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Gene therapy with recombinant adeno-associated viral (AAV)
vectors is a promising modality for the treatment of a variety
of human diseases. Nonetheless, there remain significant gaps
in our understanding of AAV vector biology, due in part to
the lack of robust methods to track AAV capsids and genomes.
In this study, we describe a novel application of signal amplifi-
cation by exchange reaction fluorescence in situ hybridization
(SABER-FISH) that enabled the visualization and quantifica-
tion of individual AAV genomes after vector administration
in mice. These genomes could be seen in retinal cells within
3 h of subretinal AAV delivery, were roughly full length, and
correlated with vector expression in both photoreceptors and
the retinal pigment epithelium. SABER-FISH readily detected
AAV genomes in the liver and muscle following retro-orbital
and intramuscular AAV injections, respectively, demon-
strating its utility in different tissues. Using SABER-FISH, we
also found that retinal microglia, a cell type deemed refractory
to AAV transduction, are in fact efficiently infected by multiple
AAV serotypes, but appear to degrade AAV genomes prior to
nuclear localization. Our findings show that SABER-FISH
can be used to visualize AAV genomes in situ, allowing for
studies of AAV vector biology and the tracking of transduced
cells following vector administration.

INTRODUCTION
Recombinant adeno-associated viral (AAV) vectors derived from ad-
eno-associated viruses have become the vector of choice for gene ther-
apy due to their long-term expression of transgenes and relative lack
of pathogenicity.1–4 Each AAV virion consists of a protein capsid sur-
rounding a single-stranded DNA genome, which can be up to 4.7
kb.3,5 Although capable of integration into host genomes,6 AAV vec-
tors in infected cells are thought to predominantly exist as extrachro-
mosomal episomes in the nucleus.7 These episomes are diluted in
actively dividing cells, but they 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 patients has grown tremen-
dously, highlighted by the advent of gene therapy treatments for
Leber’s congenital amaurosis and spinal muscular atrophy.8,9 The
translational potential of AAV vectors has now led to more than
200 phase I, II, and III clinical trials (https://clinicaltrials.gov). Despite
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these advances, there remain significant gaps in our understanding of
AAV vectors, due in part to the lack of readily deployed methods to
track vector capsids and 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 strat-
egy for tracking AAV vectors in animal models has been to tag capsid
proteins with radioactive or fluorescent labels.10–12 While this
approach allows for the detection of vectors shortly after delivery, it
can only provide information prior to the loss of viral capsid proteins
and be applied to tissue samples that receive the labeled capsids. To
address these concerns, an alternative is to visualize AAV vectors
by targeting the vector genome with fluorescence in situ hybridization
(FISH). However, the sensitivity of conventional FISH for DNA se-
quences 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 fluo-
rescent oligonucleotides.13 Compared to probes used in conventional
FISH, SABER-FISH probes result in up to several hundred-fold
amplification of DNA and RNA signals, allowing for highly sensitive
detection of nucleic acids within cells.13 Herein, we describe a novel
application of SABER-FISH that enables the visualization and quan-
tification of individual AAV genomes in situ. These genomes can be
detected in at least three different tissues that are currently targets of
gene therapy, i.e., retina, liver, andmuscle. In the eye, AAV expression
was tracked and found to correlate with AAV genome counts.
Furthermore, using SABER-FISH, we show that retinal microglia, a
cell type thought to be resistant to infection with AAV vectors, are
in fact efficiently transduced but appear to degrade AAV genomes
prior to their translocation into the nucleus. Our findings illustrate
the versatility of SABER-FISH as a tool to study AAV vectors with
ber 2020 ª 2020 The Author(s).
vecommons.org/licenses/by/4.0/).

https://clinicaltrials.gov
https://doi.org/10.1016/j.omtm.2020.10.003
mailto:cepko@genetics.med.harvard.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtm.2020.10.003&domain=pdf
http://creativecommons.org/licenses/by/4.0/


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 oligonucleotides 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) Repre-

sentative image of a flat-mounted retina demonstrating pan-retinal GFP expression by 3 weeks after postnatal day 0–1 subretinal injection of �0.25 mL of 1 � 1012 vector

genomes (vg)/mL (�2.5� 108 vg) of AAV8-CMV-GFP. Scale bar, 1 mm. (D) Low and highmagnification images of retinas at 1, 3, or 6 h after subretinal injection of�2.5� 108

vg of AAV8-CMV-GFP or �0.25 mL of 1 mg/mL of plasmid encoding the AAV8-CMV-GFP sequence. Cell membranes were labeled with WGA. Scale bars, 50 mm. (E)

Simultaneous detection of AAV8-CMV-GFP puncta and Grik1mRNA in sections from the same retina with or without RNase A treatment. Scale bars, 50 mm. nt, nucleotide;

PER, primer exchange reaction; ITR, inverted terminal repeat; bg, b-globin; pA, polyadenylation sequence.
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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
serotype 8 AAV (AAV8)-cytomegalovirus (CMV)-GFP, an AAV8
vector using the broadly active CMV promoter to drive expression
of GFP (Figures 1A and 1B). AAV vectors possess a linear single-
stranded DNA genome that converts to double-stranded DNA before
generating mRNA and protein.3 Probes were thus designed to recog-
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nize only the negative-sense strand of the AAV8-CMV-GFP genome
to avoid binding of RNA transcribed from the vector. A total of 47
probes (Table S1) were made in vitro as previously described and
hybridized to tissues infected with AAV8-CMV-GFP.13 To model
in vivo gene therapy, subretinal injections were performed. Delivery
of AAV8-CMV-GFP by this route in mice resulted in a strong pan-
retinal GFP signal by 3 weeks post-injection (p.i.) (Figure 1C), consis-
tent with prior reports on the kinetics of AAV-mediated transgene
expression.14,15

Probes were initially tested after subretinal injection of either AAV8-
CMV-GFP virions, which were predicted to infect and enter retinal
rapy: Methods & Clinical Development Vol. 19 December 2020 377
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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 h after subretinal injection of

�0.25 mL of the indicated titers of AAV8-CMV-GFP. Scale bars, 50 mm. (B) Quan-

tification of fluorescent puncta in cells of the retina with the conditions tested in (A).

n = 477–1,733 cells from two to four animals per group. (C) Limiting dilution analysis

of fluorescent puncta in retinas at 24 h 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 are mean ± SEM. **p < 0.01, ****p < 0.0001 by two-tailed

Student’s t test with Bonferroni correction.
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cells, or AAV8-CMV-GFP plasmid, which was predicted to remain in
the subretinal space. Wheat germ agglutinin (WGA) was used to label
cell membranes to enable the tracing of cellular boundaries. One hour
after virion and plasmid injections, SABER-FISH detected many fluo-
rescent puncta filling the subretinal space (Figure 1D, left panels).
However, at 3 and 6 h p.i., puncta could be detected inside retinal cells
only in the eyes that received virions (Figure 1D, center and right
panels). To verify that these puncta corresponded to AAV genomes
and not RNA transcribed from the vector or preexisting within the
vector stock, tissues were treated with RNase A, which degrades
RNA without affecting DNA. As a control, SABER-FISH was simul-
taneously used to detect Grik1mRNA found in bipolar interneurons.
While treatment with RNase A eliminated the signal from Grik1
mRNA, it had no effect on fluorescent puncta from AAV8-CMV-
GFP (Figure 1E), consistent with the latter revealing viral DNA.
SABER-FISH thus allows for the detection of viral DNA in eyes after
subretinal injection of AAV vectors, with puncta visible inside retinal
cells as early as 3 h 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 series of five dilutions were made from
the AAV8-CMV-GFP vector stock, which were then subretinally in-
jected into mice. 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 an xy-fold drop in puncta, assuming that the
location of each genome was independently determined. Using
methods previously described,13,16 cell boundaries in the neural retina
could be delineated in three dimensions based on their labeling with
WGA (Figures S1A and S1B). Puncta in these images could then be
computationally assigned to cells, facilitating automated quantifica-
tion of puncta in the retina (Figures S1C and S1D). At 24 h p.i., puncta
in retinal cells were significantly increased in eyes receiving higher ti-
ters of AAV8-CMV-GFP and were absent from uninjected controls
(Figures 2A and 2B). The relationship between AAV vector titer
and puncta count was strongly linear (Figure 2C, R2 = 0.9942), consis-
tent with the model of each DNA punctum visualized by SABER-
FISH corresponding to a single AAV genome.

To assess the gross integrity of individual AAV genomes after subre-
tinal delivery, 24 of the 47 probes for AAV8-CMV-GFP were modi-
fied to enable detection of the 50 and 30 halves of the vector genome in
separate fluorescent channels (Table S2). Simultaneous detection of
these partial genomes in the retina demonstrated colocalization in
�90% of cases at both 24 h and 2 weeks p.i. (Figures 3A and 3C), sug-
gesting that most AAV genomes are roughly full length. As a compar-
ison, another set of probes (Table S3) were synthesized to target a
different vector, AAV8-Best1-sCX3CL1,17 which was co-injected
ber 2020



Figure 3. Detection of Partial AAV Genomes and Genomes from Different

Vectors

(A) Low and high magnification images of the 50 (AAV-50, green) and 30 (AAV-30, red)
halves of the AAV8-CMV-GFP genome in retinas at 24 h or 2 weeks after subretinal

injection of �2.5 � 108 vg of AAV8-CMV-GFP. Colocalized green and red puncta

appear yellow. Scale bars, 20 mm. (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 h or 2 weeks after subretinal injection of �2.5 � 108 vg of each

vector. Scale bars, 20 mm. (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

are mean ± SEM. ****p < 0.0001 by two-tailed Student’s t test.
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with AAV8-CMV-GFP and analyzed at the same time points. Ge-
nomes from AAV8-Best1-sCX3CL1 and AAV8-CMV-GFP appeared
randomly distributed in infected cells, with their corresponding
puncta colocalizing in only�1% of cases (Figures 3B and 3C). Taken
together, these data support the ability of SABER-FISH to track indi-
vidual AAV genomes from one or multiple vectors in a quantifiable
manner.

AAV8-CMV-GFP Genome Number Correlates with GFP

Expression

Following subretinal injection of AAV8-CMV-GFP in neonatal mice,
GFP signal could be seen in the three cell types that line the injection
site, including rod photoreceptors, cone photoreceptors, and the
retinal pigment epithelium (RPE) (Figure 4A). For each of these
cell types, we used 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 immunostaining for
cone arrestin, respectively. SABER-FISH in these cell bodies was
therefore combined with cone arrestin immunostaining 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 (Figures 4B, 4D, and 4G). 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 (Figures 4B, 4E, and 4G). Alterna-
tively, AAV genomes were also found in nearly half (48.0%) of the
GFP-negative cone cell bodies, demonstrating that some cones do
not express AAV8-CMV-GFP, at least to our level of detection.

To analyze RPE cells, AAV8-CMV-GFP genomes were quantified in
RPE nuclei labeled with 40,6-diamidino-2-phenylindole (DAPI), since
the vast majority of genomes in the RPE localized to nuclei by 3 days
p.i. (Figure S2). At 3 weeks p.i., GFP-negative RPE cells were relatively
uncommon, although occasionally they could be seen among
GFP-positive cells (Figure 4F). While all GFP-negative RPE nuclei
examined had four or fewer copies of AAV8-CMV-GFP, most
GFP-positive RPE nuclei had more than 20 genomes, with a mean
of 29.9 per nucleus (Figures 4C and 4G). As in rods, AAV8-CMV-
GFP genomes in RPE nuclei were therefore strongly associated with
GFP expression. However, compared to the number in photorecep-
tors, these genomes were far more abundant in the RPE.

Among the rods, cones, and RPE cells that were GFP-positive, we
asked whether those with more copies of AAV8-CMV-GFP exhibited
higher levels of GFP fluorescence. For all three cell types, this was
indeed the case (Figures 4H and 4I), supporting the notion that
transduction with larger numbers of AAV genomes results in greater
transgene expression. Finally, to test SABER-FISH in a model of
human disease, subretinal injections of AAV8-CMV-GFP were per-
formed in rd1mice, which undergo severe retinal degeneration within
weeks of birth.18 In regions of the retina with surviving GFP-positive
rapy: Methods & Clinical Development Vol. 19 December 2020 379

http://www.moleculartherapy.org


Figure 4. Comparison of AAV Genomes and GFP Expression in Photoreceptors and RPE Cells

(A) Representative section of the eye at 3 weeks after subretinal injection of �2.5 � 108 vg of AAV8-CMV-GFP demonstrating GFP expression in rods, cones, and the RPE.

Scale bar, 50 mm. (B and 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 cells (C). In (C), there were no GFP-negative RPE cells with more than four genomes or GFP-positive RPE cells with zero genomes. (D–F) Images of rods (D),

cones (E), and RPE cells (F) at 3 weeks after subretinal injection of�2.5� 108 vg 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 mm for (D) and (E), 20 mm for (F). (G) Mean

number of AAV genomes in the cell bodies of GFP-negative andGFP-positive photoreceptors and nuclei of GFP-negative andGFP-positive RPE cells. (H and I) Mean intensity

of GFP expression in photoreceptors (H) and RPE cells (I) relative to the number of AAV genomes. n = 81–850 cell bodies or nuclei from four to eight animals per group for (B),

(C), (G), (H), and (I). Data shown are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by two-tailed Student’s t test. INL, inner nuclear layer; GCL, ganglion cell

layer; CAR, cone arrestin.
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photoreceptors, AAV8-CMV-GFP genomes could also be seen using
SABER-FISH (Figure S3). In contrast, in regions of the retina without
GFP expression, AAV8-CMV-GFP genomes could not be visualized.
Collectively, our findings demonstrate that in cell types permitting
promoter activity, the AAV genomes detected by SABER-FISH corre-
late with AAV expression.

SABER-FISH Detects AAV Genomes after Transduction of Liver

and Muscle

AAV8 vectors have been used to target not only diseases of the eye,
but also those of the liver and muscle.19–22 To assess the utility of
our method in other organs, SABER-FISH was thus tested in the liver
380 Molecular Therapy: Methods & Clinical Development Vol. 19 Decem
and muscle of adult mice. In the liver, fluorescent puncta correspond-
ing to AAV8-CMV-GFP genomes were absent from untreated ani-
mals but were numerous by 24 h after systemic (retro-orbital) delivery
of the vector (Figure 5A). Likewise, while puncta from AAV8-CMV-
GFP were not observed in untreated muscle, they could be seen in
skeletal muscle nuclei within 24 h of intramuscular AAV injection
(Figure 5B). These data indicate that, in addition to its applications
in the retina, SABER-FISH can be used to visualize AAV genomes
after transduction of liver and muscle. The diversity of these tissues
further suggests that SABER-FISH may be able to track AAV ge-
nomes in a broad range of tissues for both gene therapy studies and
investigations of AAV biology.
ber 2020



Figure 5. Detection of AAV Genomes in the Liver and Muscle

(A) Low and high magnification images of tissue from the right median lobe of the

liver at 24 h after systemic injection of 5 � 1010 vg of AAV8-CMV-GFP via the retro-

orbital sinus. Scale bars, 50 mm. (B) Low and high magnification images of tissue

from the gastrocnemiusmuscle at 24 h after intramuscular injection of 5� 1010 vg of

AAV8-CMV-GFP. Scale bars, 50 mm.
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AAV Vectors Can Transduce Microglia but Likely Undergo

Degradation

For both basic and translational neuroscience, there is considerable
interest in the development of AAV vectors that target microglia,
the resident immune cells of the central nervous system. Nonetheless,
few studies have observed convincing microglial expression of AAV
vectors in vivo, leading to the conclusion that microglia are refractory
to AAV transduction.23–25 To determine whether AAV8 vectors
could infect microglia in the retina, subretinal injections of AAV8-
CMV-GFP were performed in CX3CR1GFP/+ mice, in which micro-
glia express GFP.26 Surprisingly, AAV8-CMV-GFP genomes could
be seen in nearly all CX3CR1-positive retinal microglia at 24 h p.i.,
indicating that these cells are efficiently transduced by AAV8 vectors
(Figure 6A). Moreover, for a minority of microglia, intracellular AAV
genomes were present as early as 6 h p.i. (Figure S4). To assess
whether other AAV serotypes could similarly infect microglia, the
same AAV genome was packaged into either AAV5, another
commonly used capsid type, or Anc80, a capsid engineered to repre-
sent an ancient precursor to current serotypes.27 With both of these
vectors, AAV genomes entered cells throughout the retina (Figure S5)
and could again be found in CX3CR1-positive microglia at 24 h p.i.
(Figure 6B). However, unlike in other cell types, AAV genomes in
retinal microglia were exclusively detected outside of nuclei (Fig-
ure 6C). These data demonstrate that AAV vectors of at least several
Molecular The
capsid types can infect and enter microglia, but their genomes do not
appear to successfully translocate into the nucleus.

To evaluate AAV expression in CX3CR1GFP/+ animals, we subse-
quently used an AAV8-CMV-H2B-FusionRed vector encoding a nu-
clear-localized FusionRed fluorophore instead of GFP. Detection of
this vector with a new set of probes (Table S4) again showed AAV ge-
nomes in most retinal microglia at 24 h p.i. (Figures 6D, 6F, and 6G),
which was supported by quantitative polymerase chain reaction
(qPCR) to assay for FusionRed DNA in sorted microglia (Figure S6).
In contrast, at both 6 days and 3 weeks p.i., retinal microglia were
devoid of AAV genomes despite their presence in adjacent cells (Fig-
ures 6D–6G), consistent with microglial degradation of AAV ge-
nomes. These observations provide a plausible explanation for the
lack of AAV expression in microglia and highlight the potential of
SABER-FISH to address questions pertaining to AAV vector biology.

DISCUSSION
In this study, we used SABER to amplify FISH signals from AAV ge-
nomes, allowing for the visualization of AAV vectors in the retina,
liver, and muscle of mice. In the retina, these genomes were readily
quantifiable and could be seen in cells as early as 3 h p.i., in agreement
with prior live imaging experiments of AAV vectors in cell lines.28

Based on a limiting dilution assay, in which a series of vector dilutions
were administered in vivo, we determined that each fluorescent punc-
tum detected by SABER-FISH most likely corresponded to an indi-
vidual AAV genome. Within each cell, AAV genomes also appeared
to localize independently, as supported by the lack of overlapping
puncta in eyes that received both AAV8-CMV-GFP and AAV8-
Best1-sCX3CL1. In almost all cell types examined, AAV genomes
were predominantly found in nuclei at 24 h p.i., suggesting that ge-
nomes traffic to the nucleus shortly after infection. This is largely in
line with previous subcellular fractionation studies of AAV vectors
in vitro, which showed that most AAV genomes enter nuclei and spe-
cifically accumulate in nucleoli within 16 h of transduction.29

Following subretinal injection of AAV8-CMV-GFP, we observed a
strong concordance between AAV genomes and GFP expression,
particularly in rods and the RPE. Indeed, AAV8-CMV-GFP genomes
were detected in �85% of GFP-positive rods and every GFP-positive
RPE cell examined in this study, implying that SABER-FISH is highly
sensitive for AAV genomes in the eye. Among GFP-positive rods,
many contained only one AAV genome, suggesting that if a single
AAV genomemakes it into a rod, it is usually sufficient to drive trans-
gene expression. In contrast,�48% of cones in eyes receiving AAV8-
CMV-GFP were GFP-negative despite having at least one AAV
genome. Whether this heterogeneity among cones was due to cell-
intrinsic differences related to the CMV promoter or some uncharac-
terized stochastic process will be interesting to determine considering
the growing number of gene therapy applications targeting photore-
ceptors.30–32

Of note, AAV genomes were especially abundant in the RPE. In fact,
relative to rods and cones in the same eyes, infected RPE nuclei on
rapy: Methods & Clinical Development Vol. 19 December 2020 381
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Figure 6. Detection of AAV Genomes in Retinal Microglia

(A) Low and high magnification images of AAV genomes and CX3CR1-positive microglia in CX3CR1GFP/+ retinas at 24 h after subretinal injection of �2.5 � 108 vg of AAV8-

CMV-GFP. Scale bar, 20 mm. (B) Images of AAV genomes and CX3CR1-positive microglia in CX3CR1GFP/+ retinas at 24 h after subretinal injection of�2.5� 108 vg of AAV5-

CMV-GFP or AAVAnc80-CMV-GFP. Scale bars, 20 mm. (C) Localization of AAV8-CMV-GFP genomes relative to DAPI-labeled nuclei in CX3CR1GFP/+ retinas at 24 h p.i.

Dotted lines indicate the nucleus of a CX3CR1-positive microglia. Scale bars, 10 mm. (D and E) Images of AAV genomes, CX3CR1-positive microglia, and FusionRed

expression in CX3CR1GFP/+ retinas at 24 h (D, left), 6 days (D, right), or 3 weeks (E) after subretinal injection of�2.5� 108 vg of AAV8-CMV-H2B-FusionRed. Retinal microglia

at 3 weeks p.i. were predominantly found in the outer plexiform layer (OPL) and GCL. Arrowheads indicate cells with faint FusionRed expression. Scale bars, 20 mm. (F and G)

Distribution (F) and mean number (G) of AAV genomes in CX3CR1-positive retinal microglia at 24 h or 3 weeks p.i. n = 24–32 microglia from three to five animals per group.

Data shown are mean ± SEM. ****p < 0.0001 by two-tailed Student’s t test.
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average contained 10-fold the number of genomes. The high trans-
duction rate of RPE cells may be due to a combination of their large
surface area compared to photoreceptors, immediate exposure to the
subretinal inoculum, and propensity to phagocytose extracellular ma-
terials.33 In addition, AAV genomes in rods, but not cones, may have
been diluted by cell divisions, as vector delivery in these experiments
was performed prior to the completion of rod genesis, but after that of
cones.34 Recently, we reported that subretinally administered AAV
vectors can induce cellular toxicity in mice in a dose-dependent
manner.35 This toxicity correlates with AAV expression in the RPE
and consequently may be related to the accumulation of AAV ge-
nomes in these cells. However, RPE genome load alone cannot ac-
count for this phenotype, as transduction with certain AAV vectors,
382 Molecular Therapy: Methods & Clinical Development Vol. 19 Decem
such as those with photoreceptor-specific promoters, does not result
in toxicity.35 Finally, even when infected with the same number of
AAV genomes, cones and RPE cells in the current study exhibited
much stronger GFP levels from the CMV promoter than rods.
With AAV8-CMV-H2B-FusionRed, which concentrates the fluores-
cent signal in nuclei, we could further see faint CMV activity from ge-
nomes in retinal ganglion cells and cells of the inner nuclear layer.
These results show that despite its common use as a ubiquitous pro-
moter, CMV expression among different cell types is highly variable
and occasionally difficult to detect.

It has become clear that many neurodegenerative pathologies involve
genetic alterations not only in neurons, but in glial populations, such
ber 2020
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as microglia.36–38 The ability to directly modulate microglial gene
expression with AAV vectors is therefore of interest for potential ther-
apies addressing these disorders. Unfortunately, robust AAV expres-
sion in microglia has yet to be demonstrated in vivo despite the testing
of numerous serotypes and promoters.23 This has led to the belief that
microglia are resistant to AAV infection andmay require specially en-
gineered capsids in order to be transduced.23–25,39 In the present
study, we found that retinal microglia are actually highly permissive
to the entry of AAV vectors of at least three different serotypes,
opposing the idea that expression in these cells is primarily limited
by capsid entry. Rather, lack of AAV expression in microglia appears
secondary to the loss of internalized AAV genomes, which are unable
to reach the nucleus to initiate gene expression. While the presence of
AAV genomes in microglia at 24 h p.i. could have also been from
phagocytosis of infected cells, we do not favor this hypothesis, as
more than 80% of microglia at this time point had genomes, meaning
that nearly all microglia would have had to ingest a cell within a day of
vector delivery. In some microglia, AAV genomes were even seen at
6 h p.i., further arguing against a preceding phagocytosis event.
Instead, compared to the many cell types amenable to expression of
AAV vectors, microglia likely possess unique machinery that allows
for the recognition and destruction of intracellular viral genomes.
Future investigations into the mechanisms of these processes might
enable the creation of AAV vectors that can persist in microglia
and drive long-term expression of transgenes.

AAV vectors in clinical trials are administered without reporter
genes, such as GFP, to minimize the total dose of vectors and poten-
tial immunogenicity.40 Identification of infected cells in patient sam-
ples consequently relies on the detection of vector transgenes,
frequently by histology or qPCR. In practice, not all transgenes
from AAV vectors are amenable to antibody staining or RNA
FISH due to inadequate reagents, silencing of the gene, or endoge-
nous expression in uninfected tissues. In these cases, qPCR can be
used to verify successful AAV transduction, but at the expense of
spatial information and the nature of the infected cell types.
SABER-FISH offers a complementary assay that directly visualizes
AAV genomes and identifies transduced cells in a quantitative
manner. Furthermore, as demonstrated herein, the technique can
be combined with SABER-FISH for RNA or immunostaining 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 challenging to discern.

Finally, one potential application of SABER-FISH that should be
explored is the development of an efficient method for functional
AAV vector titering. Many groups, including our own, assay AAV
vectors with qPCR to adjust the concentration of different stocks
and ensure that comparisons among vectors are fair and reproduc-
ible.41 While this approach in principle corrects for variations in the
number of AAV genomes per unit volume, it has been shown to be
highly inconsistent across laboratories, even when measuring the
same stock.42 Moreover, qPCR of packaged AAV DNA cannot
Molecular The
account for how many of these genomes are capable of carrying
out productive infections. Functional titering, which involves
transducing cells with a given vector and measuring some output
of transgene expression, can instead be used to determine the infec-
tivity of vector stocks.43 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 genomes 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 experiments were approved by the Institutional Animal Care and
Use Committee (IACUC) of Harvard University and performed in
accordance with institutional guidelines. CD-1 (#022) animals were
purchased from Charles River Laboratories. CX3CR1GFP/GFP

(#005582) mice were purchased from The Jackson Laboratory and
crossed with CD-1 mice to obtain CX3CR1GFP/+ animals. Mice
were subsequently maintained at Harvard Medical School on a
12-hour alternating light and dark cycle.

AAV Vector Production

All AAV vectors used in this study were single-stranded. The AAV8-
CMV-GFP plasmid was obtained from the Harvard DF/HCC DNA
Resource Core (clone ID: EvNO00061595) and consisted of a CMV
promoter, b-globin intron, cDNA sequence for GFP, and b-globin
polyadenylation sequence. The AAV8-Best1-sCX3CL1 plasmid was
synthesized as previously reported 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.17 The AAV8-CMV-
H2B-FusionRed plasmid was synthesized by replacing the GFP
sequence of the AAV8-CMV-GFP plasmid with the H2B-FusionRed
sequence of pFusionRed-H2B (Evrogen) using Gibson assembly.
Recombinant AAV8 vectors were generated as previously described
by using polyethylenimine to transfect HEK293T cells with a mixture
of the AAV plasmid, adenovirus helper plasmid, and rep2/cap8
packaging plasmid.44 AAV5-CMV-GFP and AAVAnc80-CMV-
GFP vectors were generated in an identical manner by transfecting
with the AAV8-CMV-GFP plasmid, adenovirus helper plasmid,
and rep2/cap5 or Anc80L65 (a gift from L. Vandenberghe, Harvard
Medical School) packaging plasmid.27 Supernatant was collected
72 h after transfection, and viral particles were PEGylated overnight
and precipitated by centrifugation. Viral particles were then centri-
fuged through an iodixanol gradient to remove cellular debris, and
the recovered vector was washed three times with phosphate-buffered
saline (PBS) and collected in a final volume of 100–200 mL. Purified
AAV vectors were semiquantitatively titered by SYPRORuby (Molec-
ular Probes) staining for viral capsid proteins (VP1, VP2, and VP3) in
comparison to a reference vector titered by qPCR.
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Probe Design and Synthesis

SABER-FISH probes targeting the genomes of AAV8-CMV-GFP,
AAV8-Best1-sCX3CL1, and AAV8-CMV-H2B-FusionRed were de-
signed in silico using ApE software. All probes were generated to
recognize only the negative-sense strand of the vector. For each vector
sequence, we first identified a list of non-overlapping oligonucleotides
that were (1) complementary to the genome, (2) at least 36 nt long,
and (3) predicted to have a melting temperature between 67�C and
71�C based on ApE’s default parameters. A 9-nt primer (50-CATC
ATCAT-30 or 50-CAACTTAAC-30) with a TTT linker was appended
to the 30 ends of these oligonucleotides to finalize the probe sequences,
which were then ordered from Integrated DNA Technologies
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 nt using a previously described
primer exchange reaction, in which a catalytic hairpin (Table S5)
and strand-displacing polymerase repeatedly added the same
sequence to the end of the 9-nt primer.13 Extended probe sets were
subsequently purified with MinElute PCR purification columns
(QIAGEN) and eluted in nuclease-free water. Probes targeting
Grik1 were designed as previously reported with sequences listed in
Kishi et al.13 Sequences for all other probes used in this study can
be found in Tables S1–S4.

AAV Vector Delivery

Subretinal injections were performed on neonatal mice (postnatal
day 0–1) as previously described unless otherwise noted.17,35 After
anesthetizing the animal on ice, the palpebral fissure was carefully
opened with a 30G needle and the eye was exposed. Using a glass
needle controlled by a FemtoJet microinjector (Eppendorf),
�0.25 mL of AAV vectors (1 � 1011 to 1 � 1012 vector genomes
[vg]/mL) or purified plasmid (1 mg/mL) was then injected into
the subretinal space. Both left and right eyes were used for injections.
Transduction of liver and muscle was performed on 6- to 10-week-
old male CD-1 mice. For liver, 100 mL of vector (5 � 1011 vg/mL)
was injected into the retro-orbital sinus. For muscle, 25 mL of vector
(2 � 1012 vg/mL) was injected intramuscularly into the gastrocne-
mius of the right hind leg.

Tissue Preparation

Freshly enucleated eyes were immediately dissected in PBS to remove
the cornea, iris, ciliary body, and lens. The remaining eye cup was
fixed in 4% paraformaldehyde (PFA) for 1 h at room temperature,
cryoprotected in a sucrose gradient, and embedded in a 1:1 solution
of 30% sucrose in PBS and optimal cutting temperature (OCT) com-
pound (Tissue-Tek) frozen on dry ice. For liver studies, mice anesthe-
tized with ketamine and xylazine were intracardially perfused with 4%
PFA and a portion of the right median lobe excised and immersed in
4% PFA overnight at 4�C. Formuscle studies, the gastrocnemiusmus-
cle of the right hind leg was excised, cut in half, and immersed in 4%
PFA overnight at 4�C. Fixed liver and muscle tissues were subse-
quently cryoprotected and embedded as detailed above for fixed eye
cups. Embedded tissues were cut on a Leica CM3050S cryostat (Leica
Microsystems) into 30-mm sections for eye cups and 20-mm sections
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for liver and muscle. For retinal flat-mounts, retinas were carefully
dissected from the rest of the eye and fixed in 4% PFA for 30 min
at room temperature. After PBS washes, retinas were relaxed with
four radial incisions with the ganglion cell layer facing up, flattened
onto a microscope slide, and mounted using Fluoromount-G
(SouthernBiotech).

SABER-FISH

Detection of AAV genomes and cell-type mRNAs by SABER-FISH
was performed in 350-mL chamber wells (Grace Bio-Labs) using the
RNA ISH protocol from Kishi et al.13 with minor modifications.
Briefly, tissues were sectioned onto Superfrost Plus Micro slides
(VWR) pretreated with a 0.3 mg/mL solution of poly-D-lysine in
2� borate buffer for 30 min at room temperature. After rehydration
with PBSTw (PBS + 0.1% Tween 20), samples were washed with a
wash-hybridization solution (40% formamide + 1% Tween 20 + 2�
saline sodium citrate [SSC]) at 43�C followed by incubation in hy-
bridization solution (40% formamide + 10% dextran sulfate + 1%
Tween 20 + 2� SSC) containing 8.33 mg/mL of each probe set for
16 h at 43�C. Samples subsequently underwent two 30-min washes
with wash-hybridization solution at 43�C and two 5-min washes
with PBSTw at room temperature. Hybridized probes were then de-
tected by incubating with 0.2 mM fluorescent oligonucleotides (IDT,
Table S5) in PBS + 0.2% Tween 20 for 30min at 37�C. Cell boundaries
were visualized by staining with 10 mg/mLWGA (Biotium) in PBSTw
for 2 h at room temperature. Nuclei were labeled by staining with
0.5 mg/mL DAPI (Invitrogen) in PBS for 5 min at room temperature.
When applicable, samples were treated with 100 mg/mL RNase A
(Thermo Scientific) in PBSTw for 30 min 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 propyl gallate.

Immunostaining

After FISH and labeling withWGA, tissues were treated with blocking
solution (PBS + 5% goat serum + 0.1% Triton X-100) for 1 h at room
temperature followed by incubation with 1:3,000 of rabbit anti-mouse
cone arrestin (Millipore, AB15282) in blocking solution for 16 h at
4�C. Tissues were subsequently washed with PBS and incubated
with 1:1,000 of donkey anti-rabbit Alexa Fluor 647 secondary anti-
body (Jackson ImmunoResearch, 711-605-152) in PBS for 2 h at
room temperature prior to slide mounting.

Image Acquisition and Analysis

Imaging was conducted on Zeiss LSM 710 and LSM 780 single-point
scanning confocal microscopes using �20 air, �40 oil, and �63 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 panel. For all images of the eye, 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.13 For retinal samples, cells in 3D z stacks
were first segmented based onWGA labeling of cell membranes using
ber 2020
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ACME, an open-source segmentation software.16 Puncta were then
detected and quantified with PD3D (https://github.com/ewest11/
PD3D), a MATLAB script using 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 and micro-
glia, puncta were again detected using PD3D butmanually assigned to
RPE nuclei or CX3CR1-positive microglia. Quantification of
colocalized puncta in 3D images were performed using coloc3D
(https://mathworks.com/matlabcentral/fileexchange/5694-coloc3d),
a MATLAB script identifying overlapping particles in z stack images.
For each 3D image, the fraction of red puncta that colocalized with
green and green puncta that colocalized with red was determined,
and these two values were averaged to calculate the probability of
colocalization. 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.

Statistical Analysis

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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