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a b s t r a c t

From 2002 to 2003, a global pandemic of severe acute respiratory syndrome (SARS) spread to 5 conti-
nents and caused 8000 respiratory infections and 800 deaths. To ameliorate the effects of future out-
breaks as well as to prepare for biodefense, a process for the production of a recombinant protein vaccine
candidate is under development. Previously, we reported the 5 L scale expression and purification of a
promising recombinant SARS vaccine candidate, RBD219-N1, the 218eamino acid residue receptor-
binding domain (RBD) of SARS coronavirus expressed in yeastePichia pastoris X-33. When adjuvanted
with aluminum hydroxide, this protein elicited high neutralizing antibody titers and high RBD-specific
antibody titers. However, the yield of RBD219-N1 (60 mg RBD219-N1 per liter of fermentation super-
natant; 60 mg/L FS) still required improvement to reach our target of >100 mg/L FS. In this study, we
optimized the 10 L scale production process and increased the fermentation yield 6- to 7-fold to 400 mg/
L FS with purification recovery >50%. A panel of characterization tests indicated that the process is
reproducible and that the purified, tag-free RBD219-N1 protein has high purity and a well-defined
structure and is therefore a suitable candidate for production under current Good Manufacturing Prac-
tice and future phase-1 clinical trials.
© 2017 The Authors. Published by Elsevier Inc. on behalf of the American Pharmacists Association®. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Introduction

Severe acute respiratory syndrome (SARS) is a respiratory dis-
ease caused by SARS coronavirus (SARS-CoV), a category C path-
ogen as defined by the U.S. National Institute of Allergy and
Infectious Diseases of the U.S. National Institutes of Health. The
original outbreak in Guangdong Province, China became a
pandemic between 2002 and 2003 and caused approximately 800
deaths and more than 8000 infections. Although the overall mor-
tality rate was about 10 percent, the mortality exceeded 50 percent
among older adults.1 In preparation for future pandemics and in
light of concerns about the use of SARS-CoV in acts of terrorism,
scientists have spent intensive efforts to develop vaccines against
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SARS. Such vaccines would ideally be stockpiled for future use in
the event of an outbreak.

In the past decade, several different antigens have been identi-
fied and developed as SARS vaccine candidates, including inacti-
vated whole virus, the SARS S protein, and the receptor-binding
domain (RBD) of the S protein. Initially, vaccines containing inac-
tivated whole virus adjuvanted with Alhydrogel®were developed1;
however, eosinophilic pathologywas observed inmice, likely due to
antibody-dependent immune enhancement (ADE).2,3 Later, vac-
cines using the recombinant S protein of SARS-CoV were devel-
oped,1 but the full-length S-protein still seemed to induce ADE.4

As an alternative approach, the RBD of the S protein has been
developed as a substitute for the full-length S protein.5,6 Recom-
binant RBD formulated with Freund's adjuvant and with Sigma
adjuvant system® (monophosphoryl-lipid A and trehalose dicor-
ynomycolate adjuvant) has been shown to elicit neutralizing anti-
bodies and highly protective immunity in vaccinated animals while
significantly reducing or eliminating ADE and other harmful in-
flammatory and immune responses.7-11 However, these recombi-
nant wild-type RBD proteins had only been expressed at small scale
in Escherichia coli, insect cells (Sf9), and mammalian cells (293T,
CHO-K1).5,7,8,11,12 In addition, these wild-type proteins were either
tagged with a hexahistidine sequence and purified by immobilized
metal affinity chromatography7,8,12 or tagged with an Fc fragment
and purified by protein A chromatography.5,11 Although tags
simplify the purification process, they usually serve no purpose in
the final product and may potentially cause unwanted immune
responses and raise safety concerns. Thus, they are generally not
considered desirable for use in human therapeutic proteins.

In our previous study,13 we had developed a production process
to express and purify several tag-free recombinant RBD constructs in
yeast and had identified one of the yeast-expressed RBDs, RBD219-
N1 (residues 319-536), as a promising SARS vaccine candidate due
to its ability to induce a stronger RBD-specific antibody response and
a high level of neutralizing antibodies in immunized mice when
adjuvanted with aluminum hydroxide. The designation N1 refers to
the fact that the first amino acid (residue 318) was deleted to avoid
glycosylation at the N-terminus.14 However, the default production
process used for RBD219-N1 still had several areas that could be
improved or optimized before translating to a suitable pilot
manufacturing scale. These included improving the fermentation
yield and purification recovery, as the fermentation yield using the
default process was only 60 mg RBD219-N1/L of fermentation su-
pernatant (FS) and the purification process had not been optimized.
In this study, we optimized the upstream process to generate a
fermentation yield of approximately 400 mg RBD219-N1/L FS. The
purification process was also optimized to a final recovery exceeding
50 percent. This final optimized production process was validated in
3 identical production runs, and an array of characterization pro-
cedures for the process indicated high reproducibility and robust-
ness. Further characterization of the purified RBD219-N1
demonstrated that the protein was highly pure with well-defined
secondary and tertiary structures. The process has since been
transferred to a pilot manufacturing plant and a 60 L scale manu-
facture has been performed under current Good Manufacturing
Practice (cGMP). The cGMP gradeepurified RBD219-N1 (drug sub-
stance) is to be used in support of future phase-1 trials.

Materials and Methods

Reselection of Clone and Seed Stock Generation

Cloning, expression, and clone selection to generate the
RBD219-N1 seed stock were performed as previously described13

with some modifications. Briefly, the recombinant plasmid
encoding RBD219-N1 was transformed into Pichia pastoris X-33
cells by electroporation. Transformed cells were streaked consec-
utively on YPD plates with 0.1mg/mL Zeocin and 0.5mg/mL Zeocin.
A total of 80 colonies were chosen for 5-10 mL expression cultures,
and the colony providing the highest expression level, as judged by
SDS-PAGE, was used to generate the seed stock.14 The seed stock
from the previous study13 and the optimized seed stock were then
compared in the fermentation process described in the following as
part of the fermentation optimization. The optimized seed stock
was used in the final optimized production process.

Fermentation

To rapidly screen for the optimal conditions during the devel-
opment phase, recombinant RBD219-N1 was expressed in 5-10 mL
scale as described previously14 with some modifications, including
induction at different temperatures (22-30�C) and pH (pH 4.7-7.19)
and the addition of additives. Following the small-scale screening,
5-10 L fermentation runs were performed under different induction
conditions, such as pH (6.0 and 6.5), temperature (24-30�C), carbon
feeds (sorbitol co-feed), methanol flow rate, and fermentation
media (basal salt media or low salt media15 [LS; 4.55 g/L potassium
sulfate, 3.73 g/L magnesium sulfate heptahydrate, 1.03 g/L potas-
sium hydroxide, 0.23 g/L calcium sulfate dehydrate, 10.9 mL/L
phosphoric acid {85%}, and 40 g/L glycerol]). The default fermen-
tation procedure was described in the previous study13 and used to
generate a baseline to compare with the optimized fermentation
procedure developed here. One milliliter of seed stock was inocu-
lated into 500 mL buffered minimal glycerol medium, and the cul-
ture was incubated overnight at 30�C with constant shaking at 250
rpm until an OD600 of ~10. Approximately 250 mL overnight cul-
ture was inoculated into 5 L sterile LS medium containing 3.5 mL/L
PTM1 Trace Elements and 3.5 mL/L 0.02% D-Biotin. Fermentation
was initiated and maintained at 30�C and pH 5.0. Gas and agitation
were adjusted to maintain the dissolved oxygen concentration at
30%. On exhaustion of glycerol during the batch phase (dissolved
oxygen spike), the pH was ramped up to 6.5 using 14% ammonium
hydroxide, and the temperature was lowered to 25�C over 1 h. After
the pH and temperature ramping, the methanol induction phase
was initiated. Methanol was added from 1mL/L/h to 11 mL/L/h over
6 h. After this methanol adaptation phase, the methanol feed was
maintained at 11mL/L/h for 18 h, elevated from 11 to 13mL/L/h over
6 h and thenmaintained at 13 mL/L/h for 18 h. Finally, the methanol
feed rate was further increased from 13 to 15 mL/L/h over 6 h and
maintained at 15 mL/L/h until the end of fermentation (~70 h of
methanol induction). After fermentation, cells were removed from
the culture by centrifugation at 7000 rpm for 30 min at 4�C using a
Beckman Avanti J-26 XPI High-Speed Centrifuge equipped with a
JLA 8.1000 rotor. After centrifugation, the wet cell weight was
measured and the supernatant was used for further purification.

Tangential Flow Filtration With Salt Concentration Adjustment

To purify RBD219-N1, 5-6 L of fermentation supernatant were
first filtered through a 0.45 mmpolyethylene sulfone (PES) filter and
concentrated 3- to 4-fold to approximately 1.5 L with a 10 kDa
Millipore Pellicon 2 Mini Cassette (0.1 m2 surface area). After the
fermentation supernatant was concentrated, 400-450 g of ammo-
nium sulfate were added to reach a target concentration of 2 M. The
fermentation supernatant containing 2 M ammonium sulfate was
then centrifuged at 13,000� g for 30 min in a Beckman J-26 XPI
High-Speed Centrifuge equipped with a JLA 8.1000 rotor. After
centrifugation, the supernatant was collected, filtered through a
0.22 mm filter, and loaded onto a Butyl Sepharose High Performance
(Butyl HP) column.
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Hydrophobic Interaction ChromatographyeButyl HP

Butyl HP (GE Healthcare) was packed in a Millipore Vantage A2
column with an internal diameter of 8.9 cm and bed height of 13
cm. The total column volume (CV) was 808 mL. The column was
pre-equilibrated with 2 CVs of 20 mM Tris, pH 8.0, and 2 M
ammonium sulfate. After the column was equilibrated, it was
loaded with concentrated fermentation supernatant containing 2
M ammonium sulfate at 50 cm/h and thenwashed with 2 CVs of 20
mM Tris, 2 M ammonium sulfate, pH 8.0 to remove loosely bound
contaminants. Another washwas performed using 10 CVs of 20mM
Tris, 0.7 M ammonium sulfate, pH 8.0. Finally, the target protein
was eluted using 7 CVs of 20 mM Tris, pH 8.0. Approximately 2 L of
the hydrophobic interaction chromatography (HIC) elution pool
containing RBD219-N1 were collected.

Second Tangential Flow Filtration (Post-HIC TFF) Followed by Size
Exclusion Chromatography

After the HIC step, the HIC elution pool was further concentrated
20-fold to reduce the volume to approximately 100 mL using a 10
kDa Sartorius Sartocon Slice 200 Hydrosart TFF Cassette (0.02 m2).
After the HIC elution pool was concentrated, size exclusion chro-
matography (SEC)75 chromatography was performed. Superdex 75
prep grade resin (GE Healthcare) was packed in a GE Healthcare
Index 70 column (internal diameter 7 cm� bed height 65 cm) with
a column volume of 2501mL. Two identical cycles (loading volume:
approximately 50 mL each) were performed to process the
concentrated HIC elution pool (post-HIC TFF). The columnwas first
equilibrated with 20 mM Tris, 150 mM NaCl, pH 7.5, and the post-
HIC TFF pool was loaded at 30 cm/h and eluted at the same flow
rate over 1.5 CVs. The eluate from both SEC cycles was pooled for a
total of 800 mL and filtered through a 0.22 mm PES filter. The final
protein concentration of purified RBD219-N1was determined using
the absorbance at 280 nm, a theoretical molar extinction coefficient
of 40,903 L mol�1 cm�1 and a molecular weight of 24.49 kDa.

Process Recovery/Purity by Quantitative SDS-PAGE and Host Cell
Protein Content Assessment by Slot Blot

The concentration of RBD219-N1 in the fermentation super-
natant and in the in-process samples was determined in triplicate
by SDS-PAGE under reducing condition on 14% Tris glycine gels
(Invitrogen) following the manufacturer's instructions. Initially,
bovine serum albumin (BSA) with known concentrations was used
as the standard for quantitative analysis by densitometry but was
eventually replaced with purified RBD219-N1 after it became
available. After electrophoresis, the SDS-PAGE gels were stained
with Coomassie Blue and scanned using a GE ImageScanner II with
the Image Quant software version 8.1. After the concentration of
RBD219-N1 in each in-process sample had been quantified,
various volumes of in-process samples which contained approxi-
mately 3 mg RBD219-N1 were loaded on 4%-20% Tris glycine gels to
determine the process purity using densitometry, as described
previously. In these experiments, we observed that equal amounts
of BSA and RBD219-N1, as determined by spectrophotometry, react
differently with Coomassie Blue. In fact, RBD219-N1 appears to
bind Coomassie 1.33 times less than BSA. Thus, we have used this
conversion factor when appropriate (Supplementary Table S1).
Finally, host cell protein (HCP) content in the in-process samples
was analyzed using a slot blot assay as described previously with
minor procedure changes.16,17 A log-log plot of HCP intensity
versus known HCP concentration was graphed and the HCP con-
centration of the in-process samples was calculated using the
linear regression from the plot.
Purity Assessment by HPLCeReverse Phase

A Waters® HPLC system (Alliance® 2695 Separation Module)
equipped with a Waters® Symmetry C4 Column (300 Å, 5 mm, 4.6
mm� 150mm) andWaters® Symmetric C4 guard column (300 Å, 5
mm, 3.9 mm� 20mm) was used to assess the purity of the RBD219-
N1 preparation by reverse-phase chromatography in buffer A (0.1%
TFA in HPLC gradewater) and buffer B (0.1% TFA in acetonitrile). The
columnwas first equilibrated with 30% buffer B at a flow rate of 1.0
mL/min and a temperature of 45�C. After the column was fully
equilibrated, 50 mg purified RBD219-N1, in triplicate, was injected
into the system and eluted with 30% buffer B for 4 min, followed by
a gradient of 30%-90% buffer B over 15 min. After the gradient
elution, the column was washed with 90% buffer B for 2.5 min to
elute remaining proteins. Finally, the column was re-equilibrated
with 30% buffer B for 8.5 min. The run was monitored using
absorbance at 280 nm.

Integrity Assessment by Coomassie/Silver-Stained SDS-PAGE and
Western Blot

After purification, various amounts of RBD219-N1 were loaded
on 4%-20% Tris glycine gels, subsequently stained with Coomassie
Blue or silver as described in Curti et al.,18 or transferred to a
polyvinylidene difluoride membrane and analyzed byWestern blot
using the conformational monoclonal anti-RBD antibody 33G4, as
described previously.9
Hydrophobicity Assessment by Extrinsic Fluorescence

Purified RBD219-N1 was buffer exchanged in the buffer systems
at pH 4.0, 5.0, 6.5, 7.5, 8.5, and 9.5 (Supplementary Table S2).
Extrinsic fluorescence of purified RBD219-N1 (0.023-1.5 mg/mL) at
pH 4.0-9.5 was measured using Nile Red (Sigma-Aldrich) as a
probe.19 BSA and lysozyme at pH 7.5 were used as controls. In all the
samples, Nile Red was added to 1.25 mM from a 250 mM stock so-
lution in dimethyl sulfoxide. The relative fluorescence intensity was
measured using a Spectra Max M3 multimode plate reader (Mo-
lecular Devices). The samples were excited at 520 nm, and the
emission spectra were detected from 550 to 700 nm. The surface
hydrophobicity of RBD219-N1, BSA, and lysozyme was determined
using the slope of relative fluorescence intensity of the emission
peak versus protein concentration plot as described previously.20,21
Hydrophobicity Assessment by Dynamic Light Scattering

Purified RBD219-N1was concentrated to approximately 8-9mg/
mL and buffer exchanged in the buffer systems at pH 4.0, 5.0, 6.5,
7.5, 8.5, and 9.5 (Supplementary Table S2). The stock solutions at
different pH were then filtered with either 0.2 mm filter (pH 4.0 and
5.0 stock solutions) or 0.02 mm filter (pH 6.5, 7.5, 8.5, and 9.5 so-
lutions) followed by serial dilution to a concentration of approxi-
mately 1 mg/mL. For each of the serially diluted samples, 40 mL was
loaded in duplicate into each well in a 384-well microtiter plate.
The diffusion coefficient (D) was measured using DynaPro Plate
Reader II (Wyatt Technology). The diffusion interaction parameter
(kD) was calculated from linear regression of the measured diffu-
sion coefficient and concentration using the following equation22:

D ¼ D0ð1þ kD � cÞ

where D is the measured extinction coefficient, D0 is the coefficient
of the solute at infinite dilution, and kD is the diffusion interaction
parameter.



Table 1
Comparison of the Fermentation Yields During Optimization

Seed Stock Fermentation Process Final Wet Cell Weight (mg/mL) Fermentation Yield by Densitometry Using
BSA Standards (mg RBD219-N1/L FS)

Fermentation Yield by Densitometry Using
RBD219-N1 Standards (mg RBD219-N1/L FS)

Default Default 401 45 60b

Default Optimized 460 70 93b

Optimized Default 359 72 95b

Optimized Optimized 432 ± 23a 288 ± 8a 409 ± 9a

a Two identical runs were performed during development phase; the value provided was the mean value ± standard deviation for these 2 runs.
b Calculated using a conversion factor of 1.33 (Supplementary Table S1).
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Structural Assessment by Circular Dichroism

Purified RBD219-N1 was diluted with deionized water to a final
concentration of 0.3-0.4 mg/mL and analyzed by circular dichroism
(CD) on a Jasco-810 spectropolarimeter (Easton, MD) with a
6-position Peltier temperature controller. The CD spectra were
obtained from 260 to 185 nm with the Jasco J-1500s spectropho-
tometer set at 100 nm/min and a response time of 1 s at 25�C. The
obtained CD data were analyzed using CDPro software by
comparing to the reference sets (SP43, SP37, SDP48, and SDP42)
using 2 data-fitting programs (CONTIN and CDSSTR). The analyzed
secondary structure was also compared with the secondary struc-
ture predicted by Phyre2 (Protein Homology/analogY Recognition
Engine; http://www.sbg.bio.ic.ac.uk/phyre2/). In addition, the
sample was heated from 25�C to 85�C for a denaturation profile
analysis.

Structural Assessment by Thermal Shift Assay

Purified RBD219-N1 was diluted with deionized water to a final
concentration of approximately 0.3 mg/mL. The protein thermal
shift assay was then performed by heating the sample from 25�C to
95�C and monitoring the fluorescence intensity change using Pro-
tein Thermal Shift™ reagents, a ViiA™ 7 Real-Time PCR system and
Protein Thermal Shift™ software version 2.0.

Results

Optimization of Production Process

Fermentation
During development, we performed a series of 5-10 mL cultures

and several 5-10 L fermentation runs to evaluate induction pa-
rameters (Supplementary Fig. S1 and Table S3). We thus generated
an optimized seed stock, as well as improved the 10 L scale
fermentation process for the production of RBD219-N1. BSA was
used as a heterologous reference standard for Quantitative SDS-
PAGE (densitometry) in early development phase to help quantify
the fermentation yield and evaluate expression levels, although
different proteins may vary in their affinity for Coomassie Blue.23

Once pure RBD219-N1 became available, we switched to the
more appropriate homologous standard. The key parameters using
the default and optimized seed stocks and of the default and
optimized fermentation processes are shown in Table 1.

The 2 seed stocks were used to compare each fermentation
optimization run. The final wet cell weight remained consistent
(410 ± 50 mg/mL), suggesting that culture growth was robust
during independent fermentation runs with 2 different seed stocks.
However, the yield of RBD219-N1 in the fermentation supernatant
varied significantly depending on which seed stock was used. (We
note that the yield of RBD219-N1 also varied for each fermentation
run when comparing the quantification by densitometry with BSA
standards vs. quantification by densitometry with purified RBD219-
N1 standard; to account for this discrepancy, a conversion factor of
1.33 was used as addressed in the Materials and Methods section.)
Before optimization, the fermentation yield using the default pro-
cess and default seed stock was 60 mg RBD219-N1/L of FS. After the
optimization of the seed stock, the default fermentation process
yielded 95 mg RBD219-N1/L FS, a 1.6-fold increase compared with
the default seed stock. Using the default seed stock with the opti-
mized fermentation process, the yield also increased 1.5-fold to 93
mg RBD219-N1/L FS. Finally, combining the optimized seed stock
with the optimized fermentation process, the yield increased
significantly to 409 mg RBD219-N1/L FS, a more than 6-fold in-
crease compared with the original yield.

The optimized seed stock and the optimized fermentation pro-
cess were therefore chosen to evaluate process reproducibility and
process lockdown for eventual technology transfer into a cGMP
facility.

Purification
The purification process was optimized to increase the binding

of the target protein to a butyl HP hydrophobic interaction chro-
matography (HIC) column. In the default purification process re-
ported in Chen et al.,13 1 part of the fermentation supernatant was
diluted with 2 parts of 3 M ammonium sulfate to adjust the
ammonium sulfate concentration to 2 M. We determined that less
than 0.49 mg RBD219-N1 was bound per mL butyl HP resin using
this approach. However, in the optimized purification process, the
fermentation supernatant was concentrated 3- to 4-fold before the
addition of ammonium sulfate, and protein binding which
increased to more than 4.5 mg RBD219-N1/mL butyl HP resin, an
approximately 9-fold improvement.

Reproducibility and Robustness of the Production Process

The optimized seed stock and the optimized fermentation and
purification processes were validated in 3 identical production runs
(Table 2). From a 10 L fermentation run, we obtained 5.7 L of FS,
with, on average, 425 ± 1 mg RBD219-N1 per L FS (coefficient of
variation [%CV] ¼ 0.3 %). After purification, a total of 800 mL of
purified RBD219-N1 was obtained from each run with a concen-
tration of 1.62 ± 0.18 mg/mL (total: 1296 ± 144 mg). This corre-
sponds to 226 ± 20 mg of RBD219-N1 per liter of FS with a %CV of
8.9 %. This low %CV suggests that the optimized process was robust
and reproducible.

Analytical and Biochemical Evaluation of Protein Integrity and
Purity of RBD219-N1

During purification, in-process samples were used to charac-
terize protein integrity and analyze the process recovery (Table 3a),
as well as monitor sample purity (Fig. 1) by SDS-PAGE with Coo-
massie Blue staining. The HCP content was also analyzed using slot
blot, a more sensitive method (Table 3b). The low purity of the
target protein (67% under nonreducing conditions or 53% under
reducing conditions) in the FS as determined by densitometry using
purified RBD219-N1 (Fig. 1c), was likely due to heavy

http://www.sbg.bio.ic.ac.uk/phyre2/


Table 2
Comparison and Overview for 3 Identical Production Runs of RBD219-N1

Run# Volume of FS (L) Concentration of Unpurified RBD219-N1
in FS (mg RBD219-N1/L FS)

Final Concentration of Purified RBD219-N1
(mg RBD219-N1/mL) Determined by A280

Total Yield (mg)
(V ¼ 800 mL)

Final Process Yield of Purified
RBD (mg RBD219-N1/L FS)

Run 1 5.8 424 1.80 1440 250
Run 2 5.5 427 1.38 1104 201
Run 3 5.9 424 1.68 1344 228
Mean 5.7 425 1.62 1296 226
SD 0.2 1 0.18 141 20
%CV 3.0% 0.3% 10.9% 10.9% 8.9%

The final volume of the purified protein for each run was 800 mL.
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contaminationwith host cell impurities and hyperglycosylated RBD
(Figs. 1a and 1b, lane 1). To purify the target protein, the FS was first
filtered through a 0.22 mm PES filter and then concentrated 3- to 4-
fold by tangential flow filtration (TFF; Figs.1a and 1b, lane 2). At this
first TFF step, the high recovery of 98% suggested that the loss of
target protein was insignificant and that the purity of the concen-
trated target protein in the FS was unchanged. After the first TFF
step, ammonium sulfate was added to the concentrated FS to adjust
the salt concentration to 2M. This concentrated FS was centrifuged,
and the supernatant was loaded to a hydrophobic interaction
chromatography Butyl HP column (HIC). In the HIC step, recovery
was 67%, the purity of the RBD219-N1 in the HIC elution pool
increased to 86% under nonreducing conditions and 84% under
reducing conditions (Figs. 1a and 1b, lane 3), and 92% of HCPs were
also removed. The eluted pool was further concentrated to reduce
the loading volume by 20-fold using a second TFF step (post-HIC
TFF). During this post-HIC TFF step (Figs. 1a and 1b, lane 4), the
recovery dropped from 67.0% to 60.3% without a change in purity.
Finally, the Post-HIC TFF pool was loaded onto a SEC75 column
(SEC) to remove hyperglycosylated proteins (Figs.1a and 1b, lane 5).
After the SEC run, the overall recovery was determined to be 52%,
and the purity of the final product was approximately 99% under
nonreducing and reducing conditions; the slot blot also indicated
that 99.9988% of HCPswere removed, and the final purified product
contained approximately 0.5 mg HCP/mg RBD219-N1. The high
purity of the final product and the high overall recovery of the
process suggest that this production process is robust.

Purity of RBD219-N1 by HPLCeReverse Phase
The purity of the final RBD219-N1 product from 3 identical runs

was further analyzed by HPLCereverse phase. The results for all 3
lots were consistent, and chromatograms with the analyzed purity
Table 3
Analysis of the Process Recovery and Host Cell Protein Content Among 3 Identical Produ

(a) Overall Process Recovery

Run 1 Run 2 Run 3

FS 100% 100% 100%
TFF 96% 103% 94%
HIC 68% 63% 70%
Post-HIC TFF 55% 64% 62%
SEC 54% 48% 54%

(b) HCP Content (mg)

Run 1 Run 2 Run 3 Mean

FS 53,910 47,809 71,089 57,603 ± 9856
TFF 24,832 44,636 74,870 48,113 ± 20,567
HIC 5011 5832 3210 4684 ± 1095
Post-HIC TFF 6386 4421 2297 4368 ± 1670
SEC 0.696 0.648 0.720 0.688 ± 0.030

(a) The recovery was determined by SDS-PAGE followed by densitometry with purified R
used as a baseline (i.e., 100%). (b) The HCP content was determined by slot blot. The Mea
after each purification stage.
results are shown in Figure 2. Based on the results, the purity for
these 3 lots of purified RBD219-N1 was approximately 99%,
consistent with the purity determined by SDS-PAGE with Coo-
massie Blue staining (Fig. 1c).

Integrity of RBD219-N1 by SDS-PAGE
The purified recombinant RBD219-N1 was characterized by

SDS-PAGE to study its integrity (Fig. 3). When 2 mg of purified
RBD219-N1 were loaded onto an SDS-PAGE gel and stained with
Coomassie Blue (Fig. 3a), only a single band was observed at
approximately 29 kDa under nonreducing conditions and 33 kDa
under reducing conditions. When the load was increased to 4 and 6
mg, a faint additional band at approximately 32 kDa was observed
under nonreducing conditions but not under reducing conditions.
On the silver-stained SDS-PAGE gel, additional low molecular
weight bands were observed under reducing conditions when 5 mg
of purified RBD219-N1 was loaded (Fig. 3b), but no aggregation or
dimer formation was observed. Using Western blotting with the
RBD-specific antibody 33G4 (Fig. 3c), an RBD219-N1 dimer was
observed under nonreducing conditions when 2 mg of RBD219-N1
were loaded (and could also be observed under reducing conditions
when loading more than 4 mg).

Hydrophobicity Assessment Using Extrinsic Fluorescence and
Dynamic Light Scattering

Extrinsic fluorescence of RBD219-N1 probed with Nile Red was
used to determine its surface hydrophobicity S0 (Table 4a and
Supplementary Fig. S3). Typically, the blue shift in emission peak
wavelength lmax indicates an increase binding of probe to the
protein, thus an increase in hydrophobicity. The emission peak lmax
of RBD219-N1 at pH 7.5 was measured at 626 nm suggested
RBD219-N1 was less hydrophobic than BSA (lmax ¼ 620 nm) and
ction Runs

Average Step Loss

Mean %CV

100% e e

98 ± 4% 4.0% 2%
67 ± 3% 4.4% 31%
60 ± 4% 6.4% 7%
52 ± 3% 5.4% 8%

Percentage of HCP Remaining Percentage of HCP Removed

%CV

17% 100% e

43% 83.5% 16.5%
23% 8.1% 91.9%
38% 7.6% 92.4%
4% 0.0012% 99.9988%

BD219-N1 standards. The yield of RBD219-N1 from fermentation supernatant was
n HCP content was used as a baseline to calculate the percentage of HCP remaining



Figure 1. Purity assessment for the production process. SDS-PAGE with Coomassie Blue staining under (a) nonreduced condition and (b) reduced condition. M, SeeBlue plus 2
protein marker; lane 1, original fermentation supernatant (FS); lane 2, concentrated FS after tangential flow filtration (TFF); lane 3, butyl HP elution pool (HIC); lane 4, concentrated
HIC pool (post-HIC TFF); and lane 5, the SEC pool/final purified RBD219-N1 (SEC) and (c) quantified purity at different purification steps.
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more hydrophobic than lysozyme (lmax ¼ 650 nm), which was
consistent with the results on the calculated surface hydropho-
bicity (S0;BSA > S0;RBD219-N1> S0;Lysozyme). The effect of pH on the
surface hydrophobicity of RBD219-N1 was also studied. The results
showed that the hydrophobicity remained constant at pH 5.0-9.5
(lmax ¼ 627 ± 3 and S0 ¼ 52 ± 7 RFU$mL/mg) and increased at pH
Figure 2. Purity assessment of purified RBD219-N1 by HPLCereverse phase. The mean
purity for the 3 identical runs was 98.5% with a %CV of 1.2%.
4.0 (lmax ¼ 618 nm and S0 ¼ 76.8 RFU$mL/mg) suggesting possible
denaturation at pH 4.0.

Dynamic light scattering (DLS) was used to further characterize
the diffusion interaction parameter (kD) of purified RBD219-N1 at
different pH (Table 4b). During the sample preparation, it was
observed that the stock samples at pH 4.0 and pH 5.0 could not be
filtered through 0.02 mm filter indicating protein aggregation and
DLS results confirmed protein aggregation at pH 4.0 and 5.0. On the
other hand, the samples at pH 6.5-9.5 remained monodisperse;
however, the negative kD was obtained (�16.0 mL/g to �5.6 mL/g),
which suggested protein-protein attraction and predisposition to
form oligomers.

Structure Assessment Using Circular Dichroism and Thermal Shift
CD was performed to investigate the secondary structure of

RBD219-N1. Based on the analysis of the far-UV CD region (Fig. 4a),
the yeast-expressed RBD219-N1 was rich in beta sheets (42% beta
sheet, ~5% alpha helix, and 20% turn/loop), consistent with the
structure predicted by the online protein structure prediction tool
Phyre2 (50% beta sheet and 7% helix). The thermal stability of the
secondary structure was assessed by heating the sample from 25�C
to 85�C (Figs. 4b-4d). The best signal-to-noise datawere obtained at
220 nm (Fig. 4c) and 230 nm (Fig. 4d). The onset of structural
changes was observed at approximately 43�C (Ton1) and based on
the first derivative (blue curves; Figs. 4c and 4d), and the average
melting temperature (Tm1) was estimated to be 61�C. Interestingly,
a second CD change was observed (Ton2) at approximately 78�C at
all wavelengths, indicating another structure-change event. Over-
all, the CD signal decreased further at all wavelengths as thermal
stress increased (Fig. 4b and Supplementary Fig. S2), which may
indicate transformation occurred within the secondary structure of
RBD219-N1 rather than a complete denaturation at higher
temperature.

The thermal stability of the tertiary structure of the protein was
tested by an extrinsic fluorescence-based thermal shift (Fig. 5a).
Consistent results from 2 different lots of RBD219-N1 are indicative
of the reproducibility of the process. The denaturation profile
(Fig. 5a) by thermal shift assay indicated loss of tertiary structure
started at approximately 45�C, and the average melting tempera-
ture was estimated at approximately 57�C based on the first de-
rivative (Fig. 5b). Similar to the secondary structure analysis by CD,
a second structural change was observed at 73�C. The second



Figure 3. Integrity assessment for purified RBD by SDS-PAGE under reducing and nonreducing conditions followed by (a) Coomassie Blue staining: 2-6 mg of purified RBDs were
loaded, (b) Silver staining: 0.5-5 mg of purified RBDs were loaded, or (c) Western blot: transferred to polyvinylidene difluoride membrane and probed with an RBD-specific antibody
(33G4); 2-6 mg of purified RBDs were loaded.
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structure-change event at higher temperature in both CD and
thermal shift assay indicated there could be a second stage in the
denaturation of RBD219-N1 monomers or a structure change in
trace amounts of RBD219-N1 dimers. Overall, the CD and the
thermal shift results indicated that the protein has well defined,
with characteristic secondary and tertiary structures that can be
used for the purpose of comparing and analyzing different batches.

Discussion

In preclinical testing, the recombinant RBD of the SARS-CoV S
protein adjuvanted with Freund's adjuvant and with Sigma adju-
vant system® has been proven as an effective and safe vaccine
candidate against SARS-CoV infection.7-11,24 Evidence for efficacy
and low immunopathology include the induction of high titers of
neutralizing antibodies, the prevention of infection against viral
challenge, and theminimization or ablation of ADE.7-11 However, all
the previously reported studies used recombinant RBDs containing
heterologous amino acids (either tagged with a hexahistidine
sequence or fused to the Fc domain), mainly for ease of purification
purposes.5,7,8,11,12 The addition of hexahistidine or other tags in
therapeutic proteins though is usually not favored for eventual
advanced clinical development by the U.S. Food and Drug Admin-
istration and should be avoided when feasible. Thus, we had
engineered a tag-free RBD expressed in yeast (RBD219-N1) that
when adjuvanted with aluminum hydroxide induced strong
Table 4
(a) Emission PeakWavelength and Surface Hydrophobicity of RBD219-N1 at Different pH V
Red Remains at Approximately 654 nm Between pH 4.0 and 9.5. (b) Diffusion Interactio
Scattering

Variable (a) Extrinsic Fluorescence

Emission Peak Wavelength lmax (nm) Surface Hyd

RBD219-N1 pH 4.0 618 76.8
RBD219-N1 pH 5.0 624 45.6
RBD219-N1 pH 6.5 628 50.6
RBD219-N1 pH 7.5 626 57.4
RBD219-N1 pH 8.5 630 51.4
RBD219-N1 pH 9.5 628 58.8
BSA, pH 7.5 620 139.9
Lysozyme, pH 7.5 650 3.2
RBD-specific antibody responses and a high level of neutralizing
antibodies in immunized mice.13

To optimize the production process and improve yield and pu-
rity, improvements to clone selection and seed stock preparation,
fermentation, and purification have been performed in this work.
To optimize the seed stock, we first reselected the seed stock using
increased antibiotic concentrations. The default fermentation pro-
cess using this optimized seed stock showed a 1.6-fold increase
compared with using the default seed stock. Likely, the increased
antibiotic concentrations helped select for an increased copy
number of the RBD219-N1 expressing plasmid, a process that had
previously been shown to improve the expression levels of other
recombinant proteins in yeast.25-27

To optimize the production process, a series of 5-10 mL scale
cultures was used to screen for the best induction temperature, pH,
and the possible need for additives (e.g., detergents to disrupt ag-
gregates). Following this, optimizations at the 5-10 L fermentation
scale were performed to evaluate other parameters, such as
different carbon feeds, methanol flow rate, and fermentation me-
dia. Through a change of the fermentation medium to LS15 and
minor adjustments to the induction pH (to 6.5) and the induction
temperature (to 25�C), the overall fermentation yieldwas improved
more than 6-fold.

With respect to the purification process, as the binding of the
HIC column was low (<0.49 mg RBD219-N1/mL Butyl HP) in the
default process,13 we aimed to optimize binding of the target
alues. BSA and Lysozyme at pH 7.5Were Used as Controls. The Emission Peak of Nile
n Parameter of RBD219-N1 at Different pH Values Measured Using Dynamic Light

(b) Dynamic Light Scattering

rophobicity S0 (RFU$mL/mg) Diffusion Interaction Parameter, kD (mL/G)

Aggregated
Aggregated
�16.0
�15.9
�9.6
�5.6
e

e



Figure 4. (a) Circular dichroism results for RBD219-N1 at 25�C, (b) CD profile for RBD219-N1 at different temperatures, (c) CD denaturation profile and the first CD derivative of
RBD219-N1 at 220 nm, and (d) CD denaturation profile and the first CD derivative of RBD219-N1 at 230 nm.
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protein to the HIC column. To this extent, several parameters were
investigated including resin type, salt choice for the binding buffer,
and concentration of the fermentation supernatant loaded onto the
column. During the optimization, Capto Butyl resin (particle size 75
mm) and Butyl HP resin (particle size 34 mm) were compared, and
Butyl HP was chosen on account of its better resolution and better
ability to remove impurities. Because the RBD219-N1 in the default
process was the last protein eluted from the HIC column using an
ammonium sulfate gradient, 2 environmentally more friendly salts
with lower ionic strength, sodium sulfate and sodium chloride,
Figure 5. (a) Thermal shift assay results and (b) the derivatives of the intens
were investigated. However, neither salt provided the same high
binding affinity and resolution achieved with ammonium sulfate.
Finally, the concentration of the sample before application to the
column was optimized. Rather than diluting the fermentation su-
pernatant with buffer containing a high concentration of ammo-
nium sulfate as described previously,13 we first concentrated the
fermentation supernatant and then dissolved solid ammonium
sulfate directly into the sample. This process increased the binding
more than 9-fold, which reduced the required resin volume.
However, to accommodate the high back pressure due to the
ity for purified RBD219-N1 lots. DI water was used as negative control.
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smaller resin particle size and the higher viscosity of the more
concentrated loading material, the flow rate had to be decreased
from 100 to 50 cm/h with the bed height maintained at 11 ± 2 cm.
Finally, to meet the industry standard for technology transfer,
gradient elution for the HIC process was converted to stepwise
elution. Although SEC columns are not ideal for large-scale pro-
cesses, we decided to retain this step because it efficiently removed
the remaining impurities. Intensive efforts were spent on the
investigation of alternative purification schemes, including
different capture, intermediate, or polishing steps (ion exchange,
multimodel, etc.), but the recovery was low and the final product
lacked sufficient purity.

During quantification of the protein by SDS-PAGE with Coo-
massie Blue, BSA standards were replaced with purified RBD219-
N1 standards. Although BSA has served as a common standard for
several commercially available quantitative assays (e.g., the BCA
assay) due to its high purity and easy availability, using a ho-
mologous standard is often preferred on account of protein-
specific differential uptake of Coomassie Blue dye.23 Depending
on the protein, Coomassie Blue reacts differently with each pro-
tein, which may cause intensity difference, even for the same
protein concentration. In our case, RBD219-N1 only stained 75 ±
5% as efficient as BSA, leading to an underestimation of the pro-
tein concentration. The optimized quantitative densitometry assay
was used to calculate the process recovery and the process yield.
Typically, overall production yield of a recombinant protein relies
on fermentation yield and purification recovery. Depending on
the gene sequence and the size of the expressed protein,
fermentation yield of a recombinant protein successfully
expressed in yeast can vary dramatically ranging from 20 mg/L to
14.8 g/L,26,28,29 and biophysical properties of the expressed pro-
tein determine the purification process and the recovery. For a 10-
20 L scale production of subunit vaccine candidates expressed in
yeast, the fermentation yield can range from 150 mg/L to 1 g/L
with recovery of 31% to 55% and target protein purity of 97% to
99%.18,30,31 The optimized production process for RBD219-N1 has
consistently and reproducibly provided high yields during
fermentation (~400 mg RBD219-N1/L FS), with an overall process
recovery more than 50% (final purification yield of 226 mg RBD/L
FS) and protein purity of ~ 99%, which suggests the production
process is comparable to other subunit vaccine production pro-
cesses at similar scale.

Other assays to characterize the purified protein included
HPLCereverse phase and SDS-PAGE with silver staining, a staining
reagent that is 100 times more sensitive than Coomassie Blue,32 as
well as Western blotting, an immunological method able to detect
trace amounts of aggregation or degradation. Using silver-stained
SDS-PAGE, trace amounts of low molecular weight degradation
products or host cell proteins were observed, whereas dimers were
observed on Western blot, likely stemming from intermolecular
disulfide bonds between the remaining free cysteine of RBD219-N1.
Although only trace amounts of nontarget proteins were observed,
highly sensitive assays allow increased ability to monitor the
integrity and purity of the product that will ensure the level of
degradation and aggregation does not increase and cause stability
issues. Surface hydrophobicity of RBD219-N1 was also studied us-
ing extrinsic fluorescence of Nile Red. It is noted that surface hy-
drophobicity of RBD219-N1 remained unchanged at pH 5.0-9.5;
however, an increase of surface hydrophobicity was observed at pH
4.0, which suggested possible denaturation, thus exposure of hy-
drophobic sites. Furthermore, DLS experiments on samples at pH
4.0 and 5.0 also indicated protein aggregation. Negative diffusion
interaction parameter measured by DLS showed the propensity of
oligomer formation or aggregation for all the pH tested, indicating
extra attention should be taken for its long-term stability.
Collectively, the results obtained from extrinsic fluorescence and
DLS experiments suggested RBD219-N1 was most likely stable at
pH 6.5-9.5 but instable at pH 4.0 and 5.0, which indicates any
formulation at lower pH (>pH 5.0) should be avoided.

In the previous study,13 we confirmed the yeast-expressed
RBD219-N1 was able to bind to its receptor-angiotensin-
converting enzyme 2 (ACE2) and 4 different conformation-
specific anti-RBD antibodies, which indirectly suggested it was
properly folded and had preserved its functionality and antigenic-
ity; in the present study, circular dichroism and thermal shift assay
concordantly directly confirmed that the protein had retained
defined secondary and tertiary conformation.

In conclusion, the production process for the recombinant
proteinebased SARS vaccine antigen, RBD219-N1, has been signif-
icantly improved. The optimized production process is highly
reproducible and delivers high yields and high recovery. Charac-
terization of the tag-free recombinant RBD219-N1 purified from the
production process has shown that the protein is highly pure with
defined structure. Currently, a series of stability studies including
real-time long-term stability, accelerated stability, and freeze-thaw
stability testing are underway to further characterize the protein. In
the meantime, the technology of this production process has been
transferred to a pilot manufacturer, and a batch of purified RBD219-
N1 has been manufactured under cGMP to support downstream
clinical trials.
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