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Recombinant adeno-associated viruses (AAVs) have been
widely used for gene delivery and gene therapy. However,
certain AAV serotypes exhibited distinct transduction patterns
among different mouse strains or between mice and non-hu-
man primates (NHPs). These variations prompted us to inves-
tigate the AAV tropism of 21 capsid variants using barcoded
AAV libraries among different tissues in C57BL/6 and
BALB/c mice, as well as in crab-eatingmacaques. Our study un-
veiled that AAV tropisms varied significantly among different
mouse strains and species, particularly in capsid variants such
as AAV4, AAV9, PHP.B, and CAP-B10. Notably, AAV4 ex-
hibited liver-detargeting properties in both mice and NHPs,
and was remarkably efficient in transducing the lung, glomer-
ulus, and pancreatic islet. These findings furnish crucial in-
sights into the variations of AAV tropism among different
mouse strains and species and facilitate the selection of appro-
priate AAV capsids for target tissues among different mouse
strains and in NHPs.
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INTRODUCTION
Adeno-associated viruses (AAVs) are DNA viruses first identified in
rhesus-macaque-kidney cell culture infected with adeno-virus.1 Over
time, multiple wild-type AAV serotypes have been discovered and
harnessed for gene delivery and gene therapy, leading to the approval
of seven AAV-based drugs.2–8 Additionally, various engineered AAV
capsids have been developed in recent years.9–18 These capsids exhibit
distinct tropisms compared with wild-type capsids, broadening the
scope of AAVs for gene delivery.

Due to the variability in tropism among different AAV capsids, explo-
ration of AAV tropism has been undertaken in mice.19–21 However,
certain AAV capsid variants exhibit distinct tropism patterns among
C57BL/6 mice, BALB/c mice, and non-human primates (NHPs),
complicating the selection of the appropriate capsid across various
strains and species.11,22,23 For instance, AAV-PHP.B exhibits higher
transduction efficiency in theCNSofC57BL/6mice but lower efficiency
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in BALB/c mice and NHPs.22 Furthermore, while transgene expression
fromAAVs remains high and stable inmurine livers, vector RNAabun-
dance inprimate livers is notably low.24–27This inconsistency highlights
the crucial need for a comprehensive investigation and comparison of
AAV tropism across different mouse strains and NHPs.

In our study, we constructed barcoded AAV libraries comprising 21
capsid variants, including AAV1-AAV9, rh10, rh74, DJ, i.e., LK03,
B1, HSC15, PHP.B, PHP.eB, PHP.S, CAP-B10, and MyoAAV-2A,
to explore the differences in AAV tropism across species. These
AAV libraries were administered intravenously to C57BL6 mice,
BALB/c mice, and NHPs. At 3 weeks after injection, we evaluated
the DNA and RNA abundance of each tissue using qPCR and barcode
sequencing. Significant variations in AAV tropisms were observed be-
tween the two mouse strains and between mice and NHPs. These
findings offer valuable insights into AAV tropism variations across
strains and species, facilitating the selection of appropriate AAV cap-
sids for target tissues in both mice and crab-eating macaques.
RESULTS
Construction of barcoded AAV libraries containing 21 capsids

To explore the diverse AAV tropisms across C57BL/6 mice, BALB/c
mice, and crab-eating macaques, we adopted a barcode-sequencing
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Figure 1. AAV transduction differences between C57BL/6 and BALB/c mice

(A) Schematic of the AAV constructs containing two sets of 7nt-barcodes. (B) Schematic of the AAV tropism analysis procedure in C57BL/6 and BALB/c mice. We injected

5E12 vg/kg AAV pool intravenously into mice (N = 3). The infection and transduction efficiency of AAV library was assessed at the DNA, RNA, and protein levels. (C)

Quantitative analysis of vector DNA abundance of overall AAV pools in C57BL/6 and BALB/c mice using qPCR. Vector copy numbers were normalized to per diploid genome

using the mouse Gapdh gene as a control. N = 3; means ± SD; ns, not significant; unpaired t tests. (D) Quantitative analysis of the AAV RNA abundance of overall AAV pools

between C57BL/6 and BALB/c mice. N = 3; means ± SD; ns, not significant; ***p < 0.001; unpaired t tests. (E–H) Representative images of tdTomato expression in tissues of

the brain (E), spinal cord (F), lung (G), and bone marrow (H). The right graph shows the quantification of tdTomato+ cells among all cells. N = 3; means ± SD; ***p < 0.001;

unpaired t tests. (I) Pearson correlation elucidating the variation of the transduction pattern of each capsid between C57BL/6 and BALB/cmice. (J and K) Quantitative analysis

of the AAV RNA abundance of AAV-PHP.B (J) or AAV9 (K) in C57BL/c and BALB/c mice. N = 3; means ± SD; ***p < 0.001; unpaired t tests.
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method.19,20,28,29 Specifically, we designed a series of barcoded con-
structs termed Barcode2-CAG-H2B-tdTomato-WPRE-Barcode1-
SV40polyA. Each pair of Barcode1 and Barcode2 consists of distinct
7-mer identifiers representing individual AAV capsids and enabling
the assessment of potential sequencing bias (Figure 1A). We explored
21 AAV capsids in our study, including AAV1-AAV9, rh10, rh74, DJ,
2 Molecular Therapy: Methods & Clinical Development Vol. 33 March 2
i.e., LK03, B1, HSC15, PHP.B, PHP.eB, PHP.S, CAP-B10, and
MyoAAV-2A (materials and methods). Each capsid variant was
packaged with one barcoded construct. Subsequently, all AAV capsid
variants were mixed into two parallel libraries for tropism assessment
in mice and macaques (Figures S1A and S1B). We gauged the relative
abundance of each capsid in the AAV library by analyzing the
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abundance of the respective barcodes. Sequencing results of the AAV
libraries displayed consistency between Barcode1 and Barcode2
(Figures S1C and S1D), indicating that there was no PCR amplifica-
tion bias stemming from differing barcode sequences. We applied
Barcode1 in the next study.

AAV transduction was different between C57BL6 and BALB/c

mice

Next, we explored the potential differences in AAV tropism between
two mouse strains. Specifically, we administrated the AAV library
intravenously at a total dose of 5E12 vg/kg to 5-week-old male
C57BL/6 mice and BALB/c mice (N = 3 per group). After 3 weeks,
we collected 20 mouse tissues to investigate AAV tropism at the
DNA, RNA, and protein levels (Figure 1B). The biodistribution of
vector DNA and RNA abundance of pooled AAV were evaluated
by qPCR. Although we observed no significant difference in vector
DNA abundances between BALB/c and C57BL/6 mice (Figure 1C),
we found mRNA abundance in certain BALB/c mouse tissues,
including the brain, spinal cord, cerebellum, lung, and bone marrow,
that was notably lower compared with C57BL/6 mice (Figure 1D). To
validate these findings, we examined the tdTomato signal in tissues
and noted significant transcriptional variation between the two
strains. The percentage of tdTomato+ cells was significantly reduced
in BALB/c mice compared with C57BL/6 mice in the brain
(30.45% ± 0.56% vs. 1.51% ± 0.93%; p < 0.0001) (Figure 1E), spinal
cord (66.50% ± 2.42% vs. 0.33% ± 0.18%; p < 0.0001) (Figure 1F),
lung (6.14% ± 0.40% vs. 0.45% ± 0.33%; p < 0.0001) (Figure 1G),
and bone marrow (10.40% ± 0.82% vs. 0.93% ± 0.22%; p < 0.0001)
(Figure 1H). Overall, these findings suggest differential transduction
efficiency of pooled AAVs between BALB/c and C57BL/6 mice,
particularly evident in the CNS, lung, and bone marrow.

Moreover, we assessed the differences in tropism among each AAV
capsid variant between the two mouse strains. Using barcode
sequencing of barcode 1, we dissected the vector DNA and RNA
abundance of each capsid from pooled AAVs in both C57BL/6
mice (Figures S2A and S2B) and BALB/c mice (Figures S3A and
S3B). Subsequently, we compared the transduction patterns for
each AAV capsid between mouse strains using Pearson correlation
coefficients. Several capsid variants, including AAV9, PHP.B,
PHP.eB, and CAP-B10, exhibited the greatest variations in transduc-
tion patterns between C57BL/6 and BALB/c mice (Figure 1I). For
instance, AAV-PHP.B, an engineered capsid derived from AAV9,14

demonstrated distinct transduction patterns in BALB/c mice
compared with C57BL/6 mice (Pearson correlation coefficient =
0.1127). The transduction efficiency of AAV-PHP.B in the CNS of
BALB/c mice was lower compared with C57BL/6 mice, which is
consistent with prior findings.22 Furthermore, we observed that the
reduction of transduction efficiency of AAV-PHP.B was not
restricted to the nervous system of BALB/c mice, but also in other tis-
sues, including the liver, heart, adipose tissue, and lungs (Figure 1K),
which indicates an overall reduction of AAV-PHP.B transduction in
BALB/c mice. Additionally, AAV9, the parental capsid of PHP.B, also
exhibited a broader reduction in transgene expression efficiency in
Molecu
most tissues in BALB/c mice compared with C57BL/6 mice (Fig-
ure 1J). These results collectively highlight that the tropism of certain
AAV capsids may vary across different mouse strains.

AAV transduction was different between C57BL/6 mice and

crab-eating macaques

To further assess the tropism variation across species, we investigated
AAV transduction efficiency inmice andmacaques.We administered
a single dose of 5E12 vg/kg of pooled AAVs to male crab-eating ma-
caques (N = 3) via intravenous injection. The pre-existing neutral-
izing antibody (NAb) against several types of AAV capsids (AAV2,
AAV5, AAV8, and AAV9) was estimated before AAV library injec-
tion using Luciferase assay. One macaque exhibited AAV2 NAb titer
over 1/660 and all three macaques exhibited AAV8 NAb titer over
1/66 (Table S1). Due to the unavailability of selecting macaques
without pre-existing antibodies against multiple AAV capsids in ma-
caques and the potential adaptive immune response after AAV infu-
sion could be high, we implemented a g3T cell and B cell suppression
regimen (2 mg/kg rapamycin daily30 and 20 mg/kg rituximab
weekly31,32) to suppress the anti-capsid or anti-transgene immune
response. The NAb titer of several capsids (e.g., AAV2, AAV5,
AAV8, and AAV9) after injection was equal or lower compared
with the titer before AAV library infusion (Table S1), implying
some extent of immune suppression. At 3 weeks after injection, we
euthanized these macaques and collected 28 tissues for evaluating
AAV transduction efficiency (Figure 2A). The vector DNA abun-
dance of pooled AAVs was comparable with that in C57BL/6 mice
in most tissues (Figure 2B). However, the RNA abundance of pooled
AAVs was significantly lower in 20 of 28 tissues compared with
C57BL/6 mice (Figure 2C). We confirmed these results by examining
the tdTomato signal in different tissue sections. The tdTomato stain-
ing in macaques was significantly lower in the liver (66.50% ± 2.42%
vs. 0.33% ± 0.18%; p < 0.0001) (Figure 2D), heart (54.45% ± 2.75% vs.
7.83% ± 1.44%; p < 0.0001) (Figure 2E), muscle (79.51% ± 2.30% vs.
33.60% ± 8.36%; p < 0.0001) (Figure 2F), and midbrain (30.45% ±

0.56% vs. 5.98% ± 1.20%; p < 0.0001) (Figure 2G). Overall, transduc-
tion efficiencies of pooled AAVs were lower in crab-eating macaques
than in C57BL/6 mice at both the RNA and protein levels.

Furthermore, we compared the transduction patterns of different
capsid variants between C57BL/6 mice and crab-eating macaques.
The abundance of vector DNA and RNA for each capsid was calcu-
lated and analyzed from pooled AAV data (Figures 3A and 3B).
Among all tested capsids, AAVs such as AAV4, AAV5, PHP.B,
PHP.eB, CAP-B10, and MyoAAV-2A exhibited high transduction
variations between mice and macaques (Figure 3C). For instance,
the transduction efficiency of AAV4 in various tissues of C57BL/6
mice showed higher levels in the liver, lung, heart, muscle, and adi-
pose tissues and exhibited lower levels in other tissues. However, in
macaques, the overall transduction pattern of AAV4 was uniform
and low, indicating distinct tropism patterns from mice (Figure 3D).
Similar tropism variations were also observed in AAV-CAP.B10 be-
tween C57BL/6 mice and crab-eating macaques (Figure 3E). These
findings underscore differences in tropism among different species,
lar Therapy: Methods & Clinical Development Vol. 33 March 2025 3
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Figure 2. Overall AAV transduction differences between C57BL/6 mice and crab-eating macaques

(A) Schematic of the AAV tropism analysis procedure in crab-eating macaques. We injected 5E12 vg/kg AAV pool intravenously to macaques (N = 3, male). Rituximab and

rapamycin were applied to suppress the potential immune response. The infection and transduction efficiency of AAV pool was assessed at the DNA, RNA, and protein levels.

(B) Quantitative analysis of the vector DNA abundance of overall pooled AAVs in C57BL/6 mouse and crab-eating macaques using qPCR. Vector copy numbers were

normalized to per diploid genome using mouse or macaque Gapdh gene as an internal control. N = 3; means ± SD; ns, not significant; **p < 0.01; unpaired t tests. (C)

Quantitative analysis of AAV RNA abundance of overall AAV library between C57BL/6 mice and crab-eating macaques. N = 3; means ± SD; ns, not significant; *p < 0.05;

**p < 0.01; ***p < 0.001; unpaired t tests. (D–G) Representative images of tdTomato expression in tissues including liver (D), heart (E), muscle (F), and brain (G). The right graph

shows the quantification of tdTomato+ cells among all cells. N = 3; means ± SD; ***p < 0.001; unpaired t tests. The data and the brain section in C57BL/6 mice in Figure 2G

were the same as in Figure 1E.
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emphasizing that conclusions drawn from one mouse strain may not
be transferable to macaques without further validation.

Selection of the most efficient AAV capsids in specific tissues

across strains and species

Having assessed the transduction efficiency of 21 capsids, we were
able to identify the most suitable AAV capsids for targeting specific
tissues across species. The top five capsids with the greatest transduc-
tion efficiency in each specific tissue in C57BL/6 mice, BALB/c mice,
and crab-eating macaques were ranked accordingly. Capsids demon-
strating high transduction efficiency in both mice and NHPs were
highlighted.
4 Molecular Therapy: Methods & Clinical Development Vol. 33 March 2
In our findings, AAVrh10 and AAVrh74 emerged as the most effec-
tive capsids for transducing the liver in both mice and macaques (Fig-
ure 4A). However, it is important to note that certain capsids recog-
nized for their liver-tropic characteristics struggled to effectively
transduce the liver across species.9,11 For instance, AAV-DJ displayed
high transduction efficiency only in mice, and AAV6.2FF and LK03
showed strong liver tropism exclusively in macaques (Figure 4A).
For transduction in muscle, heart, and diaphragm, MyoAAV-2A
demonstrated the greatest efficiency in both mice and macaques.
AAV9 and AAVHSC15 exhibited notable muscle tropism as well
(Figures 4B, S4A, and S4B). Moreover, the CNS is another significant
target in AAV-mediated gene therapy. Among the 21 capsids, AAV9
025



Figure 3. AAV transduction differences of each capsid between C57BL/6 mice and crab-eating macaques

(A) Heatmap of AAV DNA abundance of each serotype in each crab-eating macaque (N = 3). The DNA abundance of each capsid was calculated from the total DNA

abundance of the pooled AAVs and the proportion of each capsid. Every three cells in the heatmap represents independent data from three individual macaques to show

variation between animals. (B) Heatmap of AAV RNA abundance of each serotype in each crab-eating macaque (N = 3). (C) Pearson correlation elucidating the variation of

transduction pattern in each capsid between C57BL/6mice and crab-eatingmacaques. (D and E) Quantitative analysis of AAVRNA abundance of AAV4 (D) or AAV.CAP-B10

(E) in C57BL/c mice and crab-eating macaques.

N = 3; means ± SD; ns, not significant; **p < 0.01; ***p < 0.001; unpaired t tests.
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and PHP.S showed the greatest efficiency for brain transduction in
both mice and macaques. Interestingly, some capsid variants engi-
neered from AAV9 to enhance their neurotropism, such as PHP.B,
PHP.eB, and CAP-B10, did not exhibit improvement but also no
apparent decrease in transduction compared with AAV9 in the
macaque brain, cerebellum, and spinal cord in our findings
(Figures 4C, S4C, and S4D).
Molecu
Furthermore, we delved into the transduction efficiency of capsids in
tissues that have not received extensive attention in previous studies.
Among the tested capsid variants, AAV4 emerged as the most efficient
capsid for gene delivery in the lung, kidney, and pancreas in both mice
and macaques (Figures 4D, 4F, and 4G). AAV9, in contrast, proved to
be the most efficient capsid for gene delivery to the pancreas, stomach,
intestine, colon, and testes (Figures 4E, 4G, 4H, S4G, and S4H). In
lar Therapy: Methods & Clinical Development Vol. 33 March 2025 5
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Figure 4. AAV capsid variants with the top transduction efficiencies across species

Heatmap of the RNA abundance of each AAV capsid in the liver (A), muscle (B), brain (C), lung (D), colon (E), kidney (F), pancreas (G), and testes (H). The RNA abundance of

each capsid was calculated from the total RNA abundance of pooled AAVs. The RNA abundance of themacaque brain was averaged by the RNA abundance of 10 regions of

the macaque brain. Numbers 1–5 represent the transduction rank of the AAV capsids in each tissue. The red arrow highlights the capsids that performed well across strains

and species. Representative images of tdTomato expression in kidney (F), pancreas (G), and testes (H) are shown in the right panels. White dashed circles indicate the

glomerulus in the kidneys (F) and the pancreatic islets in the pancreas (G), respectively.
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summary, these findings offer an AAV capsid-selection profile for tar-
geting specific tissues in both mice and macaques.

AAV4 exhibited liver-detargeting patterns in bothmice and crab-

eating macaques

Based on the exploration conducted using pooled AAVs and barcode
sequencing, we identified AAV4 and AAV9 as the two most efficient
capsid variants across multiple tissues. To validate these findings, we
individually administered AAV4 and AAV9 intravenously to C57BL/
6 mice or BALB/cmice at a dosage of 3E12 vg/kg (N = 3). The tropism
of both capsids was evaluated 3 weeks after injection (Figures 5A
and S5A).

Overall, we observed distinct patterns of vector DNA levels between
AAV4 and AAV9 in mice. Notably, the vector DNA abundance of
6 Molecular Therapy: Methods & Clinical Development Vol. 33 March 2
AAV9 was greatest in the liver among all 20 tissues. However, the vec-
tor DNA of AAV4 demonstrated a liver-detargeting pattern in both
C57BL/6 and BALB/c mice, which was different from AAV9
(Figures 5B and S5B). Moreover, this liver-detargeting pattern of
AAV4 infection was also evident in crab-eating macaques
(Figures 5J and 5K).

Furthermore, we investigated the RNA expression of AAV4 and
AAV9, observing distinct tropism between the two serotypes (Fig-
ure 5C). AAV9 demonstrated significantly greater transduction effi-
ciency than AAV4 in the liver, brown adipose tissue, and testicular in-
terstitium at both the RNA and protein levels (Figures 5C–5F).
However, AAV4 displayed notably greater transduction efficiency in
the lung, pancreatic islets, and glomerulus in C57BL/6 mice
(Figures 5C and 5G–5I). For instance, the percentage of tdTomato+
025



Figure 5. AAV4 exhibits different transduction patterns from AAV9 in C57BL/6 mice

(A) Schematic of the tropism analysis procedure for AAV4 and AAV9 in C57BL/6 mice. 3E12 vg/kg AAV4 or AAV9 was intravenously injected into mice (N = 3). The infection

and transduction efficiency of the AAV pool was assessed at the DNA, RNA, and protein level. (B) Quantitative analysis of the vector DNA abundance of AAV4 and AAV9. N =

3; means ± SD; ns, not significant; ***p < 0.001; unpaired t tests. (C) Quantitative analysis of the vector RNA abundance of AAV4 and AAV9. N = 3; means ± SD; ns, not

significant; *p < 0.05; **p < 0.01; ***p < 0.001; unpaired t tests. (D–I) Representative images of tdTomato expression delivered by AAV4 or AAV9 in tissues, including liver (D),

brown adipose (E), testes (F), lung (G), pancreas (H), and kidney (I). The right graph shows the quantification of the tdTomato+ cell proportion. N = 3; means ± SD; *p < 0.05;

***p < 0.001; unpaired t tests. White dashed circles indicate the glomerulus in the kidneys and the pancreatic islets in the pancreas respectively. (J) Quantitative analysis of the

vector DNA abundance of AAV4 in crab-eatingmacaques. (K) Heatmap of the vector DNA abundance of each AAV capsid in crab-eatingmacaques. DNA abundance of each

capsid was calculated from the total DNA abundance of the pooled AAVs and the proportion of each capsid.

www.moleculartherapy.org
cells in the lungwas 21.23%± 0.88% for AAV4 comparedwith 1.73%±

0.24% for AAV9 (p < 0.0001) (Figure 5G). Additionally, significantly
more tdTomato+ cells were observed in the pancreatic islets and
glomerulus with AAV4 (Figures 5H and 5I). These tropism differences
between AAV4 and AAV9 were also evident in BALB/c mice
(Figures S5C–S5I). In summary, AAV4 infection exhibited a unique
liver-detargeting pattern in both mice and NHPs and demonstrated
high effectiveness in transducing the lung, pancreatic islets, and
glomerulus. These findings suggest the potential for developing capsids
with low liver toxicity and new tropism properties based on AAV4.
Molecu
DISCUSSION
Differences in AAV tropism have been noted across various strains or
species.22–26 However, there has been a lack of thorough investiga-
tions and comparisons of AAV tropism across species. To tackle
this issue, our study aimed to explore the variations in AAV tropism
across 21 capsid variants in C57BL/6 mice, BALB/c mice, and crab-
eating macaques.

Our study systemically revealed noteworthy variations in AAV trans-
duction among different mouse strains and between mice and
lar Therapy: Methods & Clinical Development Vol. 33 March 2025 7
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macaques. In comparison with C57BL/6mice, BALB/cmice exhibited
significantly lower transduction efficiencies in several certain tissues
after the administration of pooled AAVs (Figure 1D), while crab-
eating macaques showed lower transduction levels in most tissues
(Figure 2C). Furthermore, diverse transduction patterns were
observed among various AAV capsids across different strains or spe-
cies. For instance, AAVHSC15, DJ, B1, and AAV8 demonstrated
robust performance exclusively in the liver of mice, whereas
AAV6.2FF and LK03 exhibited efficient transduction solely in the
liver of macaques (Figure 4A). Therefore, our findings showed prev-
alent variations in AAV tropism across strains and species. Several
factors may contribute to this inconsistency. First, variances in the
expression of AAV receptors across strains or species could be one
explanation. Previous research indicated that the ectopic expression
of Ly6a might enhance the neurotropic properties of AAV-PHP.eB,
resulting in high transduction rates specifically in C57BL/6 mice
among seven tested mouse strains, but not in the remaining six
strains.23 Second, differences in host defense pathways and immune
system would influence the AAV transfection between rodents and
primates. In our study, we observed significantly higher vector
DNA copies in the macaque spleen compared with mice (Figure 2B).
Antigen presentation by antigen-presenting cells (APCs) may ac-
count for the differences in spleen DNA copy levels between mice
and primates. Although we used immunosuppression reagents such
as rituximab and rapamycin to suppress the post-AAV-infusion im-
mune response, these treatments were unable to inhibit the antigen
presentation by APCs, unlike corticosteroids. Additionally, pre-exist-
ing AAV NAbs against certain AAV capsid variants were detected in
macaque serum (Table S1). The potential species-specific differences
in pre-existing NAbs might influence the efficiency of AAV transduc-
tion between macaques and mice. Third, promoter selection33 and
endoplasmic reticulum stress in host cells34 could influence AAV ef-
ficiency among species, according to previous reports. Based on these
findings and hypotheses, some strategies such as modulating the im-
mune system response, selecting appropriate promoters, adjusting
translational elements, and enhancing AAV genome integration25

could potentially enhance the efficiency and duration of AAV-medi-
ated gene therapy in primates.

Moreover, we present a list of AAV capsid variants exhibiting high
transduction efficiency in specific tissues of bothmice and crab-eating
macaques. For instance, AAV.rh10 and rh74 demonstrated efficacy in
liver targeting in both species (Figure 4A), while MyoAAV-2A ex-
hibited favorable performance in muscle targeting (Figure 4B), and
AAV9 and HSC15 showed promise for brain targeting (Figure 4C).
These findings align well with previous research, offering consistent
evidence.17,35–37 Additionally, novel insights emerged from our
study. Previous research highlighted AAV6 and AAV8 as the most
efficient capsid variants for transducing acinar cells or pancreatic is-
lets in mouse pancreas among AAV1, AAV2, AAV5, AAV6, and
AAV8.38,39 Contrarily, we observed that AAV4 might outperform
AAV6.2FF and AAV8 in transducing pancreas (Figure 4G). Notably,
upon further intravenous administration of AAV4 to C57BL/6 mice
and BALB/c mice, a pancreas-islet tropism was evident in AAV4
8 Molecular Therapy: Methods & Clinical Development Vol. 33 March 2
transduction (Figures 5H and S5H), indicating the potential of
AAV4 for both research and therapeutic applications related to the
pancreas. The specific cell type transduced by AAV4 in pancreatic is-
lets warrants future investigation.

Furthermore, the investigation into the tropism of AAV4 unveiled its
unique attributes among the tested capsid variants. A distinctive liver-
detargeting characteristic and lung-tropic property of AAV4 have
been observed in prior studies.21,28 In our study, we found the
liver-detargeting attribute of AAV4 was evident not only in mice,
but also inmacaques, setting it apart from the other 20 capsid variants
examined in this study (Figures 5B, 5K, and S5B). In addition, we
observed remarkable transduction efficiency of AAV4 in the lung,
glomerulus, and pancreatic islets in both C57BL/6 and BALB/c
mice (Figures 5G–5I and S5G–S5I). These unique tropisms of AAV
may result from its specific structure. Previous studies have compared
the structures of various wild-type capsids and noted the lowest cor-
relation of AAV4 with other capsids.40–42 Additionally, the receptor
for AAV4 is O-linked carbohydrates of mucin, differing from recep-
tors of other capsids.43–46 These unique features likely contribute to
the distinct tropism and liver-detargeting properties of AAV4, sug-
gesting the potential for developing novel capsids with new tropism
properties and reduced liver toxicity based on AAV4.

Limitations

(1) The reliability of barcode sequencing results may be compro-
mised in tissues with low AAV transduction efficiency. This issue
stems from our use of two sets of barcodes to assess sequencing
robustness, revealing that sequencing outcomes lacked robust-
ness when the initial PCR template was below 1E3 copies/reac-
tion (Figure S1). In some macaque tissues, the initial cDNA
copies hovered around 1E3 copies/reaction, potentially impact-
ing the robustness of the barcode sequencing data.

(2) We used the ubiquitous CAG promoter to evaluate systemic
AAV expression across multiple tissues. It is important to
acknowledge that different promoters may influence AAV
tropism results.33 Future studies could explore the expression
of AAVs driven by the tissue-specific and cell-specific promoters.

(3) Several novel AAV capsid variants with distinct tropism proper-
ties, such as 9P31,47 MaCPNS1/MaCPNS2,48 AAV-MG47,49 and
CPP.16,50 were developed after the commencement of our study.
Investigating the tropism profiles of these capsids could be a valu-
able avenue for future research.

(4) Pre-existing NAbs against AAV2, AAV5, AAV8, and AAV9 have
estimated using Luciferase assay before AAV infusion. In our re-
sults, one macaque had an AAV2 NAb titer of greater than 1/660,
and three macaques had an AAV8 NAb titer of greater than 1/66
(Table S1). Besides, a more systemic pre-existing NAb detection
of 21 capsid variants was conducted using an NGS-based assay.
We observed a 50% reduction in the vector-DNA-entry of capsid
variants such as AAV2, 4, 5, DJ, andMyoAAV-2A, suggesting the
presence of pre-existing AAV NAb in three macaques (Fig-
ure S6A). Due to the very limited possibility of selecting ma-
caques without pre-existing antibodies against all AAV capsid
025



www.moleculartherapy.org
variants in macaques, we enrolled these macaques in our
research. However, we must keep in mind that, since pre-existing
NAbs might affect AAV transduction as mentioned before,51

these different serotype-specific NAbs in the macaques studied
here might affect the results we presented.

In summary, our investigation delved into the tropism profiles of
multiple capsids across different strains and species, systematically
exploring variations in AAV tropism between mice and macaques.
We have compiled a list of suitable AAV capsids for targeted organ
delivery, which holds potential significance for gene delivery and
therapy targeting specific organs.

MATERIALS AND METHODS
Plasmids and barcodes

A series of barcoded AAV constructs were designed as ITR-barcode2-
CAG-H2B-tdTomato-WPRE-Barcode1-SV40polyA-ITR. The se-
quences of 7nt-barcodes and corresponding AAV capsids are listed
in Figures S1C and S1D.

AAV library production

Barcoded rAAVs were generated by the Gene Editing Facility at the
Institute of Neuroscience using a standard polyethylenimine-based
triple-plasmid co-transfection method in adherent HEK293T cells.
We produced 21 AAV capsids, including AAV1-AAV9, rh10, rh74,
DJ, i.e., LK03, B1, HSC15, PHP.B, PHP.eB, PHP.S, CAP-B10, and
MyoAAV-2A. To increase the yield of AAV6, a triple-mutant variant
named as AAV6.2FF was applied instead of AAV6.46 The transfection
reaction involved the Barcode2-CAG-H2B-tdTomato-WPRE-Bar-
code1-SV40polyA plasmids, pHelper, and corresponding pRep2Cap
capsid plasmids, with a molar ratio of 1:1:1 (for a total of 40 mg/15-
cm dish). Recombinant AAVs (rAAVs) were collected from both
cell pellets and the media. The rAAVs from the cell pellets were
released through a triple freeze/thaw process. The rAAVs from the
media were precipitated using polyethylene glycol/NaCl. The titer
of the raw AAV product for each harvested AAV capsid was deter-
mined using qPCR. To simplify the purification procedure and reduce
the cost of AAV purification and production, all 21 AAV capsids were
adjusted to the same copy number and mixed for iodixanol gradient
centrifugation. The titer of the final AAV stock was assessed using a
qPCR assay, while its purity was analyzed through SDS-PAGE and
silver staining. The purity results of the mouse AAV library and
NHP AAV library are shown in Figure S1. The composition of the
barcoded capsid variants in the AAV library was determined by bar-
code sequencing. The composition results for the mouse and ma-
caque AAV libraries are presented in Figure S1.

Additionally, other amounts of AAV4 and AAV9 were packaged and
purified separately for administration to C57BL/6 and BALB/c mice
for confirmation.

Animals

C57BL/6 and BALB/c mice were purchased from Vital River Labora-
tory Animal Technology Co., Ltd. Three male crab-eating macaques
Molecu
(Macaca fascicularis) were pre-screened for health status before study
enrollment and housed in individual cages on a 12-h light/dark
schedule in well-ventilated rooms (temperatures 18�C–29�C, humid-
ity 40%–70%). Mouse protocol and macaque protocol were approved
by the Biomedical Research Ethics Committee of the CAS Center for
Excellence in Brain Science and Intelligence Technology, Chinese
Academy of Sciences. Animal care complied with the guidelines of
this committee.

AAV administration in mice

The mouse AAV library was suspended in 1� PBS containing 0.01%
PF-68 to a concentrate of 1E12 vg/mL. Each 5-week-old male C57BL/
6 and BALB/c mice were injected in the tail vein at an AAV dose of
5E12 vg/kg. The intravenous dose of separated AAV4 and AAV9
was 3E12 vg/kg.

AAV administration in crab-eating macaques

Three male crab-eating macaques were administrated with a pooled
AAV injection. AAV pool was diluted in 1� PBS + 0.01% PF-68 to
the concentration of 5E12 vg/mL, were slowly infused via the small
saphenous vein injection. The total injection volume per animal
was 1 mL/kg.

Before AAV injection, 4 mg/kg of an anesthetic (Zoletil) was injected
for anesthesia. The detailed steps for injecting the small saphenous
vein were as follows. First, cut local hair and disinfect with 75%
ethanol, gripping the thigh with the hand until the small saphenous
vein could be clearly seen. Second, hold a needle with a rubber tube
attached to it in your right hand, and first insert the needle into the
subcutaneous tissue adjacent to the blood vessel, then puncture the
vein parallel to the blood vessel and connect the syringe to draw
back. If blood returns, insert the needle tip a little further along the
vascular lumen to remove the compression from the proximal end
of the vein. Then, the injector holds the needle in place with one
hand and slowly injects the solution into the vein at a rate of
1 mL/min.

To reduce a potential B cell-mediated immune reaction, 100 mg/kg of
rituximab was injected via small saphenous vein 6 h before viral treat-
ment and re-administrated every week. To suppress the T cell-medi-
ated immune response, 2 mg/kg of rapamycin were given orally
every day.

Three weeks after virus injection, NHPs were deeply anesthetized
with 25 mg/kg of an anesthetic (Zoletil) and 100 mg/kg of Dextramer,
and then perfused with cold PBS. Tissues were harvested for further
investigation after 3 weeks after injection. All experiments were con-
ducted by a qualified veterinarian.

Detection of NAb using luciferase

A cell-based transduction inhibition assay was used to determine
NAb titers against AAV2, AAV5, AAV8, and AAV9 in serum sam-
ples by detecting luciferase expression. NAb assays followed a proto-
col adopted from a previous study52 with some modifications. We
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seeded 5 � 104 of HEK293T cells in each well of a 48-well plate.
Serum samples from the macaques collected before and 1, 2, and
3 weeks after AAV injection were initially diluted to 1:10, 1:33,
1:100, 1:330, and 1:1,000 in PBS. 10 mL of each serum dilution was
mixed with 10 mL of AAV/CAG-Luciferase (5 � 103 VG/cell for
AAV2 and AAV5, 104 VG/cell for AAV8, and 105 VG/cell for
AAV9), and then incubated for 1 h at 37�C. The mixture was then
added to the supernatant of 293T cells and incubated at 37�C with
5% CO2. Fluorescence of firefly luciferase was detected after 48 h.
NAb titers were reported as the interpolated serum dilution that pro-
duces 50% inhibition of the luciferase activity (ID50) achieved in the
absence of NHP serum.

Detection of NAb using NGS-based approach

A next-generation sequencing (NGS)-based transduction inhibition
assay was used to assess the NAb titers using vector-DNA-entry as
a readout. Five hundred thousand (5 � 105) HEK293T cells were
seeded in each well of a 24-well plate. Serum samples from macaques,
collected before and three weeks post-AAV injection, were initially
diluted to concentrations of 1:10, 1:33, 1:100, 1:330, and 1:1,000 in
PBS. Ten microliters of each serum dilution was mixed with 10 mL
of the AAV library (1 � 103 viral genomes per cell), and the mixture
was incubated at 37�C for 1 h. Subsequently, the mixture was added to
the supernatant of the 293T cells and incubated at 37�C with 5% CO2.
After 48 h, total genomic DNA was extracted, amount of DNA entry
of the total AAV library was assessed using qPCR, and amplicon
sequencing was performed to determine the copy number of each
AAV capsid variant. NAb titers were expressed as the ID50 that re-
sulted in a 50% inhibition of DNA entry compared with the absence
of NHP serum.

Extraction of DNA and RNA

DNA of AAV pool or tissues was extracted using DNeasy Blood &
Tissue Kit (Qiagen). Briefly, to extract AAV genome, 1E11 vg of
AAV pool was incubated with DNase I at 37�C for 30 min, heated
to 98�C for 30 min, and extracted following the manufacturer’s pro-
tocol. To extract DNA frommouse and NHP tissues, 10mg tissue was
homogenate in ATL buffer, and then extracted following the manu-
facturer’s protocol.

To extract RNA from tissues, 30 mg tissue was dissected and kept in
RNAlater at �80�C overnight. Then tissues were homogenated in
Trizol (Invitrogen 15596026CN) and extracted following the user
guide of Trizol. CDNA were synthesized using the HiScript Q RT
SuperMix for qPCR Kit (Vazyme).

Real-time qPCR

For quantification of the viral DNA and cDNA amount in each sam-
ple, we used Taqmen qPCR with a primer and probe set targeting the
WPRE element. For each sample, Taqmen quantitative real-time PCR
was performed by Bestar qPCR Master Mix (DBI), using 100 ng of
gDNA or cDNA (equivalent of 100 ng total RNA) as template. The
cycle threshold value for each sample was used to assess relative bar-
coded vector content. The DNA abundance was normalized to mouse
10 Molecular Therapy: Methods & Clinical Development Vol. 33 March
andmacaque Gapdh fragment. All the Taqman primer and probe sets
were listed in Table S2.

Histology and immunostaining

For mice and NHPs, tissues were fixed in 4% PFA for more than 24 h,
then dehydrated in 30% sucrose and imbedded in the optimal cutting
temperature compound for frozen sectioning. We prepared 20-mm-
thick sections, stained with DAPI and imaged using confocal micro-
scopy (Olympus FV3000).

Barcode sequencing and bioinformatics analysis

Amplification of DNA and cDNA fragments for barcode screening
was carried out using the Phanta Max Super-Fidelity DNA Polymer-
ase (Vazyme) for 35 cycles. Each sample was amplified using a pair of
primers with unique external index. The PCR primer sequences can
be found in Table S2. Sequencing of the NGS library was performed
using the NextSeq 500 HC instrument. For the bioinformatics anal-
ysis, the reads from different tissues were identified using the external
index of each primer pair. The AAV composition of each sample was
normalized to the NGS reference of the injected AAV pool. The dis-
tribution of the separated AAV vectors and the abundance of RNA
were calculated by multiplying the AAV composition with the
DNA and RNA abundance of the entire AAV pool.
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