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DNA encapsidation rates. In an attempt to understand the host cell response to rAAV

mass spectrometry. By comparing an rAAV-producing yeast strain with a respective
non-producer control, we identified a subset of yeast host proteins with significantly
different expression patterns during the rAAV induction period. Gene ontology en-
richment and network interaction analyses identified changes in expression patterns
associated mainly with protein folding, as well as amino acid metabolism, gluconeo-
genesis, and stress response. Specific fold change patterns of heat shock proteins and
other stress protein markers suggested the occurrence of a cytosolic unfolded protein
response during rAAV protein expression. Also, a correlative increase in proteins in-
volved in response to oxidative stress suggested cellular activities to ameliorate the
effects of reactive oxygen species or other oxidants. We tested the functional rel-
evance of the identified host proteins by overexpressing selected protein leads using
low- and high-copy number plasmids. Increased vector yields up to threefold were
observed in clones where proteins SSA1, SSE1, SSE2, CCP1, GTT1, and RVB2 were
overexpressed. Recombinant expression of SSA1 and YDJ insect homologues (HSP40
and HSC70, respectively) in Sf9 cells led to a volumetric vector yield increase of 50%
relative to control, which validated the importance of chaperone proteins in rAAV-
producing systems. Overall, these results highlight the utility of proteomic-based

tools for the understanding and optimization of rAAV-producing recombinant strains.
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1 | INTRODUCTION

Recombinant adeno-associated viral vectors (rAAV) are emerging
drugs for gene therapy applications. Ongoing animal and human tri-
als are showing promising data for a variety of clinical conditions.
The FDA approvals of Luxturna (Spark Therapeutics) and Zolgensma
(Novartis) open regulatory and commercialization pathways for new
drugs, motivating other companies to pursue the development of
rAAV-based products.

Vector production at a laboratory scale requires the interaction
of several biological inputs (e.g., plasmids, viral inoculum, auxiliary
helper genes, and host cells) within a controlled cell culture envi-
ronment (Aponte-Ubillus et al., 2018). This process is currently car-
ried out using mammalian cells (HEK293, BHK) or insect cells (5f9)
genetically modified to express AAV proteins. Expression of the
capsid proteins VP1, VP2, and VP3 and an assembly activating pro-
tein (AAP) leads to the formation of viral capsids in the nucleolus
(Samulski & Muzyczka, 2014). The expression of the non-structural
proteins Rep68/78 and Rep52/40 triggers rAAV DNA replication
and encapsidation of the generated single-stranded sequence
(Balakrishnan & Jayandharan, 2014). In mammalian cells, the expres-
sion of auxiliary adenovirus or herpesvirus proteins is necessary to
complement rAAV production; the identified helper genes partici-
pate as trans-activating agents of AAV promoters, or modifiers of
the host cell milieu (Geoffroy & Salvetti, 2005).

As an alternative to complex eukaryotic production host cells,
a few groups have studied rAAV production in simpler organisms
such as yeast. The potential development of a microbial platform
would bring simple, lower-cost, and scalable means for rAAV vector
biomanufacturing. Proof-of-concept results showed efficient rAAV
DNA replication and capsid formation, but low volumetric rAAV2
yield (Barajas et al., 2017; Galli et al., 2017). The low vector yields
obtained in yeast could come as a result of an unbalanced expres-
sion of rAAV proteins, or a negative effect of host cell response to
expression of foreign proteins and multiple forms of rAAV DNA.
In the present study, we aimed at increasing our understanding of
yeast host cell response to rAAV expression by profiling proteomic
changes throughout the production process. Bioinformatics analysis
of change patterns helped us build secondary hypotheses regarding
potential production constraints in the producer cell line. A final pro-
tein overexpression approach confirmed the importance of selected
yeast host proteins in vector production, proved by up to a threefold

increase in rAAV2 yield for selected overexpression strains.

2 | MATERIALS AND METHODS

2.1 | Strain and culture media

Saccharomyces cerevisiae strain YPH501 (MATa/MATa ura3-52/
ura3-52 lys2-801/lys2-801 ade2-101/ade2-101 trpl-A63/trpl-A63
his3-A200/his3-A200 leu2-A1/leu2-A1) was obtained from Agilent
Technologies. 20% glycerol stocks were maintained at -80°C. YPD

broth (1% yeast extract, 2% peptone, 2% dextrose) was used for cul-
ture start-up. Synthetic complete (SC) media lacking the appropriate
amino acids was used for yeast transformation. SC media supple-
mented with 0.1 M Na,HPO4/NaH,PO4 phosphate buffer and 2%
glucose or 3% galactose was used for fermentation of rAAV-produc-
ing strains. Flasks were incubated in a MaxQ orbital shaker (Thermo
Fisher) at 30°C and 250 rpm agitation.

Spodoptera furgiperda (Sf9) cells were cultured in Sf900III-SFM
(Life Technologies). Cell passage was carried out every 4 days in
250-ml shake flasks at 40% working volume, using an inoculation cell
density of 5 x 10° cells/ml. Flasks were incubated in a Multitron or-
bital shaker (Infors HT) at 28°C temperature and 125 rpm agitation.

2.2 | Plasmid design
Coding sequences for rAAV2 capsid and replication proteins were
amplified from a pAAV RC2 plasmid and inserted into pESC 2-micron
plasmids under the control of galactose-induced promoters, as de-
scribed in Barajas et al. (2017). Briefly, all plasmids were generated
using a pESC plasmid (Agilent Technologies) as a vector. DBO46 con-
tains a His3 selection marker and VP3 and AAP expression cassettes
controlled by GAL1/10 bidirectional promoter. DB228 and DB138
plasmids contain a Leu2 selection marker and GAL-based Rep52 and
VP1 expression cassettes. DB029 plasmid contains a Trp1 selection
marker and GAL-based Rep78 and VP2 expression cassettes. JAOO1
plasmid consolidated the aforementioned AAV coding sequences
into one plasmid. Plasmid DB040 is a pAAV-GFP-based plasmid (Cell
Biolabs) containing Ura3 and 2-micron sequences. JAOO2 plasmid
resembles DB040, with the difference that a Leucine marker was
placed instead of the original Uracil marker. Protein overexpres-
sion plasmids were generated using DB327 (pESC(U)-GAL10-), as a
backbone vector. Specific primer sets (see Appendix 1, https://doi.
org/10.6084/m9.figshare.13040591.v1) were designed to amplify
coding sequences from yeast genomic DNA. Smal-digested DB327
plasmid and amplified sequences were ligated by Gibson assembly.
DB327 2-micron and CEN variants were generated to promote high
and low gene copy number, respectively.

The plasmid pFastBac (ThermoFisher) was modified to include
a blasticidin resistance gene and the baculovirus HR5 region in the
plasmid backbone, outside of the Tn7 transposable cassette, gen-
erating pFB-HR5-BSD. S. frugiperda HSC70 and HSP40 were PCR
amplified with primers 1010/1011 and 1008/1009, respectively, and
inserted into Xhol-linearized pFB-HR5-BSD under the control of a
polh promoter, generating plasmids pFB-HR5-BSD-HSC70 and pFB-
HR5-BSD-HSP40. To generate the plasmid pFB-HR5-BSD-HSC70-
HA-HSP40-HA, expressing the two HA-tagged proteins from a polh
and a p10 promoter, respectively, the HSC70 gene was amplified with
primers 1150/1140; a SV40 terminator-p10 promoter DNA frag-
ment was amplified with primers 1141/1142 from pFB-inCap-inRep
(Chen, 2008), and HSP40 was amplified with primers 1143/1151.
The three DNA fragments were inserted by Gibson assembly into
BamHI/Xhol-digested pFB-HR5-BSD. The resulting plasmids were
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FIGURE 1 Proteomic profiling study. Outline of experiment (a). Time-course yeast biomass (b) and pH monitoring (c) of all shake flasks
conditions. Normalized rAAV protein expression in yeast samples on day 3 post-galactose induction, detected by mass spectrometry (d)

transformed into E. coli DH10Bac strain to generate recombinant

bacmids following the Bac-to-bac system (Thermo Fisher Scientific).

2.3 | Baculovirus viral stocks

Three baculovirus strains were developed in the laboratory using
the Bac-to-bac system (Thermo Fisher Scientific). rBV-GFP contains
the green fluorescent protein gene controlled by a CMV promoter.
The cassette is flanked by AAV inverted terminal repeats (ITRs). rBV-
RepCap contains the Rep and Cap genes controlled by p10 and polh
promoters, respectively. rBV-HSP is used to overexpressed specific
insect cell proteins. Viral stocks were generated in Sf9 cells grow-
ing in the Sf900I11-SFM medium, with a mixture of bacmid DNA and
Cellfectin (Thermo Fisher Scientific). After four days of cell culture,
the baculovirus stock was harvested by centrifugation at 230 g x

10 min. The stocks were maintained at 4°C in the dark.

2.4 | Proteomic profiling study design

The experimental design was aimed at identifying protein expres-
sion differences between rAAV-producing and non-producing
YPH501 strains. The YPH501-rAAV strain was developed by trans-
formation with plasmids DB046, DB138, DB029, and DB040. A
control strain was generated by transformation with 4 pESC empty
plasmids. Fermentation was performed in 250-ml shake flasks con-
taining 50 ml of SC medium +2% glucose. Each strain was inoculated
at an approximated cell density of 0.2 OD 600 nm. An orbital shaker

was used to agitate flasks at a rate of 240 rpm. After 24 hours of
culture, the medium was exchanged with fresh SC medium +0.1 M
phosphate buffer +2% galactose to induce rAAV protein expres-
sion (Figure 1a). The culture was extended for four days after the
media exchange. Cell growth, pH, and AAV protein expression were
monitored throughout the culture. This experiment was performed
in triplicate, at three different times for both strains (n = 9). Yeast
biomass samples were taken on days 0, 2, and 3 post-induction to
analyze their proteomic profile.

2.5 | Sample preparation

The samples were prepared for MS analysis following the meth-
odology suggested by Paulo et al. (2015). Cells were washed twice
with water and suspended in a buffer containing 50 mM HEPES
(pH 8.5), 8 M urea, 75 mM NacCl, and protease inhibitors Complete
Mini (EDTA-free) and PhosStop (Roche). The cell suspension was
concentrated to approximately 1.5-2 OD 600 nm. Glass beads
were added to the suspension in a cell:buffer:beads ratio of ap-
proximately 1:2:2. Cell suspensions were submitted to three
homogenization cycles of 30 seconds each with 30-second rest
intervals, using a Maxiprep 24 homogenizer. Lysates were centri-
fuged at 100 g x 5 min, and the supernatant was aliquoted for
further treatment. Sample aliquots were reduced by incubation in
5 mM tris 2-carboxyethyl phosphine (TCEP) for 25 min at room
temperature. Alkylation was subsequently performed by 30-min
incubation with 10 mM iodoacetamide. Immediately after, sam-
ples were incubated in 15 mM Dithiothreitol (DTT), and protein
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fractions were separated by methanol chloroform precipitation.
The protein concentration of all samples was monitored by using
the BCA assay kit (Thermo Fisher Scientific). Protein fractions
were dissolved in 50 mM HEPES +0.05% Rapigest and digested
with trypsin (EMD Millipore) at 100:1 protein to protease ratio, for
6 hours at 37°C. Enzymatic digestion was stopped by the addition
of 1% formic acid. Prepared samples were flash-frozen for further

analysis.

2.6 | Liquid chromatography-mass spectrometry

Chromatographic separation was performed using Acquity
M-Class UPLC fitted with an Acquity HSS T3 column (1.8 um,
1.0 x 150 mm, 100 A; Waters Corporation). Peptides were sepa-
rated with a reversed-phase gradient elution running 0.1% formic
acid and 0.1% formic acid in acetonitrile (Burdick and Jackson)
from 3% B to 40% B over 80 min at 25 ul/min. Before injec-
tion on the column, 2 pg peptide sample solutions were spiked
with 500 fmol of Hi3 E. coli peptide internal standard mixture
(Waters Corporation) for subsequent quantitation by the “Hi3”
method (Silva et al., 2006). Proteomics data were acquired on a
Synapt G2-Si mass spectrometer (Waters Corporation) operating
in HDMSE mode. Raw mass spectrometry data were processed
for proteomics analysis with Progenesis Ql for Proteomics soft-
ware (version 3.0, Nonlinear Dynamics). Chromatograms were
aligned and normalized using the “all proteins” approach. Peptides
were identified within Progenesis from a search of the Uniprot
Saccharomyces cerevisiae database (UP000002311) appended to
include key AAV protein amino acid sequences and Hi3 internal
standard peptides. Peptide search criteria included 10 ppm mass
measuring accuracy, fixed carbamidomethylation, variable me-
thionine oxidation, and a 4% false discovery rate. lon matching
requirements were two or more fragments/peptide, three or more

fragments/protein, and one or more peptides/protein.

2.7 | Bioinformatics data analysis
Preliminary Progenesis protein expression data were refined by
establishing a cutoff confidence ID value of 15, and the presence
of at least two unique peptides per hit. The principal component
analysis was performed in JMP 12 software (SAS) to visualize
sample clustering and to identify potential run outliers. The analy-
sis was run under the default estimation method. Basic statisti-
cal analysis (mean, standard deviation, p-value) of MS data was
performed using Progenesis Ql software and Microsoft Excel. An
adjusted ANOVA p-value of 5 x 107 was used to determine the
statistical difference in protein expression among conditions and/
or time points.

Log2 protein expression changes were determined per strain
using Microsoft Excel, and heat map analyses were performed using

GraphPad Prism to visualize protein expression changes within the

control strain between days 0 and 3 post-induction (column A),
within the rAAV-producing strain between days O and 3 post-in-
duction (column B), and between strains based on days 2-3 post-in-
duction data (column C). To systematically identify the proteins
showing the biggest expression changes, we compared changes
in columns A and B and quantified the difference among them. A
25% change was used as the minimum threshold for selection (ABS
[log,(B) - log,(A)] > 0.32). Column C values were used to confirm
upregulation or downregulation events linked to rAAV production.
DAVID bioinformatics database (https://david.ncifcrf.gov/home.
jsp) was used for gene ontology enrichment analysis. A Benjamini-
corrected p-value of 0.05 was established for the analysis. Additional
bioinformatics analysis was performed using the STRING network
interaction database (https://string-db.org/). A high confidence in-
teraction score (0.7) was selected for predicted interaction analysis.

2.8 | Protein overexpression study

The effect of protein overexpression on vector yield was assessed.
Results from protein profiling led to the identification of protein can-
didates that could potentially improve rAAV expression. Nineteen
candidates were screened by using an rAAV 2-plasmid yeast system
(JAOO1 and JA0O2) on which a third plasmid containing the coding
sequence of a protein of interest controlled by GAL10 promoter
was transformed. Four clones per strain were isolated and grown in
24-deep well plates following the fermentation strategy described
above. 500 ul samples were taken on day 4 post-induction, and
benzonase-resistant vector yield from each yeast lysate was deter-
mined. Paired, one-tailed t tests were performed between each vari-
able and control strains to determine whether the average yield of

the variable strain was significantly higher.

2.9 | rAAV production in Sf9 cells

rAAV production using insect cells was performed using stand-
ard 3-rBV, Sf9 cell culture process parameters as reported in the
literature(Aucoin et al., 2006; Negrete & Kotin, 2008). Briefly, Sf9
cells were inoculated at a cell density of 1 x 10° cells/ml in a 250-ml
shake flask containing 50 ml of Sf900IlI-SFM medium. Cells were
incubated at 28°C and 135 rpm agitation. At 24 h of growth, three
rBV stocks (rBV-GFP, rBV-RepCap, and rBV-HSP) were added to the
culture at an individual MOI of 3. Viable cell density, viability, and
cell diameter were monitored with the use of the ViCell analyzer
(Beckman Coulter). The culture progressed over five days until vi-
ability percent is approximately 40% or lower. Crude harvest was
centrifuged at 4300 g x 15 min and then filtered with a 0.22 um,
PVDF-based syringe filter. Harvest was treated with benzonase to
degrade DNA impurities. Inorganic salts with high ionic strength
were added to prevent rAAV particle aggregation (Wright et al.,
2005). rAAV vg titer was determined by ddPCR analysis of the clari-
fied harvest.
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2.10 | rAAV analytical testing

Digital droplet PCR (ddPCR) was performed as described in Barajas
et al. (2017) to quantify benzonase-resistant rAAV DNA. Yeast-
treated material was diluted 100:1000-fold to target the ddPCR
dynamic range. Five pL of diluted material was mixed with 20 ul of
Tagman-based master mix (BioRad) including GFP primers DB307/
DB309 and a FAM dye-labeled probe DB308. Droplets were gen-
erated by an automated droplet generator (Biorad), and amplified
material was analyzed in a QX200 droplet reader (Biorad) using

Quantasoft software (Biorad).

3 | RESULTS

To evaluate yeast proteome changes occurring because of rAAV
expression, fermentation runs using a yeast rAAV-producing strain,
and a non-producing control was performed in triplicate at three dif-
ferent times. The results from fermentation runs are presented in
Figure 1b-d. Most conditions showed a consistent growth profile
throughout the 5 days of fermentation. There was no significant
difference in growth rate trends after galactose induction, suggest-
ing that rAAV protein expression did not significantly impact cell
growth. pH trends were also comparable between strains, showing
a subsequent mild decrease over the four days of growth in galac-
tose. rAAV protein expression was tracked in both strains, and mass
spectrometry was used for their detection on day 3 post-induction.
Figure 1d displayed the detection of Rep, Cap, and AAP proteins
only in the rAAV-producing strain and not in the control strain.

We used Progenesis QI for mass spectrometry raw data process-
ing. A total of 925 yeast proteins were identified, covering protein
IDs present in several cellular structures such as cell wall, cytoplasm,
and nucleus. Out of this total, approximately 70% met the confi-
dence ID and unique peptide cutoff requirements for our profiling
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analysis (See Appendix 2 for details, https://doi.org/10.6084/m9.
figshare.13040591.v1). Principal component analysis (PCA) of sam-
ples from days O, 2, and 3 post-induction was performed to visualize
the clustering of proteomic data among yeast samples. Analysis of
day O post-induction samples showed no separation among control
and recombinant strain samples (Figure 2a). This expected trend
corroborated that, before induction, both strains shared basic met-
abolic features common to early logarithmic growth. A secondary
PCA analysis of day 2 and day 3 post-induction samples evidenced
a clear clustering of the control samples and the recombinant strain
samples, being principal component 2 a transformed variable that
explained 20.6% of proteome sample differences (Figure 2b). We
can infer that the identity of the variables that comprise component
2 might be implicated in significant biological processes associated
with rAAV production.

Mass spectrometry analysis identified 304 proteins that showed
statistically significant changes in protein accumulation throughout
the fermentation process (adjusted p-value <5 x 107°). Heat map
analysis of the proteome subset was performed in three sets that
compared induction day and strain type (Figure 3). Our categori-
zation criteria helped us select a subset of 148 proteins with the
biggest protein expression changes in the rAAV-producing strain
relative to the control strain. We rationalized that this subset would
be more representative of the changes associated with rAAV pro-
duction; therefore, subsequent gene ontology and network analysis
were performed with this protein list. Gene ontology enrichment
analysis was performed using DAVID software. Table 1a displays bi-
ological processes identified from the original 304 protein subset.
In addition to broad processes such as amino acid/carbon metab-
olism and oxidation-reduction processes, this list also comprised
specific events like protein folding and refolding, translation, ribo-
somal subunit assembly, and gluconeogenesis. GO analysis of the
highest-changing 148 proteins displayed four hits, which included
protein folding, protein refolding, de novo protein folding, and
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FIGURE 2 Principal component analysis. Dynamic profile analysis of recombinant (rAAV) and control yeast strains at day O post-galactose

induction (a) and at days 2 and 3 post-galactose induction (b)
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confirmed by column C values. Proteins P39079, PO0O004, and Q06177 are not included in this graph. Additional information can be found in

Appendix 3 (https://doi.org/10.6084/m9.figshare.13040591.v1).

metabolic process (Table 1b). Additional biological processes iden-
tified but with higher p-value included gluconeogenesis, response
to heat, and cellular amino acid biosynthetic process. These results
suggest the previously mentioned events might be directly or indi-
rectly associated with rAAV expression in yeast. Further analysis
performed with STRING software contributed to the generation of
a prediction-based interaction network, based on the protein set ID
and protein-protein interactions reported in the literature. Network
results corroborated the presence of four important clusters of pro-
teins identified during bioinformatic analysis: protein folding/refold-
ing, gluconeogenesis, amino acid biosynthesis, and carbohydrate
metabolic processes (Figure 4).

After examining the potential implications of expression change
of these proteins, we postulated that the overexpression of specific
host cell proteins involved in protein folding, response to stress,
proteasome activity, and some carbon metabolic processes could
provide a stress-relief activity to the yeast cell, and potentially con-
tribute to vector yield improvement. Most of the nineteen proteins
selected for overexpression studies were part of the protein sub-
set mentioned in Figures 3 and 4, and they were all upregulated
during the AAV expression phase. We generated a set of low-copy
and high-copy number plasmids containing expression cassettes
for 19 yeast host cell proteins. We overexpressed these proteins
in a yeast strain transformed with two rAAV plasmids (JAOO1 and
JA002), using a total of three plasmids for each yeast strain variant.
As shown in Figure 5, the expression of some of these proteins using
high-copy and low-copy number plasmids resulted in an improve-
ment in the rAAV vector yield. Variant strains SSA1, RVB2, SSE1,
SSE2, CCP1, and GTT1 showed significant increases in vector yield
that go as high as threefold and twofold when 2-micron and CEN-
based plasmids were used, respectively. These results support the
significance of the aforementioned biological processes and the

functional relevance of selected host cell proteins on rAAV vector
production when using S. cerevisiae as host.

Overexpression of selected insect cell homologues was car-
ried out in Sf9 cells to validate some of the findings found in the
yeast model. Since bioinformatics and protein analysis highlighted
protein folding and refolding as events potentially associated with
rAAV expression, we decided to test overexpressed cytosolic chap-
erone proteins with foldase activity. S. frugiperda HSC70 and HSP40
were overexpressed during rAAV-GFP production, and the yield was
compared against a no-overexpression control. Overexpression of
HSP40 and HSC70 led to a vector yield of 7 x 10'° vg/ml, which
represents a 50% volumetric yield improvement (Figure 6). This in-
crease is associated with higher per-cell productivity, likely due to an

enhanced folding and expression capacity of the tested cells.

4 | DISCUSSION

Time-course mass spectrometry analysis of yeast samples allowed
us to survey changes in the proteomic profile of the rAAV-producing
yeast strain. Bioinformatics and statistical tools played an important
role in highlighting expression changes and clustering them as part
of biological processes. With those results, we identified processes
that significantly varied when rAAV2 proteins were expressed. We
built a secondary hypothesis that could potentially link these few
biological processes to bottlenecks in rAAV vector production.

Our results from proteomic profiling highlighted events related
to protein folding and conformational stress. Protein folding/refold-
ing comprises cellular activities aimed at shaping the native confor-
mation of proteins (Gasser et al., 2008). To keep cellular homeostasis,
cell responses are focused on correcting the conformation of mis-

folded proteins, either by refolding sequestration, or degradation
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TABLE 1 Gene ontology enrichment analysis focused

on biological processes was performed using the DAVID
bioinformatics database. A first evaluation used a subset of 304
host cell proteins that showed statistically significant change
among conditions (A), whereas the second evaluation used the
previously mentioned subset of 148 proteins that showed the
biggest upregulation/downregulation changes during recombinant
AAV expression (B)

Gene
Term count Benjamini
(A)
Cytoplasmic translation 38 6.2E-11
Metabolic process 38 1.2E-10
Translation 46 4.4E-7
Gluconeogenesis 9 6.0E-4
Oxidation-reduction process 41 6.1E-4
Ribosomal small subunit assembly 10 6.6E-4
Protein refolding 8 1.1E-3
Cellular amino acid biosynthetic 18 1.5E-3
process
Carbohydrate metabolic process 17 9.4E-3
rRNA export from nucleus 7 2.0E-2
Glycolytic process 8 2.4E-2
Protein folding 15 3.7E-2
Pyruvate metabolic process [¢) 3.8E-2
(B)
Protein refolding 7 6.3E-4
Metabolic process 20 1.5E-2
Protein folding 11 1.8E-2
“de novo” protein folding 4 3.2E-2
Gluconeogenesis 5 9.7E-2
Response to heat 5 1.4E-1
Cellular amino acid biosynthetic 9 1.4E-1
process
Carbohydrate metabolic process 9 2.1E-1
One-carbon metabolic process 4 4.7E-1

(Chen et al., 2011). Protein folding takes place in the endoplasmic
reticulum (ER) and cytoplasm, and each compartment has its arsenal
of folding proteins capable of doing a variety of modifications to the
target protein. In recombinant strains, protein expression and pro-
cessing machinery are mostly allocated in the ER, where the nascent
protein is modified and prepared for secretion (Gasser et al., 2008;
Mattanovich et al., 2004). For our case, the rAAV expression cas-
settes encode 6 non-glycosylated viral proteins that undergo pro-
cessing in the cytoplasmic compartment. Our proteomic profiling
results highlighted the overexpression of several cytoplasmic heat
shock proteins (Hsp) and chaperones during the last days of galac-
tose induction. This correlation implies a link between protein fold-
ing activities and the expression of rAAV proteins. No differences
in expression of foldases and other chaperones associated with ER

processing were seen, which gives support to the hypothesis that

Microbiol |
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Open Access,

saturation of the protein processing machinery might be taking
place, potentially leading to protein misfolding at the cytoplasmic
compartment.

Table 2 shows MS results regarding the fold change activity of
the principal heat shock proteins during induction time. Results
showed a twofold increase in KAR2 protein (also known as BiP). This
protein is a stress marker and its upregulation is usually linked to
unfolded protein response (Hohenblum et al., 2004). This protein
was one of the few ER-related proteins that changed in concentra-
tion after galactose induction of rAAV expression. The cytoplasmic
proteins SSA1, SSA2, and SSA4 increased their expression levels
more than 25%, and the vector yield increase seen after protein
overexpression of SSA/SSE chaperones confirmed their functional
relevance for rAAV vector production. These chaperones belong to
the HSP70 and HSP110 families and are implicated in protein fold-
ing activity at the cytoplasm (Bush & Meyer, 1996; Dragovic et al.,
2006). Big and small heat shock proteins showed a different change
in their expression patterns, which aligned with results reported by
Geiler-Samerotte et al. (2011). The authors referred to this particular
phenomenon as cytoplasmic unfolded protein response, and it has
been reported on other occasions when surface viral proteins are
expressed in yeast (Ciplys et al., 2011). It is believed that chaper-
one action is crucial to mitigate negative impacts related to protein
misfolding. Valaviciute et al. (2016) evaluated the effect of overex-
pression and mild downregulation of HSP90, HSP70, and HSP40
chaperones and co-chaperones during recombinant expression
of VP1 hamster polyomavirus protein in yeast. Downregulation of
cytosolic chaperones such as SSA1/SSA2, SSA3/SSA4, HSP82, and
HSC82 had a negative effect on VP1-EGFP levels. Also, mild over-
expression of these proteins translated into a surplus of VP1 yield.
Their results suggested that these sub-group of proteins had a direct
impact on protein processing, and by extension on active recombi-
nant protein yield.

We also found multiple changes in proteins associated with
gluconeogenesis such as ENO1, ENO2, MDH2, PCK1, and PCK2.
It is unclear what the major driver for this change is; however, we
speculate that the formation of secondary metabolic products like
ethanol and trehalose could have shifted this expression pattern.
Ethanol is a common byproduct during yeast consumption of glu-
cose. This component tends to be used right after yeast diauxic shift,
once glucose or the primary fermentable carbon source is depleted
(Peng et al., 2015). It has been reported that ethanol consumption
drives the expression of factors that reduces gluconeogenesis ac-
tivity (Soontorngun et al., 2007). Moreover, yeast accumulates tre-
halose during recombinant protein production, a mechanism that is
believed to mitigate stress (D'Amore et al., 1991). An increment in
protein TPS1, directly involved in trehalose production, influences
gluconeogenesis as part of the general stress response (Deroover
et al., 2016).

An additional function of the host cell proteins highlighted in
our analysis is related to protein degradation. During the profiling
analysis, changes in proteins that are components of the prote-
asome subunits such as RPN6 and PRE7 were identified. Many
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FIGURE 4 Predicted protein interaction network performed in STRING software. The analysis was done based on a previously
mentioned subset of 148 proteins with differential protein expression. A high confidence factor (0.7) was used for the analysis. Proteins
were clustered based on their participation in relevant biological processes: Protein refolding (green), amino acid biosynthesis (sky blue),
carbohydrate metabolism/response to stress (yellow), and gluconeogenesis(purple). Non-clustered proteins are presented in red. Each
protein group displays green and red arrows next to its protein components to denote upregulation or downregulation in the rAAV-

producing strain relative to the control strain

cytoplasmic chaperones participate in ubiquitin-dependent and
independent degradation processes, which include proteasome
activity (Ben-Nissan & Sharon, 2014; Santamaria et al., 2003). The
increased expression of this set of proteins suggests that protein
degradation activities might have taken place during rAAV pro-
tein expression, likely by proteasome activity on misfolded rAAV
proteins such as capsids. Empirical knowledge from Western blot
analysis showed VP capsid proteins of multiple sizes besides the
three expected sizes (data not shown), which would support the
notion of potential protein degradation events occurring in the
cytosol. We also identified host cell proteins that get upregulated

due to oxidative stress. Thioredoxins, catalases, superoxide dis-
mutases, and glutathione transferases usually play an import-
ant role during oxidative stress (Gasch, 2003). GAD1 and GTT1
showed an increase in protein levels after galactose induction.
These two proteins participate in the metabolism of glutamate
and glutathione, respectively; which indirectly impacts the in-
tracellular redox potential and modulates the stress generated
by toxic oxidants (Coleman et al., 2001; Collinson & Grant, 2003;
Grant, 2001). Other overexpressed proteins were CCP1, GRE3,
and AHP1. These proteins, present in cytosolic and mitochondrial

compartments, are expressed under stress conditions and are
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FIGURE 6 rAAV-GFP vector production in Sf9 cells overexpressing selected protein folding chaperones. Three recombinant baculovirus

strains (rBV-GFP, rBV-RepCap, and rBV-HSP) were used to infect Sf9 cells at an individual MOI of 3. Each condition was run in duplicates. In
the HSP40-70 condition, rBV-HSP40 and rBV-HSC70 were combined at an individual MOI of 1.5. Crude supernatant was harvested at 120 h
post-infection and analyzed by ddPCR after benzonase digestion (a). Per-cell productivity was calculated by the ratio of vg titer on harvest

day by peak cell density (b)

implicated in different metabolic routes that protect cells against
oxidant damage (Aguilera & Prieto, 2001; Charizanis et al., 1999;
Lee et al., 1999). Increased expression of some of these antioxi-
dant proteins, however, has been associated with a diauxic shift in
yeast strains. Since this metabolic event is common in strains that
grow in glucose-galactose media transitions (Murphy et al., 2015),
it is plausible to think that the specific increase of some of these

proteins might have been triggered by metabolic events different
from rAAV production.

We performed a protein overexpression strategy based on the
analysis of proteome changes and their potential implications on
rAAV production. We hypothesized that additional expression of
host cell proteins would benefit stress-free cell metabolism. The

results shown in our yeast model using low-copy and high-copy
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TABLE 2 Expression fold change of
important chaperones and other host
proteins implicated in cytosolic unfolded
protein response and response to cellular
stress. Function descriptions were
obtained from Yeastmine (https://yeast
mine.yeastgenome.org/)

_MicrobiologyOpen
WILEY WP

Protein name Fold change Function

SSA4 +2.04 Protein folding, cellular response to heat, SRP-
dependent co-translational protein-membrane
targeting, and translocation

HSP82 +2.02 protein refolding, proteasome assembly, box C/D
RNP assembly

HSC82 +2.02 Protein refolding, proteasome assembly box C/D
RNP assembly

CPR6 +2.54 Protein folding, protein refolding

SSA1 +1.53 Translation, protein refolding, proteasome-mediated
catabolic process, protein polyubiquitination

YDJ1 +1.48 “de novo” protein folding, ER-associated ubiquitin-
dependent catabolic process, tRNA import into
nucleus

SSC1 +1.63 Protein refolding, protein unfolding, protein import
into the mitochondrial matrix

HSP60 +1.57 Protein refolding, protein maturation, chaperone-
mediated complex protein assembly

KAR2 +2.20 Unfolded protein binding, participates in ubiquitin-
dependent ERAD pathway, protein import into
the ER

AHP1 +1.06 Cell redox homeostasis, response to oxidative
stress, response to metal ion

ZUO1 +1.02 Protein folding, regulation of translational fidelity,
ribosomal subunit export from the nucleus

PDI1 +1.03 Unfolded protein binding, protein disulfide
isomerase activity

HSP12 -6.25 Lipid binding protein; involved in plasma membrane

organization and response to oxidative, osmotic,

and heat stress

number plasmids supported the utility of the rAAV-producing
yeast strain for proteomics-guided optimization. In few cases such
as YDJ1, protein overexpression using high-copy number plasmids
led to a vector yield lower than the one obtained with the control
strain, suggesting that modulation of chaperone/host protein levels
is required to achieve optimal yields. Vector titer improvement was
evidenced after overexpression of proteins related to protein fold-
ing, response to oxidative stress, and regulation of gene expression.
More importantly, improved results translated into insect cells when
the respective protein folding homologues were overexpressed.
These results might indicate that protein folding takes place during
rAAV production among different systems and that the extent of fol-
dase protein activity might lead to more efficient vector production

at a cellular level.

5 | CONCLUSIONS

The present study provided a molecular snapshot of proteomic
changes related to rAAV expression in yeast. Data analysis sug-
gested that cytoplasmic unfolded protein response might be taking
place primarily in our rAAV-producing yeast strain, and secondary

events such as proteasome degradation and cellular stress might

be associated with it. We used this information to look for potential
molecular strategies for optimization, and a host protein overexpres-
sion strategy resulting in increased yields supported this effort. We
validated the rAAV-enhancing activity of protein folding chaperones
in Sf9 cells, which sustains the use of the yeast model for the study
and optimization of rAAV-producing systems. Further steps will
include combined overexpression of proteins involved in multiple
mechanisms, in the hope that this strategy shows a synergistic ef-
fect on vector yield improvement.
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