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Recombinant adeno-associated virus (rAAV) vectors are one of the leading
tools for the delivery of therapeutic genes in human gene therapy applications. For a successful transfer of their payload, the AAV vectors have to circumvent potential preexisting
neutralizing host antibodies and bind to the receptors of the target cells. Both of these
aspects have not been structurally analyzed for AAVrh.10. Here, cryo-electron microscopy
and three-dimensional image reconstruction were used to map the binding site of sulfated N-acetyllactosamine (LacNAc; previously shown to bind AAVrh.10) and a series of
four monoclonal antibodies (MAbs). LacNAc was found to bind to a pocket located on
the side of the 3-fold capsid protrusion that is mostly conserved to AAV9 and equivalent to its galactose-binding site. As a result, AAVrh.10 was also shown to be able to
bind to cell surface glycans with terminal galactose. For the antigenic characterization,
it was observed that several anti-AAV8 MAbs cross-react with AAVrh.10. The binding
sites of these antibodies were mapped to the 3-fold capsid protrusions. Based on
these observations, the AAVrh.10 capsid surface was engineered to create variant capsids that escape these antibodies while maintaining infectivity.

IMPORTANCE Gene therapy vectors based on adeno-associated virus rhesus isolate
10 (AAVrh.10) have been used in several clinical trials to treat monogenetic diseases.
However, compared to other AAV serotypes little is known about receptor binding and
antigenicity of the AAVrh.10 capsid. Particularly, preexisting neutralizing antibodies against
capsids are an important challenge that can hamper treatment efﬁciency. This study
addresses both topics and identiﬁes critical regions of the AAVrh.10 capsid for receptor
and antibody binding. The insights gained were utilized to generate AAVrh.10 variants capable of evading known neutralizing antibodies. The ﬁndings of this study could further
aid the utilization of AAVrh.10 vectors in clinical trials and help the approval of the subsequent biologics.
KEYWORDS AAVrh.10, adeno-associated virus, antibody, capsid, cryo-EM, galactose,

gene therapy, glycan, keratan sulfate, receptors

A

deno-associated viruses (AAVs) are small nonenveloped viruses of the family Parvoviridae
that package linear single-stranded DNA (ssDNA) genomes of ;4.7 kb (1). These viruses
are extensively studied due to their utilization as vectors for gene delivery applications, particularly for the treatment of monogenetic diseases. Thus far, three gene therapy biologics based
on AAV vectors have been approved for commercialization: Glybera, an AAV1 vector for the
treatment of lipoprotein lipase deﬁciency by the European Medicines Agency (EMA) in 2012
(2); Luxturna, an AAV2 vector for the treatment of Leber’s congenital amaurosis in 2018 (3);
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and Zolgensma, an AAV9 vector for the treatment of spinal muscular atrophy type 1 in 2019
(4), both by the Food and Drug Administration (FDA) and EMA.
The AAVs are composed of T=1 icosahedral capsids with a diameter of ;260 Å that
contain the ssDNA genome (5). The capsids are assembled from 60 overlapping viral
proteins (VPs): VP1 (;82 kDa), VP2 (;73 kDa), and VP3 (;61 kDa) that are incorporated
in an approximate stochastic ratio of 1:1:10 (6). The VPs share a C terminus that
includes the entirety of VP3. VP1 and VP2 are N-terminal extended forms of VP3 that
contain a phospholipase A2 (PLA2) domain, a calcium-binding domain, and nuclear
localization signals, all of which are required for infectivity (7, 8).
Thirteen human and primate AAV serotypes, and hundreds of genomic isolates from various primate and nonprimate species, have been described (9–11). The amino acid sequence
identity of the VPs can vary by ;50%. The three-dimensional (3D) structures of numerous
AAV capsids have been determined by X-ray crystallography and/or cryo-electron microscopy and image reconstruction (cryo-EM) (12–18). Regardless of the method of structure
determination, only the common VP3 region, with the exception of the ﬁrst ;15 amino
acids, is ordered and structurally observed. Each VP consists of a core eight-stranded antiparallel b -barrel motif (b B to b I), with the BIDG b -sheet forming the capsid interior surface. An
additional b -strand, b A, is situated antiparallel to the b B strand. Furthermore, all VPs have
an alpha helix (aA) located between the b C and b D strands. Connecting the core b -strands
large are insertion loops that exhibit sequence and structure variability that are responsible
for the AAV serotype-speciﬁc exterior capsid surface features. These loops are named after
their ﬂanking b -strands (e.g., HI loop, between the b H and b I strands) and nine regions of
signiﬁcant structural diversity have been deﬁned as variable regions (VR I to IX), by structural
alignment comparison (19).
The capsids are assembled via the icosahedral 2-, 3-, and 5-fold symmetry-related
VP interactions (20). Several AAV capsid features have been described, including: cylindrical
channels running radially to the 5-fold axis, assembled by ﬁve DE loops creating pores
between interior and exterior of the capsid, depressions located at the 2-fold axis, protrusions surrounding the 3-fold axis, and raised regions between the 2- and 5-fold axes that are
termed 2/5-fold walls.
While these general surface features are conserved among all AAV capsids, the precise capsid structure varies due to differences in the VR surface loop conformations. Concomitant with
the amino acid and structural variation of the AAV serotype capsids are differences in binding
to host cell receptors, thereby determining tissue tropism, and also differences in their antigenic proﬁles. For the AAV serotypes various receptors have been identiﬁed, such as heparan
sulfate proteoglycan, e.g., for AAV2, AAV3, AAV6, and AAV13 (21–25); sialic acids, e.g., AAV1,
AAV4, AAV5, and AAV6 (26–28); terminal galactose glycans for AAV9 (29, 30); and sulfated Nacetyllactosamine (LacNAc) for AAV rhesus isolate 10 (AAVrh.10) (31). Furthermore, a series of
protein receptors have been described, e.g., AAVR (32), avb 1 integrin (33), avb 5 integrin (34),
laminin (35), the hepatocyte growth factor receptor (36), the ﬁbroblast growth factor receptor
(37), and platelet-derived growth factor receptor (38). For some of these receptors, the binding
site on the AAV capsid surface has been mapped and characterized either by substitution of
critical residues required for receptor binding (39–41) or by determination of the capsid structure with the receptor bound (42–45).
Furthermore, several antibodies raised by the host immune response have been
shown to bind to the capsid surfaces (46). For the AAVs the antibody seroprevalence in
the human population varies for the different serotypes and has been reported to be
as high as 80% in the case of AAV2 (47, 48). This is signiﬁcant, since these preexisting
antibodies can severely reduce the desired therapeutic effect or completely prevent a
patient from receiving an AAV-based gene therapy vector. Thus, efforts to characterize
the antigenic regions of the AAV capsids are invested in order to generate or identify
AAV capsid variants capable of escaping preexisting neutralizing antibodies (NAbs).
Previously, the binding sites of multiple monoclonal antibodies to the capsids of AAV1,
AAV2, AAV4, AAV5, AAV6, AAV8, and AAV9 have been described (46, 49) that resulted
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Parameter
Data collection statistics
Total no. of micrographs
Defocus range (m m)
Total electron dose (e2/Å2)
Frames/micrograph
Pixel size (Å/pixel)
No. of capsids used for ﬁnal map
Resolution of ﬁnal map (Å)
Reﬁnement statistics
Map CC
RMSD
Bonds (Å)
Angles (°)
All-atom clash score
Ramachandran plot (%)
Outliers
Allowed
Favored
Rotamer outliers (%)
C-beta deviations

AAVrh.10-7x

AAVrh.10:LacNAc

589
0.95–3.24
75
50
1.05
17,861
2.71

1,437
0.99–4.05
60
43
0.97
142,036
3.09

0.870

0.851

0.01
0.82
7.52

0.01
0.86
8.20

0
1.4
98.6
0
0

0
1.5
98.5
0
0

in the generation of new capsid variants either by rational design or directed evolution
to minimize the impact of preexisting NAbs (49–51).
Vectors based on AAVrh.10 are being used in several ongoing clinical trials (52, 53).
However, many aspects with regard to AAVrh.10 receptor and antigenic interactions
have not been fully analyzed. In this study, the binding site of a sulfated LacNAc on the
AAVrh.10 capsid has been identiﬁed by cryo-EM and mapped to a pocket at the side of
the 3-fold protrusions. This site is equivalent to the galactose-binding pocket of the
AAV9 capsid, and since critical amino acids in this pocket are conserved, it was shown
AAVrh.10 can also bind to terminal galactose cell surface glycans. Overall, the AAVrh.10
capsid shares high structural similarity to AAV8, and a screening of ﬁve monoclonal antibodies
(MAbs) developed for AAV8 capsids showed that four cross-reacted and neutralized AAVrh.10.
The binding sites of these four MAbs to the AAVrh.10 capsid were also identiﬁed by cryo-EM
and mapped to the 3-fold protrusions. The amino acid contact information was used to
develop AAVrh.10 variants capable of evading these NAbs.
RESULTS AND DISCUSSION
The side of the 3-fold protrusions serve as the LacNAc binding site. A synthetic
sulfated LacNAc tetrasaccharide, imitating natural keratan sulfate (KS) glycosaminoglycans, has
been shown previously to interact with AAVrh.10 capsids using glycan array screening (31).
Sulfated LacNAc (;1 kDa) was added to puriﬁed AAVrh.10 capsids at a molecular ratio of
6,000 glycan molecules per capsid, which corresponds to a 100-fold excess of the glycan per
VP binding site. Subsequently, cryo-EM data were collected on the vitriﬁed complex sample
and a 3D-image reconstruction conducted to locate the binding site of the glycan on the capsid. The capsid-glycan complex was reconstructed to 3.09-Å (FSC 0.143) resolution from
142,036 capsids (Table 1), and the resulting density map (Fig. 1A) looked very similar to the
previously described AAVrh.10 capsid structure (54). At this resolution, amino acid side chains
were clearly distinguishable, and the subsequent model built was nearly identical to the deposited AAVrh.10 capsid structure (PDB 6O9R) with an overall Ca-RMSD of ,0.1 Å. However,
additional density was clearly observed between amino acids N472 and W505 at a sigma (s )
level threshold of 1.0 (Fig. 1B) located on the side of the 3-fold protrusions (Fig. 1C).
The AAVrh.10 sulfated LacNAc binding site is located in the analogous position to the
reported galactose binding site of AAV9 (40) that has both the asparagine and tryptophan
amino acids in structurally equivalent positions. In addition, since the terminal saccharide
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FIG 1 Characterization of the AAVrh.10 glycan binding site. (A) Reconstructed capsid surface map colored
according to radial distance (Å) from the capsid center (blue) to outer surface region (red), as indicated by the
scale bar on the left. The positions of the 5-fold channel, 3- and 2-fold axes, and 2/5-fold wall are indicated.
Symbols: blue square, N-acetylglucosamine; yellow circle, galactose. (B) Amino acid residues 471 to 474 and
504 to 506, including a galactose (GAL) molecule inside the density map at a sigma (s ) threshold level of 1.0,
are depicted as a black mesh. The model is shown in stick representation, and the atoms are colored: C,
yellow; O, red; N, blue; and S, green. Panels A and B were generated with Chimera (80). (C) Surface
representation of the AAVrh.10 capsid with the positions of N472 (green) and W505 (yellow) highlighted. The
positions of the 5-fold, 3-fold, and 2-fold axes are indicated. This image was generated with PyMOL (85). (D)
Transduction efﬁciency of wtAAVrh.10, AAVrh.10-N472A, or AAVrh.10-W505A (all packaging the luciferase gene)
in Pro5 and Lec2 cells. The experiments were determined by luciferase reporter gene expression and
performed in triplicate and are displayed as means plus the standard deviations (SD) (n = 3). Symbols: blue
square, N-acetylglucosamine; yellow circle, galactose; pink diamond, sialic acid. (E) Relative transduction
efﬁciencies of AAV2, AAV5, AAV9, AAV8, and AAVrh.10, or variants thereof, in Pro5 and Lec2 cells, determined
as for panel D.

of the LacNAc glycan is also a galactose (Fig. 1A), these observations suggested that the
density observed between N472 and W505 could be the terminal galactose (Fig. 1B). No
other interpretable density was observed, most likely due to the ﬂexibility of the tetrasaccharide linkage causing the structure to be disordered. While amino acid W505 is conserved in almost all AAV serotypes, except for AAV4, 25, 211, and 212, and amino acid
N472 is only present in AAV9 and AAVrh.10. Amino acid substitutions at either position
472 or position 505 to alanine in AAV9 have been shown previously to reduce the virus
transduction efﬁciency by 50 to 70% in the case of N470A (AAV9 numbering) or .90% in
the case of W503A (AAV9 numbering), preventing binding of the terminal galactose (40).
Similarly, amino substitutions of the tryptophan in nongalactose binders such as AAV1,
AAV2, or AAV6 also signiﬁcantly reduced the virus transduction efﬁciency (44, 55). In the
case of AAV1 and AAV6, the tryptophan participates in sialic acid binding (44) and also in
adeno-associated virus receptor (AAVR) binding for most serotypes except AAV4, AAV5,
and likely AAV11 and AAV12 (42, 43, 56).
In order to determine the importance of these residues for AAVrh.10, both amino
acids were changed to alanine, and the infectivity of AAVrh.10 and the variants was
studied in Chinese hamster ovary (CHO) Pro5 and Lec2 cells that display alternative cell
surface glycan proﬁles. While Pro5 cells display glycans with terminal sialic acids, the
Lec2 cells have a mutation in a sialic acid transporter causing cell surface glycans to
terminate in galactoses (Fig. 1D) (57). When comparing the transduction level of
December 2021 Volume 95 Issue 23 e01249-21
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AAVrh.10 vectors in both cell lines, the transduction efﬁciency was slightly higher in Lec2
cells by a factor of ca. 1.5- to 2-fold. The observed increase in transduction in Lec2 cells could
indicate that AAVrh.10 utilizes terminal galactoses for cell attachment. However, the
enhanced transduction efﬁciency in Lec2 cells is lower compared to AAV9, with an ;4-foldhigher transduction efﬁciency in Lec2 cells versus Pro5 (Fig. 1E). Nonetheless, galactose binding of AAVrh.10 is further supported by the N472A variant that resulted in an ;50% reduction of transduction efﬁciency in Pro5 cells but showed comparable transduction levels of
the variant in Lec2 cells (Fig. 1D). While the change of the asparagine to alanine probably
abrogated galactose binding, the moderate decrease in transduction efﬁciency also indicated the presence of an alternative receptor. In contrast, the AAVrh.10 W505A variant
resulted in a severe loss of transduction ability in both cell lines (Fig. 1D). Although the substitution of the tryptophan might impact galactose binding, it is highly likely that this amino
acid substitution affects other functions of the capsid such as AAVR binding since the equivalent tryptophan to alanine variant in other non-galactose-binding AAV serotypes, including
AAV8 (Fig. 1E), also led to reduced transduction efﬁciencies (44, 55).
AAV8 is structurally very similar to AAVrh.10 (54) but did not bind to the sulfated
LacNAc on the glycan array (31) and showed no signiﬁcant transduction differences in
Pro5 and Lec2 cells, similar to AAV2 (Fig. 1E). This implies the utilization of an alternate
cell surface receptor of these AAV serotypes, such as HSPG in the case of AAV2 (21).
Interestingly, compared to AAVrh.10 and AAV9, AAV8 has a threonine at position 472,
but introduction of an asparagine (T472N) to AAV8 did not result in a gain of function
or variation of transduction compared to the wild-type capsid (Fig. 1E). Similarly, the
transduction efﬁciency of the AAV8 T472A variant is largely unaffected.
Keratan sulfate affects AAVrh.10 transduction. A previous study that analyzed
the transduction efﬁciency of various AAV capsids in mouse cornea showed enhanced
transduction of AAVrh.10 compared to most of AAV serotypes tested (58). Particularly, high
transduction in keratocytes that highly express keratocan was observed. Keratocan is a proteoglycan that displays keratan sulfate chains. The fact that AAVrh.10 also bound to sulfated
LacNAc on a glycan array (31) was a strong indicator that keratan sulfate was a potential receptor for the capsid.
To determine whether soluble keratan sulfate, derived and puriﬁed from chicken
egg white (59), affects the transduction of AAVrh.10 and other AAV serotypes, competition
experiments with keratan sulfate were performed. Surprisingly, up to an ;3-fold enhancement of AAVrh.10 transduction was observed with increasing concentration of keratan sulfate
(Fig. 2). At the same time, AAV8 transduction was also enhanced, whereas AAV5 transduction
seemed to be largely unaffected by the glycan. In contrast, transduction of AAV2 was ;70%
December 2021 Volume 95 Issue 23 e01249-21
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FIG 2 Analysis of the effect of keratan sulfate on AAV transduction. The relative transduction
efﬁciencies of AAV2, AAV5, AAV8, and AAVrh.10 (all packaging the luciferase gene) were determined
in the presence of increasing concentrations of keratan sulfate. The experiments were determined
from luciferase reporter gene expression in HEK293 cells, performed in triplicate, and are displayed as
means plus the SD (n = 3). Symbols: blue square, N-acetylglucosamine; yellow circle, galactose.
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reduced in the presence of high concentrations of keratan sulfate (Fig. 2). This observation
was not surprising since other glucosamine glycans, such as dermatan sulfate and dextran sulfate, were previously also able to partially inhibit AAV2 transduction (21). However, the unexpected enhancement is more challenging to explain. Keratan sulfate, which is most abundant
in the human cornea and the brain, has multiple functions and interacts with many proteins,
including membrane proteins (60–62). It is possible that the keratan sulfate binds to the cells
and capsid simultaneously, thereby facilitating cellular attachment of these viruses.
Similar to the LacNAc tetrasaccharide, AAVrh.10 capsids were complexed with the
long-chain keratan sulfate, and cryo-EM data were collected on the sample. The 3D
reconstructed map of this complex at a resolution of 3.15 Å also showed some density
between N472 and W505 but with signiﬁcantly more structural disorder (data not
shown). This implies that keratan sulfate might be a weak binder to AAVrh.10 capsids.
AAV8 and AAVrh.10 share antigenic properties. AAVrh.10 was originally isolated
from nonhuman primates. However, analyses of human sera have shown that up to
;60% possess antibodies against AAVrh.10 (63). This high percentage can likely be
explained by the existence of very closely related AAV variants of clade E that have
been found in human tissues, such as AAVhu.6 that differs by only six amino acids
from the AAVrh.10 VP1 protein sequence (9). In addition, AAV8, the prototype member
of clade E, differs by 48 amino acids from AAVrh.10, and their capsid structures have
been shown to be similar (54).
For the AAV8 capsid a series of MAbs (ADK8, ADK8/9, HL2372, HL2381, and HL2383)
have been developed (64, 65), and their binding epitopes have been mapped (49).
Hence, their cross-reactivity to the AAVrh.10 capsid was evaluated by native dot blot
analysis. Four of ﬁve AAV8 MAbs showed reactivity to AAVrh.10, while HL2372 did not
(Fig. 3A). This antibody was shown previously to bind to the 5-fold region of the AAV8
capsid (49). Despite the absence of structural differences around the 5-fold channel,
the different amino acid compositions of the DE and HI loop are likely responsible for the
differential binding observed for the two capsids. The remaining four antibodies did not
just bind to the AAVrh.10 capsid but were also able to neutralize AAVrh.10 vectors in a cell
transduction assay (Fig. 3B). For all of these antibodies, signiﬁcant levels of neutralization
were observed at a concentration equivalent to 60 IgGs and higher per capsid.
The AAV8 MAbs bind to the 3-fold protrusions of the AAVrh.10 capsid. In order
to determine the binding sites of the AAV8 MAbs to the AAVrh.10 capsid, cryo-EM and
image reconstruction were used. For this purpose, puriﬁed capsids were mixed with
puriﬁed Fabs (fragment antigen-binding) at a molecular ratio of 1:120 (capsid to antibody)
and cryo-EM images collected of the complexes. For the ADK8, ADK8/9, HL2381, and HL2383
AAVrh.10 complexes, maps were reconstructed from ;3,500 to ;6,900 individual capsid-Fab
complexes to a approximately 6.2- to 7.1-Å resolution (Fig. 4 and Table 2). The binding footprints of these antibodies had been previously mapped for the AAV8 capsid (49). While ADK8,
HL2381, and HL2383 were shown to recognize the top of the protrusions surrounding the 3fold axis, ADK8/9 was shown to bind at the side of the 3-fold protrusions and the 2/5-fold wall
toward the 2-fold axis. As expected, the AAV8 MAbs bound to the AAVrh.10 capsid in a similar
manner (Fig. 4A). Pseudo-atomic models of the Fabs were ﬁtted into the complex density
maps resulting in correlation coefﬁcients ranging from 0.72 to 0.89 (Table 1). ADK8, HL2381,
and HL2383 bound identically to the 3-fold protrusions of AAVrh.10 with contacts to VR-IV, -V,
and -VIII (Fig. 4B). Previously, amino acid substitutions in these surface loops conﬁrmed that
residues in VR-VIII are responsible for ADK8 binding and not VR-IV or VR-V (66). Furthermore,
an AAV8 capsid variant, Hum8, was generated that was engineered through structure-guided
evolution, which, among others, contains amino acid substitutions in VR-VIII and thus enabled
an escape phenotype from the neutralizing antibodies (49, 67). This variant was also shown to
escape ADK8/9 neutralization, which showed potential contact residues in VR-I, -V, and -VIII
(Fig. 4B). Although all of the MAbs neutralize AAVrh.10 transduction (Fig. 3B), none of the MAb
epitopes overlap the LacNAc binding pocket (Fig. 1B and C). Thus, these MAbs might not
block receptor binding of AAVrh.10 to the cells and instead affect a postentry step. A similar
antibody, MAb A20, binds at the 2/5-fold wall of the AAV2 capsid apart from its heparinbinding site and neutralization of viral transduction occurs at a postentry step (39, 68, 69).
December 2021 Volume 95 Issue 23 e01249-21

jvi.asm.org 6

Downloaded from https://journals.asm.org/journal/jvi on 02 December 2021 by 2603:7080:b002:fb72:d27:ebf:d6dd:5cf1.

Mietzsch et al.

Journal of Virology

FIG 3 AAV8 MAbs cross-react with AAVrh.10 capsids. (A) Native dot blot analysis of AAV8 and
AAVrh.10. The amounts of loaded capsids are given on the left side, and the those for the utilized
antibody are given on the right side. The B1 antibody was used on a blot with denatured capsids as
a positive control. (B) Neutralization assay of AAV8 and AAVrh.10 in HEK293 cells. Preincubation was
done with increasing amounts of indicated antibodies relative to the capsids as indicated. The
experiments were determined using luciferase reporter gene expression, and the results are shown
relative to the luciferase expression in the absence of the antibodies. The experiments were
performed in triplicate and represent means plus the SD (n = 3).

Generation of AAVrh.10 antibody-escape variants. In order to generate AAVrh.10
variants capable of escaping the AAV8 MAbs a rational design approach was conducted. As
previously shown, the AAV8 MAbs, with the exception of ADK8/9, also cross-reacted with
AAV3 and AAV7 (64, 70) (Fig. 5A). A selection of other antibodies detecting conformational
epitopes on the capsid surface in AAV9 (ADK9) (65) and in AAV2, AAV3, and AAV13 (A20)
(68) did not cross-react with AAVrh.10. Due to the known importance of VR-VIII for the binding of this set of AAV8 antibodies, the amino acid sequences of the binding AAV serotypes
were analyzed. Furthermore, VR-VIII displays generally high structural similarity among most
AAV serotypes (12, 14). Thus, it is highly likely that the antibodies bind comparably to these
serotypes. Among the ADK8-binding AAV serotypes, an asparagine in position 590 and an
alanine in position 592 (AAVrh.10 numbering) appeared to be conserved (Fig. 5B).
Substituting these residues with a serine or glutamine, respectively, signiﬁcantly reduced the
ability of ADK8, HL2381, and HL2383 to bind these AAVrh.10 variants, conﬁrming their importance in the binding of the antibodies (Fig. 5A). The combination of both amino acid substitutions further reduced the binding afﬁnity of these MAbs. It is worth noting that ADK8,
HL2381, and HL2383 were all developed independently of each other (64, 65), but yet they
bind identically. This indicated that the VR-VIII loop is a “hot spot” for antibody binding recognition for AAV8 and AAVrh.10.
December 2021 Volume 95 Issue 23 e01249-21
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FIG 4 AAVrh.10-MAb complex interactions. (A) 3D reconstruction maps of AAVrh.10 (uncomplexed) and of AAVrh.10:ADK8, ADK8/9, HL2381, and HL2383
complexes. The maps are radially colored according to distance to the capsid center (blue to red, as indicated by the scale bar on the left). The icosahedral
2-, 3-, and 5-fold axes, the 2/5-fold wall, and AVB are indicated on the uncomplexed AAVrh.10 capsid map. (B) The AAVrh.10 surface loops (dark green) and
Fab models (orange) are shown as ribbons inside their black mesh density maps. The VRs involved in the capsid-Fab interaction are indicated.

For the ADK8/9 antibody binding footprint, a conserved residue between AAV8 and
AAVrh.10 is Q589. Substituting this residue to an asparagine did not prevent ADK8/9
binding by itself. However, adding this amino acid substitution in the context of the
previous N590S/A592Q variant (i.e., the 3x variant, Fig. 5C) resulted in the inability of
ADK8/9 to bind this variant (Fig. 5A). Interestingly, none of the individual amino acid
substitutions or the N590S/A592Q variant was able to prevent ADK8/9 binding, indicating that the antibody potentially makes multiple contacts to this region.
While all of the AAV8 MAbs bound to VR-VIII of AAVrh.10, other antibodies might
have binding sites to other regions of the capsid surface. Thus, additional compatible
variants resulting in infectious AAVrh.10 particles were introduced into known antigenic regions of the capsid surface loops (46). The resulting AAV variant harbors a total
of seven amino acid substitutions in comparison to the wild-type capsid (i.e., the 7x
variant, Fig. 5C). The substitutions are located in VR-III (S387A), in VR-IV (DS453), in VRVII (S559A), and in VR-IX (T719V). The 7x variant did not display any additional beneﬁt
when screened against the MAbs on the native dot blot (Fig. 5A). The transduction efﬁciencies of the 3x and 7x variants were compared to AAVrh.10-WT to conﬁrm that they
retained their infectivity. While the 3x variant displayed a comparable transduction efﬁciency to AAVrh.10-WT, the 7x variant maintained ;70% of the infectivity of the WT
capsid (Fig. 5D).
TABLE 2 Summary of data collection for AAVrh.10-Fab complexes
Parameter
No. of micrographs
Defocus range (m m)
No. of particles
Pixel size (Å/pixel)
Resolution (Å)
CC of Fab in map

AAVrh.10: ADK8
50
1.00–4.50
6,536
1.83
6.60
0.72
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AAVrh.10: ADK8/9
50
1.40–4.69
3,496
1.83
6.45
0.89

AAVrh.10: HL2381
50
1.27–4.40
4,337
1.83
6.21
0.78

AAVrh.10: HL2383
50
1.00–4.50
6,870
1.83
7.10
0.76
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FIG 5 Generation of AAVrh.10 escape variants. (A) Immune-dot blot analysis of native rAAV capsids of the indicated
AAV serotypes or variants thereof spotted on a nitrocellulose membrane. The membranes were incubated with a panel
of MAbs, as indicated to the right of the membrane. MAb B1 served as an internal loading control with denatured
capsids. (B) Sequence alignment for the VR-VIII loop of a selection of AAV serotypes. Amino acids highlighted in yellow
indicate sequence identity among all of the AAVs. In addition, amino acids in green indicate common residues among
the ADK8-binding AAV serotypes in and residues in dark green among the ADK8/9-binding AAVs. (C) Amino acid
substitutions of the 3x and 7x variant of AAVrh.10. (D) Transduction efﬁciency of the different AAVrh.10 variants in
HEK293 cells. (E) Relative transduction efﬁciency of the AAVrh.10 variants in the presence of increasing concentrations
of the different MAbs. The experimental results displayed in panels D and E were obtained from studies to determine
luciferase reporter gene expression that were performed in triplicate; the data indicate means plus the SD (n = 3).

In order to conﬁrm that the newly generated AAVrh.10 variants escaped the panel of antibodies tested and were capable of infecting cells in their presence, in vitro neutralization
assays were performed. For this purpose, puriﬁed capsids were preincubated with various
amounts of puriﬁed IgGs prior to infection. As seen before (Fig. 3B), AAVrh.10 vectors were
nearly or completely neutralized in the presence of 60 IgGs for each of the four antibodies
tested (Fig. 5E). The 3x variant escaped ADK8, HL2381, and HL2383 completely, even in the
presence of 600 IgGs per capsids. For ADK8/9 neutralization of the 3x variant was observed in
the presence of the highest concentration of ADK8/9 tested (Fig. 5E). However, compared to
the wild-type AAVrh.10, a signiﬁcantly higher concentration of antibodies was needed for neutralization since no measurable reduction of transduction was observed with 60 IgGs per
capsid. This indicates a residual, weak ADK8/9 binding afﬁnity of the 3x variant capsid.
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The 7x variant behaved similarly to the 3x variant but maintained ;66% of its transduction efﬁciency in the presence of the highest ADK8/9 concentration tested (Fig. 5E).
Interestingly, a slight enhancement of transduction is often seen at high antibody concentrations if these are unable to neutralize the capsids (Fig. 3B and 5E). While the reason for
this observation is unknown, it is likely an unspeciﬁc effect since this enhancement has
also been observed with other AAV serotypes and various antibodies (49, 50).
The 3x and 7x AAVrh.10 variants display different capsid melting temperatures.
The newly generated AAVrh.10 variants showed production efﬁciencies comparable to
that of the wild-type capsid (data not shown) and can be readily puriﬁed on AVB columns
(Fig. 6A), since the amino acid substitutions do not affect the 5-fold region where the nanobody of the afﬁnity ligand binds to the capsid (71). For further characterization of the different capsid variants, their melting temperatures (Tm) were determined by differential scanning ﬂuorimetry (DSF). Capsids of AAVrh.10 and AAV5 showed Tm values of 76.0 and 89.0°C,
respectively (Fig. 6B), which are identical or very similar to the previously reported values for
these AAV capsids (72). In contrast to the wtAAVrh.10 capsid, the 3x and 7x variants showed
reduced Tms of 73.5 and 71.0°C, respectively. Previously, it was suggested that the Tm of the
AAV capsids is charge dependent (72). However, none of the substituted amino acids introduced or removed charged residues (Fig. 5C). The lower Tm values of the variants are comparable to AAV3 and AAV8 (;71 and ;72°C) but higher than that for AAV2 (68°C) (72).
Furthermore, having different Tm values allows an easy differentiation of the identity of the
different AAVrh.10 variant capsids.
Structural characterization of the AAVrh.10-7x variant capsid. To further characterize the newly developed AAVrh.10-7x variant, its capsid structure was determined by cryoEM. Utilizing 17,861 individual capsids images, the 7x capsid was reconstructed to 2.71-Å resolution (Table 1). The resulting density map of the 7x variant is very similar to the previously
described wild-type AAVrh.10 capsid (54). However, minor differences were observed at the 3fold protrusions, which were more “pointed” in the 7x variant capsid (Fig. 7A). At a 2.7-Å resolution, amino acid side chains were clearly visible, and a model was built for this variant based
on wild-type AAVrh.10 capsid structure (PDB 6O9R). The overall Ca-RMSD for the entire VP
comparing AAVrh.10-WT to the 7x variant is only 0.44 Å. This small Ca-RMSD is comparable to
other highly similar AAV capsid variants such as AAV1 (3NG9) versus AAV6 (3OAH) that differ
by ﬁve amino acids in their ordered observed VP structure with a Ca-RMSD of 0.33 Å (73) and
AAVrh.10 (6O9R) versus AAVrh.39 (6V1T) that differ by 10 amino acids with a Ca-RMSD of
0.55 Å (54). The only region with signiﬁcant structural variability is VR-IV (Fig. 7B). This difference is caused by the deletion of serine 453, which makes VR-IV shorter and less
December 2021 Volume 95 Issue 23 e01249-21
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FIG 6 Characterization of the AAVrh.10 variants. (A) Analysis of AVB-puriﬁed AAVrh.10-WT and the 7x
variant by SDS-PAGE. VP1, VP2, and VP3 are indicated. Cryo-electron micrographs of the puriﬁed samples
(scale bar, 50 nm) are shown. (B) Determination of the melting temperature (Tm) for the different AAVrh.10
variants and AAV5 by DSF analysis. The thermal proﬁle is shown as normalized relative ﬂuorescence units
(RFUs) versus temperature (°C). The experiments were performed in triplicate (n = 3), and each thermal
proﬁle is shown. The Tm for each capsid variant is displayed as the mean plus the SD.
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FIG 7 Determination of the AAVrh.10-7x capsid structure. (A) Reconstructed AAVrh.10-7x capsid map colored according
to radial distance from the capsid center (blue) to outermost regions (red) as in Fig. 1. The positions of the 5-fold
channel, 3-fold and 2-fold axes, and 2/5-fold wall are indicated. (B) Structural superposition of AAVrh.10-WT (olive green)
and AAVrh.10-7x (yellow) shown as ribbon diagrams. The positions of the N and C termini, the core b -sheets, a-helix,
and variable regions (VRs) are indicated. This ﬁgure was generated using PyMOL (85). (C) The modeled AAVrh.10-7x VRs
are shown in stick representation inside the mesh density map. AAVrh.10-WT (PDB 6V1G) is superposed onto the 7x
variant. The amino acids are as labeled. The amino acid substitutions of the 7x variant are displayed in red.

slanted to the side compared to wtAAVrh.10, which results in the pointed appearance of
the 3-fold protrusions of the 7x variant (Fig. 7A and C). For the remaining amino acid substitutions, the differences in the side chain densities are visible, with the exception of T719V
(same side chain size), but they do not lead to major structural differences between the two
capsid types (Fig. 7C).
Conclusions. The capsid of AAVrh.10 shares characteristics with both AAV8 and
AAV9. Structurally, the AAVrh.10 capsid is very similar to the AAV8 capsid. As a consequence,
many antibodies capable of binding AAV8 also cross-react and neutralize AAVrh.10. The
AAVrh.10 variants generated to escape the AAV8 MAbs can likely also be adapted for AAV8
escape variants. In addition, AAVrh.10 shares functional similarities to AAV9. Both are able to
bind terminal galactoses, using a conserved pocket on the capsid. In addition, both AAV9
and AAVrh.10 have been described to be capable of crossing the blood-brain barrier (BBB)
(54, 74, 75). The suggested amino acids responsible for this phenotype overlap the galactose-binding pocket and extend to VR-I. Thus, it is possible that crossing the BBB is dependent on the ability of the capsid to bind terminal galactose glycans. However, this hypothesis
needs to be studied in more detail to be conﬁrmed.
The continued characterization and annotation of the receptor and antigenic interactions of the AAVrh.10 capsid provides information for future vector engineering
efforts, such as the variant generated in this study that is capable of escaping neutralizing antibodies while maintaining infectivity.
MATERIALS AND METHODS
Cell culture. HEK293 and CHO Pro5/Lec2 cells were maintained adherent in Dulbecco modiﬁed Eagle
medium or minimum essential medium (Thermo Fisher, Waltham, MA), respectively, supplemented with
10% heat-inactivated fetal calf serum and 100 U of penicillin/ml and 100 m g of streptomycin (Caisson
Laboratories, Smithﬁeld, UT) at 37°C in 5% CO2.
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Site-directed mutagenesis. The pAAV2/rh.10 and pXR8 plasmids containing AAV2 rep and either
AAVrh.10 or AAV8 cap served as the template for site-directed mutagenesis PCRs. For each mutant, complementary PCR primers were designed that contained the desired mutation, which was ﬂanked on
both sides by 10 to 15 homologous base pairs. Primers were ordered from Sigma-Aldrich (Houston, TX)
and used in PCR ampliﬁcation reactions using a C1000 Touch thermal cycler (Bio-Rad, Hercules, CA) and
Pfu Ultra high-ﬁdelity DNA polymerase (Agilent, Santa Clara, CA). PCR products were incubated at 37°C
for 1 h with DpnI restriction enzyme (NEB, Ipswich, MA) to degrade the methylated template plasmid.
The reactions were then transformed into DH5a competent cells (NEB, Ipswich, MA), which were cultured on LB-ampicillin selective media and further ampliﬁed to isolate the plasmid. Clones were submitted for Sanger sequencing (Genewiz, South Plainﬁeld, NJ) to verify the introduced mutations.
Recombinant AAV production and puriﬁcation. Recombinant AAV vectors with a packaged luciferase gene were produced by triple transfection of HEK293 cells, utilizing pTR-UF3-Luciferase, pHelper
(Stratagene), and either pAAV2/rh.10, pXR2, pR2V3, pXR5, pXR8, pXR9, or variants thereof. The transfected cells were harvested 72 h posttransfection and washed with phosphate-buffered saline (PBS;
137 mM NaCl, 2.7 mM KCl, 100 mM Na2HPO4, 2 mM KH2PO4), and the cells were then pelleted and resuspended in PBS with 1 mM MgCl2 and 2.5 mM KCl. The resuspended cells were subjected to three freezethaw cycles (280°C to 37°C) and subsequently incubated with 125 U/ml benzonase for 1 h at 37°C
before centrifugation at 10,000 ! g for 15 min to pellet the cell debris. AAV vectors or variants thereof
were puriﬁed by AVB Sepharose afﬁnity chromatography and concentrated as previously described (71).
IgG production and puriﬁcation. IgGs were produced and puriﬁed as described previously (50).
Brieﬂy, to produce sufﬁcient quantities of MAbs for puriﬁcation, hybridoma cells of the selected antibody
were cultivated in 500 ml of medium in surface roller bottles (Sigma-Aldrich, St. Louis, MO) for 12 days.
Cells were centrifuged at 4,000 ! g for 10 min, and the supernatant was collected. For preservation,
0.01% sodium azide was added to the supernatant. The MAbs were puriﬁed from the hybridoma supernatants by afﬁnity chromatography using protein G-Sepharose columns (GE Healthcare). The hybridoma
culture was diluted 1:1 (vol/vol) in PBS and applied to the column at room temperature below the manufacturer-recommended ﬂow rate of 1 ml/min. The column was washed with PBS, and the antibody was
eluted with 15 ml of 0.1 M citric acid (pH 2.0). The eluted antibody was neutralized with 1 M Tris-HCl (pH
10.0) to a ﬁnal pH of 7.4. The elution fractions were concentrated using an Apollo 7-ml centrifugal concentrator (Orbital Biosciences, Topsﬁeld, MA). The total MAb yield was determined at an optical density
of 280 nm, along with estimation by SDS-PAGE with bovine serum albumin concentration standards.
Fab generation and puriﬁcation. For the generation of Fabs from the puriﬁed MAbs, immobilized
papain was activated with L-cysteine according to the manufacturer’s instructions (Pierce, Rockford, IL)
and mixed with puriﬁed sample at a suggested enzyme/substrate ratio of 1:160 (wt/wt). The slurry was
incubated with moderate shaking at 37°C overnight. The reaction was stopped with sample buffer
(1.5 ml, 10 mM Tris-HCl [pH 7.5]) and then gently centrifuged (200 ! g, 5 min) to pellet the immobilized
papain-agarose beads. The aqueous mixture was carefully removed and diluted in 20 mM sodium phosphate buffer (pH 8.5) and applied to a Hi-Trap protein A column (GE Healthcare, Uppsala, Sweden) using
a peristaltic pump at a rate of 1 ml/min. The Fabs were collected in the ﬂowthrough and concentrated
on Amicon-Ultra concentrators (Millipore, Billerica, MA). Their purity was monitored by using SDS-PAGE.
Cryo-electron microscopy data collection. Puriﬁed AAVrh.10 capsids were mixed with Fabs at a ratio of
;2 Fabs per potential VP binding site in the 60-meric capsid, giving a ﬁnal ratio of ;1:120 (capsid to Fab). In the
case of the sulfated LacNAc, the capsids and the glycans were mixed at a ratio of ;100 glycan molecules per
potential VP binding site. Aliquots (3.5 m l) of the puriﬁed samples either with or without glycans or Fabs were
applied to glow-discharged Quantifoil copper grids with 2-nm continuous carbon support over holes (Quantifoil
R 2/2 400 mesh), blotted, and vitriﬁed using a Vitrobot Mark 4 (FEI Co.) at 95% humidity and 4°C. The particle distribution and ice quality of the grids were screened in-house using a FEI Tecnai G2 F20-TWIN microscope (FEI)
operated under low-dose conditions (200 kV, ;20 e2/Å2). Images were collected on a GatanUltraScan 4000
charge-coupled device camera (Gatan) at a pixel size of 1.82 Å. For the individual AAVrh.10-Fab complexes, data
sets comprising ;50 micrographs were collected under these conditions. Data for the samples intended for
high-resolution was obtained by collecting micrograph movie frames using the Leginon application (76) on a
Titan Krios electron microscope. This microscope was operated at 300 kV, and data were collected on a DE64
(for AAVrh.10 complexed with LacNAc) or Gatan K2 Summit (for AAVrh.10-7x) direct electron detector (Direct
Electron). During data collection, a total dose of ;60 e2/Å2 was utilized for 43 to 50 movie frames per micrograph. MotionCor2 was used for aligning the movie frames with dose weighting (77). The AAVrh.10-LacNAc
data set was collected as part of the NIH “Southeastern Center for Microscopy of MacroMolecular Machines
(SECM4)” project. The AAVrh.10-7x data set was collected as part of the National Institutes of Health (NIH)
“West/Midwest Consortium for High-Resolution Cryo Electron Microscopy” project.
Icosahedral 3D image reconstruction. For the 3D image reconstruction, the cisTEM software package was utilized (78), and the data were processed as described previously (13). The sharpened density
maps were inspected using Coot and Chimera (79, 80). The 290-Å2/0-Å2 sharpened maps of the high-resolution data were utilized for assignment of the amino acid main and side chains. The resolution of the
cryo-reconstructed density maps was estimated based on a Fourier shell correlation of 0.143 (Table 1).
Model building and structure reﬁnement. The 60-mer capsid model of AAVrh.10 (PDB 6O9R) was
docked into the cryo-reconstructed density maps by rigid body rotations and translations using the “ﬁt in map”
subroutine within UCSF-Chimera (80) that uses a correlation coefﬁcient (CC) calculation to assess the quality of
the ﬁt between the map generated from the model and the reconstructed map. During the model ﬁtting, the
voxel (pixel) size of each reconstructed map was adjusted to optimize the CC between the models and maps.
The ﬁtted models were exported relative to the respective map for further use. Each map was resized to the voxel
size determined in Chimera using the “e2proc3D.py” subroutine in EMAN2 (81) and then converted to the CCP4
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format using the program MAPMAN (82). A VP monomer was extracted from each 60-mer, and the side and
main chains were adjusted into the maps by manual building and use of the real-space-reﬁnement subroutine in
Coot (79). In the case of the AAVrh.10-7x variant the amino acids substituted or deleted relative to the wild-type
capsid were changed in Coot. The adjusted capsid model was reﬁned against the map utilizing the rigid body,
real space, and B-factor reﬁnement subroutines in Phenix (83). Model reﬁnement was alternated with visualization and adjustment using Coot to maintain model geometry as well as rotamer and Ramachandran constraints (79). The CC and reﬁnement statistics, including the root mean square deviation (RMSD) from ideal
bond lengths and angles (Table 1), were analyzed using Phenix (83).
AAV capsid structure comparison. The Ca positions of all ordered residues within the VP3 atomic
coordinates of AAVrh.10, and its variant were superposed using secondary structure matching (SSM) in
Coot (84). The SSM subroutine generated RMSD values between the structures and calculated distances
(Å) between the aligned amino acid Ca positions.
Native dot immunoblot analysis. AAV capsids were adsorbed onto nitrocellulose membranes (Bio-Rad) in
a dot blot manifold (Schleicher & Schuell, Dassel, Germany). Excess ﬂuid was drawn through the membrane by
vacuum ﬁltration. The membrane was removed from the manifold and blocked with 6% milk in PBS (pH 7.4) for 1
h. Primary antibody in the form of hybridoma supernatant was applied to the membrane at a 1:50 dilution in PBS
with 6% milk–0.1% Tween 20, followed by incubation for 1 h. The membrane was then washed with PBS, and
horseradish peroxidase-linked secondary antibody (GE Healthcare) was applied at a 1:3,000 dilution in PBS, followed by incubation for 1 h. The membrane was next washed with PBS. Immobilon chemiluminescent substrate
(Millipore, Darmstadt, Germany) was then applied to the membrane, and the signal was detected on X-ray ﬁlm.
Determining the transduction efﬁciency in presence or absence of MAbs or glycans. Puriﬁed AAV vectors
were used to infect HEK293 or CHO Pro5/Lec2 cells at a 105 multiplicity of infection. After 48 h, the cells were
lysed, and the luciferase activity was assayed using a luciferase assay kit (Promega, Madison, WI) as described in
the manufacturer’s protocol. Uninfected cells of the same plate were used as a negative control. In the case of
the neutralization assays, the vectors were preincubated for 30 min at 37°C with either puriﬁed MAbs, keratan sulfate, or PBS as the negative control at variable ratios relative to the capsids prior to infection. The transduction efﬁciency was calculated as a percentage to AAV vectors in the absence of antibodies or glycans, respectively.
Differential scanning ﬂuorescent stability assay. Puriﬁed AAV capsids diluted in PBS to a total volume of
22.5 m l were utilized for the DSF stability assay and mixed with 2.5 m l of 1% SYPRO-Orange dye (Molecular Probes,
Invitrogen), as previously described (72). The assay was conducted in a thermocycler (Bio-Rad CFX Connect) with
the temperature ramped from 30 to 99°C, increasing by 0.5° every 30 s. The melting temperature (Tm) for each
sample was deﬁned as the vertex of the ﬁrst derivative (dF/dT) as relative ﬂuorescence unit (RFU) values.
Data availability. The cryo-EM reconstructed density maps and models built were deposited in the
Electron Microscopy Data Bank (EMDB) with under accession numbers EMD-24513, PDB ID 7RL1 (AAVrh.107x), EMD-24806, and PDB ID 7S1W (AAVrh.10:LacNAc), respectively. The reconstructed density maps for the
capsid:MAb complexes were deposited under accession numbers EMD-24808 (AAVrh.10:ADK8), EMD-24809
(AAVrh.10:ADK8/9), EMD-24810 (AAVrh.10:HL2381), and EMD-24811 (AAVrh.10:HL2383), respectively.
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