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Abstract: [Objective] Porcine deltacoronavirus (PDCoV) is a major porcine enteric
coronavirus, causing huge economic losses to the pig breeding industry worldwide. However,
there is no commercial vaccine available for this virus. The spike (S) protein is a key factor
inducing host immune response. In this study, the two sites 855 and 856 in the loop between the
heptapeptide repeat-1 (HR1) and the central helix of PDCoV S protein were mutated to proline
(E855P and V856P). Then, the recombinant S protein and mutated S protein (S2P) were
expressed and purified by the ExpiCHO-S eukaryotic expression system, and their
immunogenicity and immunoprotecive performance were evaluated for developing a PDCoV
subunit vaccine with good immune effect. [Methods] The serum level of the specific antibody
IgG in immunized mice was measured by indirect enzyme-linked immunosorbent assay. The
serum neutralization test was carried out to determine the titer of neutralizing antibodies in the
immunized mice. The proliferation of T lymphocytes in immunized mice was detected by flow
cytometry. The secretion levels of interferon (IFN)-y, IFN-q, interleukin (IL)-2, and IL-4 were
determined. RT-qPCR was employed to measure the PDCoV load in the intestinal tissue of
mice after challenge. Tissue sections were prepared to observe the intestinal lesions of mice.
The distribution of PDCoV antigen in the intestinal tissue of mice was detected by
immunohistochemistry. [Results] High levels of anti-PDCoV specific IgG antibodies were
produced in mice after intramuscular injection of S and S2P subunit vaccines, and the serum of
mice 42 days after immunization had a neutralizing effect on PDCoV. The 50% neutralizing
protective titer of LLC-PK cells in the S2P group was significantly higher than that in the S
group. In addition, the immunization with S and S2P significantly induced the proliferation of
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CD," T lymphocytes in mice, which was higher in the S2P group than in the S group. The
immunization with S2P induced the proliferation of CDg" T lymphocytes in mice, and the level
of CDg" T lymphocytes showed no difference between the S group and the PBS group. The
levels of IFN-y, IFN-a, IL-2, and IL-4 in the S and S2P groups were significantly higher than
those in the PBS group and had no difference between the S and S2P groups. The challenge
assay results showed that the PBS group presented PDCoV, pathological damage, and a large
number of PDCoV antigens in the intestinal tissue, while neither PDCoV nor intestinal tissue
damage was detected in the S and S2P groups, which showed no significant difference between
the two groups. [Conclusion] S2P induces higher level of the humoral immune response
against PDCoV in mice than S. The vaccines prepared with both S2P and S have protective
effects on mice. The findings lays a foundation for the follow-up study of PDCoV subunit

vaccines.

Keywords: porcine deltacoronavirus (PDCoV); S protein; bisproline mutation; immunogenicity
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RERNKFEIETE . K . Kk peT- B4, i
9% PDCoV Il RAEIREL PEDV %2, {H PDCoV 15
PEDV 5 TGEV (¥R & &Y nl S 20 AR
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YR B FERR IR B (h EDABRA A 5
B | Ez 41 LLC-PK (ATCC: CL-101)f 4 [E 4
A B2 B 22 B BE B 5T iR A7 5 PDCoV Bk
CH/XJYN/2016 (GenBank 554 MN064712)H
1.2 FZEKH

Mut Express II Fast Mutagenesis Kit V2 ] H
A T MERE AR IR A A IR A W) 5 BamH T
Xho 1IIJ § New England Biolabs 23 #] 3 JFUki /Nt
Ml &M H US Everbright Inc. 2y wl; TGN
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AR A R w5 BAE W5k 0 T e B A )
2GR A PR 2y v ; MEM EARLES. BASIC
RPMI 1640 Medium ¥ [ ZEER K /R A= Py Ak~ 1l
fn (A6 50) A PR 2 |l 3 Mouse 1xLymphocyte
Separation Medium 4 H YT AL A= P14 AR
WA PR W] 5 ZLA M@ H - Solarbio 2%
Al FITCARIER AR AT/ B CDs btdAk . PE il
F K BT/ CDy HUARFT APC IR K BT/
fl CDg Hi1A B BioLegend 2] ; 4 AT
gy B A AR YR A R A E, K
#F I (Escherichia coli) DHS50., RNAiso Plus .
One Step PrimeScript™ RT-PCR Kit ¥l A 5 H
EADFEARACE) AR AF
1.3 EHFRNMRTEREE

J T AR SR E RAF) S-pcDNA3.1(+)H
LRI 855, 856 A3 5 A AT 2 R I 45 S iR 5 AR
HIESER) 2 AR, {8 Mut Express 11 Fast
Mutagenesis Kit V2 #i17& S R4, B, &It
5] ¥ X S2P-Forward (5'-AACAGACTGG

AACCGCCGGAGGCCAATCAGCAGGTCG-3")
F1 S2P-Reverse (5-CCGCGGTTCCAGTCTGTT

GTAGATGTCCTGG-3'), Lk S-pcDNA3.1(+)F ki
TSRS T PCR §4 . PCR §#4{KZR (50 uL):

F. F#ESI A0 pmol/L)% 2 uL, 2xMax
Buffer 25 pL, DNA #4z 2 pL, ddH,O 17 pL,

dNTP Mix (10 mmol/L each) 1 uL, Phanta Max
Super-Fidelity DNA Polymerase 1 pL, &b
WE 3 NEE. PCR ¥ &M 95 °ChiAstk
30's; 95 °CAEPE 155, 65 °CIBA 155, 72 °CHE
12 min, FEF30K; 72 CCHIEIEM 5 min, H
W, K178 Dpn IR AL 500 2 4 AL 7=
W BE St A A B S AL Express 1T
ML RF RS E AL, S DNA RS IR
b, S Ja AT E AL W I A A S D T S5 5 (R4
A BR 2 2w i ME R A R B R A R A E]
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Mut Express I Fast Mutagenesis Kit 2 i8] 45).
S-pcDNA3.1(+) E 41 i K Wl J37 1 iy 19 58 748
S2P-pcDNA3.1(+) 4 Bk A ] BamH IF1 Xho 1
KPS 5
14 EEHEANREETE

WL TRE S-pcDNA3.1(+)F1 S2P-pcDNA3.1(+)
BE U 2 A0 M % R 6x10° AN IE 40 i /mL 1
ExpiCHO-S #iffih, 37 °C. 5% CO, & T &
IR 8 K. MiGTEAY & aEh LK
B 1 mL & PRI, 4°C. 4000xg #5.0> 10 min J&
WCH b 3 WA T R IR BB K, FRED 2
il B8 £ 4k & B A7 S BN 3 43 #7 o L Mouse
Anti-His mAb (1:5 000 7 B)—4$i, LI HRP #x
C 2P/ IgG (1:10 000 Fake) o —Ht, Atk
27 K IEEEY) (enhanced chemiluminescence, ECL)
AT . ARHE Western blotting 45 556 ik 81 2H
HEARBEN,
1.5 EFHEEANSEW R ERENTE ST

BB TR S-pcDNA3.1(+H) 1 S2P-pcDNA3.1(+)
B A B E N 6x10° AN 3% 4 i /mL fY
ExpiCHO-S #iffih, 37 °C. 5% CO, & T &
AR 10-12 do HUEERI4ERE 4 °C. 4 000xg
B0 30 min J5, FH0.22 umidiggsidug. ik
J& Fif 5 Ni-NTA Agarose 1 4 °CZ54 1%,
BUH Ni-NTA Agarose it '® 10-20 min, fiff
Ni-NTA Agarose SR} HARUTIE THEIK . Rl fif
WAL, 20 mL PBS #4: 2 %k, PEZ:
EH, FA 20 mL % 20 mmol/L BEME(Y) PBS i34t
TR, H/5HH 3 mL 500 mmol/L BRMESE

x1 NREERRMDIER

BEEN, B 5 K. HUERENENH#HTE
s e, T80 °CIAfER H .
1.6 NEREE

¥alifbiy S A1 S2P A& A0 55 =k
A 11 RA, L EHEEFL, W
Hio K 30 6 FA JCREE R R A (SPF) Ml
BALB/c /NMRFEHLA A 3 4L(FF4 10 H): G1 41
(PBS). G2 ZH(S T 10 pg)Fl G3 4H(S2P &1
10 pg), N3k 1 Tk se miibesie. 43511 0. 14 Fl
28 d i 3K, PR AN S 100 pL/H,
TR RPEIE A 14 RIFATHMLFICR I, 4385
M35 J5 B AEAE—80 °CUKA 45 H1 -

1.7  [B)¥5EGEX % 7 R B0 36 (enzyme-linked
immuno sorbent assay, ELISA)

FHTa 4 ELISA W e 9 ) /s BURR 5 4
Hikok V-, ¥4k PDCoV S1 EHE
50 mmol/L Yk IR+ 2% o ¥ (pH 9.6) 7 B 2
2 ng/mL, 4 °Cid A 96 FLEFRHR(100 pL/AL),
PBST ¥t 3 ¥K; FEH 5% R WhM 75 37 °Cili A
B2 h (100 pL/fL), PBST ¥k 3 ¥; Bl MG
T BB /NS LA 1:100, 1:200, 1:400 %574
R B LU RS, R B A 3 LA 100 pL/AL
hn#E, F 37 °Cl & 45 min, PBST V&3 ¥K; 4%
# H 1xPBST ¥ 1L 24t B -HRP 5 B (1:10 000),
100 pL/ALMEE, F 37 °CIRE 30 min, PBST ¥
5 W s SRUEIOA B4 4y DU RO BB R K
(tetramethylbenzidine, TMB) . {4 2. {4,(50 uL/AfL),
F 37 °CIRH 15 min; 5L 50 uL/ALIMAZ R
WL, EEFRINE ODaso WOGEEE .

Table 1 Immunity and blood collection of mice

Group Immunogenic antigen Dose (ug) Immune time (d) Blood collection time (d)
Gl PBS - 0, 14,28 14, 28, 42

G2 S 10 0, 14,28 14, 28, 42

G3 S2P 10 0, 14,28 14, 28, 42

— is PBS instead of antigen immunization dose.
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. FIFH BASIC RPMI 1640 1537 5245 150tk 0 21
J BB R 1x10° AN 4Ie/mL, f#F 100 pL
PBS &AM, FEMA 1 uL FITC {HE 1)K Bt
/N CDs A, 2 pL PE (HERAY R EPT/N L CDy
PUIARFN 2 uL APC BB K BT/ CDg B fA,
WO F HiA@4 °C, 30 min); BEEHH KRB
FHXTRAZH )G 1.5 mL Fivd Y PBS W& ¥E 2 1%,
500xg &5.0> 5 min. ffi7 ] 200 uL PBS H A
FtL, 3 A SR
1.10 ZHBEEFHaN

i F A0 I IR 7~ ELISA 55 & (b 5 ik i ag Ak
PR B2 BRI S Ja 2 42 K/ RS
g 4i i Y 7 [+ 48 % (interferon, IFN)-a .
IFN-y. FI40M4) & (interleukin, IL)-2 1 IL-4]#
WEE, B RSZ 20l R & it
1.11 BMERXHERR

A A MLERE 3 F/NR, &R/
WEH 300 pL PDCoV i # (10 TCIDsy/mL) &
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JILPYIE4T 200 uL PDCoV H52£8i(10*° TCIDsymL),
TR 3 RERE/DR, BUNRGA R
—80 °CHRAFLIFEHUZZ RNA, [FIFRE/NEG
HLE EAE 4% 2 T H I P iE A T SR I s
HAUFT T
1.12 RT-qPCRI&M/NEAALEL HHI PDCoV
REHE

W5 R AR 4 0 /0N B 41 23 41 LT B {SU A
BE - FfhA 1 mL RNAiso Plus $#2BUN 44
R RNA, FifiJ5 RT-qPCR #6300/ Bz 41 21
) PDCoV Jk#i#dit. RT-qPCR %18 One Step
PrimeScript'™™ RT-PCR Kit ¢ 1] 5 ¥EF7T. K
PDCoV N E:PRFE S5 [ Aist A el 5l
Y1l PDCoV-Q-Forward (5'-ACGTCGTAAGACC
CAGCATC-3"), PDCoV-Q-Reverse (5'-CCCACC
TGAAAGTTGCTCTC-3") #1  PDCoV-Q-probe
(5’-CY5-GTATGGCTGATCCTCGCATCATGGC-
BHQ2-3"), HEHRSH: 42 °C 5min, 95°C 105s;
95°C5s, 57°C20s, fHI 40K,
1.13 RIBALYIF R BERLLE

W [ 2 2% 4 B SR LB K IS Y A3
RIS K, HAREYLE 1020 min, P 1-3 min.
MR 2 5-10 s, #hPE 1-3 min JEELA
50 °CHyR K P el as it KGR i, EEIH B
Wk, BEEHLZIY 3-5 min, KPE3-5 s,
SRR CEEMK . ORI IS P e
il . >RH Pannoramic 250 #UF-Y) R H V)
T ERCR A, MBI A BN . IA
SEIG AR A IRAE PDCoV N & [ B4 —
$t, HRP tRicl £l 1gG Sy —Hii 75
HAULFTR
1.14 BUEG It

K H GraphPad Prism 04X 0658 0617
FA R E 7 2250 B (one-way  ANOVA)Tfi 7& 4 ] 22
5o ns FRA AN TG E M2 5 (P>0.05), *F&
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N A Gt 22 7 (P<0.05), **3FI/Rn4  ExpiCHO-S i i35, Western blotting 45
A B E ST 22 7 (P<0.01), Mi***®R/aR  Jn(El2A. 2B), 7E 180 kDa H BLR: FE 45T,

B B M B S ST 25 57 (P<0.001) 5 S 1 S2P T4 E A /MEAS, IEEH S Fil S2P
FHEAC KL ExpiCHO-S A& ik,

Y
2 %%5]}% 10 RUEM, BEEOILE S, IR

71

2.1 S-pcDNA3IHEHFM WA EELRT Wik, 2] Ni-NTA Agarose 2L . Ty 1%
B EAiALE A, ¥ 20 mmol/L BK Mk ¥ I K M

¥t S-pcDNA3.1(H)FELLFRL 855, 856 {500 mmol/L BRI /1T SDS-PAGE %€ .
O R AR AE Y 2 SRR AN 2C R, 5 TS e (0 H B0 4 AT A
1A), - BamH I. Xho IR H) % uE 4, EAZSTHEAN180kDa, ST S EAK
S-pcDNA3.1(+)Fl S2P-peDNA3.I(HFTHL, 5 /MHFF. [ 2D 1 180 kDa &b [RJFE H BUAF £ 1)
WK 1B s, HIAFS peDNA3L(HEMA KL S K/NEAr, IERIE A S2P & (4 fbai o .

FER KN 2 45545, Ui S-peDNA3I(HELH 2.3 IE4EFHM IgG kK F

OB IERG; W 1C iR, AR H A S TR S K S2P LV BRLE T AE/ N FRUAA
pcDNA3. 1 (+) 2k K S2P JEPR K/ 2 44574 WS E 1gG BRI, ABIE5E R T ] 42
WA S2P-pcDNA3.1(+) 4 kAL £ 1F . ELISA J5 4 BRI 14, 28 1 42 K/N Y
2.2 SHIS2P BEEEAMIRIERA L SHEBUAK . anE 3 TR, LPDCoV S1ZEH

¥ S-pcDNA3.1(+)F S2P-pcDNA3.1(+)EAH  VEA g s il MR bk, e S
JFRI G YL 2 ExpiCHO-S i, 55 8 KM I mL BN RE ¥ 45 2 — WK 8 I o S Mk e A i e
EIFMMEEUE S A S2P HAE M E AT mikE 1:86 400, 55 IRGEEE RS EBUATE B

a B bp M 1 ¢ bp M
CTGGAAGAGGTCGAG! PR——
CCGCCG — —
S = : :
GACCTTCTCCAGCTC! 5000 .
| 3480 bp 3000 3480 bp
Leu Glu Glu Val Glu | 2000
| 1500
\ 1000
750
CTGGAACCGCCGGAG! , 500
e e |
' GACCTTIEECEELCTC ” 0
leu Glu Pro Pro Gl  Jabls =0

El 1 S-pcDNA3.I(H)ELHFRN N SERRT R WNEETIEE

Figure 1 Double proline mutation and double digestion identification of S-pcDNA3.1(+) recombinant
plasmid. A: Double proline mutation of S-pcDNA3.1(+) recombinant plasmid. B: Double digestion of
recombinant plasmid S-pcDNA3.1(+). M: DNA marker; 1: Double digestion of S-pcDNA3.1(+) recombinant
plasmid. C: Double digestion of recombinant plasmid S2P-pcDNA3.1(+). M: DNA marker; 1: Double digestion
of S2P-pcDNA3.1(+) recombinant plasmid.
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Figure 2 Expression and purification of S and S2P recombinant proteins in ExpiCHO-S cells. A: Recombinant
S protein was expressed in ExpiCHO-S cells. M: Protein marker; 1: Expression of recombinant S protein. B:
Recombinant S2P protein was expressed in ExpiCHO-S cells. M: Protein marker; 1: Expression of recombinant
S2P protein. C: Ni-NTA Agarose was used to purify recombinant S protein. M: Protein marker; 1: 20 mmol/L
imidazole elution; 2—5: 500 mmol/L imidazole elution. D: Ni-NTA Agarose was used to purify recombinant
S2P protein. M: Protein marker; 1: 20 mmol/L imidazole elution; 2—5: 500 mmol/L imidazole elution.
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26T Ae mH
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g 4t
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%n > L= - .% =S
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U 1 1 1
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3 (A% ELISA A M F 4k 1gG
Figure 3 Detection of serum specific antibody IgG
by indirect ELISA.
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Figure 5 Spleen lymphocytes were detected by flow cytometry. A: Flow cytometry was used to determine the
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Figure 6 Cytokine levels were measured. A: IFN-a levels. B: IFN-y levels. C: IL-2 levels. D IL-4 levels. ns:

P>0.05; **: P<0.01; ***: P<0.001.

x2 NEBFEALRCIE

Table 2 C; values of mouse intestinal tissue

Group  The first The second The third
C-1 C-2 C-1 Cy-2 C-1 Cy-2

PBS 28.12  28.48 28.78 28.55 29.48 29.86

S 31.88 31.56 31.79 31.42 32.18 31.54

S2P 32.87 33.69 31.90 32.59 33.69 31.70

C, value>30 is considered negative or below the detection
limit of RT-qPCR, while C, value<30 is considered positive
for PDCoV**l.
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Figure 7 Histopathological and immunohistochemistry
analyses. HE: Histomorphology; [HC:
immunohistochemistry.
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