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The structure-based design of antigens holds promise for developing vaccines with higher
efficacy and improved safety profiles. We postulate that abrogation of host receptor inter-
action bears potential for the improvement of vaccines by preventing antigen-induced
modification of receptor function as well as the displacement or masking of the immuno-
gen. Antigen modifications may yet destroy epitopes crucial for antibody neutralization.
Here, we present a methodology that integrates deep mutational scans to identify and
score SARS-CoV-2 receptor binding domain variants that maintain immunogenicity, but
lack interaction with the widely expressed host receptor. Single point mutations were
scored in silico, validated in vitro, and applied in vivo. Our top-scoring variant receptor
binding domain-G502E prevented spike-induced cell-to-cell fusion, receptor internaliza-
tion, and improved neutralizing antibody responses by 3.3-fold in rabbit immunizations.
We name our strategy BIBAX for body-inert, B-cell-activating vaccines, which in the future
may be applied beyond SARS-CoV-2 for the improvement of vaccines by design.
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Introduction

Many vaccines contain virus components that mediate pathogen
entry into host cells and are targets for the elicitation of
neutralizing antibodies [1]. Host receptors capable of binding to
vaccine antigens can be widely expressed in different tissues and
on distinct cell types including immune cells. Some host receptors
are furthermore released by proteolytic cleavage and abundantly
circulate in the body. We suggest that the binding of vaccines to
membrane-bound and soluble receptors limit antigen availabil-
ity through vaccine displacement or masking, thereby restricting
immune responses. In fact, binding of antigens by pre-existing or
ectopically applied antibodies can downregulate the maturation
of B cells specific for the covered epitope through masking, which
is independent of the fragment crystallizable (Fc) effector func-
tion [2-5]. Similarly, the antigen availability of factor H binding
protein, which is a component of vaccines licensed for serogroup B
meningococcus, was shown to be limited by the interaction with
the highly abundant serum protein factor H (fH) [6, 7]. Apart
from soluble receptors, membrane-bound receptors expressed in
the tissue or on immune cells may further contribute to lim-
ited antigen availability. Consequently, the abrogation of receptor
binding may be a general strategy to assist immune responses by
ensuring immune recognition of relevant antigens and their epi-
topes. In addition, host receptors can represent key regulators of
homeostasis through their enzymatic activity or by initiating sig-
naling cascades. The interaction of a vaccine with a receptor may
therefore impact regulatory functions, which could contribute to
side effects. Hence, the efficacy and the safety of a vaccine may
profit from the abrogation of host receptor interaction.

We here present a novel structure-based design strategy using
the SARS-CoV-2 spike as a model antigen. SARS-CoV-2 spike
binds with high affinity to the angiotensin-converting enzyme 2
(ACE2) receptor [8]. ACE2 is a key component of the renin-
angiotensin system, contributing to the regulation of blood
pressure and inflammation [9]. Furthermore, ACE2 is widely
expressed by distinct cells and in various tissues including car-
diomyocytes, the vasculature, and renal tubules [10]. As the
ACE2 receptor can be cleaved by proteases [11], soluble ACE2
circulates in the blood and was found to be highly elevated in
patients suffering from COVID-19 [12-16]. We, therefore, aim for
a SARS-CoV-2 vaccine incapable of binding ACE2 to exclude dys-
regulation of ACE2-dependent vasoconstrictive and inflammatory
processes and to avoid the displacement of the immunogen by
ACE2-expressing cells.

Antibodies that potently neutralize SARS-CoV-2 can interfere
with virus entry through interaction with the receptor binding
motif (RBM), a part of the receptor binding domain (RBD) of
the spike protein [17-19]. As mutating the RBM bears the risk
of modifying immune-relevant epitopes, we employed an in silico
strategy that allows the ranking of vaccine candidates by three
main criteria: (1) minimizing host receptor interaction, (2) main-
taining immune-relevant epitopes of neutralizing antibodies, and
(3) retaining immunogen expression and stability. By validating
identified candidates, we show in vitro that our strategy holds

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

Eur. J. Immunol. 2023;53:2350408

promise to ameliorate side effects and that it improves antibody
responses in vivo. By presenting the development of a prototype
vaccine for SARS-CoV-2, we introduce our strategy called BIBAX,
which stands for body-inert, B-cell-activating vaccines.

Results
In silico identification of BIBAX candidates

To identify amino acid residues that are relevant for ACE2 binding
and at the same time represent subdominant epitopes for antibod-
ies, we integrated two sources of available deep mutational scan-
ning data provided by Bloom and colleagues: first, receptor bind-
ing maps that systematically revealed RBD residues involved in
ACE2 interaction; second, amino acid exchange maps of the RBD
to identify mutations that favor an escape from antibody bind-
ing [20-23]. In addition, structural data supported the identifi-
cation of antibody-antigen interaction hotspots. We scored amino
acid exchanges according to their ability to interfere with receptor
binding, contribute to antibody escape (Fig. 1A), and impact pro-
tein expression as a proxy for protein stability (Fig. 1B). We inte-
grated the three parameters into a feasibility score (see Materials
and methods section) and ranked all variants. The top 38 candi-
dates represented amino acid exchanges at positions G502, Y505,
L455, Y489, F456, Q498, S373, F486, and Y449 (Fig. 1C). Top hits
were most frequently detected for G502, Y505, and L455 with 18,
5, and 3 amino acid exchanges, respectively. G502E, G502D, and
Y505G represented the top three scoring candidates. Mapping all
scores onto the RBD structure revealed that one edge of the ACE2
binding footprint of the RBD, including the two amino acids G502
and Y505, is particularly suited for BIBAX design modifications
(Fig. 1D).

In vitro validation of in silico scorings

To validate our findings in vitro, we recombinantly produced RBD
variants of high (dark red), medium (red), and negligible score
(light red; Fig. 2A and Supporting information Figs. S1 and 2A)
to test binding to ACE2 and SARS-CoV-2 neutralizing antibodies
(nAbs) of classes 1-4 [24] in ELISA. As expected, G502E (total
score 4.8) completely abrogated ACE2 binding, while maintain-
ing binding of all tested nAbs. By contrast, L455R (total score
3.1) partially abrogated ACE2 binding - by 71% compared with
WT - but also weakened interaction with three out of six class
1 and 2 nAbs, namely P2C-1F11 [25], REGN10933 [26], and
C144 [27]. Class 3 and 4 nAbs were not affected by the L455R
mutation. E484K (total score —2.9) had no significant impact on
receptor binding while binding of three out of six class 1 and 2
nAbs was reduced or lost (Fig. 2B). Biolayer Interferometry (BLI)
measurements confirmed a complete loss of receptor binding
for G502E, while a partial and no loss were observed for L455R
(Kp 54 nM, Kon 1.96 x 10* Ms™!, K 1.07 x 1072 s71) and
E484K (Kp 3.2 nM, Koy 2.81 x 10* Ms™!, K 8.96 x 107° s71)
compared with WT (Kp 3.8 nM, Ky, 2.28 x 10* Ms™!, K. 8.70

www.eji-journal.eu



Eur. J. Immunol. 2023;53:2350408

Immunity to infection 3 of 18 a8

A B
1.0 e ?qz 1.00
ey 0.75- & %K eLassr
g 0.8 5 - c G502D vs0N
g ooy .g 0.50 @—G502E @ Y505E S373N
. B Ysoze G502N 502K 505D V5055 F456Y—674.98D,.
> : S 0.25.65021 e Gso2se 9% F48Ege—vasen
3 ‘ x G502H Y505K & —5y5050 °
8 04+ G502 @ ge  © oo @
b= a Y505T Dy e 3% LI g
= «® m 0.00- v 439 G5021 e G502A ° o0 °
: °L 4 6502V 450K @— . 0w ® e
< 0.2 Sopeé G502 G502F Y489R ® ® f:“.. } °
s H%ooad -0.25-G502 . ° s e ° : F “. ® &
0.04 W G502W o 0% [ ) ',.o
’ T T T -0'50' T T T T ® T T = 1 ® ...-“I' e 1
4 2 0 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0
ACE2 binding ACE2 binding
513 n n n ® B EE R NN B [ I | [T I I I | (I [ | [ Var'.ants
1 1
4 [ Total score missing from
b mm ACE2 binding nAb escape
o mm Antibody escape maps
§ 34 = RBD expression
a
T 2
8
G
o H EI
0 WHE
-1— T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
R I T T T LP LS ST FIFE L PG NLELLE TS FFIFS
S L EESEE S L FFSSFSS SESEES SSEEP P FTS F S
CONONOCOCOO O OV N OV VOV AN VoV VA oA
Subdominance of epitopes ACE2 binding abrogation Interference with RBD expression Total score

® Variants missing from
nAb escape maps

Figure 1. Aninsilico approach to identify immunocompetent, host receptor-evading antigens. (A) Scatter plot of SARS-CoV-2 RBD:ACE2 binding and
neutralizing antibody (nAb) escape scores obtained from deep mutational scanning (MS) data [20-23]. Blue dots indicate variants fulfilling feasibility
constraints for all three criteria, pink dots indicate variants lacking scores for nAb escape published in [20-23], and yellow transparent rectangle
visualizes RBD residues considered for further downstream processes. Note, all pink values are scattered around their imputed value with normal
noise (c = 0.01) for visual clarity. (B) Scatter plot of SARS-CoV-2 RBD expression and SARS-CoV-2 RBD:ACE2 binding for variants preselected in (A);
pink and blue dots correspond to highly scoring variants. (C) Total feasibility scores (blue bars) computed by individual contributions from ACE2
binding (green), antibody escape (red), and RBD expression (orange). The top 38 candidates are depicted from higher (left) to lower scores (right).
(D) Individual contributions and total scores from all variants were pooled for each locus and mapped onto the RBD structure. Subdominance of
epitopes is represented from dark to light red (higher to lower scores). The loss of ACE2 binding is depicted via dark to light green, positions where
amino acid changes interfered with RBD expression are shown from dark to light orange. Total scores that combine all three contributions are
displayed from dark to light blue. ACE2, angiotensin-converting enzyme 2; RBD, receptor binding domain.

x 107> s71), respectively (Supporting information Fig. S2B). To
test a broader set of RBD variants in vitro, we focused on three
selected class 1 and class 2 nAbs, namely CC12.1 [28], P2C-
1F11, and REGN10933, whose epitopes overlap with the ACE2
binding interface (Supporting information Fig. S3). The binding
data accurately reflected the gradient scores obtained from the

© 2023 The Authors. European Journal of Immunology published by
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in silico ranking (Fig. 2C). As a remarkable number of G502
amino acid exchanges obtained high scores in silico, we tested
all possible amino acid exchanges at position G502 in vitro
and obtained high performance for all variants except G502K,
G502L, and G502E which slightly affected nAb or ACE2 binding
(Fig. 2D).
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Figure 2. Confirming ACE2 binding abrogation and preservation of nAb epitopes of selected RBD variants in vitro. (A) Molecular surface represen-
tation of SARS-CoV-2 RBD WT. The ACE2 binding footprint (blue) and representative residues with high (dark red), medium (red) and low (light red)
in silico scores are highlighted. (B) RBD WT and three representative RBD variants were tested in ELISA for binding to ACE2-hFcgl, class 1 and 2
nAbs (upper panel), and class 3 and 4 nAbs (lower panel). Anti-spike NTD 4A8 antibody as well as anti-MERS CoV antibody LCA60 served as negative
controls. Shown are OD curves at 405 nm, the number of remaining nAbs bound as well as % of ACE2 binding compared with WT. OD, 405 nm,
optical density for wavelength at 405 nm. (C) Subsets of RBD variants from each score group were tested in ELISA for binding to class 1 antibodies
CC12.1 (circle), P2C-1F11 (triangle), REGN10933 (square), and ACE2-hFcgl (diamond), with % of binding relative to RBD WT indicated. (D) The top
scoring RBD residue G502 (WT) was exchanged to all possible amino acids, here organized by score. Shown is the % of nAb and ACE2-hFcg1 binding
compared with RBD WT. (E-G) Sera from moderate (n = 17) and severe (n = 17) COVID-19 patients were cleared by pull-down with indicated RBD
variants. Binding of remaining IgG to RBD WT (E) and blocking of ACE2 binding to RBD WT (F) were tested in ELISA and depicted as % of binding
related to the SARS-CoV-2 RBD WT positive and MERS RBD WT negative pull-down controls. Remaining potential to neutralize SARS-CoV-2 WT
Wuhan Hu-1 pseudotyped viruses (PsV) (G) is represented as half-maximum neutralization titer (NTso) after pull-down with indicated variants.
PsV neutralization assays were performed in technical duplicates with ACE2-hFcg1 as a standard. Median is shown. ACE2, angiotensin-converting
enzyme 2; RBD, receptor binding domain.

Binding of selected recombinant antibodies does not represent  setting measuring binding of COVID-19 serum antibodies to the
the breadth of a polyclonal antibody response elicited after natu-  RBD failed to verify differences between the RBD variants (Sup-
ral virus exposure or vaccination. Therefore, we aimed to address ~ porting information Fig. S4A). We therefore made use of a dif-
subdominance of selected residues on the RBD. An ordinary ELISA  ferent approach, by coupling selected RBDs with distinct in silico
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scores to beads and conducting a serum pull-down (Supporting
information Fig. S4B). We measured the reactivity of remaining
antibodies in the supernatant to RBD WT, thus evaluating the
antibody capture potential of each RBD variant. Of note, the high
score variant G502E performed most similar to the RBD WT and
efficiently captured antibodies that (1) bind to the RBD (Fig. 2E),
(2) block RBD binding to ACE2 (Fig. 2F), and (3) neutralize virus
particles pseudotyped with the SARS-CoV-2 spike (Fig. 2G). Inter-
estingly, the high-scoring Y505G variant pulled down RBD-specific
antibodies less efficiently than the medium-scorer G502R. How-
ever, Y505G outperformed G502R in its capacity to capture anti-
bodies that block ACE2 binding to the RBD. Overall, a lower score
was associated with less efficient depletion of antibodies from
serum. Collectively, our data show that G502 and Y505 are sub-
dominant sites that are poorly targeted by functionally relevant,
polyclonal antibodies.

Spike variants lacking ACE2 binding prevent
cell-to-cell fusion and antigen uptake

Antigens that change to a postfusion conformation bear the risk
to induce antibodies recognizing a protein conformation irrele-
vant for neutralization. Furthermore, surface expression of fusion-
competent antigens may cause side effects through the forma-
tion of syncytia that contribute to tissue damage in COVID-19
[29]. To demonstrate that receptor binding abrogation effectively
prevents fusion, we expressed the transmembrane spike variants
either in HEK293T cells, later mixed with ACE2-eGFP-transfected
HEK293T cells, or in Vero E6 cells, which endogenously express
ACE2 (Fig. 3A and B). Although similar levels of spike proteins
were expressed on the cell surface (Supporting information Fig.
S5A and B), G502E and G502R completely abrogated the fuso-
genic activity, whereas the variants L455R and E484K maintained
the ability to fuse cells. Similar to receptor binding abrogation,
spike-stabilizing substitutions of two prolines (2P) potently pre-
vented the fusogenic activity of the spike (Fig. 3C and D). Of note,
the 2P modification has already been introduced into approved
SARS-CoV-2 vaccines [30]. Therefore, our data suggest that abro-
gation of receptor binding represents an alternative strategy to
prefusion stabilization for avoiding vaccine-induced syncytia for-
mation.

Spike binding to the ACE2 receptor induces internalization
[31, 32] and a loss of ACE2 promotes tissue injury [33]. We, there-
fore, addressed if the G502E variant can abrogate cellular uptake
of the spike via live-cell imaging. Fluorescently labeled, prefusion
stabilized SARS-CoV-2 spike proteins were adsorbed by and inter-
nalized into Vero E6 cells within 90 min (Fig. 4A and B). The
G502E variant significantly reduced and delayed the uptake of the
spike by several hours but failed to abrogate internalization. Vero
E6 cells treated with recombinant RBD bearing the G502E muta-
tion showed almost no internalization even after 9 h of incubation
(Supporting information Fig. S5C and D). This suggests that, aside
from ACE2, additional receptors mediate the uptake of the full
spike. Furthermore, spike WT internalization was observed in all

© 2023 The Authors. European Journal of Immunology published by
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cells by microscopy, whereas only 40-60% of cells bound a fluo-
rescently labeled RBD or spike in FACS analysis (Supporting infor-
mation Fig. S5B), further suggesting that additional low-affinity
interactions contribute to the spike uptake during long-term incu-
bation. It was lately reported that the monomeric RBD and the
trimeric full spike protein of SARS-CoV-2 carry one and nine
binding sites recognizing cellular heparan sulfates (HS), respec-
tively, which can contribute to viral uptake [34, 35]. Hence, we
addressed internalization of the spike in the presence of heparin.
Indeed, heparin treatment reduced spike uptake as well as the
number of cells gaining fluorescence (Fig. 4C). Similar results
were observed for the G502E spike. Therefore, the G502E muta-
tion abolishes ACE2-mediated uptake, whereas partial internaliza-
tion of the spike remains through other receptor interactions such
as HS. Collectively, our in vitro data suggest that a BIBAX anti-
gen design prevents cell-to-cell fusion, loss of functional receptors
from the cell surface, and clearance of antigen through receptor-
mediated internalization.

BIBAX SARS-CoV-2 vaccines elicit high titers of
neutralizing antibodies

To assess the immunogenicity of the G502E spike variant, we
immunized 6 groups of female New Zealand white rabbits with
two doses of 0.1, 1, and 10 g recombinant spike with adjuvant
(Fig. 5A). All immunizations were conducted with HexaPro
spike, which is an improved version of the prefusion stabilized
SARS-CoV-2 2P spike [36]. Although SARS-CoV-2 spike WT does
not bind to mouse ACE2 [37], we observed binding to rabbit
ACE2 (rbACE2) in ELISA and BLI assays to be two-fold reduced
compared with human ACE2 (hACE2; Kp 3.8 nM, Ko, 2.28 x 10*
Ms~!, K 8.70 x 107> s~! vs. rbACE2 Kp 6.7 nM, K, 2.96 x 10%
Ms™1, Ko 1.97 x 10~* s71; Fig. 5B and C). Prior to immunization,
the quantity and quality of all protein variants were determined
to ensure comparability (Supporting information Fig. S6A). Titers
of spike-specific IgG and neutralization potential were not signif-
icantly different between immunizations with the spike WT and
the spike G502E mutant (Fig. 5D and Supporting information Fig.
S6D-G). We postulated that ACE2 binding may skew the antibody
response toward the N-terminal domain (NTD) that, together
with the RBD, forms the globular head of the SARS-CoV-2 spike.
Indeed, we observed more RBD over NTD reactive antibodies for
G502E but not for WT immunizations (Fig. 5E). Furthermore,
so-called class 1 antibodies recognizing part of the RBM were
more frequent after G502E immunizations, as suggested by
the depletion of rabbit sera with a mutant RBD containing an
L455R mutation (Fig. 5F and G). Our data therefore confirm that
neutralizing antibody responses are not compromised by receptor
abrogating mutations and may focus the immune response
toward the RBD if the spike is used as an immunogen.

Structural studies of the prefusion stabilized spike with a furin
cleavage site substitution revealed that 67% of spike particles
have either one or two RBDs in “up” conformation, capable of
binding ACE2 [38]. Consequently, the majority of RBDs presented
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Figure 3. Loss of receptor binding reduces the fusogenic potential of the SARS-CoV-2 spike. (A) Vero E6 cells were transfected with indicated
plasmid constructs to express transmembrane spike variants together with a GFP reporter to visualize fused cells. Syncytia formation from technical
triplicates was determined after 48 h. GFP is shown in green and Hoechst-stained nuclei in blue. Scale bars = 200 pm. (B) ACE2-eGFP expressing
HEK293T cells were mixed with SARS-CoV-2 spike variant expressing cells and monitored for cell-to-cell fusion events (white arrows). Technical
duplicates were performed and two positions of each were analyzed after 24 h. ACE2-eGFP expression is displayed in green and nuclei were stained
with Hoechst dye. Scale bars, 200 pm. (C, D) The syncytia count as well as the average number of nuclei per syncytium were determined from
images (shown representatively in (A) and (B)) of Vero E6 (C) and ACE2-eGFP expressing HEK293T cells (D) at 10x magnification. Violin plots show
the median with 75 and 25% percentiles. ACE2, angiotensin-converting enzyme 2; eGFP, enhanced green fluorescent protein.

on the spike are in a “down” state and, while incapable of binding
ACE2, are able to elicit antibodies to exposed epitopes of the
RBD, so-called class 2 and class 3 sites [24]. Therefore, we next
addressed antibody responses when using RBD as an immunogen,
as all molecules would be capable of interacting with the host
receptor. The amount of applied protein was increased to 40
ng/shot to exclude that the benefits on antigen availability of a

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

BIBAX design could be easily overcome by scaling up the dose
of the immunogen (Fig. 6A). Apart from G502E, we also tested
the lower scoring variants Y505G and G502R. These two variants
efficiently abrogated host receptor binding but underperformed
in the RBD capture assay, indicative of a reduced capability of
eliciting neutralizing antibodies. Indeed, only after G502E immu-
nization, RBD reactive IgG tended to be elevated (EDsy G502E

www.eji-journal.eu
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(B) Live-cell confocal spinning disk microscopy of SARS-CoV-2 spike WT and G502E internalization kinetics was performed in technical duplicates
in Vero E6 cells without or (C) with 1 uM Heparin pretreatment over indicated time with representative images as z projections with maximum
intensity. For all images, cytoplasm staining with CellTracker™ CMFDA is depicted in green and spike AF647 labeled proteins in magenta. Scale

bars = 10 pm. ACE2, angiotensin-converting enzyme 2.

vs WT 1.5-fold increased, p = 0.2854; Fig. 6B and Supporting
information Fig. S6B). Moreover, we observed a significant
improvement of the ACE2 competition potential (BDsy G502E
vs. WT 2-fold increased, p = 0.0158; Fig. 6C and Supporting
information Fig. S6C), and neutralization of pseudotyped viral
particles (NTso G502E vs. WT 3.3-fold increased, p = 0.0044;
Fig. 6D). Furthermore, the proportion of class 1 and 2 antibodies,

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

which recognize epitopes including L1455, F456, and E484,
was significantly improved for G502E over WT (L455R 2-fold
increased, p = 0.0054; F456A 1.6-fold increased, p = 0.0978;
E484K 2.4-fold increased, p = 0.0003; Fig. 6E). Collectively,
our data suggest that the G502E RBD is superior in inducing
neutralizing antibody titers compared with other top-scoring
candidates such as G502R and Y505G, as well as the RBD WT.
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Figure 5. Receptor binding abrogation focuses the antibody response toward the RBD in spike immunizations. (A) Scheme of rabbit immunizations
with SARS-CoV-2 spike proteins. i.m., intramuscular. (B) BLI sensorgram shows the binding affinity via dissociation constant (Kp), on-rate (Kon),
and off-rate (Kof) of rabbit ACE2-hFcgl to SARS-CoV-2 spike WT and G502E. Kp values were calculated using a 1:1 global fitting model and only R?
values above 0.98 were considered. ND, not detected. (C) ELISA binding of human and rabbit ACE2-hFcgl fusion proteins to the SARS-CoV-2 RBD
and spike WT protein. Optical density curves and the concentration at which 50% of ACE2-hFcgl is bound (ECso) are shown. ND, not detected. (D)
Anti-spike IgG titers (EDs: dilution at which 50% of antibodies are bound) were determined by ELISA for rabbit sera collected from day 0 to 35 upon
receiving 0.1 (n = 3 rabbits), 1 (n = 4 rabbits) and 10 ug (n = 3 rabbits) of the immunogen per dose. Mean EDs, values are displayed. (E) Ratio of RBD over
NTD-specific antibodies was calculated from EDsj values of IgG serum reactivity and is displayed on the graph. Four rabbits lacking spike reactive
antibodies (2 x WT and 2 x G502E immunized with 0.1 ug per dose) were excluded from the analysis. Two-tailed paired t-test was employed. (F)
Molecular representation of SARS-CoV-2 RBD WT with class 1 antibody abrogating L455R and F456A, class 1-2 abrogating Y489R as well as class 2
abrogating E484K mutations highlighted in light blue. (G) Rabbit sera were cleared by a pull-down with indicated SARS-CoV-2 variants employing
SARS-CoV-2 RBD-WT and MERS-CoV RBD WT as controls. Remaining IgG binding to RBD WT in % and the respective ratio between WT and G502E
is displayed. One-tailed unpaired t-test was applied. In (D) and (E) mean as a trendline is shown and in (G) mean +/— SD is shown. *p = <0.05; **p =
<0.01. ACE2, angiotensin-converting enzyme 2; BLI, biolayer interferometry; RBD, receptor binding domain.

Discussion genicity. BIBAX aims at overcoming two major obstacles: (1) the

negative impacts on host receptor regulatory functions and (2)
Taking the SARS-CoV-2 spike as an example, our work introduces  the limited availabilities of the immunogen through antigen dis-
the BIBAX antigen design strategy to disable the interaction of ~ Pplacement and epitope masking. Through an in silico scoring algo-
vaccines with their host receptors while preserving their immuno-  rithm as well as in vitro and in vivo validations, we identified the
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Figure 6. SARS-CoV-2 RBD G502E improves neutralizing antibody titers. (A) Scheme representing the RBD immunization regimen. s.c., subcuta-
neous. (B) Anti-RBD WT IgG depicted as EDsy, (C) reciprocal serum dilution to block 50% of ACE2 binding to the RBD WT (BDsp), and (D) neutralization
of virus particles pseudotyped (PsV) with SARS-CoV-2 spike WT (NTso) determined at day 35 after prime for animals immunized with recombinant
RBD WT, G502E, Y505G, G502R (n = 5 rabbits per condition). Samples were subjected to ordinary one-way ANOVA with Tukey’s multiple comparison
test. (E) Rabbit sera (n = 5 rabbits per condition) were depleted via RBD pull-down as shown in Fig. 5F and Supporting information Fig. S4B. One-tailed
unpaired t-test was applied. In (B-E), mean +/— SD is shown. *p = <0.05; *p = <0.01; **p = <0.001. RBD, receptor binding domain.

G502E variant of the SARS-CoV-2 RBD as the most immunocom-
petent vaccine candidate, capable of inducing strong neutralizing
antibodies but preventing ACE2-dependent cell-to-cell fusion and
internalization of the immunogen. In spike immunizations, the
G502E exchange focused the immune response toward the RBD,
but the overall spike reactive antibody response was similar to
WT. When the RBD was used as an antigen, a G502E exchange
improved the ACE2 competition potential of serum antibodies as
well as the neutralization of pseudotyped virus particles. Nev-
ertheless, increased nAb titers may not directly translate into in
vivo protection. While other factors contributing to an improved
neutralization of G502E RBDs cannot be entirely excluded at this
stage, our data suggest that the abrogation of host receptor bind-
ing bears the potential to improve immune responses.

A higher binding affinity of Omicron variants to human and
mouse ACE2 compared with WT has been reported [39, 40]. If
ACE2 binding would mask the RBM or displace the antigen, Omi-
cron variants would be expected to elicit lower levels of neutraliz-
ing antibody titers, which indeed has been reported for protein
vaccines [41]. However, the reported effect may also be mul-
tifactorial as an extensively altered structural landscape of the
RBM may negatively impact immunogenicity and the generation
of neutralizing antibodies.

Healthy and diseased human vessels express ACE2 [10, 42].
Furthermore, the ACE2 protein and its enzymatic activity were

© 2023 The Authors. European Journal of Immunology published by
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detected in skeletal muscles [43, 44] and skin tissues [45]. The
ACE2 expression pattern would be in agreement with limited
antigen or epitope availability following intramuscular or sub-
cutaneous application of a protein-based vaccine. Nevertheless,
direct evidence for in vivo displacement of SARS-CoV-2 antigens
by endogenous ACE2 demands further studies. Of note, the recep-
tor binding affinity of the SARS-CoV-2 RBD to rabbit ACE2 is only
half compared with human, suggesting that the benefit of ACE2
binding abrogation is underestimated in our animal model. There-
fore, immunization of transgenic mice expressing hACE2 under
the mACE2 promoter [46] may be a preferred model in future
studies.

While classical protein-based vaccines have a limited distribu-
tion in the body [47], vaccines delivered by novel platforms can
be more widely dispersed. For instance, between 20 and 60% of
lipid nanoparticles (LNP) or their mRNA content were detected
in the liver after intramuscular or intravenous injections [48].
Besides the blood, spleen, and kidney, low amounts of vaccine
mRNA were detected in the heart, lung, testis, brain, and eye [49].
Similarly, biodistribution patterns of viral vector vaccines include
multiple organs [50]. Given the possibility of dysregulating the
receptor function after spreading to various tissues, vaccines lack-
ing host-receptor interaction may be less prone to cause side
effects. Certainly, SARS-CoV-2 vaccines show excellent safety pro-
files and are well tolerated in the vast majority of recipients [51].
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Only rarely, severe side effects such as myocarditis and pericardi-
tis were observed and mainly occurred in young healthy males
receiving an mRNA vaccine dose [52]. As the risk of myocarditis
after COVID-19 vaccination appears similar or even lower com-
pared with traditional vaccines including influenza or smallpox
[52], receptor binding may play a minor role. Nevertheless, spike
binding may impact ACE2-dependent regulatory systems, which
include the renin-angiotensin, the kinin-kallikrein, and the coagu-
lation system [53]. In the future, it needs to be addressed if a lack
of receptor interaction has the potential to ameliorate local and
systemic dysregulation by avoiding receptor internalization, cel-
lular fusion, or by affecting signaling cascades or enzymatic activ-
ities. The evaluation of potential safety benefits, however, usually
requires extensive studies with large cohort sizes.

Based on low levels of soluble ACE2 in the blood of healthy
individuals [12, 14], masking of SARS-CoV-2 antigens may be
rather associated with membranous ACE2. By contrast, other
pathogen receptors with high affinity for vaccine antigens occur
abundantly in the circulation of healthy individuals, such as the
MERS-CoV receptor dipeptidyl peptidase 4 (DPP4) [54]. There-
fore, MERS-CoV vaccine antigens may benefit from host receptor-
abrogating vaccines. In addition, expansion of the BIBAX design to
co-receptors, such as HS, may further support immunogen avail-
ability.

Although the use of body-inert vaccines has not been proposed
as a general strategy to improve vaccine design thus far, previous
reports support the benefits of receptor-abrogating vaccines for
certain pathogens. For HIV, a prefusion stabilized HIV glycopro-
tein that loses CD4 binding was shown to avoid rapid conforma-
tional changes and was suggested to prevent the sequestration
of antigens by CD4" expressing T cells [55]. Proof of the latter,
however, was hampered by the lack of preclinical animal models
that mirror the binding strength of the HIV glycoprotein to human
CD4. A meningococcal vaccine, which abrogates binding of the
factor H binding protein antigen to serum fH via an R41S sin-
gle point mutation, significantly improved antibody responses in
a human fH transgenic mouse model [7]. However, the R41S vari-
ant was less immunogenic in mice lacking human fH [56], under-
lining the importance to preserve nAb epitopes when optimiz-
ing the antigen. For influenza, a very recent report addresses the
influence of sialic acid (SA) binding during vaccination, demon-
strating that virus-like particles lacking interaction with SA show
an improved immunogenicity [57]. Beyond the random selec-
tion of receptor-abrogating mutants, the integrated BIBAX strat-
egy provides means to even further improve antibody responses
by extending the immunogen design via optimization of expres-
sion and recognition by neutralizing antibodies. Finally, it needs
to be considered that BIBAX designs may be most beneficial if the
receptor-vaccine interaction is of high affinity unless a multimeric
antigen platform is applied.

Our work suggests that of all possible single RBD mutations
abrogating ACE2 binding, G502E is particularly suited to posi-
tively impact humoral immune responses. Except for G502E all
G502 mutations abrogate receptor binding. Therefore, RBD mod-
ifications affecting this position are less likely to occur in emerg-
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ing variants of concern and may be introduced into upcoming
vaccine platforms aiming for cross-protective immunity, such as
the RBD-based mosaic vaccines [58]. Given that SARS-CoV-2 vac-
cines may require regular and repeated application to boost the
immune response, our work offers a simple modification with the
potential to improve vaccine tolerability and antigen availability.
Immune escape of viruses and vaccines by host receptor bind-
ing has not been systematically studied thus far. Therefore, we
provide a methodology that may inform on the general impact
of antigen displacement and masking on immune escape during
vaccination and may contribute to the improvement of vaccine
designs for pathogens lacking preventive measures.

Materials and methods

Cell lines

Vero E6 (ATCC CRL-1586), HEK293T (ATCC CRL-3216), and
HEK Flp-In T-REx 293 pFRT/TO/FLAG/HA-ACE2 (kindly pro-
vided by E. Wyler, M. Landthaler, and O. Benlasfer) cells were
cultured in DMEM / high glucose/GlutaMax™ (Life Technolo-
gies; #61965026) + 10% FCS (PAN Biotech; #P30-1902) and 1%
Penicillin-Streptomycin (Life Technologies; #15140163) at 37°C
and 5% CO,. Cell lines were not authenticated, but regularly
tested for mycoplasma contamination.

Sample donors and cohort characteristics

Samples were obtained from moderate (WHO3-5; n = 19) and
severe (WHO6-8; n = 20) cases of COVID-19. Severity states
were categorized according to WHO ordinal scale for clinical
improvement: hospitalized mild disease without oxygen therapy
(WHO3), hospitalized mild disease with oxygen by mask or nasal
prongs (WHO4), hospitalized severe disease with non-invasive
ventilation or high-flow oxygen (WHOS5), hospitalized severe dis-
ease with intubation and mechanical ventilation (WHO®6), hos-
pitalized severe disease with intubation, mechanical ventilation,
and additional organ support - pressors, RRT, or ECMO (WHO7),
death (WHOS8). Patients included in this analysis were recruited
from March 4, 2020 to January 5, 2021.

The Pa-COVID-19 study cohort was approved by the Char-
ité Ethics Committee (EA2/066/20) and registered at the Ger-
man Clinical Trials Register and WHO International Clinical Trials
Registry Platform (DRKS00021688). The full trial protocol can
be accessed at: https://drks.de/search/de/trial/ DRKS00021688.
The WHO scale for clinical improvement on day 15 was set as the
primary outcome and the WHO scale for clinical improvement at
discharge from hospital was set as the secondary outcome.

All samples were collected in compliance with the principles
laid down in the 1964 Declaration of Helsinki and its later amend-
ments. All patients gave written informed consent.
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All 39 patients of this study were hospitalized (WHO3-8) and
74% thereof were male. Female patients had a median age of 60
years (min. 22; max. 82 years) and a median BMI of 29.4 kg/m?
(min. 24.2; max. 55.6 kg/m?). Male patients had a median age
of 66 years (min. 40; max. 84 years) and a median BMI of 27.4
kg/m? (min. 21.3; max. 41.5 kg/m?). All relevant past diseases
data were collected including heart conditions, pulmonary dis-
eases, diabetes, fat metabolism disorders, chronic liver and kidney
diseases, and other illnesses.

Collection of sera and plasma

Sera were obtained from blood collected in tubes containing clot
activator of silica particles, followed by centrifugation. Plasma
was isolated from blood drawn using tubes or syringes prefilled
with heparin, followed by 1:2 dilution with PBS/2 mM EDTA
and Ficoll density gradient centrifugation. Plasma and sera were
stored at 4°C.

Immunization of rabbits

Female New Zealand white rabbits (10 weeks of age) were housed
and immunized by Davids Biotechnologie Regensburg. All the pro-
cedures were carried out according to German and European Law
and were approved by the government of Unterfranken (55.2
2532-2-859). In the RBD immunization setting, five rabbits per
condition were vaccinated with 40 pg/mL of SARS-CoV-2 RBD
WT, G502E, Y505G, or G502R subcutaneously (s.c.) adjuvanted
with AddaVax at a 14-day interval. Test bleeds were taken on day
0, 7, 21, 35, 49, and 63. In the spike immunization setting, rab-
bits were immunized intramuscularly (i.m.) either with 0.1 pg
(three animals/condition), 1 png (four animals/condition) or 10
ng (three animals/condition) of SARS-CoV-2 spike WT or G502E
with Furin cleavage site mutations (682-685 RRAR — QQAQ)
[591, the 2P mutation at K986P and V987P for locking the protein
in the prefusion conformation [8] as well as four additional Pro-
line mutations to achieve even higher protein stability and yield
(HexaPro) [36]. In order to mirror the human administration reg-
imen, rabbits were primed at day 0 and boostered at day 21. Test
bleeds were obtained from day 0, 7, 14, 21, 28, and 35. Rabbit
sera were subjected to IgG titer determination, ACE2 competi-
tion assay and SARS-CoV-2 WT Wuhan Hu-1 pseudovirus (PsV)
neutralization analysis, as well as pull-down studies followed by
remaining IgG titer determination.

In silico identification of mutant RBDs

In order to identify suitable SARS-CoV-2 vaccine candidates, pre-
viously reported deep mutational scanning data of the SARS-CoV-
2 RBD complex were used to define a variant feasibility score
[20-23] using Python (Python Software Foundation) including
libraries pandas [60], numpy [61], matplotlib [62], and Adjust

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

Immunity to infection 11 of 18 4

text [63]. The data reflect the impact of all RBD single amino acid
substitutions on antigen expression (Ry.p), escape from binding
of neutralizing antibodies (R,,,), and reduction of ACE2 recep-
tor binding (Rengo)- The data were used as selection assays in the
original experiments as reported previously [20, 21]. The units of
the selection scores are

-Ryap — log-ratio of a count, c(s), for a sequence s and a count of
a reference antigen, c(r). Expression: R, = logc(s)/c(r)

-R,ap — escape fraction specifying a count with decreased binding
compared with a total count.

-Rendo — log-ratio of a dissociation constant, K(s), of a sequence, s,
to a dissociation constant of a reference antigen, r. Expression:
logK(s)/K(r)

For preprocessing and standardization, we selected data based
on two constraints: Ry, of variant should be at least a factor of
exp(—a) of the reference and R.,q, of variant should be at most a
factor of exp(—) of the reference. Weuseda = 0.5andp = 1.0
corresponding to considering mildly destabilized (>60%) and low
binding variants (>36%).

After selecting the variants which fulfill the constraints out-
lined above, we computed the normalized fitness score by first
subtracting the sample mean fitness and then dividing by the sam-
ple standard deviation. We refer to the corresponding normalized
scores as N (S), Nyap (), and Neygo (s). At this stage, all missing
scores — e.g. values not reported in ref — were imputed to O (the
average under the normalization).

For score computation, we summarized the normalized scores
to a total feasibility score of a variant compared with the refer-
ence, to help identify possible candidate variants to test experi-
mentally:

Stot (S) = Nitab (5) — Nuap (S) - Nendo(s)v

which was larger for better (more feasible) variants s. We subs-
elected variants in the primary (residues 443-463 and 469-507)
and secondary (residues 403-410 and 417-423) interface region
defined using previously reported complex structures (PDB: 6XC2,
6XCN, 6XDG, 6XEl, 6XKQ, 7CDI, 7CDJ, 7JMO, 7JMB 7JMW,
7JV2, 7JV6, 7JVA, 7JW0, 7K90, 7LX5). Following the subselec-
tion, we sorted all remaining variants according to S;.

For the identification of interaction hotspots and selection of
variants, we categorized hotspots by sorting the loci by their
highest-scoring variant. Negative scoring loci were discarded. A
threshold, y (range from O to 1), represented the fraction of non-
negative maximum total-scoring loci to exclude, larger as more
specific but fewer hits. We used y = 0.40. We suggest first tak-
ing the highest-ranked variant from each locus and then exploit-
ing and investigating, respectively, lower-ranked variants for each
locus in subsequent libraries.
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Cloning of recombinant glycoproteins and antibodies

SARS-CoV-2 RBD WT was cloned containing the signal pep-
tide spanning amino acids M1-Q14 and R319-F541 of the
PpCAGGS-SARS-CoV-2 RBD Wuhan plasmid [64] (kindly pro-
vided by E Krammer; GenBank: MN908947.3), followed by a
C-terminal Twin-Strep-tag sequence (WSHPQFEKGGGSGGGSG-
GSAWSHPQFEK) and a hexahistidine tag. SARS-CoV-2 spike
encoding plasmid comprised the amino acids M1-Q1208 of the
Wuhan SARS-CoV-2 variant (GenBank: MN908947.3) with Furin
cleavage site mutations (682- 685 RRAR — QQAQ) [59] as
well as 6 Proline mutations (HexaPro) to generate a protease-
resistant, stable, and highly immunogenic SARS-CoV-2 spike pro-
tein locked in the prefusion conformation [36, 65] followed by
a TEV protease site (RENLYFQG), a foldon trimerization motif
(YIPEAPRDGQAYVRKDGEWVLLSTFL) as well as a Twin-Strep-tag
and a hexahistidine tag. For expression of the membrane-bound
version, a SARS-CoV-2 spike full-length vector with a C-terminal
19 amino acid deletion [66] comprising amino acids M1-C1254
of the Wuhan SARS-CoV-2 variant (GenBank: MN908947.3) was
used. Mutations of RBD and full spike were introduced by PCR
mutagenesis to create the determined in silico candidates. The
N-terminal domain (amino acids M1-S305) of the SARS-CoV-
2 spike was cloned to a C-terminal Twin-Strep-tag and a hex-
ahistidine tag. The signal peptide of SARS-CoV-2 (M1-Q14) was
linked to an Avi-tag (GLNDIFEAQKIEWHE) followed by MERS-
CoV RBD WT [67] (G372-L588) and C-terminal Twin-Strep-tag
as well as hexahistidine tag. The HIV-1 gp140 protein is based
on the BG505 isolate sequence (GenBank: DQ208458), but mod-
ified with flexible peptide covalent linkages between gp120 and
gp41 subdomains (BG505 NFL) instead of a furin cleavage site to
yield soluble, native-like trimers [68]. Plasmids containing human
full-length ACE2 (Clone: OHu20260C; M1-F805) and rabbit full-
length ACE2 (Clone: OOb21562C; M1-F805) C-terminally linked
to enhanced green fluorescent protein (eGFP) were purchased
from Genscript (GenScript Biotech Netherlands B.V)). Heavy and
light chain sequences of neutralizing antibodies were cloned
into IgG1l heavy and kappa or lambda light chain expression
vectors from Oxgene (Sigma-Aldrich; #PP2409-1KT): class 1-4
anti-SARS-CoV-2 RBD: EY6A [69], P2B-2F6 and P2C-1F11 [70],
REGN10933 and REGN10987 [26], CC12.1 [28], C144 [27],
S2H13 [17], S309 [71], anti-SARS-CoV-2 NTD: 4A8 [72], anti-
MERS-CoV: LCA60 [73], anti-HIV-1: VRCO1 [74]. Human ACE2-
hFcgl was produced by fusing recombinant human ACE2 Q18-
V739 fragment to human IgG1-Fc (E99-K330 portion, where the
first amino acid is G encoded by J-CH1 fusion) [75]. Similarly,
rabbit ACE2-hFcgl was produced recombinantly by fusing rabbit
ACE2 Q18-P740 fragment to human IgG1-Fc.

Production of recombinant proteins

Cloning constructs were used to transiently transfect FreeStyle™

293-F cells (Life Technologies; #R79007) that were grown in sus-

3TM

pension using Expi29 expression medium (Life Technologies;
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#A1435101) at 37°C in a humidified 8% CO, incubator shaking
at 125 rpm. Cells were grown to a density of 2.5 million cells
per mL, transfected using polyethylenimine (PEI; Polysciences
Europe GmbH; #23966-1; 4 wg/mL in cell suspension) and plas-
mid DNA (1.2 pg/mL in cell suspension) that were diluted in Opti-
MEM™ (Gibco; #31985047) medium, and cultivated for 3 days.
The supernatants were harvested and proteins purified by His or
Ab SpinTrap columns according to the manufacturer’s protocol
(Cytiva; His: #28-9321-71; Ab: #28-4083-47). The eluted protein
was buffer exchanged to PBS (Sigma-Aldrich; #D8537-500ML)
using Amicon Ultra-4 ultrafiltration column with 10 kDa (Milli-
pore, #UFC801096) or 100 kDa cutoff (Millipore, #UFC810008).
Protein concentration was determined by Nanodrop. Protein pro-
duction was confirmed by Western Blot.

Biolayer interferometry

To determine the binding affinity of SARS-CoV-2 spike variants to
the ACE2 receptor, human and rabbit ACE2-hFcgl were loaded
at 20 pg/mL in 1 x kinetics buffer (Sartorius; #18-1105) onto a
Protein A biosensor (Sartorius; #18-5010) for 600 sec. Follow-
ing a baseline step for 120 s, SARS-CoV-2 spike variants were
added at 714 nM starting concentration and subsequent two-fold
dilutions for 300 s to determine the association rate, ensued by
dipping the sensor into the kinetics buffer for another 300 s for
measuring the dissociation rate. After every cycle, sensors were
regenerated every 5 s by alternating 10 mM Glycine pH 1.5 buffer
(Roth GmbH; #3790.2; regeneration) and 1 x kinetics buffer
(neutralization). All steps were performed at 1000 rpm shaking
speed and room temperature. Data were acquired with an Octet®
R4 BLI Discovery system, analyzed with Octet® Analysis Studio
software v12, and curves depicted via GraphPad Prism 8.1.2
(GraphPad Software Inc.). Kp values were calculated using a
1:1 global fitting model and only R? values above 0.98 were
considered.

RBD pull-downs

Antibody depletion of sera from COVID-19 patients was per-
formed with SARS-CoV-2 RBD WT, MERS-CoV RBD WT, or mutant
RBDs (from high to low score: G502E, Y505G, G502R, L455R,
Y489R, E484K) to determine the strength of antibody retention
for each variant. To evaluate the amount of ACE2 competing class
1-2 antibodies, pull-downs from sera of immunized rabbits were
conducted with SARS-CoV-2 RBD WT and MERS-CoV RBD WT
control proteins as well as mutant RBDs that abrogate the major-
ity of class 1 neutralizing antibodies (L455R, F456A), class 1-2
neutralizing antibodies (Y489R), and class 2 neutralizing antibod-
ies (E484K). Upon equilibration according to the manufacturer s
protocol, 120 uL of 5% Strep-Tactin® XT magnetic beads (IBA
GmbH, #2-4090-002 or -010) were coupled with 24 pg of recom-
binant RBD via the C-terminal Twin-Strep-tag at 37°C for 1 h.
The unbound RBD was removed by pelleting the magnetic beads
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and the latter were washed three times in 1 mL PBS. Beads were
blocked with PBS/1% BSA (Thermo Fisher; #30063572) shaking
at 37°C for 1 h. After another washing, serum was added to the
beads to reach a final dilution of 1:10 in 200 L final volume and
incubated in a rotisserie shaker overnight at 4°C. The next day,
tubes were placed on a magnetic holder and supernatants were
collected. Binding and neutralization potential of the remaining
antibodies was analyzed via antigen-specific IgG ELISA, ACE2
competition ELISA and PsV neutralization assay. Percentages of
remaining antibodies after depletion with mutant RBDs were
determined by dividing calculated logarithmic area under curve
values of each sample by the respective S309 antibody stan-
dard followed by normalization of samples with MERS-CoV WT
(negative control; corresponding to 100%) and SARS-CoV-2 WT
(positive control; corresponding to 0%) RBD pull-downs.

ELISA to determine antigen-specific IgG

Recombinantly expressed SARS-CoV-2 S1 RBD, NTD, or S1+S2
spike protein was coated on a high-binding 96-well ELISA plate
(Corning, #CLS3690) at 10 pg/mL diluted in PBS overnight at
4°C. Plates were blocked for 1 h with PBS/1% BSA at room tem-
perature. Sera and proteins were serially diluted in PBS/1% BSA,
added to coated plates and incubated for 1 h at room temperature.
Plates were developed with an anti-human IgG-alkaline phos-
phatase (AP)-coupled antibody (Southern Biotech, #2040-04)
or anti-rabbit IgG-AP conjugated antibody (Jackson ImmunoRe-
search; #111-056-003) both diluted 1:500 in PBS/1% BSA. Bicar-
bonate buffer containing 4-nitrophenyl phosphate disodium salt
hexahydrate substrate (Sigma, #S0942-50TAB) was added and
absorbance was measured at 405 nm in a Cytation 5 device (Agi-
lent BioTek). Between all indicated incubation steps, plates were
washed three times with PBS / 0.05% Tween-20. IgG titers (EDsg)
were determined via sigmoid curve fitting with non-linear regres-
sion performed in R (stats package) and further normalized by
calculating the ratio between the EDs of the sample and the EDs,
of the reference antibody on the same ELISA plate. For curve fit-
ting, upper and lower plateaus of the S309 (RBD) or 4A8 (NTD)
reference antibodies were applied to all respective samples.

ACE2 competition ELISA (surrogate virus
neutralization assay)

Upon 1 h blocking with PBS/1% BSA, serially diluted sera in
PBS/1% BSA were added to SARS-CoV-2 RBD-coated (10 pwg/mL)
96 well plates. After 1 h of incubation at room temperature, self-
produced biotinylated human ACE2-hFcgl was added to a 70%
final effective concentration (ECy) in PBS / 1% BSA for com-
petition with serum antibodies. After another hour at room tem-
perature, plates were incubated with an AP-coupled streptavidin
(Southern Biotech, #SBA-7105-04) at a 1:500 dilution in PBS/1%
BSA to detect biotinylated ACE2-hFcgl that was not prevented
by serum antibodies from binding to RBD. The 50% blocking
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dose (BDsp) was determined by sigmoid curve fitting with non-
linear regression performed in R (stats package). Upper and lower
plateaus of the (non-)biotinylated ACE2-hFcgl control served as
a reference.

Production and titration of SARS-CoV-2 pseudoviruses
(PsV)

HEK293T cells were transfected with plasmids containing a
Luciferase reporter, lentiviral structure proteins (gag/pol) as well
as codon-optimized SARS-CoV-2 full-length spike WT Wuhan
Hu-1 containing a cytoplasmic 19 amino acid truncation. One day
posttransfection, the medium was exchanged and cells incubated
for another 24 h in a 5% CO, environment at 37°C. After 48
and 72 h of transfection, the medium containing the lentiviral
pseudoparticles was harvested by passing through 0.45 uM filter
units and equally separated into polypropylene tubes (Beckman
Coulter, #326823). Samples were centrifuged in a Beckman
Coulter L-60 ultracentrifuge with an SW 32 Ti rotor at 24,000
rpm for 90 min at 4°C and thereafter supernatant was discarded.
The virus-containing pellet was reconstituted with 1 x Hank’s bal-
anced salt solution (Gibco; #14025092), aliquoted, and stored
at —80°C for subsequent titration and neutralization assays,
respectively.

Titration was carried out in hexaplicates with a three-fold
dilution series, in which the last column serves as a negative
control as outlined in Nie et al. [76]. 12.5 x 10* HEK Flp-In
T-REx 293 pFRT/TO/FLAG/HA-ACE2 cells were seeded in a
96 well plate and incubated 1:1 (v/v) with the respective PsV
dilution on the next day. After 48 h of incubation, medium
was taken off and Bright-Glo™ Luciferase substrate (Promega;
#E2620) was added 1:1 (v/v) to the cells. The suspension
was then transferred to white 96 well plates (Corning, #3688)
and after 5 min luminescence was measured in a Cytation 5
device. The 50% tissue culture infectious dose (TCIDsy) was
determined based on the Reed-Muench method as described
previously [76, 77].

SARS-CoV-2 PsV neutralization assay

12.5x10* HEK Flp-In T-REx 293 pFRT/TO/FLAG/HA-ACE2 cells
were seeded in 96 well plates. The next day ACE2-hFcgl as the
standard (diluted to 20 pg/mL start concentration, followed by
four-fold serial dilutions), or remaining antibodies in pull-down
fractions from human sera (diluted to 1:10 start, followed by
three-fold dilutions), or rabbit sera (diluted to 1:50 start, followed
by five-fold dilutions) were mixed 1:1 (v/v) with 1300-2600
TCIDso of SARS-CoV-2 WT Wuhan Hu-1 PsV and incubated 1 h
at 37°C. Then the virus-antibody mixture was transferred on top
of cells at a ratio of 1:1 (v/v) and incubated for further 48 h at
37°C. After incubation, medium was taken off and Bright-Glo™
Luciferase substrate was added 1:1 (v/v) to the cells. The sus-
pension was then transferred to white 96 well plates and after
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5 min luminescence was measured in a Cytation 5 device. The
50% neutralizing titer (NTso) was determined using non-linear
regression in GraphPad Prism based on sigmoid curve analysis,
using the human ACE2-hFcgl curve as a standard on every
plate.

Flow cytometry

All fluorescently labeled proteins used in this study were gener-
ated using the Alexa Fluor® 647 (AF647) antibody labeling kit
from Thermo Fisher according to the manufacturer’s instructions
(Thermo Fisher, Life Technologies, #A20186). To determine the
binding of SARS-CoV-2 RBD proteins to ACE2 on Vero E6 and HEK
Flp-In T-REx 293 pFRT/TO/FLAG/HA-ACE2 cell lines, 200,000
cells were stained with 10 pg/mL of AF647-conjugated RBD vari-
ants for 20 min at 4°C. Cells were washed in FACS buffer (PBS
+ 10% FCS + 2mM EDTA) containing DAPI (1:1500; BD Bio-
sciences, #564907) for 5 min at 350 x g and resuspended in FACS
buffer for flow cytometry analysis.

40,000 Vero E6 cells were seeded in a 24-well plate and PEI
transfected with 0.8 g of selected in silico determined SARS-
CoV-2 full-length mutants. After 20-24 h, cells were trypsinized
and stained with 30 j.g/mL anti-SARS-CoV-2 nAb S309 for 20 min
at 4°C. Upon washing with FACS buffer containing DAPI (1:1500),
goat anti-human IgG AF647 (Jackson ImmunoResearch, #109-
606-170) at a dilution of 1:500 was used as secondary antibody
for detection of SARS-CoV-2 full-length spike expression on cells.

A total of 10,000 events were acquired on a BD LSRFortessa™
device. Cells were first gated by FSC-A and SSC-A and subsequent
SSC-A and DAPI gating to exclude dead cells. The viable popula-
tion was checked for AF647 expression and data was analyzed via
FlowJo v10.8.1 software.

Western blotting

To confirm protein production and concentration, recombinantly
expressed SARS-CoV-2 RBD and spike proteins were loaded to
a 4-15% Mini-PROTEAN® TGX Stain-Free™ Protein polyacry-
lamide gel (Bio-Rad, #4568083) together with the Precision Plus
Protein Dual Color Standard (Bio-Rad, #1610374). Subsequently,
proteins were transferred to a Trans-Blot Turbo Midi 0.2 pwm Nitro-
cellulose membrane (BioRad, #1704159), blocked with 30 mL
of 5% skimmed cow milk diluted in trisaminomethane-buffered
saline with 0.1% Tween-20 (TBST) for 1 h at room temperature
on the orbital shaker. The membrane was stained in 5 mL con-
taining mouse anti-hexahistidine antibody (Abcam, #ab18184)
diluted 1:1000 at 4°C overnight with constant mixing on the
roller. The stained membrane was washed five times with 30 mL
of TBST and stained with IRDye® 800CW donkey anti-mouse IgG
(LI-COR Bioscience, #925-32212) antibodies diluted 1:5000 for
1 h at room temperature with constant mixing on the roller. The
membrane was washed three times with 30 mL TBST and scanned
with an infrared membrane scanner (LI-COR Odyssey IR scan-
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ner). The protein concentration was determined by densitometry
analysis with GelAnalyzer 19.1 (http://www.gelanalyzer.com/ by
Istvan Lazar Jr., PhD and Istvan Lazar Sr., PhD, CSc) comparing
protein intensities with each other or to the intensity of 200, 100,
and 50 ng of recombinant SARS-CoV-2 S1+S2 ECD His standard
protein (Sino Biological Europe; #SIN-40589-V08B1-100).

Confocal fluorescence microscopy

To visualize the internalization of the SARS-CoV-2 spike and
RBD proteins, 40,000 Vero E6 cells were seeded in wells of an
eight-well Ibidi glass bottom slide (Ibidi; #80827). The next day,
cells were washed once in PBS and nuclei were stained with
NucBlue™ LIVE/READY™ Hoechst 33342 Reagent (Life Tech-
nologies, #R37605) according to the manufacturer’s instructions
for 15 min at 37°C. After another PBS wash, cells were stained
with prewarmed CellTracker™ Green CMFDA solution (Invitro-
gen, #C2925; working concentration: 8 wM) and incubated for
30 min at 37°C. Thereafter, the CMFDA solution was taken off,
and free dye was quenched by the addition of FCS containing
medium for 5 min. Upon another PBS wash, cells were treated
with 10 pg/mL RBD solution or 20 pg/mL spike solution of SARS-
CoV-2, as well as SARS-CoV-2 NTD or HIV-1 gp140 BG505 iso-
late control proteins, respectively. After incubation for 90 min at
37°C, cells were washed once with PBS and fixed with 4% PFA
+ 20% sucrose in PBS for 20 min at 4°C. Thereafter, cells were
washed and kept in PBS. Images of fixed samples were acquired
on a Zeiss Laser Scanning confocal microscope (LSM780). For
the detection, a photomultiplier was used. The system was con-
trolled by the Zeiss ZEN2010 software (Carl Zeiss Microscopy).
Single- and multi-color confocal imaging of fixed samples was per-
formed in sequential mode with the following fluorophore-specific
excitation (Ex.) and emission filter (EmE) settings: Hoechst (Ex.:
405 nm; EmE: 415-480 nm), CMFDA (Ex.: 488 nm; EmE: 490-
578 nm), AF647 (Ex.: 633 nm; EmE: 638-735 nm). Images were
acquired with a PL. APO DIC M27 63x/1.40 NA oil objective (Carl
Zeiss Microscopy). A z-stack from bottom to top of the cells was
performed over 8 pm with 0.39 pm intervals. Contrast adjust-
ment, z-projection, and orthogonal views were performed using
FIJI software (https://imagej.net/software/fiji/). Each condition
was performed in duplicates.

Live-cell imaging of RBD and spike protein absorption was per-
formed by incubating Vero E6 cells with prewarmed CellTracker™
Green CMFDA solution (working concentration: 8 uM) for 30 min
at 37°C. Thereafter, the CMFDA solution was taken off, and free
dye was quenched by the addition of FCS containing medium
for 5 min. Upon a PBS wash, cells were either pretreated with 1
uM porcine heparin (Sigma-Aldrich; #H3393-50KU) or medium
only for 1 h. Cells were imaged in live-cell imaging buffer Fluo-
robrite DMEM medium (Gibco, #A1896701) + 10% FCS and 1%
Penicillin-Streptomycin. SARS-CoV-2 spike WT and G502E solu-
tions were added to the respective wells to a final concentration
of 20 pg/mL. SARS-CoV-2 RBD WT and G502E were added to
a final concentration of 10 wg/mL. Dual-color live-cell imaging
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was performed with a Nikon Spinning Disk Confocal Microscope
equipped with a Nikon TiE with Perfect Focus System, Yokogawa
CSU-X-1, automatic stage, and heatable humidity chamber. The
system was controlled by the Nikon NIS Elements software (NIS
5.02.01 (Build 1270)). Cells were imaged at 37°C and 5% CO,
controlled by an OKOLAB system. For image acquisition, a 40 x
NA 0.95 air objective and for detection an EMCCD camera (Andor
AU-888) were used. The images were acquired in a 16-bit format,
with 1024 x 1024 pixels and a total size of 163 x 163 pm. The
cell stain CMFDA was excited with a 488 nm laser (150 mW)
and AF647 labeled proteins with a 640 nm laser (100 mW). The
laser power and the exposure time were kept the same throughout
one experiment. For each well of a p-Slideeight-well Ibidi glass
bottom chamber five different positions were imaged. A z-stack
(11 slices, 0.6 wm step size) was set for every position using the
Nikon Ti Z-Drive. For the time-lapse the first image (0 min) was
taken before addition of the labeled protein, the second image
right after the addition, and then continuously every 30 min for at
least 9 h. Contrast adjustment, z-projection, and time point selec-
tion were performed using FIJI. Selected time points of the differ-
ently treated wells are shown. Triplicates of each condition were
performed.

Vero E6 syncytia formation and HEK293T cell-cell
fusion assay

To determine fusogenic potential of in silico-determined SARS-
CoV-2 variants, Vero E6 cells were transfected using PEI in
triplicates with different SARS-CoV-2 spike full-length proteins
together with a pMAX-GFP reporter plasmid (GFP from P
plumata; kind gift from A. Lanzavecchia) at a 1:1 ratio. SARS-
CoV-1 full-length spike protein served as a control. After 48 h,
cells were stained with NucBlue™ LIVE/READY™ Hoechst 33342
Reagent and imaged using Phase contrast, DAPI, and GFP chan-
nels/filters of a Cytation 5 device to observe syncytia formation.
Pictures taken at 10 x magnification were used for image display
as well as syncytia and nuclei count via ImageJ. Each replicate
was counted three times and the average was taken.

HEK293T cells were seeded in duplicates and separated into
two groups — the donor group was PEI transfected with different
SARS-CoV-2 full-length spike proteins as well as the SARS-CoV-
1 full-length spike control protein; the acceptor group was PEI
transfected with the human ACE2-eGFP plasmid. The next day
cells of both groups were mixed with each other at a ratio of 1:1
and seeded in a 24-well plate. After 24 h, cells were treated and
analyzed as described for Vero E6 cells.

Scheme visualization and protein structure analysis

Schemes were generated using the software BioRender.com. Pro-
tein structure models and molecular analyses were performed
with UCSF Chimera X 1.3 [78] using the following PDB codes:
6XDG for SARS-CoV-2 RBD WT and REGN10933 IgG [26], 6XC2
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for CC12.1 IgG [79], 7CDI for P2C-1F11 IgG [25], 6MOJ for
human ACE2 [80], 1HZH for a human IgG1 antibody [81], as
well as 6WPS and 7KJ5 for SARS-CoV-2 spike WT [71, 82].

Data presentation and statistical analysis

Figure panels were generated using Affinity Designer software
(Serif Europe Ltd., UK). Shown experiments involved minimum
n = 3 biological replicates (unless otherwise indicated) and pro-
duced comparable results. Images obtained in syncytia and cell-
cell fusion assays as well as confocal microscopy images were pro-
cessed with Fiji and ImageJ, respectively. Data from ELISA, syncy-
tia formation, and PsV neutralization assays were analyzed using
R 4.0.3, RStudio 1.2.5001, and GraphPad Prism 8.1.2 software.
Statistical tests were one- or two-tailed, and a p value lower than
0.05 was considered statistically significant. A Shapiro-Wilk test
was used to determine the normality of the distribution for con-
tinuous variables. Unpaired/paired t-tests or ordinary one-way
ANOVA with Tukey’s multiple comparison test of means was used
if continuous data met the criteria of the normality test. Other-
wise, unpaired Mann-Whitney test was employed. The median or
mean (+/— SD if applicable) is shown.
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