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Designing a broad-spectrum multi-epitope vaccine against human
parainfluenza virus: an immunoinformatics approach
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1 School of Basic Medical Sciences, Tianjin Medical University, Tianjin, China
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Abstract: [Objective] Human parainfluenza virus type 3 (HPIV-3) is a key factor in global
acquired respiratory infections, and there is no specific therapy available. Due to the complexity
and variability of the pathogen antigen, the development of vaccines against HPIV-3 is lagging
behind. It is crucial to design a novel broad-spectrum vaccine for comprehensive protection against
continuously mutated wild-type strains.[Methods] To overcome the antigenic variation of the virus,
we downloaded different HPIV-3 antigen proteins (F, M, N, and HN proteins) from NCBI and
generated consensus sequences through sequence alignment. Furthermore, a broad-spectrum T cell
epitope vaccine targeting HPIV-3 was predicted and designed via methods of reverse vaccinology.
[Results] The multi-epitope vaccine (MEV) incorporated 11 cytotoxic T lymphocyte (CTL)
epitopes (9-mer) and 11 helper T lymphocyte (HTL) epitopes (15-mer) from the F, M, N and HN
proteins, being composed of 355 amino acid residues without adjuvant. The predicted T cell
epitopes had solubility, no allergenicity, high antigenicity, and immunogenicity. The designed
vaccine can effectively bind to Toll-like receptors in natural immunity, with good stability,
hydrophilicity, and high population coverage. [Conclusion] The designed vaccine could be a
candidate vaccine against HPIV-3 infection. We provide a novel immunoinformatics approach for
vaccine design and development.

Keywords: human parainfluenza virus type 3; immunoinformatics; multi-epitope vaccine; reverse
vaccinology
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designed by combining CTL and HTL epitopes with the C-terminus of the vaccine being added with 6xHis
(histidine).
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x1 BATHRIZREZEHICTLAMHTLRAYIZR
Table 1 List of the CTL and HTL epitopes selected to construct the candidate vaccine
xH o BFHEK EEK KA E SN iSRRG EYE  IFN-y AREE
FE4U(GRAVY) o i
Types  Protein Grand Peptide Length Location Alleles Antigenicity Immunogenicity IFN-y Population
average of sequence (mer) score of class I epitope score coverage
hydropathicity (%)
(GRAVY)
CTL F 1.722 AQITAAVAL 9 126-135 HLA-B*15:01 0.673 0.215 N/A  8.44
epitopes 1.333 AAVALVEAK 9 130-139 HLA-A*11:01 1.399 0.188 N/A  15.53
0.056 VTSDIVPRY 9 368-377 HLA-A*11:01 0.615 0.158 N/A  15.53
2.111 ITITIAIK 9 509-518 HLA-A*11:01 1.612 0.451 N/A  15.53
M -0.911 SENGHIEPL 9 17-26 HLA-B*39:01 1.068 0.267 N/A 275
0.756 GSLPIGLAK 9 90-99 HLA-A*11:01 0.981 0.160 N/A  15.53
0.778 VEITRVDAI 9 318-327 HLA-B*40:01 1.227 0.213 N/A 7381
-0.789 PSLPGEFRY 9 329-338 HLA-A*01:01 0.955 0.242 N/A 17.34
-0.589 RYYPNIJAK 9 336-345 HLA-A*03:01 0.797 0.242 N/A  16.81
N -0.444 IRYGIETRM 9 272-281 HLA-B*27:051.035 0.320 N/A 478
HN 0.144 PSVGPGIYY 9 320-329 HLA-A*01:01 0.767 0.179 N/A 17.34
HTL F -0.827 QIYKVDSISY 15 292-307 HLA-DRB1* 0.706 N/A 0.204 27.97
epitopes NIQNR 03:01, HLA-
DRB1*04:01
0.500 SHIMTKGAF 15 314-329 HLA-DRBI1* 0.487 N/A 0.256 34.02
LGGADV 01:01, HLA-
DRB1*09:01,
HLA-DRB1*
07:01
0.400 SVALDPIDISI 15 448-463 HLA-DRBI1* 1.366 N/A 0.259 17.84
ELNK 03:01
1.160 INITIITIAIKY 15 507-522 HLA-DRB1* 1.381 N/A 0.420 49.02
YRI 03:01, HLA-
DRB1*07:01,
HLA-DRB1*
15:01
M -0.493 HIKTGVQTD 15 209-224 HLA-DRBI1* 0.641 N/A 0.132 17.84
SKGVVQ 03:01
0.147 MVHLGLIKR 15 236-251 HLA-DRB1* 0.592 N/A 0.418 17.84
KVGRMY 03:01
-0.433 EFRYYPNIIA 15 334-349 HLA-DRB1* 0.831 N/A 0.484 56.72
KGVGK 01:01, HLA-
DRB1*04:01,
HLA-DRB1*
09:01, HLA-
DRB1*15:01,
HLA-DRB1*
07:01
N 0.827 PAIWSYAMG 15 329-344 HLA-DRBI1* 0.592 N/A 0.302 34.02
VAVVQN 01:01, HLA-
DRB1*07:01,
HLA-DRB1*
09:01
0.633 IWSYAMGVA 15 331-346 HLA-DRBI1* 0.646 N/A 0.532 34.02
VVQNRA 01:01, HLA-
DRB1*07:01,
HLA-DRB1*
09:01
-1.153 IIQYAWAEG 15 443-458 HLA-DRBI1* 0.440 N/A 0.233 17.24
NRSDDR 09:01, HLA-
DRB1*04:01
HN 0.587 GKIIFLGYG 15 330-345 HLA-DRBI1* 0.673 N/A 0.935 18.41

GLEHPI

15:01

N/A: REME]; Fo 49 . MHC 1<0.5%, MHC 11<10%.,

N/A: Not detected; % rank: MHC 1<0.5%, MHC 11<10%.
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Figure 2 Population coverage of the candidate vaccine. A: Global coverage of MHC class I and II epitopes; B:
Global coverage of MHC class I epitopes; C: Global coverage of MHC class II epitopes; D: European population
coverage of MHC class I and II epitopes; E: Northeast Asian regional population coverage of MHC class I and 11
epitopes; F: North American population coverage of MHC class I and II epitopes. The 90% red line represents
that the cumulative population coverage reaches 90%; It is used to measure the extent of coverage of vaccine-
induced immune epitopes in the target population, with the reference standard being the ability of relevant
vaccine immune epitopes to elicit immune recognition and response in 90% of the target population, thereby

assisting in evaluating the vaccine’s protective scope and potential for the population.
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Table 2 Physicochemical properties, immuno-
reactivity and secondary structure of the multi-epitope
vaccine

[tem Results
AL

Physical and chemical properties

Number of amino acids 335
Molecular weight 37 049.6 Da
Predicted scaled solubility 0.43
AFETHUK AR R 0.037
Grand average of hydropathicity (GRAVY)

ANFRE PRI A5 F AN

Instability and theoretical pI

Instability index (II) 25.67
Aliphatic index 90.79
Theoretical pl 9.42

Gy SO

Immuno-reactivity

Non-allergen

Immunogenicity 5.48
Antigen 0.67

3 |

Secondary structure

a-helix 21% (73/349)
B-strand 25% (86/349)
Random coils 54% (190/349)

Disulfide by Design 2.0 % ¥} (http://cptweb. cpt.
wayne.edw/DbD2/)#E AT 5% J5 , 45 5 R BH AE 9%
WA AR T 32 MR RIS, BEATR
AT B T T (3R 3). BALAT 5 X sk
AT DLRAR R A R, A4S Glyl12-Metl17 .
Ser141-Met158, Thr201-11e204, Val228-Gly234,
Gly268-Gly274, XS5 50T BAT BARMI 454 g
(<2.20 keal/mol) (K 4, 3 3),
2.6 BESTIE

W REW VR N BR S TLR4/3 Z R T 20Tt
e, LSO EATR0A 5 AR IS &35/ ). 18
WsH, ClusPro v2.0 lR55 #8401 30 1~ H

AR R GY . Rt TR
K TLR4 #3075 TLR4 BOXH4%, MARRY 30 4
RGP T HA NS A8 (EH .
4L F1) Y cluster 7. Benchmarking % i il i
F W, 7E cluster 7 HRETT 5 TLR4 X 4% 1) ¢
I 45 4 BE -1 299.7 keal/mol (£ 4). H b=z
T, BEE LPS 5 TLR4 X4 (IR 4s A ek
-1 027.0 keal/mol, PIFEIAEH IR (K] 5A), £MW
JEHT-TLR4 &AW HA XS B R Ak E
LS GHEAER . XTRrE & A P45 A A AR
FHEAT T o081, R T HS 500 k5L
TGO, TEAHBEAE P TE b, 2 -TLR3 &
Y1 1 ASEEEAE TR 6 SRR A AR .
Y Lle65. Val7. Asnl96. Serl55. Thrl59.
Tle181 #%FE /3 %IAE S TLR3 Y Tyrd36., His513,
Lys174. Glul0l. Asn226. Tyr276 5% 5:IE A
M, R, FEVUPELE SO, SEW Y Arg92
FRIEAT LIS TLR3 ZAK[1) Glud34 5E3E & A i A
HAEHI(K 5B).

HPIV-3 {E kB RNA Ji5E, TLR7/8 (P51
sSRNA) L AT REJ&: RAR ez ik Rk, iE—25
BEEWI 4355 TLR7 (450 QINYK1), TLRS
(G5 R SW3DNZ AR T 40, S50 o pE
M5 TLR7/8 Z KT X B A AR 456 68
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Model GDT-HA‘ RMSD [MolProbity{ €12sh | Poor | Rama
score |rotamers favol’ed

Initial 1.0000 | 0.000 3.027 61.7 1.6 87.3
Model 1 | 09423 | 0432 | 2017 [ 218] 00 [ 969 |

C 0.
Z-score: =2.86 - X-ray

)
i == NMR
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|
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S w O
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|
S
(9]
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-135} I_r
L | E

_180-135 90 —45 0 45 90 135 180
Phi (degrees)
Plot statistics

Residues in most favoured regions [A,B,L] 232 88.2%
Residues in additional allowed regions [a,b,l,p] 30 11.4%
Residues in generously allowed regions [~a,~b,~1,~p] 1 04%
Residues in disallowed regions 0 00
Number of non-glycine and non-proline residues 263 100.0%
Number of end-residues (excl. Gly and Pro) 2
Number of glycine residues (shown as triangles) 56
Number of proline residues 34

Total number of residues 355

E3 HPIV-3EEM=REMRILSTE. A BOPEE3DETMIL; B: Ramachandran[814¢11, 15718
B2 . RARVFRAFIRIIXEL; C: ProSA-web4i, (LALRE A Z-scorefH N —2.86.,

Figure 3 3D refinement and validation of the HPIV-3 vaccine. A: The optimized 3D structure of the designed
vaccine; B: The statistics of Ramachandran plot, indicating the most acceptable, disallowed and favorable

regions; C: The ProSA-web result, with a Z-score of —2.86 for the optimized vaccine model.
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Table 3  List of potential disulfide bond residues in the designed vaccine

SRR FEN FIETRGREL 2 55— e — T A figi
Residues 1 (AA) Residues 2 (AA) Chi3 (°) Energy (kcal/mol)
Leu57 Ala83 77.89 2.82
Gly61 Pro85 111.13 3.20
Ala83 Alal07 119.49 5.04
Glyl12 Thrll5 117.51 3.27
Glyl112 Metl117 -76.38 0.46
Ser122 Ser143 115.82 5.07
Gly126 Ile146 117.22 6.44
Tyr128 Gly134 -111.98 7.39
Tyr129 Argl49 117.18 6.33
Serl41 Metl58 -82.66 1.63
Asnl48 Glyl154 73.85 2.51
Thr159 Aspl79 -104.54 6.01
Aspl68 Glyl74 -79.29 2.56
Pro180 Ser184 -116.27 3.30
Thr198 Thr218 -90.14 4.78
Thr201 11e204 122.44 2.19
11e209 GIn229 126.76 6.77
Ser224 Lys244 92.61 547
Val228 Gly234 -92.28 1.46
His237 Arg257 125.12 6.92
Leu240 Pro260 -114.54 2.52
Glu255 Pro275 -96.09 5.96
Tyr259 Ser279 109.26 6.19
Asn261 Ala264 91.88 4.16
Ala264 Val284 -95.05 5.17
Gly268 Gly274 -105.30 1.16
Ala276 Trp296 91.26 3.62
Gly283 Ala303 87.11 3.94
Tyr298 Gly301 -116.05 5.15
Val305 Arg325 125.54 6.80
Asn307 Asp327 124.32 6.41
Tyr318 Ala321 -74.97 497

Original Mutant

3-disulﬁde Wireframe-disulfide

B4 RIHEENZHEEIET. RS Glyl12-Metl17, Serl41-Metl58, Thr201-11e204, Val228-
Gly234. Gly268-Gly274, XS ELC o e MR sk AL, TR v (U 1Y —ai i
Figure 4 Disulfide bond design in the designed vaccine. The mutant variant features Gly112-Met117, Ser141-

Met158, Thr201-11e204, Val228-Gly234, Gly268—-Gly274 that have been mutated into cysteine residues, which
form disulfide bonds represented by yellow sticks.
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T4 BEHSTLRAZRITIRE SR
Table 4 The binding energy between the vaccine

and TLR4 receptor
Cluster ~ Members Representative ~ Weighted score
0 136 Lowest energy  —1287.6
1 118 Lowest energy  —1287.0
2 51 Lowest energy -1 220.5
3 49 Lowest energy -1247.5
4 46 Lowest energy -1255.8
5 32 Lowest energy -1 187.4
6 26 Lowest energy  —1289.0
7 26 Lowest energy  —1299.7
8 24 Lowest energy -1202.6
9 22 Lowest energy -1 143.1
10 21 Lowest energy ~ —1274.7
11 21 Lowest energy -1 112.7
12 20 Lowest energy  —1210.2
13 19 Lowest energy -1191.4
14 16 Lowest energy -1194.7
15 15 Lowest energy -1097.2
16 15 Lowest energy -1 138.9
17 14 Lowest energy  —1291.1
18 14 Lowest energy -1057.1
19 14 Lowest energy -1183.7
20 14 Lowest energy -1116.5
21 13 Lowest energy -1 151.3
22 13 Lowest energy -1 059.1
23 12 Lowest energy -1040.9
24 12 Lowest energy -1092.6
25 12 Lowest energy -1070.2
26 11 Lowest energy  —1115.4
27 11 Lowest energy -1 068.6
28 11 Lowest energy -1065.8
29 10 Lowest energy -1063.3

FSCE A RE DR P Y 1gG 5 1gA PR,
wE 10 pros, il AT K (neutralizing
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J& 3 JA, WIR G BE e ) /0N BRZE LT AN S =08 i
HHEVER T I BEIE 577 2 HPIV-3 Rf S 1 S
BRI M1 (Ig) G HUARE 10). X 345 il vk
W R TgA, e n/N R RB S U ™ A=
— B UL HPIV-3 (1) IgA ik, X B
BEROR RIS, FERSMAB TGP,
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Vaccine

Glycopro?c‘in Lowest energy: —1 027.0 kcal/mol
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Figure 5 Molecular docking between HPIV-3 and the receptors. A: Molecular docking between HPIV-3 vaccine,
glycoprotein and the TLR4 receptor, respectively; The model with the lowest energy was selected as the optimal
binding mode; B: Molecular docking of the HPIV-3 with TLR3 receptor. The yellow dashed lines indicate

hydrogen bonds, while the red dashed lines represent van der Waals forces.
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Vaccine

Bl6 HPIV-35TLR7/8FANFxtE. A: HPIV-35TLR7SZIRI - FXiE, HARL5 A6 -2 485.6 keal/mol;
B: HPIV-35TLRSSZIRM 7 TR 4, e fR45 G AE-1 310.3 keal/mol.

Figure 6 Molecular docking between HPIV-3 and the TLR7/8 receptors. A: Molecular docking between HPIV-3
and the TLR7 receptor, with the lowest energy of —2 485.6 kcal/mol; B: Molecular docking between HPIV-3 and
the TLRS receptor with the lowest energy of —1 310.3 kcal/mol.
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Figure 7 Normal mode analysis of the vaccine-TLR4 complex. A: Affine-arrows of the vaccine-TLR4 complex;
B: Covariance map of the complex [Covariance matrix indicates coupling between pairs of residues, i.e. whether
they experience correlated (red), uncorrelated (white) or anti-correlated (blue) motions]; C: Deformability index;
D: B-factor column; E: Eigenvalue; F: NMA variance.
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Figure 8 Normal mode analysis of the vaccine-TLR3 complex. A: Affine-arrows of the vaccine-TLR3 complex;

B: Covariance map of the complex [Covariance matrix indicates coupling between pairs of residues, i.e. whether

they experience correlated (red), uncorrelated (white) or anti-correlated (blue) motions]; C: Deformability index;

D: B-factor column; E: Eigenvalue; F: NMA variance.
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Figure 9 The designed vaccine was virtually cloned into the pET-29a(+) vector. A: Virtual cloning of designed
vaccine into the pET-29a(+) vector; B: Purification diagram of protein expression (The recombinate product, with
the vaccine construct inserted and highlighted in green within the vector, was shown; The E. coli expression
system was used to express the HPIV-3 vaccine).
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Figure 10 Humoral immune responses induced by vaccination in mice. Mice (#=12) in each group were
immunized via intranasal inoculation with the vaccine, while control mice received a placebo (PBS); Serum and
bronchoalveolar lavage fluid (BALF) samples were collected at three weeks post-vaccination; The titers of
binding antibodies against the HPIV-3 virus are presented as Ig values, showing from left to right: total IgG in
serum, total IgG in BALF, and total IgA in BALF; Each data point represents pooled samples from two mice
(including BALF and serum); Statistical significance was determined by one-way ANOVA with Tukey’s
correction test: *: P<0.05, **: P<0.01, ***: P<0.001.
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