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Abstract

Objective To develop a safe and effective oral

vaccine against Helicobacter pylori using its HpaA

protein expressed in Lactococcus lactis.

Results The gene encoding HpaA was obtained by

PCR and ligated to pNZ8110-lysM following diges-

tion with NaeI ? SphI. The recombinant plasmid was

transferred into E. coli for multiplication, and then into

L. lactis. The recombinant L. lactis was induced to

express HpaA, resulting in two products of 29 and

25 kDa, both of which yielded positive immunoreac-

tion with mouse antisera against H. pylori, as

confirmed by immunoblot assays. The 29 kDa product

constituted 12% of the cell lysates. Oral inoculation

with the engineered L. lactis evoked significantly

elevated serum IgG level in mice (P\ 0.05).

Conclusions A novel engineered L. lactis strain was

developed that efficiently produces whole HpaA

protein with desired antigenicity and potent immuno-

genicity. It provides a basis for approaches to L. lactis-

delivered anti-H. pylori vaccination.
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Introduction

Helicobacter pylori infects more than half of the

global population, causing a variety of diseases from

gastritis to gastric cancer. The emergence of antibi-

otic-resistant strains, relatively high cost of therapies

and patients’ compliance are significant problems,

suggesting that an effective vaccine would be of great

benefit (Mascellino et al. 2017).

Helicobacter pylori adhesin A (HpaA) is a lipopro-

tein located in the cellular outer membrane and

flagellum sheath. Mucosal vaccination with HpaA

plus cholera toxin was capable of inducing specific

mucosal immune responses, thereby providing

immune protective efficacy in mice (Flach et al.

2011). Formulation of multivalent vaccines by using

certain antigenic epitopes of HpaA produced protec-

tive effects (Guo et al. 2017a, b). These data suggest

the potential of HpaA for anti-H. pylori vaccination.
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Probiotics like Lactococcus lactis have been used

as oral vaccine delivery vehicles (Zhang et al. 2016;

Gu et al. 2009). Lactococcus lactis is a Gram-positive

bacterium, widely used in food processing with

generally recognized safety. A recombinant L. lactis

strain was engineered for expression of the N-terminus

of HpaA in fusion with Neisseria meningitidis PorA,

and oral vaccination with this strain induced increased

specific serum IgG level in mice (Vasquez et al. 2015).

We have tried producing a fusion of HpaA and Omp22

in L. lactis; however, only two undefined segments of

the desired fusion protein were obtained (Zhang et al.

2016). Factually, the immune effects of L. lactis

delivery of the single whole HpaA remain unclear.

Therefore, we cloned the complete coding region ofH.

pylori hpaA gene into L. lactis. The resultant engi-

neered strain was induced to express HpaA and used in

oral vaccination of mice. This study established a

novel L. lactis strain, which can express HpaA

efficiently with desired immunoreactivity and potent

immunogenicity, providing a critical basis for devel-

oping L. lactis-vectored anti-H. pylori vaccines.

Materials and methods

Bacteria and plasmids

The bacteria and plasmids used here were presented in

Supplementary Table 1. In brief, L. lactis NZ3900

strain and pNZ8110 were provided by NIZO Food

Research (Netherlands). The plasmid pNZ8110-lysM

was constructed based on pNZ8110 with its sequence

deposited in GenBank (Accession No. KY385375.1).

Lactococcus lactis was cultured with GM17 (M17

broth supplied with 5 g glucose l-1) at 30 �C.
Chloramphenicol was added to GM17 at 10 mg l-1

when cultivating bacteria containing pNZ8110 or its

derivatives (Zhang et al. 2016).

Experimental animals

This project was given approval of animal experi-

ments by the Institutional Review Board at Zhengzhou

University.We complied with the ARRIVE guidelines

when conducting this study. Specific-pathogen-free

BALB/c mice, 6 w old, were purchased from the

Henan Provincial Experimental Animal Center.

PCR of H. pylori hpaA

Genome DNA of H. pylori MEL-Hp27 was extracted

using alkaline lysis methods, and used as PCR

template for amplifying the whole coding region of

hpaA gene. The PCR primers were 50-
CGTGCCGGCATGAAAGCAAATAATC-30 (NaeI)

and 50–ACATGCATGCTTATCGGTTTCT–30 (SphI)
in sequences. The rectangle wire frame shows the stop

codon. The PCR parameters were 30 cycles of 94 �C
for 60 s, 50 �C for 50 s and 72 �C for 50 s.

Constructing recombinant pNZ8110

The recombinant plasmid pNZ8110-lysM-hpaA was

constructed through NaeI ? SphI enzyme digestion

and ligation reaction of hpaA and pNZ8110-lysM, and

transferred into E. coli MC1061 using the heat-shock

method. Then the plasmid was separated from E. coli,

and introduced into L. lactis NZ3900 via electropora-

tion (Zhang et al. 2009).

Production of mouse antisera against H. pylori

Helicobacter pylori NCTC11637 was cultured, col-

lected and disrupted ultrasonically. Mice were immu-

nized using mixture of the H. pylori cell lysate

supernatant and Freund’s adjuvant by subcutaneous

route as described before (Zhang et al. 2009). The

mouse sera were collected by retro-orbital bleeding 1

w after immunization.

HpaA expression and identification

The engineered lactococcal strain, designated as

NZ3900/pNZ8110-lysM-hpaA, was cultured using

GM17, and expression of HpaA was induced using

40 lg nisin l-1 for 5 h (Chen et al. 2011). The culture

supernatant was sampled as described elsewhere (Sun

et al. 2017). The bacterial cell wall proteins were

prepared from 10 ml of the bacterial culture. The

cultivated bacteria were pelleted by centrifugation at

4 �C and 4.3 9 103 g for 5 min, washed using TES

solution (200 g sucrose l-1, 1 mmol EDTA l-1,

50 mmol Tris/HCl l-1) for twice, and then suspended

in 200 ll TES-LMR (TES containing 100 mg RNase

l-1,30 g lysozyme l-1), kept at 37 �C for 2 h mixing

at intervals for several times. The supernatant was

separated by centrifugation at 25,0009g 4 �C for
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10 min, added ice pre-cooling trichloroacetic acid at

160 g l-1, kept in ice for 20 min. The precipitate was

obtained by centrifugation at 11,5009g and 4 �C for

10 min, suspended in 100 ll 50 mM NaOH and kept

at 4 �C overnight. The supernatant was used as the cell

wall protein samples. Preparation of cell lysate

samples and western blot assays were carried out as

described before (Zhang et al. 2009).

Immunization and sampling

The mice were divided at random into three groups

(six mice each). The pNZ8110 group, HpaA group and

PBS group were treated by oral gavage with 200 ll
NZ3900/pNZ8110 (5 9 1014 CFU l-1), NZ3900/

pNZ8110-lysM-hpaA (5 9 1014 CFU l-1) and PBS,

respectively, for four times at weekly intervals. The

sera and intestinal juice were sampled 2 weeks post-

immunization (Sun et al. 2017).

Assessment of antibodies

As an ELISA detector antigen for antibody assay,

recombinant HpaA (rHpaA) was obtained by purifi-

cation from isopropyl thiogalactoside (IPTG)-induced

E. coli TB1/pMAL-c2x-hpaA via amylose resin affin-

ity chromatography (Huang et al. 2013). The serum

IgG and intestinal SIgA were assayed using ELISA

(Zhang et al. 2016).

Data analysis

Statistical analysis was performed using the software

SPSS17.0. One-way variance analysis and Bonferroni

test were used for detection of difference among the

groups. Statistically significant difference was deter-

mined at P\ 0.05.

Results

Amplification of hpaA

The coding region of hpaA was obtained by PCR from

H. pylori MEL-Hp27, having a length of 783 base

pairs (bp) (Fig. 1a) and a sequence as shown in

GenBank (DQ353891), as determined by agarose gel

electrophoresis and sequencing.

Engineering L. lactis

The hpaA was ligated to pNZ8110-lysM and cloned

into E. coli MC1061, from which the recombinant

plasmid pNZ8110-lysM-hpaA was extracted and

transferred into L. lactis NZ3900. The recombinant

plasmid was extracted from the L. lactis transfor-

mants, and underwent NaeI ? SphI enzyme digestion,

resulting in two products of approximately 780 and

3.7 9 103 bp (lane 3 in Fig. 1b). The gene sequencing

showed that the cloned gene in the recombinant

plasmid possessed the desired sequence. These find-

ings demonstrate a successfully constructed recombi-

nant L. lactis strain, which was designated as L. lactis

NZ3900/pNZ8110-lysM-hpaA. The structure of

pNZ8110-lysM- hpaA was shown in Fig. 2.

L. lactis expression of HpaA

HpaA expression in the engineered strain was induced

when the OD600 of culture = 0.3 using 40 lg nisin l-1

and lasted for 5 h. As shown in SDS-PAGE patterns,

there were two protein strips with enhanced density,

located at 29 and 25 kDa, in both the cell lysate (lane 3

in Fig. 3) and cell wall protein samples (lane 7 in

Fig. 3) of NZ3900/pNZ8110-lysM-hpaA, compared

with the samples of NZ3900/pNZ8110-lysM (lane 2, 6

in Fig. 3). The percentage of the 29 kDa protein was

estimated to be 12% in the cell lysate proteins of the

recombinant strain. In the samples of the culture

supernatant, no desired expression product of HpaA

was detected (lane 4, 5 in Fig. 3).

Immunoreactivity of L. lactis expressed HpaA

One week after immunization with solvent H. pylori

cell lysate antigens, the mouse sera were collected

from mice, and used in the following westernblot

analysis for identification of the immunoreactivity of

the L. lactis-expressed HpaA. As results, both the 29

and 25 kDa proteins in the cell lysate and cell wall

samples of NZ3900/pNZ8110-lysM-hpaA yielded

positive immunoreaction with the mouse anti-H.

pylori sera, while no positive strips were found at

the corresponding locations in the controls (Fig. 4).

No remarkable differential strips were recognized in

culture supernatant samples between the two strains.

These results demonstrated successful expression of

the whole HpaA (29 kDa) in the engineered L. lactis.
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Assessment of specific antibodies

The rHpaA was purified from the IPTG-induced

E. coli TB1/pMAL-c2x-hpaA with approx. 90%

purity. Two weeks after the oral immunization with

the engineered L. lactis, mouse sera and intestinal

juice were sampled. ELISA assays were performed for

detection of the anti-HpaA antibodies in the samples.

As shown in Fig. 5, the NZ3900/pNZ8110-lysM-hpaA

immunized group has significantly enhanced serum

anti-HpaA IgG levels, as compared with the groups

treated with NZ3900/pNZ8110 and PBS, respectively

(P\ 0.05). However, no statistical difference was

found in mucosal SIgA antibody levels among the

three groups.

Discussion

As an etiological agent of a variety of gastric and even

extra-gastric diseases, H. pylori has drawn increased

attention since it was first observed in 1984. Vacci-

nation is a promising preventive measure and therapy

Fig. 1 Agarose gel electrophoresis of hpaA PCR product

(a) and identification of the constructed plasmid by nuclease

digestion (b). a Lane 1 DNA markers. Lane 2,3,4 hpaA PCR

product. Lane 5 negative control. b Lane 1 DNA ladder. Lane 2

hpaA PCR product. Lane 3 NaeI ? SphI digestion product of

pNZ8110-lysM-hpaA. Lane 4 NaeI ? SphI digestion product of

pNZ8110-lysM. Lane 5 pNZ8110-lysM-hpaA digested with

SphI

Fig. 2 The schematic map of pNZ8110-lysM-hpaA. PnisA the

nisin controlled promoter. cm the chloramphenicol resistance

gene. T the terminator. repA and repC replicon A and C. SP

signal peptide coding region. lysM cell wall anchoring motif

Fig. 3 SDS-PAGE of expression products of the nisin-induced

lactococcal strains. Lane 1 protein markers. Lane 2 cell lysate

ptoreins of NZ3900/pNZ8110-lysM. Lane 3 cell lysate proteins

of NZ3900/pNZ8110-lysM-hpaA. Lane 4 culture supernatant of

NZ3900/pNZ8110-lysM. Lane 5 culture supernatant of

NZ3900/pNZ8110-lysM-hpaA. Lane 6 cell wall proteins of

NZ3900/pNZ8110-lysM. Lane 7 cell wall proteins of NZ3900/

pNZ8110-lysM-hpaA. The 29 and 25 kDa protein strips were

denser in the cell lysate and cell wall protein samples of

NZ3900/pNZ8110-lysM-hpaA than in the controls
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for H. pylori infection. However, H. pylori vaccine

development has not progressed as expected (Mirzaei

et al. 2017). The important but controversial issues in

present studies include determination of protective

immunogens, safe adjuvant and vaccine delivery

vehicles (Mirzaei et al. 2017). HpaA has been

identified as a protective antigen while L. lactis has

been proved as a safe vehicle for orally administered

vaccines (Liu et al. 2017; Sun et al. 2017), suggesting

that engineering of L. lactis to deliver HpaAmight be a

considerable step toward the efficient and safe

H. pylori vaccine.

Lactococcus lactis has been used as a cell factory

for a variety of exogenous proteins in part due to its

outstanding safety. However, the productivity might

be rather low when using L. lactis for expression of

certain H. pylori proteins like HspA (Zhang et al.

2015). The difference in expression regulation mech-

anism among various bacterial species, especially

between gram positive and negative species, might

contribute to this phenomenon. In this study, HpaA

was expressed as 29 and 25 kDa proteins, both clearly

visuable in SDS-PAGE and recognized by H. pylori

specific antisera in western blots, indicating high

production efficiency of HpaA in the engineered L.

lactis and application potential for delivery of this

crucial antigen. The 29 kDa product should be the

whole HpaA protein, and the 25 kDa protein might be

an incomplete or partially degraded expression pro-

duct, as inferred by sequence analysis using software

Omiga 2.0.

Since subcellular location of antigens in bacteria

might greatly affect the immune efficacy, we assayed

the cell lysate, culture supernatant and cellular wall

proteins using SDS-PAGE and western blots. The

vector plasmid pNZ8110-lysM conjugated with

NZ3900 was supposed to be able to express exogenous

proteins targeting at various subcellular locations,

such as cytoplasmic, secretory and surface-exposed,

by using different gene inserting sites in the plasmid

and whether or not deleting stop codons in the cloned

genes. As HpaA is a membrane lipoprotein with lipid

attachment site at the 28th amino acid (cysteine) of the

N terminus, and thereby possesses capacity of adher-

ence to cellular membrane, we cloned the hpaA gene

comprising the stop codon, and inserted it downstream

of the Usp45 signal peptide and upstream of the

cellular wall anchor motif lysM. SDS-PAGE showed

that HpaA was detectable in the cell lysate and cell

wall proteins, but not in the culture supernatant

samples, suggesting mostly cytoplasmic accumulation

of the expression product. Western blot results

demonstrated immunoreactivity of the expression

product. The expression regulation mechanism of L.

lactis is worth further investigation.

Oral administration of purified H. pylori HpaA

conferred a remarkable immune effect but, to an

Fig. 4 Westernblot analysis of L. lactis expression products of

HpaA using mouse antisera against H. pylori. Lane 1 protein

markers. Lane 2 cell lysate sample of NZ3900/pNZ8110-lysM-

hpaA. Lane 3 cell lysate sample of NZ3900/pNZ8110-lysM.

Lane 4 culture supernatant of NZ3900/pNZ8110-lysM-hpaA.

Lane 5 culture supernatant of NZ3900/pNZ8110-lysM. Lane 6

cell wall proteins of NZ3900/pNZ8110-lysM-hpaA. Lane 7 cell

wall proteins of NZ3900/pNZ8110-lysM. Both the 29 and

25 kDa proteins in the cell lysate and cell wall samples of

NZ3900/pNZ8110-lysM-hpaA yielded positive immunoreac-

tion with the mouse anti-H. pylori sera

Fig. 5 Assessment of the serum IgG and intestinal SIgA in

mice. *P\ 0.05, compared with the controls treated with

NZ3900/pNZ8110 and PBS, respectively. This figure shows that

the group received oral gavage with the engineered L. lactis

producing HpaA has significantly enhanced serum IgG level, in

comparison with the controls. The SIgA antibody level is higher

in the mice immunized using NZ3900/pNZ8110-lysM-hpaA

than in the controls, but the difference was statistically

insignificant (P[ 0.05)
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extent, this depended on conjugated use of mucosal

adjuvant like cholera toxin. To take the advantage of

the immune adjuvant activity and protection of L.

lactis from digestion by digestive juice, we delivered

HpaA to the gastrointestinal mucosal immune sites via

oral vaccination with the engineered L. lactis. As

observed, the group administrated with the recombi-

nant strain had significantly enhanced serum IgG level

than the controls, indicating that HpaA was efficiently

delivered to the immune sites, stimulating the mucosal

immune system, and provoking humoral immune

responses. The intestinal SIgA level is higher in the

HpaA treated group than the controls, but the differ-

ence cannot be considered as statistically significant,

most probably owing to the relatively less sample sizes

of the groups (n = 6, each group).

Conclusion

This study successfully constructed an engineered L.

lactis strain, which can efficiently produce HpaA and

deliver HpaA to the mucosal immune site by oral

administration, evoking significant serum specific IgG

responses. These observations form a critical founda-

tion for developing Lactococcus-delivered oral anti-H.

pylori vaccines.
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