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Induction of Th2/Th17 responses: immunoprotective mechanisms of a hepatitis B

core antigen-based multi-epitope vaccine against Klebsiella pneumoniae infection
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[ Abstract] Objective Klebsiella pneumoniae (Kp) is a clinically prevalent opportunistic pathogen,
with escalating antimicrobial resistance posing substantial challenges. Current vaccine strategies are
constrained by the complexity of serotype diversity and the weak immunogenicity of candidate antigens,
hindering effective protection. The construction of a multiepitope vaccine against K. pneumoniae, designated
HBc-KpEpi, based on hepatitis B core antigen (HBc) virus-like particles, aims to overcome the weak
immunogenicity of epitope peptides and to validate its ability to induce specific immune responses and
protective efficacy. Methods After the multi-epitope vaccine HBc-KpEpi was expressed and purified, its
purity and self-assembly status were characterized by SDS-PAGE, gel filtration chromatography, and
transmission electron microscopy. Its safety was evaluated using cytotoxicity assay, hemolysis assay, and
detection of serum biochemical indicators. Female BALB/c mice (6 to 8 weeks old, weighing 18 to 20 g) were
randomly divided into the following groups: PBS control group, KpEpi group, and HBc-KpEpi group(n=10).
Each group received intranasal immunization with PBS, KpEpi, or HBe-KpEpi (30 pg/mouse) on days 0,
14, and 21, respectively. In 7 d after the final immunization, the mice were challenged with a lethal dose
(6x10° CFU) or a sublethal dose (5%x10° CFU) of the clinical strain YBQ wvia intratracheal instillation.
Detection indicators included survival rate and changes in body weight, bacterial colonization in lung tissue,
serum inflammatory cytokines (IL-6, TNF- a, and IL-1B), lung histopathological changes, titers of serum
specific antibodies (IgG, IgG1, IgG2a), and proportions of splenic CD4* T cell subsets (Thl, Th2, Th17).
Meanwhile, the ability of the vaccine to induce the differentiation and maturation of mouse bone marrow-
derived dendritic cells (BMDCs) was evaluated through in vitro experiments. Results The HBc-KpEpi
protein was successfully prepared with high purity and self-assembled into regular particles. The survival
rates in the HBe-KpEpi group were significantly higher than those in the PBS group (P<0. 05). The bacterial
colonization in lung tissue was significantly lower in the HBe-KpEpi group than that of the PBS and KpEpi
groups (P<0.01). The HBc-KpEpi group exhibited significantly lower IL-6 level than the PBS group
(P<0. 000 1), with the levels of TNF-a and IL-1p showing downward trends. Lung histopathology showed that
the alveolar structure remained relatively intact with markedly reduced inflammatory cell infiltration in the
HBc-KpEpi group. After immunization, high titers of specific IgG antibodies were induced in the HBe-KpEpi
group, with IgG1 as predominant subtype. Flow cytometry detection showed that the proportions of Th2 and
Th17 cells in CD4* T cells were significantly higher in the HBc-KpEpi group than in the KpEpi group
(P<0.05) . In vitro experiments indicated that HBc-KpEpi significantly promoted the expression of MHC- I ,
CD40, CD80, and CD86 on the surface of BMDCs (P<0.000 1) Conclusion The HBc-KpEpi vaccine
significantly enhances the immunogenicity of epitope peptides, inducing cellular immune responses dominated
by Th2 and Th17 as well as high titers of specific antibodies, and effectively reduce bacterial load, alleviate
inflammatory damage, and improve the survival rate of mice.
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HBc 91-92

HBc 91-92

HBc monomer HBc 60-mer A

PSDFFPSIRDLLDTASALYREALESPEHCSPHIR WFHISCLTFGRETVLEYLVSF

MTMITDSLEFHMDIDHYKEFGASVELLSFLER SRELVVGYVNVNMGLKIRQI
HTALRQAILCWGELMNLATWVGSNLED RR VWIRTPPAYRPPNAPILSTLP

HBC 1-91 linker linker © HBC 92-155

EpiVac

GTSGSGSGG GSGSSGSTG

KDNASNTQALSGGEIPGYDSTGRGGGGSNEDFNDTGKAAGLSDLSLKDG
SGGSGADSKGNYASTGVSRSEHD

OmpA OmpW
14 0 1 59 1 6?
;(::-,22'1450(81&), B = SR G S R (AT M Y VGAGINY T TFFNEDFNDTGKAAGLSDLSLKDSWGA]
909951504;(151, R e Gk IE S e e 6234 (04 K107) YVGAGINYTTFFNEDFNDTGKAAGLSDLSLKDSWGA
e S ELRg SB3193 (01 K1) YVGAGINYTTFFNEDFNDTGKAAGLSDLSLKDSWGA

6234 (04 K107) GGMVWRADSKGNYASTGVSRSEHDTG
38547 (02afg K23) GGMVWRADSKGNYASTGVSRSEHDTG
LGP E T GGMVWRAD SKGNYAS TGVSRSEHD T G|
HE12 (01 K62) GGMVWRADSKGNYASTGVSRSEHDTG
i (RIS GGMVWRAD SKGNYAS TGVSRSEHD TG
GRS G GMVWRAD SKGNYAS TGVSRSEHD TG

B20158 (03/03a K55)
KP1001 (03/03a K21)
AU N P Y VGAGINY TTFFNEDFNDTGKAAGLSDLSLKDSWGA]
L LG (B Y VGAGINY TTFFNEDFNDTGKAAGLSDLSLKDSWGA)
KP124 (02afg K107)

YVGAGINYTTFFNEDFNDTGKAAGLSDLSLKDSWGA|
YVGAGINYTTFFNEDFNDTGKAAGLSDLSLKDSWGA)

YVGAGINYTTFFNEDFNDTGKAAGLSDLSLKDSWGA|

hvKP1 (01 K2) YVGAGINYTTFFNEDFNDTGKAAGLSDLSLKDSWGA
m::xggg;;g: ﬁ:g: gg:ng:gzzﬁgz:g:gz::g::g:g cr-hvKP3 (01 K2) YVGAGINYTTFFNEDFNDTGKAAGLSDLSLKDSWGA)
3523 01 K3 B e 13883 (01 K3) YVGAGINYTTFFNEDFNDTGKAAGLSDLSLKDSWGA

$B2390 (01 K2) YVGAGINYTTFFNEDFNDTGKAAGLSDLSLKDSWGA
$B2390 (01 K2) GGMVWRADSKGNYASTGVSRSEHDTG

GGMVWRADSKGNYASTGVSRSEHDTG
GGMVWRADSKGNYASTGVSRSEHDTG

SB1139 (02afg K8)
SB1170 (02a K24)

FepA 390

$B1139 (02afg K8)
SB1170 (02a K24)

YVGAGINYTTFFNEDFNDTGKAAGLSDLSLKDSWGA]

YVGAGINYTTFFNEDFNDTGKAAGLSDLSLKDSWGA]

400 410 420

13883 (01 K3)
32192 (02afg K109)
38547 (02afg K23)

6234 (04 K107) LVNQNLTLGSEWNQQRMKDNASNTQALSGGRIPGYDSTGRSPYSQA
HE12 (01 K62) LVNQNLTLGSEWNQQRMKDNASNTQALSGGERIPGYDSTGRSPYSQA
KK207 (02afg K106) LVNONLTLGSEWNQQRMKDNASNTQALSGGIPGYDSTGRSPYSQA
KP-1 (01 K54) LVNQNLTLGSEWNQQRMKDNASNTQALSGGEIPGYDSTGRSPYSQA

KP124 (O2afg K107)
KP52.145 (01 K2)
KPNINH29 (O2afg K64)
MRSN 2404 (01 K62)
MRSN 3852 (01 K63)
SB1139 (02afg K8)
$B1170 (02a K24)
$B2390 (01 K2)
UHKPCO5 (02afg K106)
UHKPCO7 (02afg K106)
UMNturkey9 (02a K24)

XH209 (02afg K38)

LVNQNLTLGSEWNQQRMKDNASNTQALSGGRIPGYDSTGRSPYSQA
LVNQNLTLGSEWNQQRMKDNASNTQALSGGPIPGYDSTGRSPYSQA
LVNQNLTLGSEWNQQRMKDNASNTQALSGGRIPGYDSTGRSPYSQA

LVNQNLTLGSEWNQQRMKDNASNTQALSGGEIPGYDSTGRSPYSQA

LVNONLTLGSEWNQQRMKDNASNTQALSGGEIPGYDSTGRSPYSQA
LVNONLTLGSEWNQQRMKDNASNTQALSGGIPGYDSTGRSPYSQA
LVNQNLTLGSEWNQQRMKDNASNTQALSGGIPGYDSTGRSPYSQA
LVNONLTLGSEWNQQRMKDNASNTQALSGGIPGYDSTGRSPYSQA
AL (2 L 1 VNONLTLGSEWNQQRMKDNASNTQALSGGRIPGYDSTGRSPYSQA

LVNONLTLGSEWNQOQRMKDNASNTQALSGGIIIPGYDSTGRSPYSQA

A : Structure of the HBc monomer and its assembled 60-mer; B : Molecular design of the multiepitope vaccine antigen HBe-KpEp ;

C : Sequence alignment of the epitope peptides across different Klebsiella pneumoniae(Kp) strains

1 HBcEBZM.ZRAZEETTREERRAFF SIS

Figure 1 Schematic illustration of hepatitis B core (HBc) protein structure, multi-epitope vaccine design and epitope

sequence alignment
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A: Double-restriction enzyme digestion verification of the recombinant plasmid pGEX-6p-1-HBc-KpEpi with BamH | and Xho 1 ; B: SDS-

PAGE analysis of the purified HBe-KpEpi protein; C: Size-exclusion chromatography analysis of the HBe-KpEpi protein; D: Transmission

electron microscopic images of the HBe-KpEpi protein; E: Cell viability assay of BMDCs using CCK-8 assay; F: Hemolysis assay with varying

concentrations of HBc-KpEpi; G: Serum biochemical parameter analysis from mice immunized with HBe-KpEpi, KpEpi or PBS

El2 HBc-KpEpi HIINRAES £ W& £ MM

Figure 2 In vitro characterization and biosafety evaluation of HBc-KpEpi
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A and B: Monitor survival (A) and body weight (B) changes for 7 d

TNF-a/(pg/mL)
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a: P<0.001, in Comparison with HBc-KpEpi; C: Determine bacterial load in

lung tissue 48 h after infection; D: Measurement of pro-inflammatory cytokine concentrations by ELISA; E: Lung sections from immunized and

challenged mice by HE staining for morphological assessment

E3 HBc-KpEpi RE MK T EEF MR L/NRER P LZENER

Figure3 Vaccination with HBe-KpEpi confers significant protection against Klebsiella pneumoniae lung infection in a murine model
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A and B: Total anti-KpEpi IgG endpoint titers and the titers of specific antibody isotypes (IgG1 and IgG2a) by ELISA; C to E: Antibody titers against
the specific epitope peptides FepA396 - 423 (C), OmpA148-165 (D), and OmpW 144 - 163 (E) quantified in the serum samples from immunized mice

E4 HBc-KpEpi & 1FSHE R RERNE

Figure 4 Humoral immune response induced by HBc-KpEpi immunization
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Figure 5 Frequencies of IFN-y*(A), IL-4*(B), and IL-17A* (C) cells within the CD4" T cell population by flow cytometry
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Figure 6 Expression of surface molecules MHC- I (A), CD40 (B), CD80 (C), CD86 (D), and CDS80*CD86*(E) on
BMDCs by flow cytometry
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