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Affinity-based purification of adeno-associated virus (AAV)
vectors has replaced density-based methods for vectors used
in clinical settings. This method utilizes camelid single-
domain antibodies recognizing AAV capsids. These include
AVB Sepharose (AVB) and POROS CaptureSelect affinity
ligand for AAV8 (CSAL8) and AAV9 (CSAL9). In this study,
we utilized cryo-electron microscopy and 3D image recon-
struction to map the binding sites of these affinity ligands
on the capsids of several AAV serotypes, including AAV1,
AAV2, AAV5, AAVS, and AAVY, representing the range of
sequence and structure diversity among AAVs. The AAV-
ligand complex structures showed that AVB and CSAL9
bound to the 5-fold capsid region, although in different orien-
tations, and CSAL8 bound to the side of the 3-fold protru-
sion. The AAV contact residues required for ligand binding,
and thus AAV purification, and the ability of the ligands to
neutralize infection were analyzed. The data show that only
a few residues within the epitopes served to block affinity
ligand binding. Neutralization was observed for AAV1 and
AAV5 with AVB, for AAV1 with CSALS8, and for AAV9
with CSAL9, associated with regions that overlap with epi-
topes for neutralizing monoclonal antibodies against these
capsids. This information is critical and could be generally
applicable in the development of novel AAV vectors amenable
to affinity column purification.

INTRODUCTION

Recombinant adeno-associated viruses (rAAVs) are widely used as
viral vector systems for therapeutic gene delivery. AAV gene ther-
apy has experienced success in several human clinical trials,
including the treatment of hemophilia B with an AAV8 vector ex-
pressing therapeutic levels of factor IX protein' and of Pompe dis-
ease utilizing an AAV1 vector.” In addition, three AAV vector bio-
logics have been approved. This includes Glybera (alipogene
tiparvovec), an AAV1 vector for the treatment of lipoprotein lipase
deficiency by the European Medical Agency (EMA);® Luxturna (vor-
etigene neparvovec), an AAV2 vector for the treatment of Leber’s
congenital amaurosis;* and Zolgensma (onasemnogene abeparvo-
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vec-xioi), an AAV9 vector for the treatment of spinal muscular at-
rophy type 1, by the US Food and Drug Administration and EMA.
For these and all other AAV-based gene delivery as well as research
applications, the efficient production and purification of sufficient
vector is essential.

Traditionally, AAVs were purified by gradient ultracentrifugation us-
ing cesium chloride,’ sucrose,” or iodixanol.” Typically, this required
further purification steps such as anion exchange’ or heparin affinity
chromatography columns.® In recent years, to expedite AAV purifica-
tion and to meet good manufacturing practice (GMP) requirements,
one-step antibody-based affinity column protocols have become
attractive'® (Figure 1). This includes the use of AVB and the Captur-
eSelect affinity ligand for AAV8 (CSAL8) and AAV9 (CSALY), cova-
lently linked to Sepharose and POROS, respectively. These ligands are
based on single-chain camelid Vy (heavy chain variable region [VR])
antibodies isolated from non-immunized (AVB) or immunized
(CSAL8 and CSAL9) llamas. The AVB column purifies most AAV se-
rotypes with the exception of AAV9 and AAV11,'"" with some sero-
types, e.g, AAVS, displaying low purification efficiency."> The
CSALS8 and CSAL9 products were developed to overcome the short-
falls of AVB, and specifically for purification of AAV8 and AAV9Y,
respectively.

The capsid structures of numerous wild-type AAVs and capsid vari-
ants are available.'” *® The T = 1 icosahedral capsids are composed of
60 viral proteins (VPs) assembled from VP1 (~80 kDa), VP2
(~65 kDa), and VP3 (~60 kDa), in an approximate ratio of 1:1:10,
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respectively.29 The VPs consist of a conserved o helix (aA), a BA
strand, and an eight-stranded antiparallel B barrel (BB-BI) core motif
connected by large loops, named after the B strands that they connect.
For example, the HI loop connects the BH and BI strands. These loops
form the surface morphology of AAV capsids, including a cylindrical
channel at the 5-fold axes, three protrusions surrounding the 3-fold
axes, depressions at the 2-fold axes and surrounding the channel at
the 5-fold channel, and an elevated region between the 2- and 5-
fold axes, termed the 2/5-fold wall. The surface loops display high
sequence and structural variability among the AAV serotypes. Nine
VRs, VR-I to VR-IX, are defined for the AAVs.'® These VRs result
in structural differences between serotypes and contribute to func-
tional phenotypes, including receptor attachment, tissue tropism,
transduction efficiency, and antigenic reactivity.”””’

In this study, we compare the purification efficiency of three anti-
body-based affinity columns, i.e., AVB, CSAL8, and CSAL9, for
AAV1, AAV2, AAV5, AAVS, and AAVY9, serotypes chosen to repre-
sent the range of sequence, structure, and functional diversity among
AAVs.” The capsid-ligand binding sites were identified by cryo-elec-
tron microscopy (cryo-EM) and 3D image reconstruction. These
mapped to the 5-fold region for AVB and CSALS9, or to the side of
the 3-fold protrusion for CSAL8. The epitopes were confirmed by
mutagenesis. Finally, neutralization information for the ligands pro-
vided insight into the functional roles of the capsid regions occluded
upon binding, rules for improved AAV variant engineering, and guid-
ance for the choice of a purification platform.
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Figure 1. Overview of AAV Purification Using
Antibody Affinity Columns

Lysates containing AAV capsids are loaded onto the col-
umn at neutral pH. The affinity ligand captures the capsids,
while other proteins flow through the column. Column
washing at neutral pH further removes non-AAV proteins.
AAV capsids are eluted at low pH of pH 2.5-3.0. At this
acidic pH, the AAV capsids dissociate from the affinity li-
gands. The eluted capsids are immediately neutralized with
a high pH buffer (~pH 10).

(at~pH 3)

RESULTS

AVB and CSALS Purify Several AAV
Serotypes, whereas CSAL9 Is Specific for
AAV9

While AVB has been reported to purify several
AAV serotypes,“’12 to our knowledge, there is
no published comparative analysis of the newer
affinity resins CSAL8 and CSAL9. The purifica-
tion efficiencies for AAV1, AAV2, AAVS5,
AAVS, and AAVY, starting from clarified cell ly-
sates, were compared for AVB, CSALS8, and
CSAL9 (Figure 2A). Quantitative PCR (qPCR)
quantification of vector titer, in the flowthrough,
wash, and elution fractions, showed that AVB
effectively purifies AAV1, AAV2, and AAVS5,
had low efficiency for AAVS, and was unable to purify AAV9 (Fig-
ure 2A). CSALS efficiently purified AAV1 (and AAV6, data not
shown) and AAV8 vectors but was unable to purify AAV2, AAVS5,
and AAV9 (Figure 2A). CSAL9 specifically purified only AAV9 vec-
tors with high efficiency (Figure 2A). The binding capacities of AVB,
CSALS, and CSALS9 are specified by the manufacturer as >10'2,>10%3,
and >10"* capsids per 1 mL of resin, respectively. While the intention
was to determine each resin’s ability to purify a given AAV serotype,
the yields obtained in the elution fractions were consistent with what
is advertised (data not shown). Although the affinity ligands are cova-
lently linked to resins, small quantities of ligand leakage can occur
during the purification process (information provided by Thermo
Fisher Scientific). The neutralizing potential of the affinity ligands

in 100-fold excess per binding site on the capsid, analyzed by a trans-
duction assay, showed AAV1 neutralized by AVB and CSALS while
CSALS9 had little to no effect (Figure 2B). In contrast, none of the li-
gands affected AAV2 and AAVS transduction (Figure 2B), even at
lower MOIs as shown for AAV2 (Figure 2C). AAV5 was neutralized
by AVB but not CSAL8 or CSAL9, and AAV9 was neutralized only by
CSAL9 (Figure 2B).

AVB Binds the 5-Fold Region of AAV Capsids

The binding site of AVB on AAV capsids was determined by cryo-EM
and image reconstruction of capsid-ligand complexes. The structures
of AAV1:AVB, AAV2:AVB, AAV5:AVB, and AAV8:AVB were re-
constructed to 3.9, 9.1, 5.9, and 2.7 A resolution, respectively. In
each structure, five distinct densities of AVB were observed
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Figure 2. Purification Efficiency and Neutralization Ability of AAV Affinity Ligands

(A) Comparative analysis of AAV purification using AVB, CSAL8, and CSAL9 affinity ligands. Each bar represents an individual AAV purification process. The gPCR titer in
each purification fraction is shown as a percentage of the total amount. (B) AAV transduction neutralization assay. HEK293 cells were transduced with rAAV vectors, ex-
pressing luciferase, after pre-incubation with PBS, AVB, CSALS8, or CSAL9. The luciferase activity of PBS-treated AAVs was normalized to 1.0. The transduction efficiency of
the rAAV-affinity ligand samples are shown as relative thereof. (C) AAV2 transduction assay as in (B) with variable MOls after pre-incubation with PBS or AVB. The experiments
were performed in triplicates and are displayed as mean + SD (n = 3). ***p < 0.001.

surrounding the icosahedral 5-fold axis extending toward the 2-5-fold
wall and to the base of the 3-fold protrusions (Figures 3A and 3B).
The same region of the capsid is occluded by AVB in the four AAV

serotypes bound (Figure 3B).

In the absence of the amino acid sequence of AVB, a pseudo-atomic
model was used, along with the respective AAV structure, to identify
the binding epitopes (Figure 3C). In the high and atomic AAV1 and
AAVS8:AVB complex structures, respectively, complementarity-
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determining region (CDR)1 binds to the HI loop and VR-IX, CDR2 to
VR-II and the HI loop, and CDR3 to VR-I, VR-II, the HI loop, and
VR-IX (Figures 3C, 3D, and S1). The AVB bound similarly in the
lower resolution AAV2 and AAVS5 structures (Figures 3A, 3B, and
3D) with similar epitopes (Table 1).

Alignment of the amino acids within the AVB epitope identified res-
idues to mutate for confirmation of binding determinants (Figure 3E).
Contact amino acids conserved among the five AAV serotypes, e.g.,
N254 (AAVS8 numbering) at the base of VR-I, or those with main-
chain contacts, e.g., F672-T674 in the HI loop, were considered to
not be determining factors for AVB binding but may play a stabilizing
role (Figures 3C and 3E). Residue D328 (VR-II) at the apex of the DE
loop is conserved in AAV2 and AAV5, and a glutamic acid in AAV8
(E330) (Figures 3C, 3E, and S1), suggesting that an acidic residue is
required for AVB binding, because AAV9 contains an asparagine.
However, an AAV9 VR-II substitution into AAV1 (AAV1_9VR-II)
did not prevent AVB purification (Figure 3F). VR-IX showed contacts
to AVB at N718 and L720 (in AAV 1, Figure S1), but neither residue is
conserved among the AVB-binding AAVs. Nonetheless, substitution
of VR-IX with the corresponding AAV9 sequences reduced the puri-
fication efficiency of the resulting AAV variant (AAV1_9VR-IX)
(Figure 3F).

The HI loop makes the most extensive contact to AVB with a total of
seven residues, including D659, P661, N670, S671, F672, 1673, and
T674 (AAV8 numbering, Figure 3C). Substitution of the AAV1 HI
loop to the corresponding AAV9 sequences reduced the purification
efficiency of the resulting AAV variant (AAV1_9HI) (Figure 3F). The
contacts on the N-terminal side of the HI loop are likely not critical to
AVB binding since the AAV5 HI loop is structurally different in this
region compared to the other AAV serotypes due to an amino acid
deletion, and yet it still binds AVB (Figures 3E and 3F). The C-termi-
nal end of the HI loop displayed five contacts. However, the AVB den-
sity contacts the main chain of residues F672, 1673, and T674, and not
their side chains (Figures 3C and S1). These amino acids are 100%
conserved in the AAVs compared. Similarly, S671 is also 100%
conserved but its side chain contacts AVB. Substitution of this residue
(S669 in AAV1) with a larger side-chain amino acid (S669Q) pre-
vented purification by AVB (Figure 3F). The other contact is N670
(Figure 3E), which has a larger side chain than the equivalent residues
in AAV1, AAV2, and AAVS5 (alanine or serine). Thus, the side chain
orientation of N670 is changed compared to non-AVB-bound AAVS
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structures (Figure S2). Substitution of this residue (AAV1_A668D)
reduced purification efficiency significantly (Figure 3F). This observa-
tion highlights the importance of the binding epitope information in
variant vector development while maintaining purification capability.

CSALS Binds the Side of the 3-Fold Protrusions of AAV1 and
AAV8 Capsids

The AAV1 and AAV8:CSAL8 complex structures were reconstructed
to 3.8 and 2.8 A resolution, respectively. In both structures, CSAL8
bound to the side of the 3-fold protrusions and the 2/5-fold wall (Fig-
ure 4A), occluding a similar region of the capsid (Figure 4B). The
fitted CSALS8 pseudo-atomic model showed CDRI contacting VR-I,
CDR2 VR-V and VR-VIII, and CDR3 VR-I, VR-III, VR-V, and
VR-VI (Figures 4C-4E and S3). The interactions of one CSAL8
with the capsid involved three symmetry-related VP monomers inter-
acting on the surface. The contacts in VR-I include residues 269-272
(AAV8 numbering), which are located in the structurally conserved
portion of the loop, with T270 substituted by a serine in AAV1 (Fig-
ure 4E). AAV5 and AAV9 differ in additional residues. Consistently,
an AAV9 VR-I loop swap into AAVS to create AAV8_9VR-I signif-
icantly reduced the purification efficiency (by ~55%) of this variant
(Figure 4F). However, AAV2 cannot be purified by CSAL8 (Fig-
ure 2A) but it is identical to AAV1 in the above range of residues (Fig-
ure 4E), suggesting a second binding site to VR-1. The additional con-
tact residues located in VR-III, VR-V, and VR-VI are generally
conserved between AAVI1, AAV2, and AAVS except for VR-VIIL
Substitution of the AAV8 residues in VR-VIII to AAV2 resulted
only in a minor reduction of purification efficiency (Figure 4F), and
an AAV?2 variant with residues in VR-VIII swapped to AAV1 resi-
dues was still unable to be purified with CSAL8 (data not shown).
This indicates that VR-VIII plays a minor role in CSAL8 binding.
A superposition of the AAV2 and AAV8 capsid structures showed
that R471 of AAV2 partially blocks the accessibility of W502
(W505 in AAV8) on the surface of the capsid by CSALS8 (Figure S4).
AAV1 and AAVS possess an alanine or serine in that position. While
W505 is not required for CSAL8 binding, substitution of AAV2 res-
idues into AAV8 (AAV8 2:472-475) significantly reduced CSALS pu-
rification (Figure 4F).

AVB Binds Preferentially to Empty AAV8 Capsids

AAVS purified by AVB or CSALS repeatedly showed a discrepancy in
the amount of VP relative to the amount of vector genomes. Concen-
trated elution fractions subjected to capsid titering by ELISA and

Figure 3. AVB-AAV Capsid Interactions

(A) 3D reconstruction maps of the AAV1:AVB, AAV2:AVB, AAV5:AVB, and AAV8:AVB complexes. The maps, contoured at a sigma (o) threshold level of 2.0, are radially
colored according to distance to the capsid center (blue to red), and the AVB density is in magenta. The icosahedral 2-, 3-, and 5-fold axes, the 2/5-fold wall, and AVB are
indicated on the AAV1:AVB capsid map. (B) 2D roadmap projections of the AAV1, AAV2, AAV5, and AAV8 capsids. Regions occluded by AVB are colored, with the model
contact residues in a darker shade. (C) AAV8 surface loop models are shown inside their density maps (in black). The amino acid residues are colored C in yellow, Oinred, Nin
blue, and labeled. The AVB model is shown inside a map with atoms colored C in magenta, O in red, and N in blue, with the CDRs labeled. (D) Structural superposition of
AAV1, AAV2, AAV5, and AAV8 VP3 ribbon/coil diagrams with the bound AVB shown in magenta. The VRs of the AAVs and the CDRs of AVB are labeled. (E) Amino acid
sequence alignment of the AAVs studied in VR-I, VR-II, the HI loop, and VR-IX. The asterisk indicates that this region represents the base of VR-I. Conserved residues are
highlighted in yellow, while contact residues in magenta. (F) Analysis of the purification efficiency of AAV1 variants as in Figure 1. (A) and (C) were generated using Chimera,®’

(B) was generated using RIVEM,*? and (D) was generated using PyMol.**
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Table 1. Summary of the AAV:Affinity Ligand Complex Data Collections, Reconstruction, and Contact/Occluded Residues on the AAV Capsids

AAVI1: AVB AAV2: AVB AAV5: AVB AAVS: AVB AAV1: CSALS AAVS: CSALS AAV9: CSAL9
Nf" of 210 79 172 825 156 738 270
micrographs
Pixel size 1.22 1.85 1.23 1.09 1.22 1.09 1.22
Capsids used for | ¢ 902 6,188 20,231 20,934 5,764 8,023
final map
Resolution (in A)  3.89 9.10 5.96 2.74 3.80 2.77 358

Contact residues
on AAV capsid

254, 325, 326, 328,
657, 659, 668, 670,
671, 672, 718, 720

253, 255, 257, 324,
325, 326, 545, 547,
652, 653, 654, 655,
656, 657, 665, 666,
667, 668, 669, 670,
716,718

244, 246, 316, 317,
318, 319, 532, 535,
646, 647, 648, 649,
656, 657, 658, 659,
660, 706, 708, 710

255, 328, 330, 659,
661, 670, 671, 672,
673, 674, 720

267, 268, 512, 513,
576, 589

265, 269, 270, 271,
272, 385, 490, 497,
505, 506, 514, 517,
532, 533, 535, 578,
588, 589, 590, 591,
592, 597

329, 330, 332, 659

Occluded residues
on AAV capsid

251, 252, 255, 256,
323, 324, 327, 329,
330, 331, 333, 340,
362, 364, 366, 368,
369, 370, 371, 372,
546, 654, 656, 658,
663, 664, 665, 666,

250, 254, 320, 321,
322, 323, 327, 328,
329, 331, 338, 362,
363, 364, 366, 367,
368, 369, 370, 663,
664, 671, 672, 714,
717

241, 243, 245, 314,
320, 321, 323, 358,
359, 360, 361, 362,
533, 645, 651, 653,
654, 655, 661

251, 252, 254, 256,
257, 259, 325, 326,
327, 329, 331, 332,
333, 335, 370, 371,
372, 374, 655, 658,
660, 662, 665, 667,
668, 669, 675, 722

262, 269, 270, 271,
272, 381, 382, 383,
384, 385, 470, 472,
485, 488, 495, 510,
513, 514, 515, 528,
529, 531, 533, 534,
575, 583, 584, 586,

266, 267, 268, 273,
386, 387, 474, 487,
410, 512, 516, 520,
530, 531, 536, 577,
581, 585, 586

251, 252, 253, 254,
255, 256, 258, 324,
325, 327, 328, 331,
334, 335, 341, 369,
373, 376, 654, 655,
656, 657, 658, 660,
661, 662 663, 667,
669, 670, 671, 672,

667, 669, 673, 719

588 673

packaged genome estimation by alkaline gel analysis showed a 3- to 4-
fold lower concentration of genomes in AVB-purified AAV8 prepa-
rations relative to CSALS8-purified preparations (Figures 5A and
5B). This ratio was supported by qPCR showing on average 4% and
10% full capsids, respectively, in AVB and CSAL8 samples. This
observation was confirmed by cryo-EM micrographs in which the
genome-containing and empty capsids were counted (Figure 5C).
This showed 5% and 18% full capsids, respectively, in AVB-purified
and CSALS8-purified samples. This preferential binding of empty cap-
sids by AVB must be considered when purifying wild-type and
variant AAV vectors.

CSAL9 Binds the 5-Fold Region of AAV9

The AAV9-CSAL9 complex structure was determined to 3.6 A reso-
lution. The density map showed CSAL9 decorating the 5-fold axis
(Figure 6A), but it adopts a different conformation compared to
AVB (Figure 3A). The CDR region of CSAL9 contacts the DE loop
while the constant region splays away from the 5-fold axis, unlike
AVB, which leans toward it. A 2D roadmap shows CSAL9 binding
occluding residues within two virus asymmetric units (Figure 6B),
whereas AVB binding occludes residues within the same asymmetric
unit (Figure 3B). CSAL9 bound to VR-II and the HI loop with CDR2/
3 and CDRI, respectively (Figure 6C and 6D). In VR-II, N329, G330,
and K332 contact CSAL9 at a map density threshold of 4 sigma (o).
Compared to the available AAV9 crystal structure®® the apex of the
DE loop shifts 2.8 A toward CDR2 following CSAL9 binding. The res-
idue combination of N329 and K332 is unique in AAV9, while G330
is conserved in the AAV serotypes compared, with the exception of
AAVS5, which contains a serine (Figure 6E). Substitution of AAV9
VR-II amino acids into AAV8 (AAV8_9VR-II) allowed partial
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(23%) purification of the variant (Figures 6E and 6F). In the HI
loop, P659 makes contact with CSAL9 at a map density threshold
of 2.60. However, these residues are conserved in AAVS, a non-
binder. In fact, only three amino acids, i.e., A661T, K664Q, and
D665S, differ within the HI loop of AAV9 and AAVS, and none of
these contacts CSAL9. Nonetheless, substitution of AAV9 HI loop
amino acids into AAV8 (AAV8_9HI) conferred a low level (12%) pu-
rification of the variant (Figures 6E and 6F). A combination of the
AAV9 VR-II and HI loop sequences substituted into AAVS
(AAV8_9VR-II/HI) resulted in a variant with synergistic (65%)
improvement of purification efficiency (Figure 6F).

DISCUSSION

An understanding of the AAV capsid-binding interface for purifica-
tion affinity ligands is important for the development of new engi-
neered AAV variants for gene delivery applications. AVB affinity col-
umns have been commercially available for more than a decade.'’
Previously, a genetic study identified an epitope for AVB within the
HI loop of the AAV capsid.'” This epitope, 663-SPAKFA-668
(AAV3 numbering), is somewhat conserved in AAVI, AAV2,
AAV3, AAV6, AAV7, and AAV13, but it is absent in other AAV se-
rotypes also recognized by AVB, e.g., AAV5>* (Figure 3E). As shown
in the current study, only the C-terminal HI loop residues participate
in the interaction with AVB, which is validated by the AAV1_A668D
and AAV1_S669Q variants that showed reduced purification effi-
ciency (Figure 3F). Consistently, the aspartic acid is present in
AAV11, which is unable to be purified by AVB.!' However, the
AVB appears to be a multivalent binder. For example, multiple sub-
stitutions in AAV9 compared to AAV1 (Figure 3E) render the capsid
unable to be purified by AVB. This would explain the intermediate
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(A) 3D reconstruction maps of the AAV1:CSAL8 and AAV8:CSAL8 complex structures. The maps, contoured at 2.0a, are radially colored (blue to red) according to distance
to the capsid center, and the CSAL8 is in army green. The icosahedral 2-, 3-, and 5-fold axes, the 2/5-fold wall, and CSALS8 are indicated on the AAV1:CSALS8 capsid map. (B)
2D roadmap projections of the AAV1 and AAV8 capsids. Occluded regions are colored with the contact residues indicated in a darker shade. (C) AAV8 surface loop models
are shown as in Figure 3. The CSAL8 model is shown inside a red density mesh map with the C in green, O in red, and N in blue. The CDRs are labeled. (D) Structural
superposition of AAV1 and AAV8 VP3 with a bound CSAL8 shown as ribbon/coil diagrams. The VRs of the AAVs and the CDRs of CSALS8 are labeled. (E) Amino acid
sequence alignment of the AAVs in VR-I, VR-IIl, VR-V, VR-VI, and VR-VIII. Conserved residues are highlighted in yellow, and contact residues are highlighted in green. (F)
Purification efficiency of AAV8 variants as in Figure 1. (A) and (C) were generated using Chimera,®' (B) was generated using RIVEM,*” and (D) was generated using PyMol.**

binding phenotypes observed for AAV1_9HI and AAV1_9VR-IX
and in the previous study (AAV9-SPAKFA)."”

An interesting observation is the differential neutralization capacity
by AVB. While the leakage of ligands during elution from the affinity
columns is likely low, neutralization by AVB helps understand the
functions of the capsids. In AAV1 and AAVS5, both neutralized by
AVB, the AVB binding site overlaps with the binding epitope of
neutralizing antibodies ADK1b, ADK5a, and ADK5b,*° respectively.
Binding of AVB to the AAVS5 capsid likely blocks binding of AAVR to
cause neutralization,” but not AAV1 since AAVR binds differently in
AAV1 capsids.”” While AVB does not overlap with any known recep-
tor binding site in the AAV1 capsid, it likely occludes an important
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determinant of AAV1 transduction, including the externalization of
VP1u via the 5-fold axis. In contrast to AAV1 and AAV5, AAV2
and AAVS are not neutralized by AVB, despite having an epitope
that also overlaps with some of the residues bound by the AAV2
and AAVS neutralizing antibodies A20°® and HL2372,” respectively.
The A20 antibody is reported to block events associated with genome
transcription.”® AAV?2 binds to its receptor heparan sulfate proteogly-
can,” utilizing amino acids located at the 3-fold protrusion.*’ Thus,
AVB binding to the 5-fold region of the AAV2 capsid likely does
not interfere with receptor binding. While AVB and HL2372 bind a
similar region of the AAVS8 capsid, near the 5-fold channel, the
HIL2372 antibody is significantly larger than the AVB nanobody
(150 kDa versus 12 kDa) and could block VP1u externalization
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during endosomal/lysosomal trafficking or genome uncoating in the
nucleus. Thus, it is likely that the region of the capsid masked and ste-
rically hindered by AVB is not the functional determinant(s) blocked
by the A20 and HL2372 antibodies.

The CSAL8 and CSAL9 became commercially available recently
(https://www.thermofisher.com/us/en/home.html). Unlike AVB,
both ligands were developed specifically against AAV8 or AAVY,
respectively, with llama immunization. Thus, the binding of CSALS
by AAV1 (or AAV6) was surprising. While AAV1 and AAV6 differ
by only 3 aa on the capsid surface,”> AAV1 and AAVS differ by
119 aa, with most differences being located in the surface VR loops.'”
This suggested that only a few residue positions dictate binding by
CSALS8. Consistently, substitution of AAV9 VR-1 that differs by 2
aa to the AAV8 VR-1 in variant AAV8_9VR-1 significantly reduced
(from 82% to 26%) purification efficiency (Figures 4E and 4F). Bind-
ing of CSAL8 to AAV1 blocks the entrance to its sialic acid binding
pocket*' and likely also prevents AAVR binding.”> Both overlaps
could result in the observed neutralization. AAV8 was also reported
to be dependent on AAVR for transduction’” but surprisingly is
not neutralized by CSALS8 (Figure 2B). Currently, no glycan receptor
has been reported for AAVS, and the exact binding site of the laminin
receptor”” on the AAVS capsid has not been structurally mapped, but
it was proposed to be localized near the 3-fold axis.'”** CSALS bind-
ing to AAV8 would not overlap with the proposed laminin-interact-
ing residues and does not appear to block any functional determinant.

CSAL9 neutralized AAV9 but had no effect on the other four sero-
types tested (Figure 2B). The epitope for this ligand, encompassing
residues in VR-II and the HI loop (Figure 6), overlaps with that of
neutralizing antibody HL2372 mentioned above that was developed
to cross-react with AAV8.** Interestingly, the CSAL9 binding site is
similar to that of AVB with a difference in orientation of the constant
region and a more limited footprint (Figures 3 and 6). The CSAL9
epitope does not block the galactose binding site for AAV9, and
thus it must be neutralizing via a different mechanism. The binding
to the 5-fold channel may be inhibiting VP1u externalization and/
or genome uncoating as stated above for AVB with AAV1 and AAVS.

Figure 5. The Empty/Full Ratio of AVB versus CSAL8-
Purified rAAV8 Preparations

(A) SDS-PAGE of AVB and CSAL8-purified AAVS8. At the
bottom is the ELISA quantification of the capsid. (B) Alka-
line gel electrophoresis of rAAV8 and control plasmid.
Capsid amount loaded is the same for rAAV8 based on the
ELISA titer. The size of the packaged vector genome is
~3.9 kb. At the bottom is the gPCR genomic particle (gp)
titer. (C) Example of cryo-EM micrographs of the two
rAAV8 preparations utilized to count the number of
genome-containing (dark) and empty capsid (light
appearance). Full capsids are indicated by a black arrow.
Scale bars, 50 nm.

The observed imbalance of capsid and vector genomes from AAV8
preparations purified by AVB versus CSAL8 was not the case for
AAV1 (data not shown). This indicates that AVB preferentially binds
to a feature on empty AAVS capsids. However, structural comparison
of empty and full AAV8 capsids complexed with AVB or CSALS8 recon-
structed to 2.7-2.8 A resolution did not show major differences on the
capsid surfaces explaining the observed binding difference (data not
shown). Similar to the recent study on the structures of genome-con-
taining and empty AAV8 capsids,”' there were differences on the inside
of the capsid. Thus, a different factor, possibly the isoelectric point (pI),
could serve as the determinant of this differential recognition, a concept
discussed previously for separation of empty and genome-containing
capsids.*>*® Such differential binding would explain the low purifica-
tion efficiency of AAV8 vectors on the AVB column since quantifica-
tion by qPCR did not account for empty capsids.

New AAYV variants are constantly being generated, by rational engi-
neering or directed evolution approaches, to overcome obstacles
limiting this gene delivery system, for example, tissue specificity,
neutralizing antibodies, or low transduction efficiency. Monoclonal
antibodies or nanobodies bind very specific epitopes. Thus, while
AAV serotypes share a common capsid morphology, the presence
of certain amino acids in certain regions determines whether nano-
bodies bind. Overall, amino acids are generally more conserved
around the 5-fold symmetry axis. Thus, it is not surprising that
AVB binds different AAV serotypes at this capsid location. The 3-
fold region contains the most sequence and structure variations,
and as such it is involved in serotype-specific interactions and is
generally not suitable as a site for affinity ligands purifying multiple
AAV serotypes. The mapped affinity ligand-binding sites on AAV
capsids fulfill an important need in the AAV gene therapy community
to garner information enabling the improvement of vector engineer-
ing while maintaining purification abilities.

MATERIALS AND METHODS

Cell Culture

HEK293 cells were cultivated as adherent monolayers at 37°C and 5%
CO, in Dulbecco's modified Eagle’s medium (DMEM) supplemented
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Figure 6. AAV9-CSALS9 Interactions

(A) 3D reconstruction map of the AAV9:CSAL9 complex structure. The map, con-
toured at 2o, is radially colored (blue to red) according to distance to the capsid
center, and CSAL9 is in brown. The icosahedral 2-, 3-, and 5-fold axes and CSAL9
are indicated. (B) 2D roadmap projection of the AAV9 capsid. Occluded capsid
regions are in light brown and contact residues are in dark brown. (C) AAV9 surface
loop models are shown as in Figure 3. The CSAL9 model is shown as an orange coil
inside a red density mesh and the CDRs are labeled. (D) The ribbon/coil diagram of
AAV9 VP3 with a bound CSAL9. The VRs of AAV9 and CDRs of CSAL9 are labeled.
(E) Amino acid sequence alignment of the AAVs in VR-Il and the Hl loop. Conserved
residues are highlighted in yellow, and contact residues are in orange. (F) Purification
efficiency of AAV8 variants as in Figure 1. (A) and (C) were generated using
Chimera®’, B was generated using RIVEM,* and D was generated using PyMol.*

with 1x antibiotic-antimycotic (Thermo Fisher Scientific, Waltham,
MA, USA) and 10% (v/v) fetal bovine serum (Thermo Fisher Scien-
tific). Sf9 cells were maintained in suspension culture under constant
agitation with serum-free Sf-900 medium supplemented with 1x
antibiotic-antimitotic at 27°C.

AAV Production

Vector genome-containing AAVs were produced by triple transfec-
tion of HEK293 cells, utilizing pHelper (Stratagene, San Diego, CA,
USA), pTR-UF3-luciferase, and either pXR1, pXR2, pXR5, pXR8,
or pXR9 as previously described.”” The transfected cells were har-
vested 72 h after transfection. Cells were pelleted at 2,000 x g for
5 min and resuspended in 1x TD buffer (1x PBS supplemented
with 1 mM MgCl, and 2.5 mM KCl) and subjected to three freeze-
thaw cycles. The crude lysates were treated with Benzonase at 37°C
for 1 h to degrade unpackaged AAV DNA and centrifuged at
8,000 x g for 30 min. AAV vectors released into the culture medium
were recovered by addition of 10% polyethylene glycol 8000 (w/v) and
subsequent precipitation at 9,000 x g for 90 min.

AAV virus-like particles (VLPs) were expressed using a recombinant
baculovirus expressing the VPs of the desired AAV serotype. VLPs
were purified as described before*® and dialyzed into 20 mM Tris-
HCI and 250 mM NaCl (pH 7.5) for AAV1, AAV2, AAV5, and
AAVS, and 20 mM Tris, 350 mM NaCl, and 2 mM MgCl, (pH 7.4)
for AAV9. Virus purity was confirmed by SDS-PAGE and negative
stain EM. The AAVs were concentrated using 150-kDa molecular
weight cutoff (MWCO) Apollo columns (Orbital Biosciences, Tops-
field, MA, USA), and their concentrations were determined using op-
tical density readings at 280 nm with an extinction coefficient of 1.7.

Antibody-Based Affinity Ligand Purification

Prior to AAV purification, the cleared lysates were diluted 1:1 in 1x
TD buffer (5.3 mM KCI, 137 mM NaCl, 10 mM Na,HPO,, 1.8 mM
KH,PO,, 1 mM MgCl,). For AVB affinity chromatography, 1-mL
prepacked HiTrap AVB Sepharose columns (GE Healthcare, Chi-
cago, IL, USA) were used and attached to a peristaltic pump to load
samples and buffers onto the column. For CSAL8 and CSAL9 affinity
chromatography, the ~2 mL of resin that contains beads with the
covalently-bound nanobodies was added to empty gravity chroma-
tography columns to achieve a 1-mL bed volume. Each affinity
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column was equilibrated with 10 column volumes of 1x TD buffer
prior to loading of the lysates. The peristaltic pump was set to a
flow rate of approximately 0.5 mL/min. Following sample loading,
the columns were washed with 20 mL of 1x TD buffer and subse-
quently eluted with 0.1 M glycine-HCl (pH 2.6). The eluate was
immediately neutralized with 1/10 vol of 1 M Tris-HCI (pH 10)
(Figure 1).

Quantification of AAV Vectors

Aliquots from the affinity purification process were digested with pro-
teinase K to release the AAV vector genomes from the capsids. To this
end, the samples were incubated in buffer containing 10 mM Tris-
HCI (pH 8), 10 mM EDTA, and 1% SDS for 2 h at 56°C. The released
DNA was purified utilizing the PureLink PCR purification kit
(Thermo Fisher Scientific). The copy numbers of vector genome
DNAs were determined by qPCR using iQ SYBR Green supermix
(Bio-Rad, Hercules, CA, USA). Primers specific for the luciferase
gene of the vector genome were used (forward primer, 5'-
GCAAAACGCTTCCATCTTCC-3' and reverse primer, 5'-AGATC
CACAACCTTCGCTTC-3).

AAV Transduction Neutralization Assay

The capacity of the AVB, CSAL8, and CSAL9 affinity ligands to
neutralize AAV vectors was analyzed in HEK293 cells seeded in 24-
well plates. AAV vectors of the serotypes AAV1, AAV5, AAVS,
and AAV9 expressing luciferase were used at an MOI of 100,000,
and in the case of AAV2 at a range of different MOIs from 100 to
100,000 were tested. Prior to infection the AAV vectors were pre-
incubated for 30 min at 37°C with either AVB, CSALS, or CSAL9
at a ratio of 100 affinity ligand molecules per binding site on the
capsid. 48 h after transduction the luciferase expression was deter-
mined by a luciferase assay kit (Promega, Madison, WI, USA) accord-
ing to the manufacturer’s protocol.

Virus Capsid-Affinity Ligand Complex Preparation for Cryo-EM
The purified capsids of AAV1, AAV2, AAV5, AAVS, and AAV9 were
mixed with the ~12-kDa nanobodies (provided by Thermo Fisher Sci-
entific) at ratios of 1:600 (capsid/nanobody) to ensure saturated bind-
ing. VLPs were mixed with affinity ligands at a ratio of 10 affinity
ligand molecules per VP on the capsid. Complexes were incubated
for 30 min at 4°C prior to sample vitrification.

Cryo-EM Data Collection

Quantifoil grids with a thin carbon film over the holes were rendered
hydrophilic via glow discharge in a Pelco easiGlow for 30 s prior to
sampe loading. Virus-ligand complexes were loaded, 3-pL vol each,
onto prepared grids and vitrified in liquid ethane by a Vitrobot
Mark IV (FEI Hillsboro, OR, USA) freezing robot. The vitrified grids
were then transferred into liquid nitrogen and stored until data collec-
tion. Grids were loaded into Gatan 626 cryo-EM sample holders un-
der liquid nitrogen, and placed into an FEI Tecnai F20 electron mi-
croscope operating at 200 kV. Data for the AAV2:AVB sample was
collected at a magnification of ~50,000 with a 0.5- to 3.0-pm defocus
range under low-dose conditions (~20 e /A% using a Gatan

UltraScan 4000 charge-coupled device (CCD) camera at step sizes
of ~1.85 A/pixel. The AAV1:AVB, AAV5:AVB, AAV1:CSALS, and
AAV9:CSAL9 samples were collected at a magnification of ~41,000
with a 0.5- to 4.0-um defocus range over 50 frames with an accumu-
lated dose of ~60 e /A* on a Gatan K2 Summit direct electron detec-
tor (DED) with corresponding sampling sizes of ~1.22 A/pixel using
either Leginon49 or the Latitude S software (Gatan, Pleasanton, CA,
USA). The AAV8:AVB and AAV8:CSAL8 samples were collected
at the Biological Science Imaging Resource of the Florida State Uni-
versity as part of the NIH “Southeastern Center for Microscopy of
MacroMolecular Machines (SECM4)” project using the Leginon
application®® on a Titan Krios electron microscope. The microscope
was operated at 300 kV and data were collected on a Gatan K3 direct
electron detector. During data collection, a total dose of 60 e /A® was
utilized for 50 movie frames per micrograph.

Cryo-EM Image Reconstructions

The datasets collected as movie frames were aligned using Motion-
Cor2 with dose weighting.”’ For 3D image reconstruction, the cis-
TEM software package was utilized.”" Briefly, the aligned micro-
graphs were imported into the application and their contrast
transfer function (CTF) parameters estimated. This information
was used to eliminate micrographs of poor quality. This was followed
by automatic particle picking using a particle radius of ~130 A. This
set of particles was subjected to 2D classification to eliminate non-
AAV particles (ice and debris) from the automatic picking process.
Following the 2D classification, the capsid-complex particles were re-
constructed using default settings. This included the ab initio 3D
model generation, auto refinement, and density map sharpening
with a pre-cut-off B factor value of —90 A?, and variable post-cut-
off B factor values such as 0, 20, and 50 A% The sharpened density
maps were inspected in the Coot and Chimera applications.’>
The —90 A*/0 A® sharpened maps were used for assignment of the
amino acid main chain and side chains. The resolution of the cryo-re-
constructed density maps were estimated based on a Fourier shell cor-
relation (FSC) of 0.143.

Pseudoatomic Modeling and Epitope Prediction

To identify the contact sites of nanobodies on the capsids, the atomic
models of AAV1, AAV2, AAV5, AAVS, or AAV9 (PDB: 3GN9, 1LP3,
3NTT, 2QA0, and 3UX1) were fitted into their respective cryo-recon-
structed AAV-ligand complex map via rigid-body rotation and trans-
lation using the “Fit in map” function of Chimera.”" For the nanobod-
ies the amino acid sequences are not publicly available. Thus, a
generic nanobody structure (PDB: IMEL) was docked into the den-
sity not occupied by the AAV capsids of the highest resolution com-
plex structure for each nanobody. At a resolution of 2.7-2.8 A the
main chain and amino acid side chains were visible, which were
used to adjusted the generic nanobody model into the density using
Coot.”” Based on the shape of the side chain density, the amino acids
of the model were changed when necessary. The adjusted model of the
nanobody was then fitted in the lower resolution complex density
maps. At resolutions of 3.6-3.9 A the main chains of the nanobodies
were clearly visible. Contacts in the atomic resolution maps were
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defined as distances <4.0 A or as continuous density between the
AAV capsid and the nanobody at a ¢ threshold level of 2.0. Visual
representations of maps or models were generated using UCSF
Chimera®' or PyMol,” respectively.

AAVS8 Capsid ELISA

For the quantification of the total concentration of capsids an AAVS8
titration ELISA (Progen, Germany) was utilized. All steps were done
in triplicate according to the protocol provided by the manufacturer.
The colorimetric assay was analyzed by a Synergy HT plate reader
(BioTek, Winooski, VT, USA).

Alkaline Gel Electrophoresis

For the alkaline gel electrophoresis, a 0.8% agarose gel in 1x TAE
buffer (40 mM Tris, 20 mM acetic acid, and 1 mM EDTA) was uti-
lized. Following solidification, the gel was equilibrated in 1x dena-
turing buffer (0.5 M NaOH, 50 mM EDTA) for 4 h. Prior to loading,
the samples were mixed with denaturing loading dye (final concentra-
tion: 1x Ficoll loading buffer, 1x denaturing buffer, 10% SDS). The
agarose gel was run at low voltage overnight at 4°C. After the run, the
gel was washed and neutralized in 1 x TAE buffer for 30 min and sub-
sequently stained in a 0.02% SYBR Gold solution in 1x TAE buffer.
The gel was imaged under UV light using a Bio-Rad GelDoc system.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.
1016/j.0mtm.2020.10.001.
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