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ARTICLE INFO ABSTRACT

Keywords: Developing affordable and easily manufactured SARS-CoV-2 vaccines will be essential to achieve worldwide
SARS'COY'z vaccine coverage and long-term control of the COVID-19 pandemic. Here the development is reported of a
2 01;/ ”1‘9];"'17‘; vaccine based on the SARS-CoV-2 receptor-binding domain (RBD), produced in the yeast Pichia pastoris. The RBD

was modified by adding flexible N- and C-terminal amino acid extensions that modulate protein/protein in-
teractions and facilitate protein purification. A fed-batch methanol fermentation with a yeast extract-based
culture medium in a 50 L fermenter and an immobilized metal ion affinity chromatography-based down-
stream purification process yielded 30-40 mg/L of RBD. Correct folding of the purified protein was demonstrated
by mass spectrometry, circular dichroism, and determinations of binding affinity to the angiotensin-converting
enzyme 2 (ACE2) receptor. The RBD antigen also exhibited high reactivity with sera from convalescent in-
dividuals and Pfizer-BioNTech or Sputnik V vaccinees. Immunization of mice and non-human primates with 50
ug of the recombinant RBD adjuvanted with alum induced high levels of binding antibodies as assessed by ELISA
with RBD produced in HEK293T cells, and which inhibited RBD binding to ACE2 and neutralized infection of
VeroE6 cells by SARS-CoV-2. Additionally, the RBD protein stimulated IFNy, IL-2, IL-6, IL-4 and TNF« secretion
in splenocytes and lung CD3"-enriched cells of immunized mice. The data suggest that the RBD recombinant
protein produced in yeast P. pastoris is suitable as a vaccine candidate against COVID-19.

RBD
Subunit vaccine

1. Introduction therapeutic proteins due to their ability to introduce post-translational
modifications identical or similar to those found in humans [1]. How-

Mammalian cell expression systems such as human embryonic kid- ever, within the resource-poor contexts of low-income countries, these
ney cells (HEK293T) are preferred for the production of complex platforms are beset by issues of technological complexity, high operating
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dichroism; VNT, viral neutralization titer; ESI-MS, Electrospray ionization tandem mass spectrometry.
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costs and challenges such as the possibility of viral contamination in
large-scale cultures [2]. An alternative is the use of yeast, such as Pichia
pastoris (Komagataella phaffii). P. pastoris exhibits many advantages over
mammalian cells regarding the simplicity and cost of culture media,
growth rate and ease of genetic manipulation, while sharing many of the
characteristics of their protein folding and secretion processes [2].
Growth on methanol as sole carbon source induces in P. pastoris the
strong and tightly regulated AOX1 promoter, which can be employed to
drive heterologous gene expression [3] and, taking advantage of secre-
tion signals such as those of the alpha mating factor, can be used to
obtain secreted recombinant proteins directly in culture supernatants
with low levels of host contaminant proteins [4].

The RBD of SARS-CoV-2 is a glycosylated 25 kDa protein domain
spanning residues N331-K529 of the spike protein, including eight
cysteine residues forming four disulfide bonds. RBD mediates cell entry
through the ACE2 host receptor and the levels of RBD-binding anti-
bodies strongly correlate with neutralizing antibodies titers in conva-
lescents [5]. The domain contains two glycosylation sites (N331 and
N343) and a central twisted anti-parallel p-sheet formed by five strands
connected by short helices and loops [6]. Glycosylation plays a key role
in the immunogenicity and stability of the RBD protein [7]. Possibly for
this reason, the glycosylation introduced by P. pastoris being more
distant from mammalian cells could contribute to the protein’s immu-
nogenicity [8].

The SARS-CoV-2 RBD with reduced glycosylation has been produced
by others at high levels in P. pastoris as a suitable vaccine candidate
against COVID-19 [3,9-13]. Comparison by CD and tryptophan fluo-
rescence between RBD from P. pastoris and HEK293T mammalian cells
showed that the proteins were properly folded as well as having similar
temperature stabilities, despite differences in glycosylation of the two
expression platforms [3].

Here, the design of an RBD protein vaccine candidate is reported,
with its production in P. pastoris, purification, physico-chemical char-
acterization, capacity to elicit ACE2 receptor binding inhibitory anti-
bodies and neutralizing responses in rodents and monkeys. The
approach differs from the previously reported production of RBD in
P. pastoris [3] by the inclusion of N- and C-terminal extensions aimed at
modulating potential protein-protein interactions, and by optimizing
the protein fermentation and purification processes.

2. Materials and methods
2.1. Biological reagents, protein designations and serum panels

Human ACE2 receptor chimeric proteins fused to a human or murine
Fc antibody domain (hFc-ACE2, mFc-ACE2) as well as RBD fused to
human Fc (hFc-RBD) were supplied by the Center of Molecular Immu-
nology (CIM, Havana, Cuba). The chimeric proteins were purified by
protein-A affinity chromatography (GE Healthcare Bio-Sciences,
Uppsala, Sweden) from supernatants of stably transduced HEK293T
cells and eluted with glycine 100 mM pH 3 (Merck, Darmstadt, Ger-
many). hFc-RBD was conjugated to horseradish peroxidase (HRP)
(Sigma-Aldrich, St. Louis, MO, USA) and designated hFc-RBD-HRP. H6-
RBD refers to an N331-S531 RBD carrying an N-terminal His(6) tag
produced as inclusion bodies in E. coli [14], while RBD-H6 refers to an
N331-K529 RBD carrying a C-terminal His(6) tag, secreted into the su-
pernatant of stably transduced HEK293T cells. Both proteins were pu-
rified by immobilized metal ion affinity chromatography (IMAC) (GE
Healthcare Bio-Sciences, Uppsala, Sweden) and the final buffer was
exchanged to phosphate buffered saline (PBS). The engineered RBD
constructs described in the present work carry an amino-terminal
segment denominated C-tag, and a carboxy-terminal six histidine tag
(H6), and are referred to as C-RBD-H6, with the suffix PP or HEK
describing the host (P. pastoris or HEK293T cells) in which they were
produced.

The panel of human sera used as controls included sera from
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volunteers vaccinated with Pfizer/BioNtech [15] or Gamaleya’s Sputnik
V (Gam-COVID-Vac) vaccine [16], and sera from convalescent patients.
All individuals gave written informed consent for use of their serum.

2.2. Construction of Pichia pastoris strains producing SARS-CoV-2 RBD
(C-RBD-H6 PP)

A sequence encoding residues 331-529 of the spike protein of SARS-
CoV-2 strain Wuhan-Hu-1 (NCBI Acc. No. YP_009724390) with the N-
and C-terminal extensions was codon-optimized for Saccharomyces cer-
evisiae, using J-Cat [17] and cloned in-frame with the KEX2 cleavage site
of the pre-pro MATa sequence of pPICZaA (Invitrogen, Waltham, MA,
USA), placing it under transcriptional control of the P. pastoris AOX1
promoter. Codon usage was optimized for S. cerevisiae because expres-
sion of C-RBD-H6 was initially attempted in both hosts and the codon
usage patterns of both are similar [18,19]. After sequence verification by
Sanger sequencing using primers flanking the C-RBD-H6 gene (Macro-
gen, Seoul, South Korea), the expression plasmid was linearized with Sac
I (New England Biolabs, Ipswich, MA, USA) and used to transform
P. pastoris strain X-33 [20]. Following incubation for about 96 h at 28 °C
on YPD-zeocin medium (1 % yeast extract (Condalab, Torrejon de
Ardoz, Spain), 2 % peptone (Condalab), 2 % glucose (Merck, Darmstadst,
Germany), 2 mg/mL zeocin (Merck) 100 recombinant colonies were
randomly picked and used to prepare frozen glycerol stocks.

For expression analysis, aliquots from the frozen stocks were grown
in 800 pL of buffered glycerol complex medium [BMGY, 2 % (w/v)
peptone (Condalab), 1 % (w/v) yeast extract (Condalab), 1.34 % (w/v)
Yeast Nitrogen Base (Difco, Detroit, MI, USA), 0.4 ung/mL biotin (DC Fine
Chemicals, Barcelona, Spain), 1 % (v/v) glycerol (Tecsiquim, Toluca,
Mexico), 261 mM Ky;HPO4 (DC Fine Chemicals) and 739 mM KHoPO4
(Merck)] in 24-well deep plates at 28 °C, 300 rpm for 24 h. Then, the
cells were collected by centrifugation, resuspended in buffered methanol
complex medium [BMMY, same as BMGY but substituting 0.5 % (v/v)
methanol (Merck) for glycerol (Tecsiquim)] and further cultured under
the same conditions for 96 h. The clone exhibiting the highest expression
of C-RBD-H6 PP was selected by dot-blot immunodetection and densi-
tometric analysis of culture supernatant, and used to prepare working
cell banks.

2.3. Fermentation

Fermentation was carried out in a 75-liter Chemap fermenter
(Chemap, Volketswil, Switzerland) with a working volume of 50 L of
culture medium [21]. Four Petri dishes were seeded from a frozen vial of
a working cell bank, and incubated for 60-84 h at 30 °C. 8-10 isolated
colonies were used to inoculate 2 L Erlenmeyer flasks, each containing
500 mL of basal salts medium [5 g/L yeast extract (Condalab), 15 g/L
(NH4)2S04 (Merck), 36 g/L glycerol (Tecsiquim), 40 mg/L histidine
(Merck), 7.75 g KHoPO4 (Merck) or 5 g/L KoHPO4 (DC Fine Chemicals),
0.2 g/L CaCl, (Scharlab, Barcelona, Spain), 1 mL/L of a trace elements
solution: 6 g/L CuSO4-5H,0 (Merck), 0.415 g/L KI (Merck), 3 g/L
MnSO4-H0 (Merck), 0.1 g/L H3BO3 (Merck), 1 g/L MoNayO4-2H20
(Scharlab), 20 g/L ZnSO4-7H20 (Merck), 65 g/L FeSO4-7H50 (Schar-
lab)] and 10 mL/L H3SO4 (Merck) and 2.5 mL/L of vitamin solutions
[1.6 g/L biotin (DC Fine Chemicals), 8 g/L myo-inositol (Merck), 0.8 g/L
calcium pantothenate (DC Fine Chemicals), 0.8 g/L pyridoxal hydro-
chloride (DC Fine Chemicals), 0.8 g/L thiamine di-hydrochloride (Sig-
ma-Aldrich), 0.2 g/L nicotinic acid (Merck), 4 g/L K;HPO4 (DC Fine
Chemicals), and 6.2 g/L KHoPO4 (Merck)], which were then incubated
for 20-28 h at 30 °C and 250 rpm. The fermentation run was started by
pooling the shake flask cultures and inoculating the fermenter with 2.7 L
of this inoculum, with a starting pH of 5.0, regulated by pumping liquid
ammonia (Merck) and a temperature of 30 °C. The fed-batch phase
started, once dissolved oxygen increased, by adding 50% glycerol
(Tecsiquim) at 540 mL/h for 2-3 h. Temperature was lowered to 25 °C
and pH was increased to 6.0 one hour after starting the fed-batch phase.
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At the end of this phase, 800 mL of methanol were added at 60 mL/min
flow rate of a Watson Marlow 520 peristaltic pump (Watson Marlow,
Wilmington, MA, USA), and once the cells were adapted to this new
carbon source, methanol was added first at 6 mL/L/h, then at 9 mL/L/h
4 h later, and at 12 mL/L/h when cell density reached 200 g/L. This last
flow was maintained until the end of fermentation (38-44 h).

2.4. Purification of C-RBD-H6 PP

After 48 h of fermentation, the culture was harvested, and cells were
removed by continuous centrifugation with a retention time of 5-10 min
at 21,420 RCF, 4 °C. The resulting supernatant was filtered sequentially
through 8 pm, 3 um and 0.45 um cellulose filters (Merck), and then
concentrated and buffer-exchanged against PBS containing 5 mM
imidazole (Merck) by tangential flow filtration with a 30 kDa Hydro-
sart® membrane (Sartorius, Gottingen, Germany). The conditioned
sample was loaded onto a Chelating Sepharose™ FF colum (Cytiva,
Marlborough, MA, USA) with cross-linked 6 % agarose beads modified
with iminodiacetic (IDA) matrix (Cytiva) charged with Cup + and
equilibrated in the same buffer, washed sequentially with 30 column
volumes of PBS containing 10 mM and 20 mM imidazole (Merck), and
eluted with 250 mM imidazole in PBS. The eluted protein was further
purified on a 50 x 250 mm RP C4 column (Tosohaas, Tokyo, Japan) with
a resin volume of 500 mL and a particle size of 15-20 pm, coupled to a
Shimadzu LC-20AP semi-preparative HPLC purification system (Shi-
madzu, Kyoto, Japan). The column was equilibrated with solution A
[0.05% TFA (Merck) in water] and the protein was eluted with 40 min
linear gradient of 32-45% of solution B [0.1% TFA in acetonitrile
(Merck)]. The protein eluted at 35-37% of solution B, approximately in
one column volume. The fractions containing the protein were diafil-
tered vs. 20 mM Tris-HCI pH 7.4 with a 10 kDa Hydrosart® membrane
(Sartorius), pooled aseptically, filtered through a 0.22 um membrane
(Merck) and stored at — 20 °C.

2.5. Analysis of C-RBD-H6 PP by ESI-MS

100 ug of purified C-RBD-H6 PP were deglycosylated with 500 units
of PNGase-F (New England Biolabs, Ipswich, MA, USA) for 2 h at 37 °C in
the presence of 0.5 M guanidine hydrochloride and 5 mM N-ethyl-
maleimide. A 10 pg aliquot of the resulting preparation was desalted in a
C18 ZipTip (Merck Millipore, Burlington, VT, USA) and loaded into a
metal-coated nanocapillary for ESI-MS analysis. The remainder was
digested following a previously reported in-solution buffer-free trypsin
digestion protocol [22] adapted to the analysis of SARS-CoV-2 RBD
proteins that provides full-sequence coverage of the tryptic peptides and
detection of post-translational modifications in a single ESI-MS spectrum
[14]. Other experimental conditions for ESI-MS analysis were similar to
those reported previously [14].

2.6. Surface plasmon resonance (SPR)

The interaction between mFc-ACE2 and C-RBD-H6 PP was studied by
SPR in a BIACORE X unit (GE Healthcare, Tokyo, Japan) at 25 °C in
multi-cycle mode. Briefly, mFc-ACE2 was immobilized on flow cell 1
(FC1) of a Protein A biosensor chip (GE Healthcare, Amersham, UK)
following manufacturer’s instructions, and flow cell 2 (FC2) was used as
the reference cell for background binding affinity. The real-time
response of C-RBD-H6 PP over immobilized mFc-ACE2 was recorded
in duplicate across a concentration range of 15-2000 nM, at a flow rate
of 10 uL/min for 120 s, while the dissociation took place for another 120
s. The running buffer was PBS (pH 7.2). After each cycle the chip was
regenerated using glycine buffer pH 2.0. The equilibrium dissociation
constant (Kp) was estimated with BIAevaluation® software (GE
Healthcare, Tokyo, Japan) using the Langmuir 1:1 interaction model. At
least five curves were taken into account for the calculation of kinetic
parameters.
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2.7. Animals and immunization schedules

Three different animal species were used to evaluate the immuno-
genicity of C-RBD-H6 PP: BALB/c mice, Sprague-Dawley (SD) rats, and
African green monkeys (Chlorocebus aethiops sabaeus). The experimental
protocols were approved by the Ethical Committee on Animal Experi-
mentation of the Center for Genetic Engineering and Biotechnology
(CIGB, Havana, Cuba) and the Center for Production of Laboratory
Animals (CENPALAB, Bejucal, Cuba).

The immunization of African green monkeys was of animals aged
3-6 years weighing 2-7 kg, kept at the animal experimentation facility
of CENPALAB, Cuba. The immunogen contained, per 500 pL: 50 pg of C-
RBD-H6 PP protein with 0.3 mg of aluminum hydroxide gel as adjuvant
(Alhydrogel ®, Brenntag Biosector, Denmark), in phosphate buffer
(0.28 mg NayHPOy4, 0.31 mg NaH;PO42H:,0, 4.25 mg NaCl). Twenty
individuals were randomly assigned to 3 groups: placebo (2 animals/
gender, total 4), low dose (50 pg/dose, 3 animals/gender, total 6), and
high dose (100 pg/dose, 5 animals/gender, total 10). The animals were
immunized intramuscularly on days 0, 14 and 28. Seven days after the
first and second boost, the animals were fasted overnight, sedated with
ketamine hydrochloride (10 mg/kg, i.m.) (Liorad, Havana, Cuba) and
bled from the femoral vein.

Procedures for mouse and rat immunization are described in Sup-
plementary Material S1.

2.8. Evaluation of serum antibodies

Antibody detection by Enzyme Linked Immunosorbent Assay
(ELISA).

The reactivity of sera from immunized animals was determined by
ELISA. Briefly, the wells of 96-well microtiter plates (Corning Costar,
Acton, USA) were coated overnight at 4 °C with 0.25 ug of RBD-H6
(produced in HEK293T cells) in 0.1 M sodium carbonate buffer (pH
9.6). After blocking the plates with 2 % skim milk (Oxoid, Basingstoke,
UK), 0.05 % Tween 20 (Merck, Darmstadt, Germany), serially diluted
animal sera or control monoclonal antibodies SS-1, SS-4, SS-7 and SS-8
(CBSSRBD-S.1, CBSSRBD-S.4, CBSSRBD-S.7 and CBSSRBD-S.8; Center
for Genetic Engineering and Biotechnology, Sancti Spiritus, Cuba) [23],
were added and incubated at 37 °C for 2 h in 0.2 % skim milk, 0.05 %
Tween 20 in PBS, followed by six washes with PBS containing 0.05 %
Tween 20. Bound antibodies were detected with anti-human IgG con-
jugated to HRP (1:10,000; 109-035-098; Jackson ImmunoResearch,
West Grove, PA, USA) at 37 °C for 1 h, followed by washing. The assay
was developed with 3,3-5,5-tetramethylbenzidine and quantified at
450 nm in a microplate reader (BMG Labtech, Ortenberg, Germany).
This ELISA was also used for the evaluation of RBD reactivity using sera
from immunized animals, Pfizer-BioNTech or Sputnik V vaccinees, and
COVID-19 convalescents.

Serum antibody titers were expressed in arbitrary units (AU) with
reference to a SARS-CoV-2 neutralizing serum, a value of 1 corre-
sponded to 5 times the optical density reading of the blank control.
Monoclonal antibody SS-8 was used as the reference for mouse sera, and
a hyperimmune polyclonal serum as the reference for rat serum samples.
The polyclonal serum was obtained by pooling sera from 10 animals
submitted to dose-repeated toxicology studies showing the highest virus
neutralization titers (Geometric Mean above 1:2500). For nonhuman
primates (NHP) antibody titers, serum from a convalescent subject with
a high SARS-CoV-2 neutralization titer was used as the reference.

2.9. Plate-based RBD to ACE2 binding assay

A competitive ELISA was performed to determine the inhibitory
activity of anti-RBD polyclonal sera on the binding of an hFc-RBD-HRP
conjugate to hFc-ACE2-coated plates. Briefly, the wells of ELISA plates
were coated with 0.25 pg of recombinant hFc-ACE2 as described above.
Then, mixtures containing hFc-RBD-HRP conjugate and serial dilutions
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of the sera were pre-incubated for 1 h at 37 °C. 100 pL of the mixtures
were added to each Fc-ACE2 coated well and further incubated for 90
min at 37 °C. Binding of the HRP-tagged RBD to the receptor was
detected with 3,3-5,5-tetramethylbenzidine as substrate, reading the
results at 450 nm. A similar assay was used to characterize the ability of
C-RBD-H6 PP and C-RBD-H6 HEK to block the interaction of hFc-RBD-
HRP with hFc-ACE2-coated plates.

2.10. Microneutralization of live SARS-CoV-2 virus in Vero E6

Neutralization antibody titers were determined by a traditional virus
microneutralization assay (MN50) using SARS-CoV-2 (CUT2010-2025/
Cuba/2020 strain). Virus neutralizing titers (VNT50) were calculated as
the highest serum dilution at which 50% of the cells remained intact
according to neutral red incorporation in the control wells (no virus
added). For detailed procedure see Supplementary Material S2.

2.11. Cellular immune response

Long-term cellular immune responses were evaluated in BALB/c
mice. Five animals per group received 25 pg of C-RBD-H6 PP or placebo
in a 100 pL volume delivery subcutaneously at days 0, 14 and 35. Blood
samples were drawn two weeks after the last immunization, and the
animals were euthanized 3 months later to assess the response to an in
vitro antigen recall in systemic (splenocytes) and lung-resident cells. The
splenocytes were isolated by organ perfusion with gentamycin-
supplemented RPMI1640 culture medium (Gibco, Invitrogen, Wal-
tham, MA, USA), and lung cells were dissociated with the Miltenyi re-
agent set (130—095-927) in C-tubes (130—093—237), using an
automated dissociator (Gentle MACS Octo dissociator, Miltenyi, Ber-
gisch Gladbach, Germany). In both cases the remaining erythrocytes
were lysed with ACK solution (A1049201, Gibco, Invitrogen, Waltham,
MA, USA). Then, the splenocytes were resuspended in RPMI 1640,
gentamycin 10 pg/mlL, fetal bovine serum (FBS) 10% (Gibco) and
directly used to study cellular response. Lung cells were suspended in a
buffer for negative selection of CD3 + cells and further purified, after
two washes, with the Pan T Cell Isolation Kit IT (130-095-130, Miltenyi,
Bergisch Gladbach, Germany), suspending the resulting CD3 + prepa-
ration in the same medium as the splenocytes. Live lung CD3 + enriched
cells and splenocytes were counted with a flow cytometer (CyFlow,
Sysmex, Norderstedt, Germany).

For the re-stimulation assays, splenocytes or lung CD3 + enriched
suspensions were diluted to 107 CD3 + live cells/mL and 50 pL of each
sample were seeded in two 96-well U bottom tissue culture plates. Cells
were re-stimulated with 50 pL of 20 pg/mL C-RBD-H6 PP, or just me-
dium (unstimulated) for 72 h, and the supernatant was analyzed at 1:2
dilution using specific Deluxe cytokine kits (BioLegend, San Diego, CA,
USA) for IL-2 (43104), IFNy (430815), IL-6 (431315), IL-4 (431106) and
TNFa (430915) following manufacturer’s instructions. The cells were
transferred at that point to anti-IFNy-coated ELISpot plates (Mabtech,
Stockholm, Sweden) and the results were analyzed 24 h later according
to established procedures.

2.12. ELISpot assay with samples from previously infected individuals

Peripheral blood mononuclear cells (PBMCs) from COVID-19-
convalescent subjects were isolated from 7 mL of whole blood
collected into CPT tubes (Becton Dickinson, Franklin Lakes, NJ, USA),
and stored in liquid nitrogen until analyzed. After resting cells overnight
in Optmizer™ media (Gibco, Invitrogen, Waltham, MA, USA) CD3 + live
cells were counted by flow cytometry and seeded on round-bottom
plates (650160, Greiner Bio-One GmbH, Kremsmunster, Austria) at 5
x 10* cells per well with 10 pg/mL of C-RBD-H6 PP for 72 h. Cells were
transferred to anti-IFNy pre-coated plates (3420-4APW, Mabtech), and
the numbers of IFNy-secreting T cells were determined after 20 h of
incubation. All individuals gave written informed consent for use of
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their samples.
2.13. Statistical analysis

Prism 8.4.3 software was used for statistical analysis. The normality
of all datasets was assessed with the Shapiro-Wilk test. Normally
distributed data were compared using the Student’s t-test for paired or
unpaired samples, depending on experimental design. Non-normal data
were compared with Mann-Whitney’s or Wilcoxon’s rank match-paired
tests. Comparisons of more than two groups used Kruskal Wallis multi-
ple analyses followed by Dunn’s post test. Spearman’s test was used to
assess parameter correlations. Sigmoidal dose-response curves were
transformed into a linear form using natural log transformation for di-
lutions and the function NORM.S.INV (Microsoft Excel) function for
normalized OD4s0 nm data according to:

NORM.S.INV[(OD450nmSample-OD450nmMinimum)/(0OD450nm-
Maximum-OD450nmMinimum)].

Paired comparison of slopes and X and Y intercepts, after adjusting
data to a linear equation, indicated no significant differences between
the results for each coating condition. Experimental designs included
two replicates per sample and three independent experiments.

3. Results
3.1. Design of the C-RBD-H6 expression cassette

The protein denominated here denoted as C-RBD-H6 PP was
designed as a potential subunit vaccine candidate against SARS-CoV-2.
This protein has a modular structure consisting of a globular central
-RBD- domain comprising residues N331-K529 of the spike protein,
flanked by additional N- and C-terminal segments that contain polar and
flexible linkers rich in Glycine and Serine (Gly®-Ser'® and Gly?!>-Ser??°,
sequence of C-RBD-H6 PP are shown in Supplementary Material S3).
These extensions prevent potential protein-protein interactions and
facilitate protein purification by ensuring that a C-terminal His(6) tag is
well exposed. Both extensions are spatially well separated from the re-
ceptor binding motif, and their presence should limit, through steric
hindrance, potential aggregation problems associated with the presence
of exposed and disulfide-bonded Cys76 and Cys210.

3.2. Expression and purification of C-RBD-H6 PP

A construct for the expression in P. pastoris, under control of the
AOX1 promoter, of protein C-RBD-H6 was prepared as described in
Materials and Methods and designated pPICZa-CtagRBDH6. This
construct was used to transform P. pastoris strain X-33 to obtain C-RBD-
H6-producing clones. After screening for the most productive clone, a
single strain denominated X33-23 was chosen for further work. This
strain, when used in fermentation runs at a scale of 50 L, yielded a dry
cell weight of 58.15 ( + 14.54) g/L, and a C-RBD-HS6 titer of 68.38 ( +
15.70) mg/L (data averaged from 15 independent processes). SDS-PAGE
and Western blotting profiles of culture supernatants from three sepa-
rate C-RBD-H6 PP-producing clones, including X33-23, are shown in
Supplementary Material S4.

C-RBD-H6 PP protein was purified from fermentation supernatants
of strain X33-23 by IMAC column charged with Cuy + , and purified by
RP. The entire process yielded 30-40 mg of pure C-RBD-H6 PP per L
culture medium, with a purity equal to or higher than 98% (Fig. 1).

3.3. Structural analysis of C-RBD-H6 PP by ESI-MS

The sequence, N-glycosylation status and disulfide bonding pattern
of C-RBD-H6 PP was examined by ESI-MS after deglycosylation with
PNGase F and tryptic digestion. Full-sequence coverage of C-RBD-H6 PP
was achieved, confirming the identity and integrity of the resulting
protein (signal assignment from mass spectra is summarized in Table 1.
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Fig. 1. RP-HPLC and protein electrophoresis. (A) Analysis of protein C-RBD-H6 PP on a reversed phase C8 Vydac analytical column. The gradient is shown by a blue
line. Purity is at least 98.6%. (B) Coomassie Blue-stained 12.5% SDS-PAGE of 10 pg of purified C-RBD-H6 PP under reducing conditions. Lane 1: protein C-RBD-H6

PP; lane 2 molecular weight markers.

Table 1
Summarized sequence verification of N-deglycosylated C-RBD-H6 PP from ESI-MS of tryptic peptides generated by in-solution buffer-free digestion.
Code? mM/ZTheor z m/2exp Assignment
336,361 Nt 1399.64 4 1399.63 NWSFFSNIGGSSGGS->*' DITNLCPFGEVFDATR 346 P
/
358ISNCVADYSVLYNSASFSTFK®78
(Native C>36-C30! N-terminal end, Asn®3' and Asn343—>Asp)
336,361, Nt-NWSF 1266.09 4 1266.07 FSNIGGSSGGS->*' DITNLCPFGEVFDATR>46
/
3581SNCVADYSVLYNSASFSTFK®78
(Native C3%-C3%1) N-terminal end -NWSF, Asn®*! and Asn®*3— Asp corresponding to the two N-glycosylation sites)
F347.R3 557.28 2 557.26 347EASVYAWNR®
K356.R%7 303.21 1 303.20 3S6KR357
c379.¢c*32 1020.81 3 1020.79 379CYGVSPTK>®®
765.86 4 765.85 |
4251 PDDFTGCVIAWNSNNLDSK*4*
(Native C379-C432)
C379 32 982.71 4 982.69 64CYGVSPTK”!
|
18] ADYNYKLPDDFTGCVIAWNSNNLDSK*4*
(Native C%7°-C**2, 1 missed cleavage)
39152 992.52 4 992.47 387LNDLCFTNVYADSFVIR**3
|
510y VVLSFELLHAPATVCGPK®2®
(Native C31-C5%%)
GH04.R408 575.28 1 575.27 404GDEVR*?®
409417 450.25 2 450.24 409QIAPGQTGKM”
48424 443.72 2 443.71 “IIADYNYK*?*
VSRS 609.80 2 609.78 “45YGGNYNYLYR**
L4S5.R457 435.27 1 435.26 4SSLER7
§*59_R#6e 495.77 2 495.76 459SNLKPFER*%®
8088 1589.38 3 1589.35 467DISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQPYR®® |
1192.29 4 1192.26 (Native C*80.¢*88)
Ct* -Hisg 799.68 3 799.67 529K-GGSGGSSSSSSSSSSIEHHHHHH)
600.01 4 600.00 (C-terminal end, 1 missed cleavage)
Ct-Hise 756.98 3 756.97 GGSGGSSSSSSSSSSIEHHHHHH")
567.99 4 567.98 (C-terminal end)

Nt: N-terminal end, Ct-His6: His-tag C-terminal end. C#-C# corresponds to tryptic peptides linked either by intermolecular disulfide bonds or a tryptic peptide that
contains an intramolecular disulfide bond in its structures. m/zcalc correspond to the calculated m/z values for all tryptic peptides generated by the in-solution buffer-
free digestion of the N-deglycosylated protein. m/zexp correspond to the experimental m/z values for all tryptic peptides observed in the ESI-MS analysis shown in
Fig. 4.C. Regions of the sequence written in italics do not correspond to the RBD of SRAS-CoV-2 and were inserted in the cloning stage, while underlined residues
indicate the conversion of N-glycosylated asparagines (Asn331 and Asn343) into aspartic acid residues by the action of PNGase-F (Asn331 and Asn343—Asp).
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ESI-MS/MS analysis of the signal detected at m/z 1399.64 (four charges)
confirmed full N-glycosylation of Asn331 and Asn343 (the two N-
glycosylation sites of the RBD within the context of the viral Spike
protein), as they were transformed into Asp residues by the action of
PNGase F (see underlined residues in Table 1). The four disulfide bonds
(C336-C361, C379-C432, C391-C525 and C480-C488) present in the
native S protein of SARS-CoV-2 were also detected in this ESI-MS
spectrum (Table 1). Tryptic peptides containing free cysteine residues
or S-S scrambling variants were not detected.

ESI-MS analysis of the deglycosylated C-RBD-H6 PP protein and its
derived tryptic peptides confirmed that N-glycans in its structure
increased considerably its molecular mass by SDS-PAGE analysis. Sugar
content calculated in 12 protein batches was 42.7 % (40.7-43.8) relative
to the molecular mass. The analysis of ESI-MS spectra is included as a
Supplemental Material S5.
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3.4. Characterization of binding affinity of C-RBD-H6 PP to ACE2 by
Surface Plasmon Resonance

In order to study the affinity of the C-RBD-H6 PP/ACE2 interaction,
mFc-ACE2 was immobilized via its Fc region onto a Biacore Protein A
chip. This chip produced no appreciable signal in terms of response units
(RU) with a non-related protein (negative control), as shown in Fig. 2. In
contrast, C-RBD-H6 PP exhibited an association rate to mFc-ACE2 of
5.4 x 10° M1.s! and a dissociation rate of 7.7 x 10" s, Equilibrium
was reached after 25-30 s, with an estimated dissociation constant of Kp
=14.3 x 10° M. The association/dissociation rates as well as Kp were
in the range previously reported in the literature for the RBD-ACE2
molecular interaction [24].

3.5. Secondary structure analysis by Circular Dichroism (CD)
Spectroscopy

The far UV CD spectrum of C-RBD-H6 PP revealed characteristic
bands similar to those previously reported for other recombinant RBD

25

75

(B)

175 1
125 4

75 4

Response Difference

25 1

125 175

Time s

-25

25 75

Time

t t
125 175

Fig. 2. SPR analysis of the interaction of C-RBD-H6 PP with mFc-ACE2 in a single-cycle BIACORE experiment. (A) Sensorgrams corresponding to one of the replicates
of protein C-RBD-H6 in PBS, pH = 7.2. (B) Non-related human recombinant Epidermal Growth Factor protein (also produced in yeast at CIGB, Havana, Cuba), used as

negative control for the interaction with immobilized mFc-ACE2.
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Table 2
Secondary structure content of the C-RBD-H6 PP protein estimated by CD
(BeStSel) and 3D coordinates (DSSP).

Secondary Structure Element Secondary Structure Content, %

Method

BeStSel DSSP
Helix 7.9 9.3
Beta antiparallel 28.7 22.4
Beta parallel 0.0 0.0
Turn 12.9 22.4
others 50.5 45.9
Helix1 (regular) 3.3 —
Helix2 (distorted) 4.6 —
Beta Antiparallel 1 (left-handed) 0.9 -
Beta Antiparallel 2 (relaxed) 12.0 -
Beta Antiparallel 3 (right-handed) 15.8 —

-50

N
o
S

Molar ellipticity, degecmm?
o §
I
o

-200

-250

250

300 3

wavelength, nm

—6— C-RBD-H6 PP

Fig. 3. Near UV CD spectrum of the C-RBD-H6 PP protein. Bands at 263, 269,
277, 281 and 299 nm, indicate the presence of well-packed aromatic and
cystine residues.

proteins [3], with maxima at 192 and 231 nm - due to the aromatic
contribution - and a minimum at 207 nm (the procedures and CD
spectrum are described in Supplementary Material S6). Furthermore, as
shown in Table 2 the secondary structure content of the protein esti-
mated by BeStSel (7.9% helix, 28.7% beta - antiparallel, relaxed and
right-handed-, 12.9% turn and 50.5% others) was very similar to the
values assigned using the 3D coordinates [6]. Moreover, as observed in
Fig. 3, the near UV CD spectrum of the protein is well structured, with
bands at 263, 269, 277, 281 and 299 nm, indicating the presence of
well-packed aromatic and cysteine residues as expected of a correctly
folded protein.

3.6. Analysis of the antigenicity of C-RBD-H6 PP

To confirm antigenicity of C-RBD-H6 recognition by known sera and
monoclonal antibodies, the binding of the murine anti-RBD monoclonal
antibodies SS-1, SS-4, SS-7 and SS-8 to C-RBD-H6 PP and C-RBD-H6 HEK
was first compared by ELISA. These mAbs were obtained by immuni-
zation with RBD-H6 (produced in HEK293T cells), and one, SS-8, com-
petes with ACE2 for binding to the RBD with an IC50 of 122.7 pM [23].
As shown in Fig. 4D,H, the reactivity of C-RBD-H6 PP to these four mAbs
was indistinguishable from that of C-RBD-H6 HEK, except for SS-7 that
shows increase recognition of the HEK derived protein.

Next, eight convalescent human sera with high neutralization titers
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against live SARS-CoV-2 as determined in Vero E6 cells, as well as eight
sera from Pfizer-BioNTech or Sputnik V vaccinees were incorporated
into the testing panels. A non-folded and non-glycosylated C-RBD-H6
protein produced as inclusion bodies in E coli BL-21 was used as a
negative control. C-RBD-H6 PP protein displayed binding comparable to
the protein purified from mammalian cells (Fig. 4A,E and B,F). Further
characterization was conducted using polyclonal sera with known anti-
SARS-CoV-2 neutralizing activity, obtained by immunization of mice
and NHP with C-RBD-H6 HEK. Again, there were no significant differ-
ences between the reactivity of C-RBD-H6 produced in either system
(yeast or mammalian) toward these polyclonal sera (Fig. 4 C,G).

The C-RBD-H6 PP protein was also used to recall an in vitro a cellular
response, measured by detecting IFNy secretion using an ELISpot with
PBMCs from COVID-19 convalescents sampled at least three months
after hospital discharge. As shown in Fig. 5, stimulation with 10 ug/mL
of the P. pastoris-produced protein induced IFNy secretion from the
PBMCs of COVID-19 convalescent subjects.

3.7. Functionality of C-RBD-H6 PP

3.7.1. C-RBD-H6 produced in P. pastoris elicited RBD-ACE2 receptor
binding inhibitory and SARS-CoV-2 neutralizing antibodies in rodents and
NHP

The immunogenicity of C-RBD-H6 PP was evaluated in NHP (green
monkeys) using a short 0-14-28 days intramuscular administration
schedule with two dose levels (50 pg and 100 pg). The results indicate
the presence of a trend to a dose-response effect since seroconversion
rates after the first booster were 83 % (5 out of 6 animals) and 100 % (all
10 animals) for the 50 and 100 pg dose levels, respectively, and 100 %
after the second booster for both dose levels. Total IgG median titers
increased to 216 (25-75 %: 105-558) AU/mL and 727 (25-75 %:
149-1410) AU/mL for the low and high-dose groups respectively. In
both cases, the titers were significantly higher than those detected in the
convalescent serum panel (p < 0.05, Kruskal-Wallis) (Fig. 6A). Median
ACE2 binding inhibition titers were 1:209 (25-75 %: 115-673) and
1:1081 (25-75 %: 169-1938) for the 50 pg and 100 ug dose groups,
respectively, correlating well with the higher binding titers exhibited by
the latter group. In this case, only the 100 ug dose group exhibited
inhibitory titers higher than those of the convalescent panel (p < 0.001,
Kruskal-Wallis) (Fig. 7B). Similarly, the 100 ug dose group exhibited a
median viral neutralization titer (VNT50) of 1:192 (25 %—75 %=
26-156), which dropped to 1:48 (25 %—75 %=14-112) for the 50 pg
dose group but was still at the level of the 1:40 (25 %—75 %= 1-80)
VNT50 of the convalescent panel. Altogether, these data are consistent
with a trend to a dose-related effect (Fig. 6). Specific IgG antibodies and
RBD-ACE2 binding inhibition were detected only in C-RBD-H6 PP
protein-inoculated animals and not in control animals. These antibody
responses evidenced the existence of dose dependence and boosting
effects, compared to the negative results obtained in control animals.

Details of the immunization procedures of mice and rats and data on
the immunogenicity, ACE2 binding inhibition and neutralizing titers of
the resulting sera are available in Supplemental Material S1.

3.7.2. Cellular response

Cellular recall responses were evaluated three months after the last
immunization of BALB/c mice receiving subcutaneous doses of 25 pg of
C-RBD-H6 in alum at days 0-14-35. The presence of a memory response
in the splenocytes of immunized animals was evidenced by a significant
induction of IFNy-secreting clones upon incubation with the C-RBD-H6
PP antigen (Fig. 7C). An analysis of the supernatant of recall reactions
showed that the most strongly induced cytokine was IFNy followed by
IL-2, IL-6 and, to a lesser extent, TNFa and IL-4. This pattern was very
similar between cells from the systemic compartment (Fig. 7A) and lung
CD3"-enriched cells (Fig. 7B), demonstrating that cellular responses can
also be recalled in the organ primarily affected during SARS-CoV-2
infections.
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stimulated INFy secretion in CD3 + cells from naturally infected individuals.
Comparison made by Wilcoxon’s matched paired test.

4. Discussion

Results from this study demonstrate a vaccine candidate based on C-
RBD-H6 PP, an antigen derived from the RBD of the Spike protein of
SARS-CoV-2, can produced in the yeast P. pastoris. The specific RBD
sequence used in this candidate was selected based on state of the art
evidence regarding the contribution of this domain to the induction of
neutralizing antibodies [8,25-27].

Optimal conditions for production of a recombinant protein in the
P. pastoris expression system differ according to the target protein. For C-
RBD-H6 PP we were able to obtain 30-40 mg/L RBD in a 50 L fermen-
tation process with purity > 98%, which is close to the yield reported by
others for a Pichia-produced RBD in a 7 L fermentation setup, although
only 90% purity was reported [3]; high purity is an essential condition
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for a vaccine candidate. The Gly/Ser rich segments introduced in the
genetic construction have been widely used in protein engineering as
linkers for fusion proteins [28], This design was aimed in part to steri-
cally preclude potential protein aggregation involving the protein sur-
face sequence spatially close to the disulfide bridge Cys76-Cys210; Gly
offers flexibility because it can adopt dihedral angles not possible for
other amino acids; and Ser confers solubility as a hydrophilic amino
acid.

Unlike other reports expressing the RBD in P. pastoris [29-31] here
the potential N-glycosylation site at N331 in C-RBD-H6 PP was included.
Although inclusion of N331 leads to more heterogeneous N-glycosyla-
tion [3,32,33], it should be noted that P. pastoris N-glycans are often
hypermannosylated [34,35], and mannosylation enhances the activa-
tion of antigen-presenting cells like macrophages and dendritic cells,
increasing immunogenicity over that of non-glycosylated counterparts
[8,36-38]. In fact, others [29,31] used a lipid-modified alum adjuvant
or a saponin-based adjuvant, respectively, to overcome the poor
immunogenicity of their N331-less RBD antigens. Another potential
problem stemming from the absence of N331 is protein aggregation,
detected by [29]. Again, the ionic interactions provided by the addi-
tional sugars attached to N331 may help to counteract this problem,
which was absent in the case of C-RBD-H6 PP.

Physico-chemical analysis of C-RBD-H6 by mass spectroscopy
demonstrated the presence of all four correctly formed disulfide bonds
without scrambled species, and circular dichroism spectroscopy showed
that its secondary structure makeup was compatible with that expected
from the crystallographic structure of the spike trimer from SARS-CoV-2.
The correct folding of C-RBD-H6 was further confirmed by functional
assays such as its ability to bind to ACE2, as well as SPR assays in which
it bound ACE2 with an affinity similar to that reported by others for this
interaction [39-41]. Correct folding is one of the virtues of P. pastoris as
an expression host, which combines the quality control mechanisms of
the eukaryotic secretory pathway with the advantages of a microbial
system [3,42], and is a necessary requirement for the induction of an
antibody response able to neutralize SARS-CoV-2 by blocking viral entry



M. Limonta-Fernandez et al.

ns

| *%% p=0.0003 |

A

*%, p=0.0033

*%% <0.0001

2048
1024
512
256
128+
64
324
16
8-

4

2

biting 50% of
hFc-ACE2)

RBD Specific Titers (AU/mL)

AN

T
Conv
Serum Panel

EC50 (Serum dilution i

C-RBD-H6 PP C-RBD-H6 PP
50 pg 100 pg

Conv
Serum Panel

T T
C-RBD-H6 PP C-RBD-H6 PP
50 pg 100 pg

(¢}

VNT50 (Serum dilution to achieve 50% protection

New BIOTECHNOLOGY 72 (2022) 11-21

o

4096

— 2048+
2 1024
5124
256
128+
641
32+
16
8-
4
24
14

ns
| *,p=0.0222 |
I_l 2048+
1024
512
256

128+

hFc-RBD-HRP binding to hFc-ACE2)
w o
N A
h 1
o

EC50 (Serum dilution inhibiting 50% of

from VERO-E6 SARSCov-2 challenge)

AN

Conv
Serum Panel

»
q e

T T T T T T 1
4 8 16 32 64 128 256 512 1024
VNTS50 (Serum dilution to achieve 50% protection
from VERO-E6 SARSCov-2 challenge)

C-RBD-H6 PP C-RBD-H6 PP
50 pg 100 pg

Fig. 6. Immunogenicity of C-RBD-H6 PP in NHP. (A) Evaluation of RBD specific IgG in NHP immunized with doses of 50 pg (6 animals) or 100 pg (10 animals) of C-
RBD-H6 PP, 14 days after the end of a 0-14-28 days intramuscular schedule. (B) Evaluation in NHP of EC50 for ACE2 binding inhibition. (C) Evaluation in NHP of
EC50 for the PRNT in the microneutralization assay. (D) Association/correlation analysis of the ACE2 binding inhibition and microneutralization tests in NHP

(Spearman, r = 0.8994, p < 0.0001).

A B

SPLEEN

3000
IFN-y IFN-y
2000 L2
IL-6
TNF-o 1000 TNF-o

IL-4

C-RBD-H6-PP
PLACEBO
C-RBD-H6_PP

LUNG

PLACEBO

C . IFNy ELISPOT
3000 ]
& 1
g
2000 s 1
1000 S ]
[TH 4
(72] -
] —
0 1 1
25ug AIOOH
C-RBD-H6 PP
AIOOH
Treatment Group
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via inhibition of the RBD-ACE2 interaction.

Remarkably, despite the known differences between yeast and
mammalian N-glycosylation, the reactivity of C-RBD-H6 PP was essen-
tially identical to that of C-RBD-H6 HEK towards sera from mice and
monkeys immunized with the latter, sera from COVID-19 convalescents,
and sera from Pfizer-BioNTech or Sputnik V vaccinees. C-RBD-H6 PP
was also able to stimulate cellular responses mediated by IFNy secretion
in lymphocytes isolated from individuals previously infected with SARS-
CoV-2.

Immunization of mice, rats and NHP with C-RBD-H6 PP elicited
antibodies that inhibited RBD-ACE2 receptor binding and were able to
neutralize live SARS-CoV-2 in microneutralization tests. Even though
the time constraints imposed by the accelerated development of this
vaccine candidate required that the neutralizing activity of NHP sera be
evaluated just one week after administration of the third dose, the
resulting neutralizing titers were still higher than those of the conva-
lescent serum panel used as a control. A longer period before evaluation
might yield further improved results, allowing for the maturation and
selection of B cell clones producing antibodies of higher avidity and,
consequently, higher neutralizing titers.
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