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Adeno-associated virus (AAV) is one of the most important
gene delivery vehicles for in vivo gene therapy. Intramuscular
(i.m.) and intravascular (i.v.) injection are commonly used
for AAV gene transfer. Unfortunately, the fate of AAV vectors
following administration remains unclear at the histological
level. Taking advantage of RNAscope, a recently developed in
situ hybridization technique that can reveal high-resolution
viral DNA localization information, in this study, we evaluated
body-wide distribution of an AAV9 vector in the context of the
cell and tissue microenvironments. We observed distinctive ki-
netics of cell and nuclear entry of the AAV DNA in striated
muscle and liver following i.m. and i.v. injection.We also found
characteristic distribution patterns of the AAVDNA in various
histological structures in internal organs, including gonads and
lymph nodes, following i.v. injection. Finally, we showed signif-
icantly body-wide spreading of the AAV DNA following i.m.
injection. These results add a new dimension to our under-
standing of AAV transduction biology and provide a basis
for assessing the full impact of AAV gene therapy.
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INTRODUCTION
Adeno-associated virus (AAV) was first identified as a byproduct of
adenovirus characterization 50 years ago.1 Since then, accumulated
efforts in elucidating AAV biology, identifying and engineering novel
capsids, improving manufacturing, and characterizing safety and the
immune response have transformed AAV from a nonpathogenic vi-
rus to one of the most powerful gene delivery vehicles for in vivo gene
therapy. The success of AAV as a gene transfer tool is further exem-
plified by the approval of AAV-based medicines in the European
Union and United States, and by an increasing number of ongoing
clinical trials with AAVs.1,2

To date, AAV clinical trials are mainly targeted to diseases affecting
striated muscles, liver, and the central nervous system (CNS). In
these trials, AAV vectors are delivered via intravenous (i.v.) injec-
tion or local injections such as intramuscular (i.m.), intrathecal, sub-
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retinal, intraparenchymal, and intraventricular injection. Ideally,
the AAV vector should only deliver the therapeutic gene into the
nuclei of the target cells in the affected tissues. However, i.m. and
i.v. injection often result in off-target distribution. i.v. injection is
a prevailing regimen to transport AAV to target organs through
the circulation,3 and it will unavoidably lead to off-target distribu-
tion. Surprisingly, local i.m. injection has also been suggested to
reach non-muscle tissues such as the liver.4–8 Conventional methods
to examine AAV distribution consist of detecting the viral DNA and
transcript by quantitative PCR (qPCR), Southern/northern blot, and
deep sequencing. Alternatively, the transgene product (protein) is
examined by immunostaining, western blot, and enzymatic assays.
While these techniques allow investigators to gain a general sense
of the biodistribution and transduction efficiency of the AAV vector,
they lack sufficient spatial and contextual resolution to delineate
cellular and histological features of AAV transduction. As a conse-
quence, we lack a thorough understanding of AAV gene transfer
in vivo, especially regarding off-target distribution from i.m. or i.v.
administration.

In recent clinical trials, severe adverse reactions, such as acute kidney
injury and death, have been observed within days or weeks following
AAV administration.1,2,9–12 To elucidate underlying mechanisms of
these toxic responses, we have to have an in-depth understanding
of AAV distribution (especially at the early time points after AAV in-
jection) in the context of cell communities and tissue organizations.
Given the structural and cellular heterogeneity in a tissue or an organ,
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it is necessary to use a method that can resolve the spatial and contex-
tual information of AAV distribution in various cell types and histo-
logical structures.

The recently developed RNAscope technique, an in situ hybridization
(ISH) assay, has the potential to detect nucleic acids at single molecule
resolution in an anatomically intact tissue microenvironment.13–22

Investigators have begun to apply this powerful technique to study
the infection of pathogenic viruses such as hepatitis B virus and hu-
man immunodeficiency virus.14,19,23,24 In this study, we optimized
RNAscope for AAVDNA and RNA detection and systemically inves-
tigated an AAV serotype 9 vector (AAV9, referred to as “AAV” in
subsequent text) transduction following i.v. and i.m. injection. We re-
vealed the kinetics of cell and nuclear entry of the AAV genome in
skeletal muscle, heart, and liver. We also characterized the distribu-
tion of the AAV genome in various histological structures in internal
organs including the lung, kidney, spleen, brain, pancreas, testis,
ovary, lymph node, bone marrow, adrenal gland, and salivary gland.
Our study adds a new dimension to the understanding of AAV trans-
duction biology. It also sets a foundation for comprehensively assess-
ing the full impact of AAV gene therapy.

RESULTS
Optimization of RNAscope for AAV DNA and RNA Detection in

Muscle Tissue In Situ

The RNAscope technique has never been used for studying the AAV
genome (DNA) and transcript (RNA) in muscle. To validate the spec-
ificity of RNAscope in detecting AAV DNA and RNA, we included
two separate probes (Figure S1). The anti-sense probe (referred to
as “GFP probe” herein) targets the sense strand. Hence, it can detect
the plus strand version of the single-stranded AAV genome, the con-
verted double-stranded AAV genome, and the RNA transcript. The
sense probe (referred to as “GFP-S probe” herein) targets the anti-
sense strand. This probe can detect the minus strand version of the
single-stranded AAV genome and the converted double-stranded
AAV genome. However, it cannot recognize the RNA transcript.

To examine the performance of the GFP and GFP-S probe, we in-
jected 3� 1011 viral genomes (vg) of AAV.R20-24.GFP into the tibia-
lis anterior (TA) muscle of adult dystrophin-deficient mdx mice, the
most commonly used model for Duchenne muscular dystrophy
(Figures S1 and S2).25 The TA muscle was harvested at 4 weeks after
AAV injection and examined by RNAscope. We first validated the
RNAscope technique with three controls including a no-probe con-
trol, a positive probe control, and a negative probe control (Fig-
ure S2A). The positive probe labels the endogenous mouse peptidyl-
prolyl isomerase B (PPIB) mRNA. The negative probe recognizes the
bacterial dapB mRNA. The phosphate-buffered saline (PBS) only is
the no probe control. A strong signal was detected with the PPIB
probe. No signal was detected with the dapB probe. The PBS control
also showed no signal (Figure S2A).

Next, we tested the GFP and GFP-S probe in AAV-injected muscle. In
the absence of DNase and RNase treatment, the GFP probe revealed
Molecular The
stronger signals in the cytoplasm, especially in the perinuclear region,
while the signal detected by the GFP-S probe wasmostly limited to the
nuclei (Figure S2B). DNase treatment completely removed the GFP-S
probe signal while the GFP probe signal was minimally affected.
RNase treatment removed most (but not all) cytoplasmic signals de-
tected by the GFP probe (the remaining cytoplasmic signal represents
the AAV DNA trapped in the cytosol or cytosolic organelles). Impor-
tantly, RNase treatment has no impact on the nuclear signal detected
by the GFP and GFP-S probe. These results confirmed the specificity
of the GFP and GFP-S probe. In particular, the GFP-S probe only de-
tects the AAVDNAwhile the GFP probe detects both AAVDNA and
RNA. Furthermore, the AAVRNA can be identified by the GFP probe
following DNase treatment.

Spatial and Cellular Distribution of the AAV DNA in Striated

Muscle following i.v. Injection

To study the kinetic distribution of the AAV DNA following i.v.
injection, we delivered 6 � 1012 vg/mouse AAV.R20-24.GFP to
adult mdx mice via the tail vein. Tissues were collected at 2 and
24 h, 5 and 8 days, and 2, 4, 12, and 24 weeks after injection.
We marked the myonuclei with hematoxylin and the sarcolemma
by laminin immunohistochemical staining. The AAV DNA was
detected with the GFP-S probe. In skeletal muscle, the AAV
DNA was primarily localized in the interstitial tissue between my-
ofibers at 2 h after injection. Occasionally, the AAV DNA was
found in the cytoplasm of few myofibers (Figure 1). By 24 h after
injection, most of the AAV DNA remained in the interstitial space.
However, there was a clear trend of the attachment of the AAV
DNA on the sarcolemma. Cytosolic localization of the AAV
DNA also became more obvious at this time. From day 5 to
2 weeks after injection, most of the AAV DNA had accumulated
in the myonuclei although some was still visible in the cytoplasm.
Starting from 4 weeks after injection, the AAV DNA became
barely visible. At 24 weeks after injection, the AAV DNA became
completely undetectable (Figure 1).

To determine whether the lack of the AAV DNA signal was due to a
complete loss of the AAV genome, we performed RNAscope with the
GFP probe following DNase treatment to detect the AAV RNA (Fig-
ure S3). The AAV RNA transcript was readily visible at 2 weeks after
injection and the signal persisted until 24 weeks after injection (the
last time point of the study). The presence of the AAV RNA signal
suggests active transcription from the AAV DNA. Hence, failure to
detect AAV DNA by the GFP-S probe at 24 weeks after injection is
not due to the loss of the AAV DNA in muscle cells. To further vali-
date the continuous presence of AAV DNA at and 4 weeks after in-
jection, we performed qPCR (Figure S4). We detected �120, �15,
and �10 copies/diploid genome of the AAV genome at 4, 12, and
24 weeks after injection (Figure S4A).

A similar but distinctive AAVDNA trafficking profile was observed in
the heart (Figure 2). Consistent withwhatwe observed in skeletalmus-
cle, the AAV DNA was mainly localized in the interstitial tissue at 2-
and 24-h time points. However, the AAV DNA was rarely seen in the
rapy: Methods & Clinical Development Vol. 18 September 2020 857
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Figure 1. AAV DNA Distribution in the TA Muscle at Different Time Points after i.v. Injection

AAV DNA distribution in the TA muscle at 2 and 24 h, 5 and 8 days, and 2, 4, 12, and 24 weeks after i.v. injection. Cyan arrowhead points to sarcolemma; red arrow points to

cytoplasmic AAVDNA; yellow arrow points to nuclei without AAVDNA; blue arrow points to nuclei with AAVDNA. Bottom rows are the high-magnification images of the green

boxed areas in the corresponding top row images. Scale bars, 50 mm (for both �20 and �60 original magnification).
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cytoplasm. Rather, the AAV DNA appeared to have rapidly migrated
into the nuclei after AAV entered the cardiomyocytes. Similar to our
observation in skeletal muscle, the interstitial AAV DNA was
completely cleared by 5 days after AAV injection. Starting from this
time point, the AAVDNAwas only detected in the nuclei. The nuclear
AAV DNA signal appeared more intense at 8 days and 2 weeks but
reduced starting from 4weeks (Figure 2). In skeletal muscle, the defin-
itive AAV DNA signal lasted for 2 weeks only. In contrast, the AAV
DNA signal was clearly visible even at 24 weeks after injection,
although only in a few cardiomyocytes (Figure 2). As expected, a
robust AAV RNA signal was detected at 12 and 24 weeks after injec-
tion in cardiomyocytes (Figure S3). On qPCR, we detected �180,
�100, and�100 copies/diploid genome at 4, 12, and 24weeks after in-
jection (Figure S4B).

Spatial and Cellular Distribution of the AAV DNA in the Liver

following i.v. Injection

The liver is also one of the most frequently targeted organs in gene
therapy. Similar to what we observed in striated muscle, the AAV
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DNA was mainly located outside the nuclei of the hepatocytes, either
in the cytoplasm or the extracellular matrix between hepatocytes at 2 h
after injection (Figure S5). At day 5 after injection, we observed uni-
form AAV DNA distribution throughout the entire liver, and the
AAV DNA became primarily concentrated in the nuclei of the hepa-
tocytes (Figure 3; Figure S6). At 4 weeks after injection, the cyto-
plasmic AAV DNA disappeared completely. At this time point, the
AAV DNA signal in the nuclei was also greatly reduced compared
to that of the 5-day time point. Interestingly, the number of the
AAV DNA-positive nuclei became stable thereafter. There was no
apparent decline from 4 weeks to the 24 weeks. Similarly, the AAV
genome copy number was maintained between �1,100 and �1,400
copies/diploid genome from 4 to 24 weeks after injection on qPCR
(Figure S4C).

Spatial and Cellular Distribution of AAV in Other Tissues

following i.v. Injection

Next, we evaluated AAV DNA distribution in the brain, lung, kidney,
spleen, pancreas, testis, ovary, lymph node, adrenal gland, salivary
mber 2020



Figure 2. AAV DNA Distribution in the Heart at Different Time Points after i.v. Injection

AAV DNA distribution in the heart at 2 and 24 h, 5 and 8 days, and 2, 4, 12, and 24 weeks after i.v. injection. Cyan arrowhead points to sarcolemma; red arrow points to

cytoplasmic AAVDNA; yellow arrow points to nuclei without AAVDNA; blue arrow points to nuclei with AAVDNA. Bottom rows are the high-magnification images of the green

boxed areas in the corresponding top row images. Scale bars, 50 mm (for both �20 and �60 original magnification).
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gland, and bone marrow (Table 1; Figures 4, 5, 6, and 7; Figures S7–
S10). Homogeneous spread of the AAV DNA was observed in the
brain, lung, salivary gland, and bone marrow but not in the remaining
organs we examined (Table 1; Figure S7).

In the kidney, the AAV DNA was highly enriched in the cortical
glomerulus at 5 days after injection (Figure 4). Scattered AAV
DNA was also found in the medulla. Interestingly, we failed to detect
the AAV DNA in the Bowman’s capsule (Figure 4). The AAV DNA
persisted for 24 weeks in the glomerulus although the signal intensity
was greatly reduced at the 24-week time point (Figure S8).

In the spleen, the AAV DNA was concentrated as foci in regions en-
riched with B cells in the white pulp (Figure 5A; Figure S9). However,
in the red pulp of the spleen, the AAV DNA was evenly dispersed
throughout the macrophage-enriched region (Figure 5A; Figure S9).
Molecular The
In the lymph node, the AAV DNA mainly accumulated in the
germinal center, the region dominated by B cells (Figure 5B). In the
medulla of the lymph node, the AAV DNA appeared uniformly
distributed in immune cells (Figure 5B).

In the testis, the AAV DNA was found in Leydig cells in the intersti-
tium (Figure 6). In the ovary, the AAV DNA was enriched in the
corpus luteum and scattered in the central medulla (Figure 7). We
failed to detect the AAV DNA in sperms and oocytes (Figures 6
and 7).

In the pancreas, the AAV DNA was observed in a subset of insulin-
secreting b cells in the islet but barely detected in the secretory acini
and interlobular duct (Figure S10A). In the adrenal gland, the AAV
DNA was primarily seen in the cortex, especially in the zona fascicu-
lata (Figure S10B).
rapy: Methods & Clinical Development Vol. 18 September 2020 859
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Figure 3. AAV DNADistribution in the Liver at Different Time Points after i.v.

Injection

At 5 days after i.v. injection, a massive amount of the AAV DNA accumulated in the

nuclei, with spotty signals in the cytoplasm of hepatocytes. From 4 to 24 weeks after

i.v. injection, the AAV DNA exclusively resided in the nuclei. Scale bars, 100 mm

(for�10 original magnification), 50 mm (for both�20 and�60 original magnification).

Table 1. Distribution Pattern of AAV after i.v. Injection

Organs Distribution Pattern

Kidney
highly accumulated in the glomeruli; scattered in the
medulla; no viral DNA is visible in the Bowman’s capsule

Spleen
accumulated in the B cell-dominant areas of the
white pulp; scattered in the red pulp

Lymph node
accumulated in the B cell-enriched cortical lymphoid
nodules; scattered in the interfollicular zone

Testis
confined in the interstitium, and Leydig cells transduced;
no viral DNA in seminiferous tubules

Ovary
scattered in central medulla and corpus luteum; thecal
cells transduced; no viral DNA in the layer of zona
granulosa and the oocytes

Adrenal glands
highly concentrated in the zona fasciculata and scattered
in the zona glomerulosa and the medulla

Pancreas accumulated in the b cells of the islets

Bone marrow
and bone

robust localization in the bone marrow, with a few
positive signals in the cartilage bone

Lung lung alveolar cells transduced by AAV

Salivary glands acinar cells transduced by AAV

Brain
relatively homogeneous distribution is seen in the brain,
with viral DNA localized in endothelial cells, neurons,
microglia, and astrocytes

Molecular Therapy: Methods & Clinical Development
Spatial and Cellular Distribution of AAV following i.m. Injection

i.m. injection is primarily used to deliver secreted proteins in clinical
gene therapy studies (such as anti-trypsin I and factor IX), although
this route is also used in preclinical studies to test gene therapy for
muscle diseases. To study the kinetics of AAV distribution following
i.m. injection, we injected 3� 1011 vg/mouse of AAV.R20-24.GFP to
the TA muscle of dystrophin null mice. At 2 and 24 h after injection,
we observed prominent accumulation of the AAV DNA along the
membrane of the muscle cells, with the sporadic deposition in the
cytoplasm and nucleus at 24 h after injection (Figure 8). From
5 days to 4 weeks after injection, the AAV DNA became undetectable
in the interstitial tissue. During this period, the AAV DNA was
mainly found inside muscle cells with noticeable cytoplasmic distri-
bution at 5 and 8 days and pronounced nuclear distribution at 2
and 4 weeks after injection. The AAV DNA was not detected in the
TA muscle at 12 and 24 weeks after i.m. injection (Figure 8).

Next, we examined the AAV DNA in neighboring muscle, including
the extensor digitorum longus (EDL), gastrocnemius, and quadriceps
muscles (Figure S11). Abundant AAV DNA was found in the nuclei
of the immediate neighboring muscles such as the EDL and gastroc-
nemius. Some AAV DNA was also detected in the cytosol in these
muscles. For the distantly located quadriceps, the AAV DNA was
only observed in the nuclei of a small proportion of muscle cells.

To determine whether local muscle injection can lead to body-wide
AAV spreading, we examined the AAV DNA in non-muscle tissues.
860 Molecular Therapy: Methods & Clinical Development Vol. 18 Septe
Previous studies have shown that i.m. injection can result in AAV
distribution in the liver.4–6 At 5 days after bilateral TA muscle injec-
tion, we detected substantial distribution of the viral DNA in the
liver (mainly in the nuclei) (Figure 9A). To further test whether
muscle injection-associated systemic delivery correlated with the
AAV loading, we performed unilateral TA muscle injection (Fig-
ure 9B). The AAV DNA was easily observed in the nuclei of the he-
patocytes, although to a lesser extent than what we saw following
bilateral TA injection (Figure 9B). We also detected pronounced
AAV DNA distribution in the kidney, spleen, tibia bone marrow,
and distant lymph node (Figure 10). The AAV DNA signal was
much reduced, although not absent, in the heart, pancreas, lung,
brain, testis, ovary, adrenal gland, and salivary gland (Figures 10
and 11; Figure S12).

DISCUSSION
Current methods of examining AAV distribution rely on measuring
the protein, RNA transcript, and vector genome from the lysate of
all cells in an organ or a tissue. These measurements cannot provide
the important spatial and contextual information of AAV distribution
in different cells within a tissue. In light of the complexity of the
cellular composition and structural organization of different tissues/
organs, there is an urgent need to study the spatial and contextual fea-
tures of AAV distribution following administration. Such knowledge
is crucial to our understanding of AAV transduction and the host
response.

Traditional ISH assays, such as fluorescence ISH (FISH), provide a
way to visualize AAV nucleic acid in situ and have been used to study
mber 2020



Figure 5. AAV DNA Distribution in the Lymphoid Tissues at 5 Days after i.v.

Injection

(A) AAV DNA in the spleen. Massive distribution in the spleen was observed,

accompanied by highly concentrated localization in the white pulp (region II) and

scattered cluster distribution in the red pulp (region I). (B) AAVDNA in the lymph node

(LN). The accessorymandibular LN,which is locatednear the submandibular salivary

glands, was harvested and the AAV DNA was examined by RNAscope. Substantial

quantities of the AAV DNA were found in the LN, with distinguished accumulation in

the germinal centers of the lymphoidnodules on theperiphery of the LN (region II) and

scattered cluster distribution in the interfollicular zone (region I). The border of

lymphoid nodules, which contains germinal centers (mainly B cells), is marked with

blue lines. Scale bar, 50 mm (for �20 original magnification).

Figure 4. AAV DNA Distribution in the Kidney at 5 Days after i.v. Injection

The distribution features of AAV are presented for both the cortex andmedulla of the

kidney. Clearly, the AAV DNA accumulated in the cortical glomerulus (blue arrow).

Almost all glomeruli in the cortex contain a massive amount of the AAV DNA.

However, no AAV DNA was observed in the Bowman’s capsule (green arrow). The

AAV DNA was scattered in the medulla of the kidney, with spotty signals in the

epithelium of proximal and distal convoluted tubules. OS, outer stripe; IS, inner

stripe. The yellow box indicates the region amplified in higher magnification in the

row below. Scale bars, 100 mm (for�10 original magnification), 50 mm (for both�20

and �60 original magnification).

Figure 6. AAV DNA Distribution in the Teste at 5 Days and 4 Weeks after i.v.

Injection

The seminiferous tubules (S) are separated by interstitium, where Leydig cells and

blood vessels are located. At 5 days after injection, AAV DNA was confined to in-

terstitium and there was no AAV DNA inside the seminiferous tubules, which are

lined with Sertoli cells and germ cells. The same distribution pattern was seen at

4 weeks after i.v. injection. Green arrow points to AAV DNA in interstitial cells; red

arrow points to no AAV DNA in Sertoli and germ cells. Scale bars, 100 mm (for �10

original magnification), 50 mm (for both �20 and �60 original magnification).
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the AAV DNA in the liver,26 testis,8 and neuron tissues.27 However,
sensitivity and specificity of traditional ISH assays remain unsatisfac-
tory.13,14 RNAscope is a highly sensitive ISH assay, which can
detect nucleic acids in situ at single-molecule resolution.13,14 When
combined with histological and immunological staining, RNAscope
provides important novel insights in regard to cellular and histolog-
ical localization of nucleic acids. A few groups have studied AAV
DNA and RNA in neuronal tissues using RNAscope or similar sin-
gle-molecule ISHs.20,21,28,29 However, a comprehensive examination
of body-wide AAV transduction has never been performed with
RNAscope. To address this important knowledge gap, in this study,
we optimized the RNAscope protocol for AAV DNA and RNA
detection (Figures S1 and S2). We then studied the spatial and cellular
distribution of the AAV DNA in various tissues/organs after i.v. and
i.m. injection.

Immediately following i.v. injection (2 h), we found that most of the
AAV DNA was restricted to interstitial spaces in skeletal muscle,
heart, and liver (Figures 1, 2, and 3; Figure S5). Even at 24 h after in-
jection, there was still a minimum of AAVDNA inside muscle cells in
skeletal muscle and heart (Figures 1 and 2). This is in sharp contrast to
what was reported in cell culture studies.30–33 In these in vitro studies,
AAV particles are taken up by cells rapidly (usually within 30 min)
and enter the nucleus within 2–4 h. Our results suggest that the extra-
cellular matrix may represent an important barrier for systemic AAV
delivery.
Molecular The
We arbitrarily selected day 5 as our next time point. By this time
point, most of the AAV DNA already reached the nucleus of the tis-
sues we examined (Figures 1, 2, 3, 6, 7, 8, 9, 10, and 11). This exper-
imental design prevented us from comprehensively evaluating
potential differences in cytoplasmic trafficking in different tissues.
Nevertheless, the day 5 data from skeletal muscle, heart, and liver sug-
gest that there might be a difference in the kinetics of cytosolic
rapy: Methods & Clinical Development Vol. 18 September 2020 861
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Figure 7. AAV DNA Distribution in the Ovary at 5 Days

and 4 Weeks after i.v. Injection

(A) AAV DNA distribution in the ovary at 5 days after i.v.

injection. The AAV DNA was scattered in the medulla but

highly accumulated in the corpus luteum. No AAVDNAwas

seen in follicles. The AAV DNA was found in lutein cells and

thecal cells but not in granulosa cells and oocytes. (B) AAV

DNA distribution in the ovary at 4 weeks after i.v. injection.

The AAV DNA in the corpus luteum and thecal cells dis-

appeared, but the AAV DNA in the medulla persisted. No

AAV was seen inside the follicles. CL, corpus luteum; O,

oocyte; ZG, zona granulosa; TF, theca folliculi. Scale bars,

50 mm (for both �20 and �60 original magnification).
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trafficking in these three tissues. The AAV DNA was barely detected
in the cytoplasm of cardiomyocytes, but it was found in the cytoplasm
of some skeletal myofibers and many hepatocytes (Figures 1, 2,
and 3). These results suggest that AAV9 can rapidly enter the nucleus
of cardiomyocytes but cytosolic trafficking may take a longer time in
skeletal muscle cells and liver cells. In other words, strategies that can
improve cytosolic trafficking may enhance AAV delivery in skeletal
muscle and liver following i.v. injection.

Another interesting finding is the clear reduction of the AAV DNA
signal at later time points. The AAV DNA became barely detectable
from 4 weeks onward in skeletal muscle, but it was clearly visible at
4 weeks in the heart, although less strong than that at the 2-week
time point. The AAV DNA persisted in the heart until 24 weeks (Fig-
ures 1 and 2). In the liver, the AAV DNA signal dropped substantially
at 4 weeks after injection but remained in the nuclei of many
hepatocytes at 24 weeks (Figure 3). After entering the nucleus, the
single-strandedAAVgenome is converted to thedouble-stranded tran-
scription-competent genome, which then forms high-molecular-
weight concatemers with complexed structures.34–36 Hence, in the
infected tissues, there is a mix of different forms of AAV genomes,
including the single-stranded genomes, double-stranded linear mono-
mers and multimers with different orientations, and double-stranded
circular monomers and multimers with different orientations.37 While
the AAV DNA was detectable in the heart and liver after 4 weeks, sur-
prisingly, the signal was lost in skeletal muscle after 4 weeks (Figures 1,
862 Molecular Therapy: Methods & Clinical Development Vol. 18 September 2020
2, and 3). Since we observed robust AAV tran-
scription even at 24 weeks (Figure S3), we
reasoned that the AAV DNA was not lost in skel-
etal muscle. Quantification of the AAV vector
genome copy number at 4, 12, and 24 weeks after
injection validated our reasoning (Figure S4). We
currently do not have an explanation on why we
failed to detect the AAV DNA by RNAscope at
these time points. Future studies are needed to
clarify the detection limit of RNAscope in the
context of AAV transduction in vivo.

The body-wide AAV DNA distribution was
examined at 5 days after i.v. injection (Figures
1, 2, 3, 4, 5, 6, and 7). The AAVDNAwas relatively evenly distributed
in skeletal muscle, heart, liver, brain, lung, salivary gland, and bone
marrow (Table 1; Figures 1, 2, and 3; Figure S7). Interestingly, we
found selective accumulation of the AAV DNA in certain histological
structures in the kidney, spleen, lymph node, gonads, pancreas, and
adrenal glands (Table 1; Figures 4, 5, 6, and 7; Figures S7–S10). In
the kidney, the AAVDNAwas highly concentrated in the glomerulus.
This is consistent with the protein expression pattern reported by
others.38,39 Taken together, these findings suggest that AAV may
represent an ideal candidate vector for treating glomerular diseases.

In the spleen and lymph node, the AAV DNA was highly enriched in
regions dominated by B cells (Figure 5; Figure S9). Others have shown
that B cells are the predominant cell types transduced by AAV in the
spleen,40 and, furthermore, AAV capsids accumulate in splenic
germinal centers, B cell-dominant areas.41 Our results correlated
well with these publications. Taken together, these observations sug-
gest that B cells may possess yet unidentified mechanisms that pro-
mote AAV uptake and/or retention. This may have important impli-
cations in understanding the AAV-induced immune response.42

Germline transmission has been an ethical concern for systemic gene
therapy.7 A number of groups have evaluated the risk of germline
transmission in male animals following i.v. injection.7,8,43–46 These
studies found the AAV DNA in semen and the testis. However, it is
unclear whether germ cells are transduced by AAV. It is also unclear



Figure 8. AAV DNA Distribution in the TA Muscle at Different Time Points after i.m. Injection

At 2 and 24 h after i.m. injection, a considerable amount of the AAV DNAwas seen along the muscle membrane, with occasional cytoplasmic and nuclear localization at 24 h

after injection. From 5 days to four weeks after i.m. injection, most of the AAVDNA resided in the nuclei (blue arrow), with isolated cytoplasmic distribution (red arrow). From 12

to 24 weeks, no viral DNA was seen intercellularly or intracellularly. Arrowhead points to AAV DNA at the membrane; red arrow points to AAV DNA in the cytoplasm; yellow

arrow points to nuclei without AAV DNA; blue arrow points to nuclei with AAV DNA. Scale bars, 50 mm (for both �20 and �60 original magnification).
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whether AAV can reach the ovary in females. To address these impor-
tant questions, we performed RNAscope on gonads from both male
and female animals. In the testis, we detected the AAV DNA in inter-
stitial Leydig cells but not in Sertoli cells and germ cells, including
spermatogonia, spermatocytes, spermatids, and spermatozoa (Fig-
ure 6). In the ovary, the AAV DNA was readily detected in the corpus
luteum and theca folliculi but not in oocytes (Figure 7). Our results
suggest that AAV9 cannot transduce germ cells.

The pancreas and adrenal gland are the other two organs that showed
disproportional transduction in different histological domains (Fig-
ure S10). In the pancreas, the AAV DNA was primarily located in
the Langerhans islets in a subset of insulin-secreting b cells although
not in glucagon-secreting a cells (Figures S10A). We also did not
detect the AAV DNA in exocrine tissues. In the adrenal gland, the
AAV DNA was enriched in the zona fasciculata, the domain respon-
sible for secreting glucocorticoids. Interestingly, barely any AAV
DNA was detected in the adrenal medulla, the region responsible
Molecular The
for secreting adrenaline. These unique distribution patterns should
be considered when designing gene therapy for treating diseases
related to the pancreas and adrenal gland.

In this study, we also evaluated the kinetic distribution of the AAV
DNA following i.m. injection. In the first 24 h, a pattern similar to
what we saw in i.v. injection was observed following i.m. injection
(Figures 1 and 8). Specifically, the AAV DNA was primarily located
in the interstitial tissue with minimal uptake by muscle cells. The
AAV DNA was found mainly inside muscle cells between 5 days
and 2 weeks after injection (Figure 8). Interestingly, there is a striking
difference in the AAV DNA distribution pattern between i.v. and i.m.
injection during this period. The AAVDNAwas rarely detected in the
sarcoplasm following i.v. injection but was abundant in the cytosol
following i.m. injection. It is unclear whether the difference is due
to local AAV concentration or there may exist a fundamental differ-
ence in AAV endocytosis in muscle between two delivery routes.
Future studies are needed to clarify the differences.
rapy: Methods & Clinical Development Vol. 18 September 2020 863
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Figure 9. AAV DNA Distribution in the Liver at 5 Days after Bilateral and

Unilateral i.m. Injections

(A) Distribution of the AAV DNA in the liver after bilateral tibialis anterior (TA) injection.

A significant amount of the AAV DNAwas found in the nuclei of hepatocytes. (B) The

AAV DNA in the liver after unilateral TA injection. Pronounced amount of the AAV

DNA was detected in the liver, although to a lesser extent than that of bilateral TA

injection. Scale bars, 100 mm (for �10 original magnification), 50 mm (for both �20

and �60 original magnification).
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For i.m. injection in the TA muscle, we expect direct spreading of the
AAV particles from the targeted muscle to its neighboring muscles
such as the EDL and gastrocnemius. We indeed observed direct
spreading (Figure S11). Interestingly, we also found the AAV DNA
in the distant quadriceps, which cannot be easily explained by direct
spreading (Figure S11). A more likely scenario is spreading through
the circulation. In support of this notion, we found the AAV DNA
in several internal organs, including the liver, kidney, spleen, heart,
lung, brain, pancreas, adrenal gland, salivary gland, gonads, tibia
bone marrow, and distant lymph node (Figures 9, 10, and 11; Figures
S11 and S12). Additional studies suggest that the distant spreading is
dose-dependent (Figure 9). Previous studies suggest that i.m. injec-
tion can result in AAV spreading to the liver, lymph node, and go-
nads.4–8 Our results suggest that systemic spreading following local
injection is much broader than what has been reported. Systemic
toxicity should be an important consideration when conducting local
gene therapy.

We also point out that the AAV DNA distribution pattern not only
holds biological implications when deciding the target cells to treat
in gene therapy, but it also has important ramifications for assessing
potential toxicity. Recent studies suggest that the AAVDNA sequence
per se contributes to tissue toxicity.47,48 Given the relatively low ther-
apeutic index of AAV systemic gene therapy,49 a high dose of AAV
gene delivery is required. However, a high dose of AAV is associated
with severe adverse effects.9,10,21 Detailed information of AAV distri-
bution, especially in the context of cellular communities and tissue or-
ganizations, will help develop novel AAV vectors with the improved
therapeutic index.

As the first study to comprehensively evaluate the spatial and cellular
distributions of AAV in situ following i.v. and i.m. injection, our
864 Molecular Therapy: Methods & Clinical Development Vol. 18 Septe
studies have some limitations. First, our probe cannot distinguish
the single-stranded versus double-stranded AAV genome, nor can
it discriminate the episomal form versus the integrated AAV genome.
Further optimization of the RNAscope technique or combined use of
RNAscope and other molecular techniques will be essential to address
these issues. Second, we only focused on AAV9 in this study because it
is currently the only AAV serotype approved by the regulatory agency
for systemic gene therapy. As more AAV serotypes are being tested in
clinical trials, and there is a need to study the spatial and cellular dis-
tributions of other AAV serotypes. Third, we only studied the con-
ventional single-stranded AAV vector. Since self-complementary
AAV does not require second-strand synthesis for transgene expres-
sion and has been used in some clinical trials (such as hemophilia B
gene therapy), it will be interesting to compare the histological distri-
bution patterns between the single-stranded and self-complementary
AAV vectors. Fourth, we only considered eight different time points
in this study. Adding additional time points (such as between 24 h
and 5 days) and longer time points (such as 1, 2, and 3 years) will
reveal a more complete picture of the histological features of AAV
transduction. Last, considering the limit of the rodent study, there
is a critical need to use RNAscope to investigate AAV transduction
in large mammals.

In summary, we have cataloged the spatial and cellular information of
AAV distribution following i.m. and i.v. injection. This systematic
interrogation of AAV distribution throughout the body tissues has
generated a detailed spatial and cellular map of AAV nucleic acids
and their relationships with tissue organizations. Our findings have
added a new dimension of information to AAV transduction biology.

MATERIALS AND METHODS
Animal Care and Experiments

All animal experiments were approved by the Animal Care and Use
Committee (ACUC) of the University of Missouri. All animal proced-
ures were performed in accordance with NIH guidelines. Dystrophin
null mdx mice (stock no. 001801) were purchased from The Jackson
Laboratory. Both male and female mice were used in this study. All
the mice are maintained in a specific pathogen-free animal care facil-
ity with access to food and water ad libitum.

AAV Production and Injection

In this study, a previously engineered AAV construct is used to
examine AAV distribution within the whole-body tissues.50 This
AAV construct carries the expression cassette of dystrophin spec-
trin-like repeats 20–24.GFP (R20–24.GFP), in which GFP is fused
in-frame to the C terminus of dystrophin R20–24. The expression
of dystrophin R20–24.GFP is driven by the cytomegalovirus (CMV)
promoter and the SV40 polyadenylation (SV40 poly(A)) signal
(Figure S1A).

AAV9 viruses were produced by triple-plasmid transfection in
human embryonic kidney (HEK) 293 cells and three rounds of
CsCl ultracentrifugation purification.51,52 The AAV titer was quanti-
tated by real-time PCR using a Fast SYBR Green master mix kit
mber 2020



Figure 10. AAV DNA Distribution in the Kidney, LN,

Spleen, Tibia BoneMarrow, and Testis at 5 Days after

Bilateral TA Injections

AAV DNA distribution in the kidney, accessory mandibular

LN, spleen, tibia bone marrow, and testis at 5 days after

bilateral TA injections. Scale bars, 100 mm (for �10 original

magnification), 50 mm (for both �20 and �60 original

magnification).
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(Applied Biosystems, Foster City, CA, USA) with a pair of primers
that amplify a fragment in the CMV promoter. The primers were
as follows: forward, 50-TTACGGTAAACTGCCCACTTG-30; reverse,
50-CATAAGGTCATGTACTGGGCATAA-30.

For i.m. injection, either unilateral or bilateral TA muscles of adult
dystrophin null mice (3–9 months old) were injected with AAV
according to our established method.50–52 Each TA muscle received
a total of 3 � 1011 vg particles of AAV (in a volume of 50 mL).
For i.v. injection, a total of 6 � 1012 vg particles (equivalent to 1.7–
2.5 � 1011 vg/g) of AAV (in a volume of 500 mL) were injected into
adult dystrophin null mice (3–9 months old) through the tail vein.
Tissue Sample Harvesting and Processing

The whole-body tissues from injectedmice were harvested at different
time points following i.m. and i.v. injections. The time points include
2 h, 24 h, 5 days, 8 days, 2 weeks, 4 weeks, 12 weeks, and 24 weeks after
AAV injections (n = 2/sex/each time point). Except for the tibia
bones, all tissues were fixed in 10% neutral buffered formalin
(NBF) at 4�C overnight. Then, the fixed tissues were dehydrated in
30% sucrose solution for 3 h, embedded in Tissue-Tek OCT (Sakura
Finetek), and snap-frozen in 2-methylbutane with liquid nitrogen.
Molecular Therapy: Methods & Clin
For the processing of tibia bones, bilateral tibia
bones, including knee joints and a small portion
of distant femur bones, were harvested from in-
jected mice, and fixed in 10% NBF at 4�C over-
night. After rinsing samples with PBS, the bones
were decalcified in 14% EDTA for 5 days. Then,
the decalcified bones were dehydrated in 30%
sucrose for 3 h, embedded in OCT, and snap-
frozen in 2-methylbutane with liquid nitrogen.

RNAscope

The RNAscope kit (RNAscope 2.5 high-definition
[HD] reagent kit-RED, catalog no. 322350) was
purchased from Advanced Cell Diagnostics
(ACD). RNAscope was performed on 8- to
10-mm tissue sections according the manufac-
turer’s instructions. Briefly, tissue sections were
blocked with hydrogen peroxide at room temper-
ature for 10 min and boiled in the target retrieval
solution for 5 min. Then, tissue slides were
covered with protease plus solution and incubated
in the hybridization oven at 40�C for 30 min. After rinsing the slides
with deionized water, the tissues sections were hybridized with the
target probes at 40�C for 2 h. Then, sequential hybridization
procedures were performed with pre-amplifier, amplifier, and label
probes. The label probes were conjugated with alkaline phosphatase,
which reacts with the Fast Red chromogen substrate. The red punctate
signal can be viewed under a standard bright-field microscope. Lastly,
the tissue sections were counterstained with hematoxylin.

In this study, two target probes were used (Figure S1). AAV DNA
was detected with a GFP-S probe (ACD, catalog no. 409971) and
the above-described procedure. To detect AAV RNA, the afore-
mentioned protocol was adapted by using a GFP probe (ACD, cat-
alog no. 400281) following DNase I treatment (1:50; Sigma, catalog
no. D5319-500UG) right after the target retrieval step. The stan-
dard RNAscope protocol was also modified for different purposes.
To detect AAV DNA in different tissues and organs, the duration
of hydrogen peroxide blocking and/or target retrieval was
adjusted according to the recommendation of the manufacturer.
To specifically detect viral DNA with the GFP probe, viral
RNA was eliminated by treating tissue sections with RNase A
(5 mg/mL in PBS; QIAGEN, catalog no. 19101) right before add-
ing the target probe.
ical Development Vol. 18 September 2020 865
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Figure 11. AAV DNA Distribution in the Ovary at 5 days after Bilateral TA

Injections

Distribution of the AAV DNA in the ovary at 5 days after bilateral TA injection. CL,

corpus luteum; O, oocyte; ZG, zona granulosa; TF, theca folliculi. Scale bars, 50 mm

(for both �20 and �60 original magnification).
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Immunohistochemistry

Immunohistochemistry (IHC) was carried out either on serial sec-
tions or simultaneously with RNAscope ISH. A Vectastain ABC kit
(Vector Laboratories) was used for IHC staining. Laminin IHC was
co-stained with RNAscope ISH for muscle sections. After completing
the whole ISH procedure, muscle sections were blocked with 1.5%
goat serum for 20–30 min. A rabbit anti-laminin antibody (1:1,000;
Sigma, L9393) was diluted in 1.5% goat serum. The sections with
anti-laminin antibody were incubated at 4�C overnight. After rinsing
tissue sections with PBS, secondary antibody was added and incu-
bated with muscle sections at room temperature for 1 h. Then, the
866 Molecular Therapy: Methods & Clinical Development Vol. 18 Septe
sections were covered with ABC mixture and the 3,30-diaminobenzi-
dine (DAB) chromogen substrate. At last, hematoxylin was added for
counterstaining.

For serial section IHC staining, macrophages were revealed with a rat
anti-mouse F4/80 antibody (1:100; Invitrogen, RM2920; clone no.
CI:A3-1), pan-T cells were identified with a rat anti-mouse CD3
antibody (1:100; BD Biosciences, 555273; clone no. 17A2), pan-B cells
were labeled with a rat anti-mouse CD45R/B220 antibody (1:50; BD
Biosciences, 553084; clone no. RA3-6B2),53 b cells were confirmed
with a mouse anti-insulin and proinsulin antibody (1:2,000; Abcam,
ab8304; clone no. D6C4), and a cells were examined with a mouse
anti-glucagon antibody (1:5,000; Novus Biologicals, NBP2-21803;
clone no. 09). The IHC procedure is the same as the one described
above for laminin staining.

AAV Genome Copy Number Quantification

AAV genome copy number in the TA muscle, heart, and liver from 4
to 24 weeks after i.v. injection was quantified as the previously pub-
lished protocol.54 In brief, genomic DNA was extracted from OCT-
embedded tissue samples. Quantitative TaqMan PCR assays were
carried out using PrimeTime qPCR probe assays (Integrated DNA
Technologies) to detect the SV40 poly(A) region. The forward primer
is 50-CCAGACATGATAAGATACATTGATGAGTT-30, the reverse
primer is 50-AGCAATAGCATCACAAATTTCACAA-30, and the
probe is 50-GACAAACCACAACTAGAATGCAGTGAAAAAAA
TGCT-30. The data are presented as the viral genome copy number
per diploid genome.
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