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Abstract

Background: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is re-
sponsible for the ongoing global COVID-19 pandemic. One possibility to control the
pandemic is to induce sterilizing immunity through the induction and maintenance
of neutralizing antibodies preventing SARS-CoV-2 from entering human cells to rep-
licate in.

Methods: We report the construction and in vitro and in vivo characterization of a
SARS-CoV-2 subunit vaccine (PreS-RBD) based on a structurally folded recombinant
fusion protein consisting of two SARS-CoV-2 Spike protein receptor-binding domains
(RBD) fused to the N- and C-terminus of hepatitis B virus (HBV) surface antigen PreS

to enable the two unrelated proteins serving as immunologic carriers for each other.

Abbreviations: COVID-19, coronavirus disease 2019; HBV, hepatitis B virus; IgG, immunoglobulin G; PreS, HVB domain; RBD, receptor-binding domain; SARS-CoV-2, severe acute

respiratory syndrome coronavirus 2.
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GATTINGER ET AL.

Results: PreS-RBD, but not RBD alone, induced a robust and uniform RBD-specific I1gG
response in rabbits. Currently available genetic SARS-CoV-2 vaccines induce mainly tran-
sient IgG, responses in vaccinated subjects whereas the PreS-RBD vaccine induced RBD-
specific IgG antibodies consisting of an early IgG, and sustained IgG, antibody response
in a SARS-CoV-2 naive subject. PreS-RBD-specific IgG antibodies were detected in serum
and mucosal secretions, reacted with SARS-CoV-2 variants, including the omicron variant
of concern and the HBV receptor-binding sites on PreS of currently known HBV geno-
types. PreS-RBD-specific antibodies of the immunized subject more potently inhibited
the interaction of RBD with its human receptor ACE2 and their virus-neutralizing titers
(VNTs) were higher than median VNTs in a random sample of healthy subjects fully im-
munized with registered SARS-CoV-2 vaccines or in COVID-19 convalescent subjects.

Conclusion: The PreS-RBD vaccine has the potential to serve as a combination vac-
cine for inducing sterilizing immunity against SARS-CoV-2 and HBV by stopping viral

replication through the inhibition of cellular virus entry.

KEYWORDS
antibody response, COVID-19, neutralizing antibodies, SARS-CoV-2, sterilizing immunity,
vaccine
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GRAPHICAL ABSTRACT

e This study reports the design and characterization of a SARS-CoV-2 subunit vaccine (PreS-RBD).

e PreS-RBD, but not RBD alone, induces RBD-specific IgG, and long-lasting IgG, in serum and mucosal fluids, and cross-reacts with SARS-
CoV-2 variants of concern.

e PreS-RBD-specific antibodies of the immunized subject more potently inhibit the interaction of RBD with angiotensin converting enzyme
2 (ACE2), and their virus-neutralizing titers are higher than median titers in a random sample of healthy subjects fully immunized with
registered SARS-CoV-2 vaccines or in COVID-19 convalescent subjects.

1 | INTRODUCTION more than 330 million cases and more than 5.5 million COVID-

19-associated deaths have been reported until January 21, 2022
The ongoing COVID-19 pandemic caused by SARS-CoV-2 infections (https://coronavirus.jhu.edu/map.html). The rapid development of
continues to be a major challenge to humankind. According to the SARS-CoV-2-specific vaccines has reduced the number of weekly
Johns Hopkins University of Medicine Coronavirus Resource Center, reported COVID-19-associated deaths by approximately 50% when
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comparing the numbers from fall/winter 2021 to those observed
for the same period in 2020 (https://coronavirus.jhu.edu/map.html).
However, despite the fact that nearly 9.7 billion vaccine doses have
been administered worldwide by this time, the number of weekly
COVID-19 cases in 2022 has currently doubled compared with the
same time in 2021 (https://coronavirus.jhu.edu/map.html).

The currently available COVID-19 vaccines deviate from estab-
lished vaccination technologies in that they rely on either the de-
livery of nucleic acid encoding the SARS-CoV-2 Spike protein (S) by
adenovirus-based viral vectors, or by S-encoding mRNA into human
cells, which then produce and release the S antigen triggering an im-
mune response that resembles to some extent that following a SARS-
CoV-2 infection.® Accordingly, the SARS-CoV-2-specific immune
response induced by the aforementioned genetic vaccines is based on
MHC class I- and MHC class lI-mediated antigen presentation accom-
panied by S-specific CD4* and CD8* T-cell responses and relatively
short-lived S-specific, mainly IgG, antibody responses? ™ of which the
levels and specificities may vary depending on the amount and qual-
ity of S antigen produced by the cells of the vaccinee.” The genetic
SARS-CoV-2 vaccines could be made available relatively quickly be-
cause they by-pass the need of establishing a process for producing
defined protein immunogens and thus represented an important first
step toward reducing COVID-19-associated deaths. However, immu-
nization with genetic SARS-CoV-2 vaccines has also been reported to
be associated with adverse events such as thromboembolic events,®®

9-11 12,13

myocarditis, anaphylactic reactions, neurological complica-

tions,14 and deaths considered to be associated with vaccination.
Furthermore, currently available SARS-CoV-2 vaccines are challenged
by the emergence of novel SARS-CoV-2 variants of which certain
seem to escape neutralization by vaccine-induced antibodies.'® One
new variant B.1.1.529, named omicron, which was first identified
in South Africa by the World Health Organization in the middle of
November 2021 (WHO COVID-19 Dashboard https://covid19.who.
int/) is of particular concern because it has at least 21 mutations in
the part encoding the S1 subunit and 15 amino acid exchanges in
the receptor-binding domain of the S protein, RBD, which is signifi-
cantly more than previous variants of concern (VOCs).17 Indeed, omi-
cron was detected in Asia in mid-November!® and has since become a
dominant VOC in all parts of the world." First reports already indicate
that currently available COVID-19 vaccines may confer less protec-

19-22

tion against omicron infection.

Antibodies directed against RBD are important for virus neutral-

2324 correlate with protection in vaccinated subjects®® and

ization,
due to their ability to prevent the virus from entering the human
cell and replicating in the host could be a key for obtaining steriliz-
ing immunity.26 However, it was found that approximately 20% of
COVID-19 convalescent patients, although producing antibodies to
other SARS-CoV-2 antigens and epitopes, do not sufficiently pro-
duce RBD-specific IgG antibodies to block the RBD-ACE2 binding
and hence are poor- or non-responders to RBD.2*%*

Here, we report the construction, expression, and purification,
as well as the biochemical and immunological in vitro and in vivo char-
acterization of a SARS-CoV-2 subunit vaccine PreS-RBD. PreS-RBD

is based on a recombinant fusion protein consisting of the human
hepatitis B virus (HBV)-derived PreS antigen, which by itself or as
part of fusion proteins induces human HBV-protective immune re-
sponses?’~3% and two SARS-CoV-2 RBD domains attached to the N-
and C-terminus of PreS. According to the hapten-carrier principle
discovered by Nobel laureate Baruj Benacerraf,*! the fusion of RBD
to PreS aimed to increase the immunogenicity of RBD. PreS-RBD
was formulated with aluminum hydroxide (alum), an adjuvant which
has been safely used both in vaccines against infectious diseases and
in therapeutic allergy vaccines (i.e., allergen-specific immunother-
apy, AIT) for decades.®? AlT-induced allergen-specific IgG responses
typically consist of rapidly evolving specific IgG, responses and the
late but sustained production of neutralizing allergen-specific IgG,
antibodies, which persist even years after discontinuation of treat-
ment and leads to sustained protection of allergic patients from
allergen-induced allergic inflammation.®37%> Results obtained for the
PreS-RBD subunit vaccine in this study suggest that PreS-RBD has
several features, which make it an interesting SARS-CoV-2 vaccine

candidate for inducing sterilizing immunity.

2 | MATERIALS AND METHODS

Detailed Materials and Methods can be found in the Appendix:

Online Repository.

3 | RESULTS

3.1 | Characterization of recombinant
SARS-CoV-2 subunit vaccines based on recombinant
PreS-RBD fusion proteins

Our experience in engineering vaccines for allergen-specific immu-
notherapy shows that according to the hapten-carrier principle®! one
can enhance the ability of a given antigen/peptide to induce spe-
cific antibody responses upon immunization by fusing it to an un-
related carrier protein and providing it in more than one copy.3¢-%®
Accordingly, we designed a fusion protein (PreS-RBD) consisting of
two RBD domains, one fused to the N-terminus and one fused to
the C-terminus of the human hepatitis B virus (HBV)-derived PreS,
the HBV surface antigen containing the binding site of HBV to the
NTCP (sodium taurocholate co-transporting polypeptide) recep-
tor on hepatocytes®”*° (Figure 1A). We have previously found that
a vaccine based on PreS-fusion proteins containing hypoallergenic
peptides derived from the major timothy grass pollen allergens (i.e.,
BM32) induced a robust grass pollen allergen-specific IgG response
protecting grass pollen allergic patients from grass pollen allergy*#?
(ClinicalTrials.gov Identifier: NCT02643641). On the contrary, BM32
and one of its components BM325 (i.e., VVX001) induced antibodies

2930 and in

in vaccinated subjects preventing HBV infection in vitro
vivo, as recently shown in a therapeutic vaccination study conducted

in patients suffering from chronic HBV infection.*® Synthetic genes
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FIGURE 1 Characterization of the recombinant RBD-PreS fusion protein. (A) Scheme of the recombinant PreS-RBD protein with two
RBD domains (green) fused to the N- and C- terminus of PreS (blue), respectively. The C-terminal hexa-histidine tag is indicated in red. (B)
Coomassie blue-stained SDS-PAGE containing E. coli- and HEK cell-expressed PreS-RBD and RBD separated under reducing and non-
reducing conditions. Molecular weights are indicated in kDa. (C) Circular dichroism analysis of E. coli- and HEK cell-expressed PreS-RBD and
RBD. Scans show molecular ellipticities (y-axes) at given wave lengths (x-axes). Reactivity of E. coli- and HEK cell-expressed PreS-RBD and
RBD with different dilutions of (D) anti-His antibodies, (E) anti-PreS-peptide antibodies, (F) anti-recombinant PreS antibodies, and (G) IgG
antibodies (1:50 diluted) from COVID-19-convalescent subjects (n = 10) and historic controls (n = 10) by ELISA. OD (405/492 nm) values (y-axes)
are average values of duplicate determinations with <5% deviation and correspond to amounts of bound antibodies. Buffer without primary

antibodies served as negative control
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coding for PreS-RBD and, for control purposes for RBD alone, were
codon-optimized either for the expression in E. coli or in human cell
lines. Expressed proteins were purified via Nickel affinity chromatog-
raphy via a hexahistidine tag which was added to the recombinant
proteins (Figure 1A,B). E. coli-expressed PreS-RBD migrated at ap-
proximately 60 kDa in SDS-PAGE under reducing and non-reducing
conditions whereas the HEK cell-expressed fusion protein migrated
at 70 kDa (Figure 1B). The higher molecular weight of HEK cell-
expressed PreS-RBD versus E. coli-expressed PreS-RBD is compatible
with the presence of six N-glycosylation sites in the former protein.
Likewise, HEK cell-expressed RBD containing two N-glycosylation
sites had a higher molecular weight (ie 35 kDa) compared to E. coli-
expressed RBD. E. coli-expressed RBD also showed additional bands
under reducing and non-reducing conditions (Figure 1B) which
stained with anti-His antibodies and hence did not represent impuri-
ties (data not shown).

The analysis of recombinant RBD proteins regarding the presence
of fold and secondary structure by far UV circular dichroism spec-
troscopy (CD) analyses is presented in Figure 1(C). RBD expressed in
HEK cells revealed a minimum at 207 nm, which is consistent with
a previous study reporting the expression of functional RBD** re-
sembling a predominant p-sheet structure. HEK cell-expressed PreS-
RBD exhibited a minimum at 209 nm which is also indicative of the
presence of considerable f-sheet secondary structure (Figure 1C). E.
coli-expressed RBD and PreS-RBD showed a strong reduction of el-
lipticity and of the corresponding minima indicating the presence of
a high proportion of unfolded structure in the proteins (Figure 1C).
The unfolded RBD also did not bind to the ACE2 receptor (data not
shown).

In a next set of experiments, we characterized recombinant RBD
and PreS-RBD proteins regarding their reactivity with a panel of an-
tibody probes specific for PreS, RBD, and the His-tag (Figure 1D-G).
Figure 1D shows that E. coli- and HEK cell-expressed RBD and PreS-
RBD reacted with different dilutions of anti-His antibodies (HEK cell-
expressed PreS-RBD and RBD > E. coli-expressed PreS-RBD and RBD).
No reaction was observed when the primary anti-His antibody was
omitted (Figure 1D). HEK cell- > E. coli-expressed PreS-RBD reacted
with antisera raised against PreS-peptides and against E. coli-expressed
PreS whereas recombinant RBD proteins did not (Figure 1E,F). No re-
action was observed when the primary anti-PreS antibodies were omit-
ted (Figure 1E,F). Next, we tested sera obtained from subjects before
the SARS-CoV-2 pandemic (i.e., historic control sera) and sera obtained
from COVID-19 convalescent patients for IgG reactivity with E. coli-
and HEK cell-expressed RBD and PreS-RBD proteins. Historic control
sera showed no IgG reactivity to folded RBD and PreS-RBD, whereas a
few sera (ie PO0O3, PO04, and P010) showed low reactivity to unfolded
RBD and PreS-RBD (Figure 1G, left). By contrast, sera from COVID-19
convalescent patients showed pronounced IgG reactivity to HEK
cell-expressed PreS-RBD >RBD but no relevant reactivity to E. coli-
expressed proteins (Figure 1G, right). Only few sera (i.e., BO13, 1002)
showed very weak reactivity to the unfolded bacterially expressed pro-
teins. No reactivity was observed when patients” sera were omitted
(Figure 1G).

3.2 | Immunization with PreS-RBD but not
with RBD alone induces a uniform RBD-specific
antibody response

The ability of folded PreS-RBD or RBD to induce antibody responses
was investigated by immunizing rabbits, which allows studying the
uniformity of the induced immune responses in out-bred animals.
The choice of out-bred animals is important because we found
that approximately 20% of SARS-CoV-2-infected subjects did not
mount RBD-specific antibodies and hence represented “RBD-non-
responders”?* Four groups of three rabbits were immunized three
times in 3-week intervals with 20 or 40 pg of alum-adsorbed RBD or
two doses of alum-adsorbed PreS-RBD containing equimolar amounts
of RBD. Figure 2 shows IgG levels measured by ELISA for three dif-
ferent dilutions of sera of the 12 rabbits. Even after three injections,
one (rabbit #3) and two (rabbits #5, #6) out of the six RBD-immunized
animals were non- and low-responders, respectively, whereas each of
the six PreS-RBD-immunized rabbits developed robust and uniform

RBD-specific IgG levels already after two injections (Figure 2).

3.3 | Immunization with folded but not with
unfolded PreS-RBD induces antibodies in serum of a
COVID-19 naive subject that cross-react with
SARS-CoV-2 variants

Immunization of a SARS-CoV-2 naive human subject with unfolded E.
coli-expressed PreS-RBD was started on 9 October 2020 by the subject
(Figure 3). In total, three subcutaneous injections were administered
approximately 4 weeks apart. Figure 4 shows that immunization with
unfolded PreS-RBD did not induce IgG responses against folded HEK
cell-expressed RBD. This result was in agreement with data obtained
in rabbits where E. coli-expressed PreS-RBD failed to induce IgG re-
sponses against folded RBD.?* These results and the finding that only
folded RBD induced IgG antibodies against folded RBD in rabbits, which
strongly neutralized SARS-CoV-2 infections in vitro and prevented RBD
binding to ACE2?* led to the construction of a recombinant PreS-RBD
which was completely identical in its primary sequence as the E. coli-
expressed version but due to expression in HEK cells was obtained
as folded protein (Figure 1). Immunization of the human subject with
folded, HEK cell-expressed PreS-RBD was initiated on 8 June 2021 by
the subject and induced a strong IgG response against folded RBD, as
determined 1 week after the second injection (i.e., at visit 14) (Figure 3).
Moreover, the RBD-specific antibodies induced by folded PreS-RBD
based on the Wuhan-hu-1 sequence induced IgG antibodies which
cross-reacted equally with SARS-CoV-2 variants (Wuhan-hu-1, K417N,
E484K, alpha, beta, delta, and omicron) (Figure 4A,B, Figures S1-S3A).
Of note, also rabbit antibodies induced by immunization with the folded
HEK cell-expressed Wuhan-hu-1 PreS-RBD protein cross-reacted with
SARS-CoV-variants delta and omicron (Figure S3B).

Since the volunteer had been previously vaccinated with the
PreS-containing grass pollen allergy vaccine BM325 (i.e., VVX001)*
(ClinicalTrials.gov Identifier: NCT03625934), a PreS-specific IgG
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FIGURE 2 RBD-specific IgG responses in immunized rabbits. Shown are IgG responses of rabbits, immunized with equimolar RBD doses (20
or 40 pg) of folded RBD monomer or PreS-RBD. IgG antibody levels specific for folded RBD (y-axes: OD 44549, l€Vels) of three rabbits per group,
immunized with two equimolar RBD doses (20 or 40 pg) (x-axes) of (A) folded RBD monomer or (B) folded PreS-RBD are shown for different time
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response was detected as early as visit 1, which further increased during
immunization with E. coli-expressed PreS-RBD and even more so after
immunization with folded HEK cell-expressed PreS-RBD (Figure 4C).
Figure S4 (right upper panel) corroborates this finding by testing differ-
ent serum dilutions of the subject showing that the PreS-specific IgG
levels indeed further increased after immunization with folded HEK
cell-expressed PreS-RBD. Figure S4 further shows that the IgG isotype
dominated the RBD-specific antibody responses in the immunized sub-
ject and was accompanied by a low IgM response and an IgA response
which peaked shortly after the beginning of the immunization. The

PreS-specific antibody response in the subject was dominated by IgG an-

tibodies, some IgM responses but no relevant IgA response (Figure S4).

3.4 | Immunization with folded PreS-RBD induces
antibodies reacting with the NTCP binding sites of
HBYV genotypes A-H

The PreS protein contains at its N-terminus the binding site of
HBV to its receptor NTCP on hepatocytes,®’ and, therefore, is a
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FIGURE 3 Immunization scheme of a healthy, SARS-Cov-2 negative subject indicating time points and dates of injection, sampling (serum,
cells, mucosal fluids) during immunization with (A) unfolded E. coli- and (B) folded HEK cell-expressed PreS-RBD

candidate vaccine antigen for preventive and therapeutic HBV vac-
cines.2%:80:40.43 Figure S5 shows that due to previous vaccination with
BM325, a component of BM32, the subject has had IgG antibodies
specific for PreS-derived peptides, in particular to PreS P2 which
contains the NTCP binding site of HBV and against peptides includ-
ing the amino acid sequence crucial for infectivity (PreS aa13-aa51)
of HBV genotypes A-H.%° Vaccination with three doses of unfolded
E. coli-expressed PreS-RBD increased the PreS peptide-specific IgG
responses at visit 9 (Figure 3, Figure S5) as determined approximately
half a year after the last vaccination with E. coli-expressed PreS-RBD
(i.e., at visit 7). The administration of three doses of folded HEK cell-
expressed PreS-RBD strongly increased IgG levels to peptides span-
ning PreS, in particular the N-terminal peptides containing the NTCP
binding site and peptides representing the NTCP binding sites from
all 8 HBV genotypes as measured at visit 20, approximately 4 weeks
after the third injection (Figure 3, Figure S5).

3.5 | Immunization with folded PreS-RBD induces
an early RBD-specific IgG, response followed by a
late but sustained IgG, response

We found that immunization with the PreS-containing grass pol-
len allergy vaccine BM32 induces a biphasic allergen- and PreS-
specific 1gG response which consists of an early IgG, followed
by a late but sustained 1gG, subclass response.29’3'°'35'42 The late

and sustained 1gG, response is considered to be responsible for
the long-term protective effect of allergen-specific immunother-
apy which persists for several years even after discontinuation of
vaccination, 32354546

Figure 4D shows the development of RBD-specific IgG sub-
class responses in the subject after immunization with folded
HEK cell-expressed PreS-RBD. A strong IgG, subclass response to
folded RBD was observed after the second vaccination whereas
folded RBD-specific 1gG, antibodies increased only later, that is,
after the third vaccination. Low RBD-specific IgG, levels and no
RBD-specific 1gG, responses were found (Figure 4D). In parallel,
we analyzed S and RBD-specific IgG responses in randomly en-
rolled healthy subjects approximately 4 weeks after full vaccina-
tion with SARS-CoV-2 vaccines registered in Europe (i.e., Janssen
COVID-19 vaccine, Johnson&Johnson; Vaxzevria, AstraZeneca;
Comirnaty, BionTech/Pfizer) (Table S1, Figure Sé). Four out of the
nine randomly enrolled healthy vaccinated subjects (i.e., A287,
A292, A077, and C019) mounted only low S- and almost no RBD-
specific IgG responses (Figure S6). The quantification of S1-specific
antibody levels confirmed these results, showing that they had S1-
specific antibody levels below 200 BAU/ml (Table 1) which were
lower than those of the majority (i.e., eight out of ten) of COVID-19
convalescent subjects (Table 1). The RBD-specific IgG subclass re-
sponse in subjects vaccinated with registered vaccines consisted
mainly of an 1gG, subclass response, little IgG,, almost no IgG4, and
no 1gG, (Figure 4D).
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FIGURE 4 Development of specific antibody responses in the immunized subject. Serum IgG reactivity to (A) folded RBD after
immunization with unfolded E. coli (white stars) and folded HEK cell-expressed (black stars) PreS-RBD (x-axes, time points). (B) IgG reactivity
to RBD mutations K417N, E484K, N501Y (alpha, B.1.1.7), and K417N+E484K+N501Y (beta, B.1.351) after immunization with HEK cell-
expressed PreS-RBD at different time points (x-axis). (C) PreS-specific I1gG after immunization with unfolded E. coli (white stars) and folded
HEK cell-expressed (black stars) PreS-RBD (x-axes, time points) and (D) I1gG subclass analysis of immunization with HEK cell-expressed PreS-
RBD (left) at different time points (x-axes) and of subjects (x-axes) 4 weeks after full immunization with licensed COVID-19 vaccines (right).
Sera were diluted 1:50; OD values are average values of duplicate determinations with <5% deviation (y-axes) and correspond to amounts of

bound antibodies

3.6 | Antibodies in serum, tears, and nasal
secretions of the PreS-RBD-immunized subject
recognize exclusively conformational RBD epitopes

A detailed analysis of the SARS-CoV-2-specific antibody responses was
performed in the immunized subject using a solid-phase chip containing
a large panel of micro-arrayed SARS-CoV-2 proteins as well as peptides
spanning the S protein?* during the entire period of immunization with
folded and unfolded PreS-RBD (V1-V20) (Figure S7). Immunization with
unfolded E. coli-expressed PreS-RBD only induced antibodies against
the immunogen (i.e., unfolded E. coli-expressed PreS-RBD) but no SARS-
CoV-2-specific IgG, IgA, or IgM antibody response (Figure S7A-C, visits
1-9), which is accordance with our previous study.24 Immunization with
folded HEK cell-expressed PreS-RBD induced a strong and sustained

IgG response against folded RBD and against proteins containing
folded RBD (i.e., insect cell-expressed S and S1, HEK cell-expressed S1)
(Figure S7A, left part) whereas no IgG responses to sequential RBD-
derived peptide epitopes were detected (Figure S7A, right part). The
RBD-specific 1gG response was accompanied by an initially strong but
only transient IgA response specific for folded RBD (Figure S7B). No rel-
evant SARS-CoV-2-specific IgM responses were found throughout the
immunization period (Figure S7C). Immunization with folded PreS-RBD
boosted the IgG response against unfolded PreS-RBD which is attribut-
able to PreS-specific IgG antibodies (Figure S7A). Of note, no antibodies
specific for the nucleocapsid protein (NP) or for S2 lacking RBD were
observed during the whole period of immunization and observation
(Figure S7A-C). Figure S8A-C shows that high levels of IgG antibod-
ies specific for folded RBD and to a lower extent to E.coli-expressed
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unfolded PreS-RBD were also present in nasal secretions and tears ob-
tained at visits 15 and 18. At these time points, also moderate levels of
IgA antibodies specific for folded RBD could be detected whereas no
SARS-CoV-2-specific IgM antibodies were found (Figure S8B,C).

3.7 | SARS-CoV-2-specific antibody responses
in the subject immunized with PreS-RBD are
accompanied by cellular responses

Table S2 provides an overview of the analysis of cellular immune re-
sponses during the immunization period (visits 1-20). Approximately
1 week after immunization with unfolded PreS-RBD (V2 and V5), we
observed a doubling of the percentages of plasmablasts (Figure S9).
This increase of the percentage of plasmablasts was extremely
strong 1 week after the first immunization with folded PreS-RBD at
visit 11 when 13.1% were detected. Almost a doubling of plasmab-
lasts was also observed 1 week after the second (i.e., visit 14) and the
third (i.e., visit 18) immunization (Table S2, Figure S9). The plasmab-
lasts showed mainly the phenotype CD19*IgM-CD38** CD21" and
CD10" that had been observed also in another vaccination study.47
The strong increase of plasmablasts 1 week after the first immu-
nization with folded HEK cell-expressed PreS-RBD (Table S2, visit
11) was accompanied by an increase of CD21" B cells (mainly due to
the increase of IgM-CD38** plasmablasts) as well as of CD21°CD10~
hyper-activated B cells. Marked increases in central memory CD4™"
and CD8" T cells (CD45RO*CCR7") were observed only 1 week
after the first immunization with unfolded E. coli-expressed (i.e.,
visit 2) and 1 week after the first immunization with folded HEK cell-
expressed PreS-RBD (i.e., visit 11) (Table S2).

At visit 9, when the first immunization with folded PreS-RBD
was performed no RBD and PreS-specific CD4" and CD8™ T-cell re-
sponses were detected (Figure S10A). They became only detectable
after immunization with folded PreS-RBD at visits 11, 14, 17, and
19. The RBD-specific CD4* and CD8™" T-cell responses had a simi-
lar magnitude as those observed in subjects vaccinated with regis-
tered SARS-CoV-2 vaccines (Figure S10A,B). Of note, RBD-specific
T-cell responses were not always associated with RBD-specific 1gG
antibody responses. For example, subjects A286 and A291 had no
relevant RBD-specific T-cell responses but had RBD-specific IgG an-
tibodies and subject AO77 showed RBD-specific T-cell responses but
had no relevant RBD-specific IgG antibodies (Figures S6 and S10).

3.8 | Antibodies induced by immunization of the
subject with folded PreS-RBD inhibit binding of RBD
to ACE2 and neutralize SARS-CoV-2

Table 1 provides an overview of the development of S1-specific
IgG antibodies, of antibodies inhibiting the binding of RBD to ACE2
and of virus-neutralizing antibodies in the immunized subject. Sera
obtained from nine healthy subjects approximately 4 weeks (me-
dian = 27 days) after full vaccination with licensed genetic COVID-19

vaccines (Table S1) and sera from ten COVID-19 convalescent pa-
tients obtained approximately 8 weeks after SARS-CoV-2 infection
were included in the assays for comparison. Immunization with un-
folded E. coli-expressed PreS-RBD neither induced S1-specific I1gG
antibodies nor antibodies inhibiting the interaction of RBD and ACE2,
and also, no virus-neutralizing antibodies were detected (Table 1,
visits 1-9). At visits 19 and 20 (i.e., 3 and 4 weeks after the third im-
munization), S1-specific IgG antibody levels exceeded 2700 BAU/ml
in the PreS-RBD-immunized subject and were higher than the me-
dian S1-specific IgG antibodies in subjects vaccinated with licensed
vaccines (i.e., 91.0-2853.8 BAU/ml; median: 838.2 BAU/ml) and in
COVID-19 convalescent subjects (i.e., 111.1-2963.8 BAU/ml; me-
dian: 763.9 BAU/ml). Serum obtained from the immunized subject at
visit 20 inhibited the binding of 100 and 50 ng RBD to ACE2 by more
than 98% whereas median inhibitions obtained with sera from sub-
jects vaccinated with licensed genetic vaccines (100 ng RBD: -8.6%
to 98.3% inhibition, median inhibition: 16.0%; 50 ng RBD: -14.4% to
99.4% inhibition, median inhibition: 52.8%) and sera from COVID-19
convalescent subjects were much lower. In the virus neutralization
assay using 600 TCID., authentic SARS-CoV-2 (BetaCoV/Munich/
BavPat1/2020 isolate), the VNT50 titer (which indicates the recipro-
cal serum dilution yielding a 50% reduction in anti-SARS-CoV-2 NP
staining of the infected Vero cells measured by ELISA 2 days later)
of the PreS-RBD-immunized subject at visit 19 and 20 was 267 and
209, respectively, was higher than the median VNT50 titers (i.e., 12-
839; median: 90) found for subjects vaccinated with licensed vac-
cines. These results are in agreement with the data obtained by the
virus neutralization test using 50-100 TCID;, SARS-CoV-2, which
expresses the VNT as reciprocal serum dilution required for 100%
protection against virus-induced cytopathic effects. The VNTs in
this assay obtained for the PreS-RBD-vaccinated subject at visits 19
and 20 were 160 and 120, respectively, and thus also higher than the
median VNT (10-320; median: 60) as determined in subjects vacci-
nated with licensed vaccines.

Figure S11 shows the correlations between antibody levels
specific for S1, and RBD, inhibitions of RBD binding to ACE2 and
virus neutralization titers for those samples for which data pairs are
available in Table 1. Highly significant correlations were found for
S1- and RBD-specific IgG (Figure S11A), S1-specific IgG and percent-
ages inhibition of RBD to ACE2 binding (Figure S11B), VNT50 titers
and percentages inhibition of RBD to ACE2 binding (Figure S11C)
and percentages inhibition of RBD to ACE2 binding and VNTs
(Figure S11D).

4 | DISCUSSION

The first generation of COVID-19 vaccines introduced for global ap-
plication mainly comprised genetic vaccines, inactivated whole virus
vaccines but only one subunit vaccine which is in the final stage of

receiving authorization®®

(https://www.who.int/publications/m/
Available

data for those vaccines which are used in mass immunization

item/draft-landscape-of-covid-19-candidate-vaccines).


https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines
https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines
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programs worldwide suggest that COVID-19 vaccines will indeed
help to control the pandemic and reduce SARS-CoV-2 associated
deaths. However, the number of SARS-CoV-2 infections is steadily
increasing, indicating that the virus is becoming endemic. The SARS-
CoV-2 subunit vaccine PreS-RBD reported by us here has several
features, which may make it an attractive candidate vaccine address-
ing important needs in the field of COVID-19 vaccination that are
not yet completely met by currently available SARS-CoV-2 vaccines.

Our recombinant PreS-RBD fusion protein can be produced in
large quantities and high purity through expression in mammalian
cells such as HEK cells which is a process that is well established
all over the world not only for vaccines but also for the production
of antibodies and biologics. Furthermore, HEK cells are able to ex-
press folded proteins with posttranslational modifications such as
N-glycosylation as they occur in the natural protein. As previously
reported,24 we demonstrate that it is important to obtain the im-
munogen/antigen as a structurally folded protein because immu-
nization with unfolded PreS-RBD failed to induce RBD-specific
antibodies that are necessary to inhibit the RBD-ACE2 interaction
and to achieve virus neutralization. We show here that the deter-
mination of the structural fold of PreS-RBD can be performed by
using biophysical methods such as circular dichroism (CD) spectros-
copy analysis of the protein and/or by showing the reactivity of the
recombinant antigen with IgG antibodies from COVID-19 convales-
cent patients which specifically react with the folded but not with
the unfolded, E-coli-expressed PreS-RBD (Figure 1C,G).

PreS-RBD is a recombinant protein, and thus, it is possible to per-
form precise dose-finding studies to determine the optimal amount
of the immunogen for vaccination which is not possible for genetic
vaccines.” In fact, it has been reported that the amount and quality of
S protein produced upon genetic vaccination may vary considerable
between the different genetic vaccines and depending on delivery
of the S-encoding genetic information into the host cells.’ S antigen
produced after genetic vaccination does not only remain at the in-
jection site but may become expressed at sites and in cells distant to
the injection site and may even circulate in the vaccinated subject
and via adherence to ACE2 in the circulation may contribute to some
of the observed rare side effects associated with vaccination. We
have formulated the recombinant PreS-RBD by adsorption to alumi-
num hydroxide, an adjuvant which has been safely used in numerous
vaccines for decades. In our pilot stability studies, we found that ap-
proximately 90% of PreS-RBD is bound to aluminum hydroxide and
thus the injected antigen remains to a large extent at the injection
site (Gattinger and Valenta, unpublished). Importantly, aluminum
hydroxide-formulated PreS-RBD remains stable for months at +4°C
and also storage at higher temperature does not seem to affect the
stability and immunogenicity of the vaccine which is important for
a vaccine to be distributed and used globally, especially in countries
with low resources (data not shown).

Our study indicates that administration of two to three doses of
a molar equivalent of 40 pg of folded PreS-RBD induces a robust in-
duction of RBD-specific antibody responses, which are accompanied
by specific T-cell responses and induction of B memory/plasma cell

responses. Results obtained in the herein immunized subject demon-
strate that the RBD-specific antibody response consists mainly of
an IgG response composed of an early I1gG, and late 1gG, response
of which the latter was not observed with genetic COVID-19 vac-
cines (Figure 4D) so far. The biphasic induction of RBD-specific (i.e.,
early IgG, and late, sustained IgG,) is very similar to that of BM32,
a therapeutic grass pollen allergy vaccine which contains recom-
binant fusion proteins consisting of PreS and allergen peptides.®®
BM32 has been safely used for the treatment of grass pollen induced
allergy in several clinical studies**? (ClinicalTrials.gov ldentifier:
NCT02643641) and it has been shown that BM32-induced PreS-
specific antibodies protect against HBV infections in vitro because
they are directed against the N-terminal part of PreS containing
the binding site of HBV for the NTCP receptor on human hepato-
cytes.29'30 In fact, very recently, it has been shown that immunization
of patients with chronic HBV infections with BM325 (i.e., VVX001)
had induced HBV-neutralizing antibodies in vivo.**> Furthermore,
PreS-RBD not only induced RBD-specific IgG antibodies but also
PreS-specific antibodies reacting with the NTCP binding sites of HBV
genotypes A-H and hence may protect also against HBV infections
(Figure 4C, Figures S4 and S5). However, the PreS-RBD fusion pro-
tein was made by us not only with the intention to induce SARS-CoV-
2- and HBV-neutralizing antibodies but to use PreS also as a carrier
protein to enhance the immunogenicity of RBD. In a previous study,
we found that approximately 20% of SARS-CoV-2-infected patients
did not produce RBD-specific IgG antibodies.?>?* Further studies are
needed to investigate the reasons for RBD-unresponsiveness which
may include genetic factors such as HLA-association of RBD-specific
immune responses and/or different repertoires of specific T cells and
B cells. RBD-specific antibodies are important for the induction of
sterilizing immunity to SARS-CoV-2 because these antibodies pre-
vent the virus from binding to its receptor ACE2 on human cells and
thus are critically important for virus neutralization.?>"%* We there-
fore hypothesized that immunization with RBD alone will eventually
not be sufficient to induce uniform and robust RBD-specific antibod-
ies in an outbred population. Indeed, our hypothesis was supported
by results obtained from the immunization of outbred rabbits with
RBD alone and the PreS-RBD fusion protein. In this study and in a
previous study,24 we found that approximately 20%-30% of rabbits
failed to produce robust RBD-specific antibodies when they were
immunized with RBD alone whereas all rabbits immunized with
PreS-RBD produced uniform and robust RBD-specific antibodies.
This result can be explained by the hapten-carrier principle discov-
ered by the Nobel laureate Benacerraf, who demonstrated that co-
valent coupling or fusion of a less immunogenic component (i.e., the
hapten) to a protein carrier can enhance the immunogenicity of the
hapten.3! We used this principle extensively for the construction of
allergy vaccines based on allergen-derived peptides fused to PreS to
enhance the immunogenicity of the allergen peptides.3® Thus, the re-
sults obtained in this study are in agreement with our previous work
performed in AIT. However, we noted an important difference be-
tween the PreS-based SARS-CoV-2 subunit-vaccine described in our
study and previously described AIT vaccines based on PreS-fusion
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proteins. In order to induce antibody responses against folded RBD
capable of neutralizing SARS-CoV-2, it was necessary to express
PreS-RBD in eukaryotic cells, in particular in mammalian cells as
folded protein whereas PreS-RBD expressed in E. coli as unfolded
protein did not induce antibodies recognizing folded RBD which
were capable of neutralizing SARS-CoV-2. By contrast, AIT vaccines
based on unfolded PreS-fusion proteins induced IgG antibodies ca-
pable of recognizing folded natural allergens and preventing allergic
patients IgE binding.38’48

Whether a vaccine based on PreS-RBD will be able to overcome
RBD-non-responsiveness needs of course to be demonstrated in
extensive vaccination trials. However, our initial data encourage to
move into this direction.

The RBD-specific 1gG antibodies induced in the human sub-
ject with PreS-RBD cross-reacted with RBD mutants and vari-
ants including even the highly mutated VOC omicron (Figure 4B,
Figures $1-53)17-20 suggesting that the PreS-RBD-based vaccine has
the potential to cross-protect even against strongly mutated VOCs.
PreS-RBD contains two RBD domains, one fused to the N- and one
fused to the C-terminus of PreS, and it is therefore be quite easy to
enhance the cross-protective effect by including RBDs from the two
most divergent and most common SARS-CoV-2 VOCs in the PreS-
RBD construct. This would have the advantage that the relevant epi-
topes of two SARS-CoV-2 VOCs can be included in only one antigen,
which will allow addressing the challenge of emerging virus variants
in a highly effective manner.

The RBD-specific antibodies induced in the PreS-RBD-
immunized subject were found to block more strongly the binding
of RBD to ACE2 than those obtained from subjects after full vacci-
nation with currently available and licensed COVID-19 vaccines and
from COVID-19 convalescent patients when determined by their
median blocking activity (Table 1). These results were confirmed by
testing the VNTSs using two different virus neutralization assays, one
measuring the production of virus antigen and the second determin-
ing the virus cytopathic effect.

In addition to the fact that folded PreS-RBD induces antibodies
which block RBD-ACE2 binding and thus infection of the host cell,
also other observations indicate, that the folded PreS-RBD has fea-
tures of a vaccine which could be used to induce sterilizing immunity
against SARS-CoV-2 infections. One of these observations is that
the RBD-specific antibodies were not only detected in serum but
also in mucosal fluids (i.e., tear and nasal fluids) which are derived
from the sites where the virus initially enters the body, infects host
cells and initially replicates. A similar finding was obtained also for
AIT vaccines which in fact block the docking of allergens to IgE an-
tibodies bound to the effector cells of allergy at mucosal sites and
thus prevent local allergic inflammation.*”*°

Another important finding was that immunization with PreS-
RBD induced not only a first short-lived wave of specific IgG, anti-
bodies but also a second wave of late but sustained IgG, antibodies.
In fact, it is known from AIT that AlT-induced allergen-specific IgG,
antibodies persist in vaccinated subjects for a long time and are
therefore considered to be important for the long-term protective

effect of AIT even after discontinuation of treatment.3%%® Thus,
PreS-RBD may have the potential to induce long-lasting sterilizing
immunity against SARS-CoV-2 via induction of sustained production
of RBD-specific 1gG, antibodies which actually are considered as
non-inflammatory neutralizing antibodies.>?

Finally, we would like to comment on the safety of the PreS-RBD-
based subunit vaccine. It is of course a limitation of this study that we
do yet have data from extensive toxicity studies or vaccination trials
in humans which will be the focus of next clinical studies. However,
it should be mentioned that there were no adverse events observed
in the immunized rabbits of which each has received so far five doses
of the vaccine. There were also no adverse side effects observed
in the immunized subject. However, one may consider the huge
experience with aluminum hydroxide-formulated vaccines which
have been used safely for decades. In particular in AIT, aluminum-
adsorbed vaccines are given often more than twenty times per year
for several years®? and the PreS-based allergy vaccine BM32 has

29,30,35,41,42 and also

been used safely extensively in clinical AIT trials
for vaccination against HBV.*®

In summary, we report the in vitro and in vivo characterization of
a SARS-CoV-2 subunit vaccine which seems to have the potential of

inducing sterilizing immunity to SARS-CoV-2 variants.
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