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S| Materials and Methods

Generation of S Protein Epitopes Single-Display Phage Particles. To generate
single-display phage constructs, we used the fd-tet-derived vector f88-4 containing a
recombinant gene VIII (GenBank Accession Number: AF218363.1). Single colonies
were selected on Luria-Bertani (LB) agar plates with tetracycline (40 ug/mL) and cultured
overnight (ON). Each plasmid DNA was isolated by plasmid purification (Qiagen). Next,
annealed oligonucleotides encoding for each of the six selected epitopes: epitope 1: FOR
5AGCTTTGCCTGTCCGTTCGGCGAAGTGTTCAACGCGACCCGCTTCGCGAGCGTG
TATGCGTGGAACCGCAAACGCATCAGCAACTGTCCTGCA 3, REV &
GGACAGTTGCTGATGCGTTTGCGGTTCCACGCATACACGCTCGCGAAGCGGGTCG
CGTTGAACACTTCGCCGAACGGACAGGCAA 3’; epitope 2: FOR &5’
AGCTTTGCCTGTTATGGCGTGAGCCCGACCAAACTGAACGATCTGTGTCCTGCA 3,
REV 5 GGACACAGATCGTTCAGTTTGGTCGGGCTCACGCCATAACAGGCAA 3;;
epitope 3: FOR 5 AGCTTTGCCTGTAACGGCGTGGAAGGCTTCAACTGTCCTGCA 3,
REV 5 GGACAGTTGAAGCCTTCCACGCCGTTACAGGCAA 3’; epitope 4: FOR &
AGCTTTGCCTGTGATATCCCGATCGGCGCGGGCATCTGTCCTGCA 3, REV &
GGACAGATGCCCGCGCCGATCGGGATATCACAGGCAA 3’; epitope 5: FOR 5
AGCTTTGCCTGTACCATGTATATCTGTGGCGATAGCACCGAATGTAG 3, REV &’
CAACCTGCTGCTGCAGTATGGCAGCTTCTGTCCTGCA 3’; epitope 6: FOR 5°
GGACAGAAGATCGCCACAGATATACATGGTACAGGCAA 3, REV 5
AGCTTTGCCTGTGTGCTGGGCCAGAGCAAACGCGTGGATTTCTGTCC 3’ were
mixed at equimolar ratio and annealed using a thermocycler (93°C for 3 min, 80°C for 20
min, 75°C for 20 min, 70°C for 20 min, 65°C for 20 min, 40°C for 60 min). The f88-4
plasmid was digested with Hindlll and Pstl restriction endonucleases and ligated with the
annealed double-stranded oligonucleotides as described (1, 2). Each ligation product
was electroporated into electrocompetent DH5a E.coli. Sequence-verified individual
clones were used to infect K91kan E.coli. Phage and AAVP particles were cultured in LB
media containing 1 mM IPTG, tetracycline (40 pg/mL), and kanamycin (100 ug/mL), and
were purified by polyethylene glycol (PEG)-NaCl precipitation method (3). Titration of
single-display phage and AAVP particles was carried out by infection of host bacterial

cells K91kan E. coli for colony counting and represented as transducing units (TU/uL).



Generation of Dual-Display Phage Particles. To produce phage particles
simultaneously displaying SARS-CoV-2 S protein epitope 4 (aa 662 to 671) on rpVllI
protein and the lung targeting peptide CAKSMGDIVC on plll protein, we fused the
single-display phage constructs (described above) and the fUSE55 genome tocreate a
chimeric vector. The f88-4 vector-derived DNA fragment containing the rpVIll gene was
inserted into the fUSES5 phage vector by double digestion of both vectors with Xbal and
BamHI restriction enzymes at 37°C, 4 h. After incubation, DNA fragments were loaded
onto an agarose gel (0.8%, wt/vol). Under an ultraviolet transilluminator, the 3,925 bp
fUSES5 DNA fragment and the 5,402 bp f88-4 DNA fragment containing epitope 4 in-
frame with the rpVIll gene were excised. Fifty nanograms (ng) of the fUSE55 DNA
fragments were ligated to 68.8 ng of the f88-4 DNA fragment with T4 DNA ligase (1U) in
a final volume of 20 pL, ON at 16°C for 16 h. An aliquot of the ligation reaction was
transformed into electrocompetent DH5a E.coliand plated onto LB agar plates
containing 40 pg/mL of tetracycline. Positive clones were verified by DNA sequencing
analysis and the plasmid containing the chimeric vector was purified with a QlAprep Spin
Miniprep kit (Qiagen). The chimeric vector containing the f88-4 epitope 4 (aa 662 to 671)
and fUSES5 was then digested with Sfil at 50°C for 4 h. The digested chimera was
ligated to annealed oligonucleotides encoding the CAKSMGDIVC peptide into the
fUSESS5 plll gene to generate the dual-display phage vector. The titration of dual-display

phage particles was carried out by infection of host bacterial cells K91kan E.coli.

Genetic Engineering and Production of RGD-4C-AAVP S and RGD-4C-AAVP S-null
Particles. The 3,820 kb SARS-CoV-2 spike glycoprotein (S) coding sequence (Genbank
Accession number NC_045512.2) was synthesized at GeneWiz (South Plainfield, NJ)
with modifications to simplify subcloning into the RGD-4C-AAVP-TNF genome. The
single EcoRl site in the SARS-CoV-2 S glycoprotein gene at 1378-1380 was deleted by
changing the nucleotide sequence in the wobble position from “aat to aac”. The
corresponding asparagine, N, residue in the SARS-CoV-2 Spike glycoprotein at position
436 was unchanged. The EcoRI restriction site of RGD-4C-AAVP-TNF at 829 bp was
deleted by substituting the thymidine nucleotide at position 833 to cytosine (Q5
mutagenesis site-directed mutagenesis kit, New England Biolabs, Ipswich, MA), which
changed the translated N residue at position 200 in the tetracycline resistance gene to
an aspartic acid residue. Positive RGD-4C-AAVP-TNFAEcoRI829/MC1061 F clones

containing a unique EcoRI site at 10,191 kb were verified by EcoRI restriction mapping



of purified dsDNA (Invitrogen PureLink HiPure Plasmid MidiPrep kit, Thermo Fisher
Scientific) sequenced with overlapping sense and antisense primers by Sanger
sequencing (SeqStudio, Thermo Fisher Scientific) using the BigDye Terminator v.3.1
Cycle Sequencing and XTerminator Purification kits (Applied Biosystems, Thermo Fisher
Scientific) and analyzed by sequence alignment using SnapGene software (GSL
Biotech, San Diego, CA). The 69-nucleotide sequence of the upstream human interferon
leader sequence and the 19-nucleotide sequence of the downstream poly A region in
RGD-4C-AAVP-TNF were added to the 5 or 3’ ends, respectively, of the synthetic CoV-
2 SAEcoRI gene to produce a 3,909 kb modified CoV-2 S gene that was subcloned into
the EcoRl and Sall restriction sites of pUC57/AmpR at GeneWiz. The modified, synthetic
CoV-2 S gene was ligated into the EcoRl/Sall sites of dephosphorylated, gel-purified,
RGD-4C-AAVPAECcoRI829 digested with EcoRI-HF and Sall-HF (New England Biolabs)
using a 1:3 vector:insert ratio and a vector mass of 15 ng. Ligation products were
transformed into animal-free, electrocompetent MC1061 F~ E. coli and plated onto
animal-free, Lennox LB agar, pH 7.2 (US Biologicals, Salem, MA) plates containing 100
pa/mL streptomycin (VWR, Radnor, PA) and 40 ug/mL tetracycline (Gold Biotechnology,
Inc., St. Louis, MO). Positive clones were verified by restriction mapping of purified
dsDNA from selected transformed colonies. The 5’ and 3’ ends of the CoV-2 S gene
were verified by Sanger sequencing as described above using the following primers:
FOR 5 GTGGATAGCGGTTTGACTCAC 3 and REV &’
TGGTCCCAGAGACATGTATAGCATGG 3’ to produce a 1,058 kb PCR product and
FOR 5 AGGGCTGTTGTTCTTGTGGATCC 3’ and REV 5’
GGACACCTAGTCAGACAAAATGATGC 3’ to produce a 268 bp PCR product,
respectively. The 84 bp transgene null sequence (TGN) containing the upstream AAVP
human interferon leader sequence and ends with a TGA stop codon was synthesized as
a 134 bp dsDNA G-block (Integrated DNA Technologies, San Diego, CA). The synthetic
TGN sequence was PCR-amplified using the following primers: FOR: 5’
CGAATTGGGATCCGAGCATCG 3 and REV 5 ATCGAGGCAAGCTTCTGCAG 3,
digested with EcoRI-HF and Sall-HF (New England Biolabs), purified (Invitrogen
PureLink Quick Gel Extraction and PCR Purification Combo Kit, Thermo Fisher
Scientific), subcloned into dephosphorylated, gel-purified RGD-4C-AAVP-
TNFAECcoRI830 digested with the same restriction enzymes, and transformed into
animal-free, electrocompetent MC1061 F~ bacteria as described above. Single

transformed colonies were screened by colony PCR (DreamTaq Polymerase, Thermo



Fisher Scientific) using the following primers: FOR 5 GTGGATAGCGGTTTGACTCAC 3’
and REV 5 GGACACCTAGTCAGACAAAATGATGC 3’ to identify the TGN sequence as
a 963 bp PCR product (Invitrogen E-gel, Thermo Fisher Scientific). Putative positive
RGD-4C-AAVP-transgene null phage (AAVP S-null) were verified by restriction mapping
and Sanger sequencing in both directions as described above. A single transformed
RGD-4C AAVP S/IMC1061 F or RGD-4C AAVP S-null/MC1061 F colony was used to
inoculate 10 mL each of animal-free LB Broth, pH 7.4 (US Biologicals) containing 100
pg/mL streptomycin and 40 ug/mL tetracycline and grown to mid-log phase at 37 °C and
250 rpm in the dark. One milliliter of each mid-log phase pre-culture was used to
inoculate 750 mL of animal-free LB Broth, pH 7.4 containing 100 ug/mL streptomycin
and 40 ug/mL tetracycline in a sterile, 2 L shaker baffle flask for phage amplification at
30 °C, 250 rpm for 20 hours in the dark. Phage were precipitated twice with 15% (v/v)
sterile 16.7% PEG 8000 (Sigma, St. Louis)/3.3 M NaCl (Fisher Scientific, Waltham, MA).
The final phage pellet was resuspended in 1.0 mL sterile phosphate-buffered saline, pH
7.4 (Gibco, Thermo Fisher Scientific), centrifuged to remove residual bacterial debris
and filter sterilized through a 0.2 ym syringe filter (MilliporeSigma, Burlington, MA).
Infective phage titers (transforming units (TU)/uL) were determined by infecting K91 E.
coli grown in animal-free terrific broth (US Biologicals) containing 100 ug kanamycin
sulfate (Gold Biotechnology, Inc.) with 1x107, 1x108 or 1x10° diluted phage, plating the
infected bacteria onto animal-free LB agar plates containing 100 pg/mL kanamycin
sulfate and 40 pg/mL tetracycline and counting bacterial colonies the following day.
Phage genome copy number/uL was quantified by TagMan gPCR

(QuantStudio™ 7, Thermo Fisher Scientific) using the gPhage FOR 5’
TGAGGTGGTATCGGCAATGA 3, REV 5 GGATGCTGTATTTAGGCCGTTT 3’ primers
(Invitrogen) (5) and the TagMan® probe: 5 VIC-TGCCGCGACAGCC-MGBNFQ (SEQ
ID NO: 107) (Applied Biosystems, Thermo Fisher Scientific) using the TagMan® Fast
Advanced Master Mix (Applied Biosystems) which produced an 85 bp amplicon.

Immunization Studies in Mice

To overcome the inherent variability associated with the immune response of the host,
we tested the immunization schedules in an outbred strain (Swiss Webster) along with
an inbred strain (BALB/c H-2°). Swiss Webster or BALB/C mice were randomized in
groups of 3 to 12 animals as indicated. Group size was calculated based on statistical
considerations for statistical significance. The animals were inoculated with 10° TU
phage or AAVP particles IP, IV, IT or SC. For SC injections, 10° TU of either phage or



AAVP particles were administered with 100 pL on the front and hind limbs, and behind
the neck (~ 20 uL per site). For IT vaccination, 10° TU of single-, dual-display phage
particles or negative control insertless phage particles were administered in two serial
doses in 50 pL of PBS with a MicroSprayer® Aerosolizer coupled to a high-pressure
syringe (Penn-Century) and a small animal laryngoscope (Penn-Century). To evaluate
long-term antibody production, we administered a third dose 21 weeks following the first
immunization. The devices were used to administer air-free liquid aerosol directly into
the trachea of animals deeply anesthetized with 1% isoflurane (6). For the tail vein blood
collections, mice were locally anesthetized with a topic solution. On day zero, blood
samples were collected for the baseline, followed by consecutive blood collection every
1-2 weeks post-immunization. Endotoxin removal was performed for each phage or
AAVP particles preparation prior to administration of each dose, regardless of the route
of administration. Purified phage or AAVP particles containing endotoxin was mixed with
10%Triton X-114 in endotoxin-free water, incubated on ice for 10 min, warmed to 37°C
degrees for 10 min followed by separation of the Triton X-114 phase by centrifugation at
14,000 rpm for 1 min. The upper aqueous phase containing phage or AAVP was
withdrawn into a sterile microcentrifuge tube. Such process was repeated from 3-5 times
followed by PEG-NaCl precipitation. Resuspended phage or AAVP were sterile-filtered
through 0.2 um (Pall Corporation) syringe filters. The levels of endotoxin were measured
by using the Limulus Amebocyte Lysate (LAL) Kinetic- QCL kit (Lonza). Phage or AAVP

preparations containing endotoxin levels < 0.05 EU/mL were used in this study.
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Fig S1. S protein epitope mapping from peer-reviewed publications. Primary sequence representation of
immunogenic regions of SARS-CoV-2 S protein spanning S1 and S2 subunits identified by B-cells, T-cells, and
antibody screenings on patients with COVID-19 (also listed in Table S1). Five of the six structure-guided epitopes
displayed on the rpVIIl protein with full- or partial-sequence overlap with other epitope mapping studies are
highlighted (orange). Sequences overlapping with epitope 6 (aa 1,032 to 1,043) have not been found in
previous reports.
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Fig S2. The single- and dual-display phage particles cloning strategy. To generate the single-display phage
particles, the f88-4 phage vector was used. This vector contains two genes encoding for the major capsid protein
pVIlI: the wild-type (pVIIl, depicted in grey) and the recombinant (rpVIIl, depicted in green). rpVIll contains a foreign
DNA insert between the Hindlll and Pstl cloning site, which allows the cloning of annealed oligonucleotides
encoding the S protein epitopes in frame with the rpVIIl gene. For the dual-display phage particles, the 88-4
vector containing the epitope 4 (CDIPIGAGIC) and the fUSE55 phage vector are digested with BamHI and Xbal
restriction enzymes. The digestion products are then purified and fused according to a standard ligation protocol.
The result is a chimeric vector (f88-4/fUSE55). Next, oligonucleotide encoding for the CAKSMGDIVC targeting
motif was cloned within the Sfil restriction site of the plll gene (plll, depicted in light blue), generating the dual-
display phage vector, which contains epitope 4 on the rpVIIl protein and the CAKSMGDIVC motif on the plll
protein. Both, single- or dual-display phage particle vectors were used to transform electrocompetent DH5a E. coli.
Phage particles were produced in k91Kan E. coli. TetR, tetracycline resistance gene.
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Fig S3. Second set of 1 microsecond explicit-solvent simulations of S protein epitopes. (A) rmsd from the
S protein conformation for each epitope within the S1 subunit: epitope 1 (aa 336 to 361), epitope 2 (aa 379 to 391),
epitope 3 (aa 480 to 488), and epitope 4 (aa 662 to 671). Epitope 4 samples the lowest rmsd (~2 A) among all the
epitopes. (B) Probability as a function of rmsd shows that epitope 4 is most likely to sample conformations similar
(rmsd ~2.5 A) to the full-length S protein conformation. (C) rmsd as a function of time for the epitopes within the
S2 subunit: epitope 5 (aa 738 to 760) and epitope 6 (aa 1,032 to 1,043). Both S2 subunit epitopes maintain large

rmsd values during the simulations (D).

10



5
Boost )
o v v Dual-display phage
22 (Epitope 4 & CAKSMGDIVC)
® S o o s
;5_\;1 . oee Single-display phage
2% .. . (Epitope 4)
£= -
o M Insertless phage
5 818 22 5 8 18 22 5 8 18 22
Time (weeks)
B 5 -
* *% *%% *X¥

4
% ~ . . = o
gg’ T | o e m Dual-display phage
_g - 3 4 =1 | ° (Epitope 4 & CAKSMGDIVC)
gt} - ‘
5 = Single-display phage

2 - |"| N (Epitope 4)

1

1 2 3

Time (weeks)

Fig S4. Immunogenicity of S protein epitopes on single- and dual-display phage particles. Five-week-old female
BALB/c mice were immunized via IT route with 10° TU of epitope 4/CAKSMGDIVC dual-display phage particles, epitope 4
single-display phage particles, or the control insertless phage. (A) S protein-specific IgG antibodies were analyzed in
sera of mice after 5, 8, and 18 weeks by ELISA to evaluate the long-term specific immune response (n=5 mice per
group). An additional boost was administered at week 21 and the antibody response was evaluated at week 22. (B)
Phage-specific 1IgG antibody response in the sera of mice immunized with single- and dual-display phage particles
(n=10 mice per group). Data represent + SEM (*P< 0.05, **P< 0.01, ***P< 0.001).
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Table S1: Cross-reference analysis of epitope mapping of immunogenic regions of
SARS-CoV-2 S protein.

Authors Title Residues
209-226
Linear B-cell epitopes in the spike and nucleocapsid
Amrun et al. . 553-570
proteins as markers of SARS-CoV-2 exposure and
(7) _ _ 769-786
disease severity
809-826
Poh et al. Two linear epitopes on the SARS-CoV-2 spike protein 553-570
(8) that elicit neutralising antibodies in COVID-19 patients 809-826
N : : . : 655-672
Farrera-Soler et al. Identification of immunodominant linear epitopes from 287892
(9) SARS-CoV-2 patient plasma
1147-1158
553-564
577-588
595-612
Li et al. Linear epitopes of SARS-CoV-2 spike protein elicit 625642
(10) neutralizing antibodies in COVID-19 patients
661-684
764-829
1148-1159
Noy-Paratetal. A panel of human neutralizing mAbs targeting SARS- 369386
(11) CoV-2 spike at multiple epitopes
166-180
Broad and strong memory CD4+ and CD8+ T cells
Peng et al. . . o 751-765
induced by SARS-CoV-2 in UK convalescent individuals
(12) 801-815
following COVID-19
866—-880
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Shrock et al. Viral epitope profiling of COVID-19 patients reveals

(13) cross-reactivity and correlates of severity

406—417*
414427
418-430*
424-428*
438-448*
454-463
459-467*
478-488*
504-507*
514-518*
551-570
766—-785
811-830
1144-1163

Zhang et al. Mining of epitopes on spike protein of SARS-CoV-2 from
(14) COVID-19 patients

21-45
221-245
261-285
330-349
370-394
375-394
405-469
450-469
480499
495-521

522-646**
902-926

Note: All amino acid ranges aligned to Wuhan-Hu-1 strain (GenBank Accession number:

NC_045512.2).
* Extrapolated from Shrock et al. Fig. 7 since not explicitly stated in text.
** Not included in Fig. S1.
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