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ABSTRACT: Controlling the global COVID-19 pandemic
depends, among other measures, on developing preventive
vaccines at an unprecedented pace. Vaccines approved for use
and those in development intend to elicit neutralizing antibodies to
block viral sites binding to the host’s cellular receptors. Virus
infection is mediated by the spike glycoprotein trimer on the virion
surface via its receptor binding domain (RBD). Antibody response
to this domain is an important outcome of immunization and
correlates well with viral neutralization. Here, we show that
macromolecular constructs with recombinant RBD conjugated to
tetanus toxoid (TT) induce a potent immune response in
laboratory animals. Some advantages of immunization with RBD-
TT conjugates include a predominant IgG immune response due to affinity maturation and long-term specific B-memory cells.
These result demonstrate the potential of the conjugate COVID-19 vaccine candidates and enable their advance to clinical
evaluation under the name SOBERANA02, paving the way for other antiviral conjugate vaccines.

■ INTRODUCTION

The rapid development of preventive vaccines is crucial for
controlling SARS-CoV-2 infection and ending the COVID-19
pandemic.1 Viral infection is mediated by the initial binding of
the receptor binding domain (RBD) of the spike (S)-
glycoprotein trimer to the host’s cell surface receptor, the
angiotensin-converting enzyme 2 (ACE2).2−5 Most of the 200
COVID-19 vaccines in development6 aim to block this
process.1 By focusing on the whole S-protein or its RBD as
an antigen, the primary goal is induction of anti-RBD
antibodies that interfere with RBD-ACE2 interaction, blocking
the first step of infection. Virus neutralization is mainly
associated with antibodies against the receptor binding motif
(RBM), a specific RBD region directly interacting with ACE2.7

This type of antibody is not involved in antibody-dependent
enhancement (ADE).8

Key advantages of the well-known recombinant subunit
vaccine platform are their safety, stability at 2−8 °C, and

facility to scale up the production.9 While weak immunoge-
nicity for a small recombinant protein such as the RBD (30
kDa) should be expected, typically requiring repeated
vaccination,10 it has been found that recombinant monomeric
RBD (RBDm) in alum is sufficient to induce a neutralizing
immune response in laboratory animals.11 This has led to the
clinical evaluation in humans of monomeric RBD-based
vaccine candidates.12 However, more recent reports have
demonstrated a greater and higher quality immune response
for larger RBD-containing macromolecular constructs.13,14 In
addition to its lower immunogenicity, recombinant RBDm
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exposes to the immune system not only the critical RBM
surface but also regions considered neo-epitopes, in the sense
that they are not accessible in the S-glycoprotein at the virus
surface.13 Antibodies directed toward such neo-epitopes are
expected to not bind the RBD at the surface of the virus, or to
bind it with a low affinity, and therefore, turn out to be poorly
functional. We hypothesized that the orientation of RBD, when
conjugated to a large carrier like tetanus toxoid, exposes better
the RBM surface, thereby likely increasing the level of
neutralizing antibodies.15−18

The SARS-CoV-2 RBD comprises 195 amino acid residues,
from Thr333 to Pro527, including the RBM 438−506 region
that interacts directly with ACE2. This domain contains eight
cysteine residues forming four disulfide bridges, three of them

stabilizing the RBD core and one within the RBM.6 Our
recombinant RBD 319−541 was obtained in CHO cells (to
preserve the mammalian glycosylation pattern) with an
intentionally extended sequence adding S-glycoprotein resi-
dues 527 through 541 to include Cys538, which in the spike S-
glycoprotein is connected to Cys590. The extended sequence
includes two N-glycosylation sites at residues Asn331 and
Asn343 and two O-glycosylation sites at Thr323 and Ser325.
The selected sequence results in a protein expressed with an
unpaired Cys538, to be used for chemical conjugation to the
highly immunogenic carrier tetanus toxoid (TT). Here, we
report a promising vaccine candidate based on a high-
molecular-weight conjugate bearing several copies of recombi-
nant RBD per unit of carrier protein. To our knowledge, the

Figure 1. Synthesis of RBD-TT conjugates. (A) Selective reduction of the intermolecular disulfide bond at RBD Cys538 using TCEP. (B)
Recognition of recombinant RBDm and reduced-RBD by a convalescent serum. (C) Conjugation of TCEP-reduced RBD to TT and representation
of RBD2-TT and RBD6-TT conjugates. (D) Recognition of an RBD-BSA conjugate by four convalescent sera (CS), n = 1−4. (E) Binding of RBD2-
TT and RBD6-TT conjugates to ACE2.
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immunogenic effect of conjugating the RBD to TT has not
been assessed for SARS-CoV-2 or other coronaviruses.
Previously, the SpyTag/SpyCatcher and enzymatic ligation
technologies have been employed for the conjugation of RBD
to self-assembled nanoparticles,19−24 leading to highly
immunogenic multivalent constructs. In our case, we relied
on a scalable and reproducible chemical conjugation method
for attaching the viral protein to a bacterial carrier. We
demonstrate that RBD-TT conjugates induce a potent immune
response in laboratory animals, paving the way for their
evaluation in clinical trials.25

■ RESULTS AND DISCUSSION

Construction of RBD-TT Conjugates. Our design is
based on the hypothesis that by conjugating several copies of
the extended RBD to a large carrier protein, the resulting
macromolecular construct is endowed with the multivalent
RBD display required for a potent B-cell activation.13,14 At the
same time, the RBM would be well exposed (Figure 1,
represented in red) and likely more available for immune
recognition than other immunodominant epitopes present in
the RBD core. To achieve this, a site-selective conjugation at
an RBD residue spatially distant from the RBM is required, a
process that should be reproducible and efficient on a large
scale to allow a cost-effective vaccine production.
We expressed in CHO cells the recombinant RBD (Arg319-

Phe541-(His)6) bearing a flexible C-terminal fragment that
includes unpaired Cys538, a residue distant from the RBM and

suitable for conjugation. The inclusion of an additional free
Cys538 in the extended RBD structure could jeopardize RBD
folding due to potential disulfide (S−S) rearrangement with
the other eight cysteine residues (scrambling). Nevertheless,
we found that during fermentation, Cys538 either is
spontaneously protected through an intermolecular S−S
bond in an adduct with free cysteine present in the culture
media or forms an RBD dimer that is separated from the
monomer during purification. ESI-MS showed the presence of
the four native S−S bonds, indicating a correctly folded RBD
(see the Supporting Information, SI).
To achieve a site-selective conjugation, a key step is the

selective reduction of the cysteinylated Cys538 to thiol-free
without affecting the four S−S intramolecular bridges that
maintain the native RBD conformation. After an extensive
study of reaction conditions (i.e., time and stoichiometry of
various reducing agents), we found that cysteinylated Cys538
could be selectively reduced to free thiol upon treatment with
1 equiv of tris(2-carboxyethyl)phosphine (TCEP) hydro-
chloride for 10 min without affecting the native conformation,
as proven by recognition by a convalescent serum (Figure 1B)
and ACE2 (Figure 1E). In contrast, RBD reduction with
dithiothreitol (DTT) led to a complete loss of its recognition,
suggesting a loss of the antigen’s 3D structure (Figure 1B). To
evaluate the integrity of the intramolecular disulfide bonds
upon selective reduction of Cys538, we carried out a two-step
experiment by reduction with 1 equiv of TCEP followed by
incubation with 5 mM of N-ethylmaleimide (NEM) for 16 h at

Figure 2. Immunogenicity evaluation. Immunization of BALB/c mice with RBD2-TT/alum and RBD6-TT/alum compared to RBDm/alum and
RBD2-TT. The serum of individual mice is represented by ▼ (RBDm/alum), ▲ (RBD2-TT/alum), ⧫ (RBD2-TT or RBD6-TT without alum), and
● (RBD6-TT/alum). (A) Representation of the immunization protocol. (B) anti-RBD specific IgG on days 7, 14, 21, and 28. (C) Dose response to
RBD6-TT/alum on days 7, 14, 21, and 28. (D) Avidity index of antibodies elicited on day 28. The p = 0.0047 was calculated comparing only RDB2-
TT/alum and RBD6-TT/alum. (E) RBD-specific IgG2a/IgG1 ratio. (F) anti-His tag antibodies compared to anti-RBD for RBD6-TT.
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4 °C (typical conjugation conditions). After deglycosylation
with PNGase F, the derivatized RBD was digested with trypsin
using an in-solution buffer-free digestion protocol.26 The ESI-
MS spectrum of the tryptic peptides corroborates NEM
addition at Cys538, while the other four disulfide bonds were
not noticeably affected (see the SI).
With the method for site-selective RBD derivatization in

hand, we turned to obtain RBD-TT conjugates for
immunogenicity evaluation. The conventional TT production
is described in the SI, which renders a good manufacturing
practice (GMP)-quality product with purity and stability
adequate to be used as a carrier protein. We have been using
TT as a carrier protein for carbohydrate−protein antibacterial
conjugate vaccines for almost two decades, with millions of
doses already applied.27,28 The conjugation of thiol-function-
alized antigens to maleimido-activated TT has been recently
used to produce glycoconjugate vaccines,29,30 with results of
phase 1 in clinical evaluation reported.31 The presence of
multiple T- and B-cell epitopes of this highly immunogenic
carrier32 can potentiate cellular immunity when compared to
the use of RBD alone. In addition, multimeric RBD-TT
conjugates (RBDn-TT) could simultaneously activate several
B-cell receptors, thus enhancing B cell response.13,14

Considering the urgency to obtain at large scale a safe and
effective, but also affordable, COVID-19 vaccine, we focused
on the thiol-maleimide conjugation technology that has proven
success in clinically validated conjugate vaccines.27,31 To this

end, TT was activated with approximately 20−30 maleimide
groups per protein unit by treatment with N-succinimidyl 3-
maleimidopropionate (SMP), followed by reactions with 2.5 or
10 equiv of TCEP-reduced RBD to produce conjugates
bearing an average of 2 and 6 mol, respectively, of RBD per
mol of TT (Figure 1C). The amount of RBD conjugated to
TT was quantified in the crude reaction by size-exclusion
HPLC (SE-HPLC), followed by purification to remove
unreacted RBD. The RBD2-TT and RBD6-TT conjugates
were obtained in 72% and 64% yield, respectively, and
characterized by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE), SE-HPLC, dynamic light scattering (DLS),
and ACE2 recognition assay. DLS indicated that the
hydrodynamic diameter of RBD6-TT is larger than that of
RBD2-TT, while both conjugates are larger than the carrier
protein alone and its maleimide-activated form (Figure S9 and
Table S3 in the SI). This is consistent with the SE-HPLC
results. As TT is highly polydisperse (polydispersity index of
0.545), the resulting conjugates also show similar behavior.
Several batches of these conjugates were produced next

under GMP at variable scales, with similar conjugation yield,
notable reproducibility, and product stability proven, at least,
over 6 months at 2−8 °C. As shown in Figure 1E, both
conjugates recognize ACE2 slightly better than the original
RBD, confirming the preservation of the RBD structure and
the suitable exposition of RBM. As convalescent serum usually
contains TT antibodies, we also prepared an RBD-bovine

Figure 3. Memory B and T cells induced by RBD6-TT. (A) Representation of the primary immune response to RBD6-TT/alum (blue arrow). (B)
Classical passive transfer of splenocytes from RBD6-TT/alum-immunized BALB/c mice (up) and naiv̈e mice (control, down) and stimulated with
RBD/alum (up, strong secondary response on day 7 after immunization). (C) T-cell stimulation with RBD. (D) Cytokine secretion after in vitro
RBD stimulation. (E) % RBD-specific memory T CD8+CD44highIFNγ+; (F) % RBD-specific memory T CD8

+CD44
highIL-4+; % RBD-specific

memory T CD8
+CD44

highGranzyme+; % RBD-specific memory T CD8
+CD44

highTNFα
+.
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serum albumin (BSA) conjugate incorporating six RBD units
per mole of BSA (RBD6-BSA), which was recognized
remarkably well by convalescent sera (Figure 1D). Collectively,
these results demonstrate the conservation of RBD antigenic
properties after site-selective carrier conjugation at Cys538 and
the synthetic suitability of fine-tuning the number of RBD
copies that can be incorporated onto the carrier to achieve the
desired multivalent RBD display.
Animal Immunogenicity. IgG RBD-specific immune

response in BALB/c mice was compared for RBD6-TT/alum,
RBD2-TT/alum, RBDm/alum, and RBD6-TT without alum.
As shown in Figure 2, there was a strong immune response as
proven by ELISA. On days 7 and 14 after the first
immunization (T7 and T14, Figure 2C), RBD6-TT/alum
induced the highest level of anti-RBD antibodies. After the
second dose at day 14, on days 21 and 28, all immunogens
adsorbed in alum elicited higher anti-RBD IgG levels than
without alum (T21 and 28, Figure 2C). The high and
homogeneous early response for RBD6-TT/alum could be an
important asset for a vaccine in pandemic times. We explored
the response to different dosages (0.5, 1, and 3 μg) of RBD6-
TT/alum and found a dose-dependent response at day 7. On
day 14, before the second dose, the response was very high
even for the lowest dosage (T14, Figure 2C).
We also compared affinity maturation of antibodies elicited

by RBD6-TT/alum and RBD2-TT/alum with those elicited by
RBD2-TT and RBDm/alum. There was an increase in the
avidity index (AI)33 for antibodies induced by RBD6-TT/alum
(81%) and RBD2-TT/alum (69%), which is consistent with a
more pronounced affinity maturation and predicts a better
antibody functionality (Figure 2D). Depending on the
immunogen, the Th1/Th2 balance can be modulated, and as
a result, it was also evaluated (Figure 2E). A biased Th2
immune response was observed for RBD2-TT/alum (IgG2a/
IgG1 ratio 0.54) and RBDm/alum (IgG2a/IgG1 ratio 0.40),
while RBD6-TT/alum displayed a more balanced Th1/Th2
immunity (IgG2a/IgG1 ratio 0.81). Although the His-tag is
scarcely immunogenic, the effect in the immunogenicity of the
His-tag at the RBD C-terminus needs to be evaluated. For this,
ELISA plates were coated either with His-tag PDL2 protein or
with RBDm and incubated for specific recognition in sera from
mice immunized with RBD6-TT. As shown in Figure 2F, sera
recognized RBDm but not the PDL2 His-tag protein,
indicating the absence of detectable antibodies against the
His-tag.
COVID-19 vaccines are being evaluated in their capacity to

protect the elderly,34,35 and preclinical data should include
evaluation in aged animals. For this purpose, elderly C57BL/6

mice were vaccinated with RBDm/alum, RBD2-TT/alum, or
RBD6-TT/alum (Figure S10). After one dose, similarly high
IgG titers were found for the conjugate immunogens, but after
two doses (on day 28), significant differences were observed in
IgG titers between animals immunized with RBD6-TT/alum
and those immunized with RBDm/alum or RBD2-TT/alum at
doses of 3 μg and 5 μg (Figure S10A). As determined by the
molecular Virus Neutralization Test (mVNT50A), there is a
significant difference in the functionality of antibodies elicited
by RBD6-TT/alum and RBD2-TT/alum (Figure S10C). These
results in elderly mice suggest that (a) the RBD6-TT conjugate
is a superior immunogen and (b) the two-dose immunization
schedule is necessary to achieve a high quality anti-RBD IgG
response.
Figure 3 shows the induction of RBD-specific memory B and

T cells. Splenocytes taken on day 28 from mice immunized
with two doses of RBD6-TT/alum were intravenously
transferred to naiv̈e mice that were then boosted by a single
dose of 3 μg RBDm/alum. In parallel, mice previously
receiving splenocytes from placebo mice were primed with a
single dose of 3 μg RBD/alum. As shown in Figure 3B, mice
receiving splenocytes from RBD6-TT/alum-immunized ani-
mals responded with a strong secondary RBD-specific IgG
response (titers 103 to 104) after 7 days, while mice that
received splenocytes from naiv̈e donors showed a poor primary
response. This experiment demonstrates the presence of RBD-
specific memory B cells in the transferred splenocytes, which
were able to be activated after a stimulus with RBDm/alum
(here, a proxy to SARS-CoV-2 virus).
CD8+ T cells also play an important role in protection

against SARS-CoV-2, as recently demonstrated.36 To evaluate
the specific T-cell response, we compared CD8+ T cells from
RBD6-TT/alum- and RBDm/alum-immunized mice. After in
vitro RBD stimuli, splenocytes from mice immunized with
RBD6-TT/alum secreted higher levels of IFNγ compared to
those immunized with RBDm/alum (Figure 3D). Flow
cytometry showed a higher frequency of CD8+ IFNγ-secreting
cells (Figure 3E), suggesting a Th1 pattern, while IL-4
(characteristic of Th2 pattern) and IL-17A (characteristic of
Th17 pattern) were not detected. The frequency of
CD8+CD44high memory T-lymphocytes producing IFN-γ,
TNF-α, and Granzyme B increased significantly in RBD6-
TT/alum-immunized mice with respect to control mice
(Figure 3F), indicating the relevant activation of cytotoxic T
immune memory.

Antibody Functionality. We evaluated antibodies’ ability
to block the interaction between the virus and its receptor,10

using mVNT50
37 and the conventional Virus Neutralization

Figure 4. Virus neutralization by anti-RBD antibodies induced by RBDm and the RBD-TT conjugates on day 28. (A) mVNT50 representing the
serum dilution giving 50% inhibition of the ACE2−RBD interaction. (B) cVNT50 measured as serum dilution giving 50% of virus neutralization.
(C) mVNT50/cVNT50 ratio and a schematic representation of the different neutralizing IgG levels found for RBDm and the RBD-TT conjugates.
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Test (cVNT50).
38 mVNT50 evaluates the inhibition of the

interaction between recombinant RBD and ACE2 at the
molecular level, while at the cellular level, cVNT50 evaluates
inhibition of the interaction between the live virus and Vero E6
cells bearing ACE2 receptors. Antibodies resulting from Balb/c
mice immunized with two doses of RBD2-TT/alum and RBD6-
TT/alum were compared to antibodies elicited after
immunization with RBDm/alum. mVNT50 showed a high
level of inhibition for all sera (Figure 4A), indicating that all
tested antibodies displayed a similar efficacy in interfering with
RBD−ACE2 interaction at the molecular level. On the other
hand, cVNT50 (Figure 4B) showed sharp differences between
sera from animals immunized with RBD/alum and those
immunized with the two conjugates. For RBDm/alum, the
neutralization titer was 232, while for both conjugates there
was a much higher level of virus neutralization, 1303 for RBD2-
TT and 2568 for RBD6-TT. The mVNT50/cVNT50 ratio was
0.143, 0.732, and 1.08 for RBDm, RBD2-TT, and RBD6-TT,
respectively. As depicted in Figure 4C, while antibodies
neutralizing the virus are mainly directed to the RBM,7,13 some
elicited antibodies recognize other regions of monomeric RBD
and, therefore, contribute to the mVNT50 value in experiments
with RBDm but probably do not recognize these RBD regions
when they are camouflaged in the spike protein at the virus
surface. We consider that the site-selective RBD conjugation to
the large TT carrier can sterically shield those regions while
leaving well-exposed the RBM, which helps increase the
neutralizing IgG response (Figure 4).

■ CONCLUSIONS
We have demonstrated that the site-selective functionalization
of the SARS-CoV-2 RBD followed by its chemical conjugation
to a highly immunogenic carrier protein renders conjugates
with the proper immunologically active RBD orientation, as
proven by recognition studies. The extended RBD includes the
well-exposed Cys538 at its C-terminal tail, placed distant
enough from the key RBM region, so its conjugation to TT
does not block the neutralizing RBM epitopes. However,
Cys538 is not free in the expressed antigen, as the reactive thiol
turned out to be capped with a Cys from the culture medium.
Accordingly, the key step of this strategy was the selective
reduction of the intermolecular S−S bond in the Cys538
adduct without affecting the four S−S bridges that preserve the
antigenic RBD conformation.
An advantage of the conjugation technology here employed

is the possibility to adjust the number of RBD units linked to
the carrier. This proved to be relevant since RBD6-TT elicited
a superior immune response compared to RBD2-TT, especially
in the early response. The higher load of RBD in RBD6-TT,
compared to RBD2-TT, might facilitate a suitable cross-linking
of B-cell receptors,13,14 which could contribute to the higher
IgG response of the larger conjugate construction. We also
proved that conjugation to TT led to a notable enhancement
of the neutralizing response, probably due to the T helper
effect of the carrier and the greater spatial accessibility of the
RBM compared to other RBD regions. In humans, the TT-
specific pre-existing T helper cells can contribute to antibody
production after vaccination with RBD-TT conjugates.
On the basis of these results, various GMP batches of the

vaccine candidates RBD2-TT/alum and RBD6-TT/alum were
produced and absorbed on alum as final vaccine candidates. A
phase I clinical trial25 was initiated in October 2020, with
interim results also confirming a better performance of a

vaccine based on RBD6-TT/alum. This vaccine candidate,
named SOBERANA02, advanced in December 2020 to a
phase II multicenter, adaptive clinical trial with 910 subjects.39

Whereas phase I and II clinical trial results will be reported in
due course, the encouraging interim data prompted moving
forward to a phase III trial in March 2021.40

The resulting vaccine candidate composed of an RBD6-TT
conjugate, the first one developed in Latin America, has
important advantages, such as (a) induction of strong IgG
neutralizing antibody and specific T-cell responses, (b) the
well-known safety record of this vaccine platform, which is
being confirmed in our clinical trials, (c) its stability at 2−8 °C
allowing an effective distribution, and (d) both the expression
and conjugation technologies’ ability to be adapted to existing
production capacities available in many countries. Some of
these advantages are a “must” for developing nations, in which
not only the distribution chain but also the required
recombinant and conjugation capacities are available for this
vaccine technology but not for other platforms currently
licensed. The results here shown open a venue of possibilities
for the generalization of the conjugate vaccine technology for
SARS-CoV-2 and other coronaviruses.

■ METHODS
Production of Monomeric RBD (Arg319-Phe541-(His)6)

Recombinant Protein. The coding sequence for RBD 319−541
fused to a C-terminal hexahistidine tag was optimized for mammalian
cell expression (hamster, Crycetulus grisesus), using the online gene
optimization tools provided by Eurofins (Germany). The resulting
nucleotide sequence was assembled and amplified by PCR using gene
fragments synthesized by Eurofins and oligonucleotides synthesized
by the Center for Genetic Engineering and Biotechnology (CIGB,
Cuba) and cloned into an intermediate vector containing a CMV
promoter and mouse Ig VH signal sequence gene. The whole
expression cassette was subsequently recloned into the lentiviral
vector pL6WBlast, kindly provided by CIGB. HEK-293T cells were
cotransfected with the lentiviral vector containing the gene of interest
plus the mixture of auxiliary plasmids pLPI, pLPII, and pLP/VSV-G
and used to produce lentiviral particles. CHO-K1 host cells were
transduced with lentiviral particles and grown in 96 well plates in the
presence of the selection drug blasticidine. Supernantants were
screened for secretion of recombinant RBD by ELISA, and transduced
cells showing the highest secretion levels were adapted to grow in
suspension in serum-free medium (a mixture of PFHMII with a
Center of Molecular Immunology’s proprietary medium) with
shaking. Recombinant RBD319−541 was purified from cell culture
supernatant by immobilized metal affinity chromatography (IMAC)
with Ni-NTA Sepharose. Monomeric RBD was then isolated by size
exclusion chromatography using Superdex 200.

ESI-MS Analysis of Recombinant RBD. Before ESI-MS analysis,
the purified recombinant RBDm (Arg319-Phe541-(His)6) was
deglycosylated with PNGase-F in the presence of N-ethylmaleimide
(NEM). The ESI-MS spectrum showing the multiply charged ions
(Figure S1A, SI) was deconvoluted. The experimental molecular mass
of the most intense signal was 26981.82 Da, which is approximately
119 Da higher than expected (26863.07 Da), probably due to
cysteinylation and the presence of an O-glycoform (HexNAc+Hex
+SA2). Also, a low-abundance signal at 26690.73 Da agrees very well
with the monomer cysteinylated and O-glycosylated with HexNAc
+Hex+SA (26690.96 Da). This heterogeneity indicates the presence
of two major O-glycoforms (HexNAc+Hex+SA2 and HexNAc+Hex
+SA). The assignments for all signals (Figure S1B) are summarized in
Table S1. The experimental molecular masses agree with the expected
values considering four disulfide bonds, two Asn potential N-
glycosylation sites transformed into Asp residues during the
PNGase-F treatment, two major O-glycoforms (HexNAc+Hex+SA2
and HexNAc+Hex+SA), and cysteinylated Cys538. It was also
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observed that NEM was added partially at the N-terminal residue of
the protein. The protein was digested with trypsin using the in-
solution buffer-free digestion protocol26 and analyzed by ESI-MS. The
ESI-MS spectrum of the proteolytic peptides (Figure S2A and Table
S2) summarizes the corresponding assignments. The four disulfide
bonds (C336−C361, C379−C432, C391−C525, and C480−C488)
present in the spike protein of SARS-CoV-2 were detected. The signal
detected at m/z 475.20 (3+; Figure S1C, left panel) was assigned to
the C-terminal peptide C538VNFHHHHHH547 containing cystei-
nylated Cys538 (Table S1). The MS/MS spectrum confirmed this
assignment. In the same expanded region (m/z 468−483), a small
signal at m/z 477.19 (3+) indicated a minor presence of the C-
terminal peptide C538VNFHHHHHH547 modified with NEM at
Cys538, indicating that only a tiny portion of the Cys538 thiol group
was free, while the majority was cysteinylated and, as a consequence,
unable to react with NEM.
Reduction of RBD-Cys Adduct to Obtain the RBD with Free

Cys538. Recombinant RBDm (14 mL, 12 mg mL−1, 5.6 μmol) in 35
mM PBS at pH 7.4 and 0.5 mM EDTA reacted with a freshly
prepared solution of TCEP hydrochloride (1.6 mL, 1 mg mL−1, 5.6
μmol, 1 equiv) for 10 min at RT. The conversion to the
decysteinylated RBD was confirmed by ESI-MS analysis: an aliquote
was deglycosylated with PNGase-F in the presence of 5 mM NEM
and digested with trypsin as described above. The selective and
efficient cleavage of the cysteinyl aduct and its conversion to free
Cys538 was demonstrated by the disappearance of the previously
detected signal at m/z 475.19, corresponding to (Cys538+Cys)3+,
and the detection of the signal at m/z 477.19 (Figure S3C, right
panel), assigned to (Cys538+NEM)3+. The other four disulfide
bonds were not noticeably affected in the treatment with TCEP, as
they were detected with similar intensities.
Activation of Tetanus Toxoid with Maleimide. A solution of

tetanus toxoid (TT) (10 mL, 5 mg mL−1, 50 mg, MW 150 kDa, 0.33
μmol) in 100 mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES) at pH 7.8 reacted with a freshly prepared solution of N-
succinimidyl 3-maleimidopropionate in DMSO (187 μL, 75 mg mL−1,
53 μmol, 160 equiv of SMP per mol of TT). The mixture was gently
stirred for 1 h at RT, purified by diafiltration (100 kDa cutoff) with 35
mM PBS at pH 7.4 and 5 mM EDTA, and finally concentrated to 18
mg mL−1, as measured by Lowry’s method.41 The stoichiometry of
maleimide incorporated to TT was 20−30 maleimide groups/TT, as
measured by a reversed Ellman method.42

Conjugation of RBD to Maleimide-Activated TT. Following
the RBDm reduction procedure with TCEP, a solution of RBD with
free Cys538 (13.5 mL, 12 mg mL−1, 5.4 μmol) was treated with
maleimide-activated TT (4.5 mL, 18 mg mL−1, 0.54 μmol) in 35 mM
PBS at pH 7.4 and 5 mM EDTA (final concentrations: RBD, 9 mg
mL−1; activated-TT, 4.5 mg mL−1; molar ratio RBD/TT, 10:1). The
reaction mixture was gently stirred for 16 h at 5 ± 3 °C. Cysteamine
hydrochloride (0.6 mL, 5 mg mL−1) was added, and the reaction was
incubated for 30 min at RT. The amount of RBD incorporated into
TT was monitored and quantified by the decrease in the SE-HPLC
peak area for RBD. The average stoichiometry of RBD linked to TT
was 6.4 (RBD6-TT). Conjugate RBD6-TT was obtained in 64% yield
(based on RBD) after purification by diafiltration (100 kDa cutoff)
with 20 washes of 1 mM phosphate buffer, at pH 7.0. Using the same
conjugation procedure but with a nRBD/maleimide-activated TT
molar ratio of 2.5:1, a conjugate was obtained in 72% yield with an
average stoichiometry of 2 RBD per TT (RBD2-TT). An RBD6-BSA
conjugate was also obtained in 92% from maleimide-activated BSA
using the same protocol. The purified RBD-TT and RBD-BSA
conjugates were characterized by SE-HPLC, SDS-PAGE, Western
blot, and ELISA. The final products were tested using the kinetic LAL
method; the acceptable limit for endotoxin content was set as 100
EU/mL. The purified RBD-TT and RBD-BSA conjugates were
characterized by SE-HPLC, SDS-PAGE, Western blot, and ELISA.
The final products were tested using the kinetic LAL method, and an
upper limit for acceptable endotoxin was set at <100 EU/mL.
Animal Experiments. Immunogenicity of the RBD-TT con-

jugates and RBDm was evaluated in BALB/c mice (age: 6−8 weeks,

15−20 g) and elderly C57BL/6 mice (age: 66−68 weeks). All animals
were supplied by the National Center for Laboratory Animals
Breeding (CENPALAB), Havana, Cuba with their health certificates.
All protocols were approved by the Finlay Vaccine Institute Ethical
Committee.

Immunization Schedule and Sera Samples. Intramuscular
injection on days 0 and 14; sera were collected at days 0 (before
immunization) and at days 7, 14, 21 and 28.

Immunogenicity experiments included groups of 10 mice injected
with (a) 3 μg of RBD-TT conjugates adjuvated with 500 μg of
Al(OH)3 or without adjuvant, (b) 3 μg of RBDm adjuvated with 500
μg of Al(OH)3, and (c) 500 μg of Al(OH)3 as a control. Dose−
response experiment included groups of 10 mice immunized with 0.5,
1, or 3 μg of RBD6-TT adjuvated with 500 μg of Al(OH)3. Cytokine
and T memory responses were evaluated in BALB/c mice immunized
with 1 μg of RBD-TT conjugates adjuvated with 500 μg of Al(OH)3.

Anti-RBD IgG ELISA. The 96 well ELISA plates (NUNC) were
coated with 50 μL of RBD antigen at 3 μg mL−1 in carbonate-
bicarbonate buffer at pH 9.6 for 1 h at 37 °C. Plates were blocked in
5% skim milk-PBS for 1 h at 37 °C. After five washes with PBS-0.5%
Tween 20 (PBS-T), serum samples (diluted 1:3 v/v in PBS-1% BSA
solution, pH 7.2) were added in serial dilution starting from 1/50.
Plates were incubated for 1 h at 37 °C and washed with PBS-T. Goat
antimouse IgG-HRP antibodies (Sigma-Aldrich) diluted 1/5000 in
PBS-1% BSA pH 7.2) were added and incubated for 1 h at 37 °C.
Following five washes with PBS-T, 3′,3′5,5′-tetramethylbenzidine
(TMB) was added to the plates and incubated for 20 min. Reactions
were stopped with 2 N H2SO4, and the absorbance was measured at
450 nm in a microplate reader ELISA Multiskan EX (ThermoScien-
tific). The end point titer was defined as the highest reciprocal
dilution of serum that gives an absorbance 4-fold greater than
preimmune serum diluted 1/50.

Molecular Virus Neutralization Assays. The ability of anti-
RBD specific antibodies to inhibit the RBD−ACE2 interaction was
evaluated in a Molecular Virus Neutralization Assay. Briefly,
microtiter plates (High binding, Costar) were coated with 50 μL/
well of ACE2-mFc (5 μg mL−1) in 0.1 M carbonate-bicarbonate
buffer at pH 9.6 and incubated overnight at 4 °C. Plates were blocked
with 200 μL/well of 2% NFDM/PBST for 1 h at 37 °C. Serial
dilutions of individual sera were mixed 1:1 (v/v) with RBD-hFc (40
ng mL−1) and incubated for 1 h at 37 °C. As a negative control,
samples of sera from the placebo group mice were equally prepared.
All samples were diluted in 0.2% NFDM/PBST (assay buffer).
Mixtures were incubated for 2 h at 37 °C. Next, alkaline phosphatase-
conjugated antihuman IgG antibody (1:1000, 50 μL/well) was added
followed by incubation for 1 h at 37 °C. Finally, p-nitro-
phenylphosphate (Sigma; 1 mg mL−1 in diethanolamine buffer at
pH 9.8) was added, and the plates were incubated at RT for 40 min.
Absorbance at 405 nm was measured using a microwell system reader
(Organon Teknica). All incubations were followed by three washing
steps with PBST. Maximal recognition corresponds to RBD-hFc (40
ng mL−1) mixed 1:1 (v/v) with assay buffer. The molecular viral
neutralization titer (mVNT50) represents the highest serum dilution
giving 50% inhibition of maximal recognition. The serum dilutions
were log transformed, and data were adjusted to a log(inhibitor) vs
normalized response with variable slope nonlinear regression.

Virus Neutralization Assay. The virus neutralization assay was
performed following the recommendation of Manenti et al.38 with few
modifications. Animal serum samples were heat-inactivated for 30 min
at 56 °C. Two-fold serial dilutions of each sample serum (starting in
1:10 until 1:2560) were then mixed with an equal volume of viral
suspension containing 100 median tissue culture infectious doses
(TCID50) of SARS-CoV-2 (Strain 2025, Cuban Collection, National
Laboratory of Civil Defense) and incubated for 1 h at 37 °C in a
humidified atmosphere with 5% CO2. After incubation, 100 μL of
each dilution was added in duplicate to plates containing a
semiconfluent VERO E6 monolayer (104 cell/well). The plates
were incubated for 3 days at 37 °C in a humidified atmosphere with
5% CO2. Then, the supernatant was carefully discarded, and 100 μL/
well of a sterile PBS solution containing 0.02% neutral red (Sigma)
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was added. After 1 h of incubation at RT, the neutral red solution was
discarded, and the cell monolayer was washed twice with sterile PBS-
T. After the second incubation, PBS-T was carefully removed; then,
100 μL/well of a lysis solution (50 parts of absolute ethanol (Sigma),
49 parts of Milli-Q water, and one part of glacial acetic acid (Sigma)
were added. Plates were incubated for 15 min at RT and then read at
540 nm in a spectrophotometer. The viral neutralizing titer 50
(VNT50) is the highest serum dilution giving 50% of the average DO
with respect to control cell wells (VERO E6 monolayer without
mixture of virus-sera). In sera where VNT50 could not be calculated
until 1:2560 dilution, the assay was repeated starting with a higher
dilution.
Detection of RBD-Specific T Cells by Flow Cytometry. The

RBD-specific memory T cells induced by the RBD6-TT conjugate
(mice immunized with 1 μg of RBD-TT conjugates adjuvated with
500 μg of Al(OH)3) was determined by flow cytometry. Splenocytes
from immunized or control mice were added to 24 well plates (3 ×
106 splenocytes/well) and cultured for 72 h in RPMI medium 1640
(Gibco) supplemented with 10% (v/v) FBS (Capricorn), 100 U/mL
penicillin-streptomycin, 1 mM pyruvate (Gibco), 50 μM β-
mercaptoethanol, and 50 UI/ml IL-2 (Sigma-Aldrich). Mouse
splenocytes were stimulated with 5 μg/mL of RBDm, and positive
controls were stimulated with 5 μg/mL ConA (Sigma-Aldrich) for 24
h. Brefeldin A (10 μg/mL; BD Biosciences) was added 6 h before
harvesting. Then, the cells were harvested and stained first with a live/
dead fixable near-IR fluorescent dye (Invitrogen, Thermo Scientific),
and anti-CD4 PerCP/Cy5.5 (RM4−5), anti-CD8 PE (S3−6.7), and
anti-CD44 PE-cy7 (IM7) surface markers (eBiosciences) were added.
Cells were subsequently fixed, permeabilized, and stained with anti-
IFNγ FITC (XM61.2) and anti-IL-4 APC (11B11; eBiosciences).
Flow cytometry data were acquired on a Gallios Cytometer (Beckman
Coulter) and analyzed using Kaluza Software 1.2 version. CD4+ or
CD8+ with CD44+ lymphocytes (defined as memory reactive RBD
cells) were gated from live cells, and the percentage of IFN-γ+ and IL-
4+ were recorded.
Quantification of Cytokines by ELISA. Cytokine secretion was

quantified in the splenocyte supernatant from mice immunized with 1
μg of RBDm or RBD6-TT adjuvated with 500 μg of Al(OH)3, after in
vitro stimulation with 5 μg/mL of RBDm. Supernatants were collected
after 72 h of stimulation and stored at −80 °C. Cytokines in cell
culture supernatants were quantified using an IFN-γ and IL-4 ELISA
kit (Mabtech) according to the manufacturer’s instruction.
Statistical Analysis. The analyses were performed with GraphPad

Prism Software v.7.0.4. Two-sided nonparametric Mann−Whitney
tests were conducted to compare differences between two
experimental groups; Kruskal−Wallis ANOVA with Dunn’s multiple
comparisons tests were applied to compare more than two
experimental groups. Antibody titer data were log transformed before
analysis. P-values of <0.05 were considered significant.
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