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Abstract

Several endemic corona viruses (€CoVs) have been reported to be the most common etiologic agents for the seasonal common
cold and also cause pneumonia. These eCoVs share extensive sequence homology with SARS-CoV-2, and immune responses
to eCoVs can cross-react with SARS-CoV-2 antigens. Based on such cross-reactivity of antigens among eCoVs, the IgG
antibodies against the spike protein (SP) of severe acute respiratory syndrome coronavirus (SARS-CoV) were isolated from
pig serum using magnetic beads immobilized with SARS-CoV SP and a protein-A column. The selectivity of the isolated
antibodies was tested using different types of antigens, such as SARS-CoV-2 nucleoprotein (NP), influenza A virus (Beijing
type), influenza B virus (Tokio and Florida types), human hepatitis B virus surface antigen (HBsAg), and bovine serum
albumin (BSA). From the selectivity test, the anti-SP antibodies isolated from pig serum had sufficient selectivity to other
kinds of viral antigens, and the apparent binding constant of the isolated antibodies was approximately 1.5x 107 M from
the surface plasmon resonance (SPR) measurements. Finally, the isolated anti-SP antibodies were applied to the immunoas-
say of SP using competitive immunoassay configuration. The feasibility of the detection as well as the quantitative analysis
of the SARS-CoV viral culture fluid was determined using four viral culture samples, namely, SARS-CoV, SARS-CoV-2,
MERS-CoV, and CoV-229E.
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1 Introduction

Humans are reported to be infected by alpha- and beta-
coronaviruses (CoVs). Especially, beta-CoVs have caused
acute respiratory diseases, such SARS-CoV-2, SARS-CoV,
MERS-CoV [1-3]. Usually, the different human CoVs,
such as CoV strains of OC43, HKU1, NL63, CoV-229E
are known to be among the most common etiologic agents
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for the seasonal common cold and also cause pneumonia
[4, 5]. Such endemic CoVs (eCoVs) have been reported to
share extensive sequence homology with SARS-CoV-2, and
immune responses to eCoVs can cross-react with SARS-
CoV-2 antigens [6-10]. Recently, the anti-SARS-CoV-2
nucleoprotein (NP) was isolated from pig serum using
human NP immobilized on microbeads [11-14]. Isolating
the anti-NP antibodies from pig serum was considered feasi-
ble based on the similarity in amino acid sequences between
human NP and the NPs of other CoVs. From such homol-
ogy in amino acid sequences, the isolated anti-NP antibodies
could specifically detect NPs, and the viral culture of SARS-
CoV-2 could be distinguished from those of SARS-CoV,
MERS-CoV, and CoV-229E. In this work, anti-SARS-CoV
spike protein (SP) antibodies were isolated from pig serum
based on such cross-reactivity of antigens among eCoVs
using human SP.

This work aimed to isolate antibodies against SARS-
CoV SP from pig serum. Among four major structural pro-
teins from the CoV genome such as SP, envelope protein,
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membrane protein, and NP [15], the SARS-CoV SP is a
large protein with a molecular weight of 139.1 kDa, which
is composed of 1,255 amino acids. The SP is classified as
a group of class I viral fusion glycoproteins, and most of
the protein appears on the viral surface. The SARS-CoV SP
is known to be composed of two subunits: the S1 subunit
recognizes and binds to the angiotensin-converting enzyme
2 (ACE2) receptor and the S2 subunit mediates the fusion
of host and viral membranes [16]. From such reasons, the
SARS-CoV SP has been chosen as an important target for
vaccines which induce the production of antibodies to block
binding as well as fusion of CoVs into host cells. [17, 18].

Table 1 Homology analysis of SP with other CoV strains

Virus species CoV type Similarity (%) Identity (%)

SARS-CoV vs. PEDV Alpha 52 35

SARS-CoV vs. TGEV Alpha 48 31

SARS-CoV vs. PHEV Beta 54 37

SARS-CoV vs. SARS- Beta 86 76
CoV-2

SARS-CoV vs. MERS-CoV Beta 51 35

SARS-CoV vs. CoV-229E  Beta 51 35

PEDV porcine epidemic diarrhea virus, TGEV porcine transmissible
gastroenteritis virus, PHEV porcine hemagglutinating encephalomy-
elitis virus

The feasibility of isolating anti-SP antibodies was also
considered on the basis of the homology of amino acid
sequences between human SP and the SP of other CoVs
[19]. For example, pigs have been reported to be infected
by alpha- and beta-CoVs [20], such as the porcine epidemic
diarrhea virus (PEDV; alpha-CoV), transmissible gastroen-
teritis virus (TGEV; alpha-CoV), and porcine hemaggluti-
nating encephalomyelitis virus (PHEV; beta-CoV) [1, 21].
As the first step, the amino acid homology between SARS-
CoV SP and several kinds of porcine CoVs SP that infected
pigs was analyzed in comparison with PEDV (alpha-CoV),
TGEV (alpha-CoV), and PHEV (Beta-CoV) using the Basic
Local Alignment Search Tool (BLAST, https://blast.ncbi.
nlm.nih.gov). As summarized in Table 1, the SP from these
CoV strains had a high identity and similarity in amino acid
sequences compared to SARS-CoV SP. The SP from PHEV
(beta-CoV) with 1349 amino acid residues was found to have
37% identity and 54% similarity to SARS-CoV SP (Table 2).
The other two pig-infecting alpha-CoVs were found to have
SPs with an identity and similarity of 31% and 48% for
TGEV (Table 3) and 35% and 52% for PEDV (Table 4),
respectively. This sequence analysis demonstrates the highly
homologous amino acid sequences of SPs between porcine
CoVs and SARS-CoV [1, 22].

In this work, the isolation of anti-SP antibodies from pig
serum was performed using magnetic beads immobilized
with human SP. The selectivity to SP and specific binding

Table 2 Homology analysis of amino acid sequences of SP between SARS-CoV and porcine hemagglutinating encephalomyelitis virus (PHEV)

Residue

Virus species Sequence
P number q
SARS-CoV 1 WEE R ¥or- BNy oHTSSMRGVYYPDEI| RSET! EroD@r@erfisn @ruTifH----------- - F‘F
PHEV 1 W3- M WDTGV)FS T SEVVD--VTINGLGTF, VLR MENTTHLENGNYP  [@ATF! VALKGTRLLSTLW P
SARS-CoV 85 FRATEKBNVV G-—------- WV INN - m - E § NErravske! @§THT! 1FDNAFNC) FEfTSD
PHEV 102 -BKVKNERFS| HGVIYSEFPAITI KPH FINGNLQGF Q T [ YOTICHPN [@N@RIE WHHDTDVV: CLM-RRN]
SARS-CoV 172 SEKSGNFKHLRE K kD@ KGYQPIDVVRDLP N[ INTRAFLTAFS QDIWGTSA BzrTTR @< BenET) 7ol
PHEV 204 |YNADYL------ ¥ EGTF —————————— TVIH YV PLTCDSL------ SLE| BrTROE @A BoDEV ! YHE
SARS-CoV 276 SvKErEIDKE FoTSN S D N 8prcEVEYATKEEGVY KI vapysvlynsTErs B@ve s @vo 8
PHEV 285 S| KTSEITPPTlEg MELNG T YR —DIEAWLSKTVSPLN NENMGREMSF IQAD. [§GI@INN 1Nl
SARS-CoV 379 [@sn yaRsEv kGpDVRQ A0 v AaD SEE§ PDDEMGEVEANTRNIDA  STGNIERYKYRY LEHEK R-—---—————mm oo mmmm oo
PHEV 388 [§GS! TIBK@A PNSRKVD QVEK €Y 0S DTAVSSEOMY 'SLPAANV. -VTHM@YPSSWN F NQSFGSRGLHDAVYSQQCFNTPNTYCPCRTSQCI
SARS-CoV 450 PFERDISNgPFSPD PPALNCYWELNDYE v THGIG
PHEV 491 Y=DDCS| cK------] JFOAFIE S EW--C
SARS-CoV 491 v@pv@vv LSFE --p Y] GP - ——SRDl IKNQ) Bre-sskr P FG DFTDSVEBPK SEIL 2rECiEv TP T
PHEV 580 LGNGCN (FANF MNDVNS @] OQGNEN TTD €0 WIEVNATY S LYBSEGNLYGFRB YL NRTF1 vSigrRigEA FH -
SARS-CoV 589 N QDN STATHA TPAWRIYSTGN BenvDTE--vERE P 7777777 s1valTMsflca
PHEV 682 RN K| FNYTILR® Q----—--— BynnTaABAVSTEE T g RRSFTTGYRFTNFEP AAN@VN
SARS-CoV 684 IAY-SNNTH fs1TTE T DO SG AAEQBRNTREFFAQ KEMYKEP LF
PHEV 775 EPVGGLYEN BGN LER T DCEW IE NELLTTQLOWANS  M-NGVEL - Tl I FiNg
SARS-CoV 785 d0 @----p PL P TEDLLERKVEL D 1T Lvs[ i ATAGH GAALOl B
PHEV 878 WGCLGS “CNL AT g x| 1 MSEATA  LFPP| A ----C l§
SARS-CoV 880 ) K [
PHEV 978 L 2
SARS-CoV 984 QERNETT HEGKA-Y
PHEV 1082 F YAy K YVTAKVS| T DIEIS
SARS-CoV 1087 [orN SEQTHET SGNEDfVIGI INNT YDPLQEDS BeovElcpIsciAl v N §«E oiE Q Q
PHEV 1186 @GSG YEPQN MS T@ANN Y TKAPDL LNTSTIEN] SN0 Srappis-FDYEYv F D §DE NjSd
SARS-CoV 1191 W TII) GACS sEckrpEDDSERY Bev LEET
PHEV 1289 M FF- GT - - -K(eleG®F DDY TGHOEFIY TS D--D

“EIEERNE: Completely matched sequence
: Sequence with similar property
Dash line: gap to fill out unmatched sequence
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Table 3 Homology analysis of amino acid sequences of SP between SARS-CoV and porcine transmissible gastroenteritis virus (TGEV)

. . Residue
Virus species Sequence
number
SARS-CoV 1 N---§ @ FlTRTS@SDLDRE T--—--—————————-] BoDovoaPNYTOH! sSREVE BpE----- lo LFLPF SNVIGFHR I B TGN
TGEV 1 KK V. PMIY[EDNFP-[8 KLTNRTIGNQWNLIETELLNYSSRLPPN: DV TVQPWFNCI NDN Bl NLKAL | DYABEN IJWBRORLN|
SARS-CoV 80 | —-p KDGHMYFAAREKSY W F-—— - TMNNK: OBV T NS - - TV e v
TGEV 104 | /VNG PYSHTVTTIRNE] SAE A ICICKESPPTTT ERS WGSECRLNHKFPICPSNSE CGNMLYGLQWFADEVVAYLHGASYRISFENQWSGTVTFGD
SARS-CoV 124 CNF —————————————————————————————————————— (METOTHTMIBDNA -~~~ -=—=—===—=====~~ T-——-- FENERS
TGEV 208 ATTL AGTLVDLWWF DVSYYRV‘NNKNGTTVVSNCTDQCASYVANVFT Q GEFIPSDFS LLTNSSTLVSGKLVTKQPLLVR®LWPVPSHAEAA
SARS-CoV 165 De————mmm e D-——————— - - -EKSGNRKHL, RKNK|B G P-- DV RDMESGENT
TGEV 312 STFCFEGAGFDQCNGAVLNNTVDVIRFNLNFTTNVQSGKGAT INTTGGVTLE, BCYTVSDSSEFSYG] IPGVT HM GTA KY| GTI§PSVKE
SARS-CoV 216 KPIFKLPL TNRAILTAFSPAQD-IWETH VIS TF‘ KYD DAVDE NFR - PSGDIAURFIEN T
TGEV 416 AISKWGHFYMNGYNIFSTFPIDCISENLTT MTS YR KVTY[ GLVNKSIYLLIES -
SARS-CoV 318 TNLCPFGEVENATKFPSVMAWERKKM NC STEFEMNFKCYG (SATK-—-=—==——==—-——~ ADS)g RQIAPGQTGVIADY
TGEV 417 —mmmmmmmmmmm FMTHTIVNY IG - MKRSGYGQPIAEBNLSNIT PMODHNTDVYCIRSDQFSVY HST| DN I|§KRNCT[Y~—----=----—---
SARS-CoV 406 TGNYNYKYRYL e E 1 PRsPDGKPC J@pl I8Y P NDYGFYJTTG GYQPMR VVLSFE NABATVC
TGEV 490 —————————— AV - ——————— TE- c SFRKLYNY TENKFCLSL KD AAR-TRENEQ VRSLJV YEEGDN ' GVI§SDNS
SARS-CoV 508 [€p Ls DEIKNO@VN TP /S RFQPFQQ GRDVSEFTDSV  DPKTSEWLD AFG VSV TPENASSEVA LYQD NCHDV-TATHADQLg
TGEV 574 [gV DL HLDS@TD IY RQUN:TLLSGLY TSLSGE-LLGF:NVSDGVMY S|/ |J8DVS QAA /I IVGAITS NSEL! GLI{HW |
SARS-CoV 612 B2 RIFErcNvEQTO fcAEE@NTSYECDIPIG ASYH TT
TGEV 671  JgNYYMST VY TNDRT MDSNDUBCEPVIT-YSNI[g [@KNGA | Y OYTTPV]
SARS-CoV 716 GDSTE] GIBAEQDRNTRE|[FAQVKEM============————————— KTPTLK FGEFNFSQISREDP- Lt
TGEV 762 INGNP AMGIARLENMEVDS) LEVSE| ALKLASVEAFNSSETLDPIYKE  PNIGGS| LE[g--LKYMSBESHNS
SARS-CoV 798 &Y TLAD. GE Eo1na P LTDBEM A VSETrAT AY Gic T
TGEV 864 BDRYVTSGL T DE GYDIA G| ANARK T SWAGETTL| —AL LY
SARS-CoV 901 TN N0 T REN Fe
TGEV 965 48 S HIRT ONNE3O
SARS-CoV 991 FLEvTY [ OERNFETARE [¥8H- [E@xAvgP----—-- REG| [JVFNGTS T BNE - sEo
TGEV 1069 € WFETVL g AYETVMAW)g MEAS [E@DRT) GLWKDVQLT RNLDDK RTM QR
SARS-CoV 1088 I Dl O 'L----D FK-Efl K FKY DLG 1SGIA vV B RANE - -
TGEV 1173 N SLPS Il YIDINQ VO I /N RPN F-jB--TFN v 1 1Dy EFRSEKLHNTTVELAI ID
SARS-CoV 1172 [oElG v@d GFI T| K—— E PNk HYT
TGEV 1272  WEWEN: TT) L--1| FC P FC Eriecclecilesic) Iy ERW --H

*EIEISEPERE: Completely matched sequence
: Sequence with similar property
Dash line: gap to fill out unmatched sequence

Table 4 Homology analysis of amino acid sequences of SP between SARS-CoV and porcine epidemic diarrhea virus (PEDV)

. . Residue
Virus species Sequence
number
SARS-CoV 1 @FIFiL------- SGSi T/IFD----——--- D YTQHTSS BoErrRED ML--—--—-—- TQD,
PEDV 1 MRSL YFWLLLPVLP LPOW TIREO TTNFRRFFSKFN|{YONEAVV-———— J3SM--N| CGTGIETASGVHG,
SARS-CoV 71 mm e NHTFGNPVIPRE jiv FAAT  KSN| VRGHEF] SMN qsosvil 1Ns| | VIAC F-——
PEDV 98 SGYQLYLHKATNGNTNAIARLRICQFPDNKTLGPT NDVTTGRNCL|ZNK: MPAYMR  GKD | -—--| NIDRVTVFADQT YHFY | KNDW TRCYRYRRSC
SARS-CoV 120 e PFFl S
PEDV 198 AMQYVYTPTYYMLNVTSAGEDGIYYEPCTANCTGYAANVFATDSNGHIPEGFSFNNWFLLSNDSTLLHGKVVSNQP CLLI} PITY]
SARS-CoV 150 F-Y SD.FS BVSEKSGNEKHLREF] RDLPSGFNTLKPi#EK [RMEINITN RAIMTAF: PAQDI| GT] AAY TF-
PEDV 249 MG CN AA |BRAPEALRENINDTS| SEMJC--SNSSDPHLASA |JMEATEVP, 'YCFMKVD |- [VRE
SARS-CoV 25l e 1-KY E [6lITDA DCSONfE s ——————————
PEDV 343 IVITKYGDVYVNGFGYLHLGLLDAVTINFTGHGTDDDVSGFWTIASTNE| DALI V. ([€SIQR 'LYCDDIg D) PI SRNLLSHEQPIS
SARS-CoV 295 DVVRECERNLC E FNATKE P VYAWERKKISNCVADYSVLYNSTFFST KC[ GlJSATKLNDLCFSNVYADSFVVKGDDVRQIAPGQTGVIADYNYK
PEDV 447 NDHS| VSA, SSENLVAGDTTI~~~=========————————— gSSI CYf——————=———
SARS-CoV 399 YNYKHRN R GKLRPFERDI PDGKPCTPPA PLND GFYWTTGIGYQPYRVVVL.F
PEDV 489 LFY [VINSMGH 'S SQ------~— ciEy -—--—---- LQOS IJ [LSFSK CVSi------ S-LLAGAC! T FGY
SARS-CoV 503 [lmmmmmmmm e D IKNQ@VN NFNE lr SKRFQPFOQ GREVSDFTDSV DPK! SE[ILD GGVSVITPGTNASSEVEV
PEDV 561 | LYFQFTKGELITGTPKPLEGITDVSF!TLDV@TK TIY| BL NSSILAGVY TSRSGQLL-AF:NVT:GA[[YS SE-—-——————-—- Ry
SARS-CoV 582 Y NCTDVSTAIHADQLTPAW GNNVE TQAGCLIGAEEVDTSYEEDIE ----G YHTVSLLRSTSQKSI LG/ Dss#y  -NNTH
PEDV 652 N v SNST|§ NTRELPGFFYJSNDGSN@TEg LVYSNI G—— MVPEOY QVKISRP (VTGNHS
SARS-CoV 681 ) @cos =8~ BN csFET0 NRESISGIAEQDRNTRE FAQVKQMYKTPl PDPI-——————
PEDV 727 @NGN - REK T OKT ESEMOLSIRLESVEVNS LTISEEALQLARN s WGAS [YDPASGR
SARS-CoV 776 GE LGDINA! TD M ARN WFGAG AMQ AYRFNG
PEDV 831 T DE SNGRSV. DAIK| HMM ) WA--- SYA QARTNY
SARS-CoV 879 ol INF] LITGRLSE
PEDV 931 i Sk INF] T S s
SARS-CoV 969 AN AT FP BIG AR FTTAP HE FV/IN
PEDV 1035 YT DiEE| TVL VLAIA EIALTLINSPELVLFTHE QT T
SARS-CoV 1064 NF SEOT IWTDNTFVSGN@DEV- G INNT v[P QPE -— '@ pxyFKY Ws@ED pcprscIMY v N oxE-------------- N
PEDV 1139 ElZRKPVSDFVQIES@VITY N TSDQ! PV PDY VNTL E LASLPY WGIgS PlD---VENS y 1 T ADLEQRSESLRNTT EMR
SARS-CoV 1151 £ Ay B foriic oM ficr AciliiA fv T/ LiEcMisEesE q FDEDDSEPVLKGJ LHYT
PEDV 1240 SIINY N L DLjaAl LI} | II) IVWME WYS' L FCEISHG GPRLQPYEAFEKJY --VQ

*BIEISEOPERE: Completely matched sequence
: Sequence with similar property
Dash line: gap to fill out unmatched sequence
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properties of the isolated antibodies were then analyzed
using immunoassays. Using the surface plasmon reso-
nance (SPR) biosensor, the apparent binding constant (Kp)
of the isolated anti-SP antibodies was estimated. Finally,
the isolated anti-SP antibodies were used to differentiate
the viral culture of SARS-CoV from that of SARS-CoV-2,
MERS-CoV, and CoV-229E using a competitive assay
configuration.

2 Results and Discussion
2.1 Isolation of Anti-SP Antibodies from Pig Serum

The anti-SP antibodies were isolated from pig serum
using magnetic beads immobilized with SARS-CoV SP.
As shown in Fig. 1a, the magnetic beads were mixed with
pig serum, and the proteins bound to the magnetic beads

(a)

Anti-SP antibodies
LR
a b c
Other antibodies => .
Y
1 2 n )’_\

Antibodies in pig serum

ﬁ Q“L «/_\ Acid

Dissociation

were dissociated using treatment with acid. The dissoci-
ated proteins were considered to contain anti-SP antibod-
ies. The antibody fraction was selectively isolated from
the dissociated proteins using a protein-A column. The
isolated antibody fraction showed an immunoglobulin
protein band at the molecular weight of 150 kDa before
reduction with dithiothreitol (DTT) (Fig. 1b). Fragments
of the immunoglobulin were observed for heavy chains
at a molecular weight of 50 kDa and for light chains at a
molecular weight of 25 kDa after the disulfide bonds were
reduced by treatment with DTT. These results showed
that antibodies (IgGs) were successfully isolated from pig
serum using magnetic beads immobilized with SARS-CoV
SP. For the calculation of yield of antibodies from pig
serum, the total protein in pig serum from Sigma-Aldrich
Korea (Seoul, Korea) was estimated to be 87.2 +5.8 mg
from pig serum (1 mL) (n=5). And, the adsorbed protein
to the magnetic beads with the immobilized SARS-CoV

Protein-A

= A

Purification

WA+

Absorbed proteins Isolated

anti-SP antibodies

Tosylactivated
magnetic bead

_ Immobilized

SARS-CoV SP

(b) Absorbed proteins
M -DTT +DTT
(kDa) -
100

Fig. 1 Isolation of anti-SP antibodies from pig-serum. a The anti-SP
antibodies were isolated using magnetic beads with covalently immo-
bilized SP. The isolation was carried out by (1) binding of proteins to
the magnetic beads, (2) dissociation of proteins from magnetic bead
using acid treatment, (3) isolation of antibody (IgG) fraction using

Serum proteins

Isolated anti-SP antibodies
M -DTT +DTT

(KDe) gy LRy
wEw

63 |‘ ir
48 R 1 Vy

35 s
o~
25 V,

protein-A column. b SDS-PAGE of the absorbed proteins (from acid
treatment step) and isolated anti-SP antibodies under non-reducing
condition without dithiotreitol (DTT) and reducing conditions with
DTT
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Fig.2 Binding properties of the isolated anti-SP antibodies. a Con- »
figuration of the binding activity test using immobilized SP on micro-
plate. b Comparison of binding activity of the isolated anti-SP anti-
bodies to SARS-CoV SP and SARS-CoV-2 NP. The selectivity tests
of the isolated c anti-SP antibodies and d anti-NP antibodies against
different types of antigens, such as SARS-CoV-2 NP, influenza A
virus (Beijing type), influenza B virus (Tokio and Florida types),
human hepatitis B virus surface antigen (HBsAg), and bovine serum
albumin (BSA)

SP was estimated to be 48.4 +13.0 pg from pig serum
(1 mL) (n=>5). Finally, the isolated anti-SP antibodies
(IgGs) through protein-A column were estimated to be
13.8 £3.4 pg from pig serum (1 mL) (n=35). Therefore,
the yield of the isolated anti-SP antibodies was calculated
to be 0.015+0.004% (n=5).

2.2 Properties of Anti-SP Antibodies from Pig
Serum

The isolated anti-SP antibodies from pig serum were con-
sidered polyclonal antibodies composed of antibodies with
different epitopes of SP. The binding properties of the iso-
lated anti-SP antibodies were estimated using the immobi-
lized SARS-CoV SP (Fig. 2a). The bound antibodies were
quantified using secondary antibodies and the chromogenic
reaction with 3,3’,5,5’-tetramethylbenzidine (TMB) [23, 24].
The isolated anti-SP antibodies in the concentration range
of 6.8 ng/mL — 5.0 pg/mL were used to immobilize the SPs.
The SARS-CoV-2 NP solution in the same concentration
range was used as a negative control. The isolated anti-SP
antibody showed quantitative binding to the immobilized
SP, and the negative control showed nearly baseline level
binding over the whole concentration range (Fig. 2b). These
results showed that the isolated polyclonal antibodies had
specific and quantitative binding properties to SARS-CoV
SP. The selectivity of the isolated anti-SP antibodies was
tested using different types of antigens, such as SARS-CoV
SP, SARS-CoV-2 NP, influenza A virus (Beijing type), influ-
enza B virus (Tokio and Florida types), human hepatitis B
virus surface antigen (hHBsAg), and bovine serum albumin
(BSA). As shown in Fig. 2c, the isolated anti-SP antibod-
ies were observed to bind remarkably more to SARS-CoV
SP in comparison to other proteins. These results showed
that the isolated anti-SP antibodies had a significantly high
selectivity and could be used for the specific detection of
SARS-CoV SP. As previously reported [11-13], the anti-NP
antibodies were also isolated from pig serum using mag-
netic beads immobilized with SARS-CoV-2 NP. When the
same antigens in Fig. 2c were used for the selectivity test
of the anti-NP antibodies, NP showed a remarkably higher
response in comparison with other antigens, including
SARS-CoV SP, as shown in Fig. 2d. These results showed

@ Springer <KBCS
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Fig.3 Estimation of binding constant (KD) of the isolated antibodies
using SPR biosensor. a Configuration for the SPR measurement using
immobilized isolated antibodies on Au-chip. The SPR measurement
was carried out under the continuous flow condition for the monitor-

that the anti-SP antibodies isolated from pig serum had high
selectivity for other kinds of viral antigens.

The binding constants of the isolated anti-SP antibodies
were estimated using an SPR biosensor. SP was immo-
bilized on the Au chip of the SPR biosensor (Fig. 3a).
To estimate the K of the isolated anti-SP antibodies, the
SPR response was monitored during the continuous flow
of the isolated anti-SP antibody solution at a flow rate of

ing of association and dissociation of the antibodies. The sensorgrams
of SPR measurements according to the concentration of isolated b
anti-SP antibodies and ¢ anti-NP antibodies against immobilized SP

15 pL/min. The isolated anti-SP antibody solutions in the
concentration range of 2.5 nM — 66.7 nM were used for
the SPR measurements (Fig. 3b). As the isolated anti-SP
antibodies were a mixture of antibodies (polyclonal anti-
bodies), the K, could not be estimated for each antibody.
However, the K of the isolated anti-SP antibodies was
approximately 1.5 1078 M from the SPR measurements,
which could be used to compare binding properties with
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Fig.4 Competitive immunoassay of SP in viral culture fluids of
SARS-CoV-2, SARS-CoV, MERS-CoV, CoV strain 229E using the
isolated anti-SP antibodies. a Configuration of the competitive immu-
noassay using magnetic beads with immobilized SP and the isolated
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anti-SP antibody solution at a known concentration. b Assay results
of SARS-CoV SP and SARS-CoV-2 NP in standard samples using
the competitive immunoassay. ¢ Assay results of four kinds of CoV
viral culture fluids using the competitive immunoassay
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other antibodies. The anti-NP antibody isolated from pig
serum was carried out as shown in Fig. 3c. When anti-NP
antibody solutions at the same concentration range as that
in Fig. 3b were used for the binding assay to the SARS-
CoV SP, anti-NP antibody showed an approximately 5-fold
lower SPR response in comparison to anti-SP antibodies.
These results showed that the anti-SP antibodies isolated
from pig serum had sufficiently high specificity to SP.

2.3 Immunoassay of CoV Viral Fluids with Anti-SP
Antibodies from Pig Serum

The isolated anti-SP antibodies were used for the detection
of SPs in the samples. In this immunoassay, the SPs were
immobilized on magnetic beads and mixed with samples,
as well as a known concentration of the isolated anti-SP
antibodies (Fig. 4a). The number of antibodies bound to the
magnetic beads was quantified using a secondary antibody
and the chromogenic reaction of TMB. In the case of nega-
tive samples without SPs, the isolated anti-SP antibodies
could only bind to the SPs on the magnetic beads. In the case
of positive samples with SPs (target antigens), the mixed
antibodies could bind to the SPs on the magnetic beads as
well as the SPs in the sample. Therefore, the number of anti-
bodies in the positive samples on the magnetic beads was
always lesser than that of the negative samples. The dif-
ference between the number of antibodies on the magnetic
beads could be correlated with the number of SPs (target
antigens) in the samples. As the isolated anti-SP antibodies
consisted of different kinds of antibodies (polyclonal anti-
bodies), it was very difficult to select antibodies with differ-
ent epitopes for the formation of sandwich complexes. Such
a competitive test could be effectively used for the detection
of SPs in a sample even without the formation of a sand-
wich complex that requires two different types of antibodies,
which should have different epitopes for the binding of anti-
bodies. A competitive assay configuration was applied for
the detection of SPs in the standard samples. Standard sam-
ples were prepared in the SP concentration range of 0.02 pg/
mL- 20 pg/mL in phosphate-buffered saline (PBS), and the
samples of SARS-CoV-2 NP were also prepared as a nega-
tive control (Fig. 4b). For the standard samples, the com-
petitive assay could be used for the quantitative detection of
SPs, and the signal for the negative control was observed to
be at the baseline level in comparison with a blank sample
(only with PBS).

The competitive assay was applied to four viral culture
samples: SARS-CoV, SARS-CoV-2, MERS-CoV, and CoV-
229E. The viral culture fluids of four CoVs were diluted
from 10-fold (dilution factor of 10%) to 4 x 10*-fold (dilu-
tion factor of 0.04%) (Fig. 4c). For example, the dilution
factor of culture fluid at 1% corresponded to a 100-fold dilu-
tion. The viral culture fluids of SARS-CoV showed a much

higher response than those of the other three types of viral
culture fluid in the whole dilution range. In particular, the
viral culture fluids of SARS-CoV-2 and CoV-229E showed
a much lower response than that of SARS-CoV. Quantita-
tive analysis was deemed possible for the viral culture fluids
of SARS-CoV at a dilution range of 10-fold — 4 x 10*-fold.
These results showed that the detection and quantitative
analysis of viral culture fluid of SARS-CoV were feasible
using the anti-SP antibodies isolated from pig serum.

3 Conclusion

The anti-SP antibodies were isolated from pig serum
using magnetic beads immobilized with SARS-CoV SP
and a protein-A column. For the calculation of yield of
antibodies from pig serum, the total protein in pig serum
was estimated to be 87.2 +5.8 mg from pig serum (1 mL)
(n=5). And, the adsorbed protein to the magnetic beads
with the immobilized SARS-CoV SP was estimated to be
48.4 +13.0 pg from pig serum (1 mL) (n=35). Finally, the
isolated anti-SP antibodies (IgGs) through protein-A col-
umn were estimated to be 13.8 +3.4 pg from pig serum
(1 mL) (n=35). Therefore, the yield of the isolated anti-SP
antibodies was calculated to be 0.015+0.004% (n=25).
The selectivity of the isolated anti-SP antibodies was
tested using different types of antigens, such as SARS-CoV
SP, SARS-CoV-2 NP, influenza A virus (Beijing type),
influenza B virus (Tokio and Florida types), hHBsAg,
and BSA. From the selectivity test, the anti-SP antibodies
isolated from pig serum had a high enough selectivity to
other kinds of viral antigens, and the K, of the isolated
anti-SP antibodies was approximately 1.5x 10 M from
the SPR measurements. The isolated anti-SP antibodies
were applied to the immunoassay of SP using a competi-
tive immunoassay configuration. In this immunoassay, the
SPs were immobilized on magnetic beads and mixed with
samples, as well as a known concentration of the isolated
anti-SP antibodies. The competitive assay was applied to
four kinds of viral culture samples, namely, SARS-CoV,
SARS-CoV-2, MERS-CoV, and CoV-229E. The detec-
tion and quantitative analysis of the viral culture fluid of
SARS-CoV were deemed to be feasible using the anti-SP
antibodies isolated from pig serum.

4 Materials and Methods
4.1 Materials

The anti-pig IgG antibody labeled with horseradish
peroxidase (ab102135) was purchased from Abcam
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(Cambridge, UK). M-280 tosyl-activated dynabeads
(diameter of 2.8 um, 14203) were purchased from Inv-
itrogen Co. (Carlsbad, CA, USA). Pig serum (porcine
serum, P9783-500 mL), BSA (A2153), and other chemi-
cals were purchased from Sigma-Aldrich Korea (Seoul,
Korea). The bicinchoninic acid (BCA) assay kit (23227)
and TMB reagent (34021) was purchased from Thermo
Fisher Scientific (Waltham, MA, USA). The SARS-CoV
SP and SARS-CoV-2 NP were supplied by Optolane Inc
(Seongnam, Korea). Influenza virus antigens (R86280 [A/
Beijing/262/95], R86250 [B/Tokio/53/99]), R01247 [B/
Florida/07/04], were purchased from Meridian Life Sci-
ence Inc (Memphis, TN, USA). Culture fluids of SARS-
CoV-2, SARS-CoV, MERS-CoV, and CoV-229E were
obtained from Zeptometrix (Buffalo, NY, USA).

4.2 Purification of Anti-SP Antibodies

Isolated anti-SP (or NP) antibodies against SARS-CoV SP
(or SARS-CoV-2 NP) were isolated from pig serum as fol-
lows. First, the pig serum (1 mL) was added to magnetic
beads (5 mg) coated with SARS-CoV SP (20 pg). The reac-
tion tube was agitated by mild shaking using a program-
mable digital rotator for 1 h (RT-10, Daehan Scientific Co,
Wonju, Korea). Next, the absorbed proteins bound to the
magnetic beads were dissociated by treatment with 1 mL of
0.1 M glycine-HCI buffer (pH 2.7) for 30 s, and then, 30 pL.
of 1 M Tris—HCI buffer (pH 11) was added for neutraliza-
tion. The anti-SP antibodies were purified using a protein-
A column without other proteins. Finally, the product was
concentrated using an Amicon filter with a cutoff pore size
of 10 kDa. The yield of anti-SP antibodies from 1 mL of
pig serum was determined using a BCA kit according to the
manufacturer’s instructions.

4.3 The Binding Affinity Analysis of the Anti-SP
Antibodies

The binding properties of the isolated anti-SP antibodies
were estimated using a Maxisorp microplate, as shown in
Fig. 2a. For the microplate binding assay, the SARS-CoV
SP (20 pg/mL, 100 pL) was incubated in a microplate at
4 °C for overnight. The SARS-CoV-2 NP solution in the
same concentration range was used as a negative control
(Fig. 2b). After washing with 0.1% PBST and PBS, each
well was blocked with BSA (5 mg/mL, 150 pL) for 1 h.
After washing, the isolated anti-SP antibodies (100 pL) in
the concentration range of 6.8 ng/mL — 5.0 ug/mL were used
to immobilize the SPs. Then, the HRP-labeled secondary
antibody (10 ng/mL, 100 uL) was added and the solution
was incubated for 1 h. After washing, the chromogenic reac-
tion was carried out using the TMB reagent for 3 min. Then,
each well was quenched with 2 M sulfuric acid (100 pL) and
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the optical density was measured at 450 nm using a Ver-
samax Microplate Reader (Molecular Devices, Sunnyvale,
CA, USA).

The selectivity of the isolated anti-SP antibodies was
tested using different types of antigens, namely, SARS-
CoV SP, SARS-CoV-2 NP, influenza A virus (Beijing type),
influenza B virus (Tokio and Florida types), hHBsAg, and
BSA. (Fig. 2c and 2d). Each antigen (20 pg/mL, 100 pL)
was incubated in a microplate at 4 °C for overnight. After
washing with 0.1% PBST and PBS, each well was blocked
with BSA (5 mg/mL, 150 pL) for 1 h. After washing, the iso-
lated anti-SP antibodies (5 pg/mL, 100 uL) were treated with
the immobilized antigen. After washing, the HRP-labeled
secondary antibody (10 ng/mL, 100 uL) was added and the
solution was incubated for 1 h. The chromogenic reaction
step was performed under the same conditions.

4.4 SPR Measurement

The K[, of isolated anti-SP antibodies were estimated using
an SPR biosensor from i-ClueBio (Seongnam, Korea)
(Fig. 3b and 3c). Au chips for SPR measurements were
prepared using the following procedure. First, BK-7 glass
(10 x 10 mm?, thickness of 0.5 mm) was deposited with
(1) a 2-nm adhesive layer of titanium and (2) 48-nm gold
layer by sputtering. Next, the SPR chip was incubated with
SARS-CoV SP solution (20 pg/mL, 100 puL) for overnight.
After washing with 0.1% PBST and PBS, as an association
step, anti-SP antibody solution at a concentration range of
2.5 nM- 66.7 nM was injected into the flow cell for 9 min,
and as a dissociation step, PBS was injected into the flow
cell for 8 min. The pumping rate was set as 15 yug/mL/min.

4.5 Standard Curve Fitting

SPR signals were fitted using the four-parameter logistic
equation [25, 26]:
y=—a4-d
L+ (%)
where a is the maximum and d is the minimum SPR sig-

nal (RU); c is the concentration of SARS-CoV SP; and b is
Hill’s slope of plot.

4.6 Competitive Assay of Anti-SP Antibodies

A competitive assay configuration was applied for the
detection of SPs in the standard samples. As shown in
Fig. 4, magnetic beads (5 mg/mL, 10 pL) with immobi-
lized SARS-CoV SP, isolated anti-SP antibodies (5 pg/mL,
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10 pL) and SARS-CoV SP (range of 0.02 pg/mL — 20 pg/
mL, 180 pL) were mixed at the same time. The SARS-
CoV-2 NP solution in the same concentration range was
used as a negative control. After a 1 h reaction with the
washing step, HRP-labeled anti-pig IgG antibody solution
(10 ng/mL, 100 pL) was incubated for 1 h. After washing,
a chromogenic reaction was performed using the TMB
reagent for 3 min. Then, each well was quenched with
2 M sulfuric acid (100 pL) and the optical density was
measured using a microplate reader.

The competitive assay was applied to four viral cul-
ture samples: SARS-CoV, SARS-CoV-2, MERS-CoV,
and CoV-229E. The viral culture fluids of four CoVs
were diluted from 10-fold (dilution factor of 10%) to
4 x 10*-fold (dilution factor of 0.04%).
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