 

1). At 24 hours p.i., puncta in retinal cells were significantly increased in eyes receiving higher 

titers of AAV8-CMV-GFP and were absent from uninjected controls (Fig. 2A and B). The 

relationship between AAV vector titer and puncta count was strongly linear (Fig. 2C, R2 = 

0.9942), indicating that each DNA punctum visualized by SABER-FISH most likely 

corresponded to a single AAV genome. 

 

Figure 2. Quantification and limiting dilution 
analysis of fluorescent puncta after 
subretinal delivery of AAV vectors.  

(A) Low and high magnification images of 
retinas at 24 hours after subretinal injection of 
the indicated titers of AAV8-CMV-GFP. Scale 
bar, 50 µm.  

(B) Quantification of fluorescent puncta in cells 
of the retina with the conditions tested in (A). n 
= 477-1733 cells from 2-4 animals per group.  

(C) Limiting dilution analysis of fluorescent 
puncta in retinas at 24 hours p.i. based on the 
data shown in (B). Solid line depicts linear 
regression for the plotted data with 95% 
confidence interval shown in gray and 
goodness-of-fit measured by R2. Dotted line 
depicts expected relationship if puncta count 
were to decrease by the square of the vector 
titer, as would occur if two independent AAV 
genomes in the same location were required to 
detect each punctum. Data shown as mean ± 
SEM. ** P<0.01, **** P<0.0001 by two-tailed 
Student’s t-test with Bonferroni correction. 

 



122 

To assess the overall integrity of individual AAV genomes after subretinal delivery, 24 of 

the 47 probes for AAV8-CMV-GFP were modified to enable detection of the 5’ and 3’ halves of 

the vector genome in separate fluorescent channels. Simultaneous detection of these partial 

genomes in the retina demonstrated colocalization in ~90% of cases at both 24 hours and 2 

weeks p.i. (Fig 3A and C), suggesting that most AAV genomes are roughly of full-length. As a  

 

Figure 3. Detection of partial AAV 
genomes and genomes from multiple 
vectors with DNA SABER-FISH.  

(A) Low and high magnification images of the 
5’ (AAV-5’, green) and 3’ (AAV-3’, red) halves 
of the AAV8-CMV-GFP genome in retinas at 
24 hours or 2 weeks after subretinal injection 
of 1 x 1012 vg/mL of AAV8-CMV-GFP. 
Colocalized green and red puncta appear 
yellow. Scale bar, 20 µm.  

(B) Low and high magnification images of the 
AAV8-Best1-sCX3CL1 (AAV-A, green) and 
AAV8-CMV-GFP (AAV-B, red) genomes in 
retinas at 24 hours or 2 weeks after subretinal 
injection of 1 x 1012 vg/mL of each vector. 
Scale bar, 20 µm.  

(C) Probability of green and red colocalization 
for the combinations tested in (A) and (B), 
defined as the fraction of puncta in the retina 
that colocalized with puncta of the other color. 
n = 3-5 animals per group. Data shown as 
mean ± SEM. **** P<0.0001 by two-tailed 
Student’s t-test. 
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comparison, another set of probes was synthesized to target a different vector, AAV8-Best1-

sCX3CL1 (20), which was co-injected with AAV8-CMV-GFP and analyzed at the same time 

points. Genomes from AAV8-Best1-sCX3CL1 and AAV8-CMV-GFP appeared randomly 

distributed in infected cells and showed colocalization in only ~1% of cases (Fig. 3B and C). 

Together, these data support the ability of SABER-FISH to track individual AAV genomes from 

one or multiple vectors in a quantifiable manner.   

 

AAV8-CMV-GFP genomes correlate with GFP expression.  

Following subretinal injection of AAV8-CMV-GFP in neonatal mice, GFP signal could be 

seen in three mature cell types: rod photoreceptors, cone photoreceptors, and the retinal 

pigment epithelium (RPE) (Fig. 4A). For each of these cell types, we employed SABER-FISH to 

ask how the number of AAV8-CMV-GFP genomes related to GFP expression. The outer 

nuclear layer (ONL) of the retina consists of the cell bodies of rods and cones, which can be 

identified by negative and positive staining for cone arrestin, respectively. SABER-FISH in these 

cell bodies was therefore combined with cone arrestin staining and detection of GFP to 

determine the distribution of AAV8-CMV-GFP genomes in GFP-negative and GFP-positive 

photoreceptors. For rods, 86.0% of GFP-negative cell bodies were devoid of AAV genomes, 

while 85.3% of GFP-positive cell bodies contained at least one genome with a mean of 2.1 per 

cell (Fig. 4B, D, and G). AAV8-CMV-GFP genomes in rods were thus highly predictive of GFP 

expression. For cones, AAV genomes were present in 91.2% of GFP-positive cell bodies with a 

mean of 2.5 per cell (Fig. 4B, E, and G). However, AAV genomes were also found in nearly half 

(48.0%) of GFP-negative cone cell bodies, suggesting that some cones may block AAV8-CMV-

GFP from being expressed. 

To analyze RPE cells, AAV8-CMV-GFP genomes were quantified in RPE nuclei labeled 

with 4′,6-diamidino-2-phenylindole (DAPI), as virtually all genomes in the RPE at 3 weeks p.i. 

aggregated in nuclei. Relative to photoreceptors, RPE nuclei on average contained much higher 
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Figure 4. Comparison of AAV genomes and GFP expression in photoreceptors and RPE. (A) 
Representative section of an eye at 3 weeks after subretinal injection of 1 x 1012 vg/mL of AAV8-CMV-
GFP demonstrating GFP expression in rods, cones, and RPE. Scale bar, 50 µm. (B, C) Distribution of 
AAV genomes in the cell bodies of GFP-negative and GFP-positive photoreceptors (B) and nuclei of 
GFP-negative and GFP-positive RPE (C). (D-F) Representative images of rods (D), cones (E), and RPE 
(F) at 3 weeks after subretinal injection of 1 x 1012 vg/mL of AAV8-CMV-GFP. Rods and cones were 
defined as CAR-negative and CAR-positive cells in the ONL, respectively. Nuclei were labeled with DAPI. 
Dotted lines in (E) indicate cell bodies of GFP-positive cones. Scale bars, 10 µm for (D) and (E), 20 µm 
for (F). (G) Mean number of AAV genomes in the cell bodies of GFP-negative and GFP-positive 
photoreceptors and nuclei of GFP-negative and GFP-positive RPE. (H, I) Mean intensity of GFP 
expression in photoreceptors (H) and RPE (I) relative to the number of AAV genomes. n = 81-850 cell 
bodies or nuclei from 4-8 animals per group for (B), (C), (G), (H), and (I). Data shown as mean ± SEM. * 
P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001 by two-tailed Student’s t-test. ONL, outer nuclear layer; 
INL, inner nuclear layer; GCL, ganglion cell layer; CAR, cone arrestin. 

 

numbers of AAV genomes. While all GFP-negative RPE nuclei examined had four or fewer 

copies of AAV8-CMV-GFP, most GFP-positive RPE nuclei had over 20 genomes with a mean of 

29.9 per nucleus (Fig. 4C, F, and G). For all three GFP-expressing cell types, cells with more 

AAV8-CMV-GFP genomes on average had significantly higher GFP expression (Fig. 4H and I). 
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Interestingly, GFP signal in cones and the RPE was much greater than that in rods infected with 

the same number of AAV8-CMV-GFP genomes. Additionally, there were several cell types, 

including horizontal cells and scleral fibroblasts, that remained GFP-negative despite receiving 

multiple copies of the vector (Supplemental Fig. 2). Collectively, these findings underscore the 

variability in expression among different cell types with the CMV promoter and provide direct 

evidence that the number of AAV genomes per cell correlates with the level of transgene 

expression. 

 

Discussion 

In this study, we used SABER to amplify FISH signals from AAV genomes, allowing for 

the detection and quantification of AAV vectors in situ. These genomes could be seen in the 

mouse retina as early as 3 hours after vector delivery, consistent with prior live imaging 

experiments of AAV vectors in cell culture (21). Based on a limiting dilution analysis, we 

determined that the AAV vectors visualized by SABER-FISH were most likely individual AAV 

genomes rather than concatemers of multiple vectors. While this conclusion assumed that AAV 

genomes localize independently within each cell, which may not necessarily be the case, it was 

supported by the high concordance between AAV8-CMV-GFP genomes and GFP expression, 

particularly in rods. Indeed, AAV genomes were absent from and present in ~85% of GFP-

negative and GFP-positive rods, respectively, with many GFP-positive rods containing only one 

AAV genome. Our findings thus suggest that infection with a single AAV virion in rods is usually 

sufficient to drive transgene expression. In contrast, ~48% of cones in our study were GFP-

negative despite experiencing at least one AAV transduction event. Whether this heterogeneity 

among cones was due to cell-intrinsic differences related to the CMV promoter or some 

uncharacterized stochastic process will be interesting to determine considering the growing 

number of gene therapy applications targeting photoreceptors (22–24). 
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Outside of the retina, we observed a massive accumulation of AAV genomes in RPE 

nuclei following subretinal injection of AAV8-CMV-GFP. Compared with rods and cones in the 

same eye, infected RPE on average contained 10-fold the number of AAV genomes. This 

higher concentration of AAV genomes in RPE cells may explain why transgenes delivered via 

AAV8 vectors are typically expressed in the RPE several days before they appear in the retina 

(18). In examining the rest of the eye, we additionally detected AAV8-CMV-GFP genomes in 

vimentin-positive fibroblasts of the sclera. While these fibroblasts did not express GFP, their 

transduction suggests that subretinally administered AAV vectors can also reach cells in the eye 

beyond the retina and RPE. 

Unlike in animal studies, AAV vectors in clinical trials are administered without a reporter 

gene such as GFP to minimize the total dose of vectors and potential immunogenicity (25). 

Identification of infected cells in patient samples therefore relies on the detection of vector 

transgenes, frequently by histology or real-time polymerase chain reaction (RT-PCR). 

Unfortunately, not all transgenes from AAV vectors are amenable to antibody staining or RNA 

FISH due to inadequate reagents, silencing of the gene, or high endogenous expression in 

uninfected tissues. In these cases, RT-PCR can be used to verify successful AAV transduction, 

but at the expense of spatial information on the cell types infected. SABER-FISH offers a 

complementary assay that directly visualizes AAV vectors and identifies infected cells in a 

quantitative manner. Furthermore, as demonstrated here, the method can be combined with 

RNA FISH and immunohistochemistry to label specific cell types, as well as SABER-FISH for 

other AAV vectors. We thus anticipate that SABER-FISH will be of particular value for gene 

therapy studies in which the locations and identities of vector-transduced cells are otherwise 

difficult to discern. 

Another emerging issue for AAV gene therapy, especially at high doses, is cellular 

toxicity mediated by the immune system or possibly directly by the vector (26–28). The 

mechanisms underlying these processes are not well understood, but in multiple cases have 
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resulted in clinically significant inflammation limiting the efficacy of treatment (29–31). Recently, 

our group developed Probe-Seq, which uses SABER-FISH probes targeting RNAs to 

fluorescently isolate cell populations for transcriptional profiling (32). We envision that combining 

Probe-Seq with SABER-FISH for AAV vectors could allow for the purification of infected cells 

prior to the onset of transgene expression, enabling closer investigation of the pathways 

responsible for the toxic response to AAV vectors. This strategy would expedite the 

development of safe yet efficacious gene therapy programs and might also be extended to other 

viral vectors to more generically interrogate acutely transduced cells. 

Finally, one potential application of SABER-FISH not explored in this study is the 

development of an efficient method for functional AAV vector titering. Many groups, including 

our own, assay AAV vectors with RT-PCR to adjust the concentration of different stocks and 

ensure comparisons between vectors are fair and reproducible (33). While this approach 

corrects for variations in the number of AAV genomes per unit volume, it cannot account for how 

many of those genomes are properly packaged and capable of infecting cells. Functional 

titering, which involves transducing cells with a given vector and measuring some output of 

transgene expression, can instead be used to determine the infectivity of vector stocks. 

However, the process is often time-consuming, since transgenes may take several days to 

become detectable, and it requires the promoter of the vector to be expressed in the tested 

cells. As shown in this study, SABER-FISH can visualize and quantify intracellular AAV vectors 

within hours of vector delivery, bypassing the major limitations of current titering methods. An 

optimized SABER-FISH protocol for functional AAV vector titering may therefore further facilitate 

the dissemination of AAV-based therapies.   

 

Materials and Methods 

Animals. All mouse experiments were approved by the IACUC of Harvard University in 

accordance with institutional guidelines and performed using CD-1 (#022) animals purchased 



128 

from Charles River Laboratories. Mice were maintained at Harvard Medical School on a 12-hour 

alternating light and dark cycle. 

Vector production and delivery. The AAV8-CMV-GFP vector plasmid was obtained 

from the Harvard DF/HCC DNA Resource Core (clone ID: EvNO00061595) and consisted of a 

CMV promoter, beta-globin intron, cDNA sequence for GFP, and beta-globin polyadenylation 

sequence. The AAV8-Best1-sCX3CL1 vector plasmid was synthesized as previously reported 

(20) and consisted of a Best1 promoter, SV40 intron, cDNA sequence for soluble CX3CL1, 

woodchuck hepatitis virus posttranscriptional regulatory element, and bovine growth hormone 

polyadenylation sequence. Recombinant serotype 8 AAVs were produced, titered, and 

subretinally injected into postnatal day 0-1 mouse eyes as described in Chapter 2. For plasmid 

injections, ~0.25 µL of purified plasmid (1 mg/mL) was introduced into the subretinal space. 

Probe design and synthesis. SABER-FISH probes targeting the genomes of AAV8-

CMV-GFP and AAV8-Best1-sCX3CL1 were designed in silico using ApE software. Unless 

otherwise specified, probes were generated to recognize only the negative-sense strand of the 

vector. For each AAV, we first identified a list of non-overlapping oligonucleotides that were 1) 

complementary to the genome, 2) at least 36 nucleotides long, and 3) predicted to have a 

melting temperature between 67°C and 71°C. A 9-nucleotide primer (CATCATCAT or 

CAACTTAAC) with a TTT linker was appended to the 3’ ends of these oligonucleotides to 

finalize the probe sequences, which were then ordered from IDT with standard desalting in a 96-

well plate at the 10 nM synthesis scale. Probes were pooled into a single tube with a multi-

channel pipette and extended to ~500 nucleotides using a previously described primer 

exchange reaction, in which a catalytic hairpin and strand-displacing polymerase repeatedly 

added the same sequence to the end of the 9-nucleotide primer (16). Extended probe sets were 

subsequently purified with MinElute PCR purification columns (Qiagen) and eluted in nuclease-

free water. 
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Eye dissections. Freshly enucleated eyes were dissected in phosphate buffer saline 

(PBS) to remove the cornea, iris, ciliary body, and lens. The remaining eye cup was fixed, 

cryoprotected, and cut into 30 µm sections as described in Chapter 2. Flat-mounts of retinas 

were likewise prepared as described in Chapter 2. 

SABER-FISH. Detection of AAV genomes and cell type mRNAs by SABER-FISH was 

performed in 350 µL chamber wells (Grace Bio-Labs) using the RNA ISH protocol from Kishi et 

al. with minor modifications (16). Briefly, tissues were sectioned onto Superfrost Plus Micro 

slides (VWR) pretreated for 30 minutes with a 0.3 mg/ml solution of poly-D lysine in 2X borate 

buffer. After rehydration with PBSTw (PBS + 0.1% Tween-20), samples were washed with a 

wash-hybridization solution (40% formamide + 1% Tween-20 + 2X SSCT) at 43°C followed by 

incubation in hybridization solution (40% formamide + 10% dextran sulfate + 1% Tween-20 + 2X 

SSCT) containing 8.33 µg/mL of each probe set for 16 hours at 43°C. Samples subsequently 

underwent two 30-minute washes with wash-hybridization solution at 43°C and two 5-minute 

washes with PBSTw at room temperature. Hybridized probes were then detected by incubating 

with 0.2 µM of fluorescent oligonucleotides (IDT) in PBS + 0.2% Tween-20 for 30 minutes at 

37°C. Cell membranes were labeled by staining with 10 µg/mL of WGA (Biotium) in PBSTw for 

2 hours at room temperature. Nuclei were labeled by staining with 0.5 µg/mL of DAPI 

(Invitrogen) in PBS for 5 minutes at room temperature. If applicable, samples were treated with 

100 µg/mL of RNase A (Thermo Scientific) in PBSTw for 30 minutes at 37°C prior to the first 

use of wash-hybridization solution. Slides were mounted with an 80% glycerol medium 

containing 1× PBS, 20 mM Tris pH 8.0, and 2.5 mg/mL of propyl gallate. 

Immunostaining. After FISH and labeling of cell membranes with WGA, tissues were 

treated with blocking solution (PBS + 5% goat serum + 0.1% Triton X-100) for one hour at room 

temperature followed by incubation with either 1:3000 of rabbit anti-mouse cone arrestin 

(Millipore, AB15282) or 1:500 of rabbit anti-mouse vimentin (Abcam, ab92547) in blocking 

solution for 16 hours at 4°C. Tissues were subsequently washed with PBS and incubated with 
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1:1000 of donkey anti-rabbit Alexa Fluor 647 secondary antibody (Jackson ImmunoResearch, 

711-605-152) in PBS for 2 hours at room temperature prior to slide mounting. 

Image acquisition and analysis. Imaging was conducted on a Zeiss LSM710 single-

point scanning confocal microscope using 20x air, 40x oil, and 63x oil objectives. Laser lines 

were 405, 488, 561, and 633 nm. FISH images were acquired as z-stacks, processed with 

ImageJ, and displayed as maximum-intensity projections of equal depth for images within the 

same figure. For all images, the RPE-facing side of the retina was oriented toward the top. 

Automated cell segmentation and puncta detection were performed as previously described with 

minor modifications (16). For retinal samples, cells in 3D z-stacks were first segmented based 

on WGA labeling of cell membranes using ACME, an open-source segmentation software (19). 

Puncta were then detected and quantified with PD3D (github.com/ewest11/PD3D), a MATLAB 

script employing a Laplacian of Gaussian method to distinguish puncta from tissue background 

and assign them to segmented cell bodies. Cells adjoining any boundary of the 3D image or 

located outside the neural retina were computationally removed to confine analyses of puncta to 

whole retinal cells. For RPE, puncta were again detected using PD3D but manually assigned to 

RPE nuclei labeled with DAPI. Quantification of colocalized puncta in 3D images were 

performed using coloc3D (mathworks.com/matlabcentral/fileexchange/5694-coloc3d), a 

MATLAB script identifying overlapping particles in z-stack images. Measurements of GFP 

expression were manually performed in ImageJ by drawing a mask around each cell body for 

photoreceptors or nucleus for RPE and recording the mean GFP intensity.   

Statistics. Statistical analyses were performed using GraphPad Prism software. For all 

statistical tests, a P-value less than 0.05 was considered significant. 
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Supplemental Figure 1. Automated cell segmentation and puncta detection. (A, B) Low (A) and high 
(B) magnification images of cell membranes in the retina labeled with WGA and the corresponding output 
following automated cell segmentation (19). Different colors indicate boundaries of adjoining cell bodies. 
Scale bar, 20 µm. (C, D) Low (C) and high (D) magnification images of fluorescent puncta in the retina at 
6 hours after subretinal injection of AAV8-CMV-GFP and the corresponding output following automated 
puncta detection (16). Scale bar, 50 µm. 
 
 
 
 

  

Supplemental Figure 2. AAV genomes in non-GFP expressing cell types after subretinal delivery 
of AAV8-CMV-GFP. (A) Low and high magnification images of AAV genomes at 3 weeks p.i. in GFP-
negative horizontal cells, identified by their expression of Lhx1 mRNA. Scale bar, 20 µm. (B) Low and 
high magnification images of AAV genomes at 3 weeks p.i. in GFP-negative fibroblasts in the sclera, 
identified by positive staining for vimentin. Scale bar, 20 µm. 
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Chapter 7: Conclusions and future directions 

 There are several lines of investigation currently under development based on the work 

presented in this thesis. In particular, the promising findings of cone and vision preservation with 

AAV8-sCX3CL1 and AAV8-TGFB1 in mouse models of RP have sparked collaborations to test 

these vectors in non-human primates and potentially human patients. If successful, these 

vectors would provide a much-needed mutation-independent treatment option for the many 

patients with RP for whom mutation-specific gene therapy is unrealistic. In addition, although 

AAV8-sCX3CL1 and AAV8-TGFB1 were originally designed to target RP, it is possible that 

these vectors are similarly protective for photoreceptors in other degenerative retinal conditions 

such as age-related macular degeneration (AMD). As AMD affects an estimated 170 million 

people worldwide (1), this would tremendously expand the number of individuals who could 

benefit from ocular gene therapy.  

 Our data on TGF-β1 in RP further indicate that microglia can dramatically affect the rate 

of cone degeneration, since microglia were necessary for AAV8-TGFB1 to rescue cones. We 

anticipate that using genomic and proteomic methods to more precisely elucidate how TGF-β1 

induces microglia-mediated cone survival may thus lead to the identification of novel therapeutic 

targets for this disease. Outside of the eye, microglial dysfunction has moreover been implicated 

in numerous pathologies of the central nervous system, including Alzheimer’s disease, 

Parkinson’s disease, and amyotrophic lateral sclerosis (2–4). Modulation of dysregulated 

microglia by TGF-β1 may therefore also be beneficial in some of these devastating disorders, 

an avenue which we are actively exploring using mouse models of neurodegeneration. 

 The successful mitigation of AAV vector toxicity in both mice and pigs with the TLR9-

blocking strategy described here argues for the incorporation of these inhibitory oligonucleotides 

in human gene therapy trials. Indeed, despite convincing rescue with AAV vectors in multiple 

preclinical models of eye disease (5–7), gene therapy for these conditions in patients has 

produced mixed results, possibly due to the masking of treatment effects by dose-dependent 
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inflammation (8,9). Suppressing ocular toxicity and inflammation with TLR9-blocking sequences 

in future clinical studies would reduce confounding from host immunity and could be especially 

useful for AAV vectors being considered for intravitreal administration. Unlike subretinal 

injections, intravitreal injections do not require a surgery or general anesthesia and are routinely 

performed as office procedures in ophthalmology clinics. However, intravitreal delivery of AAV 

vectors has also been shown to be more immunogenic (10), making it a less desirable choice 

for trials trying to establish safety and tolerability. By helping minimize this immunogenicity, our 

TLR9-blocking approach may enable more AAV vectors to be delivered intravitreally. Such a 

development would vastly improve patient accessibility to ocular gene therapy by allowing 

individuals to receive AAV vectors without having to undergo an eye surgery.  

 Finally, it is evident that TLR9-independent immune responses to AAV vectors are also 

present in the eye, as blocking of TLR9 significantly alleviated vector-induced toxicity but did not 

eliminate all ocular pathologies. Specifically, antibodies directed against the AAV capsid and 

transgene are known to substantially lessen the efficacy of gene therapy (11), and there may be 

other immune or non-immune pathways contributing to vector toxicity that have yet to be 

identified. To develop AAV vectors capable of safe administration even at high doses, a more 

comprehensive and mechanistic understanding of the response to AAV transduction in different 

cell types is warranted. With SABER-FISH, we can now distinguish infected and uninfected cells 

in the eye as early as 3 hours post-vector delivery, well before the onset of any reporter gene. 

Using this technique, we plan to interrogate individual cells shortly after AAV transduction and, 

by comparing them with untransduced populations, pinpoint the cell types ultimately responsible 

for triggering vector toxicity. 
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Glossary: Abbreviations 

AAV:   adeno-associated viral 

AMD:   age-related macular degeneration 

ANOVA:  analysis of variance 

bg  beta-globin 

bGH:   bovine growth hormone 

cDNA:   complementary DNA 

CAR:   cone arrestin 

CD:   cluster of differentiation 

CMV:   cytomegalovirus 

CNS:   central nervous system 

CpG:   cytosine-phosphate-guanine 

CSF1R:  colony stimulating factor 1 receptor 

CX3CL1:  C-X3-C motif chemokine ligand 1 

CX3CR1:  CX3C chemokine receptor 1 

C1qa:   complement C1q subcomponent subunit A 

DAMP:   damage-associated molecular pattern 

DAPI:   4′,6-diamidino-2-phenylindole 

DC:   dendritic cell 

DNA:   deoxyribonucleic acid 

dpi:   days post-injection 

ELISA:   enzyme-linked immunosorbent assay 

ELISpot:  enzyme-linked immune absorbent spot 

ERG:   electroretinography 

FACS:   fluorescence-activated cell sorting 

FAM:   fluorescein amidite 

FDA:   Food and Drug Administration 

FFB:   final formulation buffer 

FISH:   fluorescence in situ hybridization 

FIX:   factor IX 

Gapdh:   glyceraldehyde 3-phosphate dehydrogenase 

GCL:   ganglion cell layer 

GFAP:  glial fibrillary acidic protein 

GFP:   green fluorescent protein 

GSEA:   gene set enrichment analysis 

HEK:   human embryonic kidney 

hpi:   hours post-injection 

Iba1:   ionized calcium binding adaptor molecule 1 

Ifn:   interferon 

Il:   interleukin 

INL:   inner nuclear layer 

io:   inflammation-inhibiting oligonucleotide 

IRD:   inherited retinal disease 

IS:   inner segment 



139 

kb:   kilobase 

LCA:   Leber’s congenital amaurosis 

NF-kB:   nuclear factor kappa-light-chain-enhancer of activated B cells 

NHP:   non-human primate 

ns / N.S.:  not significant 

nt:   nucleotide 

OCT:   optical coherence tomography 

ODN:   oligodeoxyribonucleotide 

ONL:   outer nuclear layer 

OS:   outer segment 

P:   postnatal day 

pA:   polyadenylation 

PBMC:   peripheral blood mononuclear cell 

PBS:   phosphate-buffered saline 

PCR:   polymerase chain reaction 

PEG:   polyethylene glycol 

PER:   primer exchange reaction 

PNA:   peanut agglutinin 

RedO:   red opsin 

Rho:   rhodopsin 

RK:   rhodopsin kinase 

RNA:   ribonucleic acid 

RP:   retinitis pigmentosa 

RPE:   retinal pigment epithelium 

RT-PCR:  real-time polymerase chain reaction 

SABER:  signal amplification by primer exchange reaction 

sc:   self-complementary 

SD:   standard deviation 

SEM:   standard error of the mean 

ss:   single-stranded 

SV40:   simian virus 40 

TGF-β:   transforming growth factor beta 

TGFBR:  transforming growth factor beta receptor 

TLR:   Toll-like receptor  

Tmem119:  transmembrane protein 119 

Tnf:   tumor necrosis factor 

TTR:   transthyretin 

UbiC:   ubiquitin C 

UTR:   untranslated region 

vg:   vector genomes 

WGA:   wheat germ agglutinin 

wpi:   weeks post-injection 

WPRE:   woodchuck hepatitis virus posttranscriptional regulatory element 

WT:   wild-type 


