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To better understand host cell protein (HCP) retention in ad-
eno-associated virus (AAV) downstream processes, sequential
window acquisition of all theoretical fragment ionmass spectra
(SWATH-MS) was used to quantitatively profile residual HCPs
for four AAV serotypes (AAV2, -5, -8, and -9) produced with
HEK293 cells and purified using POROS CaptureSelect
AAVX affinity chromatography. A broad range of residual
HCPs were detected in affinity eluates after purification
(Ntotal = 2,746), and HCP profiles showed universally present
species (Nuniversal = 1,117) and species unique to one or more
AAV serotype. SWATH-MS revealed that HCP persistence
was dominated by high-abundance conserved species
(HACS), which appeared across all serotype conditions studied.
Due to the notable contribution of these species to overall re-
sidual HCP levels, physical and functional characteristics of
HACS were examined to determine trends that coincide with
persistence. Subnetwork interaction mapping and Gene
Ontology function enrichment analysis revealed extensive
physical interactions between these proteins and significant
enrichment for biological processes, molecular functions, and
reactome pathways related to protein folding, nucleic acid
binding, and cellular stress. The abundant and conserved na-
ture of these HCPs and their functions offers a new perspective
for mechanistic evaluations of impurity retention for AAV
downstream processes.

INTRODUCTION
Adeno-associated virus (AAV) is the dominant delivery platform for
in vivo gene therapy due to low immunogenicity, a strong safety pro-
file, and the ability of specific serotypes to target diverse tissue sys-
tems.1 As of the end of 2023, there have been over 200 completed
or in-progress clinical trials using recombinant AAV (rAAV) thera-
pies and 6 approved products for the treatment of genetic disorders.2

Despite the notable clinical and commercial success of AAV gene
therapies, widespread availability of these treatments is limited by
an inability to meet increasing demand for Good Manufacturing
Practices-produced vectors.3 To combat supply challenges, AAV pro-
duction systems using HEK293 cells have transitioned from adherent
culture systems to larger-scale suspension formats, with increasing
viral titers resulting from transfection and cell culture process param-
eter optimizations.4,5 Additionally, packaging and producer cell lines
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are being developed to allow for improved culture scalability, reduced
cost of goods, and elimination of process constraints associated with
transient plasmid transfection.6,7

As upstream platforms continue to evolve, downstream processes
must adapt to ensure that highly pure AAV products can be isolated
from larger andmore complex feed streams. Aside fromproduct isola-
tion and final formulation, the AAV downstream process plays a key
role in process- and product-related impurity removal, including re-
sidual host cell proteins (HCPs), exogenous DNA, fragmented and
aggregated capsid species, and improperly packaged or empty AAV
capsids.8 Reduction in DNA and HCP impurities has been correlated
with improvements in in vivo transduction efficiency regardless of
AAV serotype or tissue target,9 potentially allowing for reduced dosing
requirements for highly pure products. Additionally, evenwith the use
of a human expression system such as HEK293 cells, residual HCPs
may still pose immunogenicity risks to patients due to the high dosing
requirements of some therapies.10 However, the challenge of residual
HCP clearance for AAV downstream bioprocesses is compounded by
an increased impurity burden fromcell lysis at harvest and the need for
substantial volume reduction due to low product expression.

Several studies have explored HCP retention for AAV purification
processes and examined co-purifying residual HCPs from AAV-pro-
ducing HEK293 culture systems.11–14 Although these studies provide
valuable insights, they do not quantitatively capture residual impurity
profiles across different AAV serotypes from a controlled production
and purification scheme. In this work, data-independent acquisition
(DIA) liquid chromatography-tandem mass spectrometry (LC-MS/
MS) methods were applied to quantitatively profile residual HCP spe-
cies after purification with POROS CaptureSelect AAVX affinity
chromatography. Sequential window acquisition of all theoretical
fragment ion mass spectra (SWATH-MS) was performed using an
ion spectra library constructed from data-dependent acquisition
(DDA) LC-MS/MS.
ical Development Vol. 32 December 2024 ª 2024 The Author(s).
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Figure 1. POROS CaptureSelect AAVX elution pool total protein and AAV

capsids

POROS CaptureSelect AAVX affinity chromatography elution pool total protein

amounts measured by Bradford and total AAV capsid content measured by AAVX

Octet for AAV2, -5, -8, and -9, B1 and B2. Total protein (bars) is plotted on the left y

axis on a normal scale. Elution pool total AAV capsid data (magenta triangles) is

plotted on the right y axis on a log10 scale. Error bars for protein concentration

measurements correspond to SDs of technical replicates (n = 3).

Figure 2. SYPRO Ruby-stained protein gel of AAV lots purified with POROS

CaptureSelect AAVX resin

SYPRO Ruby-stained protein gel showing AAV2 (blue), AAV5 (orange), AAV8

(magenta), AAV9 (charcoal), and EGFP control (green) lysates after purification by

POROS CaptureSelect AAVX affinity chromatography. Neutralized eluates were

4-fold concentrated and an equal volume of concentrated eluate was loaded per gel

lane (2.5 mL). Viral capsid protein banding corresponding to VP1 (�80–81 kDa),

VP2 (�65–66 kDa), and VP3 (�59–60 kDa) can be seen for each AAV-containing

condition.

Molecular Therapy: Methods & Clinical Development
The quantitative proteomic workflow was applied across four AAV
serotypes (AAV2, -5, -8, and -9), with a model EGFP transgene pro-
duced from a suspension HEK293 culture system. Groups of high-
abundance residual HCPs were identified that appeared across all
AAV-containing samples. These high-abundance conserved HCP
species, denoted herein as HACS, were characterized based on
different abundance ranking criteria. Due to the notable contribution
of HACS to residual impurity levels following affinity purification,
physical and functional characteristics of these species were further
examined. Molecular weight (MW) and isoelectric point (pI) profiles
were compared to the full set of identified residual HCPs to determine
whether HACS show physical property trends that might be related to
downstream persistence. Physical subnetwork interaction mapping
and Gene Ontology (GO) functional enrichment analyses were
used to identify the participation of HACS in conserved protein com-
plexes and to determine whether this group of HCPs show enrich-
ment for specific biological processes, molecular functions, or reac-
tome pathways. Overall, the characterizations and residual HCP
trends identified in this work represent a step toward a more compre-
hensive understanding of process-related impurity retention and
clearance for scalable AAV downstream processes.
RESULTS
AAV production, purification, and characterization

AAV-producing cultures for both batch 1 (B1) and batch 2 (B2) had
peak viability between 24 and 48 h followed by declining viable cell
density (VCD) and viability until harvest at 72 h post-transfection
(Figure S1). The EGFP control condition, transfected only with the
pEGFP gene of interest (GOI) plasmid, remained at >95% viability
throughout the culture duration with an elevated VCD compared
to AAV production conditions. Vector genome (VG) titers appeared
to be serotype dependent, with AAV9 showing the highest lysate VG
titer between 4 and 5� 1011 VG/mL culture (Figure S2). All VG titers
2 Molecular Therapy: Methods & Clinical Development Vol. 32 Decemb
were greater than 1 � 1011 VG/mL culture, with some variability be-
tween biological replicate cultures observed, as shown in Figure S2.
VG titer measurement in the supernatant compared to the lysate var-
ied by serotype. AAV8 was the most secreted, with approximately
66% (range 63%–68%) of total VG titer appearing in the supernatant.
AAV2 was the least secreted, with approximately 1% or less of total
VG titer appearing in the supernatant. Affinity purification was per-
formed with no observed process deviations, and UV absorbance
measured at 280 nm baselined below 10 mAU in all cases during
the wash block prior to elution (Figure S3). Capsid yields were lower
for AAV2 (43% and 65% for B1 and B2, respectively) and AAV5 (82%
and 63% for B1 and B2, respectively) compared to AAV8 (89% and
95% for B1 and B2, respectively) and AAV9 (92% and 97% for B1
and B2, respectively). Smaller but distinct elution peaks can be seen
on the EGFP control chromatograms, indicating the presence of
non-specific binding and elution of HCP impurities. Elution pool to-
tal protein and total capsid content show slight variability between
biological duplicates, with lower elution pool protein measured for
EGFP control lysate conditions compared to AAV-containing condi-
tions after purification (Figure 1). Following purification, protein gel
banding consistent with viral capsid proteins VP1, VP2, and VP3 was
seen for all AAV-containing samples (Figure 2). A wide distribution
of residual HCPs can also be visualized on the gel with a notable pres-
ence of cellular impurities within the 25- to 75-kDa range. Intact
er 2024



Figure 3. Residual host cell protein identifications by

serotype condition after POROS CaptureSelect

AAVX purification

All identified residual host cell proteins (HCPs) (A) and

HCPs present in AAV-containing conditions but absent

in the EGFP control lysate conditions (B) after POROS

CaptureSelect AAVX affinity purification. Protein detection

in all three triplicate LC-MS/MS injections for both

biological duplicates was required for inclusion in each

serotype group. For control-corrected conditions, HCPs

detected in at least one EGFP control biological duplicate

were removed. HCPs detected across all AAV serotypes

are shown in red circles. A notable overlap in residual

protein species was observed between AAV8 and AAV9

samples, shown in blue dashed circles. Proteins that

appeared unique to each AAV serotype are shown in

black dotted circles.

www.moleculartherapy.org
protein LC-MS was performed after AAV purification to confirm
serotype identities prior to sample digestion and LC-MS/MS analysis.
VP1, VP2, and VP3 were detected, with close matching to theoretical
values for all serotypes (Table S1).15,16 Deconvoluted mass spectra for
VP3 species are shown in Figure S4 for reference. Negative staining
transmission electron microscopy (nsTEM) imaging further
confirmed the presence of AAV capsids following affinity purification
and shows residual process-related impurities (Figure S5). Purified
capsids appeared as distinct spheres in the nsTEM images, but larger
aggregates were also observed for all serotypes. These aggregates ap-
peared predominantly in areas surrounding what appear to be
degraded or improperly formed AAV capsids carried through affinity
purification.
Qualitative residual HCP characterization

SWATH-MS data were collected and processed in triplicate for each
sample. Detection in all three triplicate data acquisitions was required
for an HCP to be considered present in any given sample. Overall,
2,746 unique protein species derived from the producing HEK293
cell line were identified in at least one sample (n = 10), with 1,117 spe-
cies being detected for all AAV-containing samples (nAAV = 8)
following POROS CaptureSelect AAVX affinity purification (Fig-
ure 3A). Subsets of retained cellular impurities were detected for
AAV-containing samples that were absent for EGFP control material
after processing (Figure 3B). Interestingly, within this group of con-
trol-corrected residual HCPs, universal species that were detected
for all four serotypes and serotype-specific species were observed. A
greater overlap in conserved HCPs was seen between AAV8 and
AAV9 after EGFP control correction (N = 78), and AAV2 showed
a lower number of shared HCPs with other serotypes. Of the 1,117
HCPs detected in all AAV-containing samples, 1,091 (97.7%) were
measured in both EGFP control biological duplicates, and 1,114
(99.7%) were measured in at least one EGFP control biological dupli-
cate, indicating that most cellular impurities were carried through the
process in a measurable capacity regardless of the presence of AAV
capsids. HCPs that appeared unique to one specific AAV serotype
were measured in the EGFP control lysate at a lower consistency
(Figure 3).
Molecular T
Quantitative residual HCP characterization

HCP protein amounts (ng) calculated from SWATH-MS were aver-
aged across triplicate injections for each sample. Median coefficients
of variation (CVs) for HCP amounts (ng) calculated from triplicate
injections ranged from approximately 5% to 7.5% across the sample
set (n = 10) (Figure S6). All SWATH-MS outputs including raw
data showing average protein amounts (ng) and CV determined
from yeast alcohol dehydrogenase (ADH) reference injections and
protein abundances (ng/mg total HCP) are included in Table S2.
Despite the broad distribution of residual HCPs identified with LC-
MS/MS, quantitative proteomic profiling using SWATH-MS revealed
that cellular impurity persistence is driven primarily by groups of
high-abundance HCPs (Figure 4). Total HCP identifications ranged
from 1,286 to 2,303 unique proteins across the purified AAV samples,
but the 25 highest-abundance species within each sample, ranging
from 1.1% to 1.9% of total HCPs identified for each respective sample,
comprised a median of 47.7% of total HCP amount (ng) across the
samples (range 38.0%–61.9%). High-abundance species were present
for biological duplicate samples (Figure S7) and were largely
conserved across serotype conditions (Figure S8). High-abundance
species were compared across serotypes to identify HACS. There
were 39 HCPs measured to be within the 100 most-abundant species
across all AAV-containing conditions, which are referred to as the
top-100X (N = 39) subgroup of HCPs. There were 251 HCPs
measured to be within the 500 most-abundant species in all AAV-
containing samples, which are referred to as the top-500X (N =
251) subgroup of HCPs. The top-500X (N = 251) subgroup was
used for abundance-ranking assessments. A number of these 251
HCPs have been reported for their persistence across AAV down-
stream processes, including heat shock 70-kDa protein 1B
(HSPA1B),12 nucleolin,11,17,18 nucleophosmin,18,19 Y-box-binding
protein 1,12 ruvB-like 2,12 alpha enolase,12 and various heterogeneous
nuclear ribonucleoproteins.18
Abundance ranking of residual HCPs

High-abundance or difficult-to-remove residual HCPs can pose risks
to downstream bioprocesses by contributing substantially to interme-
diate and final impurity profiles, impacting outright impurity levels
herapy: Methods & Clinical Development Vol. 32 December 2024 3
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Figure 4. Percentage of total residual HCP content by abundance group

Residual HCP profiling for the top 25, 25–100, and 100–500most-prevalent species

in each sample by normalized abundance (ng/mg HCP). Low-abundance HCPs

outside of the top 500 are shown in turquoise. Total identified HCPs in each sample

are shown at the top of each bar.
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and the ability of a process to match process-related impurity speci-
fications that may be on file with regulatory authorities. To identify
the most persistent cellular impurities, three separate abundance-
ranking criteria were applied across the top-500X (N = 251) HCP
subgroup. Within the top-500X (N = 251) subgroup, comparisons
between HCP species showed a disproportionate abundance distribu-
tion, with HSPA1B, hsc70-interacting protein (ST13), and heat shock
protein HSP 90-beta (HSP90AB1) appearing at notably high amounts
compared to other HCPs (Figure 5). The 25 highest-abundance spe-
cies across all AAV-containing conditions are summarized in Table 1,
with HCPs listed in order of highest median abundance ranking. To
avoid bias in ranking designation by median HCP abundance, mean
abundance ranking and weighted abundance ranking were also per-
formed for comparison, with trending across the ranking systems
shown in Figure 5C. Ranking systems show agreement based on linear
regression R2 of 0.966, 0.932, and 0.970 for median vs. mean abun-
dance rank, median vs. weighted abundance rank, and mean vs.
weighted abundance rank, respectively. The agreement between
ranking systems indicates that consistent HCP abundance trends
are observed even when applying different ranking metrics, giving
confidence to HACS designations. Full-abundance ranking outputs
are displayed in Table S3.

Physical and functional HCP characterization

Physical subnetwork interaction mapping of top-100X (N = 39)
HCPs showed notable protein-protein interactions, indicating
high-confidence participation of these species in conserved protein
complexes (Figure 6). GO functional enrichment analyses for this
subgroup revealed enrichment for species involved in specific bio-
4 Molecular Therapy: Methods & Clinical Development Vol. 32 Decemb
logical processes, molecular functions, and reactome pathways,
namely those related to protein folding, RNA binding, and cellular
response to stress (Figure S9). These functional enrichments were
statistically significant (false discovery rate [FDR] <0.05) against
enrichment backgrounds of varying specificity, including the human
genome, all identified HCPs (Ntotal = 2,746), and all conserved HCPs
in AAV-containing samples (Nuniversal = 1,117). Trends of lower
mean and median pI and higher mean and median MW across the
top-100X (N = 39) group of HCPs compared to all identified
HCPs were also observed (Figure 7). These trends were also seen
when comparing subgroups of varying abundance within each
AAV serotype condition (Figures S10 and S11).

DISCUSSION
Based on MW calculation, a typical AAV2 (�3.74 MDa) production
process with a VG titer of 1 � 1012/mL yields approximately 6 mg of
packaged vector per liter of cell culture. A high-titer monoclonal anti-
body process by comparison can produce 8 g/L,20 an over 1,000-fold
higher product concentration. Because AAV2 remains cell associ-
ated,21 recovery requires cell lysis, which introduces increased impu-
rity burden compared to bioprocesses with secreted products readily
harvested from the culture supernatant. This combination of rela-
tively low product expression and elevated impurity burden necessi-
tates rigorous downstream process development to yield highly pure
vectors. Characterization of impurity retention trends can contribute
to improved process understanding, and it ultimately allows for the
implementation of targeted strategies to minimize impurity produc-
tion in the upstream process and maximize removal in the down-
stream process. Previously, Dong et al. identified a few co-purifying
cellular proteins retained across CsCl gradient ultracentrifugation,11

and Strobel et al. performed CsCl and iodixanol gradient ultracentri-
fugation fractionation and characterized several prominent retained
cellular proteins via SDS-PAGE band excision and LC-MS/MS.18

However, impurity profiles and mechanisms driving HCP retention
for intermediately purified AAV products of variable serotype pro-
duced from suspension HEK293 culture and purified using a scalable
affinity chromatography method are poorly understood. In this work,
we sought to characterize residual HCP profiles after POROS Captur-
eSelect AAVX affinity chromatography for four AAV serotypes
(AAV2, -5, -8, and -9) with the goal of identifying quantitative trends
for individual HCP species and assessing the physical and functional
properties of HACS to postulate mechanisms of retention and allow
for further experimentation focused on targeted HCP reduction and
removal strategies.

Detection of highly abundant conserved residual HCPs

Across all four vector serotypes studied, a small subset of residual
HCPs dominated overall HCP content, with a median of 47.7% of
residual HCP amount (ng) being derived from only 25 HCP spe-
cies. Further analysis of abundant impurities revealed that these
HCPs were highly conserved across biological replicates and sero-
type conditions, meaning processes that specifically target downre-
gulation or removal of these highly abundant residual HCPs can
substantially lower total residual HCP levels. This could be
er 2024



Figure 5. HCP abundance profiling bymean, median,

and weighted ranking

Individual HCP abundance profiling for the 251 species

that appear within the 500 most-abundant subgroup

across all AAV-containing samples (top-500X). These

species were ranked by mean abundance (ng/mg HCP)

across all samples (A) and median abundance (ng/mg

HCP) (B), shown in log2 space. An additional ranking

system based on weighted abundance scoring was

devised, which was compared to the mean and median

abundance ranking for the 150 most-abundant HCPs by

median rank (C). Several HCPs appeared in particularly

high abundance, which can be visualized more clearly

from the log2 transformed HCP mean abundance violin

plot (D).
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achieved through HCP knockout,22 upstream process develop-
ment,23 affinity chromatography wash selection,24 or design of
further downstream unit operations. The observation that 97.7%
of HCPs detected in all AAV-containing conditions were also
seen in both biological replicates of the EGFP control condition
suggests a product-independent retention mechanism such as
non-specific interaction with the affinity resin. Visible elution peaks
(UV absorbance at 280 nm) for affinity chromatograms of EGFP
control material containing no AAV capsids (Figure S3C), along
with notable protein banding via SDS-PAGE for purified EGFP
control material, indicate binding of HCPs to the resin and subse-
quent elution at low pH (Figure 2).

Despite most residual impurities appearing to be retained in a vector-
independent manner, the presence of specific HCPs in AAV-contain-
ing conditions that are absent in EGFP control conditions suggests
one or more mechanisms of vector-mediated retention. This reten-
tion may be driven by protein-protein interactions with viral capsids
or upregulation of certain cellular proteins in the presence of AAV
production. The notable overlap in residual HCPs retained for
AAV8 and AAV9 conditions that were absent in all other AAV and
EGFP control conditions may be driven by serotype-specific proper-
ties. AAV8 and AAV9 capsids share 93% aligned amino acid
sequence identity and have been previously shown to share substan-
tial binding similarities to serum proteins compared to other AAV
serotypes,25,26 which could relate to propensity for specific capsid
interactions with cellular proteins.
Molecular Therapy: Methods & C
Residual HCP physical property trends

Across all AAV serotypes studied and for the
EGFP control condition, POROS CaptureSelect
AAVX affinity purification more readily cleared
smaller HCPs that are neutral or positively
charged at operating pH. Across the human pro-
teome, the distribution of pI is known to be
bimodal, with a minima around physiological
pH (�7.4) due to protein instability at a pH
near that of the pI.27 The profile of residual
HCPs identified herein adheres to this distribu-
tion; however, the higher-abundance species skewed toward proteins
with reduced pI (between 4 and 6) that carry a negative charge at affin-
ity-binding conditions of pH 7.5 (Figures 7 and S10). Additionally, the
overall distribution of residual HCP MW shifts upward in correspon-
dence to protein abundance, suggesting that the affinity chromatog-
raphy process removes a higher proportion of smaller proteins, while
larger species have greater propensities for retention (Figures 7 and
S11). These trends were observed equally across all AAV-containing
samples and EGFP control samples, suggesting that this protein MW
and charge trending with residual HCP abundance is capsid indepen-
dent. It is possible that HCP MW and charge properties influence the
tendency of non-specific binding to the AAVX affinity ligand or drive
the formation of HCP-rich assemblies that can more easily persist
across the chromatography process. However, additional experimenta-
tion is needed to rigorously demonstrate these mechanisms.

Larger aggregate species can be seen in nsTEM images for all four
AAV serotypes following affinity purification (Figure S5). Visual in-
spection of images suggests that degraded or improperly assembled
capsids may function as agglomeration sites for aggregates, which
could contain residual HCPs and DNA. The persistence of these
larger aggregate species through purification may be driven by
physical association with AAV capsids or by non-specific interac-
tions with the affinity resin. Interestingly, the three highest-abun-
dance residual HCPs identified in this work—HSPA1B, ST13, and
HSP90AB1—are involved in binding to misfolded or aggregated
protein assemblies.28–30
linical Development Vol. 32 December 2024 5
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Table 1. The 25 most abundant residual HCPs by median normalized

abundance (ng/mg total HCP) ranking aggregated across all AAV-

containing samples (nAAV = 8)

Median
abundance
rank Protein name (Homo sapiens)

Protein
accession

Median HCP
abundance,
ng/mg total HCP

1 heat shock 70-kDa protein 1B* NP_005337.2 126.89

2
hsc70-interacting protein
isoform 1*

NP_003923.2 89.59

3
heat shock protein HSP
90-beta isoform a*

NP_031381.2 26.21

4
cytoplasmic dynein 1 heavy
chain 1

NP_001367.2 14.37

5 fatty acid synthase isoform X1 XP_011521840.1 9.95

6 elongation factor 1-alpha 1* NP_001393.1 8.52

7
T-complex protein 1 subunit
theta isoform 1*

NP_006576.2 8.38

8
heat shock protein HSP
90-alpha isoform 2*

NP_005339.3 6.98

9
heat shock protein 75-kDa,
mitochondrial isoform
1 precursor*

NP_057376.2 6.84

10
heat shock cognate 71-kDa
protein isoform X1*

XP_011541100.1 6.68

11
DNA damage-binding
protein 1*

NP_001914.3 6.63

12
importin subunit beta-1
isoform 1

NP_002256.2 5.74

13 splicing factor 3B subunit 3* NP_036558.3 5.73

14
far upstream element-binding
protein 2 isoform 1*

NP_003676.2 5.71

15
T-complex protein 1 subunit
epsilon isoform a*

NP_036205.1 5.52

16
clathrin heavy chain 1
isoform 1

NP_004850.1 5.45

17 protein kinase C iota type NP_002731.4 5.44

18
chromobox protein
homolog 3 isoform X1*

XP_005249668.1 5.08

19 nucleolin* NP_005372.2 4.87

20
endoplasmic reticulum
chaperone BiP precursor*

NP_005338.1 4.36

21 vimentin NP_003371.2 4.32

22
cleavage stimulation factor
subunit 2 isoform 2*

NP_001316.1 4.26

23
26S proteasome non-ATPase
regulatory subunit 2
isoform 1*

NP_002799.3 4.26

24
T-complex protein 1 subunit
zeta isoform a*

NP_001753.1 4.18

25
heat shock-related
70-kDa protein 2*

NP_068814.2 4.04

Species presence within the 500 most-abundant HCPs by normalized abundance (top-
500X) across all AAV sample conditions was required for ranking eligibility.
*These proteins have primary functions related to either protein folding, response to
unfolded proteins, or nucleic acid binding.
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Residual HCP functional enrichment analysis

Within the top-100X (N = 39) subgroup identified in this study, there
is a functional enrichment for proteins involved in protein folding,
chaperone-mediated protein folding, and protein refolding biological
processes. These enrichments are significant (FDR <0.05) not only
against an enrichment background of the human genome but also
against the group of HCPs identified in all AAV-containing samples
(Nuniversal = 1,117). Among the 25 highest-abundance HCPs summa-
rized in Table 1, 19 species have primary functions related to protein
folding, unfolded protein response (UPR), or nucleic acid binding.
Subnetwork mapping using STRING shows substantial physical in-
teractions between the top-100X (N = 39) group, with 34 of 39 spe-
cies sharing at least one physical interaction network edge with
another species. This demonstrates a high prevalence of known pro-
tein-protein interactions between these species and participation in
conserved protein complexes, which may influence overall retention
properties (Figure 6). GO enrichment in nucleic acid binding was also
observed, which may relate to previous studies describing extensive
interactions between host cell nucleic acid-binding proteins and the
AAV genome throughout the virus life cycle.12,19,31

HCP retention mechanisms

Various HCP retention mechanisms have been broadly described
for recombinant protein bioprocessing. Direct association of HCPs
with the target protein has been demonstrated,32–34 which can be
caused by electrostatic interactions, hydrophobic effects, and
hydrogen bonding properties. Chromatin and histone-rich protein
complex formation35 and high-MW aggregate formation driven by
proteins involved in the UPR have been shown to contribute to
HCP persistence.36 Recently, Panikulam et al. has also reported
HCP network-driven retention whereby an increased propensity
for impurity co-elution is mediated by HCP-HCP interactions
from species participating in conserved protein networks.37 Based
on the results of the present study, it appears that HCP retention
for AAV purification processes using POROS CaptureSelect
AAVX affinity chromatography is a complex process that may be
influenced by protein interactions with the resin, physical properties
of individual proteins, and functional characteristics of HCPs such
as involvement in protein or nucleic acid binding and participation
in conserved protein networks.

Problematic residual HCPs

The retention of particular “problematic” HCPs has been shown to
impact the stability of therapeutic proteins through protease-medi-
ated degradation,38 and can pose additional risks due to impacts to
formulation components,22 unwanted biological activity, or drug
modifications.39 Although immunogenicity risks for human HCPs
may be lower compared to non-human-derived proteins, the safety
and AAV product quality impacts of individual HCPs derived
from HEK293 cells remain unclear.40 Several residual HCPs that
have been denoted “high risk” in the context of mammalian bio-
processing for therapeutic protein production were detected within
the top-500X (N = 251) subgroup, including alpha-enolase (drug
quality, modification), peptidyl-prolyl cis-trans isomerase A (drug
er 2024



Figure 6. Physical subnetwork interaction mapping

for high-abundance conserved HCP species

HCP species that appeared within the 100 highest-

abundance subgroup for all AAV-containing samples

are shown (top-100X). Blue arrows denote physical

subnetwork interactions between proteins, with thicker,

darker lines corresponding to higher-confidence

scores. Protein nodes are sized proportional to the log2
of the protein’s median normalized abundance (ng/mg

HCP) across AAV-containing conditions (nAAV = 8).
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quality, aggregation), endoplasmic reticulum chaperone BiP precur-
sor (drug quality, aggregation), pyruvate kinase (immunogenicity),
and peroxiredox-1 (immunogenicity).39 Due to the high-abundance
and potentially problematic nature of these HCPs, they may be of
particular interest in AAV downstream processes for monitoring
or targeted removal strategies.

Several LC-MS/MS characterizations have previously been reported
for the assessment of residual HCPs for various AAV serotypes,
which have examined impurities found in highly pure commercially
acquired vector preparations produced from HEK293 cells.41,42

Consistent with our findings, these studies detected universally pre-
sent residual HCPs across different AAV serotypes and serotype-spe-
cific impurities. Among the 33 HCPs identified by Hu et al. in 5
different serotype (AAV1, -2, -5, -6, and -9) samples purchased
from Charles River Laboratories,41 30 were identified in at least 1
sample for our study, and 21 of 33 were identified in all AAV-con-
taining samples across the 4 serotypes studied (nAAV = 8). Similarly,
Smith et al. reported the 10 highest abundance HCPs measured in
purified AAV2 material acquired from Patheon Viral Vector Ser-
vices.42 Comparatively, 7 of 10 of these HCPs were detected in this
work, with 5 of 10 being detected in all AAV-containing samples
across the 4 serotypes studied (nAAV = 8). Variability in residual
HCP profiles between studies are likely influenced by many factors,
including differences in production and purification methods used.

Overall, the results of this study represent a step toward a more com-
plete understanding of HCP persistence in scalable AAV down-
Molecular Therapy: Methods & C
stream processing. The finding that HCP levels
after AAV affinity purification are dominated
by a subset of highly abundant cellular proteins
that are largely conserved across serotypes
allows manufacturers to specifically target
downregulation of these cellular proteins in
the upstream process or remove these species
through the improved design of affinity chro-
matography processes or subsequent down-
stream unit operations. It has been shown that
complete removal of the 25 highest-abundance
HCPs can correspond with a 50% reduction in
total residual HCP levels following primary
product capture. Furthermore, through com-
parisons to EGFP control conditions as well as physical and func-
tional assessment of HACS, underlying mechanisms of retention
are postulated that warrant further investigation, including non-spe-
cific resin interactions, aggregate formation, and network-mediated
retention. Although evidence for these mechanisms was observed,
additional experimentation is needed to explicitly demonstrate
their involvement in HCP retention. Further probing of these
mechanisms and their possible roles in HCP persistence for
chromatographic AAV purification processes can lead to targeted
removal strategies and ultimately contribute to the delivery of
highly pure vectors to patients. Additionally, a more thorough un-
derstanding of AAV bioprocess-related impurity retention and
downstream clearance could be achieved by comprehensive proteo-
mic analysis of chromatography load material and flowthrough frac-
tions, by the evaluation of chromatography wash additives, and
through the study of HCP removal across further downstream
polishing stages.

MATERIALS AND METHODS
AAV production

EXPI293 cells (Thermo Fisher) in exponential growth phase were
exchanged into fresh EXPI293 Expression Medium (Thermo Fisher)
at 2.5 � 106 viable cells/mL. Cells were seeded into 8 individual 1-L
shake flasks (Corning) at a 200-mL working volume. All plasmids
used for transfection were acquired from Addgene: pAdDeltaF6
(pAdH, Addgene, catalog no. 112867), pAAV-GFP (pEGFP, Addgene,
catalog no. 32395),43 pAAV2/2 (pRep2/Cap2, Addgene, catalog no.
104963), pAAV2/5 (pRep2/Cap5, Addgene, catalog no. 104964),
linical Development Vol. 32 December 2024 7
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Figure 7. Isoelectric point and molecular weight

boxplots for all identified and highly abundant HCPs

within each serotype group

pI (A) and molecular weight (MW) (B) distributions for all

identified HCPs across biological duplicates of each

serotype condition (“All”) and HCPs that ranked within the

top 100 highest abundance for both biological duplicates

of each serotype condition (top-100X). Lines within the

boxes indicate medians, and plus symbols indicate

means. Boxes span 25th–75th percentiles and bars show

data ranges. Upper ends for data ranges of MW are cut

off, and full data ranges are shown in Figure S11.
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pAAV2/8 (pRep2/Cap8, Addgene, catalog no. 112864), and pAAV2/9n
(pRep2/Cap9, Addgene, catalog no. 112865) (Table S4). Transfections
were carried out for each flask using the following parameters—total
DNA delivery: 1.57 mg total DNA/106 cells, complexation volume:
10 mL (5% culture volume), complexation medium: Opti-Plex
ComplexationBuffer (ThermoFisher), plasmid ratio: 1.5:1:1Mplasmid
ratio (AAV5, -8, and -9) or 5:1:0.31M plasmid ratio (AAV2) of pRep2/
CapX:pAdH:pEGFP, transfection reagent: FectoVIR-AAV (Polyplus),
DNA to transfection reagent ratio: 1.35 mg DNA/mL FectoVIR-AAV,
complexation time: 30 min. After the complexation hold time, com-
plexes were added to cells, and flasks were placed into a Multitron
HT (Infors, 25mmthrow) incubator at 135 rpm, 37�C, 80% relative hu-
midity, and 5% CO2. All cultures were harvested at 72 h post-transfec-
tion. Flasks, 2� 1L,were transfected for eachAAVserotype (2, 5, 8, and
9). Culture samples were taken from each flask at 24, 48, and 72 h post-
transfection and were measured for cell growth trends using a Vi-Cell
XR (Beckman Coulter) cell viability analyzer. The transfection proced-
ure described above was performed two separate times with different
plasmid and transfection reagent lots, and using EXPI293 cells grown
fromdifferent vial thaws, for a total of 16� 1-L shake flasks (n= 4 flasks
for AAV2, -5, -8, and -9). All rAAVvectors produced in this study were
packaged with EGFP transgenes.

EGFP control material generation

In parallel with each biological replicate production batch, a 1-L
flask was transfected as described previously, but only with delivery
of the pEGFP plasmid. These flasks (n = 2) were used to generate
“EGFP control” lysate material from cells receiving GOI plasmid
and transfection reagent, but with no AAV production or viral
helper genes delivered. DNA mass delivery of the pEGFP plasmid
matching the 1:1:1.5 (pRep2/CapX:pAdH:pEGFP) molar plasmid
ratio condition was used. The EGFP control flasks were cultured
for 72 h, harvested, and purified with POROS CaptureSelect
AAVX affinity chromatography in parallel with the AAV produc-
tion cultures. Prior to purification, EGFP control lysates were
3-fold diluted with 1� PBS to control for an increased cell density
at harvest compared to AAV-producing conditions. Methods used
to produce and process the EGFP control material were intended
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to most closely match the AAV-producing conditions without
expression of AAV production or viral helper elements, thereby
creating control material lots that could be taken through the puri-
fication and proteomic analysis workflows for comparison to AAV-
production conditions.

Harvest and quantitative real-time PCR

Cells were harvested by centrifuging at 1,000 relative centrifugal
force (RCF) with a 5920 R benchtop centrifuge (Eppendorf) for
10 min. Cell pellets were resuspended in 25 mL mammalian lysis
buffer (50 mM Tris-HCl, 150 mM NaCl, 2 mM MgCl2, pH 8.5)
and were subjected to 3 freeze-thaw cycles with a dry ice and ethanol
slurry. Lysate mixtures were treated with Benzonase Nuclease
(Sigma-Aldrich) at 25 U/mL and were incubated at 37�C for
60 min. Cell debris was removed by centrifuging at 3,428 RCF using
a 5920 R benchtop centrifuge (Eppendorf) followed by 0.2 mm vac-
uum filtration (Fisher Scientific). Supernatants were treated with 2M
MgCl2 to a concentration of 2 mM, followed by 25 U/mL Benzonase
Nuclease (Sigma-Aldrich) and incubation at 37�C for 60 min. An
additional exogenous DNA digestion step was performed for both
lysates and supernatants by treating samples with DNase I (New En-
gland Biolabs) and incubating at 37�C for 60 min (2.5 mL sample,
2.5 mL DNase I, 2.5 mL DNase buffer, 17.5 mL molecular biology
water). Prior to qPCR, capsids were digested by adding 2.5 mL of
20 mg/mL Proteinase K (Thermo Fisher) and incubated at 56�C
for 90 min followed by Proteinase K inactivation at 95�C for
30 min. Samples (lysates and supernatants) were measured for VG
titer relative to a PvuII (New England Biolabs) linearized pEGFP
plasmid standard curve (Figure S12) diluted in molecular biology
water. Linearized plasmid was desalted using a QIAquick PCR Puri-
fication Kit (Qiagen) and measured for concentration using UV
absorbance (A260) on a DS-11 FX+ (DeNovix) instrument. A
6-point standard curve (109�104 copies per reaction) was created
by serial dilutions of the linearized plasmid. Samples were 10-fold
diluted in molecular biology water after Proteinase K inactivation,
and qPCR was performed on a CFX384 Touch Real-Time PCR sys-
tem (Bio-Rad). TaqMan Fast AdvancedMaster Mix (Thermo Fisher)
along with 900 nM primers/250 nM probe (IDT) targeting the EGFP
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transgene were used (Table S5). After qPCR measurement, duplicate
lots for each AAV serotype were pooled together to give approxi-
mately 50 mL lysate for each biological duplicate of the 4 AAV sero-
types, for a total of 10 lysate material lots (n = 2 biological replicate
lots for AAV2, -5, -8, and -9 and EGFP control).

POROS CaptureSelect AAVX affinity purification

Due to the low supernatant VG titer measured for AAV2, purifica-
tions were performed only from lysate material to allow for more
consistent comparisons of residual impurity profiles. Lysate samples
were purified using a “base-case” affinity chromatography process
run with an AKTA Pure (Cytiva) fast protein liquid chromatography
system. A TRICORN 5/50 (Cytiva) column was packed with 1 mL of
fresh POROS CaptureSelect AAVX (Thermo Fisher) affinity resin for
each run. 12 mL of each lysate lot was diluted with 12 mL equilibra-
tion buffer (20 mM Tris-HCl, 0.1 M NaCl, pH 7.5) and was sterile
filtered using a 0.2-mm vacuum filter (Fisher Scientific) immediately
prior to loading. The following protocol was used for each run: col-
umn equilibration with 10 column volumes (ColV) of equilibration
buffer, product loading (20 mL 1:1 diluted lysate), washing with 12
ColV equilibration buffer, and elution with 15 ColV elution buffer
(0.1 M glycine-HCl, pH 2.6). All product contact steps (loading,
washing, and elution) were performed at 2-min residence time
(0.5 mL/min). Eluates were collected in 50-mL conical tubes (Fisher
Scientific) containing 1.5 mL (10 vol/vol %) neutralization buffer
(1 M Tris-HCl, pH 8.7).

Bradford, Octet AAVX, SDS-PAGE, intact protein LC-MS, and

nsTEM

Elution pools were measured for protein concentration using Coo-
massie Plus (Bradford) Assay Reagent (Thermo Fisher) with an albu-
min standard (BSA) (Thermo Fisher) standard curve. Samples and
standards were measured in triplicate with 40 mL sample or BSA
added to 260 mL Coomassie Plus Reagent for each well. Six-point
BSA standard curves ranged from 250 to 3.125 mg/mL and were fit
with second-order polynomials with R2 > 0.99 in all cases. Flat bottom
96-well polystyrene plates (CELLTREAT) were used along with a
SpectraMax M5 plate reader (Molecular Devices). Absorbance was
measured at 595 nm, and all standard and sample wells were blank
corrected by subtracting the triplicate averaged absorbance of 40 mL
elution buffer + 10% v/v neutralization buffer added to 260 mL Coo-
massie Plus Reagent.

Elution pools and 1:1 diluted chromatography load materials were
measured for capsid titer using Octet AAVX biosensors (Sartorius)
on an Octet R8 (Sartorius) instrument, as described previously.44

The following method parameters were used: 160 s baseline with
Octet Sample Diluent (Sartorius), 600 s sample time, 5 probe regen-
eration cycles of 5 s each with regeneration buffer (10 mM glycine-
HCl, pH 1.7), 30�C plate temperature, and 1,000 rpm agitation.
Each well of a 96-well F-bottom microplate (Greiner) was loaded
with 200 mL sample or buffer. Probe hydration was performed with
a 5-min incubation in Octet Sample Diluent prior to starting sample
reads. Freshly thawed serotype-specific internal AAV reference stan-
Molecular T
dards serially diluted in Octet Sample Diluent were used for each
plate, ranging from 1 � 1010 to 5 � 1012 capsids/mL. Octet Analysis
Studio software version 12.2 was used for data analysis with dose
response-4-parameter logistic regression (weighted Y) standard
curves. Chromatography capsid yields were calculated by dividing
the averaged elution capsid recovery (n = 2) by the averaged load
capsid amount (n = 2).

Neutralized elution pools, 16.5 mL, were concentrated to a target vol-
ume of 4 mL using AMICON Ultra-15 10 kDa spin filters (Sigma-
Aldrich). Prior to use, spin filter units were incubated with 15 mL
0.1% Pluronic F68 (Thermo Fisher) in 1� PBS for 5 min followed
by sequential flushing with 0.01% Pluronic F68 in 1� PBS and then
0.001% Pluronic F68 + 200mMNaCl in 1� PBS. After concentration,
5 mL of each sample was 1:1 diluted with 2� Laemmli sample buffer
(Bio-Rad) and heated at 90�C for 10 min. Then, 8 mL diluted sample
was added to each lane of a pre-cast polyacrylamide gel (4%–15%
Mini-PROTEAN TGX Precast Protein Gel, 15-well, 15 mL, Bio-
Rad). The gel was run at 150 V for 50 min in Tris/glycine/SDS
running buffer (Bio-Rad), fixed for 40 min in 50%methanol +7% ace-
tic acid, stained for 3 h with SYPRO Ruby Protein Stain (Thermo
Fisher), and washed for 1 h in 10%methanol +7% acetic acid. Imaging
was performed using an Azure 600 imaging system (Azure Bio-
systems) set to the SYPRO Ruby channel (472 nm excitation/
684 nm emission).

Intact protein LC-MS was performed using a Waters BioAccord with
ACQUITY Premier system equipped with a ZORBAX RRHD
StableBond C18 column (Agilent, 300 Å, 2.1 � 100 mm, 1.8 mm).
Prior to injection of each purified sample, 1.5� 1011 VG were treated
with 10% v/v acetic acid for 15 min followed by 5 min of centrifuga-
tion at 16,260 RCF.16,45 Additional method parameters for LC-MS
data collection are listed in Table S6.

For nsTEM imaging, 400-mesh copper grids with a carbon film (Elec-
tron Microscopy Sciences) were glow discharged using an easiGlow
discharge unit (Pelco) to render the films hydrophilic. The freshly
glow discharged grids were floated on a drop of sample for several sec-
onds, followed by washing with 4 drops of water and staining with 2%
aqueous uranyl acetate. Excess stain was blotted with filter paper, and
grids were allowed to dry prior to imaging. Images were collected us-
ing a Zeiss Libra 120 TEM instrument.

Trypsin digestion and sample cleanup

For each sample, a volume corresponding to 50 mg protein was buffer
exchanged into 100 mM triethylammonium bicarbonate at a 100-mL
volume target, and protein concentration measurement was per-
formed using Coomassie Plus (Bradford), as described above. Sam-
ples containing 50 mg protein were subjected to trypsin digestion,
as described previously.46,47 Briefly, reduction and alkylation were
achieved with 2.5 mL of 100 mM Tris(2-carboxyethyl)phosphine
(Thermo Fisher) incubated at 60�C for 1 h and with 5 mL 150 mM io-
doacetamide (Sigma-Aldrich) incubated in the dark for 30 min,
respectively. Enzymatic digestion was carried out at 37�C for 16 h
herapy: Methods & Clinical Development Vol. 32 December 2024 9

http://www.moleculartherapy.org


Molecular Therapy: Methods & Clinical Development
with sequencing grade trypsin (Promega) at an enzyme-to-substrate
mass ratio of 1:50. Digestions were then acidified with 4 mL 20% for-
mic acid (FA, Fisher Scientific). For samples with a final protein mea-
surement less than 50 mg, digestion was performed with reagent
amounts scaled accordingly. Digested samples were subjected to
OMIX C18 tip (Agilent) cleanup per manufacturer’s instructions,
with substitution of FA for heptafluorobutyric acid. Tips were condi-
tioned with 50% acetonitrile (ACN, Fisher Scientific) and equilibrated
with 1% FA. Washes were performed with 0.1% FA in water (Fisher
Scientific) and elution with 50% ACN, 0.1% FA. Tips were regener-
ated, and the cleanup procedure was repeated twice for each sample
using the same respective tip. Eluates were dried with a SpeedVac vac-
uum concentrator (Thermo Fisher).
LC-MS/MS data acquisition

Dried samples were resuspended in 2% ACN, 0.1% FA. Samples for
triplicate injection were spiked with pre-digested ADH (Waters) at 5
fmol/mL, except for AAV5 B2, AAV8 B2, and AAV9 B2, which were
spiked with 7.1, 7.0, and 5.4 fmol/mL, respectively. Samples equivalent
to 5 mg digested materials were injected for each LC-MS/MS analysis.
Retention time standards (Biognosys) were prepared according to the
manufacturer’s recommendation, and 0.25 mL was added with each in-
jection. LC-MS/MS analysis was performed on a TripleTOF 6600
(Sciex) equipped with Eksigent nano 425 LC operating in microLC
flow mode. LC separation was performed on a ChromXP C18CL col-
umn (3 mm, 120 Å, 150� 0.3 mm) (Sciex) with mobile phase A (0.1%
FA in water) and mobile phase B (0.1% FA in ACN) at a flow rate of
5 mL/min. A program of 3%-25% mobile phase B over 68 min, 25%-
35% mobile phase B over 5 min, 35%–80% mobile phase B over
2 min, and 80% mobile phase B for 3 min was used to elute peptides.

DDA was performed in positive ion mode with an MS1 full scan over
a mass range of 400–1250m/z, with a scan time of 250ms, followed by
MS/MS over a mass range of 100–1,500 m/z, with a scan time of
50 ms. The top 30 precursor ions were selected for fragmentation.
Triplicate DDA data were acquired for all samples except “EGFP–
B2,” which contained enough protein for only duplicate injections.
DIA SWATH-MS experiments were performed with an MS1 full
scan followed by 64 MS/MS acquisitions with variable window
sizes.46,48,49 Triplicate SWATH-MS data were acquired for all sam-
ples. Examples of total ion counts (intensity for all ions eluted vs.
time) for each sample are shown in Figure S13 for reference.
LC-MS/MS protein identification and quantitation

Database searches were performed as previously described,46,47 with
modifications as follows: ProteinPilot version 5.1 (Sciex) was used
to process and submit DDA data for searches against a local copy
of the NCBI:Hu_RefSeqGRCh38 database supplemented with
ADH, AAV replication and capsid proteins, retention time calibra-
tion standards, and common contaminants using the search engine
Paragon Algorithm (Sciex). Search parameters were specified to
include cysteine modifications by iodoacetamide, trypsin digestion,
and a detected protein threshold at 10%. Identifications were based
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on protein matches with an FDR of 1% and at least 2 peptide detec-
tions at 95% confidence limit.

For spectral library construction, triplicate DDA datasets for all proj-
ect-specific samples were combined for a comprehensive database
search using ProteinPilot software (version 5.1). The resulting group
file from the ProteinPilot search was imported to Skyline (version
20.2.0.343, MacCoss Lab, University of Washington) to build a
consolidated spectral library using BiblioSpec with peptides identified
at 95% confidence limit or above.50 In total, the spectral library con-
sisted of 84,563 peptide precursors from 72,609 peptides mapped to
3,432 proteins. SWATH-MS data were extracted using a Skyline com-
mand-line interface with the following settings: max 1 missed cleav-
age allowed, variable carbamidomethyl modification of cysteine, the
six most intense b- or y-ions at charge 1+ or 2+, from ion 3 to last
ion, resolving power of 36,000, and retention time tolerance of
4 min. Peaks were automatically picked and integrated with the
mProphet algorithm based on the target decoy approach.51 A detec-
tion q value was assigned for each peak. Peak integration was manu-
ally checked for ADH, which contains the following peptides:
ANELLINVK, SISIVGSYVGNR and VVGLSTLPEIYK. Peak areas
were exported to the MSstats version 4.8.0 (Olga Vitek Lab, North-
eastern University) input format.52 In MSstats, peak areas were log2
transformed, normalized with global standard (ADH) normalization,
and the top three features of each protein were summarized using
Tukey median polish to obtain the protein areas.

Triplicate SWATH-MS data for each sample were extracted and pro-
cessed as a combined unit. Peptide detection at q < 0.01 in all three
replicates was required for protein identification in each sample. Tu-
key’s median polish was used for peak area summation, followed by
protein peak area integration in MStats, then normalization per-
formed against peak areas for ADH. Relative HCP amounts (ng)
were calculated from normalized peak areas and the known mass of
ADH spiked into each sample, with the assumption that all proteins
generate a consistent concentration-dependent response.

SWATH-MS data normalization

Protein amounts (ng) calculated for each HCP using SWATH-MS
were normalized across all samples. First, non-HCP species were
removed from the analysis, including capsid proteins from AAV2,
-5, -8, and -9 (YP_680426.1, Q9YIJ1, YP_077180.1, and Q6JC40),
Rep78 protein (YP_680423.1), EGFP (C5MKY7), ADH (P00330),
and modified trypsin (AC_000). The remaining cellular proteins
were normalized by dividing the average calculated relative abun-
dance across triplicate injections for each individual HCP by the total
average relative abundance of all HCPs detected in the sample. These
normalized outputs were multiplied by 1,000 to give individual ng/mg
total HCP. These normalized values (ng/mg total HCP) were used for
all further analyses.

HCP abundance ranking

HCP species were ranked across all AAV-containing samples using
three separate methods to designate abundance order: median HCP
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abundance, mean HCP abundance, and rank-weighted abundance.
For median HCP abundance ranking, species were ordered based
on the largest median normalized HCP abundance (ng/mg) across
AAV-containing samples (nAAV = 8). For mean HCP abundance
ranking, species were ordered by the largest average normalized
HCP abundance (ng/mg) across AAV-containing samples (nAAV =
8). For rank-weighted abundance, HCP species for each AAV-con-
taining sample were assigned a value ranging from 100 to 1 corre-
sponding to the highest normalized abundance (ng/mg) species (as-
signed 100) to the 100th highest abundance species (assigned 1),
and HCPs were sorted from highest total ranking summed across
all samples (nAAV = 8). To be eligible for abundance ranking, HCPs
were required to be present within the 500 most-abundant species
across all AAV-containing samples (nAAV = 8). To further examine
conserved high-abundance residual HCPs across samples, groups of
the 50, 100, and 500 most-abundant residual HCPs were compared
across AAV serotypes and to the EGFP control condition. To be
considered within each abundance subgroup, the triplicate-averaged
normalized HCP abundance (ng/mg) was required to be within the
threshold (top 50, 100, or 500) for both biological duplicates. HCPs
that were within the designated subgroups of for all AAV-containing
samples were classified as the top-50X (N = 18), top-100X (N = 39),
and top-500X (N = 251) subgroups.

GO and functional enrichment analysis

The physical subnetwork interactions between the top-100X (N = 39)
subgroup were mapped using StringApp (version 2.0.3) in Cytoscape
(version 3.10.1).53 The default confidence score cutoff criteria of 0.4
was used for physical interaction mapping. GO functional enrich-
ment analysis was performed using the Homo sapiens genome as a
background. GOMolecular Function, GO Biological Process, and Re-
actome Pathway were assessed for enrichment, with an FDR <0.05
considered significant. Additional GO functional enrichment ana-
lyses were performed for the top-100X (N = 39) subgroup against
enrichment backgrounds of HCPs identified in at least one sample
(Ntotal = 2,746) and HCPs identified in all AAV-containing samples
(Nuniversal = 1,117).
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