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Adeno-associated virus (AAV) is the most widely used vector
for in vivo gene transfer. A major limitation of capsid engineer-
ing is the incomplete understanding of the consequences of
multiple amino acid variations on AAV capsid stability result-
ing in high frequency of non-viable capsids. In this context, the
study of natural AAV variants can provide valuable insights
into capsid regions that exhibit greater tolerance to mutations.
Here, the characterization of AAV2 variants and the analysis of
two public capsid libraries highlighted common features asso-
ciated with deleterious mutations, suggesting that the impact of
mutations on capsid viability is strictly dependent on their 3D
location within the capsid structure. We developed a novel pre-
diction method to infer the fitness of AAV2 variants containing
multiple amino acid variations with 98% sensitivity, 98% accu-
racy, and 95% specificity. This novel approach might stream-
line the development of AAV vector libraries enriched in viable
capsids, thus accelerating the identification of therapeutic can-
didates among engineered capsids.

INTRODUCTION

Adeno-associated virus (AAV) is a small non-enveloped virus
belonging to the Dependoparvovirus genus within the Parvoviridae
family." AAV is naturally replication defective, meaning that it re-
quires a helper virus, such as adenovirus or herpes virus, to complete
its life cycle. The genome consists of a single-stranded DNA molecule
of about 4.7 kilobases in length. It has two open reading frames, one
encoding the viral capsid proteins (VP1, VP2, and VP3) and the other
encoding regulatory and replication proteins (Rep78, Rep68, Rep52,
and Rep40).2 In addition, three accessory proteins, MAAP (mem-
brane-associated accessory protein), AAP (assembly-activating pro-
tein), and X, are expressed from frameshifted open reading frames
within the capsid genes.” ® The viral capsid proteins assemble into
a protein shell that surrounds and protects the viral genome and
that determines the virus tropism by interacting with specific cell re-
ceptors and co-receptors on the target organ. Tissue tropism is
directly linked to the sequence and conformation of the looped-out
domains of VP proteins that compose the capsid. Noteworthy, the

amino acid variability of the VP sequence of different AAV serotypes
cluster in 12 hypervariable regions (HVRs), which mainly correspond
to the looped-out domains.”

AAV is highly attractive as a gene therapy vector due to its low immu-
nogenicity and low pathogenicity, its ability to infect both dividing
and non-dividing cells, and its persistence as transcriptionally active
episome, allowing for long-term expression of the therapeutic gene.*’
The exponential growth of clinical trials using AAV reflects the enor-
mous potential of this system in various therapeutic areas.'” One of
the key advantages of AAV vectors is the high versatility due to the
large number of wild-type (WT) and engineered capsid variants,
each characterized by specific tissue tropism. To date, 13 distinct se-
rotypes and more than 100 WT variants have been isolated from nat-
ural sources, among which AAV2 is the most frequently isolated sero-
type in human.'"™"

AAV capsid engineering is based on the modification of the capsid
protein sequence to improve various characteristics such as produc-
tivity, biodistribution or to reduce immunogenicity.'®""” Different
methods exist to modify the capsid structure.”” Among these, directed
evolution relies on the generation of a library of millions of variants
followed by multiple selection steps allowing to retrieve the best can-
didates. One of the major issues related to this approach is the high
frequency of non-viable capsids.**"** The incomplete understanding
of the consequences of amino acid variations on capsid stability still
poses a major problem in capsid engineering. Given the extensive
knowledge available on the structure-function relationship in
AAV2 vector mutants, WT capsid variants of the AAV2 serotype
represent a unique opportunity to study the impact of multiple mu-
tations on the stability of the AAV capsid to identify regions that
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Figure 1. Manufacturability and mutations landscape of WT AAV variants

(A) Production of AAV variants in 50 mL of HEK293T cells growing in suspension. Titers of production are expressed as vector genomes per mL (vg/mL) and normalized as
fold change compared with the AAV2 control capsid. Each variant was independently produced twice. The mean value of the titers and SD are indicated per each variant.
Black and red dotted lines represent the level of AAV2 production and the production threshold, respectively. Variants labeled in red are characterized by large indels or
frameshift mutations. Phylogenetic tree on VP1 coding protein region of WT AAV variants is represented on the bottom. The tree was constructed using the neighbor joining
method?’ based on the evolutionary distances computed by the Poisson correction method.?® The representation is toggled for topology scale. (B) Landscape of mutations
identified in WT AAV variants. AAV2 sequence is used as reference, common (black) and unique (red) mutations are listed below each position. The start codons of VP
proteins are highlighted in dark gray. Variants with indels and frameshift mutations are not represented. (C) Median viability s’ score for all mutations belonging to viable (n = 40)

(legend continued on next page)
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most tolerate mutations and streamline the development of novel
capsids.

In 2020, we screened a cohort of 1,319 human liver tissues and
isolated 59 new capsid variants equally distributed in two distinct
subtypes: AAV2 and AAV2-13 hybrids.”” In this study, AAV vectors
derived from these novel AAV's were characterized in terms of man-
ufacturability and transduction efficiency. AAV viability was corre-
lated to capsid mutations to identify common features among non-
viable variants. We then took advantage of the recently published
AAV?2 capsid fitness landscape,® describing the effects of single
point mutations on capsid production. In this study, Ogden and col-
leagues transfected a plasmid library, including all possible single-
codon substitutions, insertions, and deletions over the entire VP
sequence, in HEK293T cells to produce recombinant AAV virus.
They computed the fitness of each variant, expressed as the mutant
frequency in the virus pool divided by its frequency in the plasmid
pool, and normalized this selection value (s) as enrichment relative
to AAV2 capsid (s”). In this work, we used the s’ score associated to
single point mutations to develop a method for predicting the collec-
tive impact of multiple mutations on AAV vector viability. This
approach relies on the hypothesis of mutation independence, which
implies that capsid viability is not determined by the cumulative
impact of all mutations present in the VP, but rather due to the in-
dependent effect of each mutation. Consequently, the presence of a
single deleterious mutation can be sufficient to irreversibly impair
capsid fitness. Our method, validated across multiple collections
of mutated AAV2 capsids, allows to infer the fitness of variants
with multiple amino acid variations, providing a useful tool to guide
the design of engineered capsids.

RESULTS

Manufacturability of AAV vectors derived from novel AAV
variants

The series of 59 capsid variants, consisting of 25 AAV2 and 34 AAV2-
13 variants,” was used to derive the consensus sequences corre-
sponding to the two AAV genotypes. A pairwise analysis (Table S1)
was performed to exclude redundant amino acid sequences from
the capsids collection resulting in a final list of 56 capsids. The list
comprises 24 AAV2 and 31 AAV2-13 sequences, and the consensus
sequence of all AAV?2 varjants. The VP sequences were cloned into a
vector suitable for AAV vector production to assess the capsid
viability. All capsids with a production yield equal to or higher than
1.5 x 10" vg/mL and the ability to transduce 2V6.11 cells were
considered as viable (Figure S1A). 2V6.11 cells are genetically modi-
fied HEK293T cells that express the adenovirus E4 ORF gene upon
induction, which renders these cells highly permissive to AAV
infection.”*

In total, 39 out of 56 AAV variants were successfully produced (Fig-
ure 1A). For 37 capsids, production yields of AAV vectors were either
comparable with or higher than AAV2 (5.9 x 10'° vg/mL). In addi-
tion, all produced variants were able to transduce cells in vitro (Fig-
ure S1B). To verify the non-viability of the 17 variants with low pro-
duction yields, bulk vectors were used to transduce 2V6.11 cells
(Figure S1C). Among the 17 variants tested, 16 displayed transduc-
tion efficiency either below or close to the negative control, whereas
#129 variant reached the transduction level of AAVS, a capsid known
for its poor in vitro transduction efficacy.”> Considering that the pro-
ductivity of this variant was at the threshold limit (1.4 x 10'° vg/mL)
and that it showed some transduction activity before vector purifica-
tion, #129 was classified as a viable capsid, although it presented some
manufacturability issues. Interestingly, 53 out of 56 capsid variants
had mutations in the arginine residues at positions 585 and/or 588
(Table S2), which are crucial for AAV2 binding to the heparan sulfate
proteoglycan (HSPG) receptor, a primary AAV?2 receptor responsible
for its high in vitro transduction efficiency.”® Capsid variant #129 was
the only viable variant that retained binding to the HSPG receptor,
which may explain why we were able to detect transduction activity
with low titer of #129 bulk vector. In total, 40 out of 56 variants
met our viability criteria, including 21 out of 25 AAV2 and 19 out
of 31 AAV2-13 sequences.

AAV production was correlated to mutations in structural and non-
structural proteins to identify common features among the 16 non-
viable capsids. Indels with sizes ranging from 24 to 72 nucleotides
likely explained the non-viability of 6 variants (#1010, #2731,
#1602, #2806, #2112, and #1570), as well as a 156-nt frameshift mu-
tation in one variant (#M258; Figure S1D). These mutations were not
localized within a specific hotspot in VP sequence, but rather affected
a significant portion of the VP protein structure, including the 3 sheet
regions. Since those 7 variants were AAV2-13, we compared the
impact of the peptide insertion or frameshift mutations on AAV13
reference capsid (GenBank: ABZ10812.1), which shares 93%
sequence homology. The GRAVY (Grand Average of Hydropathy)
index, defined as the average hydropathy value of a peptide or pro-
tein,”” was calculated for the impacted VP region in AAV13 and
for mutant peptides to evaluate possible variations in hydrophobicity
(Figure S2A). The nature of the impacted VP regions was predomi-
nantly hydrophilic, and the mutations mainly induced an increase
in hydrophobicity (in four out of seven variants), which may
contribute to the destabilization the capsid structure. To confirm
destabilization, the VP3 3D structures of those variants were modeled
using an AlphaFold2-based algorithm (Figures S2B-S2F) and super-
imposed to AAV13 (PDB: 7L6H) underlining the presence of confor-
mational change in the mutated regions. The root mean-square devi-
ation (RMSD), which quantifies the average distance between the

and non-viable capsids (n = 9). Statistical analysis was performed using Wilcoxon rank-sum test. (D) Median viability s score for common and unique mutations belonging to
viable (n = 40) and non-viable capsids (n = 9). Statistical analysis was performed using Wilcoxon rank-sum test. (E) Frequency distribution represented as density of the s’
scores of common and unique mutations in WT AAV variants. Rug plot below each density plot shows the distribution of s’ data. The vertical dashed line represents the
threshold of potentially deleterious mutations. Mutations with s’ > 4 are not represented in the graph. *p < 0.05, *p < 0.01, **p < 0.001, ****p < 0.0001.
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Figure 2. Representative features of deleterious mutations

(A) Scatter plot showing the s’ scores associated to all mutations in WT AAV variants along the VP sequence. Mutations are categorized in common (black) and unique (red)
variations. Unique mutations belonging to non-viable capsids are represented as triangles. Mutations below the s’ threshold (horizontal dashed line) are labeled with the
names of the corresponding AAV variants. VP positions and major amino acid features (residue accessibility, HVRs position, hydrophobicity, and polarity of the amino acids)

(legend continued on next page)
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atoms of superimposed proteins, was calculated. The VP protein
models displayed an overall high structure homology to AAV13 (Fig-
ure S2G) with the exception of #M258, characterized by an RMSD of
8.58 A. VP structures of #2731 and #1602 were not predicted because
the indels were located in regions outside the crystallized sequence of
AAV13 VP3.

The sequence analysis of accessory proteins in both viable and non-
viable variants did not reveal any common variation in AAP,
MAAP, and X proteins unique to non-viable capsids (Figure S1A).
The sole exception was the presence of premature stop codons in
AAP protein (Figures S1A and S1D) caused by the indels in #1010,
#2731, and #1602, and the frameshift mutation in #M258, which
might have also negatively impacted the production of these capsids.

Concerning the analysis of structural protein sequences, no recurrent
amino acid variations or mutation hotspots were identified within the
VP of non-viable capsids. In conclusion, while we gained some in-
sights into the lack of viability for 7 out of the 16 non-viable capsids,
the remaining 9 AAV variants had only point mutations compared
with AAV2, and there was no apparent cause for their lack of viability.

Independent contribution of single mutations in predicting
capsid viability

To ensure an unbiased examination of the impact of single mutations
on AAV capsid viability, previously described variants with indels
and frameshift mutations were excluded from the subsequent anal-
ysis. Among the remaining 49 AAV capsid variants, comprising 40
viable and 9 non-viable ones, a total of 183 single mutations (Fig-
ure 1B; Table S3) were identified when compared with AAV?2 refer-
ence (GenBank: YP_680426.1). These mutations encompassed 174
substitutions and 9 deletions distributed across the entire VP
sequence. We integrated the publicly available dataset from Ogden
and colleagues4 and associated the fitness score (s’), calculated for
the single amino acid variations, to each mutation present in our var-
iants. Although the s’ scores were similar for viable and non-viable
capsids (Figure 1C), non-viable variants showed an enrichment in
mutations with a lower s’ score compared with viable variants.

Point mutations were then classified based on their frequency in our
series in two categories: common mutations (n = 90), present in at
least two AAV capsid variants, and unique mutations (n = 93), pre-
sent only in one capsid variant (Figure 1B; Table S3). When common
mutations were considered (Figure 1D, left panel), no differences in
the s’ score were found between viable and non-viable capsids,
whereas unique mutations (Figure 1D, right panel) had a significant
4-fold reduction in s’ in non-viable capsids. The s’ score for common

mutations (Figures 1E and S3A) ranged from 11.1 to 0.18 and was
normally distributed (p = 0.99, Hartigan’s dip test) with a peak at
0.91. Conversely, in unique mutations (Figures 1E and S3A) the s’
ranged from 2.76 to 0.03 and displayed a bimodal distribution (p =
0.047, Hartigan’s dip test) with a first peak at 0.96, similar to that
seen in common mutations, and a lower peak at 0.14. We set an arbi-
trary s’ threshold for deleterious mutations at 0.145, positioned right
after the peak observed in potentially deleterious unique mutations
(0.14) and before the s’ range associated with common mutations.

We used this threshold to predict the viability of our variants based on
the hypothesis that the viability is affected by the presence of individ-
ual mutations with a low s’ score. This hypothesis of mutation inde-
pendence was clearly exemplified by two WT variants, the non-viable
capsid #777 and the viable capsid #1343, which VP sequences only
differed by one amino acid (P602S, s’ = 0.055). We consider this vari-
ation, predicted as deleterious in #777, as responsible for the loss of
viability of the variant.

We inferred the viability of the 49 variants according to the indepen-
dent contribution of single mutations and found that 47 out of 49 cap-
sids were correctly predicted (Figure 2A). All non-viable capsids
harbored at least one or multiple unique deleterious mutations
distributed between position 269 and the end of the VP. Interestingly,
none of the 15 potentially deleterious mutations identified in non-
viable variants was present in any other analyzed AAV serotypes
(Table S4), suggesting that those mutations might be deleterious
regardless of the AAV serotype. Moreover, the presence of common
or unique mutations with a high s’ score in these variants was unable
to rescue the impairment caused by deleterious mutations suggesting
that a compensatory effect is unlikely (Figures 2A and S3B). Among
the 40 viable AAV capsids, 38 did not contain any unique point mu-
tations with an s’ score below 0.145. Two exceptions were present in
our series (Figures 2A and S3C-S3E): the viable capsids #2102 and
#3142, both having single unique mutations below the threshold
and consequently predicted as non-viable. By correlating the produc-
tion yields with the minimum s’ score for each variant (Figures S3C~
S3E), we were able to unequivocally highlight the two outliers in our
prediction method, as well as the viable variant with poor manufac-
turability (#129). The analysis was reliable only when unique muta-
tions were included in the correlation. Concerning the viable variant
#2102, a potential deleterious mutation R733L with an s’ value of
0.095 led to its classification as a non-viable capsid. Due to the local-
ization at the very end of the VP3 sequence, we hypothesized that mu-
tations in this region might have a lower impact on capsid structure
and viability. Similarly, mutation D594N (s’ = 0.072) identified in
the viable variant #3142, was localized in a region known to tolerate

are represented below the graph. (B) Median s’ scores of mutations in Ogden and colleagues’ dataset” according to the accessibility of the residues, (C) localization within or
outside HVRs, (D) hydrophobicity of the mutated amino acid, and (E) polarity of the R chain of the mutated residue. Median, interquartile range, minimum, and maximum
values are represented in the boxplot. The violin plot shows the distribution of the data points. Outliers are indicated as individual dots. Statistical analysis was performed using
Wilcoxon rank-sum test. (F) Density distribution of s’ scores of mutations in WT AAVs according to the accessibility of the residues, and (G) the localization within or outside the
HVRs. The s’ score distributions of common and unique mutations are shown according to analyzed features. Rug plot below each density plot shows the distribution of s’
data. The vertical dashed line represents the threshold of potentially deleterious mutations. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.
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capsid variation, the HVRI10, also known as VR-VIIL’ Notably,
HVRIO is one of the most frequently used sites for peptide inser-
tion,’*** moreover asparagine residues at position 594 are also found
in AAV10, AAV11, and AAV12 (Table S4).

Relevant capsid features for viability prediction

To identify common amino acid features strictly linked to viability
prediction, we focused on four major parameters: accessibility in
the 3D capsid structure, localization within HVRs,” hydrophobicity,
and polarity of mutated amino acid (Figure 2A, bottom panel). For
the two parameters related to the residue position (accessibility and
HVR), our analysis was restricted to the crystalized capsid region,
excluding the first 216 residues of the VP.

To retrieve the capsid accessibility of amino acid residues, we first
compared the crystal structures of AAV2 (PDB: 1LP3) and AAV13
(PDB: 7L6H). The crystallized VP protein sequence of AAV2 shared
99% and 89% homology with the consensus sequences of WT AAV2
variants and WT AAV2-13 variants, respectively. On the contrary,
the crystal structure of AAV13 showed 97% homology with the
consensus sequence of AAV2-13, suggesting that it might be more
suitable for predicting AAV2-13 accessibility. However, the super-
position of AAV2 and AAV13 VP monomers (Figure S4A) showed
a high structure homology, with an RMSD of only 0.65 A. In addition,
the accessible surface percentages of amino acid residues within
AAV2 and AAV13 capsids was well correlated over the entire length
of the VP protein (Figures S4B and S4C), therefore we decided to use
the 3D structure of AAV?2 for our further analyses.

First, the s’ score of single amino acid variations in Ogden and col-
leagues’ series® was analyzed across multiple parameters related to
AAV?2 3D structure and sequence to pinpoint the most relevant fea-
tures. We observed an important effect of residue accessibility on the
s’ score (Figure 2B). Specifically, mutations in buried residues dis-
played a median s’ value of 0.089, which was significantly (4-fold)
lower than the median s’ (0.395) of mutations in accessible residues.
Similarly, a 5-fold reduction in s’ value was associated with mutations
in residues located outside HVRs compared with those within HVRs
(0.523 and 0.100, respectively; Figure 2C). Concerning the type of
amino acid side chain (Figure 2D), s’ score was significantly decreased
(2-fold) for mutations of amino acids with hydrophobic side chains
compared with those with hydrophilic side chains (0.088 and 0.194,
respectively). Furthermore, mutations of amino acids with electrically
charged and polar side chains (Figure 2E) exhibited similar mean s’
values (0.198 and 0.194), whereas mutations of nonpolar amino acids
resulted in significantly lower s’ value (0.088).

In our collection of capsid variants, common mutations did not show
any significant variation according to the analyzed parameters
(Figures S5A-S5D), s’ score was stable at 0.90-0.98. On the contrary,
a significantly lower s’ value was associated with unique mutations in
buried residues (s° = 0.096; Figure S5A) that displayed a 9-fold
decreased s’ score compared with mutations in accessible residues
(s’ = 0.833). Notably, the s’ distribution of common and unique mu-
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tations (Figure 2F, left panel) showed an overlapping Gaussian distri-
bution within accessible residues (p = 0.99 and p = 0.57 for common
and unique mutations, respectively, Hartigan’s dip test). In contrast,
buried residues (Figure 2F, right panel) had a completely different dis-
tribution with unique mutations clustering in a unique peak below the
s’ threshold of 0.145 (p = 0.89, Hartigan’s dip test). Common muta-
tions in buried residues also followed a normal distribution (p =
0.89, Hartigan’s dip test), with a peak at s’ = 0.85.

Similarly, the median s’ value of unique mutations outside HVRs
(Figure S5B) was 4-fold lower than that observed in residues within
HRVs (0.164 and 0.735, respectively). The s’ distribution of unique
mutations within HVRs (Figure 2G, left panel) was bimodal (p =
0.048, Hartigan’s dip test) with a peak overlapping the unimodal dis-
tribution of the common mutations (p = 1, Hartigan’s dip test) and a
specific peak corresponding to the s’ threshold. Conversely, for resi-
dues outside HVRs (Figure 2G, right panel), both unique and com-
mon mutations displayed a unimodal s” distribution (p = 0.93 and
p =0.87, Hartigan’s dip test), with the peak of unique mutations align-
ing with the s’ threshold. Concerning the features related to the nature
of the mutated amino acids (Figures S5C and S5D), no significant dif-
ferences were observed in unique mutations according to the hydro-
phobicity and polarity of the mutated residues.

We then explored the effect of amino acid variations according to
the type of mutations. We classified the mutations from Ogden
and colleagues’ dataset according to our own s’ threshold into two
categories: neutral and deleterious. First, we focused on assessing
the change in amino acid hydrophobicity, and we looked at the fre-
quency of each type of alteration (Figures S6A-S6D). Mutations
involving the change from hydrophobic residue to a hydrophilic
one, as well as deletions and stop codon insertions, were more
frequently deleterious than neutral. Subsequently, we examined
the effect of amino acid variations according to capsid accessibility.
Stop codon mutations were excluded from this analysis because they
were predominantly deleterious across all residues along the VP
sequence (Figure S6E). In accessible residues (Figure 3A, left panel),
hydrophobic to hydrophilic mutations were more frequently delete-
rious than neutral (19% and 13%, respectively), whereas hydrophilic
to hydrophilic mutations were more frequently neutral than delete-
rious (42% versus 28%, respectively). In buried residues (Figure 3A,
right panel), most of the deleterious alterations were found to be hy-
drophobic to hydrophilic changes (32%) and their frequency was
significantly higher compared with neural alterations (17%). All
the other mutations were less frequently deleterious in buried re-
gions. Deletions were more frequently deleterious in both accessible
and buried residues regardless of the polarity of the deleted
amino acid.

When analyzing the s’ score according to the change in hydrophobic-
ity of the mutated amino acid (Figure 3B), we observed that s’ values
were significantly lower in buried residues than in accessible ones for
all types of alterations, except for stop codon mutations, which were
always deleterious. Potentially deleterious mutations identified within
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our cohort were all located in buried residues, but they were not en-
riched in a specific type of alteration.

We further analyzed the change in hydrophobicity of the residues ac-
cording to the type of R chain in the mutated amino acid (Figures S7
and S8) and observed the same pattern with decreased s’ score in
buried residues compared with accessible ones across most variations.
Notably, mutations involving transitions from one aromatic residue
to another aromatic, from an acid to another acid, from an aromatic
to an acid, and vice versa, showed similar s’ score and distribution in
both buried and accessible regions (Figures S7 and S8). Concerning
potentially deleterious mutations identified in our cohort, no specific
R chain variations were highlighted.

Taken together, the analysis of the mutations in Ogden and colleagues’
series and in our collection of WT capsids collectively suggests that the
3D localization of residues, represented by their accessibility and in
part by the HVR position, is the parameter that best identifies regions
of AAV capsids where mutations are most likely deleterious. A multi-
variate analysis was performed to study the interaction of residue fea-
tures in predicting neutral and deleterious mutations. In our dataset
(Figure S9A), we found that the feature with the greatest impact on pre-
dicting neutral mutations was HVR localization (OR = 5.46, p = 0.020),

Accessible
Buried

Deletion Stop

0.007), while hydrophilicity was not significantly
associated with predicting neutral mutations
(OR =141, p = 0.624). Similarly, in Ogden and col-
leagues’ series (Figure S9B), we observed that muta-
tions in the HVR were strongly associated with an
increased likelihood of being neutral (OR = 3.16,
P <0.0001). In addition, there was a slight but signif-
icant positive association between neutral mutations
and both increased accessibility (OR = 1.03,
p < 0.0001) and hydrophilicity of the amino acids
(OR = 1.75, p < 0.0001). Overall, HVR localization
and, to a lesser extent, residue accessibility were the parameters most
strongly associated with predicting mutation outcomes in both Ogden
and colleagues’ dataset and our capsid collection. In line with this
result, the simultaneous analysis of the residues’ positions according
to accessibility and HVRs localization in Ogden and colleagues’ dataset
(Figure 4A) revealed that the highest frequency of deleterious muta-
tions was found in buried residues outside HVRs (65%), while the
lowest frequency was observed in accessible residues within HVRs
(15%). This finding was further validated in our own series (Figure 4B)
where we observed that 12 out of 15 potentially deleterious mutations
in non-viable capsids were located in buried regions outside HVRs,
whereas only 3 mutations were in buried regions within HVRs. To
further support this observation, the frequency of deleterious muta-
tions along the VP sequences was compared with the frequency of
accessible and buried residues, both within and outside HVRs (Fig-
ure 4C). The profile of potentially deleterious mutations mirrored
the distribution of buried residues, more precisely buried residues
outside HVRs, suggesting the interlink between these two variables.

Rescue of predicted deleterious residues further supports the
independence of mutations

To prove that only the mutations below the s’ threshold had affected
the viability of the capsids, we performed reverse mutations of some
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Figure 4. Interplay between accessibility and HVR localization in viability prediction

(A) Frequency of deleterious mutations in the Ogden dataset according to their localization in accessible and buried residues within or outside HVRs. Mutations were
categorized in neutral and deleterious according to the s’ value threshold. Statistical analysis was performed using 2 test with Monte Carlo simulation. (B) Median s’ score of
unigue mutations of WT AAVs in accessible and buried residues within or outside HVRs. Median, interquartile range, minimum, and maximum values are represented in the
boxplot. Horizontal dashed line represents the threshold of potentially deleterious mutations. Statistical analysis was performed using Wilcoxon rank-sum test. (C) Frequency
of accessible and buried residues along the VP sequence calculated per window of 20 amino acids. Buried residues were divided in 2 groups: buried within HVR and buried
outside HVR. The black line over the graph represents the frequency of deleterious mutations calculated in each 20 amino acid window. *p < 0.05, *p < 0.01, ***p < 0.001,

0 < 0.0001.

potentially deleterious mutations identified in our capsid variants.
Common and unique mutations spanning a 256 amino acid region
(AAV2 positions 350-606) from 3 WT variants, including 2 WT
AAV?2 (#2141 and #2128) and 1 WT AAV2-13 (#2208), were intro-
duced in the AAV?2 reference capsid (Figures 5A-5C). AAV vectors
carrying a luciferase reporter gene were produced to assess both the
manufacturability and transduction efficiency of the mutated capsids.
The AAV2-2208 capsid (Figure 5A) contained 4 common mutations
predicted as neutral and one potentially deleterious mutation (L362P,
s’ = 0.028). The reverse mutation of L362P successfully restored
capsid viability, leading to an increase in both transducing titer and
vector yields (Figures 5D and S10A). Similar positive outcomes
were observed for capsid AAV2-2128 (Figure 5B), characterized by
3 common mutations and 3 unique mutations, one of which was pre-
dicted to be deleterious (D553del, s’ = 0.104). The insertion of a D at
position 553 induced the reversion of the phenotype with a noticeable
increase of both luciferase activity and vector yields (Figures 5E and
S10B). The last mutant capsid tested, AAV2-2141 (Figure 5C), pre-

8

sented 1 common and 3 unique mutations, 2 of which were poten-
tially deleterious (H421T, s’ = 0.079; and S423R, s’ = 0.092). Impor-
tantly, only the double mutant led to the production of a viable
capsid, whereas individual reversion of the single deleterious muta-
tion was insufficient to recover infectivity or enhance vector yields
(Figures 5F and S10C).

These results experimentally validated the prediction of the delete-
rious mutations using the s” score and the established threshold.
Furthermore, these findings provide substantial support for our initial
hypothesis regarding the independence of mutations, affirming that
isolated mutations can indeed exert a deleterious effect on the overall
capsid’s structure and viability.

Validation of the prediction method in public datasets

To further validate our prediction method, we used publicly available
data from two independent datasets. The first capsid library was
generated by introducing random substitutions at five positions of
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the AAV2 capsid that were shown to yield an antibody-evading
phenotype.”> The manuscript did not detail all the sequences but al-
lowed us to retrieve 41 capsid sequences derived from the original
pool prior to selection and 43 sequences identified after the screening,
which were likely viable (Figure 6A). The minimum s’ score per
variant was calculated to predict the viability of each capsid. Of
note, while capsids before selection (n = 41) had a variable s’ score,
selected mutants, produced and thus considered as viable (n = 43),
invariably had a high s” score (Figure S11A). The second collection
of capsids comprised mutants generated by site-directed mutagenesis
at 59 different positions in the AAV2 capsid.”* We retrieved the se-
quences of 46 capsids with multiple point mutations (Figure 6A)
that the authors grouped into four classes based on infectious titer
assay: class 1 containing mutants with infectious titer similar to the
WT titer, class 2 containing partially defective mutants with infec-
tious titers 2 to 3 logs lower than the WT titer, class 3 including tem-
perature-sensitive mutants, and class 4 consisting of non-infectious
mutants with titers more than 5 logs lower than the parental capsid.
In line with this classification, our s score analysis revealed progres-
sively decreased s’ values from class 1 to class 4 (Figure S11B). We

Figure 5. Experimental validation of potentially
deleterious mutations on capsid viability

Schematic representation of common (black) and unique (red)
mutations with associated s’ score in VP sequence of hybrid
capsids: (A) AAV2-2208, (B) AAV2-2128, and (C) AAV2-2141.
Potentially deleterious mutations are represented below the s’
threshold (horizontal dashed line) and labeled with the name
of the corresponding variation. The impact of potentially
deleterious mutations was evaluated by reverse mutation of
the amino acid residues. Luciferase activity assay was used to
assess the transduction efficiency of the reverted mutants
related to hybrid capsids: (D) AAV2-2208, (E) AAV2-2128, and
(F) AAV2-2141. The corresponding WT AAV variant of each
hybrid capsid was tested in parallel as control. Horizontal
dotted line indicates the luciferase activity level of AAV2
reference capsid. Statistical analysis was performed using
one-way ANOVA with Dunnett’s multiple comparisons test.
The corresponding WT AAV variant was used as control
group for mean comparison. *p < 0.05, *p < 0.01,
***p < 0.001, ***p < 0.0001.

considered mutants of class 1 and 2 as viable, and
class 4 as non-viable. Class 3 was excluded given
the low number of components (n = 3) and the dif-
ficulty in interpreting the temperature-sensitive
character of a capsid in terms of viability.

Altogether, we used 74 viable and 12 non-viable
variants to validate our prediction method (Fig-
ure 6B). Our analysis of the s’ scores enabled the
accurate prediction of 99% of mutants. These find-
ings further support the hypothesis that the inde-
pendence of the mutations can serve as a reliable
means for predicting the viability of capsids with
multiple amino acid variations along the VP, as
demonstrated by the receiver operating characteristic (ROC) curve
analysis on our capsids’ series and on the public dataset (Figure 6C).

Our prediction method tested on a total of 135 variants (49 from our
cohort and 86 publicly available) allowed to infer AAV2 capsid
viability with a sensitivity of 98%, an accuracy of 98%, and a specificity
of 95% (Figures S11C and S11D).

DISCUSSION

In this study, we assessed the viability of 56 novel capsid variants
recently isolated from human liver tissues® and we investigated the
profile of their mutations in depth. Integration of our data with the
dataset from Ogden and colleagues” allowed to clearly pinpoint dele-
terious mutations and to develop an approach to easily predict
viability in capsids bearing multiple mutations, relying on the s’ scores
of individual mutations.

In total, 71% of the variants were successfully produced, able to trans-
duce cells and, consequently, classified as viable. Concerning the non-
viable variants (n = 16), we identified the presence of heterogeneous
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Figure 6. Validation of the prediction method on public datasets

(A) Schematic representation of AAV2 capsid amino acid sequences with mutations described in two independent public datasets.*

3334 (B) Median s’ score in viable and non-

viable capsids classified according to experimental data. Each point represents the lowest s’ (s'min) value among all mutations of a capsid to underline the presence of
deleterious mutations in the sequence. Statistical analysis was performed using Wilcoxon rank-sum test. (C) ROC curves representing the performance of the prediction
method in the collection of WT variants (GNT series) and in public datasets. *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001.

indels in terms of size and localization in six variants, and a frameshift
mutation in one variant that might have destabilized the capsid struc-
ture. However, when we analyzed both structural and non-structural
proteins, we found no common mutations or hotspots of deleterious
amino acid change. Based on this observation, we hypothesized that
unique mutations, specific to each variant, were negatively affecting
capsid viability.

Single amino acid mutations in VP sequence have been described to
impact multiple capsid properties, including viability, tropism, trans-
duction efficiency, and immunogenicity.>'>**~” In 2019, Ogden and
colleagues performed the most extensive characterization of the role
of single amino acid mutations on AAV2 capsid viability and
tropism.* Each single mutation was associated with a fitness score re-
flecting the impact of the mutation on capsid production compared
with AAV2 reference. Leveraging this dataset, we conducted viability
analysis on our variants, assuming the independent impact of each
mutation on the capsid viability of a variant. The analysis of the s’
score distribution in common and unique mutations revealed a clear
distinct profile highlighting a group of unique mutations at low s’
score, which we considered as potentially deleterious. Based on this
pattern, we defined a fitness score threshold for deleterious mutations

and predicted capsid viability assuming that non-viable capsids were
those having one or more mutations below that threshold. To test our
hypothesis, some potential deleterious mutations were experimen-
tally validated proving their clear impact on capsid viability. Interest-
ingly, the 15 potentially deleterious mutations identified in our vari-
ants are not present in any other analyzed AAV serotypes, suggesting
that these mutations may be deleterious regardless of the AAV capsid
serotype. The presence of deleterious mutations in WT variants was
unexpected, although not entirely surprising, given the rapid kinetics
of AAV capsid mutation during replication.”® This phenomenon,
described as an adaptation mechanism, occurs both in vitro and
in vivo. It is plausible that deleterious mutations emerged over time
during replication in the human liver. Furthermore, considering
that the biological environment and selective pressures encountered
by viruses and vector can be significantly different, we cannot exclude
the possibility that these mutations may exert different effects in a
viral context compared with a vector context.

The prediction method was tested on our own variants and validated
on external datasets allowing to infer AAV2 capsid viability with 98%
sensitivity, 98% accuracy, and 95% specificity. Noteworthy, the pre-
dicted variants were characterized by the presence of multiple
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mutations along the VP sequence, whereas the fitness score was asso-
ciated with capsids bearing individual mutations, suggesting that the
data related to single mutations can be used to predict the viability
within the context of multiple mutations. These results strongly sup-
port our hypothesis of mutations independence, which implies that
capsid viability is determined by the independent impacts of single
mutations and not by their cumulative effect. In line with this hypoth-
esis, we observed that the presence of mutations with a high s’ score
cannot compensate the irreversible impairment caused by a single
deleterious amino acid change, suggesting that a positive epistatic ef-
fect of mutations is unlikely to occur. The mutation independence hy-
pothesis aligns with the work performed by Ogden and colleagues,
highlighting the potential of systematic mutagenesis in unraveling
complex genomes.

The mutation fitness was analyzed according to four different param-
eters to identify common features that might influence mutation out-
comes. Two parameters were related to the 3D position of the
mutated residues, accessibility in the capsid and HVR localization,
and two were strictly related to the type of mutation, changes in hy-
drophobicity and polarity of lateral chains of the amino acids.
Notably, the accessibility of residues within the 3D structure of the
60-mer AAV capsid and the HVR localization emerged as the key pa-
rameters affecting capsid viability. It was observed that mutations of
residues in buried regions were more frequently deleterious than mu-
tations of residues in accessible regions. This finding suggests that the
localization of the mutation plays a more significant role than the spe-
cific type of variation when predicting capsid viability. Buried resi-
dues are indeed more conserved among different AAV serotypes,
indicating their structural importance in stabilizing the capsid.””®
Consequently, residues located in accessible regions, mostly repre-
sented by HVRs, were more prompt to tolerate mutations than resi-
dues in buried regions. We investigated the interplay between residue
accessibility and HVR localization in predicting the fitness of the mu-
tations and showed that 64% of mutations occurring in buried regions
outside HVRs were deleterious compared with only 14% of mutations
in accessible region within HVRs.

HVRs are a common target of capsid engineering due to their local-
ization in exposed domains and their crucial role in the interaction
with host cell receptors.”***>** Even though the residues within
these regions are mostly exposed, 44% of the amino acids composing
the HVRs are buried in an assembled capsid (data from AAV2, PDB:
1LP3). Noteworthy, 3 out of 15 deleterious mutations in our non-
viable capsids were located in buried positions within HVRs. Our
findings underscore the importance of careful assessment of residue
accessibility when designing novel engineered capsids, especially
when employing random mutagenesis approaches to enhance capsid
diversity, even if the target region is HVR.

Different capsid engineering strategies have been developed and used
over the years to improve the transduction efficiency and tailor the
tissue specificity of the capsids.”> The most popular approach is
directed evolution which involves the generation of a library

composed of millions of variants followed by iterative rounds of selec-
tion to identify the best candidates for a specific capsid feature. These
libraries can be generated through different techniques, such as error-
prone PCR or capsid shuffling, which do not require any previous
knowledge on capsid structure and sequences. These approaches
allow to easily generate large variant libraries with a potential high
rate of capsid diversity. However, several studies have shown that
these libraries often contain a substantial proportion of non-viable
capsids.”*"** The lack of knowledge on capsid structure and on the
consequences of amino acid mutations represent a significant chal-
lenge in capsid engineering. The advent of bioinformatics and ma-
chine learning in the gene therapy field is aiding to tackle this gap
but, at this stage, these approaches require large empirical datasets
to predict capsids features, such as viability or tropism.**"*>*' In
this context, the study of WT capsids might help to identify regions
that are more tolerant of mutations, thereby implementing our un-
derstanding of capsid structure and stability.

The investigation on WT AAV2 variants in our study has shed light
on common features associated with amino acid residues posing
high risk to capsid viability. This knowledge, when integrated into
the design of novel AAV libraries may reduce the frequency of
non-viable capsids. Furthermore, our results provide strong support
for the value of characterizing libraries created through systematic
single mutagenesis of the VP sequence as a unique resource to pre-
dict the viability of capsids with multiple variations. To conclude,
the analysis model developed in this work might be useful to guide
future designs of AAV libraries enriched in viable capsids and to
accelerate the identification of therapeutic candidates among engi-
neered capsids.

MATERIALS AND METHODS

Capsid sequences and phylogenetic analysis

Capsids variants from AAV2 (n = 25) and AAV2-13 (n = 34) geno-
types were previously isolated from human liver.”> Consensus se-
quences of AAV2 and AAV2-13 genotypes were obtained by multiple
sequence alignment (MSA) using MultiAlin software.*? The
consensus sequences were used to remove ambiguous nucleotide po-
sitions present in some capsid sequences deposited in GenBank data-
base. In this case, ambiguous nucleotides were substituted with the
corresponding nucleotide of the consensus sequences of the same
AAV genotype.

To remove redundant amino acid sequences, a pairwise analysis on
MSA of all AAV variants was performed using MEGA X.** Evolu-
tionary divergence was estimated in terms of the number of amino
acid differences between each couple of sequences. All sequences con-
taining at least one amino acid of difference in the pairwise matrix
were selected for further analysis.

Phylogenetic analysis on amino acid VP sequences were performed
using MEGA X.*’ The evolutionary history was inferred using the
neighbor joining method.”” Poisson correction method was used to
compute the evolutionary distances™ in the units of the number of
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amino acid substitutions per site. All ambiguous positions were
removed for each sequence pair (pairwise deletion option).

Cloning of the capsid sequences

The pRep2Cap2 plasmid, encoding for Rep and Cap proteins of
AAV2, was used as backbone plasmid to clone both WT and mutated
hybrid capsids.

The Cap sequence of AAV2 in pRep2Cap2 plasmid was replaced with
the newly synthetized capsid sequences of WT AAV variants.

To validate deleterious mutations, hybrid AAV2 capsids were gener-
ated by modification of a 256 amino acid region spanning from posi-
tions 350 to 606 of the Cap sequence of the pRep2Cap2 plasmid. This
region was substituted with the corresponding region of non-viable
capsids #2141, #2128, and #2208 to generate hybrid AAV capsids.
Potentially deleterious mutations in hybrid capsids were reverted to
AAV?2 sequence by site-directed mutagenesis.

All plasmids were manufactured by Genecust, which performed
sequence synthesis, cloning, and site-directed mutagenesis.

AAV vector production

AAV vectors were produced by an adenovirus-free transient triple
transfection method of HEK293T cells in suspension with proprietary
modified cells and protocol. In brief, 50 mL HEK293T cell growing in
agitation in shake flasks was transfected with the three plasmids con-
taining the adenovirus helper proteins, the AAV Rep and Cap genes,
and the inverted terminal repeat-flanked transgene expression
cassette (firefly luciferase reporter gene under the control of a CMV
promoter). After 24 h of transfection, cells were treated by Benzonase
(Merck-Millipore). Seventy-two hours post transfection cells were
lysed by Triton X-100 (Sigma-Aldrich), the cell culture was centri-
fuged, and supernatant was collected. Vectors were purified by affin-
ity chromatography using AKTA pure (Cytiva). The final product was
formulated in sterile PBS containing 0.001% of Pluronic (Sigma-
Aldrich) and stored at —80°C.

Vector DNA before and after purification was extracted using
MagNA Pure 96 DNA and a Viral NA Small Volume Kit (Roche)
following the manufacturer’s protocol. AAV vector titration was per-
formed by real-time quantitative PCR using LightCycler 480 System
(Roche). Final titers were expressed as vg/mL.

Cell culture and luciferase assay

2V6.11 cells (catalog no. CRL-2784; ATCC) were maintained at 37°C
and 5% CO, in DMEM supplemented with 10% FCS and 2 mM of
GlutaMAX (Gibco). Cells were transduced with AAV vectors at
10,000 multiplicity of infection and luciferase assay was performed af-
ter 48 h using the Britelite plus Reporter Gene Assay System
(PerkinElmer). Luciferase activity was measured at EnSpire
(PerkinElmer) in a white opaque 96-well plate. Relative luminescence
unit value of transduced cell was normalized on the background
signal of non-transduced cells.
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To test the luciferase activity of bulk AAV production, AAV vectors
were collected from the medium through lysis of producer cells fol-
lowed by centrifugation at 1,000 x g for 10 min at RT. Supernatants
were collected and in vitro transduction efficiency was tested. 2V6.11
cells were transduced with vectors from bulk production and lucif-
erase assay was performed 48 h later, as described previously.

3D structure analysis

3D structures of full AAV2 (PDB: 1LP3) and AAV13 (PDB: 7L6H)
capsids available on RCSB Protein DataBank (RCSB PDB) were
analyzed using Mol* Viewer.** The VP monomers of AAV2 and
AAV13 capsids were superimposed, and the RMSD was calculated.
Information related to residue accessibility (classification in buried
and accessible amino acids) and accessible surface area of each amino
acid were directly extracted from PDB files. The percentage of acces-
sible surface area was calculated by dividing the accessible surface area
of each residue by the total surface area of the amino acids empirically
determined by Tien and colleagues.*

The 3D structures of non-viable capsids with frameshift mutation and
indels were predicted using ColabFold (version 1.5.2) based on
AlphaFold2 and MMseqs2 for structure prediction and sequence
alignment, respectively.”® Predicted structures were superimposed
to the AAV13 VP monomer using Mol* Viewer and the RMSD values
were calculated.

All 3D structure representations were generated using Mol* Viewer.**

Calculation of GRAVY index

To investigate the possible change in hydrophobicity due to indels
and frameshift mutation in the capsid, the GRAVY index of the pro-
tein regions impacted by the mutations was analyzed. The GRAVY
score of mutated regions and the corresponding WT AAV13 regions
was computed using the ProtParam tool on the ExPASy server.

Statistical analysis

Statistical analyses were performed using RStudio (R version 4.2.2)
and GraphPad Prism (version 9.3.1). Statistical significance of quan-
titative variable was determined by Wilcoxon rank-sum test. The fre-
quency of mutations according to different parameters (variation in
hydrophobicity, classification according to s’ score, localization in
the VP sequence) was investigated using 7> test. Adjustment of
p values was computed for a Monte Carlo test with 2,000
permutations.

Fitting generalized linear model was used to assess the contribution of
residue features in predicting the outcome of a mutation (neutral
versus deleterious). This analysis was performed using the glm func-
tion included in the stats package in R.

Luciferase activity and production yield (vg/mL) of cells transduced
with AAV variants or mutants versus transduced control cells were
compared using one-way ANOVA with Dunnett’s multiple compar-
isons test.
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The modality of the distributions was assessed by Hartigan’s dip test
for unimodality/multimodality with simulated p value (based on
2,000 replicates). p values less than 0.05 indicate significant multimo-
dality, whereas p values greater than 0.05 but less than 0.10 suggest
multimodality with marginal significance.”” When H,, for normal dis-
tribution was rejected, alternative hypothesis of multimodality was
validated by LaplacesDemon package’s functions in R.

ROC and precision-recall curves were used to evaluate the perfor-
mance of the prediction model at all s thresholds. PlotROC and pre-
crec package’s functions in R were used to generate the curves and
calculate the corresponding area under the curve.

A detailed description of the prediction model and its validation is
available in the supplemental information.
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