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Epitopes Displayed in a Cyclic Peptide Scaffold Bind SARS-
COV-2 Antibodies

Camilla Eriksson,” Sunithi Gunasekera,” Taj Muhammad,” Mingshu Zhang,” Ida Laurén,®

Sara M Mangsbo,™ Martin Lord,” and UIf Géransson*™

The SARS-CoV-2 virus that causes COVID-19 is a global health
issue. The spread of the virus has resulted in seven million
deaths to date. The emergence of new viral strains highlights
the importance of continuous surveillance of the SARS-CoV-2
virus by using timely and accurate diagnostic tools. Here, we
used a stable cyclic peptide scaffolds to present antigenic
sequences derived from the spike protein that are reactive to
SARS-CoV-2 antibodies. Using peptide sequences from different

Introduction

Severe acute respiratory disease coronavirus 2 (SARS-CoV-2) is a
beta-type coronavirus that causes COVID-19." Originating in
Wuhan, China, in December 2019* SARS-CoV-2 spread to
cause a worldwide pandemic with devastating consequences
for global human health. New viral strains have emerged (e.g.
alpha, beta, delta, gamma, and omicron variants), and others
are still being discovered, which highlights the necessity for
efficient diagnostics, therapeutics, and the continuous develop-
ment of new vaccines. SARS-CoV-2 belongs to the same family
as SARS-CoV and Middle East respiratory syndrome (MERS).”
SARS-CoV-2 shares 79.6% sequence similarity to SARS-CoV™
that caused a previous outbreak in the years 2002-2004."
Both SARS-CoV and Sars-CoV-2 target the angiotensin convert-
ing enzyme (ACE-2) receptor on host cells.”!

SARS-CoV-2 consists of four major structural proteins, spike
(S), membrane (M), envelope (E), and nucleocapsid (N)
proteins.”’ The focus of the research and serological analysis
has been on the spike (S) glycoprotein as it is located on the
surface of the SARS-CoV-2, where it mediates viral entry into
host cells and is a potent target for neutralizing antibodies."”
Specifically, several reports support that neutralizing antibodies
are produced to potentially disrupt the interaction between
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domains of SARS-CoV-2 spike proteins, we grafted epitopes on
the peptide scaffold sunflower trypsin inhibitor 1 (SFTI-1). These
scaffold peptides were then used to develop an ELISA to detect
SARS-CoV-2 antibodies in serum. We show that displaying
epitopes on the scaffold improves reactivity overall. One of the
scaffold peptides (S2_1146-1161_c) has reactivity equal to that
of commercial assays, and shows diagnostic potential.

receptor binding domain (RBD) and ACE2 receptor, during a
SARS-CoV infection.""'? Common spike protein antigenic
regions include the full-length spike, the spike regions S1 and
$21"*'% and the receptor binding domain (RBD).

The aim of the current work was to determine whether
cyclic scaffold peptides grafted with truncated sequences of
10-15 amino acids from immunogenic regions of the spike
protein could be used in the diagnosis of COVID-19. These
peptides might have certain advantages over the antigens in
use today. RBD, S1, and S2 require cell expression systems,
which are expensive and time-consuming. With the rapid
emergence of new variants, the serological analysis tools need
to be updated frequently, thus more cost- and time-effective
tools are desirable. Our scaffold peptides are produced by solid-
phase peptide synthesis, a method that provides a cost-efficient
way to rapidly produce new antigens. It is also more flexible as
new sequences (or modifications in sequences as required) can
be produced quickly to combat rapidly evolving SARS-CoV-2
strains. Furthermore, short antigenic regions give the potential
opportunity to resolve fine specificities in COVID-19 antibody
profiles and to understand their impact.™ Information on
antibody profiles can give valuable insight into heterogeneity
observed in clinical symptoms, for example, variable disease
severity observed among COVID-19 patients. This information
can benefit epidemiology studies to predict the likely path to
recovery of a patient and suggest potential medical interven-
tions needed to ensure complete recovery.

Small cyclic peptides or miniproteins with exceptional
stability have proven useful in drug design to stabilize epitopes
of interest. Among them, the cyclotides,"*” sunflower trypsin
inhibitor-1 (SFTI-1)?'>% and rhesus theta defensins®® represent
well-studied peptide families. SFTI-1 is a 14-residue potent
trypsin inhibitor found in the seeds of the common
sunflower.”?" It has a cyclic peptide backbone, and two cysteines
forming a single disulfide between two f3-sheet strands. SFTI-1
is remarkably stable against enzymatic degradation.®® SFTI-1
has two loops, a structural loop and a trypsin inhibitory loop,
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and most importantly, the latter has been shown to be
amenable to epitope grafting.®” This includes one example

where SFTI-1 stabilized an immunogenic epitope protruding
]

from the fibrinogen protein.”
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Herein, we synthesized linear peptide epitopes and epitopes
grafted on peptide scaffolds for the development of a SARS-
CoV-2 ELISA (Figure 1). We used antigenic peptide epitopes
from SARS-CoV-2 spike protein;*® S1, RBD, (C-terminal region,
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Figure 1. The concept of grafting. A) The structure to the left highlights one of the monomers of the spike protein trimer in cyan (PDB ID: 7DDN) with the

epitopes selected for grafting marked in red. The receptor binding domain (RBD) is marked with a dashed square. The epitopes from the RBD are highlighted.
Epitopes marked with an asterisk were combined to design the “double-loop peptide”, S1_477-508_I. The specific regions for S1_625-637 and S2_1148-1159
are missing in the available structure. For S1_673-686, only the first three starting residues are found in the available structure. B) In the grafting concept, an
epitope (in red) from the spike protein is inserted into the scaffold peptide SFTI-1. The pentynoyl-lysine is incorporated into the primary loop. The peptide is
biotinylated through click chemistry, in which a biotin-PEG4-azide is reacted with the pentynoyl-lysine alkyne side chain. The biotinylated peptide is then
attached to streptavidin ELISA plates.
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CTD) and from S2 (containing the fusion region and helical
bundle proteins) and determined the binding to I1gG antibodies
in sera.

Results and Discussion
Selection of sequences/epitopes

Epitopes were selected based on the three-dimensional
structure of the SARS-CoV-2 spike protein, with the hypothesis
being that structures and sequences that reportedly are
immunodominant and protrude from the core are more likely
to be targeted by antibodies. Three loops of the RBD were
identified as possible targets: S1_438-449, S1_480-488 and S1_
496-505. Additional epitopes were selected based on the
emerging literature on epitopes from immunodominant regions
within the spike protein, reported to bind COVID-19
antibodies.***® This selection included epitopes from the C-
terminal domain of S1 (S1_551-566), S1/S2 interface (S1_625-
637), potential furin cleavage site (51/52_673-686), fusion
protein region (S2_812-825), as highlighted in Fig 1. In addition,
the heptad repeat region 2 (S2_1148-1159). Peptide sequences,
their origin, and their molecular masses are shown in Table 1.

Synthesis of peptides

Selected epitopes were synthesized as both linear and cyclic
peptides (i.e., grafted into the peptide scaffold SFTI-1, in place
of its trypsin inhibitory loop). For the initial assay development,
peptides were synthesized as C-terminal amides as the only
modification. Later, all peptides were synthesized with a side-
chain alkyne group (through a pentynoyl lysine in the cyclic
peptides and an N-terminal propargyl-glycine in the linear
peptides) to allow for biotinylation through click chemistry. The
latter strategy allows for absolute selective labelling and control
of the point of immobilization.

Peptides intended for cyclization were assembled by Fmoc-
SPPS on the diaminobenzoic acid (Dbz)-linked Dawson resin.
The C-terminal Dbz thioester was converted to N-acyl-benzimi-
dazolinone (Nbz) prior to cyclization. At the N-terminal, a Boc-
cysteine was introduced, which together with the Nbz group
facilitates head-to-tail cyclization via native chemical ligation.
The Boc cysteine also prevent modification by para-nitro-
chloroformate during Nbz conversion. All linear peptides were
designed to contain a free N-terminal and an amidated C-
terminal. For linear peptides intended for streptavidin ELISA, a
propargyl-glycine was introduced at the N-terminal to enable
subsequent biotinylation. The cyclic peptides intended for
passive binding ELISA were synthesized with the sequence
FPDGR in the secondary loop. In the case of cyclic peptides
intended for streptavidin ELISA, the arginine in the secondary
loop was replaced with a pentynoyl-Lys to facilitate subsequent
biotinylation.

Table 1. Peptide sequences used for the development of SARS-CoV-2 ELISA.

Expected  Observed Structural Epitope
mass mass domain REF
Peptide name Peptide sequence (M+H)* (M+H)*
(monoiso  (monoisot
topic) opic)
S1 366-376 1 GSVLYNSASFST-NH; 1269.35  1269.69 RBD 47
S1.379-3911  —=———- GCYGVSPTKLNDLC-NH, 1504.72  1505.81 RBD 38
S1-379-391 ¢ CEFPDGKCYGVSPTKLNDL— 2017.32  2017.04*
S1 438-4491  —-————- GSNNLDSKVGGNY-NH; 136141  1361.73 RBD 38
S1 438-449 ¢ CEFPDGKCSNNLDSKVGGNY 2078.27  2078.03*
S1 477-508 1 GSTPCNGVEGENCYFPLQSYGFQPTNGVGYQP 362791  3627.43* RBD 38.55
Y-NH;
S1 480-488 1  —-———- GCNGVEGENC-NH; 1036.14  1035.45 RBD
S1 480-488 ¢ CFPDGKCNGVEGFN- 1547.01  1548.72*
S1 496-5051  -———-- GGFQPTNGVGY~-NH; 113320  1133.61 RBD 38
S1 496-505 ¢ CEFPDGKCGFQPTNGVGY 1850.16  1850.88
S1 551-566 1  —————- GVLTESNKKFLPFQQFG-NH; 197726  1977.20 C-terminal S1 43,44
S1 551 566 ¢ CFPDGKCVLTESNKKFLPFQOFG 2693.68  2693.44%*
S1.625-6371  -———————- GHADQLTPTWRVYS-NH, 1668.81  1667.92 C-terminal S1 40,47
S1 623-639 ¢ CFPDGKCAIHADQLTPTWRVYSTG 2726.65 2726.41*
S1/82 673-686 1  GSYQTQTNSPRRARS-NH; 174585  1746.99* S1/S2 interface 40,45
S2 806-817 1 GLPDPSKPSKRSF'-NH, 1452.65  1452.89 FP 40
S2 812-825 1.  —mmmomm— GPSKRSFIEDLLENK-NH, 1788.05  1788.12* FP 40
S2 810-827 ¢ CFPDGKCSKPSKRSFIEDLLENKVT 2919.85  2919.64* FP
S2 1148-1159 1 —====--- GFKEELDKYFKNH-NH; 1691.87  1691.94 HR2 40
S2 1146-1161 ¢ =~ CFPDGKCDSFKEELDKYFKNHTS 2798.62  2798.34*

Mono.; monoisotopic, _| denotes linear peptides, _c denotes cyclic peptides. Propargyl-glycines are marked in blue. Pentynoyl-lysines are marked in red.
Cysteine residues forming a disulfide bridge are marked in yellow. *: deconvoluted from (M+2H)?* masses. RBD; receptor binding domain, FP; fusion
peptide, HR; heptad repeat.
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Dbz peptides were efficiently converted to Nbz peptides (no
unconverted peptides were observed). Nbz peptides were then
cleaved from the resin with TFA, simultaneously removing side-
chain protection groups and the Boc group at the N-terminal
cysteine, freeze-dried and subjected to cyclization. Notably, the
alkyne side chain on the SARS-CoV-2 peptides remained intact
and unreactive throughout Nbz conversion and cyclization
reactions. The cyclic peptides were incubated in ammonium
bicarbonate buffer overnight to ensure the formation of the
disulfide bond. Peptides were isolated by RP-HPLC, and the
purity of all peptides was >90% as judged by RP-HPLC-UV
(215 nm). Identity of peptides was confirmed by mass spec-
trometry (Table 1).

Peptide biotinylation by click chemistry

Peptides were biotinylated through click chemistry, that is
biotin was connected to the peptide through a 1,2,3-triazole
linkage created by Cu' catalysis of a 1,3-dipolar cycloaddition of
an alkyne with an azide.* " First, peptide containing the
alkyne was mixed with biotin-PEG4-azide. A solution of CuSO,
containing Cu" in complex with the chelating agent tris(3-
hydroxypropyltriazolylmethyl)amine (THPTA) was then intro-
duced. Water-soluble THPTA allowed the entire click reaction to
be carried out in aqueous medium. Addition of sodium
ascorbate initiated the reduction of Cu" to Cu!, the catalyst for
the click reaction which became evident by the blue-colored
solution turning colorless. The presence of THPTA together with
CuSO, ensured the stability of Cu' to catalyze the click reaction
which was complete within ~30 min. The oxidation of Cu' back
to Cu" by dissolving oxygen in the click mixture was visible by
the solution returning to blue color after ~30 min. Following
the click reaction, the biotinylated peptide was obtained as one
of the main products, however, unconjugated biotin-PEG4-
azide, as well as unconjugated alkyne containing peptide could
be detected in the solution mixture. Biotinylated peptides were
purified by RP-HPLC (purity >90%) and used in the streptavidin
ELISA. Representative mass spectra before and after biotinyla-
tion and chromatogram of the peptide S2_1146-1161_c is
shown in Figure S1 in the Supporting Information.

Development of epitope-based SARS-CoV-2 ELISA

Initially, Maxisorp plates (high-binding capacity, recommended
for use with Igs, binding capacity 600-650 ng lgG/cm?) were
used to passively bind linear peptide amides. However, this
setup gave high background and weak signals when tested
within a range of coating concentrations, and the signal did not
correlate with peptide concentration. We then used streptavi-
din-coated plates and biotinylated peptides. This improved the
signal, which now correlated with peptide concentration, but
the issue of high background (nonspecific binding) remained. In
further optimization steps, several checkerboard titration assays
were performed to determine the best conditions. First, the
following 96-well plates were compared: Pierce™ streptavidin-
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coated plate, clear, Pierce™ streptavidin-coated high sensitivity
plate, clear, Pierce™ Streptavidin-coated high-capacity plate and
Pierce™ neutravidin coated plate, clear. The streptavidin-coated
high-capacity plate gave a higher signal-to-noise ratio and was
selected for use with these peptides. All results from the
comparison are shown in Figure S2.

To determine the optimal coating concentration, peptides
S1_438-449_1, S1_379-391_I, S1_496-505_| and S1_480-488_|
were chosen as test antigens. Peptides in concentrations from
10 to 0.625 pg/mL (using twofold dilutions) and one positive
and one negative serum sample (serostatus was determined by
lateral flow fast test) was added at 1:100, 1:200 and 1:400
dilution ratios. A peptide concentration of 5 pg/mL gave a
superior signal-to-noise ratio and was therefore used in all
ELISAs. Results from the peptide concentration checkerboard
assay are shown in Figure S3. To assess what serum dilution
factor was optimal, a plate was coated with a set peptide
concentration determined from earlier titration experiments.
Serum samples were diluted twofold from 1:50 (serum: buffer)
to 1:3200 and applied to the plate. Peptide-coated wells with
no serum added, and uncoated wells with serum added were
used as controls. Serum dilution 1:100 was chosen as the best
dilution factor.

To further reduce nonspecific binding, several blocking
buffers were tested, including PBS with different concentrations
of BSA and/or casein, with and without Tween-20, and
commercial blocking buffers (Chonblock, Superblock, and
Protein-free T20). Protein-free T20 blocking buffer resulted in
the highest signal-to-noise ratio and was thereafter used in all
experiments. The comparison is shown in Figure S4.

A checkerboard titration assay was then carried out to select
conjugate concentration and serum dilution. Serum was diluted
1:100 (conjugate: buffer) to 1:3200, and the conjugate was
diluted twofold from 1:5000 to 1:80000. The highest signal-to-
noise ratio was obtained with 1:100 serum dilution with
1:5000 conjugate dilution. Finally, sample and substrate
incubation time and temperature were tested. Coating at 25°C
for two hours was compared with 4°C coating overnight. The
latter gave higher signals and was therefore applied. For serum
incubation, 30 min at 25°C was compared with 30 min at 37°C;
the latter was the best option. For substrate incubation time,
stop solution was added after 5, 10, 15, and 30 min. 15 min was
chosen as the optimal reaction stop time.

Optimal conditions were used in all experiments described
below and they are described in detail in the Experimental
Section.

Application of in-house SARS-CoV-2 peptide ELISA and
comparison of human SARS-CoV-2 spike trimer ELISA

The optimized ELISA was then used to test a cohort of 24
samples. The same cohort was tested using the Invitrogen
human SARS-CoV-2 spike trimer total Ig ELISA according to
manufacturer’s recommendation, and all serum samples had
been previously tested in a lateral flow fast test using Zhejiang
Orient Gene Biotech SARS-CoV2 IgG/IgM rapid test. Pre-COVID-
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19 sera were used to establish a cut-off value to distinguish
between negative and positive samples.

Figure 2A compares the in-house ELISA and the commercial
human spike trimer ELISA. In addition, samples positive in the
lateral flow fast test are highlighted in red. Using the in-house
ELISA, 14 of 24 serum samples were positive for the RBD
positive control. In comparison, five out of 22 samples were
positive in the spike trimer ELISA (two samples were not tested
because of sample limitations), and eight in the lateral fast test.
The five positives in the spike trimer ELISA were tested positive
also in the lateral flow fast test and the in-house ELISA. Native
scaffold peptide, SFTI-1, was used as negative control. No
sample tested positive for that negative control, demonstrating
that the scaffold itself was inert.

Binding to peptide epitopes, linear and in scaffold, varied
substantially. Some peptides showed no binding, including
linear and cyclic peptides containing epitopes S1_379-391, S1_
438-449 S1_480-488, neither did the linear epitope S1/52_673-
686. On the contrary, peptides S1_477-508 and S2_810-827_c
showed binding to all samples. Hence, none of these peptides
appear to have any diagnostic value in this assay.

For epitopes S1_496-505 and S1_551-566, linear and cyclic
peptides showed slight differences. Cyclic S1_496-505_c ap-
peared to bind additional samples than the linear epitope, but
those samples have tested negative in other assays. The same
was the case for S1_551-566. Notably, individual sample
reactivity may show high differences between linear and cyclic
S1_551-566.

Epitope S1_625-637 and S2_812-825 show overall higher
activity for cyclic peptides than linear ones. This includes an
increase in reactivity of all samples tested positive in other
assays, but sensitivity (i.e, the number of apparent false
positives) of these peptides is inadequate.

The cyclic peptide S2_1146-1161_c appears to have the
best diagnostic value under these assay conditions. This peptide
contains four additional residues in the cyclic scaffold version
compared with the linear S2_1148-1159_I. The linear epitope
had a response frequency of 69% in a cohort of 1051 patients
and epitope S2_1146-1166 was identified as an immunogenic
region through VirScan and detected clear responses to COVID-
19 patients.®? Six serum samples tested positive for S2_1146-
1161_c. In comparison, five samples tested positive using
commercial spike trimer ELISA; four of these were the same
samples. Compared to the lateral flow assay, five out of the six
positive samples also tested positive in that assay.

The UpSet plot in Figure 2B summarizes the reactivity
between the best five antigens used in the current ELISA, based
on the reactivity of the five samples that were positive in both
the lateral flow test and the commercial human spike trimer
ELISA. S2_1146-1161_c is among them, which also had the best
selectivity as described above.

Notably, the epitopes originating from the RBD show no or
little reactivity. If this is a result of the selection and design or
mere absence of antibodies targeting these epitopes is
unknown, but it can be noted that no epitopes that bind have
yet been described from the RBD."**® However, it is clear that
cyclization per se changes reactivity, when comparing all
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samples towards linear and scaffold peptides (Figure S5). The
current results also show some promise for epitope mapping,
not the least from the results of S2_1146-1161_c.

Conclusions

In this work, we have shown the development of a SARS-CoV-2
ELISA. A series of optimization steps were required, with the
way of binding of antigen to the plate and choice of blocking
buffer being the most important steps. Twenty linear and
grafted peptides were tested against SARS-CoV-2 serum
samples, and large differences between them and between
linear and grafted counterparts were demonstrated. One
peptide showed performance comparable to that of commercial
spike trimer ELISA, showing proof of concept.

Experimental Section

Reagents and materials: Pierce™ Streptavidin coated high-capacity
plates (article no: 15500), TMB single solution ELISA (article no:
10445723), Pierce™ protein-free T20 (PBS) blocking buffer (article
no: 10147483) were all from Fisher Scientific, Waltham, MA. ELISA
stop solution (article no: 11652159) and ELISA wash buffer (article
no: 15566266) were purchased from Invitrogen, Waltham, MA.
Biotin-S-protein RBD (article no: ACRBSPDC82E925UG) was acquired
from Acrobiosystems, Newark, DE. Reagents used for optimization:
Blocker BSA (10X) in PBS (article no: 10341944) was from Thermo-
Fisher Scientific, Goteborg, Sweden. Casein sodium salt and Tween-
20 were both from Sigma-Aldrich, Steinheim, Germany. Chonblock
blocking/sample dilution buffer (article no: CHO-9068) was from
Holzel-Diagnostika, Koln, Germany. SuperBlock (PBS) blocking
buffer (article no: 13434299) was purchased from Thermo-Fisher
Scientific. Microplates used for optimization were Pierce™ streptavi-
din-coated plates, clear, 96-Well (article no: 10485005), Pierce™
streptavidin-coated high-sensitivity plates, clear, 96 wells (article
no:15520), Pierce™ neutravidin-coated plates, clear, 96-wells (article
no: 15129) were all from Thermo-Fisher Scientific. Human SARS-
CoV-2 Spike (Trimer) Ig total ELISA Kit was from Invitrogen.
Phosphate-buffered-saline (PBS) was from Sigma-Aldrich. All Fmoc-
amino acids, N,N-diisopropylethylamine (DIPEA), 3-[Bis(dimeth-
ylamino)methyliumyl]-3H-benzotriazol-1-oxide hexafluorophos-
phate (HBTU), triisopropylsilane (TIPS) and trifluoroacetic acid (TFA)
were purchased from Iris Biotech (Germany). Acetonitrile (AcN),
dichloromethane (DCM), guanidine hydrochloride (GuHCl), and
diethyl ether were from VWR, Radnor, CA. Dimethylformamide
(DMF) was from Honeywell, Germany. 3,4-diaminobenzoic acid
(Dbz) was from AnaSpec, Fremont, CA. Tris(2-
carboxyethyl)phosphine hydrochloride (TCEP-HCI) was from Iris
Biotech, Marktredwitz, Germany. Piperidine, 4-mercaptophenylace-
tic acid (MPAA), formic acid (FA) and 4-nitrophenyl chloroformate
were from Sigma-Aldrich, Steinheim, Germany. Disodium
phosphate dibasic and sodium hydroxide were from Merck,
Darmstadt, Germany. Ammonium hydrogen carbonate was from
Fluka Chemie, Buchs, Switzerland. PEG4-azide was from Broad-
pharm, San Diego, CA. Tris(3-hydroxypropyltriazolylmethyl)amine
(THPTA), Copper(ll)sulfate, anhydrous, powder, and (+)-sodium L-
ascorbate were from Scientific Laboratory Supplies, Nottingham,
United Kingdom.

Peptide synthesis: Peptides were synthesized by using solid-phase
peptide synthesis (SPPS) with Fmoc/tBu orthogonal protection
strategy, using 20% piperidine in DMF as the deprotecting agent
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Figure 2. A) A comparison between our developed indirect in-house SARS-CoV-2-ELISA (shown epitope by epitope) and commercial human SARS-CoV-2 spike
trimer total Ig ELISA. The mean response plus three times the standard deviation of negative control (pre-covid outbreak SLE patient sera) was used as a cut-
off value for positivity. Thus, serum samples with a reactivity > 1 were deemed positive, while sera with a reactivity <1 were deemed negative. Cut-off values
for positivity are shown as dotted lines (cut-off for positivity was an absorbance value of 1 and an absorbance ratio 1.3). The numbers of positive sera in the
separate assays are summarized in the Supporting Information Table 1. B) UpSet plot summarizing the top five antigens among individuals that passed the
set cut-off limit. All five individuals scored positive on the lateral flow fast test.
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and HBTU/DIPEA for amino acid coupling. The peptides were either
synthesized manually or with a microwave-assisted automatic
synthesizer (Liberty 1, CEM, Matthews, NC).

Linear peptide synthesis: Linear epitopes were assembled using
manual synthesis on tentagel rink amide resin (scale 0.1 mmol,
substitution value 0.19 mmol/g). All amino acids were added in
4 equiv. excess (relative to resin), as was coupling reagent HBTU in
DMF, while DIPEA was added at 6 equiv. excess. An N-terminal
propargy! glycine was coupled to the peptides that were intended
for streptavidin ELISA. The N-terminal Fmoc group was removed
(deprotection time was 20 min) and the peptides were cleaved
from the resin and side-chain protection groups using TFA/TIPS/
water (95:2.5:2.5, v/v/v), 10 mL of cleavage mixture for 100 mg of
resin).

Cyclic peptide synthesis: Cyclic peptides were assembled on
Dawson Dbz resin (substitution value: 0.4 mmol/g, Novabiochem,
VWR, Radnor, CA). on a 0.1 mmol scale. The first two to three C-
terminal residues were coupled manually at room temperature (RT)
while the remaining residues (up to Fmoc-pentynoyl-lysine) were
coupled using automatic microwave-assisted synthesis, using a
method we have described previously)™ Fmoc-pentynoyl-lysine
and the rest of the amino acids up to the N-terminal were coupled
manually. Fmoc-pentynoyl-Lys-OH was coupled at 2 equiv. of resin,
2 equiv. of HBTU and 4 equiv. of DIPEA. A Boc-Cys was introduced
at the N-terminal to protect the N-terminal during cyclization steps.
Following washing and drying of the resin-peptide, an on-resin
conversion from Dbz peptide to NBZ-peptide (N-benzylimidazoli-
none) was performed using 16 equiv. of 4-nitrochloroformate for
1 h (x2), stirring. The resin was washed thoroughly with DMF and
195 equiv. of DIPEA in DMF was added to the resin and stirred well
for 25 min. Resin was washed thoroughly with DCM and dried
under N, gas. Simultaneous cleavage from resin and protection
groups was performed through the addition of (TFA/TIPS/water
95:2.5:2.5, v/v/v) 10 mL per 100 g of resin. Cleaved Nbz peptide
was precipitated with cold diethyl ether and collected by
centrifugation. After freeze drying, the resulting NBZ peptides (25-
30mg) were cyclized in  0.159M sodium phosphate
(Na,HPO,2H,0), 6 M GuHCI, 50 mM mercaptophenyl acetic acid
(MPAA) and 20 mM TCEP. The pH of the reaction was adjusted to
7.1-7.2. The solution was kept stirring overnight at room temper-
ature. The cyclic peptide was collected by size-exclusion chroma-
tography using a Sephadex G-25 column. After freeze drying the
peptides were subjected to oxidative folding (0.1 M NH,HCO,
buffer, pH 8.5, for 24 h). Following oxidation, peptides were purified
by RP-HPLC and the purity was assessed by analytical HPLC-UV and
MS.

Click chemistry: A solution of 100 mM CuSO, in 200 mL Milli-Q
water was prepared and mixed with a solution of 200 mM tris(3-
hydroxypropyltriazolylmethyl)amine (THPTA) in Milli-Q water
(200 mL) in a ratio of 1:1 (v/v). The THPTA solution was aliquoted
(100 mL/aliquot) and stored at —20°C. 12.5 equiv. of 10 mM biotin-
PEG4-azide were dissolved in 10% DMSO (and 90% water). To this
solution, 25 equiv. of THPTA/CuSO, solution was added together
with 25 equiv. to ~1 mg of the purified alkyne-containing peptide.
After vortexing, 40 equiv. of 100 MM sodium ascorbate in water
was added to initiate the biotin click reaction (stirring RT for
~30 min). The solution was purified using a 0.3 mL/min gradient on
RP-HPLC.

Serum samples: Informed consent was obtained from all partic-
ipants before serum samples were collected. Human serum
collection was approved by Uppsala (healthy donors, DNR
2018/206) and Stockholm (SLE patients pre-COVID, DNR 2015/2001-
31/2) regional ethical committees. Serological lateral flow fast tests
were performed using the COVID-19 IgG/IgM rapid test cassette
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(Zhejiang Orient Gene Biotech Co Ltd, Huzhou, Zhejiang, China)
according to the manufacturer’s instructions (not done on pre-
COVID samples). All samples for our work were anonymous.

In-house SARS-COV-2 peptide EILISA: Pierce™ streptavidin-coated
high capacity 96-well plates (Fischer Scientific, 15500) were pre-
washed with 3 x 300 pL coating buffer (PBS; 0.01 M phosphate,
0.154 M NaCl supplied with 0.05% Tween 20). Biotinylated peptides
and biotinylated RBD were dissolved in a coating buffer to a
concentration of 5pg/mL. 100 uL was added to most wells,
whereas other wells were subjected to antigen-free coating buffer
to serve as controls for nonspecific binding. The plates were
incubated overnight at 4°C. The wells were washed three times
with ELISA wash buffer (Invitrogen) 300 pL/well and blocked with
300 pL/well Pierce™ Protein-Free T20 for 30 min at room temper-
ature. The wells were emptied from the buffer. Serum samples and
serum control samples were diluted 1:100 in blocking buffer and
directly added to the plate (100 pL/well). The plates were incubated
at 37°C for 60 min. The wells were washed four times and
incubated with goat-anti-human antibody-HRP conjugate in block-
ing buffer (1:5000, 100 pL/well) for 30 min at 37 °C. Following four
washes, 100 pL/well of TMB substrate was added and the plates
were incubated in the dark at RT for 15 min. The enzymatic reaction
was quenched using 100 pL/well of ELISA stop solution and
absorbance at 450 nm was read immediately on a Varioskan
spectrophotometer.

Human SARS-COV-2 spike (trimer) Ig total ELISA: All serum
samples were subjected to a commercial SARS-CoV-2 Ig ELISA;
human SARS-CoV-2 spike (trimer) Ig total ELISA Kit (Invitrogen,
BMS2323). The ELISA plate was washed 2 times in 1x wash buffer
and 90 pL 1x assay buffer was added to all wells except blanks
(100 pL) and standards (0 pL). 100 pL of standard samples at 40000,
10000, and 2500 U/mL were added to control wells. Serum samples
were diluted in 1x Assay buffer to a concentration of 1:100 and
10 pL of each sample was added to all wells (except those for
blanks and standards). The plate was incubated at 37 °C for 30 min
and washed three times with 1x wash buffer. HRP-conjugate
(100 pL/well) was added and incubated at 37 °C for 30 min. All wells
were washed three times and 100 plL/well of substrate solution was
added and incubated for 15 min at RT. Stop solution (100 pL/well)
was added and absorbance was read at wavelength 450 nm on a
Varioskan spectrophotometer. In the human SARS-CoV-2 spike
trimer ELISA, sample absorbance was compared qualitatively to the
10000 U/mL standard (Absorbance sample/Absorbance 10000 U/mL
calibrator). According to the kit protocol, ratios >1.3 were
determined positive, 1-1.3 undetermined and ratios < 1 negative.
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