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ABSTRACT

The current vaccine development for Helicobacter pylori (H. pylori) still faces challenges of weak immune responses stimulated
by existing antigens and a lack of safe adjuvants. The modification of the lipopolysaccharide (LPS) structure by H. pylori is an
important mechanism involved in its immune escape. In this study, we developed a novel recombinant vaccine candidate against
H. pylori infection by knocking down the key genes (IpxE, IpxF and futB) of LPS modification and employing the bacterial outer
membrane vesicles (OMVs) as a vector for delivering UreB, VacA and CagA antigens, and then evaluated its safety and immune
protective efficacy in vitro and in vivo mouse model. We measured the antibody and cytokine productions, detected the subtypes of
immune cells, and examined the histopathological changes in mice from the control and various experimental groups. We revealed
that this OMV-based recombinant vaccine candidate could induce specific humoral immune responses and a Th1/Th2/Th17 mixed
immune response, with Th17 being predominant, and markedly protect the mice from H. pylori infection. Our findings suggest that
the OMVs with the genetically engineered LPS may function as a vector for delivering recombinant antigens and safe adjuvants
for the development of novel vaccine candidates against H. pylori infection.
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1 | Introduction

Helicobacter pylori (H. pylori) is a gram-negative bacterium that
colonises exclusively at the gastric mucosa and is associated with
the pathogenesis of gastrointestinal diseases such as gastritis,
gastric ulcers and malignancy in the stomach. H. pylori infection
rate is extremely high, affecting nearly half of the population of
the world (Wang et al. 2024). Antibiotics are currently the most
common and effective treatment for H. pylori infection (Liou
et al. 2024). However, antimicrobial resistance in different parts
of the world has become a major challenge, which has driven
the development of vaccine candidates, including whole-cell
inactivated vaccines and DNA vaccines (Li et al. 2024). Despite
the efforts, the production of an effective vaccine against H. pylori
infection is still facing a number of challenges, including the
immune escape phenomenon of H. pylori (Dos Santos Viana et al.
2021). Therefore, it is urgently needed to explore novel vaccine
design strategies to develop an effective vaccine against H. pylori
infection.

Vaccines based on components of spontaneously produced outer
membrane vesicles (OMVs) of bacteria and their use as delivery
vehicles have been of increasing interest to researchers. OMVs,
as products of the bacterial outer membrane, contain not only
lipopolysaccharide (LPS), the main component of the outer
membrane, but also a number of other immunogenic molecules,
which make them good candidates for vaccine development
(Tan et al. 2018). OMV-based vaccines have been developed
and tested for their efficacy against many bacterial diseases
(Kaparakis-Liaskos and Ferrero 2015), such as the meningococcal
group B OMV vaccine (Seib et al. 2015). In addition, Keenan
and colleagues previously reported that H. pylori could produce
OMVs, but there has been no report on the potential application
of OMVs as a vaccine against H. pylori infection (Keenan et al.
1997). Our previous studies have also demonstrated that wild-
type H. pylori OMVs are immunogenic and could be a good
vaccine candidate (Song et al. 2020), and their safety has been
confirmed in mouse experiments (Liu et al. 2019). At the same
time, the pathogen-associated molecular patterns (PAMPs) and
other various components encapsulated in the OMVs allow them
to be used as an adjuvant in vaccine development (Tan et al. 2018).
Thus, OMVs can serve as an effective fusion of a self-adjuvant
vaccine type and antigen delivery vector. Moreover, the immune
escape phenomenon caused by H. pylori LPS provides us with
new ideas for further improving the use of OMVs as an efficient
vaccine and antigen delivery vector.

The immune escape phenomenon of H. pylori is closely related
to its LPS structure. For instance, its lipid A structure is tetra-
acyl lipid A, which lacks 4’ phosphate in the presence of 1pxE,
while the 1’ phosphate group is acylated in the presence of
IpxF (Cullen et al. 2011). Compared to the lipid A in other
Gram-negative bacteria, it cannot be well bound by Toll-like
receptor 4 (TLR4) to elicit an immune response, and this helps
H. pylori to evade clearance of the host immune response during
colonisation (Cullen et al. 2011; Maldonado et al. 2016). Further,
the O-polysaccharide antigen (O antigen) structure in LPS has
a molecular mimicry phenomenon. The polymeric N-acetyl-3-
lactosamine (LacNAc) chain could decorate with multiple lateral
a--fucose residues forming internal Lewis X (Le*) determinants
with terminal Le* or Lewis Y (Le¥) determinants, and Le* and LeY

are modified by the action of fucosyltransferases such as FutA
and FutB to form a structure similar to the Lewis (Le) antigen in
serum thus allowing H. pylori to undergo immune evasion even
during long-term infection, or to cause host autoimmune disease,
resulting in H. pylori infection not being easily cleared (Maldon-
ado et al. 2016). Therefore, it is necessary to eliminate the effect
of immune evasion caused by LPS so that the OMVs can induce
an efficient immune response. The key genes are futA and futB,
and studies have shown that the futA mutation does not affect
LeY but strongly decreases Le*, while the futB mutation greatly
reduces LeY expression but increases polymeric Le* (Moran 2008).
Moreover, the antibody corresponding to the Le* antigen can
promote the anti-H. pylori infection (Rudnicka et al. 2001). At
the same time, Le* antigen can induce a higher level of cellular
immune response in C57BL/6 mice compared with Le¥ antigen
(Suresh et al. 2000), which indicates that reducing the synthesis of
LeY antigen and increasing polymeric Le* antigen can potentially
improve the immune protective efficacy of LPS-modified OMVs
and futB gene was therefore selected as a potential target gene to
enhance vaccine potential.

In addition, the self-adjuvant effect of OMVs also endows them
with the potential to serve as efficient delivery vector for vaccines.
Therefore, major antigen proteins can be expressed on the
surface of OMVs to enhance their protective efficacy as vaccines.
Urease B (UreB), vacuolating cytotoxin A (VacA) and cytotoxin-
associated antigen (CagA) are three crucial antigenic proteins in
H. pylori that induce host immune responses (Liu et al. 2011).
Consequently, exploring innovative antigen delivery strategies for
H. pylori vaccines represents a critical challenge. In our study, we
aimed to construct a six-fatty acid chain lipid A structure in H.
pylori by knocking out IpxF and IpxE genes, thereby restoring the
ability to be recognised by TLR4 and exhibiting adjuvant activity.
Additionally, we blocked the synthesis of Le antigen structure
by knocking down futB gene. To develop a highly protective H.
pylori OMVs vaccine, we utilised the haemoglobin protease (Hbp)
autotransporter system to express the primary H. pylori antigenic
proteins (UreB, VacA and CagA) on the surface of OMVs. We
then analysed the immune protection and anti-H. pylori infection
efficacy in mice. Through this approach, we anticipate selecting
an optimal antigen combination to develop a vaccine candidate,
ultimately paving the way for further advancements in the
prevention and treatment of H. pylori infection.

2 | Materials and Methods

2.1 | Bacteria, Plasmids, Media and Growth
Conditions

The strains of H. pylori and plasmids used in this study are shown
in Table S1. H. pylori 7.13, derived from clinical strain B128 and
H. pylori 199, were gifts from Dr. Yong Xie at the First Affiliated
Hospital of Nanchang University in China. Suspensions of H.
pylori 7.13 used for the immune challenge experiment were pre-
pared from fresh exponential phase cultures to maintain a high
level of viable cells. All strains were cultured in Campylobacter
Agar bases (Difco Labs, Detroit, MI, USA) containing 10% sheep
blood (Thermo Fisher Scientific, North Shore City, New Zealand)
and H. pylori selective supplement (Dent, 10 ug/mL vancomycin,
5 yg/mL trimethoprim lactate, 5 ug/mL cefsulodin sodium and
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5 ug/mL amphotericin B) in a microaerobic environment (5% O,,
10% CO, and 85% N,) at 37°C.

2.2 | Construction of H. pylori LPS Modified
Mutations and Related Plasmids

Mutant strains were constructed using the suicide plasmid
method. The upstream and downstream homologous arms of
IpxE were amplified by PCR, ligated to the kanamycin resistance
gene marker (Kan*) and inserted into the pRE112 suicide plasmid
backbone. The transformed plasmid was transferred into the J99
strain by electroporation to construct the AlpxE mutant, and
the transformants were screened with LB agar plates containing
the appropriate antibiotics. The same strategy was used to
construct PHQO13 and PHQO14 plasmids using chloramphenicol
resistance (Cm™) and ampicillin resistance gene markers (Amp*)
to construct AlpxF and AfutB mutants, respectively. The triple
knockout strains AlpxE AlpxF AfutB were constructed using
PHQO012, PHQO13 and PHQO14 with the same strategy.

Daleke-Schermerhorn and colleagues demonstrated the capabil-
ity of the Hbp autotransporter platform to incorporate multiple
antigenic proteins into a vector plasmid and express them on
the surface of OMVs (Daleke-Schermerhorn et al. 2014). Based
on this finding, we employed the genomic DNA of Salmonella
Typhimurium 3761 as a template, utilising Hbp-F and Hbp-R
primers to concurrently amplify gene fragments of the Hbp auto-
transporter platform and the linearised plasmid pQS1, which was
based on pYA3337 and inserted a spectinomycin resistance gene
to transfer the plasmid into H. pylori for construction selection.
The primers used are listed in Table S2. We cloned the Hbp
autotransporter platform expression cassette into the pYA3337
vector using a Gibson assembly kit and transformed it into
Escherichia coli (E. coli) strain TOP10 for amplification, resulting
in the pYA3337-Hbp plasmid, named pQS2. Subsequently, we
utilised the Hbp autotransporter platform to clone the antigenic
protein gene sequences into the Hbp expression cassette within
the recombinant plasmid pQS2.

To achieve this, we first amplified the UreB gene sequence
from the H. pylori genome using corresponding primers and
cloned it into the prepared recombinant plasmid pQS2 using
a one-step cloning technique with a Gibson assembly kit. The
resultant plasmid was transformed into E. coli TOP10 cells to
generate the recombinant pQS2-UreB plasmid, named pQS0007.
Similarly, we amplified other antigenic protein gene sequences
from the H. pylori genome using specific primers and obtained the
recombinant plasmids pQS0008 (VacA) and pQS0009 (CagA).

Further, we amplified the VacA antigenic protein gene and the
vector from the H. pylori genome and the vector plasmid pQS0007
(UreB), respectively, using corresponding primers. After one-step
cloning of the amplified product using a Gibson assembly Kkit,
the product was transformed into E. coli TOP10 cells to generate
the recombinant plasmid pQS0004 (UreB-VacA). The CagA gene
sequence was incorporated using the same method to yield the
recombinant plasmid pQS0005 (UreB-CagA). We also introduced
the CagA gene sequence into the recombinant plasmid pQS0008
(VacA) to create the recombinant plasmid pQS0006 (VacA-
CagA). Additionally, we used the recombinant plasmid pQS0004

(UreB-VacA) as the vector, amplified it using the upstream and
downstream primers of plasmid pQS0009 (CagA), and cloned the
amplified CagA gene sequence and the vector into E. coli TOP10
cells to obtain the recombinant plasmid pQS0003 (UreB-VacA-
CagA). Finally, the recombinant plasmids were transformed into
competent H. pylori cells to express the antigenic proteins UreB,
VacA and CagA.

2.3 | Purification and Identification of OMVs

H. pylori OMVs were isolated through ultracentrifugation, as
previously described (Liu et al. 2016; Liu et al. 2018). Briefly,
500 mL cultures of wild-type and mutant strains of H. pylori in
exponential phase were centrifuged at 4500 x g for 1 h at 4°C
to precipitate the bacteria. The supernatant was then filtered
twice through a 0.45 pm Steritop bottle-top filter unit (Millipore,
Billerica, MA, USA). The filtered supernatant containing OMVs
was centrifuged at 20,000 x g for 2 h at 4°C, and the resultant
pellet was washed with Dulbecco’s phosphate-buffered saline
(DPBS) buffer (Mediatech, Manassas, VA, USA). The pelleted
OMV samples were resuspended in DPBS buffer containing
OptiPrep Density Gradient Medium (Sigma) and centrifuged for
24 h at 100,000 X g at 4°C in a density gradient ranging from 40%
to 20%. The vesicle fractions were pooled, gently washed three
times with DPBS, and then resuspended in 1 mL of DPBS for
storage at —20°C. The yields of OMVs were determined by mea-
suring protein concentrations using a bicinchoninic acid (BCA)
assay kit (Thermo Fisher, Rockford, IL, USA), following the
manufacturer’s instructions. The morphology of the OMVs was
examined by transmission electron microscopy (TEM) at 120 kV
(Tecnai Spirit). The expression of different proteins in the OMVs
was detected by immunoblotting using rabbit serum antibodies
against UreB, VacA or CagA (UreB, Cat. Orb359898, Biorbyt;
VacA, Cat. Orb51658, Biorbyt; CagA, Cat. Orb23539, Biorbyt).
The particle size distribution and concentration of OMVs were
determined by nanoparticle tracking analysis (NanoSight NS300,
Malvern Instruments, UK), as previously described (White et al.
2018; Chen et al. 2020). The average of triplicate video statistics
was calculated for each sample. Additionally, the number of
OMVs per millilitre was normalised to the colony-forming units
(CFUs) per miillilitre for each strain to assess the number of OMVs
per CFU.

2.4 | Purification and Identification of Lipid A
and O Antigens

Cultures (500 mL) were incubated at 37°C under microaerobic
conditions for 36-40 h until A600 was 1.0. Cells were collected
by centrifugation at 6000 rmp for 15 min, washed once with
phosphate-buffered saline, and then suspended in 20 mL of
phosphate-buffered saline to release lipid A from the cells, which
were placed on thin-layer chromatography plates (TLC) and
separated using the solvents chloroform, pyridine, 88% formic
acid and water in a 50:50:16:5 ratio by volume. The TLC plates
were exposed to the phosphorus imager screen overnight, and the
product formation was detected and analysed using a phosphate
molecular imager equipped with Quantity One software. ESI-
MS analysis was performed using a 0.1% formic acid, 230 min
acetonitrile gradient, and further observed by SDS-PAGE after
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silver staining. The phenol was placed in a constant temperature
water bath at 65°C for preheating. After the strain was incubated
for 72 h, 2 mL of 1xPBS was added to the culture dish, and the
surface of the dish was repeatedly blown to dislodge the bacteria,
and the rinsed PBS was dispensed into sterile endotoxin-free
centrifuge tubes. The above steps were repeated four times. Then
centrifuge at 4°C 12,000 rpm for 20 min, pour off the supernatant,
add 675 uL of ultrapure water and 675 pL of pre-warmed phenol
to each tube, and repeatedly blow the white precipitate with a
gun to dissolve it. After shaking for 1 min, place it in a constant
temperature water bath at 65°C for 10 min, then centrifuge at
12,000 rpm for 10 min at 4°C. Transfer the upper aqueous phase to
anew sterile endotoxin-free centrifuge tube, add an equal volume
of ether as the amount transferred, shake to mix, centrifuge at
12,000 rpm for 3 min at 4°C, repeat four times, and pour off
the upper layer of ether. Open the lid of the centrifuge tube
and place it in a fume hood overnight. Add 0.2 mg RNaseA,
0.2 mg DNasel to each centrifuge tube, thermostatic water bath
at 37°C for 30 min, then add 0.08 mg Proteinase K respectively,
thermostatic water bath at 60°C for 1 h, then thermostatic water
bath at 100°C for 3 min. The LPS was analysed to identify the
modified O antigen by western blotting using mouse anti-Lewis
A (Le?) (Cat. sc-59469), anti-Lewis B (Le®) (Cat. sc-59470), anti-
Le* (Cat. sc-59471), anti-LeY (Cat. sc-59469) (Santa Cruz, USA) and
anti-H type 1 (Cat. 667551) (BioLegend, USA).

2.5 | TLR Signalling Assay

Human epithelial kidney (HEK) 293 cells stably co-transfected
with mouse or human TLR4 and myeloid differentiation factor
2 (TLR4-MD2) receptors (noted as m/hTLR4-MD2) were pur-
chased from InvivoGen. All cell lines stably expressed secretory
embryonic alkaline phosphatase (SEAP) under the control of
nuclear NF-kB and activator protein 1 (AP-1)-induced promoters.
Thus, stimulation of m/hTLR4-MD2 would result in an amount
of SEAP in the extracellular supernatant proportional to the
level of NF-kB induction. The cells were cultured in standard
Dulbecco’s modified Eagle’s medium (DMEM) containing 10%
heat-inactivated foetal bovine serum (Gibco), 4.5 g/L glucose,
2 mM L-glutamine, 50 U/mL penicillin, 50 pg/mL streptomycin
and 1IXHEK-Blue Selection (InvivoGen), and maintained at 37°C
in a 5% saturated CO, atmosphere.

Cells were inoculated in 96-well plates at 2 x10* cells/well, and
highly purified LPS was added in triplicate at concentrations of
0, 10, 100, 1000 and 10,000 pg/mL, respectively, and the average
value was taken. LPS of E. coli (TLR4 agonist) (Sigma-Aldrich)
was used as a positive control. After 20-24 h of incubation, 20 pL
of supernatant is transferred to a new 96-well plate and then
incubated 1-2 times at 37°C with 180 uL of QUANTI-Blue. The
activity of SEAP was measured by reading the optical density
at 655 nm with a Synergy Mx multi-mode microplate reader
(BioTek) to evaluate the binding ability of modified LPS to TLR4
in HEK-m/hTLR4 cells (Cullen et al. 2011).

2.6 | Activation of Dendritic Cells (DC)

Primary DC cells were obtained from mice and cultured for 5-8 d
in RPMI-1640 complete medium (containing 10% FCS) with 500

U/mL IL-4 and 800 U/mL GM-CSF (both from Schering-Plough)
for 5-8 d (Geijtenbeek et al. 2000). To analyse maturation, 180,000
DCs were co-incubated with H. pylori OMVs for 12 h, washed and
cultured for 20 h, and analysed for maturation markers (CD80,
CD86, CD83 and HLA-DR) by flow cytometry (Geijtenbeek et al.
2003).

2.7 | Evaluation of OMYV Cytotoxicity at the
Cellular Level

The cytotoxicity of OMVs on RAW264.7 macrophages was
assessed using 24-well plates seeded with 5 x 10° cells per well and
exposed to varying concentrations of OMVs (ranging from 3.125 to
100 pg/mL) (Liu et al. 2016). After a 24-h incubation period, the
supernatants were collected from each well, and cytotoxicity was
quantified using a Multitox-Fluor multiplex cytotoxicity assay
kit (Promega, Madison, WI, USA), following the manufacturer’s
instructions. All experiments were conducted in triplicate, and
the collected data will be analysed subsequently.

2.8 | Animal Experiments

All animal experiments were conducted in compliance with the
guidelines of the Animal Welfare Act and related regulations of
The First Affiliated Hospital of Nanchang University (Nanchang,
China, Approval No. CDYFY-IACUC-202305QR024). All animal
work protocols were approved by the animal welfare committee
of The First Affiliated Hospital of Nanchang University. The
principles stated in the Guide for the Care and Use of Laboratory
Animals were followed. All efforts were made to minimise animal
suffering during the experiments.

Specific pathogen-free (SPF) female C57BL/6 mice (6 weeks old,
16-22 g) were purchased from the Laboratory Animal Science
Centre of Nanchang University. After acclimatisation to the new
environment for 1 week, the mice were randomly divided into
various groups. Each group contained 6-12 mice and received
the first vaccine administration by gavage (0 day). The selected
immunogens and dosages administered to each group are
described in Tables S3 and S4. Blood samples were collected 1 day
prior to 4 and 8 weeks following the first immunisation through
orbital sinus puncture. Subsequently, the soluble fractions of
serum were obtained by centrifugation. Booster immunisations
were performed at Week 4 with corresponding antigens by
intragastric vaccination. Some of the mice were executed at Week
8, and approximately 500 mg of gastric tissue was collected and
stored in 500 pL of 2% saponin (Sigma)-PBS solution overnight
at 4°C to prepare gastric extract for mucosal secretory IgA
detection following the method described previously (Kimoto
et al. 2019). Splenocytes and mesenteric lymph node (MLN) cells
were collected and assayed for cytokine production. Ten weeks
after the first immunisation, all remaining mice were challenged
with 10° CFU of virulent H. pylori 7.13 (Asim et al. 2015) in 20 uL
PBS containing 0.01% gelatin (BSG buffer) via the oral route and
monitored until Week 16. Finally, all mice were sacrificed, and
their gastric tissues were harvested for urease tests and bacterial
load determination. All animal experiments were performed
twice, and the data were gathered for analysis.
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2.9 | Biodistribution Kinetic Analysis of OMVs

In order to examine the biological distribution of OMVs in
mice after immunisation, we administered OMVs or Cy7-labelled
OMVs to mice by oral administration and observed the changes
of OMVs in various tissues over time through in vivo imaging and
immunofluorescence staining following the protocol described
previously (Jang et al. 2015). In brief, the mice were treated by
oral administration of OMVs or Cy7-labelled OMVs (15 pg of
total protein) or PBS. The biodistribution of OMVs was analysed
by near-infrared (NIR) imaging at O, 3, 6, 12 and 24 h post
treatment. Cy7 fluorescence in the whole body of mice was
observed by IVIS spectrum (Caliper Life Sciences). At each time
point, mice were sacrificed and Cy7 fluorescence was observed
in various tissues including liver, stomach, spleen, kidney, heart
and small intestines. Radiant efficiency was measured using
Living Image 3.1 software. After 1, 3 and 7 days, gastric tissue
was sectioned for immunofluorescence assay using the anti-wt
OMYV primary antibody and the corresponding HRP-conjugated
secondary antibody, then the nuclei were counterstained with
DAPI and observed with a FLUOVIEW FV1000 confocal laser
scanning microscope (Olympus).

210 | ELISA

Antibody levels in mouse blood samples and stomach tissues
were measured using ELISA as previously described (Liu et al.
2016). The inactivated whole cell antigen and outer membrane
proteins (OMPs) as coating antigens were prepared based on the
previous study (Song et al. 2020). Inactivated whole cell antigens,
OMPs and LPS from wild type H. pylori J99 and mutants were
suspended in 100 pL sodium carbonate buffer (pH = 9.6), and
1 pg of suspension per well was added to 96-well plates (Nalge
Nunc Inc., Naperville, IL, USA) for antigen encapsulation and
incubated overnight at 4°C. Purified mouse immunoglobulin
standards (IgG, IgG,, IgG,. or IgA; BD Biosciences, MA, USA)
were added to each well in triplicate and diluted 2-fold (0.5 pg/uL).
The plates were then washed three times with PBS containing
0.1% Tween 20 (PBST) and closed with 2% BSA solution for 2 h
at room temperature. 100 puL of each sample was added to the
respective wells in triplicate at different dilutions and incubated
at room temperature for 1 h. After washing the plates three times
with PBST and biotinylated goat anti-mouse antibodies IgG, IgG,,
IgG,. and IgA (Southern Biotech Inc., Birmingham, AL, USA)
were added to each well, respectively. The alkaline phosphatase
coupling compound (Southern Biotechnology) was added, and
the substrate nitrobenzene phosphatase (Sigma-Aldrich) was
added to diethanolamine buffer (pH = 9.8) to develop the colour
in each well. Determination of the absorbance at 405 nm using
a fully automated ELISA microplate reader (model EL311SX;
BioTek, Winooski, VT, USA). Final Ig isotype concentrations were
calculated separately for each antibody isotype sample using a
standard curve.

2.11 | Urease Test

Gastric antrum tissue homogenates were prepared from tissue
strips obtained from each mouse. Approximately 500 mg of
gastric tissues were collected and placed in 0.5 mL of 0.8% NaCl
solution for detection of urease activity (Nedrud and Blanchard

2001). Homogenates from mice injected with either PBS or OMVs
devoid of H. pylori antigenic proteins served as negative controls.
Initially, 100 uL of tissue homogenate was mixed with 3 mL of urea
broth (composed of 1 mg/mL glucose, 1 mg/mL peptone, 2 mg/mL
KH,PO,, 5 mg/mL NaCl and 1% urea), which contained the phe-
nol red indicator. The mixture was then incubated at 37°C for 4 h.
Subsequently, gastric urease activity was spectrophotometrically
assayed at an optical density of 550 nm.

2.12 | Determination of Bacterial Loading

Mice were orally dosed with H. pylori 7.13 for the challenge pro-
tection assay, and gastric tissues were collected after 6 weeks for
bacterial load determination. First, isolated tissues were washed
with pre-chilled PBS and then transferred to pre-weighed tubes
containing 5 mL of brain heart infusion (BHI) medium (Difco).
Next, gastric tissues were reweighed to an accuracy of 0.0001 g,
homogenised with a sterile homogeniser and serially inoculated
onto Campylobacter agar matrix (Difco) plates containing 10%
sheep blood at dilutions of 1:10, 1:100 and 1:1000. The plates were
then incubated at 37°C under microaerobic conditions for 6-7
days. Colonies were identified as H. pylori by urease reaction, oxi-
dase reaction and wet morphological analysis. Urease specimens
were removed from the stomach of each mouse and immersed in
0.5 mL of 0.8% NaCl solution to make a tissue homogenate for
determination of urease activity as described above (Nedrud and
Blanchard 2001). Tissue homogenates containing PBS were used
as a negative control.

2.13 | Detection of Cytokines in Mouse MLN Cells
and Splenocytes

Mouse MLN cells and splenocytes were harvested 4 weeks after
booster immunisations, followed by stimulation with 6 pg/mL
OMPs isolated from H. pylori 7.13 strain, and OMPs or OMVs
isolated from H. pylori J99 strain for 24 has previously described
(Song et al. 2020). Then, the supernatants of those cells were
collected, and cytokine levels were quantified by ELISA. Mon-
oclonal anti- interferon-y (anti-IFN-y), anti-IL-4, anti-IL-6, anti-
IL-12 (P40), anti-IL-13 and anti-IL-17 antibodies (BD Biosciences,
Mountain View, CA, USA) were coated onto 96-well plates.
Then, samples were blocked with PBS containing 1% bovine
serum albumin, added to triplicate wells and incubated overnight
at 4°C. Then, the plates were washed and incubated with
biotin-labelled anti-IFN-y, anti-IL-12 (P40), anti-IL-4, anti-IL-13,
anti-IL-17 and anti-IL-6 antibodies (BD Biosciences, Billerica,
MA, USA). Finally, horseradish peroxidase-labelled anti-biotin
antibodies (Vector Laboratories, Burlingame, CA, USA) were
added to each well along with 3,39,5,59-tetramethylbenzidine
(TMB; Moss Inc., Pasadena, CA, USA) to enhance the reaction,
which was terminated with 0.5 M hydrochloric acid (HCI).
Standard curves were generated based on the expression levels of
mouse recombinant IFN-y, IL-4, IL-6, IL-12 (P40), IL-13 and IL-17.

2.14 | Histopathology

Two weeks post-challenge with H. pylori, mouse stomachs were
harvested for histopathological analysis, conducted according
to a previously reported method (Ghasemi et al. 2022). Briefly,
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stomach tissues were fixed in 10% neutral buffered forma-
lin for a minimum of 24 h, followed by processing, paraffin
embedding and sectioning at 5 pm. The sections were stained
with haematoxylin and eosin. The pathologist was blinded to
the experimental groups and treatments. Both glandular and
squamous portions of the stomach were histologically examined
and evaluated, with scoring based on criteria including mucosal
inflammation and type (0-6 intensity), submucosal inflammation
and type (0-6 intensity), mucosal ulceration (0-6 intensity) and
hyperkeratosis of the squamous stomach (0-6 intensity).

215 | Flow Cytometry

Splenocytes were suspended in 2 mL of Roswell Park Memorial
Institute medium supplemented with 100 IU/mL penicillin-
streptomycin and 10% foetal bovine serum, and plated in 12-well
plates. The cells were then stimulated with 2 pg of CD28 and 40 pg
of OMVs derived from different mutations for 24 h at 37°C in 5%
CO,. In the final 6 h of incubation, protein transport inhibitors
brefeldin A (2 uL/mL; BD Biosciences, NJ, USA) and monensin
(1.4 yL/mL; BD Biosciences) were added to the cells. Following
centrifugation, the supernatant was discarded, and 2 uL of Fc
receptor blocker (BioLegend) was added to the cell suspension.
Subsequently, 5 uL of premixed True-Stain Monocyte Blocker
(Biolegend) and 2 uL of CD4 (Biolegend) were added to the cell
suspension and incubated in the dark at room temperature for
25 min. The cells were then washed with PBS and incubated
in 1 mL of diluted Zombie Aqua solution (Biolegend) for 10
min, followed by centrifugation. The cells were subsequently
fixed, permeabilised and washed according to the instructions
provided with the Fixation/Permeabilisation Kit (BD). After each
centrifugation step, the obtained cell clusters were added to a
mixture containing 10 mL of Brilliant Stain Buffer Plus (BD), 5 mL
of True-Stain Monocyte Blocker (Biolegend), 2 mL of anti-CD3
(Biolegend), 2 mL of anti-CD154 (Biolegend), 2 mL of anti-IL-17A
(Biolegend) and 2 mL of anti-IFN-y (Biolegend), and thoroughly
mixed. The cells were incubated in the dark at room temperature
for 30 min with BD Perm/Wash Buffer and PBS, before being
resuspended in 0.2 mL of PBS. Finally, the number of various cell
types was determined using a flow cytometer.

2.16 | Statistical Analysis

All ELISA experiments were performed in triplicate. The sig-
nificance of differences in the average values between the
experimental and control groups was assessed using one-way
or two-way analysis of variance (ANOVA) tests and followed by
Tukey’s post hoc test. All data are expressed as mean =+ standard
deviation (SD) and analysed statistically using GraphPad Prism
software version five (GraphPad Software Inc., San Diego, CA,
USA).

3 | Results

3.1 | Identification of H. pylori OMVs With
Modified LPS Structure

To verify the modifications of lipid A in the mutant H. pylori
strains, lipid A was purified, separated by TLC, and detected

by phospholipid imaging (Figure 1A). Different mutant strains
showed different mobility than wild-type J99, indicating a suc-
cessful modification of lipid A structure. To further determine
the structural modifications of lipid A, lipid A of all strains
was analysed by ESI-MS (Figure 1B). As expected, wild-type J99
had a predominant peak at m/z 1546.9, representing a tetraa-
cylated structure (lack of 4’ phosphate while the 1’ phosphate
group is acylated). The AlpxE mutant is predicted to retain the
unacylated 1’ phosphate group and the AlpxF mutant to retain
the 4’ phosphate, and their mass spectra peaks show a left and
right shift, respectively, compared to the wild type. The peak
of the mass spectrum of the double AlpxE AlpxF mutants was
significantly smaller than that of the AlpxF mutant, with a slight
increase compared to that of the wild-type and AlpxE mutant.
These results indicated the target structure of lipid A. Further
examination of the lipid A structure after silver staining revealed
that the double AlpxE AlpxF mutants and AlpxE AlpxF AfutB
mutants showed obviously different structure from the wild-
type J99, also confirming the successful modification of lipid A
(Figure 1C) (Cullen et al. 2011; Tran et al. 2006; Schmidinger
et al. 2022). The O antigen in H. pylori LPS has a Le structure
that has been identified as having a molecular mimicry phe-
nomenon, which mediates immune escape of pathogenic bacteria
(Maldonado et al. 2016; Tang et al. 2023). We knocked down futB
to eliminate this structure, allowing the OMVs to better stimulate
the host immune responses. The SDS-PAGE results showed that
the modification of lipid A caused changes in the band size of LPS.
The migration of the lipid A in the AlpxE AlpxF mutant strain is
slower than that in the wild-type J99, while AfutB does not show
a significant effect on the band size of LPS (Figure 1D). Thus,
immunoblotting is needed to confirm this. To verify the modified
O antigen, western blotting was performed to analyse LPS from
the wild type versus the mutant type (Figure 1E-G). LPS from the
AlpxE AlpxF AfutB mutants and AfutB mutant were found to be
unable to react with Le* and Le* antigen sera, indicating that the
modified O antigen no longer had a Le type 2 structure. The Le
expression of the wild-type strain 7.13 was known to be H type 1,
and using it as a positive control, it was found that the mutant did
not react with the H type 1 antigen serum, indicating successful
disruption of the Le antigen expression. In addition, neither the
modified LPS of H. pylori J99 strain nor the LPS of wild-type strain
could react to Le* and Le® antibodies (Data not shown). These
results demonstrate that the modification of the O antigen has
achieved the desired goal.

TEM and Nanoparticle tracking analysis were used to determine
the particle size of the OMVs and the concentrated fraction during
density gradient purification (Théry et al. 2018). The results
showed that most of the OMVs produced by the mutant and
parental strains were between 80 and 89 nm in diameter and
that the OMVs released from the mutant strains did not differ
significantly compared to the wild-type strain, indicating that the
knockout did not affect the particle size and yield of the OMVs
(Figures 1H and S1). To determine whether the OMVs secreted by
the modified H. pylori were toxic to cells, OMVs derived from the
mutant and wild-type strains were purified and incubated with
RAW264.7 cells at different concentrations for 24 h. The cell lysis
set was used as a quality control. Compared with the wild-type
strain, OMVs from the mutant strains showed some cytotoxicity
at concentrations above 25 ug/mL, but the cytotoxic effect was not
obvious at lower concentrations (Figure 1I).
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Construction and characterisation of recombinant H. pylori OMVs vaccine vector. (A) Modification of the lipid A structure of H. pylori

by knocking out the [pxE and IpxF genes. (B) Detection of radiolabelled lipid A substrate by thin-layer chromatography (TLC). (C) Identification of
the lipid A structure of individual strains with ESI-MS. The peak value of 1546.7 m/z corresponds to the wild-type tetra-acylation structure (lack of 4’
phosphate, while the 1’ phosphate group is acylated), 1503.5 corresponds to tetraacylated 1’ phosphorylated lipid A, 2091.5 corresponds to hexa-acylated
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SDS-PAGE. (E) Analysis of Lewis X antigen with modified O antigen by Western blotting. LPS of wild-type J99 as positive control. (F) Analysis of Lewis
Y antigen with modified O antigen by Western blotting. LPS of wild-type J99 as positive control. (G) Validation of the modified O antigen by western
blotting with H type 1 antigen serum as the probe and LPS of wild type 7.13 as the positive control. (H) Observation of the morphology of LPS-modified
OMVs by the transmission electron microscope. (I) Assessment of the cytotoxicity of OMVs. RAW 264.7 macrophages were treated with different doses
of wild-type H. pylori and mutant OMVs, with the cell lysis group as a quality control. Data were expressed as mean + standard deviation (SD), and
means were compared using the least significant difference test. *p < 0.05 and **p < 0.01 represent differences between relevant groups.
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3.2 | OMYVs With Modified LPS Structure Induce
Humoral and Mucosal Immunity and Provide
Effective Protection Against H. pylori Infection

To verify the ability of the modified OMVs to bind to TLR4 and
activate the immune response in vitro. LPS from each strain was
purified and used to activate HEK-293 cells modified to express
human and murine TLR4-MD2 receptors, respectively, and their
absorbance was measured. The ability to activate TLR4 of AlpxE
AlpxF AfutB mutants and the double AlpxE AlpxF mutants was
significantly enhanced compared with the wild type and showed
significant specificity for the human TLR4-MD receptor (p <
0.01) (Figure 2A,B), which indicates that the modified LPS can
effectively activate human TLR4. Further, the purified OMVs
were incubated with DC cells for 12 h, with LPS of E. coli as a
positive control and a blank treatment group as negative control.
It was observed that the ability of AlpxE AlpxF AfutB mutants to
stimulate DC cell maturation was not significantly different from
that of the wild-type strain, indicating that the modified OMVs
remain well antigenic (Figure 2C).

To investigate the immunogenicity of the OMVs with modified
LPS, mice were orally inoculated with the OMVs. All mice did
not show any abnormalities and were in good health during
immunisation. The biological distribution of OMVs in different
groups of mice demonstrated that LPS modification did not
affect the distribution of OMVs entering the mouse by gavage.
Fluorescence signals were observed in the stomach, kidney and
intestines of mice at 3—6 h post-entry through Cy7-labelled OMVs,
and the fluorescence slowly quenches after 12 h (Figure S2A,B).
Immunofluorescence has the strongest intensity on the third
day, and then the fluorescence of OMVs in the stomach and
intestines of mice in each group gradually weakens over time
(Figure S2C,D). Interestingly, the AlpxE AlpxF AfutB mutant
group showed the strongest in vivo fluorescence in the stomach
after 24 h and indirect-immunofluorescence in the stomach and
small intestines after 7 days, indicating that the retention time
of OMVs in the body can also be a key factor in inducing
efficient immune protection. Moreover, blood samples and gastric
tissues were collected from the mice at Weeks 4 and 8 after
initial immunisation (Figure 2D). The OMYVs-induced specific
antibodies against different antigens were measured by ELISA.
The results showed that the serum immunoglobulin levels in
the AlpxE AlpxF AfutB mutant group and the AlpxE AlpxF
mutant group were significantly higher than those in the wild-
type group (p < 0.01) (Figure 2E,F). In addition, the serum and
gastric mucosal sIgA levels in the AlpxE AlpxF AfutB mutant
group were significantly different from those in the AlpxE AlpxF
mutant group (p < 0.01) (Figure 2G,H). We also tested the levels of
antibodies against inactivated whole cell antigens, and the results
were consistent with the trend between different groups and the
previous results (Figure S3). These data suggest that the modified
OMVs were able to induce better humoral and mucosal immune
responses.

Ten weeks after the initial immunisation, the mice were orally
inoculated with highly virulent H. pylori 7.13, and gastric tissues
were collected for urease assay and bacterial load measurement to
evaluate the immune-protective efficacy of the modified OMVs
against H. pylori infection. The urease activity in gastric tissues
from the mice immunised with the mutant OMVs (both the AlpxE

AlpxF AfutB mutant group and the AlpxE AlpxF mutant group)
was significantly lower than that of the wild type ones (p <
0.01) (Figure 2I). In addition, H. pylori isolated from the gastric
tissues was cultured and the bacterial load was determined. The
colony count results were generally consistent with the results
of urease activity, and the AlpxE AlpxF AfutB mutant group and
the AlpxE AlpxF mutant group were significantly lower than the
wild-type group (p < 0.01) (Figure 2J). These results suggest that
the modified OMVs could induce a protective immunity against
H. pylori infection.

To better understand the molecular mechanisms of OMVs-
induced immune-protection, cytokine levels in the supernatants
of MLN cells and splenocytes harvested from mice and stimulated
by OMP antigen from H. pylori 7.13 strain were measured. IFN-
y and IL-12 are known to be indicators of Thl polarisation
response, whereas IL-4 and IL-13 are known to be indicators
of Th2 polarisation response (Song et al. 2020), and IL-17 is an
indicator of Th17 polarisation (Dewayani et al. 2021). The results
showed that the OMVs from the AlpxE AlpxF AfutB mutant group
and the AlpxE AlpxF mutant group significantly increased the
cytokine production levels. In MLN cells, cytokine levels were
found to be significantly higher in the AlpxE AlpxF AfutB mutant
group and the AlpxE AlpxF mutant group than those in the wild-
type group (p < 0.01) (Figure S4). Specifically, the AlpxE AlpxF
AfutB mutant group produced significantly higher levels of IL-17
compared to the AlpxE AlpxF mutant group (p < 0.01). Similarly,
for splenocytes, cytokine levels were significantly higher in the
AlpxE AlpxF AfutB mutant group and the AlpxE AlpxF mutant
group than in the wild-type group (p < 0.01). In addition, the
AlpxE AlpxF AfutB mutant group produced significantly higher
Thl-, Th2- and Th17- indicated cytokine levels compared to the
AlpxE AlpxF mutant group (p < 0.01). From the perspective of
cytokine levels representing different types of immune responses,
the level of IL-17 produced by LPS-modified OMVs immunised
mice is significantly higher than that of other types of cytokines.
Taken together, these data demonstrate that the LPS-modified
OMVs are able to induce Th1/Th2/Th17 mixed immune response,
with Th17 being predominant.

In addition, we used OMPs and OMVs derived from the J99 strain
as stimulating antigens to determine the cytokine production
levels from MLN cells and splenocytes in the immunised mice,
and to evaluate the induction of immune response types by
genetically engineered OMVs derived from H. pylori J99 strain
as a background strain. Our data showed that using homologous
OMPs and OMVs as stimulation antigens can induce higher levels
of different types of cytokines from MLN cells and splenocytes in
immunised mice, and the trend in different experimental groups
is consistent with previous results (Figures S5 and S6), indicating
that using OMPs derived from 7.13 strain as antigens in this study
can effectively reflect the immune mechanisms between different
experimental groups.

3.3 | Genetically Engineered H. pylori OMVs
Successfully Delivered H. pylori UreB, VacA and
CagA Antigens

Utilising the Hbp autotransporter platform, we replaced the side
domains dl and d2 of the passenger domain with UreB and
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deviation. LPS of E. coli was used as positive control. (C) Promotion of DC cell maturation by OMVs. Immature DC cells were co-incubated with purified
OMVs for 12 h. The percentage of mature DC cells in each group was counted, and the mean was calculated in triplicate. E. coli LPS was used as a positive
control. (D) A schematic diagram showing the experimental procedures for vaccination of the mice. In brief, mice (6 weeks old, 16-22 g) were divided
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VacA antigens, respectively, and inserted the CagA antigen into by various knockout strains using the Hbp autotransporter system
the position of side domain d4. This allowed for the successful (Figure 3B) (Liu et al. 2016). SDS-PAGE and western blot analyses
expression of the three antigens on the outer surface of OMVs were conducted to verify the expression of the three antigenic
(Figure 3A) (Jong et al. 2012). Furthermore, we introduced proteins. Specific bands were observed in the corresponding
targeted antigenic proteins onto the surface of OMVs generated regions of the protein extracted from strains containing UreB,
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FIGURE 3 | Construction, heterologous antigen protein characterisation, and quantities of genetically engineered OMVs. (A) A diagram showing

the generation of OMVs expressing UreB, VacA and CagA alone or co-expressing these three antigens simultaneously using the Hbp autotransporter
platform. In brief, the side domains d1 and d2 of the passenger domain were replaced by antigens UreB and VacA, respectively, and the CagA antigen
was inserted into side domain d4. A cartoon showing Hbp-mediated UreB, VacA and CagA ligation to the surface of outer membrane vesicles. The
protein structures were generated using PyMOL. (B) A list of the OMVs used in this study. (C) SDS-PAGE analysis showing that UreB, VacA and CagA
were successfully introduced into the OMVs derived from the H. pylori AlpxE AlpxF AfutB mutant strain. The molecular weights of UreB, VacA and
CagA proteins are located in the regions indicated by the protein markers of 55-70 kDa, 70-100 kDa and 35-40 kDa, respectively, as indicated by the
red markers. (D) The western blot shows the protein bands that are consistent with the UreB antigenic protein in all strains, indicating its successful
introduction into the corresponding mutant strain. Furthermore, different combinations of antigenic proteins UreB, VacA and CagA were introduced
into OMVs, and their serum was collected 4 weeks after the final immunisation to detect antigen-specific IgG levels (E-G). The levels of anti-OMPs IgG
and anti-inactivated whole cell IgG were also evaluated (H and I). All antibodies were measured by ELISA. The means were compared using the least
significant difference test. *p < 0.05 and **p < 0.01 represent differences between relevant groups.

VacA and CagA, confirming the successful import of the proteins
into the specific knockout bacteria (Figure 3C,D).

To assess the impact of our knockout strategy on the quantity
of OMVs released by the strains, we quantified the levels of

OMYV secretion in each group. Notably, a modest increase in H.
pylori OMV production was observed when genes related to LPS
synthesis were disrupted (Figure S7). To identify the optimal com-
bination of H. pylori antigenic proteins, we incorporated various
combinations of UreB, VacA and CagA into OMVs derived from
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*p < 0.05 and **p < 0.01 represent differences between relevant groups.

an H. pylori strain with modified LPS. Following immunisation
with different combinations of OMVs and H. pylori antigens, a
significant increase in corresponding IgG levels was observed in
mice (p < 0.01; Figure 3E-G). Notably, antibody levels varied
among groups immunised with different antigen combinations,
with IgG levels against UreB, VacA and CagA induced by OMVs
with a modified LPS structure being remarkably higher compared
to other groups (Figure 3E-G), demonstrating the design strategy
of utilising OMVs to deliver multiple H. pylori antigens is feasible.
At the same time, we also measured the levels of IgG antibodies
against OMPs and inactivated whole cell antigens in groups
delivering different antigens. These results showed that the
modified OMVs could serve as vectors to deliver antigens and
induce higher levels of IgG antibodies. Of note, the combination
of various antigens may induce different levels of anti-OMPs IgG
antibodies (Figure 3H,I).

3.4 | Genetically Engineered OMVs Delivering H.
pylori UreB, VacA and CagA Antigens Could Induce
Strong Mucosal Immune Responses

The gastric secretory type mucosal immunity has been suggested
to be crucial for resisting H. pylori infection. Therefore, we
evaluated whether the OMV vector enhances the ability to
stimulate the production of secretory IgA after delivering H. pylori
antigens. The quantitative ELISA results demonstrated that the
recombinant OMV vaccine delivering the corresponding antigen
could induce the production of IgA antibodies against specific
antigens, which once again confirms the successful construction

of the OMV-based antigen delivery strategy (Figures 4A-C and
S8). At the same time, the modified OMVs may serve as vec-
tors for delivering antigens and induce higher levels of serum
IgA and gastric mucosal secretory IgA than wild-type OMVs
(Figures 4A-C and S8).

In addition to measuring the serum and secretory IgA levels
against specific antigens in immunised mice, we also evaluated
the serum and secretory IgA levels against OMPs or whole
bacterial antigens in mice from different immune groups, in
order to understand the effect of mucosal immunity against H.
pylori infection. These results showed that the modified OMVs
delivering UreB, VacA and CagA, as well as recombinant vaccines
delivering UreB and VacA, exhibited higher levels of secretory
IgA compared to other recombinant vaccines delivering two
antigens (Figure 4D,E). Of note, in terms of serum IgA, the
modified OMVs as antigen delivery vectors induced significantly
higher antibody levels than the wild-type ones (Figure S8), which
suggested that using the OMVs with modified LPS as vectors
for delivering H. pylori antigens may induce stronger humoral
immune responses against H. pylori infection.

3.5 | Genetically Engineered OMVs Delivering H.
pylori UreB, VacA and CagA Antigens May Induce
Protective Immunity Against H. pylori Infection

To further evaluate the protective immunity induced by the mod-
ified OMVs bearing various H. pylori antigens, we first tested the
bacteria opsonisation and phagocytosis activities by the sera from
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Protective immunity against H. pylori induced by OMVs derived from different antigen combination strategies. (A) Opsonisation of sera

from mice immunised with OMVs delivering various H. pylori antigens in vitro. (B) Urease activity in gastric tissue homogenates from mice immunised
with OMVs delivering various antigen combinations was assessed 2 weeks after the challenge infection. (C) H. pylori colony counts in gastric tissue
homogenates were quantified to determine bacterial loading. (D) Histopathological examinations of gastric mucosa in mice immunised with various
OMVs, and the corresponding pathology score of various groups were shown. The means were compared using the least significant difference test. *p <

0.05 and **p < 0.01 represent differences between relevant groups.

the mice immunised with the OMV vaccine using an isolated
macrophage model. We observed significantly enhanced bacterial
uptake in the groups immunised with the modified OMVs
delivering UreB and CagA or UreB, VacA and CagA (Figure 5A),
indicating that the sera from the mice immunised with both
the antigen combinations displayed enhanced opsonisation and
phagocytosis activities of H. pylori by macrophages. Of note, there
was no significant change in body weight among different groups
of mice during the 6 weeks of infection study (Figure S9). The
mice were subsequently sacrificed and their gastric tissues were

collected for detection of H. pylori infection by testing the urease
activity and bacterial load. Being consistent with the previous
results, the urease activities and bacterial loads were notably
lower in the mice immunised with antigen-presenting OMVs
than the negative control mice, indicating that the modified
OMVs induced significant protection against H. pylori infection.
In particular, the urease activity was remarkably lower in the
gastric tissues of mice immunised with QS0086 (UreB-CagA)
and QS0088 (UreB-VacA-CagA) than that with other antigen
combinations (Figure 5B). As expected, the bacterial loading
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results were consistent with the urease activity results. Compared
with other experimental strains, the QS0085, QS0086, QS0087
and QS0088 strain reduced the bacterial loading in the mice
stomach tissues (Figure 5C). The histopathological examinations
of stomach tissues from various groups were scored and the
gastric mucosa of the mice immunised with OMVs derived
from QS0086 strain showed no abnormalities (Figure 5D). These
findings suggested that the modified OMVs secreted by the
knockout strain delivering UreB and CagA, or UreB, VacA and
CagA antigens may induce protective immunity against H. pylori
infection.

3.6 | Genetically Engineered OMVs Delivering H.
pylori Antigens May Induce Th1/Th2/Th17-Based
Immune Responses

To further understand the cellular immunity induced by various
OMVs in mice, we examined the levels of cytokines produced by
mouse splenocytes from different vaccination groups described
above. We quantified the levels of the cytokines IFN-y, IL-4, IL-6,
IL-12 (p40), IL-13 and IL-17 in mouse MLN cells and splenocytes
after antigen stimulation by ELISA. The results showed that the
levels of IFN-y, IL-4, IL-12 (p40) and IL-13 were significantly
higher in OMV-immunised groups delivering the UreB, VacA and
CagA (QS0088) or UreB and CagA (QS0086) than in the control
groups, indicating that OMV immunisation triggered both Thl
and Th2 cellular immune responses in mice (Figure 6A-H). Fur-
thermore, the IL-17 levels were markedly higher in the modified
OMV-immunised group than in the other groups, indicating
that antigen-presenting OMVs secreted by LPS-modified strains
effectively induced specific T helper 17 (Th17) cellular immune
responses in mice (Figure 6H,J). We also measured the level of
pro-inflammatory cytokine IL-6 in MLN cells and splenocytes
in each knockout group, and it increased much lesser degree
compared to other cytokines described above.

In mice, IgG, and IgG,. levels are well-established indicators
of Thl and Th2 responses, respectively. To gain insight into
the immune mechanisms underlying the response to OMVs
delivering H. pylori antigenic proteins, it is crucial to clarify
the type of immune response induced. Therefore, we employed
quantitative ELISA to assess and compare serum IgG, and IgG,,
levels in immunised and control mice, thereby evaluating the
bias of the immune response. Overall, LPS-modified OMVs
used for delivering the H. pylori antigens showed significantly
higher levels of IgG; and IgG,. induction compared to wild-
type OMVs, except for the groups measured with OMPs as
the coating antigen (Figure S10). These data indicate that LPS-
modified OMVs have a stronger ability to induce Thl and Th2
type immune responses than wild-type OMVs. In addition, the
ratio of IgG,/IgG,. in the groups of H. pylori antigen-presented
LPS modified OMVs was higher than 1, indicating that it induced
a Th1/Th2 mixed immune response with Th2 being predominant
(Figure S9C,F). In terms of delivering different H. pylori antigens,
the experimental groups of LPS modified OMVs delivering UreB
and CagA (QS0086) and UreB, VacA and CagA (QS0088) showed
higher Thl and Th2 type immune responses compared to other
antigen combination experimental groups, which is consistent
with the results of cytokine detection. In addition, the induction
of IgG, and IgG,. levels against the H. pylori antigens in mice

immunised with recombinant OMV vaccine was also detected.
The immunised group of OMVs delivering the corresponding
antigen protein was also able to induce higher levels of IgG, and
1gG,., and exhibited a Th1/Th2 mixed immune response (Figure
S10). However, the OMVs that did not deliver the corresponding
antigen protein showed similar results to previous levels of IgG
and IgA (Figure 3), and did not produce high levels of IgG, and
1gG,, (Figure S11).

To further assess the impact of the vaccine, we employed flow
cytometry to analyse and compare the levels of CD4* and
CD154" T lymphocytes, as well as CD4* CD154+ T lymphocytes
secreting IFN-y or IL-17A in mice stimulated with various antigen
combinations. CD154 is used as a cell membrane molecule marker
for antigen-specific activation of CD4* T lymphocytes, and is
essential for the T cell-dependent activation of B lymphocytes.
Immunisation with LPS-modified OMVs serving as vectors for
H. pylori antigenic proteins resulted in a significant increase in
the levels of mouse-specific CD4" CD154* T cells, CD4" CD154+
IFN-y* T cells and CD4" CD154% IL-17A" T cells compared to
wild-type OMVs. These findings provide further evidence of the
vaccine’s efficacy (Figure 6L-N). Additionally, the QS0086 and
QS0088 strains demonstrated a higher increase compared to other
strains, reinforcing the notion that protection against H. pylori
infection is mediated by Th1/Th2/Th17 mixed immune responses
with Th17 being predominant.

4 | Discussions

Immune escape of H. pylori is an important challenge in its
current vaccine development. LPS is the central component of the
outer membrane of Gram-negative bacteria and plays a key role in
bacterial pathogenesis (Whitfield and Trent 2014). For H. pylori,
modification of the LPS structure is an important mechanism for
the immune escape phenomenon, which is achieved by genera-
tion of tetraacylated lipid A via dephosphorylation and acylation
to reduce binding to TLR4 as well as by modification of O
antigen to mimic human serum Le antigen via a series of rockwell
glycosyltransferases such as FutB (Maldonado et al. 2016; Rubin
and Trent 2013). The specific process of H. pylori modification of
lipid A has been elucidated in detail, by which IpxE cleaves the 1’
phosphate group, eptA is acylated by the addition of ethanolamine
phosphate (PE) at the 1’ position, and IpxF is involved in the
removal of the 4’ phosphate group (Cullen et al. 2011). According
to the known specific process of LPS modification and related
regulatory genes, we successfully blocked the modification of LPS
structure by H. pylori through knocking down IpxE, IpxF and futB,
and subsequently constructed the lipid A structure with six fatty
acid chains, and disrupted the molecular mimicry of O antigen
to Lewis antigen. The antigenicity of the modified LPS was then
examined by stably transfecting HEK-293 cells with human or
mouse TLR4-MD2.

Gastric epithelial cells expressing TLRs and the pattern recogni-
tion receptors (PRRs) on their membranes are the first line of
defence against H. pylori infection (Zhang et al. 2024). Bacterial
antigens are able to bind to specific TLR families to activate
the innate immune response (D’Oro and O’Hagan 2024). For
example, the hexa-acylated lipid A binds to TLR4-MD2, which
in turn causes a strong inflammatory response (Maldonado et al.
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FIGURE 6 | Immune regulatory mechanismsin mice immunised with OMVs delivering various H. pylori antigens. The levels of cytokines secreted

by MLN cells and splenocytes. IFN-y (A and C), IL-12 (B and D), IL-4 (E and G), IL-13 (F and H), IL-17 (H and J) and IL-6 (I and K) levels secreted
by MLN cells and splenocytes from mice immunised with OMVs delivering various H. pylori antigens. MLN cells and splenocytes were isolated from
mice after the final immunisation and cultured with outer membrane proteins from H. pylori for 24 h. IFN-y, IL-12, IL-4, IL-13, IL-17 and IL-6 levels in
culture supernatants were determined using specific ELISAs. For evaluation of antigen-specific CD4™ T cell immune responses, 8 weeks after the H.

pylori challenge, the spleens were collected from mice to prepare a single-cell suspension. After staining with intracellular cytokines, flow cytometry
was used to determine the proportion of CD4* CD154% T cells (L), CD154" IFN-y* T cells (M) and CD154% IL17A™ T cells (N) in total CD4" T cells. The
data are presented as mean + SD. The means were compared using the least significant difference test. *p < 0.05 and **p < 0.01 represent differences

between relevant groups.

2016). As previously mentioned, the wild-type H. pylori LPS does
not bind to TLR4-MD2, whereas the genetically modified LPS
from the mutant strains can be recognised by TLR4 (Figure 2A,B).
Specifically, we obtained a lipid A structure of H. pylori with
six hydrophobic acyl chains and two phosphate groups by
simultaneously knocking out IpxE and IpxF, but its structure still
differs from that of E. coli lipid A in terms of carbon base length.
This can also partially explain why the ability of LPS to activate
human TLR4 is weaker compared to E. coli. Moreover, our data
revealed the differential activation of human and mouse TLR4 by
the same lipid A structure. We may explain this from the following
two aspects. First, the ability of human and murine TLR4 to
recognise lipid A is different. Previous reports have demonstrated
that human TLR4 needs to recognise the full structure of lipid
A (six hydrophobic acyl chains and suitable phosphate moieties),
while murine TLR4 can recognise multiple structures of lipid A
(tetra-acylated, penta-acylated lipid A) (Alexander-Floyd et al.
2022; Li et al. 2016). That is why lipid A, with knocking out

IpxE does not activate human TLR4 but could trigger activation
of murine TLR4. The lipid A structure formed by knocking out
IpxF contains complete six fatty acid chains but lacks phosphate
groups, thus maintaining the same level of TLR4 activation in
humans and mice. Second, the natural host of H. pylori infection
ishumansrather than mice, indicating that H. pylorilipid A might
be less suitable for activating TLR4 in mice and maintaining the
immune escape of the bacteria in mice (Cullen et al. 2011). Taken
together, we have obtained a lipid A structure of H. pylori that
can effectively activate murine and human TLR4 through genetic
engineering modification and making it a potential candidate for
vaccine antigens.

In addition, antigen delivery systems can affect the immune
response both qualitatively and quantitatively. Therefore, antigen
presentation is crucial for the success of vaccine development,
especially for H. pylori (Pardi and Krammer 2024). Indeed, we
found that the OMVs with modified LPS could stimulate the
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maturation of mouse-derived DC cells (Figure 2C), which, as the
most efficient antigen-presenting cells, were able to significantly
activate both naive and memory immune responses (Sabado et al.
2017).

Of note, the OMVs derived from the knockout of IpxE and IpxF
alone can also induce the maturation of DC cells derived from
mice, and are even higher than the AlpxE AlpxF mutant OMVs
(Figure 2C). This finding is consistent with the ability of lipid A
from these mutant strains to activate murine TLR4, indicating
a correlation between DC cell maturation and TLR4 activation.
However, we did not choose to knock out IpxE and IpxF separately
for the subsequent animal experiments because we consider the
following points: (1) H. pylori is a human pathogen and (2) the
IpxE and IpxF double knockout strains can induce very high
activation of human TLR4, which may become a potential strain
for subsequent vaccine development.

Production efficiency and safety are crucial for vaccine devel-
opment. We demonstrated by nanoparticle tracking analysis
that the knockdown of IpxE, IpxF and futB did not affect
the particle size and yield of OMVs (Figure S1), ensuring the
production efficiency of these vaccine candidates. The modified
OMVs showed some toxic effects on RAW264.7 cells at higher
concentrations (Figure 1I), which may be associated with the
enhanced antigenicity of LPS after gene editing. However, at
lower concentrations, there was no significant toxic effect, and
the safety of the vaccine could be guaranteed under the condition
of moderate control of the LPS concentration contained in the
vaccine.

We also found that mice immunised with AlpxE AlpxF AfutB
mutant OMVs produced higher levels of serum IgG, IgA and
gastric sIgA than the wild-type OMVs (p < 0.01) (Figure 2E-
H). This suggests that OMVs with modified LPS can effectively
induce humoral and mucosal immunity. Moreover, the modified
OMVs as vector for delivering H. pylori antigens can also induce
significant serum IgA and gastric mucosal secretory IgA, and
antigen combinations delivering UreB, CagA and UreB, VacA and
CagA can induce higher levels of mucosal immunity compared
to other antigen combinations (Figure 4). Notably, sIgA, which
may inhibit the binding of H. pylori to the surface of gastric
epithelial cells and reduces its colonisation, is the most important
factor in mucosal immunity against H. pylori infection (Srivas-
tava et al. 2013). The modification of OMVs can significantly
promote sIgA secretion, which may help to understand why the
modified OMVs delivering UreB and CagA, or UreB, VacA and
CagA, can provide more efficient protection against H. pylori
infection.

Unlike the non-invasive mucosal infections, H. pylori infection
stimulates the production of IFN-y and IL-12 cytokines that
induce Thl responses and recruit macrophages to the site of
infection (Jafarzadeh et al. 2018). Th17 cells are a third subpop-
ulation of effector Th cells that produce cytokines such as IL-17
and play an important role in host defence against extracellular
pathogens (Chandra et al. 2024). Cytokines associated with
Thl7 cells may exhibit protective functions in the intestinal
environment (Dewayani et al. 2021). For example, in microbial
colitis, the protective role of IL-17 is important for the control of
oral infection with rotavirus (Ishigame et al. 2009). The mixed

Thl and Th17 immune responses have been suggested to play
an important role in the prevention of H. pylori infection (Li
et al. 2022; Xie et al. 2021; Ghasemi et al. 2018). Activation of
the Thl7-biased immune response is considered an important
strategy to improve the immunoprotective efficacy of vaccines,
as the latter is more effective in eradicating H. pylori infection
and preventing bacterial colonisation in the stomach (Dos Santos
Viana et al. 2021, Liu et al. 2011). Our data showed that AlpxE
AlpxF AfutB mutant OMVs were able to significantly induce Thl
and Th17 responses (p < 0.01), with a predominant Th17 response
(p < 0.01) (Figure 2). Therefore, these recombinant OMVs with
modified LPS may become good vaccine candidates against H.
pylori infection.

Of course, the IL-17-mediated protection is crucial for efficient H.
pylorivaccines and confirms the vaccine potential of recombinant
OMVs with modified LPS. However, we should also bear in
mind that IL-17 responses may also promote immunopathology.
Ferrara and colleagues reported that neutralising IL-17 could
significantly reduce bacteraemia and systemic pro-inflammatory
cytokine and chemokine levels in septic mice, and improve
survival rates, indicating that the elevation of IL-17 may lead to
overactivation of inflammatory responses and cause the disorders
(Flierl et al. 2008). In addition, the expression of IL-17A is
upregulated in the serum and tumours of gastric cancer patients,
and it has been demonstrated that IL-17A can promote H.
pylori-induced gastric carcinogenesis (Kang et al. 2023). There-
fore, it is necessary to consider the excessive activation of the
inflammatory response caused by vaccine immunity and the
potential adverse effects. Our data demonstrated that the vaccine
immunisation did not induce inflammatory activation of the
gastric mucosal epithelium, and IL-6 remained at a low level
(Figures 5D, 61,K), indicating that the IL-17 response caused by the
recombinant OMVs is mainly beneficial for combating H. pylori
infection.

The OMVs vaccine candidate described above has a number of
advantages: (I) Selection of the modified LPS as one of the vaccine
antigen components. An ideal H. pylori vaccine regimen should
contain a highly conserved, immunogenic antigen from all strains
of H. pylori (Yunle et al. 2024). The lipid A structure of H. pylori
LPS is known to be highly conserved, and a vaccine developed
based on LPS may be able to provide immune protection against
multiple serotypes of H. pylori (Cullen et al. 2011; Zou et al.
2022). One of the biggest challenges in developing a vaccine
containing the H. pylori LPS is its weak antigenicity. We blocked
the modification of LPS by knocking out several key genes, and
the antigenicity of the modified LPS was significantly enhanced,
making it possible to use it as a vaccine antigenic component. (II)
Use of OMVs as the vaccine formulation. We have demonstrated
in previous studies that OMVs of H. pylori are a good vaccine
adjuvant with some immunogenicity of their own and can be used
as a self-adjuvanted vaccine, enhancing the vaccine to stimulate
the specific immune responses (Song et al. 2020). Moreover,
OMV is a cell-free structure and is safer than that of conventional
live attenuated vaccines (Singh et al. 2024). Indeed, in this
study, we further demonstrated the safety of the OMVs vaccine.
Moreover, OMV vaccines are superior to other formulations, such
as purified protein vaccines, for economic reasons and in terms
of stability at ambient temperatures. (III) Oral immunisation.
Our previous study suggests that oral immunisation might
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be the most appropriate and effective delivery strategy for H.
pylori OMV vaccines (Li et al. 2022). Therefore, in this study, we
immunised the mice by gavage, and the results demonstrated
that this immunisation method could effectively induce immune
protection in mice. (IV) This vaccine was able to activate
Th1/Th2/Th17-balanced immune responses. (V) This vaccine
was be able to significantly induce gastrointestinal mucosal
immunity. (VI) Given the fact that recombinant OMVs can
induce IL-17-mediated protection and robust gastrointestinal
mucosal immunity, it may also become a therapeutic vaccine to
eradicate H. pylori infection in vivo. Further studies are warranted
to verify the therapeutic effect of the OMV vaccine in a pre-
established H. pylori infection model. In our study, we explored
the optimal approach for introducing three key antigenic proteins
of H. pylori—UreB, VacA and CagA—onto the surface of OMVs
derived from H. pylori in various combinations. We found that the
simultaneous incorporation of UreB and CagA into the H. pylori
mutant strain effectively elicited robust humoral and mucosal
immune responses in mice, resulting in a significant elevation of
IgG and IgA levels. Previous studies have established the crucial
role of IFN-y and IL-17 in immunity against H. pylori infection
(Zhang et al. 2022), and the expression of CD154 on activated
CD4* T cells has been shown to dictate the differentiation of
these cells into Thl and Th17 subsets post-immunisation (Zhong
et al. 2020). Our results demonstrated that the vaccine construct
significantly increased the number of CD4* T cells associated
with protection against H. pylori infection, along with elevated
levels of the cytokines IFN-y and IL-17 (Figure 6L-N). Notably,
a reduction in H. pylori colonisation and urease activity was
observed in mice following challenge experiments. Collectively,
these findings indicate that our novel vaccine strategy holds
promising potential for the prevention of H. pylori infection
(Figure 7).
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5 | Conclusions

In this study, we developed a novel recombinant vaccine can-
didate against H. pylori infection by knocking down the key
genes of LPS modification and using the OMVs as a delivery
vector for UreB, VacA and CagA antigens. Our data demonstrated
that this OMV-based recombinant vaccine could induce specific
humoral immune responses, including gastric mucosal immunity
and a Th1/Th2/Th17 mixed immune responses with Th17 being
predominant, and markedly protect the mice from H. pylori
infection. This study established an innovative vaccine develop-
ment platform for H. pylori and other pathogens. Finally, this
OMV-based strategy may also become a powerful delivery system
for protein drugs treating diseases including antibiotic-resistant
bacteria infections, viral infections and even cancers.
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