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W OE: [889] WX IR Mycoplasmoides pneumoniae) & 4> 3k At X 3K A5 M K 69 £ 2558 RAK,
EARAZFHALHBATR, HALSHAGORAL T REAFTR. [FFE] A TiZmREKe X
Hmpuhl, #HI 13 A EE 5 W E B KR A MR F 18 45 4 4E (community- acqulred respiratory
distress syndrome, CARDS) & Z4E A&t LR . BRSO A Y FE5 L BZ&FH EtiTmieEH® T
#k & 4w il (cytotoxic T lymphocyte, CTL) & 4% . #HBh 1 T #k & %8 &2 (helper T lymphocyte, HTL) & A% &
o B AT BN b Jh ik, MG B IE4E R T R AT e R s AT B8R, A N %
FI N B-F5 #p% 2 (human beta-defensin 2, HBD-2) 5 50S #Z 454k & & L7/L12 AL A, #E %
RGBT, xRS A F AT R Ao [£R] RAFREHARMS 154 CTL
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Rational design of a multi-epitope mRNA vaccine against
Mycoplasmoides pneumoniae based on immunoinformatics
and reverse vaccinology

BIAN Ting', CHEN Zhengshan?, HAO Meng’, ZHANG Zhenzhen', XIONG Qiyan', FENG Zhixin'"

1 Institute of Veterinary Medicine, Jiangsu Academy of Agricultural Sciences, Nanjing, Jiangsu, China

2 Beijing Institute of Biotechnology, Academy of Military Medical Sciences, Academy of Military Sciences,
Beijing, China

3 Nanjing Red Cross Blood Center, Nanjing, Jiangsu, China

Abstract: [Objective] Mycoplasmoides pneumoniae is a major pathogen responsible for
community-acquired pneumonia worldwide, and the aggravating antibiotic resistance underscores
the urgent need to develop an effective vaccine. [Methods] According to the critical pathogenic
mechanisms of M. pneumoniae, 13 key adhesins and the community-acquired respiratory distress
syndrome (CARDS) toxin were selected as candidate antigens. Reverse vaccinology and
immunoinformatics approaches were adopted to predict and screen cytotoxic T lymphocyte (CTL)
epitopes, helper T lymphocyte (HTL) epitopes, and linear B-cell epitopes. The screened epitopes
were then connected via specific linkers. Two adjuvants, human beta-defensin 2 (HBD-2) and 50S
ribosomal protein L7/L12, were introduced at the N-terminus to assemble the complete vaccine
sequence. Furthermore, the physicochemical and biological properties of the constructed vaccine
sequence were comprehensively analyzed. [Results] A total of 15 CTL epitopes, 10 HTL epitopes,
and 14 linear B-cell epitopes were obtained after screening. All the epitopes and adjuvants were
ligated by specific linkers, and a final multi-epitope vaccine sequence consisting of 746 amino acid
residues was successfully constructed. The computational analysis indicated that the vaccine
construct exhibited favorable physicochemical properties, antigenicity, solubility, and a safety
profile. Molecular docking results showed that this construct could bind to Toll-like receptor 2
(TLR2) and TLR4 stably, which was further confirmed with the results of molecular dynamics
simulations. The immune simulation and epitope coverage analysis indicated that the vaccine could
elicit potent humoral and cellular immune responses and provide potential protection for up to
99.74% of the global population. [Conclusion] Through systematic computational design and
evaluation, this study develops a multi-epitope mRNA candidate vaccine with promising
application prospects, laying a theoretical foundation for subsequent experimental validation and
development.

Keywords: Mycoplasmoides pneumoniae; immunoinformatics; multi-epitope mRNA vaccine

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



5272

BIAN Ting et al. | Acta Microbiologica Sinica, 2026, 66(10)

Jiti 98 32 JFAK (Mycoplasmoides pneumoniae) e
A R0 [l N 3 Bk XOR AT il 48 (community-
acquired pneumonia, CAP) Y =2 R Z —, XTI
JLEE RN ARSIt ok i 202 %o R A FR B
T A I T ROARTE N 2 AR BE KU R PR R
HALRE, fLRkRe k. 732, M. pneumoniae
RHAE B0 200 J7 4L X IRAGME G &, I i
B2 10 T3 44 AR B IR o7 220 F W R
it R B I s 3200 R AR 1 R T T A R i R
., M. pneumoniae % N At X 3 A5 fili 48 9
P 19.2%, fE L2575 /0 AF fili 28 9 51 v U o
10.0%-30.0%"*%), Bfi# SARS-CoV-2 FEIER s
Tt R, 2 B ARG RGE T M. pneumoniae
YL B BT RS R M. preumoniae
SR R A H R, (BT AT ™ S O &
SE, WEAEMSAS, A —RFIINRE, f
i 2 K0 LA A RX RR 22 R G0 e S A i )
ARG AN, BRAERRYLAL, HOR R Z R IT
B M. pneumoniae [E%G% 518 VEFH ZEVE B M %
Wi P A AR UIAH G, iF— 20 ™ I HOG A S fi
RS

M. pneumoniae 3 J& T ¢ BEAK 4 3 J5i 4k H
WRARBL . = g RE, RN RN
800 kb, LA & ARSI, A% 2Y 700 Fh A
JEMR R G R E S A R A 2 BT R
95 JEL AR TR RS VR T 2 PG PH M AL S,
W T = ZHIBE, M. pneumoniae %f B- N RS
YA R BA KRR 250 o 48 DU 3R 28 2 o s
RS2 AT VR A RO RGBT 25, (I
PRI H 32 20 EIAE A R, 9 an Do 2R R 2 259
FIBULE A& (0, FUE T R 25 25 1 W A7 7E L
BB E USSR, KER PSR R 25 1 Bk
FfE—2ibr i E e gl sk, EREH
T RIANERGYINT 2/, M. pneumoniae
Xof L 25 FE 2 i ik 69.0%-95.0%17 5 B 24
PESFERANERR YT 2 R, TR
ZEH I PRIAIA, ISt Tt R s AR oS
WAL, M. pneumoniae JEG% 5175 1) B 9K fe i i
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RS, AR S IR (AT RERY
YT M. pneumoniae i KA E KRNI T A7
UL LY HG TR 5697 RS 0 Ry BR A, R
SAMMEEN TN Y 5z o R, HETH
TCARM T AT o Pl A S 5 fo s ki 1 52
A, I AR ORI LS A 8 B, [T
M. pneumoniae & 1T B &I IRME AL, X
E 1 B8 5 4 5 9 (vaccine-enhanced disease, VED)
A FEDE A2 T U AH G SR i e i B 2 2R . A
RFEWH, M. pneumoniae A SRS 8 H 5 VED
G BDIAHOED), I 2 A A B AR R A
R EEEN . M55, X M. pneumoniae 11¥E
HAIFSY AR KNG . DRETE T . AR
PR E B R ZH DNA BET, (U2 A7
TE—E WY R BRME o A% 50 10 K3 4 40 LT v e g%
JRPERESS , BB RN S AR AU AR ALE B
UYL ] e Y B B AR SN, AR SRR
FHXURS o ol 2 175 52 17 R RE 5 T 0 ) S e L 2
R e A P AT TG PR AR . 56 T R B 2R (an
P1. P30. P116)MY & 5075 i BN B
A B T 5, BRSSP A
i ERRRERG, A RINRBACL. difk T
LRI WERREE, URTERERERG Y
Ve R RIRMIG A 0] . DNA S 11 B eI
20 L g AR e, B S IR A58
TZWALE, HATAERE NI A AR
1] 92 1 2 5 A R A I R e e i
TS Ay PR T TR A S 2 ¥ A ) TR il R4
T 32 R 25 65 e 08 [) B 375 5 58 K &4 A R 44K R e 3%
BN BT R A, DA S5 B 22 A5 38 i 1)
G, SRR, XEET Z AR
SETE IR A AR Ok sE B 5 1 AR A
A, BAZerE R, Wit R, Rt
SR B MERE . 3E R T DL R R AR AT A
MAFEHE . BHET, Z07E N T
B AR R MR AP R 4
TR A R R A R AR R K
FUNEXT M. pneumoniae 223 ¥ 1
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AT A B I AT P R ik, sy
BT A—PRI22l M2 T, AR5 2
T M. pneumoniae (ECRHLE], F1XTH A& o 7
1 BT T R T M. pneumoniae 15X
o Tk VS B A LR B . BEER A . e
Bk E Z A . o, 4R
R 2 i Sl g i OC B AL IR, EE R AR 2
TR G E AR s U T, AR
A 5% 4005 B OC S 260 B 38 St DX AR A5 M i
i Zf 4 {IF (community-acquired respiratory distress
syndrome, CARDS) & 2 fE ML, IKFE (R
BT VR 50 N 2 A PE W B R AR 5 O
PR 5 38 2ok [ B REL DRI L A4 26 B O b A g
A SRy, DA 4R AR T A T Y B g R A
TSR 45 A BN B A AU M. pneumoniae FE
PEALE S RIS SRR A

1 AR5

AW TEL B o (5 B 5 B P W 2 7 vk
Bt T &% M. pneumoniae W— 511 @407 £
AL mRNA R, HARRE 1 s,

1.1 REBRNEEF

il M. pneumoniae FENT JEYL 1Y L AR
W WEFERM, RZBHEH R BAT m Pt
PE, REE ORI, T, AN
TEICT 13 RGN R AR NI & 2RO B I ik
PrIFEM,

5Z8CRAEARIE, M. pneumoniae 7] 43
JFER) CARDS B R, [FHMT R, %8R
5B H % EE R b SR L EE 2R b 2 5k
IR 79 A AYE; Thig b, H N Imgh
T3l 81 57 ADP-RXMERE RS BERG 1E,  C I X B0 4
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Figure 1 Workflow for the design and evaluation of the vaccine construct.
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Seh A WL R k. Ak, ZERD
Bl UE S AT 7 i B A R I A R P BT
XUEFME, CARDS B R WL M EdT R .

WETFRERITATH M. pneumoniae 35570 2 4~
U, ARWESE o BT AR 1 BB Rk AN 2 A
BFR Y M129 #k(GenBank & 3¢5 NC_000912)
F1 FH # (GenBank % 5% 5 & CP010546)3E17 43
M. LA FASTA #% 20 M NCBI (www.ncbi.nlm.nih.
gov) IR T 14 FiE AR A EmRIT 5, VBN
ARG E 2 RN I BEREGE 1),
1.2 ZHpEEM T HE YRR AT

Sk $E v A B EE P T bk B 46 i (cytotoxic T
lymphocyte, CTL)Z& (v FU (1) ] FEPE, AHFFE R
FH 2 FVEE I AN TN 5 . & 5E, A IEDB
s 1 1) B EH LR A R 12255 F (major
histocompatibility complex class I, MHC-T)7E £k T.
H.(https://www.iedb.org/)¥ii it 9 ik, F:sEHL 27 4
4R A B9 MHC-146 {3 56 PR 2329 L3
53>0.5 HHE$<0.10% b BI{E , i % = 5% A )
Tk ANJE S5 0. HK, R A NetCTL-1.2

filz 55 %5 (https://services. healthtech. dtu. dk/services/
NetCTL-1.2)%F bR Bl 25 Rt AT 4b SEHAE . 1%
M55 #5385 T RALEZEM 3 D OCHEA T, RIAK
Be MHC-17r 1855 . S ERHAR C I 2% LA K
LN T AH 5 5% 42 1 (transporter associated with
antigen processing, TAP) ¥ iz & % , W] ¥ %
12 Fft MHC-LERIBR I CTL Fefir, Hrfr, kBt
5 MHC 456 S 1A R figp i ach N TP s ) 2%
T, TAP %% iz 0% W) 38 o A 5 0 B 1 17 1
fHBO3UC ML . TAP 5538 8508 R R K 5E
B {E 2 >R F RN Z 80 (0 1 o 0,15, 0.05 Al
0.75)o YR AGHE 2 o T W] s S50 HL 345K w5
VO gk b it A SS90 -
1.3 FHEMME T HEMAE R AT

SRR TN 25 R B AT R A SRR A
1 IEDB T H. 5 NetMHCIIpan 4.0 /Il 55 2§ (https://
services.healthtech.dtu.dk/services/NetMHClIpan-4.0/)
YEAT B M T Ik B 48 2 (helper T lymphocyte,
HTL) R AL, ARl 15 Ak me, Ha
R Ry BOAE o A 256 3k A5 (] I 2 A

#1 ATERUEHRITHIRRERNEZEREEREBUES R

Table 1 Information and homology analysis of antigen proteins from representative strains for multi-epitope

vaccine design

Gene annotation Protein Accession No. (M129) Accession No. (FH) Amino acid
identity/%
mpnl4l Pl WP 010874498 ALA35657 94.08
mpn453 P30 WP_010874809 ALA35953 99.64
mpnl42 P40/90 WP_010874499 ALA35658 86.95
mpn213 Pl116 WP_010874570 ALA35728 99.61
mpn309 P65 WP 010874665 ALA35821 95.51
mpn447 HMW1 WP_010874803 ALA35947 99.71
mpn310 HMW?2 WP_010874666 ALA35822 99.78
mpn452 HMW3 WP_010874808 ALA35952 99.70
mpn665 EF-Tu WP 010875022 ALA36159 100.00
mpnll9 TopJ WP_010874476 ALA35636 99.67
mpn392 Pyruvate dehydrogenase subunit B WP 010874748 ALA35896 100.00
mpn606 Glycolytic enzymes enolase WP_010874963 ALA36102 100.00
mpn567 P200 WP_010874924 ALA36062 99.52
mpn372 CARDS toxin WP_010874728 ALA35875 99.66

P4 actamicro@im.ac.cn, 7 010-64807516
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THARG . w g & 2R AR N, Hig e
IC50<50 nmol/L 5454 A 3 P £ 4<0.50% XX
B AR T Bk A S 2L 5T
1.4 %1% B pagRALTUN

B 2 il A 2 WO LA R ATEAZ B i
T DGk, Xt ST K e R B O E %
NRGFEX RN, ARSI H] ABCpred
(https://webs.iiitd.edu.in/raghava/abcpred) (I‘EJ—'ZHE 0.51,
KK A 16 DR HRER) 5 Bepipred £k 1 337 Fiil
3.0 1. H (https://services.healthtech.dtu.dk/services/
BepiPred-3.0/). (X 4 279k 2 iy ik w15
I LY R A5 w8 VE 43 I 5 s £ 1 A5 B2 3 T .
AR AT K M(relative solvent accessibility, RSA)
5 ¥ 57 n] N 3% T FH (solvent accessible surface
area, SASA) ffi FH NetSurfP-3.0 (https://services.
healthtech.dtu.dk/services/NetSurfP-3.0/)i4 7434,
RSA>50.00% A 255, SASA i, KWL
NLRER IS . PURSE G
1.5 RAumEM. HEMESSESH

& H VaxiJen v2.0 (http://www.ddg-pharmfac.
net/vaxijen) PFAili fir i SR A7 AP, (A I
H>0.50, R TR BRBA A ICHT o137 AHE
br. BENS, 03 FH AllerTOP v.2.1 (https:/www.
ddg-pharmfac. net/AllerTOP) HI ToxinPred (https://
webs.iiitd.edu.in/raghava/toxinpred/) il & {37 1Y £
ek AFEENE, {171 IFNepitope2 (https://webs.iiitd.
edu.in/raghava/ifnepitope2/) Tl il %% 73 A ik B 175 5
T4 2 -y (interferon-y, IFN-y) =4 I HE T1 o HIL
i e 1 B m vk . AR B B SRR
AR ST ST
1.6 ZROAFEMEMRIT

R EEE X M. pneumoniae W) 2 F AL PER] ,
AW 9 2ok T RE AR S M 0 R R A AR AR Y
CTL. HTL M B 4ifi R/ 47 RSG5, ki
HETHAZEEN, RN R E e
MR AL AT S MR RIG Ve L AR R AL B4
Fa ST A A S | R T D 0 DL K B AR

FL A BT, ik, B XA A A
PEFAARRMERE T CTL E#ARH AAY ##T
HEAT Y, HTL R0k H GPGPG # #: 1
AT, ZeME B AR R ] KK 3421
HEATHEHP0 Ay i — 2 B R T 1 e S
AR UNER S 2/NIIBIvw N % RTINS IR NN
IR B-Bi i 2 F1 50S AR 1 L7/L12
VE Ry ke, ol ad WIPE EAAAK HE 82 7Rl &
B LRPEWY N 3221,
17 EREHBEUMERSREFHMN
vl

A T PEAL 22 R LR B R AL S S S
e, AR ZMAEYE R T HET R
%5301 FIH ProtParam T.H.(https://web.expasy.
org/protparam) TN BRAL A o, A FE 4> hr . B
WA R TRl ANRRESREL. RIS
W8 B M 2E K M S ¥ {E (grand average of
hydropathicity, GRAVY). ¥ f## & & | SOLpro
(http://scratch.proteomics.ics.uci.edu) #l1 SoluProt v1
(http://scratch.proteomics.ics.uci.edu) #1734 ; Pt
JiiPE Rk H VaxiJen v2.0 #1 ANTIGENpro (https:/
scratch.proteomics.ics.uci.eduw)i#t 17 43 ¥ ; 7 P
i 1+f ToxinPred2 (https://webs.iiitd.edu.in/raghava/
toxinpred2)iHFf 7iAL ; MR AllerTOP v2.1 3
T, Ah, 1 DeepTMHMM-1.0 (https:/
services.healthtech.dtu.dk/services/DeepTMHMM-
1.0)F1 SignalP-6.0 (https://services.healthtech.dtu.dk/
services/SignalP-6.0) 73 J!| T il 5 R e 45 44 S A
L2034
1.8 RIERZE ZRLEM R = RLEH TN

“KHIPSIPRED (http://bioinf.cs.ucl.ac.uk/psipred)
Xof K EPE VY R EER AT 0 . Z TR T
2 BrBeti e gg Bk, Al o- iR e . B-irE
TR 5 {00 e L B 4R b 25
e,

% H I-TASSER (https://zhanggroup.org/I-
TASSER/) 15l 44 (K (1 = 20 4548, B F 1
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GalaxyRefine (https://galaxy.seoklab.org/cgi-bin/
submit.cgi type=REFINE) X} 7 il 45 % 1 47 1 1k
ISR THEE# PSRk 5 i = A5 A 5 1)
2 PP AT B IE . PROCHECK (https:/www.
ebi.ac.uk/thornton-srv/software/PROCHECK/) i)
Ramachandran & PFAl H 37 R fb 2%l &, ProSA-
web (https://prosa.services.came. sbg. ac.at/prosa. php)
(1) Z-score {HITH 8 A8 i 7
1.9 BE-ZAHSFIESR

Toll #£3Z{& (Toll-like receptors, TLRs) 25t K
PE A 9% v S0 B TR ) A2 AR, TR 0TS BT
M. pneumoniae JE& Y 1) T % W 285 vh & 5 B AR
Mo AHFEFTBHEERT S A TLR2 Hl TLR4 (AT
AR 1, M PDB a5 SR 35 1) =445
F4 (TLR2: 6NIG; TLR4: 4G8A). 445 ¥y i £ Al
Re i /MEJE, SR HDOCK #E4753F X #:45
Pro ZENCT 63 TIRG B S B x4
L, AT NAE R o T R AN sl g5 R T R A
2 T AR AR SO ko b 2 S L R
A PDBsum Jlz45 % (https://www.ebi.ac.uk/pdbsum/)
X BT -TLR2/TLR4 259 (AR BATE AR IE2EA T
ZEAVEY
1.10 3 FahhEFERM

NIRITPER-TLR2/TLRA &AW Zh 255 E
FeRaretk, KA GROMACS v2021.4 #fFik474
T 2, | e, B AMBER14SB_
PARMBSCI1 713 1 il 52 45 W 9 A8 B B 41 41 3T
P2 RS, f ) TIP3P /KA A K 2R EA T 7
FIALAL R, FEEIN Na' il CUHUM 2+ LAAERE 1A
F e T R MR R IR B BOE I
SOPRAE[F% K F1<1 000 kJ/(mol*nm)]. N FaE
MR 5 R 13858, HORIEAT 200 ps B9 NVT 5
UF 1 ns B9 NPT BIHL, B4R R T A5 2=
37°C. HJIFA#2E 1.013%10° Pa. BLad B, 43
51 SR F & 1E #¥) Berendsen #44i% 722 1 Parrinello-
Rahman H i 45 B M ) o w047
100 ns B4R 7013 124548, BT LINCS 53

P4 actamicro@im.ac.cn, 7 010-64807516

YR A, R Particle-Mesh Ewald 3R il
TF R e Fl AR B A AP XA L A A
M, TR AR R G 34 7 AR R 22 (root-mean-
square deviation, RMSD), [f] %% >} 4% (radius of
gyration, Rg) M S B4, IR IFAL 45 52 I8k S5 Iid
AR % 1) ¥4 77 M2 I 3 (root-mean-square fluctuation,
RMSF)#3-441,
111 REE

& H C-ImmSim (http://kraken.iac.rm.cnr.it/C-
IMMSIM/)FEAT G2 N EASEH, ATEAL B ise 19
P RPERTT o 1R S5 Al 7 R R VT A
L T B i 75 T Y SRR LB, T[] B AR IR
B PE RN 2 D 928 2 T U B e e 457 S A EAE
S T DA T L 3 0 6 B R BTG G 2 S g 1)
MR ] b 4 R 2 My, ira S8
SN ENINE
112 ABBEZERITE

FAL5 T I B TR 2 TE FE RIS A Y
1) MHC 73F, Tk 2557 3 R A 43 A BR A AN
() b, 3 DX S RD A B 25 5 W 3 L R IRA
T e SR N 55 %, ASHFSE R ] IEDB %%
i 2 1) N\ BE7E 55 R 43 1 H (http://tools.iedb.org/
population) X & EREHLIX AT T R G404
1.13 mRNA ZEBEEKIT. ElR
1ERZR ik

FH Z BRI AAUBLUR IS 1T mRNA %
Wt. B, TR AIAR N bgl A4
T £ 355 T It 38 1% 79 (tissue plasminogen activator,
tPAY(E 5 ik, DI H S, BEfS, A
Jeat (http://www.jcat.de/)%f ¥ 51 #4718 FH F A 2K
e R T e o 1/ AU DR e RS VA (= ¢
(codon adaptation index, CAI)Fll G+C 75 & AE AT
7R R IB ORI R A o 3 o BRSO
5 mRNA FEME, 5IAT Kozak J¥41 . TGA %
1k %54 7 . 5/3'9F Bl ¢ IX (untranslated region,
UTR) J% poly(A) . K1k J5 B) DNA J 51 £
T HLAE UL 5 5 mRNA, I % A RNAfold
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(http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/
RNAfold. cgi) T = — R 2548 . e Jm, A
SnapGene # KL AL 7 51 b B 22 pET-28a(+) %%
Tk, JEAEWING 5S35 Nde 1 F1 Xho 1 B 85
DM 5 2L 84 o

2 BERE54M

2.1 T 4K B ZRBERATUN S iHik

M NCBI Bl i 35 3R T H M129 #k
1 FH BRAY 14 D HUEE HFS, B PLL P30,
P40/90. P116. P65, i 4y ¥ & £ H 1 (high
molecular weight protein 1, HMW1), HMW2,
HMW3 | Z%E f# ¥ Tu (elongation factor Tu,
EF-Tu). TopJ. [N MM It %/ 5 B (pyruvate
dehydrogenase subunit B)., ¥ [ i il 4 B 1 i
(glycolytic enzymes enolase), P200 & CARDS &
2, MTZROEHBIT . A REMAR R
Praf RR W], Pk b 8 e AR PR IR]
BEGRST, Bk P40/90 FH{ITE N 86.95% 4b, HAx

R2 RATHRIREREEICTLRAL

13 FhER AR T 94.00% (% 1),

T2 T HECE RN LR 14 FE A T
FAIFM, CTL FA7%H IEDB 1 NetCTL 1.2 T.
H., HTL %Ak H IEDB Fl NetMHClIpan 4.0 T.
R, 2% B A% ] ABCpred F1 Bepipred
3.0 T H.o Tl qg ™4 0y — vk om e s, Jp
fi e AL AAE 2 Fpok R T B p Y3k &4y, H
7E 2 FACER AR ] P 41 58 4 — S0 sk £ A
JE e BOEOrE . TR DL R R T AT &
PR, & LIRS IHTE, B23Rk4% 154 CTL
TN, 104~ HTL FRi e 14 D26k B 40 EAr
FHT T35 22 R A0 9 B A B (R 23R 4) X0
TE AR AT 1Y A 58 6 A 3 AT 85 B R DR ST 4 BT
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Table 2 CTL epitopes selected for candidate vaccine construction

Protein Peptide Start  End Length/aa COMB Antigenicity  Toxicity/
score Allergenicity

CARDS ETPTAAIRF 52 60 9 1.594 1.213 ~/-

EF-Tu TINSAHVEY 62 70 9 1.496 0.978 /=

Glycolytic enzymes enolase RLLQIELEL 428 436 9 1.256 1.667 —/=

HMW1 MENGGDFNL 1008 1016 9 2.044 1.134 ~/-
EAEPDYLQY 101 109 9 1.811 0.825 ~/-

HMW3 PSEYVATKY 540 548 9 2.704 0.608 -/

Pl KSAPIALPF 476 484 9 2.079 1.101 =/

P30 APRPGMQPP 252 260 9 1.173 1.161 ~/-

P40/P90 GSNGKGSLY 172 180 9 2.268 1.722 ~/-

P65 LTASPRPVY 377 385 9 1.410 0.922 ~/-
SYNSRLTQL 232 240 9 1.348 0.871 ~/-

P116 YYSLINSEI 751 759 9 1.669 0.616 ~/-

P200 SETEVQQEL 759 767 9 1.743 1.220 ~/-

Pyruvate dehydrogenase subunit B HSETLEAILY 132 140 9 3.111 0.529 /-

TopJ HVEYKLLNY 870 878 9 2.475 1.005 ~/=

—/- indicates non-toxic and non-allergenic.
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Table 3 HTL epitopes selected for candidate vaccine construction

Protein Peptide Start End Length/ Affinity/ Antigenicity Toxicity/
aa nm Allergenicity
CARDS KDLTGAQISLSLTAF 326 340 15 38.6 1.071 ~/-
EF-Tu AGDNAGVLLRGVDRK 271 285 15 43.8 0.669 -/~
Glycolytic enzymes enolase LDEKEWSLTTAQMIA 281 295 15 4.8 0.515 —/=
HMW2 EKQLRQYQADFENEI 521 535 15 45.1 0.513 ~/=
HMW3 AKVALQVAQPTPVPA 376 390 15 6.6 0.813 ~/-
Pl FALRRYDLAGRALYD 126 140 15 9.2 0.641 ~/-
P30 QQAAAEAHAEAEVEP 136 150 15 323 1.182 ~/-
P200 NNIWVWKGFFDTKLN 246 260 15 41.4 0.626 -/-
Pyruvate dehydrogenase subunit B FPAMFQIFTHAARIR 91 105 15 37.9 0.556 -/
TopJ SLYVHLYYSSVAKKG 841 855 15 7.7 1.011 -/~

—/- indicates non-toxic and non-allergenic.

=4 FATHRIREEEOLEBAMmER

Table 4 Linear B-cell epitopes selected for candidate vaccine construction

Protein Sequence Start End Length/aa Score Antigenicity Toxicity/ Mean Mean
allergenicity RSA/% SASA/A?
CARDS TTRINEPEMHNPHYQE 170 185 16 0.86 0.584 -/= 63.0 132.0
EF-Tu KEEGGRHTGFLNGYRP 314 329 16 0.88 0.567 -/= 63.8 124.2
Glycolytic EKEAIELRDGDPKAYF 53 68 16 0.89 1.023 -/- 65.2 133.4
enzymes enolase
HMW1 PQAAPQPAVYEWNLTP 474 489 16 091 1.261 -/= 66.3 122.3
HMW2 NGNDMNYPYPYPWEYP 1616 1631 16 0.86 1.598 -/ 60.7 123.1
HMW3 VQPIIRPTQPEPEWKP 463 478 16 0.94 0.619 -/ 65.9 132.4
P1 GGGSSGSGQSGVDLSP 1312 1327 16 0.90 2.865 -/- 72.5 105.5
P30 PPHPGMAPRPGFPPQP 210 225 16 0.94 0.869 -/= 72.1 124.5
P40/P90 YVKQESQGSGDQGSNG 160 175 16 0.88 2.252 -/- 70.0 124.1
P65 SVEWTKKEPRQEQFDP 313 328 16 0.86 0.820 —/- 65.3 137.4
P116 VAKAEAKDTKGATDYK 552 567 16 0.86 1.716 -/= 74.4 138.3
P200 EPESIETTEPEPNFEP 730 745 16 094 1218 -/= 68.2 132.4
Pyruvate PLARGEHYQFNLNARI 303 318 16 0.79 1.032 -/- 62.8 126.1
dehydrogenase
subunit B
TopJ QEESTSDTTEYADVDA 129 144 16 0.88 1.244 —/- 67.6 126.9

—/- indicates non-toxic and non-allergenic.
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ELELAAYMENGGDFNLAAYEAEPDYLQYAAYPSEY VATKYAAYKSAPIALPFAAYAPRPGMQPPAAY GSNGK
GSLYAAYLTASPRPVYAAYSYNSRLTQLAAYYYSLINSEIAAYSETEVQQELAAYHSETLEAIYAAYHVEYKLL
NYGPGPGKDLTGAQISLSLTAFGPGPGAGDNAGVLLRGVDRKGPGPGLDEKEWSLTTAQMIAGPGPGEKQLR
QYQADFENEIGPGPGAKVALQVAQPTPVPAGPGPGFALRRYDLAGRALYDGPGPGQQAAAEAHAEAEVEPGP
GPGNNIWVWKGFFDTKLNGPGPGFPAMFQIFTHAARIRGPGPGSLY VHLY YSSVAKKGKKTTRINEPEMHNP
HYQEKKKEEGGRHTGFLNGYRPKKEKEAIELRDGDPKAYFKKPQAAPQPAVYEWNLTPKKNGNDMNYPYP
YPWFYPKKVQPIIRPTQPEPEWKPKKGGGSSGSGQSGVDLSPKKPPHPGMAPRPGFPPQPKKY VKQESQGSG
DQGSNGKKSVEWTKKEPRQEQFDPKKVAKAEAKDTKGATDYKKKEPESIETTEPEPNFEPKKPLARGEHYQF

NLNARIKKQEESTSDTTEYADVDA

E2 IR SRR SR TS

Figure 2 Amino acid sequence of the designed multi-epitope vaccine construct. Adjuvants (HBD-2 and 50S

ribosomal protein L7/L12) are shown in purple, CTL epitopes in blue, HTL epitopes in green, and B-cell epitopes
in red. Linkers are shown in black: EAAAK between adjuvants and the first CTL epitope, AAY between CTL
epitopes, GPGPG between HTL epitopes, and KK between B-cell epitopes.
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Table 5 Properties of the candidate vaccine

Properties

The candidate vaccine

Number of amino acids

Molecular weight/kDa

Theoretical isoelectric point (pl)

The estimated half-life in mammalian reticulocytes/h
The estimated half-life in yeast’h

The estimated half-life in Escherichia coli/h
The instability index (II)

Aliphatic index

GRAVY

Solubility (SOLpro/SoluProt v1)
Antigenicity (Vaxijen/ANTIGENpro)
Allergenicity (AllerTOP v2.1)

Toxicity (ToxinPred2)

746
80.745
8.79
30
>20
>10
36.98
62.82
-0.668
0.776/0.575
0.918/0.896
Non-allergenic

Non-toxic
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Figure 3 The secondary structure prediction of the candidate vaccine.
http://journals.im.ac.cn/actamicrocn



5282

BIAN Ting et al. | Acta Microbiologica Sinica, 2026, 66(10)

135

Psi (degrees)

ALK y
.
s irie
AUl ) GLUes )

|

| PRO 359 (AP

~135 —90 —45 0 45 90
Phi (degrees)

b

-135¢

Y

-180

El4 EE=REWRTREE, MHSHIE

135 180

X-ray
I NMR

-10

-15

-20

0 200 400 600 800 1000

Number of residues

Figure 4 Modeling, refinement, and validation of the tertiary structure model of the constructed vaccine. A: 3D
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Figure 5 Molecular docking of the constructed vaccine with TLR2 (A) and TLR4 (B).
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Figure 6 The analysis of molecular dynamics simulations of vaccine-TLRs. A: The RMSD of vaccine-TLR2/
TLR4 complexes; B: The Rg of vaccine-TLR2/TLR4 complexes; C: The RMSF of vaccine-TLR2 complex; D:
The RMSF of vaccine-TLR4 complex; E: The hydrogen bonds of vaccine-TLR2 complex; F: The hydrogen

bonds of vaccine-TLR4 complex.

JH K 1SR 2R A A L A6 56 R e 928 A L R A AE
AN G g% JE B 9 I PR 2 HRR SR i g A
(K 7F=7H). [RIE, SEAd 4P 740 IFN-y FilE
411 il /) 2 -2 (interleukin-2, TL-2) Y 28 3% 7K Pt i
E T (B 1) A E N BRI S S PR A
/I BRASE Y o 7 S 1 B0 8 S N R FE AR A, R
SRR Ja ) i 1 2 VR R A DA A 4 T L R Y
PSENL A o

P4 actamicro@im.ac.cn, & 010-64807516

2.8 ABESCESH

N7 5 0 B 2 A 2 T T E A R TP
FELRAF LU A B AR, X PTAR 98 1 1) S B
M EEA B S, AN E X = T
RN E 3R, A5 H] A IEDB B0E 5 1
NBRE T TR, Xepk2 A X SRk
ERIET TR, 5 R BN, REREEN
24 99.74% B9 AT AT BE XTI R B 7= A T RN 2 o



TS| BMUEYIEAR, 2026, 66(10) 5285
A . \
700 000 __Ag 190 000 600 B cell population/mm 450
600 000 | o EMHgG 180 000 o - 400
18G1+1gG2 170000 G, 350
2 500000 | — e =
£ g 160000 = 400 300 =
= — 1gG2 GRS o)
2 400 000 f 150 000 20 2 — B Mem (y2) 1250 ;
3] S 300 H— — B isotype IgM 5
£ 300 000 140000 %, £ — Bisotype IgG1 4200 g
2 130 000 E/ B 200 B isotype 1gG2 150 §
2200000 |A\ 5
\ 120 000 i 66 100
100 000 & el (100 150
e ) m I ) ; 0
0 50 100 150 200 250 300 350 0 50 10 150 200 250 300 350
C t/d t/d
600 B cell population/mm? 1350 200 TC cell population/mm? 710
Q
(\' g 0.5
oo 1250 5 1
£ 400 & 800
o .
= — Active 1200 § i 10.0
£ 300 Internalized (y2) 8 o0t — Active '
S — Presenting-2 (y2) 1150 = — Duplicating
£ 200 Duplicating b 400 Resting
< Anergic (y2) 1100 = 200 Anergic (y2) 1-0.5
=)
100 J 150 E
7 T v 0 0 50 100 130 200 250 300 350
0 50 100 150t/d200 250 300 350 Jd
E 7000 TH cell population/mm? 250 DC population/mm’
6000 [
200 F
5000
—Active 150 H
4000 | — Duplicating
— Restin, )
3000 F — Anergic 100 - Internalized — Total
— Presenting-1 — Active
2000 5 — Presenting-2 — Resting
1000
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
t/d t/d
NK population/mm?
G 250 MA population/mm? 3801 pop
370 |
200 360
150 350)
Internalized 340
100 MN\ — Presenting-2 330+
| — Total
50 — Active 3201
‘ h Resting 310k
1 L ! 1 L 1 ) 300 L L L L n n s
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350

1d

t/d

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



5286

BIAN Ting et al. | Acta Microbiologica Sinica, 2026, 66(10)

I

450 000
600 000
L D

) 400 000 500 000 L2
%n 350 000 400 000
=]
E’ 300 000 H 300 000
2 200 000 |
£ 250000 f
= 100 000
S 200 000
3 50 100 150 200 250 300 350
2 150000 | 1/d
£ — IFN-g —IL-10
< 100000 - —IL-4 ~ —1L-6
1 1L-12 7}?{;}
Q TGF-b -

50,000 f\ — TNF-a — IL-23

0 50 100 150 200 250 300 350

El7 ZRAEEZRRER RO REEUS
Figure 7

t/d

Immune simulation of a prime-boost regimen with the multi-epitope vaccine. A: Titers of different

antibodies; B: Levels of B cell population; C: B-cell population per state; D: CTLs population per state; E: HTLs
population per state; F: Dendritic cell population per state; G: Macrophage population per state; H: Levels of NK

cell population; I: Cytokines and interleukins production.
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Table 6

epitopes in different regions

Population coverage of the selected

Area Coverage/%
World 99.74
East Asia 99.67
Northeast Asia 97.88
South Asia 98.70
Southeast Asia 97.66
Southwest Asia 95.79
Europe 99.96
East Africa 97.08
West Africa 98.43
Central Africa 94.79
North Africa 99.01
South Africa 95.27
West Indies 99.69
North America 99.89
Central America 53.80
South America 95.15
Oceania 97.88
China 97.83
Japan 99.66
France 99.98
Spain 97.57
Russia 99.84
Germany 99.99
Brazil 98.59
The United States of America 99.89
Australia 96.33

i1 SnapGene # A4 X} v B FEHEA AL 5 AT 40
R, 53R WE 8C fran. Z2HRMEITS
mRNA SIS G, TARORG A5
PRANS AR . 2R IR ERA T
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Figure 8 Design and in-silico characterization of the mRNA vaccine construct. A: Schematic of the mRNA

vaccine construct; B: The predicted minimum free energy (MFE) structure (left) and the centroid structure (right)

of the designed mRNA vaccine; C: In-silico cloning of the vaccine sequence into the pET-28a(+) vector (insert

shown in green).
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