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g, % 49 RIREE SRR IRIR R fn, & 4 $E 4T BE T4 % J& "R T 7% (enzyme linked immunosorbent assay,
ELISA)AUARA M, FFF 8 7 F fe AR S AT M T, £ 5 49 RERIE, J5 4538 18 B AR B 3K %, 72 38,534
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Abstract: This study investigated the specific immune response of BALB/c mice that was induced
by a circular RNA (circRNA) vaccine expressing the herpes simplex virus type II (HSV-2)
glycoprotein D (gD). The aim was to evaluate the immunological potential of this vaccine and lay a
foundation for developing an mRNA vaccine against HSV-2. PCR and homologous recombination
were employed to integrate the gD gene obtained from the pT7AMP-gD ectodomain plasmid into
pUCS57 to generate the recombinant plasmid pUCS57-circ-gD, which was then sequenced and
characterized. In vitro transcription and cyclization were performed on the template DNA to
generate pUC57-circ-gD mRNA. To validate the formation of circular RNA, we cleaved the
pUC57-circ-gD mRNA with RNase R and employed RT-PCR to validate the cyclization. The
pUCS57-circ-gD mRNA was then transfected into 293T cells. After 72 h, the cell supernatant was
collected, and Western blotting was employed to measure the protein level of gD. Subsequently, the
mRNA was encapsulated in lipid nanoparticles (LNPs) by microfluidic encapsulation. BALB/c
mice were administrated with the encapsulated mRNA, and blood was collected from the fundus
venous plexus after 21 and 35 days, and from the enucleated eyeballs after 49 days. Enzyme-linked
immunosorbent assay was employed to measure the titers of antibodies, including virus-neutralizing
antibodies. After 49 days, spleens were harvested and assessed for secretion of interferon-gamma
(IFN-y) by solid-phase enzyme-linked immunospot. The results showed successful construction and
sequencing of the recombinant plasmid. RNase R digestion confirmed the presence of circular
RNAs. Western blotting of the 293T cells transfected with the mRNA showed clear specific bands.
The quality of the vaccine was tested by size exclusion chromatography-high performance liquid
chromatography, which showed that the purity of the vaccine was about 90%. The mRNA-LNP
showcased the particle size of 82.76 nm and an encapsulation rate of approximately 98%. Following
three-dose vaccination, all immunized mice exhibited steady weight gain with 100% survival rate
throughout the 28-day observation period, indicating no significant acute toxicity associated with
the vaccine formulation. The immunized mice showed dose-dependent increases in serum IgG
antibody titer and IFN-y secretion by splenocytes and they were resistant to virus attacks. These
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findings indicate good immunogenicity and persistence of the pUCS57-circ-gD mRNA vaccine,
providing a reference for further studies on circRNA vaccines.
Keywords: herpes simplex virus type 11 (HSV-2); glycoprotein D (gD) ectodomain gene; circRNA;

mRNA vaccine; immunogenicity

otk RNA(circular RNA, circRNA)AS B A
5% 7 H1 3% poly(A)FE, circRNA 3L ]
GWRE AR T mafoE e, 5HAMZL
PE RNA AH G, BT A% IR S0 U0 i B A28 % R T
fiEt, TEMR N RIRET RS, HAB7E 40 i bR e
FEAERL PR RNA W REASIEA T 8 11 5 4 A5 1R
PR, O I RS E TR SR dEa
KA B SO BB BF 98 2 B, 5 4% 58 10 Ze
mRNA £ Fi M H, Ok RNA 2 1 BB 0% TG 20
WA ik, I HRE S K iRa
JI0) T 4 S it

PRS2 FRIR RNA B2 07, Horpa
HES N & F-4 8 F JC 4 (permuted  intron-exon,
PIE) I BN FM KNS FHB RS Tk,
WAL N &Y SR 3 ERME R L X 2R T BT 4
N, S'WEF(5 intron)Fl 3" F(3" intron) /it
7%, SEILIME, N A B AT N TR R A
{3 5. (internal ribosome entry site, IRES)FIE I
TR BB ¥ 514 cireRNA (B 1) 1% 05 12 AR X ]
M, T4 GTP fitge, LREAHSY, ™
Yi¥h— HACRS, TEEZAM T E A RA RS
HRBREP HEENE, cireRNA FRE M,
AT DASE A4 N B 2 ) ] BT

P26 I 95 9 5% (herpes simplex  viruses,
HSV)JE A i WEE DNA JE &S, J8 T A%
SRR BE SN o LR, 432 1T RV 2 5

IRES

(HSV-1) MR 206 5 (HSV-2), Hip HSV-2
FERYL A TE A, AP BRI A
2% A & Bl B R 7 (human  immunodeficiency
virus, HIV)EeYL FIAL 5 19 XU o BV 422 52 H0% 5
BT, RPEREABET SR WKIBRES, HSV 4hst
Hi 16 FPRRAE FIAL AL, Horh 12 FUEREE N ; gD
YRR —Fh G e PEAGR AR M, &Pt HSV
R rp BRI . RS, gD 1
M JUFZE B 5 _E RN C R R AP A R
PEF LS, 78 mRNA ZEHH, mRNA 4l
gD HFIHTE FAMRL, FHRUERG 7 AHT
K. gD S EEl Mg (ectodomain)Zh &, PRIKRE
HENTE F UM ik A BER & o AN gD 28 i i
e A, BRI AR, A Rl
TR, HA B HSV ZE#E s A 38100

mRNA {14326 3 2 38 12 iig J52 44 oK 0K (lipid
nanoparticle, LNP)X{#5 1) mRNA SRR
BEHE T A, LNP AT LA B A S [ v a]
L, FESZEARS R AR N ) R g M LNP
4 PP 2R ] HL S BH B 518 i (cationic lipids) |
4B AE 5T (helper lipids) . JH[A P (cholesterol) il
R AL HE i (pegylated lipids, PEG-lipids),
OB E B LA € 00 A R 3 6 R U
LNP JF17383% AT 345 25 W iy 220, 1 H AT DA
I mRNA (R E M, S AR g B
IR MR,

Circularization at its termini

1 IFIK RNA IFLRIE
Figure 1 Principles of circular RNA.
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AT EETFOIR RNA  BIF0A% WA 2 1 1)
FEpE FBE S 11 gD Ectodomain At 28 J5ME {3
i LNP XF & R0 mRNA gEF7A 35 8%
FEAER R B Y BALB/c /N HEAT 5256, LATIRY
PSR R gD Ectodomain 90 JE UEA 1A
AL A0 3 I I cireRNA ST, FEAERGIA
P T 1K) 2 Ve AT R IS, L T4 il el
FLIBR B IR

1 #R5r%

1.1 SKIEMR

pT7AMP-gD Ectodomain f&i ki . pUC57-
circ-eGFP Ji ki fy ik LI 2 A= W BB i 0 A B
INEI AL KT (Escherichia coli) Top 10
BZ AU . NE B 293T 4HifL & . ARDHEk
M5 A ML (Vero 41 )X A 3 [ ML AL B: 32 ) 1
#8% H > (American Typical Culture Collection,
ATCC).

JoREH G L BRE RS DNA $2 Bl 4
H A Exnase II. cDNA % —%8& 5 B0 & .
ChamQ SYBR gPCR Master Mix ¥ H Fg 5145
MEBE A= W B e A A3 FR 2 w15 BRI 9 D) il
Ascl, Pacl iy NEB 2A+]; T7 /™ RNA #4588
FIEE L 8 R A BRA F] ;. 4121 DNA
PERGAF &4 H Omega Bio-Tek 23F]; Lipid 6, —
filf g Tk Bk 18 1k H 5 (distearoylphosphatidylcholine,
DSPC) . JIH & f% = A 5k /ot H -3 < %
2000 (DMG- PEG2000)I4 H X BE S A Pk
e A B2 W A AN B Al B R
(oHSV-2), HSV-2 MS Ji & th A sBUE S A YRt
BB A RS AR ; RNase R g H M 3§
YR A PR Al Mouse IFN-y ELISPOT Kit
I F Mabtech 2> 7] ; TMB B2H 4 2 4 e 3 db
WRREFHARA ], RAWJAEA D=
FrifE(10-170 kDa)lly F b ifE 3 = KAV EAR K

Z&: 010-64807509

A RZA T ECL A 27 &6 IE Py il 7 1l A
Bio-sharp 24 ] ; Jo/K ZWEA H [ 2548 A4k 271
RIABRA A Skl B VLI E 258 AR Py HoR
A PR A3 Anti-HSVI+HSV2 gD antibody .

Recombinant HSV2 gD protein, HRP-conjugated
Affinipure Goat Anti-Mouse IgG(H+L) 4 H
abcam /A ] ; ELISA B§#Rr# ) H Thermo Fisher
Scientific /3 #]; BSA 1 H BioFroxx 2\ ] .

1.2 SRS

CO, 55746, SANYO 24l ; PCRAY, 7Rk
Jeoswl s BRRABIKAL, N—EWAT; BEKRNK
BRG, BERIKAHE s GOKHZEEAN,
PUE LAY INF] 3 Zetasizer Pro A4ACKL B (v
1%, Malvern 22 ] 5 /NI B HLJKE 2, Bio-Rad
ANw s AR, A4 F] s Qubit 4 %
Y64% Varioskan LUX 22 1) B B bn S A0 52 i 2
Y€ H# PCR Y, Thermo Fisher 2N ; FREF(Y,
Midmark,

1.3 SCIuzEnd)

SPF 2 BALB/c /M, 150 2, 6-8 Jdi#?,
WEPE, W B Wb A B PRy 4% ] RO (AR 7 VR AT
IES: SCXK(%K)2020-0018]. At 5% ir A sh#)
S ¥ 22 W1 A8 Tl KA sh W fe B B 2xHE oE
(#L#ES . HBUT No. 2020016), }53% 1R #25H]
1E 25 °Chiti, PRIFIRETE 50%, JCIRBE N
12h 5 12 h .

1.4 FRNAEERERE

i#+ PCR M\ pT7AMP-gD Ectodomain J&i %
3k18 HSV2 gD Ectodomain H 1 H B, I8
NCBI [ #5 $ 4K A5 TR B 4l 92555 3 (HS V-2) 1Y
D HUHEJEE (17 5] (GenBank %55 : 1487358).
i JF R ) Y T Asc 1. Pac I pUC57-cire-
eGFP #AR AT XUHFD] , JE DI 4l Al J5 4R A5 4%
R B, )5 E AN Exnase IDEF H B R B
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FERARE R, PFIGEA pUCST-circ-gD ki,
HEATI P 55
1.5 SRS &K
i A% 4 CE Design V1.03 F1 Snap gene 1%
ARG WA B 0 R B9, 519 i ROCE R
YRR RA G, FPIE R IR 1,
1.6 FHRKNEYR PCRYEE5LEEN
B H A =55 AL E. coli Top10 /837 240,
KA N HEERIUE LS, PRI 8 MREE R

*=1 KMRFFARGI4Y

THRNTERMN LB WAk AR
Pl gD-F. neweGFP-R N 5|# 17 7% PCR ¥~

B, UEEHR A KON, VP e EA 2
R, PR 2 B T % R i OCE R A )
BHEA PR /T .
1.7 (RINERRIME

PLBTRL At , 5149 neweGFP-F Hi
neweGFP-R § #43k15 5miiify T7 Ja5h1.
5'intron M IRES ¥4, 347 A 3'intron )2 gD

Table 1  Primers used in this study

Primer name Primer sequence (5'—3")

gD-F AATACAGCAAAggcgegecatgggecagactgacaagegge
gD-R GTTTTTTGTTTTTTattaattaatcactccagcagggeggagtce
neweGFP-F CGGACCGTAATACGACTCACTATAGGGG
neweGFP-R CCgcggccgcCTAGATATGCTGTTAT

gDrtPCR-F tgctgccacctgaactttet

gDrtPCR-R GCTCTATTAGTCACCGGA

qPCR-F CTCCACAAATGGATCCGGCTT

qPCR-R CGAACCAAAGGTGGTGAGCG

18s RNA-F CGGCTACCACATCCAAGGAA

18s RNA-R GCTGGAATTACCGCGGCT

Uppercase letters represent the functional sequence of the primer, which is the key part specifically binding to the target DNA
sequence. Lowercase letters represent modifications used to indicate the primer sequence (such as restriction enzyme sites,
addition of specific groups, etc.).

®2 IVT R REKZE
Table 2 IVT and cyclization reaction transcription
reaction system

Ectodomain KA i) Bt . §7 B8 244 98 °CHill
APk 30 s; 98 °CARME 10s, 55°CiBk 5, 72 °C
SEH 10 s, 30 DMEH; 72 CCALEfR | min, £

” . e Component Final Addition

‘lﬂz/f't DNA *%*ﬁgéﬂﬂl)c IEI [’I&YZEJ}_E’TTQEE/T’EO concentration volume
i T7 7" RNA #3050 &% DNA B ATP 5 mmol/L 50 uL
M A TR AN 5% (in vitro transcription, TVT) A F4 uTp 5 mmol/L S0 ub
- N CTP 5 I/L 50 uL

fbo KPS GTP G, SEK IVT L 5] e '
. GTP 10 mmol/L 100 L
J7 i R BF#ETT mRNA RINAE, F 37 °Cle 10x buffer 1x 100 pL
M 14-16 h, HAKR WK RWLE 2, 4R )E DNA template 50 pg 178 uL
mA 5 uL DNase 1} 10 uL RNase R, MRS = RNase inhibitor 1 U/uL 30 uL
N 1 i 0.002 U/uL 20 puL

37 °CKJ% 15 min, % 7.5 mol/L LiCl YUiEF oo . "

. pyrophosphatase

RNase Free ddH,O ¥ fi#, M MR 15 K& 1 T7 RNA polymerase 50 U/uL 6 uL
mRNA R B, FE#EATI0 7504 . ddH20 - 416 pL

http://journals.im.ac.cn/cjben
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1.8 IFMLIGIE
1.8.1 IVT /5 circRNA #£#1T RNase R jH{t
fii FH Qubit 4 DEALHATHR BEIN 22 , B 3 pg
pUC57-circ-gD mRNA fEMN#ARIEFT RNase R
HARSIE, 37 °Cr 5l E 10, 15, 20, 25 min
J&, 70 °CHEHEE 10 min; ¥ 3 ug pUCS7-circ-gD
mRNA 1 R A 43 51 5 0.4 .,0.6 0.8 .1 uL RNase
R FATHALKE, 37 °CHEE 20 min J5, 70 °C
R E 10 min. B 9 pL 7= #) &% 0.5 uL AR FEAR
mRNA 7E 1% B SR H LA 120 V HEYK 15 min,
WL S5 s B 3 ug Zi M pT7AMP-gD Ectodomain
IVT mRNA =¥ il pUC57-circ-gD mRNA ;=4
[FIAE 4T RNase R JHALIRIE, 37 °CHEFH 20 min
&, 70 °CHEE 10 min, B 9 pL /¥ M 0.5 uL
JEAREEA mRNA 7E 1%B BB PR L 120 V
LYK 15 min, WELE .
1.8.2 RT-PCR iEFH N F
SIS, RTA E MBS . B AR F
[ circRNA YENHM, 2 BEIEMERE cDNA 55—
A R G UL B TR . e SR
cDNA, DUHHEAR , 38 1ok 2 PR S Ty
SEVERY RLIT 514 gDrtPCR-F . gDrtPCR-R, PCR
PG B R B8] 2) Herh 1 25k - 98 °C

ey
oA
W
Circularized exon
gDrtPCR-F gDrtPCR-R
— S m—ci

Genomic exon

< = Divergent primers
2 RT-PCR WEMERIBE

Figure 2 Principles of circular RNA cyclization.
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FASE 30s; 98°C 5Pk 10s, 47 °CiBK 55,
72 °CIEAif 10's, 35 PMEH; 72 °CLAEAH 1 min,
Z i Fs PCR =% B R DU R E W R A BR 2
HIIY .
1.9 Western blotting &

¥ pUC57-circ-gD mRNA #£4% 293T 4fi i,
NN mRNA P20 B 3EVERT XS B, % 4% 72 h
SRR AN F s . B 20 uL BEYL)E RO 40 i
#E17 SDS-PAGE #EMC LTk, HLUKES e T7%
JE 30 min, {HH 5%/BAE WKy = WA 2 h,
Recombinant HSV2 gD protein % 1:5 000 ) L 4]
WBAEN—Fi, BT 4 CRRIEE, WHHH
0.05%Ht-PBS 5 3 £ M5 (polyvinylidene
fluoride membrane, PVDF)¥t % 3 )5, ¥
HRP-conjugated Affinipure Goat Anti-Mouse
IgG(H+L)¥% 1:5 000 A9 He 6 # BAE - — b, BT
PR ZIREE 1 h, 8 0.05%M: 17 -PBS K ik
B3 WIE, T B MR A .
1.10 mRNA-LNP BEE#5H|
1.10.1 B KKEMNZE

¥ mRNA ¥ TEEFR4MH(25 mmol/L, pH 5. 0)
oo JE R AUOK R 2B LNP R RS Y
mRNA %A 1:4 IRE, BIAl152] 08 m
KUK mRNA-LNP, #f£% 50 kDa ##BJE 20
B, WINEA 8%IEHEAY Tris-HCI 22 v ik (pH
7.6) A TR e 4 . HL R WA W pH [ AE 7.0-7.5
Z 6], it Qubit 4 BTl A AKKLEE B A UK
I mRNA-LNP Bl | kit (Z-average) X 3R
B W5 8 ETE B (polydispersity index, PDI), H:
b Al 5 R A A A RO (1-CF/C)x 100% (CF N
T AR ) mRNA & | Ct 8 mRNA &),
1.10.2 FERBR 7R

2 3o R R 1R RIOBUR €8 3% - far HL AV TR A
| (reversed phase

ultra-performance liquid

chromatography with charged aerosol detection,
RP-UPLC-CAD) 7] H F #fi & pUC57-circ-gD

>: cjb@im.ac.cn
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mRNA iy A5~ 5 i 28 40 B HEAH DG 24
J RN WA =1, #E 260 nm P K SEATA I, 5
BN 0.3 mL/min, i FICK L MBS 57 % i
4~ LNP M4, WE B3, 3 5lFa ke 7 Fhal
) B AR bR E S (PE S 08 . SHBIAE . AR
MEHIER 2 — 4y Lipid 6. DSPC. JH [ B0
DMG-PEG2000), F kR F1 & Tk A B i 47,
A HC10 pL I RAS TN LNP 243, 0 A 04 1)
R E A b, AN e
By
1.103 4

fdi F SEC-HPLC W iF4li e, DIBEIRZE nhh
WW(PBS, 150 mmol/L)yA¥isiMH, 7E 260 nm
BT A TR, B A 0.5 mL/min, KA
WA AR GG, I IR S AR i (A kAT
30 min AffR RGiF8E . (A 150 mmol/L PBS
¥ mRNA FiBE 2 100 ng/pL, HiB)m ) mRNA
wwoE Lt 0.22 pm fLERES T E, HEA
FAEC . EFRE 100 pL, EAERFAE] 20 min.
1.11 ®ER/NMRIRERN pUC5T7-cire-
gD BRI R e M

HUBALB/c /NR18 L, 43 6 4, B4 3 H,
T AR R N BRIR TR, 351 L pUC57-cire-gD
mRNA Fil Lipid 6 %, & & PBS 44
PEXTRRZH , &Lkt pT7AMP-gD Ectodomain
mRNA A G JEAE R BHE T BEZH S it ) Iz
KL O AS [] LI 3, 45 29k BE Mo AR AR L3 3.
R 7 d e ST/ EXT T, 00

*3 HMSKEHEREE

Table 3 Animal grouping and immunization

g 21d, BN E ek,
1.12 pUC57-circ-gD mRNA-LNP &
B % & IR M RN
1121 DER%E

¥ 30 RN R e dl, B4l 5 K, 550k
pUCS57-circ-gD mRNA Fil Lipid 6 R i, &
& PBS A BHYEXT A , i B 4V pT7TAMP-gD
Ectodomain mRNA A4 3% [ A A7 FHH: X B4
GUREINF A SR I . OB R DL I 4, 2 2V
FARFRILFE 4,
1.12.2  ELISA JE#&N/ R I E IR A3 E

f#i F L 100 ng A Recombinant HSV2 gD
HALHE 96 fLEFPRR, 4 °Cilid, WHHH
0.05%0t 5 -PBS ek 3 ¥ ; &:fL 200 pL 1 1.5%
BSA £ 2 h; B EUEMNR 3 ¥K; 0.2% BSA 1E
R B SER MUTE B 500 %, 5 4 F5 0% HuAs
e, Eh—HumA, WEE 1 hy M3 s A
i A B 1:2 000 # B HRP-conjugated
Affinipure Goat Anti-Mouse IgG(H+L){E N —
P, WE 1 h; etk 6 Ik, A TMB R,
HEEEIR B A2 S min 5, A 2 mol/L kiR
ZLRo, FEmiEes., ZiRE)5 30 min
NI & ODaso fH o

3
Day 0 Day 7

B3 /NRBERER R AR ]
Figure 3 Timeline of immunization in mice. Syringe
markers represent the time of immunization.

Day 14

Test group Immunization method Immunization dose Number Number of immunizations
Lipid 6-pUC57-circ-gD (experimental i.p. 50 pg (high dose group) 3 3
group) ip. 10 pg (low dose group) 3 3
Lipid 6-gD-mRNA (positive control group) 1i.p. 30 ug 3 3
Lipid 6 ip. 100 uL 3 3
PBS (negative control group) ip. 100 pL 3 3

i.p. means intraperitoneal injection.

http://journals.im.ac.cn/cjben
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7N Q g
A A L]

Day 0 Day 14

¢

Day 21

B4 pERBAE. B, W R BR8]
LIS 1]

Spleen
collection

).

Day 28 Day 35 Day 49

TR A bn AR ), SRR ], Sk AU

Figure 4 Timeline of immunization, blood collection and spleen collection in mice. Syringe markers
represent the time of immunization, the dots represent the time of blood collection, and the arrows represent

the time of spleen extraction.

x4 DYIEHERRE

Table 4 Animal grouping and immunization

Test group Immunization Immunization dose Number Number of
method immunizations
Lipid 6-pUC57-circ-gD i.m. 50 ug (high dose group) 5 3
(experimental group) i.m. 30 pug (medium dose group) 5 3
im. 10 pg (low dose group) 5 3
Lipid 6-gD-mRNA im. 30 pg 5 3
(positive control group)
Lipid 6 im. 100 pL 5 3
PBS (negative control group) im. 100 pL 5 3

i.m. means intramuscular injection.

1.12.3 A&

SR FH I8 2 9 2 - MLV AR B2, 1 1 000 24 i
1 95 2 BUR YL F) 17 /2 T (cell culture infective
dose 50%, CCIDso/mL) 35 B 72 Fh 5 K I /) il
I35 H RS B e R D A S A Y
oHSV2CM Bl {r 1 d F 96 AL Ak 4l
2x10° cells/mL Vero 418, ¥k H W40 i 2% Jif
1t 80%—90% M H. . M—80 °CUKA FHHLH B 4%
TP b, fLURS ] DMEM/F-12 #5178 £i%
Wik IG, 2 MR 2 512 1% W R Y
I3 BE VR (50 pL) 5 S5 (AR 19 1 5 7% B (50 uL)
T 96 LIRS, JFMrbrid, mE e Ak
WRIEFATIEE 1 he BUBAIA M0 96 fL
M, R B, R ICIM AR T S
FA) 97 5 I 975 B 4 VA, R AE AR AR Tk B 3R A

Z&: 010-64807509

WEE 48 ho HZ, A ad i F 8 A BT A EE Y
R0 R0k (neutralizing titers at 50%, NTso),
R EAR NI B &
1.12.4 TIFN-y 4BAaFE 740

TES — KR 49 d J5, or B/ EURIE, ©F
BEAINE, B0 RS B, AL AN R v Y
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PUARA-6A2- Y ZOF R 1 ng/mL, LN
A 100 uL, ¥F 2 h, #HASH 0.5%/H 4 M3k
1) PBS LA 1:1 000 HiiFesk sz rfl R -ma M mi R i
BB (streptavidin-ALP), EFLIIA 100 uL, 55
1h, Yt sk, MABGRE G, 298 akT
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1.13 B
1.13.1 fREFF HH I = (lethal dose 50,
L Dso)iM E

{81 F PBS ¥ HSV-2 MS J5 2543 | A 746
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41 8 2 BALB/c /MR, 3541, 45 w4t
50 uL A9 10°, 10*, 10°, 10°, 107 A9 2F, HLE
WMEE 14 d, BRICF/DEARS LT AE I,
3 didsR/NEUARTE . AR /N BB TS, il A ek
HEE R A R log LDse=Xk—ix(XP-0.5)1 %
LDso, o Xu e A5G &t 0 S AHZB I X
B2 PSR EAMET R,
1.13.2 BEFIERFBBERNZE T NER
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¥ 60 HUNERA N 6 41, 4l 10 X, 25
PA pUCS57-circ-gD mRNA Fil Lipid 6 b H#EJi,
WHE PBS 4l MHMEXT IR, & E pT7TAMP-gD
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G gsE i ) e st [R] LI S, 28 2k i S AR AR
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‘A3 E’ 9
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Figure 5 Timeline of immunization and virus
injection. Syringe markers represent the time of

immunization, the arrow represents the time of virus
injection.

R EE L2 AN A S

http://journals.im.ac.cn/cjben

W4, 553 EHE 14 d)n, TSI,
B HME ST 50 uL A9 10xLDso 9 1057 )
HSV-2 MS i 8 , B8 5 B3 K st/ RS F st
150
1.133 KEEREHENE

£ HSV-2 MS W# 8 e, TWEMRG
—R¥GSA 5 HU/NRB S, BUNRBIE 4
g1, H412) DNA =BG SR E P E 418
DNA, FIFiZf e gE M EAss =519
(Bl 6), idLh2¢ e i PCR (quantitative
real-time PCR, qPCR)I¥)Jy ¥k % Mot i /N B 38
LR EE gE SEE 5 DLE s b A TAS , Ji
NAKZ K 1 ng 1) DNA #itl 1 pL, 10 pmol/L A9
k. F#ESI44 1 uL, SYBR Green Realtime
PCR Master Mix 5 uL, ffif] ddH,O #hFF =
10 pL,
1.14 SiitZFbg

s 5811 R Graph Pad Prism 8 # i 47
A B, A DAF- B 45 1 1 (meantSEM) KRR o
PAZH 2 ) 22 S SR ST AEAS t-test 40T, DA
P<0.05 &R 54 BEM, P<0.01 £/R2E5W
B,

qPCR-F \

AGACCCGACTCTCCCTCCACAAATEEATCCGGCTTTBAGATCTTATCACCARCGGCTCCETCTGTATACCCCCATAGCGAGGGGLETAAA
T | i l i Il 4 } 4 i Il 4 4 !
T T T T T T T T T T T T T T T T T
TCTGGGCTEAGAGGGAGBTOTTTACCTAGGCCGAAACTCTAGAATAGTGETTBCCOAGBCABACATATBGEGGTATCBCTCCCCECATTT

R PDSPSTNGS G FEILI LSPTAPSVYY PHSEGRIK =
N DPALRSYHOQRILRLYTTZ PI ARG GVN =

TCTCGCCECCCBCTCACCACCTTTGGTTCEGGARBCCCEBECCETCOTCACTCCCABBCCTCCTATTCETCCETCCTCTEGTGAGGCGTC
L ! 1 ! 1 ' ! : I L ! ' 1 ! 1

Lo L L1 . L i |
AGAGCEBCGEECEAGTEETOGAAACCAABCCCTTCOGGCCCEGCARCAGTBAGGRTCCGGABGATAABCAGGLAGGAGACCACTCCGCAR
gE

S RRPLTTFOGSGES5PGERRIHESQASYSSVLWE -
LA ARS ? PLYPREARAMAY VYT PR PPITIRESSGCEALAS =

S qPCR-R

6 qPCR 3147i&t[E
Figure 6 qPCR primer design diagram
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2 ER594

21 FRAHHERERE

PIASZIG AR 171K pTTAMP-gD Ectodomain
FURL BT , 1t PCR 34 B2 3845 HSV-2 gD
Ectodomain H 1) i B&(GenBank & 55 : 1487358),
PAASZ B EARAF A pUCS7-circ-eGFP Jiikr A5
M, D] R RIS R AR A Ak A B
A P PR TR A 1) B B R 1 B SR R
BT 7% PCR &3S, S0 KU/NIERR, 54
AR, ECXE A0 DE A, R4S B R o i Y
pUC57-circ-gD Jiki .
2.2 RINERKRIFIK RNA BUR 5

PL pUC57-circ-gD ki Atk , i 514
neweGFP-F Fll neweGFP-R #1741 , 153 /%) PCR
PRI R I S ARG Mt 5 A o (A T7 &
7= RNA 558050 & 76 DNA B A TVT K2R
fk, 1557 KA pUCST7-circ-gD mRNA (] 7).
2.3 I RNA B9 E M SR MIEIIE
2.3.1 RNase R EBIEIEE /RIFIK RNA B Ih
M

fdi I RNase R {H 4k AT F L BR4 % RNA 43

A B
bp M IVT template bp

TR B PR RNA G 38 28 % 7 Ak B[] g i
W T SE . R BLEAE RTE AR A, A
Z BN 2 R R RNA B3 Ak, 12k
PE RNA 239 B 5 1A [7] 14 B A0 Bt 1) % 45
AR (K 8). XEIREMATLME RNA,
B JE ) mRNA B J B 6 RNase R B 14 75 Tif
S VERIRSE PR 5 T A A S AR TR) X B
AR RNA BYFEE P AR FE R S )N, g — 2
IE T FRR RNA BFa 8 VAR
232 HERMERALSIUEIMA RNA BINEME

PAITFEIE) cireRNA AR, 3055 3¢
cDNA, DIHOMRN , 38 1 85 I A7 s 1 T4
VRSS9 gDrtPCR-F . gDrtPCR-R, #&J5 PCR
PG HB R B MF45 R ] Snap gene
FEXTIERA (K] 9), UERHIAE ) .
2.4 Western blotting E.~EREBK
IR

Y% 72 h JE WS B AT AR T BN AG I
K HMPURE I RIETE N . Western blotting
gt IR, %W K/NS gD Ectodomain 5 H
H RIS K/ N 37 kDa) MR (1 10).,

M Circularized product of in vitro transcription

7 PCR 1B IVT 2R (A)FEE R A pUCS7-circ-gD mRNA (B)
Figure 7 PCR-amplified IVT template (A) and transcribed pUC57-circ-gD mRNA (B). M: DL5000 marker.
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%] 8 IEBEPEEEALEE KA RNase R jH1L3T cireRNA B9S2 A: RNase R {4/ . M: DL5000
marker;3 pg circRNA {E A1 #1T RNase R {45 IE, 37 °Co3 5% 7 10 (Lane 1).15 (Lane 2).20 (Lane
3). 25 (Lane 4) min J&5, 70 °CH# 5 10 min J5 5 A A mRNA (Lane S)FJHIKZE R . B: W HTE . M.
DL5000 marker; ¥ 3 pg circRNA /E A 43 5 8L 0.4 (Lane 1), 0.6 (Lane 2). 0.8 (Lane 3), 1 uL (Lane 4)
RNase R #E171H L EIE, 37 °CHE R 20 min, 70 °CHFF 10 min J5 52 45E R mRNA (Lane 5)F% HL K25 2R

: 2Pt RNA 534k RNA #17 RNase R {HfbXf . M: DL5000 marker; Lane 1: £t mRNA #£17
RNase R JH1LIGHIE; Lane 2: 2614 mRNAIVT F=4¥); Lane 3: 4k RNA ¥F4T RNase R J54b 4 HIE; Lane
4: IR RNA 74
Figure 8 Effect of RNase R digestion on circRNA detected by agarose gel electrophoresis. A: RNase R
digestive enzyme dosage. M: DL5000 marker; 3 pg circRNA was used as template for RNase R digestion
validation and incubated at 37 °C for 10 (Lane 1), 15 (Lane 2), 20 (Lane 3), 25 min (Lane 4), respectively,
followed by incubation at 70 °C for 10 min; B: RNase R digestion reaction time. M: DL5000 marker; 3 pg
circRNA was used as template to take 0.4 (Lane 1), 0.6 (Lane 2), 0.8 (Lane 3), 1 uL (Lane 4) of RNase R for
digestion verification, and the results of electrophoresis were obtained after incubation at 37 °C for 20 min,
followed by incubation at 70 °C for 10 min. C: Comparison of RNase R digestion of linear RNA versus

circRNA. M: DL5000 marker; Lane 1: Linear mRNA for RNase R digestion validation; Lane 2: Linear
mRNA IVT product; Lane 3: Circular RNA for RNase R digestion validation; Lane 4: Circular RNA product.

Splice junction

1

TATTATGCGTTACCGGCGAGACGCTACGGACTTAAAATCCGTTGACCTTAAACGGTCGTGTGGGTTCAAGTCCCTCCACCCCCACGCCG
4 ' + i : ' " 1 4 y 4 L N L N i : 1

* T t T t T t T t T + 1 g 1 + t + 1
ATAATACGCAATGGCCGCTCTGCGATGCCTGAATTTTAGGCAACTGGAATTTGCCAGCACACCCAAGTTCAGGGAGGTGGGGGTGCGGC

_ Feature —  |[Featulll Feature 5

TATTATGCGTTACCGGCGAGACGCTACGGACTTAAAATCCGTTGACCTTAAACGGTCGTGTGGGTTCAAGTCCCTCCACCCCCACGCCG

TATTATGCGTTACCGGCGAGACGCTACGGACTTAAAATCCGTTGACCTTAAACGGTCGTGTGGGTTCAAGTCCCTCCACCCCCACGCCG

“150

140

B9 MW IERAL L35 E

Figure 9 Sequencing verification of cyclization site alignment sequence diagram.

2.5 mRNA-LNP Z #5898 50X il R, W™ Y puUC57-circ-gD

5FRE9H mRNA £ Qubit 4 ZSEHARIN CAE N 560 ng/uL,
251 GSHFEMNESKRESH CefHN 11.1 ng/uL, A HAERA 98.0%.
LNP 5 pUC57-circ-gD mRNA %542 [#] YKL B A2 78 mRNA-LNP Z-average 4

TEMFEAL AL LG AR o] W 5y o il K2y 82.76 nm, PDI 2k 0.034 88 (& 11).
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< gD Ectodomain 37 kDa

15 —
10 — -

10 Western blotting N H K E B XK IA
M: % {05 11 marker (10170 kDa); Lane 1:
pUC57-circ-gD mRNA #4244 293T 4fiJfl 5 b1 Y
FAYE 5 Lane 2: REFEGLR) 293T 4 Ei (A
PEXT IR
Figure 10 Western blotting analysis of target
protein expression. M: Color pre-stained protein
marker (10-170 kDa); Lane 1: Target protein in the
supernatant of 293T cells transfected with
pUC57-circ-gD mRNA; Lane 2: Supernatant of
untransfected 293T cells (negative control).

252 BERABREENH

D45 45 B JoT 20 43 i s TR AR R A3 e
(E 12), fHASMrE &S5, KmEll T
B S, ELARKRSINSE S i Lipid 6
il 4.96 mg/mL, DSPC & &4 0.99 mg/mL,
H [ BE 5 50 1.82 mg/mL, DMG-PEG2000 75
i# A 0.47 mg/mL,
2.5.3 SEC-HPLC %7Ffff mRNA 4iE

2 SEC-HPLC o uF4fifEn] A1, s gk
pUC57-circ-gD mRNA (& 13), =3 EI% 1L
7R 7% mRNA W 1 TR L (RP2E ) 2k 90%
2.6 EENZEMITME

1E 21 d MBI, DRAETAEN, HIGR
RN, FSIE T d 5SS BUREE
Fo A E 38 i (& 14), WEB T pUCS7-circ-gD
mRNA J P 1% 2

—_ (3
L (=
T

o
T

Intensity (%)

750
500

0.1 1 10 100 1000 10000

Size (d.nm)

11  pUC57-circ-gD mRNA-LNP Bk B R K2 D% A: pUC57-circ-gD mRNA-LNP HiLJk & . M
DL5000 marker; Lane 1: LNP; Lane 2: % LNP fu#}/5 /) pUC57-circ-gD mRNA. B: pUC57-circ-gD
mRNA-LNP 42534 B . 40K B A AR pUCS7-cire-gD mRNA-LNP /K& HA% .

Figure 11  pUCS57-circ-gD mRNA-LNP electrophoresis map and particle size distribution map. A:
pUCS57-circ-gD mRNA-LNP electropherogram. M: DL5000 marker; Lane 1: Negative control; Lane 2:

pUCS57-circ-gD mRNA after LNP encapsulation; B: pUC57-circ-gD mRNA-LNP particle size distribution.
Nano-particle size potentiostat to detect pUCS57-circ-gD mRNA-LNP hydration diameter.
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A B
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min pA“min DA % %_ min pAmin pA % %
1 [DMG-PEG2000 5.705 7542 8804 0.38 283 na 1 2543 0842 6751 03 14 a
2 (Chol 8171 18.958 11154 2359 aros na. : ::‘U; :;: t:ﬁ :;: ‘.": a
P free 9 | oo | e B - iirs as son2 ok 10 =
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%} B8 F2(A) K pUC57-circ-gD mRNA &[] (B)

Figure 12 Chromatogram of reference substance (A) and pUC57-circ-gD mRNA (B).

1 Vuu o
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500 | J \JSLE =
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13 pUC57-circ-gD mRNA f&iZ[&

Figure 13  Chromatography of pUCS57-circ-gD
mRNA.
26
e ~PBS
=24 = Lipid 6
! ~+pUC57-circ-gD-Lipid 6 10 ug
g 22 4 ~+pUC57-cire-gD-Lipid 6 50 ng
_:§20 =-gD-mRNA-6 30 pg
[an]
18— - '

0 7 14 21
Time (d)

14 RERPMREEEZLE
Figure 14 Changes in body weight of mice after
immunization.
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2.7 BENREEREMETN
2.7.1 ELISA AR/ R A% S % N &
BIATEE

Oy BIAEAE S 21 d.35 d T/ BUIRJEF kA
KM, 7E 49 d RS ERIRERCR M, LA pUCST-
circ-gD .pT7AMP-gD Ectodomain mRNA #/l Lipid
6 MHsElL, PBS 4l hBHMEXIRE, Mgl 5 H
6-8 &1y BALB/c MEtE/NR A TS S5 . fii ]
)48z ELISA 5. o RIpTARI 43 5 3 p Hegt ik
1. 2.0 3BIESE, TEMRHR Seyse b i S etk o

K T4 ELISA Xt pUC57-circ-gD mRNA
B 1 AR 21, 35, 49 dJF /N BUALYE R
PEBUR P RR R A TR I . SEER 25 I BOREE 2.
3WHIE TdJE, LR, mrlEA MK
Vi, HR Oyl AR R, B
Lipid 6 ZH 1 PBS ZHAF7E 0 25 5, FATEXS B2
MR KE 5 p Rl AT . 565 2. 3 WSk b
FEfE, PRI R 3R TR 15), 55 3 by
21 d J5 SZ 502 v 70 21 A B AR B /N P
PEXTIRZH , DEBIERAR RNA A4 Tl s A H.
ROR AR
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= 1500 000 + pUC57-circ-gD-Lipid 6 30 pg = 1500000 + pUC57-circ-gD-Lipid 6 30 pg
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15 ELISA ERMMFBESFFM IgG ik A 3 YCRIMLJE M35 # B A 1gG Pk E; B: &
WAHIEIE 21 d MER BRI 1gG PURTEE; C. BRAE)E 35 d MIEMRBAR 1gG PLikHE; D: o
WAPE IS 49 d MLIE R B IN 1gG PUikim B . *f0F P<0.05, **f{3 P<0.01, ***{LF P<0.001, ns ftF

LG

Figure 15 ELISA for antigen-specific IgG antibodies in serum. A: IgG antibody titer by serum dilution after
three blood collections. B: IgG antibody titer by serum dilution after 21 d of first immunization. C: IgG
antibody titer by serum dilution after 35 d of first immunization. D: IgG antibody titer by serum dilution after
49 d of first immunization. * represents P<0.05, ** represents P<0.01, *** represents P<0.001, and ns

represents not statistically significant.
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55 2.3 sk s e, B oK AR TH(E 16)
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KT 1~ Y B S5 B A 2 22 (1 17),
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Bl 16 EEFEEPFIIAEE
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A 3 UKL ML R R 535l R i 485 & o 1A
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Figure 16 Neutralizing antibody titer detection of antigen genes. A: After three rounds of blood collection,

*L3% P<0.05,

L P<0.01,

*rfER P<0.001, ns {URLLITAE L

serum dilution was used to test the titer of binding antibodies. B: Titer of binding antibodies 21 days after the
initial immunization. C: Titer of binding antibodies 35 days after the initial immunization. D: Titer of binding
antibodies 49 days after the initial immunization. * represents P<0.05, ** represents P<0.01, *** represents
P<0.001, and ns represents not statistically significant.

2.8 EERBIEEN

281 NEBEBFBERELDSHE
HIEEmNitE

HEMEL 14 d 5, e/ RUIRE SAEE
MULE 18, AR log LDso=Xkx—ix(XP-0.5)=
7-1x(1.75-0.5)=5.75 5% LDsoo 5 LDso N
5.75, e J5 BB EOE R R 10xLDs0=10",
282 HIEAFEREBHTLETHESEX
INERBYIRIFIER

YRR 2 d FRBUNRIAE, K2
UGS 6 KIT4h, PBS 4. Lipid 6 4H . 1%

A /N ERES R T TR, HR
HIAE FFF, H PBS 44 )% Lipid 6 2034

http://journals.im.ac.cn/cjben

NERFETS; 55 10 KIFR, 49 /RIS T B
RE R RERAEAR , B4 2 PBS 41 X Lipid 6 41
HBUNRIET, HaX 2 4/ RBHIE A2 B
ez Mm% . WE)s, PBS 4I/hRTE 12d K
SERBETS, KAL) Lipid 6 4I/NR 14 d
A 1 RS, /N E R R,
PRI A R, LR BEER HEA AL
TR s 3 Bh Ao s ) & 92 06 41/ BUAE fF R 3
100% , A ¥ A7 , UERRRE B A48 T R (K 19),
A GEAG I 8 B3 F 2 1 B DR AP B O
SEE A5 UL pUCS7-circ-gD mRNA 3% 1 A] L)
A RO B R AN R B PR AP, IER T



KERR % | IR SABEBHE gD HEEEM circRNA BEEH1& BB

BB AT —
283 WERNRBEAAFSHEEN e
T R R Tsop T

YRR SEIR IR, HRAS 2D B 2 A 5 7 40 v L N
4 QPCR 55, KrlS PBS 41K Lipid 6 4111743 Eom| v o JIUGTchaBlindedtus
1 QE SE[ 5 UL RCED A1 AR kA 5, 5 50 o Siof FE EOmRNALde3
pUC57-circ-gD mRNA K. . & &l & OQQ,.
Ji i OE LR 098 VLRSI A (I 1 25 5%, el 3
(P RS B0 OE JEIH 0% DR 75, Hhk ATF
Sy 2 R I L (B 20). BB pUCST- 00%8%24

circ-gD F i FE LA P AT DUIAG RO B i s . I A
ARG EI, RYHO) SHIERRAE . @17 1Ny GIET S5k R
AN EEEE R, HEEFEERENE, | Figure 17 Detection of IFN-y cytokine secretion
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UUERH 12 B A S50k *** represents P<0.001.
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Figure 18 Changes in body weight of mice after virus injection (A) and survival curve of mice (B).
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Figure 19 Changes in body weight of mice after virus injection (A) and survival curve of mice (B).
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