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Glycosylation of biopharmaceuticals can affect their safety and
efficacy. Glycans can occur on recombinant adeno-associated
viruses (rAAVs) that are used for gene therapy; however, the
types of glycans that attach to rAAVs are controversial. Here,
we conducted lectin microarray analyses on six rAAV serotype
6 (rAAV6) preparations that were produced differently. We
demonstrate that O-glycans considered to be attached to
rAAV6 were recognized by Agaricus bisporus agglutinin
(ABA) and that N-glycans were detected in rAAV6 purified
without affinity chromatography. Liquid chromatography-tan-
dem mass spectrometry (LC-MS/MS) analysis showed that the
N-glycans detected in rAAV6 were derived from host cell pro-
teins. A combination of ABA-based fractionation and LC-MS/
MS revealed that rAAV6 was O-glycosylated with the mucin-
type glycans, O-GalNAc (Tn antigen), and mono- and di-sialy-
lated GalB1-3GalNAc (T antigen) at S156, T162, T194, and
T201 in viral protein (VP) 2 and with O-GIcNAc at T242 in
VP3. The mucin-type O-glycosylated rAAV6 particles were
0.1%-1% of total particles. Further physicochemical and bio-
logical analyses revealed that mucin-type O-glycosylated
rAAV6 had a lower ratio of VP1 to VP2/VP3, resulting in a
lower transduction efficiency both in vitro and in vivoe
compared with rAAV6 without mucin-type O-glycans. This
report details conclusive evidence of rAAV glycosylation and
its impact on rAAV-based therapeutics.

INTRODUCTION

Recombinant adeno-associated viruses (rAAVs) are promising vehicles
for target genes in gene therapy because of the low immunogenicity of
wild-type AAV in humans; broad tissue tropism, including the central
nervous system; and long-term expression in non-dividing cells.'
rAAVs are composed of a single-stranded DNA (ssDNA) coding a
gene of interest inside a capsid that is made of 60 subunits, mainly viral
protein (VP) 1, VP2, and VP3, and a minor component, VP3,ariane

Post-translational modifications (PTMs) can alter the structure, dy-
namics, and, ultimately, the function of proteins. For rAAVs, ubiqui-
tination, phosphorylation, SUMOylation, acetylation, oxidation, and
deamidation PTM:s have been identified. The levels of these modifica-
tions vary among different serotypes and because of the cell line used
for production, such as Sf9 and HEK293; lot-to-lot differences; and
storage conditions.”” Almost all of the methionine-truncated VP1
and VP3 N-termini are generally acetylated,” and the introduction
of mutations that suppress the acetylation reduces transduction effi-
ciency.'” Tyrosine phosphorylation facilitates the ubiquitination of
rAAV capsids, which is followed by proteasome degradation.'" Inter-
estingly, deamidation of specific asparagine residues can reduce trans-
duction efficiency and increase immunogenicity.'>"> Although the
glycosylation of AAVs has also been reported, the types of glycans
involved are controversial; two studies have reported that N-glycans
attaches to AAV serotype 2 (AAV2),>"* while another study has
shown that introduction of glycosylation into T14N mutants in-
creases transduction efficiency.'” However, another study has re-
ported that AAV2 is not glycosylated.'® Similarly, several studies
have reported AAV8 modified with N-glycans,”'*'” whereas another
study reports only O-Linked N-Acetylglucosamine (O-GIcNAc)
attached to AAVS."

If rAAV is naturally glycosylated during the manufacturing process,
then it is necessary to consider whether the glycosylation is a
critical quality attribute that influences transduction efficiency and
immunogenicity. Studies on antibodies have reported immunogenic
glycan structures; galactose-o.1,3-galactose attached to cetuximab is
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Table 1. rAAV6 preparations used for lectin microarray analyses

Name Supplier Genome size (bases) Cell line Cell type Affinity Density gradient
Sample 1 SR 3,342 HEK293T adherent yes iodixanol
Sample 2 SG 2,521 HEK293T adherent yes CsCl

Sample 3 TK 2,521 HEK293T adherent yes CsCl

Sample 4 VB 2,521 HEK293T adherent no CsCl

Sample 5 VB 2,521 HEK293T adherent no CsCl

Sample 6 in-house 4,133 HEK293 suspension yes CsCl

Samples 1-5 were purchased from four different suppliers. SR, Sirion Biotech, SG, SignaGen Laboratories, TK, Takara Bio Inc., and VB, Vector Builder. Samples 4 and 5 were different

lot numbers. Samples 6 was manufactured in house.

recognized by immunoglobulin E (IgE) and induces anaphylaxis,19
and, similarly, N-glycolylneuraminic acid (NeuGc) induces anti-
NeuGe-IgG to generate immune complexes.”” Such glycans often
attach to proteins during production in non-human mammalian
cell lines and/or animal sera; therefore, it is unlikely that rAAVs pro-
duced in the human cell HEK293 and HEK293T are modified with
those glycans. However, if the glycans are attached to the rAAV cap-
sids, they may act as a carbohydrate epitope to produce antibodies
and cause immunogenicity. The difference in rAAVS8 glycosylation
between human and baculovirus-Sf9 production platforms was that
Sf9-produced rAAV8 has one more O-GIcNAc modification at
T633.'® Other modifications, such as acetylation, methylation, and
phosphorylation, have been observed at higher levels in Sf9-produced
rAAV8 compared with human cell-produced rAAV8.>'®

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) is
an effective technique for glycopeptide analysis. It can determine
both attached glycan structures and modification sites from diag-
nostic glycan fragment ions in collision-induced dissociation
(CID)/electron transfer dissociation (ETD) fragmentation spectra
produced by the fragmentation of glycopeptides.”**
one study has used mass spectrum data containing diagnostic glycan
fragment ions to determine the glycan modification sites.'® Here, we
studied rAAV6 to explore whether AAVs are glycosylated and, if so,
what types of glycans are attached to the capsid and whether any gly-
cans are associated with immunogenicity by combining LC-MS/MS
analysis with a lectin-based fractionation technique. The lectin micro-
array is a highly sensitive and high-throughput analytical method to
evaluate glycan profiles of proteins in solution that is based on the
ability of lectin to bind specific glycan structures.”>** Each lectin de-
tects distinctive glycan structures;> therefore, glycan profiles can be
estimated from the detected patterns. Lectin microarray analysis
was performed on six rAAV6 preparations produced differently to
find the lectins that can capture the glycans attached to rAAV6. We
then performed peptide mapping to screen for rAAV6 glycosylation
recognized by lectins. Subsequently, we fractionated rAAV6 using
Agaricus bisporus agglutinin (ABA), which potentially recognizes gly-
cans attached to rAAV6 particles, and conducted LC-MS/MS analyses
of the fractionated rAAV6 to more precisely identify glycans in
rAAV6. The ABA-bound rAAV6 particles accounted for only
0.1%-1% of total particles but were successfully enriched using

However, only

ABA-immobilized beads, leading us to observe mucin-type O-glycan
clusters attached to rAAV6 capsid particles. Moreover, we evaluated
the impact of mucin-type O-glycosylation on particle size distribu-
tion, VP ratio, and in vivo and in vitro transduction efficiencies. These
studies showed that mucin-type O-glycosylated rAAV6 had a lower
VP1 ratio, resulting in lower transduction efficacy both in vitro and
in vivo, than rAAV6 without mucin-type O-glycans. This study pro-
vides conclusive proof of the glycosylation of rAAVs, which is impor-
tant for the consideration of critical quality attributes of rAAV-based
therapeutics.

RESULTS

Lectin microarray analyses of rAAV6 glycan profiles

Lectin microarray analysis was conducted for six rAAV6 preparations
produced by different methods (Table 1). As shown in Figure 1A,
samples 1-3 had similar glycan profiles with high signal intensities
for Agrocybe cylindracea galectin (ACG), ABA, and Artocarpus integ-
rifolia lectin (Jacalin). Samples 4 and 5 had relatively higher signal in-
tensities for lectins from Sambucus nigra agglutinin (SNA) to Datura
stramonium agglutinin (DSA) and Tulipa gesneriana lectin_I
(TXLC_I) compared with those of samples 1-3. Sample 6 showed rela-
tively low signal intensities for all lectins, except Maackia amurensis
hemagglutinin IT (MAH).

Principal-component analysis (PCA), which can extract features from
multivariate data,”® was applied to lectin microarray data from three
different concentrations of each sample to investigate the difference
in glycan profiles of the analyzed rAAV6. As shown in Figure 1B,
the PCA score plot shows separation as a function of principal
component (PC) 1. Samples 1-3 and 6 were placed in the left group
and samples 4 and 5 in the right group. In the PCA loading plot, lec-
tins recognizing N-glycans, such as TxLC_I, Phaseolus vulgaris eryth-
roagglutinin (PHA(E)) and DSA, localized to the slightly positive side
of PC1, whereas ABA and Jacalin (which can commonly bind to
O-glycan core 1), MAH (which can bind to «2,3-sialylated Galp1-
3GalNAc in O-glycans), and ACG (which can bind to 2,3 sialic
acid), localized to the negative side (Figure 1C).”>*”*° Notably,
ABA was located on the strongly negative side, which means that
the relative intensity of the signal associated with the interaction of
rAAV6 and ABA to the N-glycan-related signals is the strongest
determining factor for the classification. Samples 1-3 and 6 in the
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Figure 1. Lectin microarray analyses of rAAV6
produced by different methods

Sample 1 Sample 4

(A) Representative glycan profiles of six rAAV6 prepara-
tions produced by different methods. The plot shows the
mean-normalized signal intensities with standard diviation
(SD) from triplicate spots of the 42 lectins for 2.5 x 10° vg.
The signals of O-glycan recognition lectins, ACG, ABA,

Average Normalized inteinsity (%) 3

Average Normalized inteinsity (%)

Jacalin, and ACG, are indicated for all samples; N-glycan
recognition lectins are additionally indicated for samples 4

and 5. (B and C) PCA score (B) and loading plot (C) based
on the glycan profiles obtained by lectin microarray ana-
lyses. Different samples are represented with different
colors. The colors of the dots in the PCA score plot

Average Normalized inteinsity (%)
Average Normalized inteinsity (%)

GsLI B4

correspond to the bars in the glycan profiles of each
sample. The number of each dot corresponds to the

sample information used for the PCA analysis shown in
Table S1. Representative N-glycan-recognized lectins are
shown in blue and O-glycan-recognized lectins in red in

Average Normalized inteinsity (%)
Average Normalized inteinsity (%)

s s Y v the PCA loading plot.
: : il
i H §
B c seen in our previous studies.’’”’* These results
15 s agree with the hypothesis that.the higher inten-
" sity of the N-glycan-related signals in samples
10 . 08 MAH 4 and 5 is caused by the detection of N-glycans
100 1 attached to contaminating HCPs. Therefore,
5 0.4 rAAV6 particles are potentially O-glycosylated
oo o s 214 15 “ Ace .‘.. bsA with .51a11c acids, which are recogm.zed by .ABA,
0 8 ve v O o 0 oA 8 *PLA(E) Jacalin, MAH, and ACG, and, if insufficiently
[ . 1’ n . * ] el purified, co-exist with N-glycosylated HCPs.
-5 5 \ -0.4 .
0 o8 Jacaln Analysis of rAAV6 glycopeptide by MS
45 -0 -5 0 5 10 15 08 -0.4 0 04 08 Lectin microarray analysis indicated that rAAV6
PC1 PC1 particles were modified with O-glycans contain-

left group were purified by affinity chromatography, whereas samples
4 and 5 were only purified by density gradient ultracentrifugation.
These results indicate that the method used to purify rAAV6 affects
its glycan profile; rAAV6, which is highly purified by affinity chroma-
tography and density gradient ultracentrifugation, contains mainly
O-glycans with sialic acids, whereas moderately purified rAAV6 not
purified by affinity chromatography has a higher content of N-gly-
cans. Therefore, the N-glycans detected in rAAV6 are likely to be
mainly derived from host cell proteins (HCPs).

Proteome analysis of sample 4 showed that rAAV6 was contaminated
with several proteins derived from bovine serum, possibly from the
culture medium, and from the human HEK293T cells used for pro-
duction (Table S2). Human galectin 3-binding protein, which is
known as M2BP and a possible major AAV6 hitchhiker protein,”
was also identified. The M2BP content in samples 4 and 5 was
much higher than that in samples 1-3 (Figure S1A). Sialidase treat-
ment of samples 4 and 5 caused the M2BP band to shift, and the
peptide derived from M2BP in sample 4 was identified with
HexNAcgHex;FucNeuAc, modification (Figures S1B and SIC);
therefore, M2BP is a protein highly glycosylated with sialic acids, as
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ing sialic acids. We then applied glycopeptide
mapping using LC-MS/MS with CID fragmentation of highly purified
rAAV6 (samples 1-3) to identify the glycans attached to rAAV6 cap-
sids that are recognized by the lectin. We identified N-acetylhexos-
amine (HexNAc) modification to V239-R245 across all samples,
indicating that the modification is independent of the upstream pro-
cessing method (Figures 2A, 2C, and S2A). m/z 138 was observed, but
m/z 144 was not observed in CID spectra; therefore, the identified
HexNAc was assigned as O-GIcNAc.”® By comparing the MS area,
the O-GlcNAc glycosylated peptide was estimated to be 0.05% of
total glycosylated and unmodified peptides (Figure S2B). Unfortu-
nately, the O-GlcNAc binding site was not determined because
the V239-R245 peptide contains three threonine residues and one
serine residue, which are potential O-glycosylation sites. The
HexNAcHexNeuAc, modification at T162 was detected only in
sample 3 (Figures 2A and 2B), which might be because of the differ-
ence in the glycosylation level in each sample, since our lectin
microarray analysis indicated that samples 1-3 have the same glyco-
sylation profiles (Figure 1A). Considering that samples 1-3 were pro-
duced by the same cell line and purification methods but were from
different suppliers, as shown in Table 1, this O-glycan may therefore
be affected by production conditions; i.e., medium and culture
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A Figure 2. Glycopeptide analysis of rAAV6 by LC-MS/
M1 T138 M203 L736 MS with CID fragmentation
C—_——) ’ Cl ) (A) Schematic of identified glycans and glycosylation
S T sites. O-GIcNAc is depicted as a blue square, O-GalNAc
T162 VV239-R245 ) o
as a yellow square, galactose as a yellow circle, and sialic
‘_&D—S .—S acid as a magenta diamond. (B) The CID mass spectrum
of T162-K168 modified with HexNAcHexNeuAc,. (C) The
CID mass spectrum of V239-R245 modified with
HexNAc.
B T(HexNAcHexNeuAc,) GQQPAK
81 [Pep]*
o 6 .
= be no fraction that bound to ABA. However,
o
i . when the initial amount of rAAV6 was
= NeuAcife increased 100-fold, a band corresponding to
g ) Hefﬁﬁé\§§6= | {417 [PepﬂjeXNAC] VP3 appeared (Figure 3A). This indicated
£ b HexNeuAc [Pep+HexNAcHex]* that ABA-bound rAAV6 particles accounted
C,HgNO,iHexN y3 ] b /
N r S b4 | [Pep+HexNAcNeuAc]* f 1 . lv 1% of al il
NI { or only approximately 1% of total particles.
0 i L e T - T T — T \ . . .
0 200 400 600 800 1000 1200 1400 1600  The ABA signals disappeared in the unbound
iz rAAV6 fraction (Figures 3B and S3); therefore,
C VITTSTR + HexNAc . . .
we considered that the rAAV6 particles, which
.l [Pep]* have O-glycans recognized by AB{\, were suc-
_ C,HNO, HexNAC-18 cessfully captured by the ABA-immobilized
8 31 g s 13808 / HexNAc beads. We therefore conducted a large-scale
Is3 - / 204.09 . . .
2 | HexnAc-36 g HexNAc-36 purification using the same method as that
=21 | HexNAc-18 2 04 [ | b2 used for small-scale fractionation. When
g C7H3N92}a HexNAG 2 o L | || !l 2.1 x 10" vg of sample 2 was applied on to
£ 14 i 52 2 y3 ya b§ 100 150 vz 200 the beads, the total vg of the unbound, washed,
AT RN and bound fractions was calculated by droplet
0 A . . . . . i
0 200 400 600 800 1000 1200 1200 1600 digital PCR (ddPCR). The recovery rate was
iz 46%, probably because of rAAV6 lost by

conditions. O-GIcNAc is generally not modified with sialic acid;**
therefore, HexNAcHexNeuAc, at T162 is considered an O-GalNAc
derivative, di-sialylated GalB1-3GalNAc (T antigen). Therefore, in
lectin microarrays, ABA, Jacalin, MAH, and ACG are considered to
recognize this O-glycan of rAAV6. Although MS searches also
included N-glycan modifications, no N-glycans attached to unique
rAAV6 peptides were detected in any of the rAAV6 samples.

Fractionation of rAAV6 particles using ABA-immobilized beads

To further characterize rAAV6 glycosylation, we used sample 3 and
fractionated rAAV6 particles with O-glycans by ABA capture, which
potentially recognizes the O-glycans attached to rAAV6 capsids.
ABA-immobilized magnetic beads were incubated with rAAV6. Af-
ter the beads’ absorption with a magnet, the supernatant was
collected as the unbound fraction. The nonspecific bound compo-
nent was washed out by 0.5 M glycine and 1% poloxamer-188 in
Tris-buffered saline (TBS) as the wash fraction, and the bound
component was eluted by saccharides that compete with the ABA
binding glycoproteins as the bound fraction. When the amount of
rAAV6 applied was 1.3 x 107 vector genomes (vg), the bands cor-
responding to VP1, VP2, and VP3 observed by western blotting
were only present in the unbound fraction, and there appeared to

adsorption to the tools during fractionation.

The rAAV6 particles firmly captured by ABA
accounted for 0.1% of the total particles (Figure 3C); this is based
on the assumption that ABA-bound and unbound rAAV6 particles
have the same adsorption properties on the tools. The amount of
ABA-bound particles determined by western blotting showed a
similar value of 0.5% of the total particles. These results indicate
that sample 2 was modified with a lower level of O-glycans bound
to ABA than sample 3 (namely, O-GalNAc derivatives), which is
supported by the fact that the glycan was only detected in sample
3 (Figures 2A and 2B). Therefore, rAAV6 is considered to be
commonly modified with ABA-bound O-glycans, with modification
levels varying from 0.1% to 1%.

MS analysis of glycopeptide in ABA-fractionated rAAV6

Although CID fragmentation is useful for exploring the glycosylation
of proteins, it mainly induces the fragmentation of glycan structures
but with limited fragmentation of peptide backbones, making it diffi-
cult to identify the amino acid residues that are glycosylated. We
therefore applied LC-MS/MS with hybrid electron-transfer/higher-
energy collision dissociation (EThcD) fragmentation for glycopeptide
analysis of rAAV6 particles after fractionation by ABA. However, the
sample amount produced by the small-scale purification was
sufficient for ABA-unbound fraction analysis, whereas ABA-bound
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A Input Figure 3. Fractionation of rAAV6 using ABA-
(*x107 vg/lane) immobilized beads
'8 100 x r_l_\ (A) Western blot of rAAV6 purified by ABA at a small scale.
— 3 [Te) Untreated rAAV6 applied at 1.3 x 107 vg is “Input,” rAAV6
g_ -§ Bound Bound 8 ﬁ % collected from supernatant after incubation is “Unbound,”
s 5 —~— —/— o <= o and rAAV6 eluted from ABA-immobilized beads is “Bound.”
The result of the elution fraction for 1.3 x 10° vg is shown as
KkDa 1 2 3 4 5 6 7 8 9 “100 x Bound”. (B) The ABA signals detected by lectin
150 — | microarray for 2.5 x 10'° vg rAAV6 samples as described
for western blotting. (C) The total vg of each component
100 — after the fractionation of rAAVE. rAAV6 not bound to ABA is
“Unbound,” non-specifically bound to ABA is “Wash,” and
75 — - VP1 bound to ABA is “Bound.” The total vg of each fraction was
-d VP2 calculated by ddPCR.
o — RS- S——— — e VP3
37 —

analyzed using Mascot and Byonic. Byonic
B c searches of the ABA-unbound peptides identi-
fied HexNAc modification to D154-G177 and
Amount (vg)  Ratio (%) HexNAcHexNeuAc2 modification to D184-
Input - Unbound 94x10 974 A212. For in-depth analysis of the identiﬁeﬁi gly-
copeptides, we performed GRable analysis on
Unbound - Wash 2.4%10"2 2.4 the peptides D154-G177 and D184-A212 for
Bound 1.2x10M 0.1 the MS results of both the unbound and the

fraction analysis was difficult even after the large-scale purification
because of the low abundance of glycopeptides. We therefore
optimized the sample treatment of the post-fractionation and
re-fractionated the peptides digested from the ABA-bound fraction
when 1 x 10" vg of sample 1 was applied, as shown in Figure S5.

The ABA-unbound fraction of rAAV6 was digested with Asp-N and
Lys-C on an S-trap column instead of trypsin to generate relatively
longer peptides, which are suitable for EThcD fragmentation. The ob-
tained MS spectra were analyzed using the glycan analysis software
Byonic. As shown in Figures 4A and S4, based on the EThcD frag-
mentation pattern and an m/z intensity ratio of 138-144 for the
higher-energy collision dissociation (HCD) fragmentation pattern,
only the HexNAc modification, O-GlcNAc, was identified at T242
in the unbound fraction of rAAV6. This was consistent with the
rAAV6 pre-fraction analysis that showed T241, T242, S243, or
T244 to be potential modification sites for O-GlcNAc (Figures 2A
and 2C).

The ABA-bound fraction of rAAV6 was also digested with Asp-N
on an S-trap column after ethanol precipitation to remove the sur-
factants and competitive saccharides in the elution buffer. We then
incubated the digested peptides with ABA-immobilized beads and
eluted the ABA-bound peptides with GalNAc solution. The ABA-
unbound peptides were further enriched for glycopeptides with
Amide-80 to avoid ion suppression by non-glycopeptides. The un-
bound and bound peptides were analyzed by LC-MS/MS
with EThcD fragmentation, and the obtained spectral data were

Molecular Therapy: Methods & Clinical Development Vol. 32 June 2024

bound peptides. GRable, recently released in

the GlyCosmos portal by Nagai-Okatani
et al,” can predict glycan composition on peptides from MS1
and retention time, unlike MS/MS spectrum-based searches in By-
onic. GRable predicted glycosylation clusters on D154-G177 of
the unbound peptides and on D184-A212 of the bound peptides,
including additional glycan structures that were not identified by
Byonic (Figures 4A, 4B, and S6). The ion chromatograms were
then extracted for the signals of each peptide that showed glycan
structures identified in both GRable results. The peaks of both
HCD and EThcD spectra for each signal were then assigned.

For D154-G177, the EThcD spectra clearly identified the HexNAc
modification at S156 or T162 and the HexNAcHexNeuAc,
modification at T162 (Figure S7). The identified HexNAc was assigned
as O-GalNAc (Tn antigen), and HexNAcHexNeuAc, was assigned as a
mucin-type O-glycan, di-sialylated GalB1-3GalNAc, based on the HCD
spectra (Figure S8). Unfortunately, the signal to confirm the modifica-
tion site at 44.5 min was derived from poor fragmentation; therefore, we
presumed that the peptide was modified di-sialylated GalB1-3GalNAc
at S156 because the elution time interval between the signal of the pep-
tide with O-GalNAc at T162 and that with O-GalNAc at S156 was the
same as that between the signal of the peptide with di-sialylated
GalB1-3GalNAc at T162 and the signal at 44.5 min. The glycosylation
of T162 was consistent with the pre-fractionation result, as shown in
Figures 2A and 2B. Although MS/MS spectra were not obtained, the
signal for the peptide with two HexNAc residues observed at
39.6 min could be assigned as the peptide that was glycosylated
simultaneously at both S156 and T162. For DI184-A212,
EThcD clearly identified two glycosylation sites: T194 modified with
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A Unbound

M1 T138 M203
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Figure 4. Glycopeptide analysis of rAAV6 by LC-MS/
MS with hybrid electron-transfer/higher-energy
collision dissociation fragmentation

( ) a

) (A) Schematic of identified glycans and glycosylation

Bound T242S

e 0&3'5 0 L T201 O

sites. O-GIcNAc is depicted as a blue square, O-GalNAc
as a yellow square, galactose as a yellow circle, sialic acid
as a magenta diamond, and HexNAc as a white square.
(B) Extracted ion chromatograms of D184-A212

i I

) modified with two oxidation and mucin-type O-glycan

T162 T194 O-O11
oSHOS || &5 ST s

B  DPQPLGEPPATPAAVGPTTM(oxi)ASGGGAPM(oxi)A

+HexNAcHex
+HexNAc,HexNeuAc,

+HexNAc, +HexNAG

+HexNAc,HexNeuAc

Intensity (x10000)
[}

+HexNAc,Hex
[V 1

+HexNAcHexNeuAc,

clusters. The signal of peptide with HexNAc (m/z
961.1129 + 0.005) is colored black, HexNAcHex (m/z
1015.1305 + 0.005) blue, HexNAc, (m/z 1028.8060 +
0.005) red, HexNAco,Hex (m/z 1082.8236 + 0.005)
green, HexNAcHexNeuAc (m/z 1112.1623 + 0.005)
orange, HexNAc,HexNeuAc (m/z 1179.8554 + 0.005)
purple, HexNAcHexNeuAc, (m/z 1209.1941 + 0.005)
red, and HexNAcsHexNeuAc, (m/z 1276.8872 + 0.005)
magenta. (C) The EThcD mass spectrum of D184-A212
modified with HexNAcoHex.

as mono-sialylated GalB1-3GalNAc, an interme-
diate in O-glycan synthesis from O-GalNAc to
di-sialylated GalPB1-3GalNAc. The HCD frag-
mentation pattern of each peptide with the

57 58 59 60 Retemi‘?n i (mi@;f) 63 64 65 66 same modification at different retention times
showed that they were modified with glycans
C DPQPLGEPPAT (HexNAcHex)PAAVGPT (HexNAc)TM(oxi)ASGGGAPM(oxi)A linked in different manners, o2,3 linked and
30 1 [Pep+HexNAc,Hex+H]*2 2,6 linked (Figure S11). The types of glycans
for HexNAc at T201 were not determined to be
251 O-GalNAc or O-GlcNAc from HCD spectra
20 because the fragment ions of HexNAc at T201
g [Pep+HexNAc,Hex+H]*> were always detected with glycans at T194 and
% 15 [Pep+HexNAc,+H]' [Pep+HexNAG)"2 mixed with the fragment ions from glycans at
g | T194. Notably, in contrast to the result of the di-
£ 10 1 HexNAc i gested peptides from the ABA-unbound fraction
= : 6 211 (Pep]*? of rAAV6, no glycosylation was observed for the
5] Z§4 Z5 2766 28,4 210 peptide containing T242. In short, the ABA-un-
0 A | | L] i I i ,| A . | h [ ' bound fraction of rAAV6, which accounted for
0 200 400 600 800 1000 1200 1400 1600 1800 2000  more than 99% of total particles, was modified

m/z

mucin-type O-glycans, HexNAc as O-GalNAc and HexNAcHex
as GalB1-3GalNAc, and HexNAcHexNeuAc, as di-sialylated GalP1-
3GalNAc and T201 modified with HexNAc (Figures 4B, 4C, and S9).
Two methionine residues were mostly oxidized in the analyzed peptide.
The peptide was not oxidized when the ABA-bound rAAV6 was di-
gested without the S-trap column, indicating that the oxidation
occurred during the S-trap digestion step and ABA fractionation after
digestion, as shown in Figure S10. The glycosylation sites of the peptides
modified with HexNAcHexNeuAc or HexNAc,HexNeuAc detected at
two different retention times could not be determined because of poor
EThcD spectra. T194 was identified with O-GalNAc derivative modifi-
cations, whereas there was only HexNAc modification of T201, indi-
cating that HexNAcHexNeuAc can be attached to T194 and assigned

only with O-GIcNAc at T242, whereas ABA-

bound rAAV6 was modified with O-GalNAc or
O-GalNAc derivatives at S156, T162, and T194 and with O-GIcNAc
or O-GalNAc at T201.

Physicochemical and biological characterization of rAAV6
particles fractionated by ABA

The identified mucin-type O-glycans in the VP2 region may influence
physicochemical and biological properties of rAAV6. To characterize
the effect of rAAV6 glycosylation on particle distribution and VP ra-
tio, band sedimentation analytical ultracentrifugation (BS-AUC) and
capillary electrophoresis sodium dodecyl sulfate (CE-SDS) were per-
formed for the large-scale fractionated rAAV6. BS-AUC can
completely separate the ¢(s) distribution of full particles (FP) that en-
capsidate a full-length genome, empty particles (EP) without a

6 Molecular Therapy: Methods & Clinical Development Vol. 32 June 2024



www.moleculartherapy.org

L.

920

0.15 0.08 q

0.06 1

0.10 0.04 4

0.02 {

IS
=)

0.05

o

w
S

AU/S)

0.02 1

n
=)

Absorbance (Au)

@ 0.02
T

VP stoichiometry

o
4
5}

0.01

o

0 v v v v v 3
12 16 18 20 22 24
Migration time (min)

10 50 130 170

S20,w

100 30

20

GFP positive cell (%)
FIX:C (%)
FIX:Ag (%)

0

VP1

Figure 5. Physicochemical and biological
characterizations of rAAVG6 particles fractionated by
ABA

(A) The c(s) distributions profiles of unbound and bound
fractions of rAAV6. (B) Electropherograms of unbound
and bound fractions of rAAV6 and VP ratios of each
rAAV6. (C) The proportion of GFP-positive viable cells
evaluated by flow cytometry at five MOIs (2.5 x 10°,
5 x 108 1 x 10% 2 x 10% and 4 x 10% in unbound and
bound fractions of rAAV6. (D) FIX:C and FIX:Ag of mouse
plasma measured 2, 4, 6, and 8 weeks after
administration of pre-bound, unbound, and bound
fractions of rAAV6. Each value was subtracted from the
value at the time of administration. All plots show pre-
fractions of rAAV6 in black, unbound fractions in blue,
and bound fractions in magenta. Error bars show SD
values caluclated from triplicate measurements (A, B,
and C) or four mices (D).
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genome, and partially or extra-filled particles and aggregates from a
small amount of sample.’® CE-SDS is a method to quantify the VP ra-
tio from the peak area of separated VPs and their molar absorption
coefficient.”

As shown in Figure 5A, two major peaks, at98.1 £ 1.1 Sand 69.2+ 0.9,
were observed in the ¢(s) distribution profile for the unbound fraction of
rAAV6. Based on the amino acid and genomic sequences used in this
study, we concluded that the 98.1 and 69.2 S peaks corresponded to
FPs and EPs, respectively. Surprisingly, the peak corresponding to
EPs disappeared in the bound fraction, indicating that only FPs were
modified with mucin-type O-glycans interacting with ABA. CE-SDS
analysis produced three major peaks, at 20, 21, and 22 min, for the un-
bound fraction of rAAV6 (Figure 5B). These peaks corresponded to
VP3, VP2, and VPI, respectively, based on our previous study.” Only
two major peaks, at 20 and 21 min, were observed for the bound frac-
tion, meaning that mucin-type O-glycosylated rAAV6 particles incor-
porated a small amount of VP1 into the capsid. This was consistent
with VP1 not being detected by western blotting, as shown in Figure 3A.
The VP ratio calculated from the peak area in the electropherogram was
VP1:VP2:VP3 = 4.66:4.05:51.28 (x0.07:0.09:0.10) for the unbound frac-
tion of rAAV6 and VP1:VP2:VP3 = 0.08:9.02:50.90 (+0.00:0.03:0.03)
for the bound fraction of rAAV6.

The VP1 unique region contains a phospholipase A2 domain, which
is important for endosomal escape;’”*® therefore, mucin-type O-gly-
cosylated rAAV6 particles possibly have a low transduction efficiency
because they lack VP1. To confirm this hypothesis, cultured cells were
incubated at dose-ranging multiplicity of infections (MOIs) with
rAAV6 recovered from post-ABA fractionation. Then, the number
of transduced cells that express the transgene carried by rAAV6
was quantified by flow cytometry. The transduction efficiency of
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the ABA-unbound fraction was up to 94.4% +
0.3% at MOI 4 x 10* whereas that of the
ABA-bound fraction at the same MOI was
only 10.0% + 0.2% (Figure 5C). To further examine the transduction
efficiency of the fractionated rAAV6 in vivo, we constructed and frac-
tionated rAAV6 harboring the human coagulation factor IX (hFIX)
gene with the Padua mutation (R338L) driven by the liver-specific
HCRhAAT promoter. C57BL/6 mice were administered 4.5 x 10°
vg/mouse of each rAAV6 fraction through the jugular vein, and
then plasma hFIX activity (FIX:C) and antigen (FIX:Ag) were
measured at the time of administration and 2, 4, and 8 weeks after
administration, with 8 weeks as the endpoint. As expected from the
in vitro transduction efficiency results, the levels of FIX:C and
FIX:Ag were only slightly increased in the bound fractions after vector
injection (Figure 5D). For the unbound fraction, the levels of FIX:C
and FIX:Ag were higher, but not significantly, compared with that
of pre-fraction rAAV6 because of the low amount of mucin-type
O-glycosylated rAAV6 in the unbound fraction. Additionally, the
number of rAAV6 genomes and hFIX mRNA levels within the liver
8 weeks after administration were significantly lower in mice treated
with the bound fraction compared with the unbound fraction (Fig-
ure S12). The BS-AUC showed that the bound fraction contained
only FP, indicating that the low transduction efficiency of the bound
fraction was not caused by genome content but by the low abundance
of VP1 in the ABA-bound particles. Unfortunately, the possibility
that glycans directly influence transduction efficiency cannot be ruled
out in this experiment because the premise is that AAVs lacking VP1
have no infectivity when co-infected with adenoviruses.” Therefore,
mucin-type O-glycans attached to the VP2 region of rAAV6 may
reduce the abundance of VP1 in the capsid, resulting in low transduc-
tion efficiency both in vitro and in vivo.

DISCUSSION

Glycosylation of AAV has been reported in previous studies;
however, there is little concrete evidence to show where in the AAV

6,9,14-18
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Figure 6. A structural model of rAAV6 glycosylation

(A) A structural model of the VP2 and VP3 region of rAAV6 modified with O-GIcNAc
and O-GalNAc. The crystal structure of AAV6 VP3 (PDB: 30AH) was used for A218-
L736, whereas A139-A217 was derived from the VP2 structure, as modeled by
AlphaFold2.*" The glycans were attached by CHARMM-GUI Glycan Modeler.*? O-
GIcNAc is colored blue, O-GalNAc in magenta, the VP2 region in orange, the
modeled VP3 in green, and VP3 from the crystal structure in gray. (B) A structural
model of rAAV6 capsid based on the crystal structure of AAV6 VP3 (PDB: 30AH). A
whole capsid is shown on the left and a sliced-through capsid on the right. The
residues colored blue are T242, which was identified as an O-GIcNAc attachment
site.

capsid each type of glycan is attached, the exception being a study of
AAVS that produced glycopeptide mass spectra.'®

Our comprehensive glycan profiling by lectin microarrays revealed
that ABA can potentially recognize the O-glycans attached to
rAAV6 capsids, whereas N-glycan-binding lectins can recognize the
contaminants of HCPs. This indicates that glycosylation analysis of
rAAV requires the use of highly purified samples to avoid the analysis
of HCP glycosylation.

The mass spectrometry analysis of ABA-fractionated rAAV6 showed
that O-GIcNAc at T242 in VP3 was not observed in the ABA-bound
fraction but only in the ABA-unbound fraction, whereas the mucin-
type O-glycosylation clusters, O-GalNAc derivatives with sialic acids,
were only identified in VP2 in the ABA-bound fraction. These results
indicate that O-GIcNAc in VP3 and mucin-type O-glycan modification
in VP2 do not occur simultaneously; that is, if rAAV6 particles are
modified with O-GIcNAg, then the particles do not undergo mucin-
type O-glycan modification and vice versa. Thus, HexNAc at T201,
the glycan types of which could not be determined by MS spectra, is as-
signed as O-GalNAc. Here, since the amount of peptide modified with
O-GlcNAc in the rAAV6 pre-fraction was calculated to be approxi-
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mately 0.05% of all modified and unmodified peptides, as shown in Fig-
ure S2, the binomial theorem showed that rAAV6 modified with
O-GlcNAc accounts for about 3% of the rAAV6 particles without
mucin-type O-glycan, which is 99.9% of the total particles, when VPs
containing O-GlcNAc are uniformly contained in each particle.

Interestingly, the peptides modified with O-GalNAc or di-sialylated
GalPB1-3GalNAc were identified in both ABA-bound and ABA-un-
bound peptides, which indicates that O-GalNAc and di-sialylated
GalB1-3GalNAc by themselves do not strongly bind to ABA (Fig-
ure S13). However, rAAV6 must have several combinations of
mucin-type O-glycans because the capsid consists of 60 VPs, resulting
in an avidity effect that enhances the interaction with ABA. Therefore,
O-GIcNACc at T242 is not involved in the interaction of rAAV6 with
ABA, whereas the combination of mucin-type O-glycans at S156,
T162, T194, and T201 provide the main contribution to the binding
of rAAV6 particles to ABA with polyvalent interactions.*’

Despite MS searches including N-glycan modifications, N-glycans
attached to unique rAAV6 peptides were not detected in any
rAAV6 sample in this study. Considering that 0.05% of O-glycosy-
lated peptides were successfully identified in the pre-fraction of
rAAVE, even if rAAV6 was N-glycosylated, the N-glycosylated pep-
tides should constitute less than 0.05% of the total peptides. We
note that, if a high signal intensity for N-glycosylated peptides is
observed for rAAV, then careful consideration is needed to determine
whether the spectra are derived from contaminated HCPs. Therefore,
we conclude that rAAV6 is not or minimally N-glycosylated. These
results are consistent with a previous report that defined less than
1% as the upper limit for glycosylation of intact AAV2.'

The reported structure of rAAV6 places the O-GIcNAc at T242 of VP3
on the inside of the capsid (Figures 6A and 6B). The O-GlcNAc modi-
fication occurs within the nuclear and cytoplasmic compartments;**
therefore, O-GlcNAc at T242 may be attached to VPs before the forma-
tion of rAAV6 particles. Although the structure of 1-217 in VP1, VP2,
and the N-terminal region of VP3 has not been elucidated by X-ray
crystallography or cryoelectron microscopy,” mucin-type O-glycan
clusters at S156, T162, T194, and T201 in VP2 should be located at po-
sitions that are accessible by ABA. Accordingly, we propose the
following hypothesis for a rAAV glycosylation scheme with biosyn-
thesis of O-GalNAc glycans.** After VP synthesis, some VPs form par-
ticles without VP1. The particles then migrate to the nucleus for
genome packaging and extrude a portion of VP2 on capsid formation
or genome packaging. VP2 then undergoes O-GalNAc modification
through the rough endoplasmic reticulum to the Golgi apparatus stage
in an uncertain sequence. Alternatively, VP2 undergoes O-GalNAc
modification at the rough endoplasmic reticulum stage before particle
formation and then inhibits VP1 incorporation into the capsid. A
portion of VP2 is then extruded before Golgi migration, and O-GalNAc
attached to VP2 is further modified with sialic acids.

In this study, we revealed that rAAV6 is not or minimally N-glycosy-
lated and slightly O-glycosylated. Our lectin-based fractionation
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technique successfully enriched only mucin-type O-glycosylated
rAAV6 particles and allowed us to precisely detect mucin-type
O-glycan clusters attached to rAAV6 capsids despite the small num-
ber of glycosylated particles. The identified glycans did not contain
the high-risk glycan structures, such as galactose-o1,3-galactose,
which is responsible for immunogenicity;** therefore, the glycosyla-
tion of rAAV is not considered to be related to immunogenicity. Un-
fortunately, this study could not evaluate the direct influence of
mucin-type O-glycans on transduction efficiency. The number of
VP1 and VP2 incorporated into the capsid can alter the transduction
efﬁciency;ﬂ'(”47 therefore, further experiments using rAAVs that have
the same VP ratios but with or without glycosylation are needed to
answer this question. However, mucin-type O-glycosylated rAAV6
particles had a lower VP1 ratio, which resulted in lower transduction
efficiency than that of rAAV6 without mucin-type O-glycans. In other
words, mucin-type O-glycosylation of rAAV can indirectly influence
transduction efficiency. Glycosylation is therefore considered to be a
critical quality attribute for rAAV-based gene therapy drug products.
However, if the amount of glycosylation is negligible, as in the case of
rAAV6 produced by triple transfection of HEK293 or HEK293T cells,
then it may have only a small effect on the overall transduction effi-
ciency. This report details conclusive evidence that rAAV is O-glyco-
sylated and provides in-depth insight into rAAV glycosylation that
will impact rAAV-based therapeutics.

MATERIALS AND METHODS

Materials

rAAV6-CMV-EGFP was purchased from Sirion Biotech (Bavaria,
Germany), SignaGen Laboratories (Frederick, MD, USA), Takara
Bio (Shiga, Japan), and Vector Builder (Chicago, IL, USA). The en-
capsidated genome size and purification methods of each rAAV6
are shown in Table 1. To produce in-house rAAVS6, a transgene
plasmid (HCRhAAT-hFIX minigene), pAAV-Rep-Cap (serotype
6), and pAd helper were co-transfected into suspended Viral Produc-
tion Cells (VPC) 2.0 cells (Thermo Fisher Scientific, Waltham, MA,
USA) using the transfection reagent FectoVIR-AAV (Polyplus, Ill-
kirch, France) and cultured in a flask. 4 days after transfection, the
cells were harvested and lysed, and the lysate was filtered. rAAV6 par-
ticles were purified by affinity chromatography using AAVX pre-
packed columns (Thermo Fisher Scientific). To separate the FPs
and EPs, the purified AAVs were processed by cesium chloride ultra-
centrifugation. FP fractions were collected and dialyzed in 1 x Phos-
pho-buffered saline (PBS) buffer containing 200 mM NaCl and
0.001% poloxamer-188.

Lectin microarray

Differential glycan profiling of rAAV6 was performed by antibody
overlay lectin microarray as described previously.” Briefly, purified
rAAVs (2.5-40 x 10° vg) were diluted to 60 pL with TBSTx (1%
Triton X-100 in TBS) and then applied to a LecChip v.1.0 (Preci-
sion System Science, Chiba, Japan), which included triplicate spots
for each of the 45 lectins in each of the seven reaction wells. After
incubation at 20°C for 12 h, 20 pg of human serum polyclonal IgG
was added to the glass slide and incubated for 30 min. The reaction

solution was discarded, and the glass slide was washed three times
with TBSTx. Sixty microliters of biotinylated anti-AAV6 antibody
(610159, Progen Biotechnik, Heidelberg, Germany) solution in
TBSTx was applied to the array and incubated at 20°C for 1 h. Af-
ter washing three times with TBSTx, 60 pL of Cy3-labeled strepta-
vidin (Merck Millipore, Burlington, MA, USA) solution in TBSTx
was added to the array and then incubated at 20°C for 30 min.
The glass slide was rinsed with TBSTx and scanned by an evanes-
cent-field fluorescence scanner, GlycoStationReader2300 (emukk,
Mie, Japan). All data were analyzed with GlycoStationToolsPro
v.3.0 (emukk). The net intensity value for each spot was calculated
by subtracting the background value from the signal intensity
values of three spots. Data obtained under suitable time exposure
conditions with net intensities below 40,000 for all lectin spots
were used to obtain glycan profiles. The signals of Lycopersicon
esculentum lectin (LEL), Solanum tuberosum lectin (STL), and
Urtica dioica lectin (UDA) had high background noise caused by
undesirable binding to the detection antibody and were excluded
from the lectin microarray analysis. Finally, the mean signal inten-
sities with SD were calculated from triplicate spots and normalized
against the mean values of 42 lectins immobilized on the array.
PCA was performed for the mean-normalized signal intensities of
each rAAV6 preparation using the covariance matrix model in R
software (v.4.2.2).

Sample preparation for LC-MS/MS analysis with CID
fragmentation

Glycopeptides were prepared using a method modified from previous
studies.”™* rAAV6 was concentrated by acetone precipitation:
6 x 10" vg (10 pg VPs) was added to a 4-fold volume of ice-cold
acetone, incubated at —80°C for 1 h, centrifuged at 15,000 x g for
15 min at 4°C to precipitate the protein, and the supernatant
removed. The precipitated protein was dissolved in 100 mM Tri-
HCI (pH 9.0) containing 12 mM sodium deoxycholate and 12 mM so-
dium lauroylsarcosinate. The dissolved samples were reduced by in-
cubation at 25°C for 0.5 h in the presence of 10 mM dithiothreitol
and then alkylated by incubation with 20 mM iodoacetamide at
25°C in the dark for 0.5 h. The samples were 5-fold diluted by the
addition of MilliQ water and digested with 1/200 weight Lys-C for
1 h at 37°C. The Lys-C-digested samples were further digested with
1/100 weight trypsin for 4 h at 37°C. Digestion was arrested by adding
0.5% trifluoroacetic acid and 66% ethyl acetate. Centrifugation was
performed at 15,700 x g for 5 min at 25°C to remove the upper
ethyl acetate layer containing detergents, and the remaining ethyl
acetate was evaporated by vacuum drying for 0.5 h. The dried samples
were dissolved in 0.1% formic acid water, filtered through a 0.22-um
filter, and analyzed by LC-MS/MS.

LC-MS/MS with CID fragmentation for rAAV6

LC-MS/MS of glycopeptides was performed using a method modified
from a previous study.’ Briefly, NanoElute Ultra High Performance
Liquid Chromatography (CTC Analytics, Zwingen, Switzerland)
coupled to a trapped ion mobility spectrometer with a time-of-flight
instrument, timsTOF Pro (Bruker, Billerica, MA, USA), was used for
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LC-MS/MS of glycopeptides. Water containing 0.1% (v/v) formic acid
and acetonitrile containing 0.1% (v/v) formic acid were used as the
mobile phase. Glycopeptides were separated on a CI18 Aurora
UHPLC column with CSI Fitting (AUR2-25075C18A-CSI, Ion Op-
ticks, VIC, Australia) by applying an acetonitrile gradient from 0%
to 30% in 30 min at a flow rate of 0.4 uL/min. Data analysis with
ion mobility data was performed by Byos (ProteinMetrics, Cupertino,
CA, USA).

Small-scale fractionation of glycosylated rAAV6

A 20-pL suspension of 1 x 10'° vg of rAAV6 in TBSTx was incu-
bated overnight at 4°C with the equivalent volume of streptavidin
beads pre-conjugated with 2 pg biotinylated ABA (Mitsubishi Gas
Chemical Company, Tokyo, Japan). The supernatant was collected
as the “unbound fraction,” and the beads were washed three times
with 400 pL 1% poloxamer-188 in TBS. To remove nonspecifically
bound proteins, 20 pL TBS containing 1% poloxamer-188 and
0.5 M glycine were added to the washed beads and incubated at
50°C for 10 min. After removing the supernatant, 20 pL elution
buffer (Glycoprotein Eluting Solution for Galactose/GalNAc Bind-
ing Lectins, ES2100; Vector Laboratories, Newark, CA, USA) in
TBS containing 1% poloxamer-188) was added to the beads and
then incubated at 50°C for 10 min. The supernatant was collected
as the “bound fraction.”

Large-scale fractionation of glycosylated rAAV6

A 100 mL suspension of 2.1 x 10" vg of rAAV6 with TBSTx was re-
acted overnight at 4°C with 25 mL streptavidin beads pre-conjugated
with 2.5 mg biotinylated ABA. The supernatant was collected and
washed four times with 200 mL 1% poloxamer-188 in TBS. To re-
move nonspecific binding, 50 mL TBS containing 1% poloxamer-
188 and 0.5 M glycine was added to the washed beads and incubated
at 50°C for 10 min. For elution, 50 mL elution buffer was added to the
beads and incubated at 50°C for 10 min 1 x 10'® vg was also fraction-
ated for the LC-MS/MS analysis or 8 x 10" vg for the animal exper-
imentation following the method described above.

Western blot analysis

Each rAAV6 was denatured at 95°C for 5 min in sample buffer
(60 mM Tris-HCI [pH 6.8], 2 [w/v] % SDS, 10 [w/v] % glycerol,
and 0.005 [w/v] % BPB + 20 mM DTT). Denatured rAAV6s were
electrophoresed with 25 mM Tris, 192 mM glycine, and 0.1% (w/v)
SDS buffer under reducing conditions on 5%-20% polyacrylamide
gels (Fujifilm Wako Pure Chemical, Osaka, Japan) and transferred
to polyvinylidene fluoride (PVDF) membranes (Bio-Rad, Hercules,
CA, USA). After treatment with Block Ace (DS Pharma Biomedical,
Osaka, Japan), the membranes were incubated with 0.15 pug/mL of
anti-M2BP polyclonal goat antibody (R&D Systems, Minneapolis,
MN, USA) or 0.1 pg/mL of anti-AAV VP1/VP2/VP3 mouse mono-
clonal antibody (Progen Biotechnik) and then with anti-goat IgG-
horseradish peroxidase (HRP) or anti-mouse IgG-HRP. Membranes
were then incubated with ImmunoStar LD (Fujifilm Wako Pure
Chemical). For sialidase treatment, each rAAV6 was incubated with
sialidase A (ProZyme, CA, USA) at 37°C for 2 h.
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ddPCR

The concentration of FPs was measured by ddPCR. Free nucleic acids
in the sample solution were treated with DNase I (Takara Bio), fol-
lowed by inactivation of DNase I by EDTA (Nacalai Tesque, Kyoto,
Japan) (final concentration, 50 mM). The capsid was thermally dena-
tured to release the internal nucleic acid. Each sample was then
diluted in Tris-ethylenediaminetetraacetic acid (TE) buffer (pH 8.0)
(Invitrogen, Carlsbad, CA, USA) containing 0.05% poloxamer-188.
The sample and reaction mixture were mixed with ddPCR Supermix
(Bio-Rad), forward and reverse primers (final concentration, 0.9 uM),
and probes (final concentration, 0.25 pM). The following primers and
probes were used: Inverted Terminal Repeat (ITR) forward primer,
5'-GGAACCCCTAGTGATGGAGTT-3; ITR reverse primer,
5'-CGGCCTCAGTGAGCGA-3’; and ITR probe, 5'-[Fluorescein
(FAM)]-CACTCCCTCTCTGCGCGCTCG-[Black Hole Quencher 1
(BHQ1)]-3'. Droplets were generated using a QX200 Droplet Gener-
ator (Bio-Rad) with the above mixture and droplet generator oil
(Bio-Rad) in a DG8 cartridge (Bio-Rad). PCR reactions were con-
ducted after sealing each well in the PCR plate (Eppendorf, Hamburg,
Germany) using a PX1 PCR Plate Sealer (Bio-Rad) and a foil heat seal
(Bio-Rad). The PCR program consisted of 95°C for 10 min for
enzyme activation, followed by 40 cycles of 94°C for 30 s and 54°C
for 30 s. After the reaction, the plate was transferred to a QX200
Droplet Reader (Bio-Rad) for scanning with positive or negative bi-
nary fluorescence. It was confirmed that the number of droplets
used for measurement exceeded 10,000. The results (copies per
well) obtained from QuantaSoft v.1.7 (Bio-Rad) were then converted
to concentrations (vector genomes per milliliter).

LC-MS/MS with hybrid ETD/HCD fragmentation for fractionated
rAAV6

The ABA-fractionated rAAV6 was digested on an S-trap column
(Protifi, Huntington, NY, USA) using a workflow following the man-
ufacturer’s instructions after ethanol precipitation. Briefly, the frac-
tionated rAAV6 was reduced, alkylated, and acid denatured. All pre-
pared samples were then diluted in binding/washing buffer and
trapped on the column. After washing the column, 20 pL of
50 mM Tris-HCI containing Asp-N and Lys-C or Asp-N was added
to the column and digested at 37°C for 16 h under humidified condi-
tions. The resulting digested peptides were eluted with elution buffer,
lyophilized, and redissolved in 20 pL pure water. The digested pep-
tides from ABA-bound fraction were re-fractionated by ABA
following the fractionation method described above. After the re-frac-
tionation, ABA-unbound peptides were further enriched for glyco-
peptides with TSKgel Amide-80 (TOSOH, Tokyo, Japan) to avoid
ion suppression by non-glycopeptides. The re-fractionated ABA-un-
bound and ABA-bound peptides were analyzed by LC-MS/MS with
EThcD fragmentation, and the obtained spectral data were analyzed
using Mascot (Matrix Science, Boston, MA, USA) and Byonic
(ProteinMetrics, Cupertino, CA, USA).

The digested rAAV6 samples were analyzed by nanoLC-MS/MS on
an Orbitrap Fusion Tribrid (Thermo Fisher Scientific) coupled to
an UltiMate 3000 UHPLC system (Thermo Fisher Scientific) with a
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trap column (Acclaim PepMap100 C18, 300 pm LD. (inside diam-
eter) x 5 mm, Thermo Fisher Scientific). The sample solutions
were loaded onto a tip column (C18 column, 0.075 mm
LD. x 250 mm; 1.9-um particles; Nikkyo Technos, Tokyo, Japan)
with a linear gradient of 2.5%-36% acetonitrile in the presence of
0.1% formic acid at a flow rate of 300 nL/min. The peptides were
measured using the triggered EThcD acquisition mode in the data-
dependent mode. The trigger was set to an HCD fragment of
HexNAc+H" (m/z 204.0872). Glycopeptides were identified based
on the HCD and EThcD MS/MS spectra by database searches using
Byonic (Protein Metrics). Then the m/z and elution time of the
non-glycosylated forms of glycopeptides assigned by Byonic were
given to GRable as input data, and the presence of glycopeptides
with the same core peptide was predicted from the MS1 data. The
AAV6 structures attached to identified glycan structures were
modeled by CHARMM-GUI Glycan Modeler** and visualized with
ChimeraX™® and the PyMOL Molecular Graphics System v.2.0
(Schrodinger, New York, NY, USA).

BS-AUC for fractionated rAAV6

BS-AUC experiments and analyses were performed according to our
previous study.’
into a reference or sample reservoir well with a 12-mm band-forming
centerpiece (Spin Analytical, South Berwick, ME, USA). The refer-
ence and sample sectors were loaded with 250 uL and 240 puL PBS/
D,O containing 0.001% poloxamer-188, respectively. Data were
collected at 20°C using Optima AUC (Beckman Coulter, Brea, CA,
USA) at 20,000 rpm with a UV detection system. The detection wave-
length was set to 230 nm. Data were collected with a 10-pm radial
increment every 150 s.

Briefly, 15 pL of the buffer or sample was loaded

The collected sedimentation data were analyzed using the analytical
zone centrifugation c¢(s) model implemented in the program
SEDFIT (v.16.2b),”" where the lamella width, frictional ratio,
meniscus, time-invariant noise, and radial invariant noise were fitted,
and a regularization level of 0.68 was used. The sedimentation coeffi-
cient ranges of 0-175 S were evaluated with a resolution of 350. The
apparent sedimentation coefficient of each solute was converted to
the sedimentation coefficient in water at 20°C, s,¢, . The figures of
the c(s) distribution were generated using the program GUSSI
(v.13.2).°

CE-SDS for fractionated rAAV6

The 7 x 10'° vg of the rAAV6 unbound fraction and 5 x 10'° vg of
the rAAV6 bound fraction was mixed with 14.4 uL 10% SDS (Nippon
Gene, Toyama, Japan) and 4.83 pL 2-mercaptoethanol (Nacalai Tes-
que), respectively. Each mixture was incubated at 70°C for 3 min, and
the buffer was then exchanged twice with 70% matrix exchange solu-
tion (0.5 mL 2-mercaptoethanol and 9.5 mL 0.05% SDS diluted to
70% with MilliQ water) using an Amicon ultracentrifugal filter
(Merck Millipore). The buffer-exchanged samples were incubated
at 70°C for 3 min, and then 1 uL of 20-fold diluted 10-kD Internal
Standard (SCIEX, Framingham, MA) in MilliQ water was added to
make a total volume of 70 pL. A PA800 Plus Pharmaceutical Analysis

CE system (SCIEX) equipped with a PDA (Photodiode Array) detec-
tor at 214 nm and 32 Karat software (v.10.3 Build 20, SCIEX) was
used for all experiments. A bare fused-silica capillary (50 pm I.D.,
30 cm total length, 20 cm effective length, SCIEX) was used for sep-
aration. Data acquisition and analysis were performed using 32 Karat
software (v.10.3 Build 20, SCIEX).

In vitro transduction assay

HeLaRC32 cells were seeded at 5 x 10* cells/well in 24-well plates in
0.5 mL of 10% fetal bovine serum (FBS) (HyClone, Marlborough,
MA, USA) containing DMEM (Sigma-Aldrich, Burlington, MA,
USA). Cells were infected with AAV vectors at five MOI
(2.5 x 10%,5 x 10,1 x 10% 2 x 10% and 4 x 10*) in triplicate. Cells
were incubated at 37°C for 2 days and then harvested. The percentage
of viable cells expressing EGFP was assayed using the CytoFLEX flow
cytometry system (Beckman Coulter).

Animal experimentation

All animal experiment procedures were approved by The Institu-
tional Animal Care and Concern Committee of Jichi Medical Univer-
sity (permission numbers 19029-07, 20023-01, 20054-02, and 20051-
06). Animals were cared for according to the committee’s guidelines
and ARRIVE guidelines.”>**

C57BL/6] mice were purchased from Japan SLC (Shizuoka, Japan)
and maintained in isolators in the specific pathogen-free facility
of Jichi Medical University at 23°C + 3°C with a 12:12 h light/dark
cycle. A 100 pL of 4.5 x 10° vg/mouse of rAAV6 was administered
intravenously through the jugular vein to four mice under isoflurane
(1%-3%) anesthesia. Mice were anesthetized with isoflurane
(1%-3%) to obtain plasma samples. Blood samples were drawn
from the jugular vein of mice with a 29G micro-syringe (Terumo,
Tokyo, Japan) pre-filled with 3.8% sodium citrate solution (Harasawa
Pharmaceutical, Tokyo, Japan). The volume of blood samples was
1/10 the volume of the sodium citrate solution. Blood samples were
taken at the time of rAAV6 administration and 2, 4, and 8 weeks after
administration, with 8 weeks being the endpoint. Platelet-poor
plasma was isolated by centrifugation at 2,500 x g for 10 min and
then frozen and stored at —80°C until analysis. Eight weeks after
treatment, mice were euthanized and perfused with PBS, and livers
were harvested for quantification of rAAV6 genomes in liver.

Measurement of FIX:C and FIX:Ag

FIX:C was measured using Revohem FIX Chromogenic, a blood coag-
ulation FIX measurement kit (Sysmex, Kobe, Japan) with an auto-
mated coagulation analyzer (Sysmex CS-1600 analyzer, Sysmex).
FIX:Ag in plasma was measured as described previously.’

Quantification of AAV vector genome copy number and hFIX
mRNA in liver

Genomic DNA was extracted from liver tissue using a nucleic acid
extraction system (GENE PREP STAR 480; Kurabo, Osaka, Japan).
AAV vector genome copy number was quantified by qPCR using
Thunderbird Probe qPCR Mix (Toyobo, Osaka, Japan) and the
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QuantStudio 12K Flex real-time PCR system (Thermo Fisher Scien-
tific), as described previously.”>” AAV vector genome in liver
DNA was estimated using a standard of linearized plasmid containing
the target sequence and is expressed as copy number per mouse
diploid genome (6 pg/cell).”®” The following primers and probes
were used: hAATp_Primer_F, 5-TTCGGTAAGTGCAGTGGAAG-
3’; hAATp_Probe, 5-ACTCAGATCCCAGCCAGTGGACTTA-3';
hAATp_Primer_R, 5-CAGTTATCGGAGGAGCAAACA-3'.

RNA in liver was extracted with an RNeasy Mini Kit (QTAGEN). The
RNA samples were reverse-transcribed using a PrimeScript RT Re-
agent Kit (Takara Bio). QPCR was performed with Thunderbird
SYBR qPCR Mix (Toyobo) in the QuantStudio 12K Flex real-time
PCR system (Thermo Fisher Scientific). The levels of A/FIX mRNA
were normalized to those of Hprtl. The RQ was automatically calcu-
lated in QuantStudio 12K Flex (Thermo Fisher Scientific). The
following primers were used: hFIX_F, 5-GTTCCATGAAGGTGG-
TAGAGA-3; hFIX_R, 5-GCTGATAATCCCAGTCAGGAAG-3';
mHPRT1_F, 5-GTTGGATACAGGCCAGACTTTGTTG-3'; and
mHPRT1_R, 5-GATTCAACTYGCGCTCATCTTAGG-3'.
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Table S1. Sample information of the lectin microarrays used for the PCA analysis shown in Figure 1B. The number

and color correspond to the dot in PCA score plot.

The dot number Sample Amount (vg)
1 Sample 1 2.5x10°
2 Sample 1 1x1010
3 Sample 1 4x10"0
4 Sample 2 2.5x10°
5 Sample 2 1x10"°
6 Sample 2 4x10'0
7 Sample 3 2.5%x10°
8 Sample 3 1x1010
9 Sample 3 4x10"0
10 Sample 3 2.5%x10°
11 Sample 4 2.5%x10°
12 Sample 4 1x1010
13 Sample 4 4x1010
14 Sample 5 2.5x10°
15 Sample 5 1x1010
16 Sample 5 4x1010
17 Sample 6 2.5%10°
18 Sample 6 5x10°




Table S2. The list of identified proteins contaminating Sample 4.

Several bovine serum proteins (colored blue) and human galectin 3-binding protein (colored red) were identified in Sample 4.

Coverage
Accession -10IgP Area #Peptides Avg. Mass Description
(%)

VP1_AAV6 215.39 74 3.81E+08 47 81411 VP1_AAV6
#CONTAM#Q7SIH1|A2MG_BOVIN 2413 66 3.35E+08 77 167575  Alpha-2-macroglobulin OS=Bos taurus OX=9913 GN=A2M PE=1 SV=2
#CONTAM#A7E3W2|LG3BP_BOVIN  174.09 40 6.08E+07 18 62127  Galectin-3-binding protein OS=Bos taurus OX=9913 GN=LGALS3BP PE=1 SV=1

Adiponectin OS=Bos taurus OX=9913 GN=ADIPOQ
#CONTAM#Q3Y5Z3|ADIPO_BOVIN 115.09 32 2.42E+07 6 26133

PE=1 SV=1
#CONTAM#P06748NPM_HUMAN 147.68 46 2.23E+07 10 32575  Nucleophosmin OS=Homo sapiens OX=9606 GN=NPM1 PE=1 SV=2

Ferritin light chain OS=Bos taurus OX=9913 GN=FTL
#CONTAM#046415|FRIL_BOVIN 129.49 63 2.01E+07 10 19988

PE=2 SV=3
#CONTAM#P02792|FRIL_HUMAN 122.99 48 1.52E+07 9 20020  Ferritin light chain OS=Homo sapiens OX=9606 GN=FTL PE=1 SV=2

Transitional endoplasmic reticulum ATPase OS=Homo sapiens OX=9606 GN=VCP
#CONTAM#P55072| TERA_HUMAN 199 68 8.51E+06 47 89322

PE=1 SV=4

Transitional endoplasmic reticulum ATPase OS=Mus musculus OX=10090 GN=Vcp
#CONTAM#QO01853|TERA_MOUSE 199 68 8.51E+06 47 89322

PE=1 SV=4

Transitional endoplasmic reticulum ATPase OS=Rattus norvegicus OX=10116
#CONTAM#P46462| TERA_RAT 199 68 8.51E+06 47 89349

GN=Vcp PE=1 SV=3
#CONTAM#PO00761|TRYP_PIG 93.86 34 6.47E+06 5 24409  Trypsin OS=Sus scrofa OX=9823 PE=1 SV=1

Glyceraldehyde-3-phosphate  dehydrogenase OS=Homo sapiens OX=9606
#CONTAM#P04406|G3P_HUMAN 153.88 58 5.76E+06 17 36053

GN=GAPDH PE=1 SV=3



#CONTAM#Q5R8J7|FRIH_PONAB
#CONTAM#P02794|FRIH_HUMAN

#CONTAM#P14618|[KPYM_HUMAN

#CONTAM#QO01105|SET_HUMAN

#CONTAM#Q9BXJ4|C1QT3_HUMAN

#CONTAM#Q9BQA1|MEP50_HUMAN

#CONTAM#Q07021|C1QBP_HUMAN

#CONTAM#P04075|ALDOA_HUMAN

#CONTAM#P02769|ALBU_BOVIN

#CONTAM#P15636|API_ACHLY

#CONTAM#Q08380|LG3BP_HUMAN

#CONTAM#P30048|PRDX3_HUMAN

#CONTAM#Q5REY3|PRDX3_PONAB

138.85

138.85

168.02

117.82

100.58

145.04

118.24

163.86

178.52

132.47

139.96

108.06

108.06

72

72

53

31

21

43

41

73

58

16

29

31

31

5.65E+06

5.65E+06

5.50E+06

5.11E+06

4.95E+06

4.67E+06

4.42E+06

4.41E+06

3.64E+06

3.33E+06

2.95E+06

2.82E+06

2.82E+06

13

13

22

1"

22

32

14

21226

21226

57937

33489

26994

36724

31362

39420

69294

68125

65331

27693

27700

Ferritin heavy chain OS=Pongo abelii OX=9601 GN=FTH1 PE=2 SV=3

Ferritin heavy chain OS=Homo sapiens OX=9606 GN=FTH1 PE=1 SV=2

Pyruvate kinase PKM OS=Homo sapiens OX=9606 GN=PKM PE=1 SV=4

Protein SET OS=Homo sapiens OX=9606 GN=SET

PE=1 SV=3

Complement C1q tumor necrosis factor-related protein 3 OS=Homo sapiens
OX=9606 GN=C1QTNF3 PE=1 SV=1

Methylosome protein 50 OS=Homo sapiens OX=9606 GN=WDR77 PE=1 SV=1

Complement component 1 Q subcomponent-binding protein mitochondrial OS=Homo
sapiens OX=9606 GN=C1QBP PE=1 SV=1

Fructose-bisphosphate aldolase A OS=Homo sapiens OX=9606 GN=ALDOA PE=1
Sv=2

Albumin OS=Bos taurus OX=9913 GN=ALB PE=1 SV=4

Protease 1 OS=Achromobacter lyticus OX=224 PE=1

SV=1

Galectin-3-binding protein OS=Homo sapiens OX=9606 GN=LGALS3BP PE=1 SV=1

Thioredoxin-dependent peroxide reductase mitochondrial OS=Homo sapiens

OX=9606 GN=PRDX3 PE=1 SV=3

Thioredoxin-dependent peroxide reductase mitochondrial OS=Pongo abelii OX=9601

GN=PRDX3 PE=2 SV=1
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Figure S1. (A) Western blots of Samples 1-5 detected with anti-hM2BP antibody (left) and anti-AAYV viral proteins

antibody (right). (B) Western blot analysis of Samples 4 and 5 detected with anti-hM2BP antibody with and without

sialidase treatment. (C) The CID mass spectra of hM2BP A64-R76 modified with HexNAc6Hex7FucNeuAc2 in

Sample 4.
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Figure S2. (A) The CID mass spectra of V239-R245 modified with HexNAc for Samples 1 and 2. (B) Extracted ion
chromatograms (XICs) of V239-R245 modified with HexNAc (m/z 389.2284) (top) and unmodified V239-R245
(m/z 490.7697) (bottom). Each MS area was calculated using Byos software. The amount of peptide modified with
O-GlcNAc (a) was calculated with the equation: @ = [2.3 x 10°> of O-GlcNAc modified peptide’s MS area] / ([O-
GlcNAc modified peptide’s MS area] + [4.6 x 10® of unmodified peptide’s MS area]). The percentage of particle
modified with O-GIcNAc (p) was calculated with the equation: p = 1°° — (1-0.0005)°.
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Figure S3. The signals detected by lectin microarray for 2.5 x 10° vg rAAV6 samples as described for western
blotting. The area of ABA signals is marked by in a red box. The Blank array shows the high signals of Lycopersicon
esculentum lectin (LEL), Solanum tuberosum lectin (STL), and Urtica dioica lectin (UDA) in triplicate spots caused
by binding to the detection antibody. The signals of those lectins were therefore excluded from the lectin microarray

analysis.
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Figure S4. The ETheD and HCD mass spectra of D237-K258 with HexNAc identified in the unbound fraction of
rAAV6.




rAAV6
1x 1013 vg

A 4

ABA-bound fraction
(Competitive glycans)

A

Ethanol precipitation

A 4
S-trap
Asp-N digestion

A 4

Bound peptides

Unbound peptides

(eluted by
GalNAc solution) v
Amide-80
LC-MS/MS
LC-MS/MS
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Figure S7. The EThcD mass spectra of D156—-G177 modified with HexNAc at T162 (top), HexNAc at S156 (middle)

and HexNAcHexNeuAc2 (bottom).
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Figure S8. The HCD mass spectra of the signals at 40.0 min and 40.8min for D156—-G177 modified with HexNAc.

The signals m/z 138 and m/z 144 showed similar intensities.
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Figure S9. The EThcD mass spectra of D184—-A212 modified with HexNAc at T194 and T201 (top), and
HexNAcHexNeuAc2 at S194 and HexNAc at T201 (bottom).
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Figure S10. XICs of D184-A212 modified by non- (m/z 882.7561 + 0.005; top), mono- (m/z 882.0878 + 0.005;
middle), and di-oxidized form (m/z 893.4194 + 0.005; bottom) in (A) the ABA-bound fraction of the peptides digested
from ABA-bound rAAV6 with the S-trap column, (B) the peptides digested from ABA-bound rAAV6 without the
S-trap column, and (C) the peptides digested from ABA-bound rAAV6 with the S-trap column. The non-oxidized
form was abundant for rAAV6 digested without the S-trap digestion, whereas the ratio of mono- and di-oxidized

form to non-oxidized form increased after the S-trap digestion. We therefore suspect that some reagent used in the
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Figure S11. The HCD mass spectra of the signals at 59.2 min and 61.6 min for D184-A212 modified with
HexNAc2HexNeuAc. The signals m/z 138 and m/z 144 showed similar intensities.
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Figure S12. (A) rAAV6 genomes per mouse diploid genome (vg/dg) and (B) #FLX mRNA levels in liver tissue were
determined using qPCR 8 weeks after rAAV6 administration. Individual points are shown in black circles, and error

bars shows the SD value for n = 4.
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Figure S13. XICs of D184-A212 modified with mucin-type O-glycan clusters. The signal of non-glycosylated

peptide (m/z 893.4194 + 0.005) is colored black, HexNAc (m/z 961.1025 £+ 0.005) is blue, HexNAcHex2 (m/z

1015.1231 £ 0.005) is red, HexNAcHexNeuAc (m/z 1112.1619 + 0.005) is green, and HexNAcHexNeuAc2 (m/z
1209.1937 + 0.005) is orange.
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