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Editorial on the Research Topic

Vaccines and therapeutics utilizing new adjuvants and potential inhibitors
to target emerging infectious diseases
Infectious diseases that are persistent or increasing in incidence continue to have a broad

impact on populations worldwide. Emerging infectious diseases often pose an outsized burden

on health systems due to limited medical countermeasures and minimal population immunity.

The catastrophic health burdens of emerging infectious diseases highlight the need for

innovative strategies to develop effective preventive and therapeutic interventions.

This Research Topic “Vaccines and therapeutics utilizing new adjuvants and potential

inhibitors to target emerging infectious diseases” comprises 10 articles that address critical

emerging pathogens including SARS-CoV-2 (Sui et al., Xu et al., Neville et al.), influenza A

virus (Zhang et al.), Neisseria gonorrhoeae (Lu et al.), Salmonella enterica serovar Rissen

(Cuomo et al.), novel adjuvant effect on immune responses (Shamseldin et al.), and in silico

and computational approaches for vaccine development and targeting (Panda et al.).

We have seen the impact of innovative vaccine platforms against emerging viruses with

the implementation and utilization of SARS-CoV-2 vaccines. Xu et al. performed a

prospective, longitudinal study of a healthcare worker immunization program in China,

demonstrating short-lived neutralizing antibodies following COVID-19 booster

immunization with incomplete protection from breakthrough infection. Therefore,

although these vaccines are indeed effective, further improvements in the boosting

strategy are warranted. Sui et al. examined whether boosting intranasally (i.n.) with an

adjuvanted subunit vaccine would protect against a SARS-CoV-2 challenge. Their work

demonstrated the efficacy of boosting with an i.n. formulation, showing that lower oral and

lung viral loads were correlated with mucosal ACE2 inhibition activity. Neville et al.
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examined the utilization of a peptidomimetic of complement C5a,

EP67, with inactivated SARS-CoV-2, which resulted in enhanced

immune responses. This work also demonstrated the possible utility

of EP67 on its own as a potential antiviral agent.

Emerging avian influenza viruses pose persistent public health

threats. Zhang et al. developed a vaccine against Eurasian avian-like

H1N1 (EA H1N1) influenza. This subunit influenza vaccine

formulation contained adjuvant gram-positive enhancer matrix

(GEM) particles derived from Lactococcus lactis. Intranasal

administration or co-administration via the i.n. and intramuscular

(i.m.) routes generated mucosal and Th1-biased immune responses

that were inferior to the responses induced by i.m. alone and

displayed undetectable viral titers in the lungs after challenge. This

study provides information on possible platforms and routes of

administration for vaccination that are not only applicable to the

viruses examined but perhaps other viral infections.

Bacterial infections are the cause of a wide range of pathogenic

infections, from sexually transmitted diseases to foodborne

illnesses. The emergence of multidrug resistance makes these

emerging pathogens of importance in public health. Lu et al.

examined the immunogenicity and efficacy of a trivalent vaccine

targeting Neisseria gonorrhoeae. This formulation induced stronger

circulating IgG and IgA antibody responses in mice compared to

monovalent vaccine formulations. The serum from the vaccinees

killed various strains ofN. gonorrhoeae in vitro; however, it was only

moderately effective in a mouse intravaginal challenge model. These

results indicate the potential utility of a multivalent vaccine

formulation strategy, especially against multidrug-resistant strains.

Cuomo et al. examined modifications to the lipid A of Salmonella

enterica serovar Rissen (S. Rissen) that render the bacteria phage-

resistant. The modifications to lipid A were utilized in a potential

lipopolysaccharide (LPS)-based vaccine, which was demonstrated

to be less toxic and could be effective against salmonellosis.

In silico and computational work are new approaches to generating

and developing novel vaccine formulations. Panda et al. utilized these

approaches to develop a potential vaccine targeting Scrub typhus,

which is a life-threatening illness caused by the gram-negative

bacterium Orientia tsutsugamushi. The research group used a

reverse vaccinology approach by taking subunit candidates and

determining a possible formulation for a vaccine. Through

molecular docking and simulations, the final construct was found

to show high antigenicity, stability, and solubility. Sethi et al. also

utilized an immunoinformatics approach to develop a vaccine

formulation against Leptospira. This formulation was designed to

be a multi-epitope subunit vaccine (MESV) with an adjuvant, and

when tested in silico, it was shown to elicit robust B and T cell

responses. An immunoinformatics approach to designing a multi-

epitope subunit vaccine may provide additional tools to enhance

vaccine development. It will be interesting to see if these two

promising candidates can be effective not only in silico but

experimentally on the bench.

Adjuvants are a critical component of vaccines, and there is a

requirement for the development and understanding of new

adjuvants. Shamseldin et al. provided more mechanistic insight

into a potential adjuvant, Bordetella colonization factor (BcfA), an
Frontiers in Immunology 026
outer membrane protein. This adjuvant has been demonstrated to

activate Th1/Th17 immune responses. The work examined BcfA in

the context of antigen-presenting cells, bone marrow-derived

dendritic cells, and human PBMCs. Informing the vaccinology

field on the mechanism of adjuvant action and how an adjuvant

activates immune responses is critical in aiding the development of

vaccine formulations that target emerging infectious diseases.

Finally, a review written by Thom and D’Elia introduced and

described the idea of Host-Directed Therapies (HDTs) as an

alternative approach to pathogen-targeting therapeutics against

emerging infectious diseases. This work explores the notion of

targeting pathways to diminish the host response to a pathogen.

New technologies and approaches are necessary for both

preventative vaccines and therapeutics against emerging infectious

diseases, which continue to impact populations on a global scale. By

utilizing bench-side and in silico approaches, these various

platforms could make it to the clinic in the future. The

contributions to this Research Topic highlight several new

possible platforms and opportunities for targeting these diseases.

We thank the authors of the articles for their contributions.
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Introduction: Adjuvants added to subunit vaccines augment antigen-specific

immune responses. One mechanism of adjuvant action is activation of pattern

recognition receptors (PRRs) on innate immune cells. Bordetella colonization

factor A (BcfA); an outer membrane protein with adjuvant function, activates TH1/

TH17-polarized immune responses to protein antigens from Bordetella pertussis

and SARS CoV-2. Unlike other adjuvants, BcfA does not elicit a TH2 response.

Methods: To understand the mechanism of BcfA-driven TH1/TH17 vs. TH2

activation, we screened PRRs to identify pathways activated by BcfA. We then

tested the role of this receptor in the BcfA-mediated activation of bone marrow-

derived dendritic cells (BMDCs) using mice with germline deletion of TLR4 to

quantify upregulation of costimulatory molecule expression and cytokine

production in vitro and in vivo. Activity was also tested on human PBMCs.

Results: PRR screening showed that BcfA activates antigen presenting cells through

murine TLR4. BcfA-treated WT BMDCs upregulated expression of the costimulatory

molecules CD40, CD80, and CD86 and produced IL-6, IL-12/23 p40, and TNF-a
while TLR4 KO BMDCs were not activated. Furthermore, human PBMCs stimulated

with BcfA produced IL-6. BcfA-stimulated murine BMDCs also exhibited increased

uptake of the antigen DQ-OVA, supporting a role for BcfA in improving antigen

presentation to T cells. BcfA further activated APCs in murine lungs. Using an in vitro

TH cell polarization system, we found that BcfA-stimulated BMDC supernatant

supported TFH and TH1 while suppressing TH2 gene programming.

Conclusions: Overall, these data provide mechanistic understanding of how this

novel adjuvant activates immune responses.
KEYWORDS

adjuvants, antigen presenting cells , BcfA, T cell polarization, pattern
recognition receptors
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Introduction

Many approved vaccines are comprised of purified antigens

admixed with an adjuvant, referred to as subunit vaccines. The

inclusion of immune stimulatory adjuvants in vaccine formulations

bolsters immune responses versus antigens alone, supports dose

sparing, reduced frequency of administration (1, 2), and improves

the stability and pharmacokinetics of the antigens leading to an

increased in vivo half-life (2). Another notable advantage is the

ability of the adjuvant to shape the phenotype of the resulting

cellular and humoral responses (1).

Alum (aluminum hydroxide or aluminum phosphate) was the

first adjuvant to be licensed for human use more than a century ago.

For seven decades, it was the only adjuvant used in FDA- and EMA-

approved vaccines administered to protect against a multitude of

infectious diseases including hepatitis, pertussis, and diphtheria (3,

4). In the late 1990s, other adjuvants were approved for addition to

previously licensed human vaccines (3). The first of these was the

oil-in-water emulsion MF59 added to a trivalent influenza vaccine,

FLUAD (5, 6). The more recently described AS01-AS04 family of

adjuvants are TLR4 ligands and aim to maximize the immune

response while maintaining tolerability using a mix of classical

adjuvants and other immunostimulatory molecules (3). These are

included in vaccines against shingles (7), malaria (8), pandemic

influenza (9), HBV and HPV (10). The oligonucleotide cytosine

phosphoguanosine 1018 (CpG 1018), is a TLR9 agonist included in

a hepatitis B vaccine (11–13).

These approved adjuvants have different mechanisms of action and

are safe and effective at generating T cell and antibody-mediated

responses. Notably, however, they all elicit mixed TH1/TH2-polarized

immunity (14). In contrast, natural immune responses to infection

with most viral and bacterial pathogens elicit TH1/TH17-polarized T

cell and antibody responses, which are correlated with sustained

protection against disease and infections in both humans and mouse

models (15–19). Recent studies (20) also highlight the importance of

tissue-resident memory T (TRM) and B cell responses which provide

sustained protection at barrier sites (21–24). Therefore, there is a need

for safe novel adjuvants that elicit TH1/TH17-polarized immune

responses, and also generate tissue-resident memory. To rationally

design such adjuvants, it is critical to understand their mechanism of

action. We previously identified Bordetella colonization factor A

(BcfA), a bacterial protein of the Gram-negative pathogen Bordetella

bronchiseptica, and we have reported that it functions as an adjuvant in

vivo (25). Systemic administration of BcfA-containing vaccines elicited

TH1- and TH17-polarized CD4+ and TH1-polarized CD8+ T cell

responses (25), T follicular helper (TFH) cells, and TH1-skewed

antibody responses (20) alone and in combination with alum.

Mucosal immunization with antigens mixed with BcfA elicited

CD4+IL-17+ TRM cells in the lungs and nose (20, 26). Importantly,

when BcfA was mixed with alum-containing approved and

experimental vaccines, TH2 responses were attenuated while TH1 and

TH17 responses were sustained or amplified (20, 25), suggesting that

BcfA can override the TH2 polarized responses elicited by alum. This

unique property therefore supports the potentially broad applicability

of BcfA as an adjuvant for bacterial and viral pathogens where TH1 and
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TH17 responses are important for protection against infection

and disease.

Here, we investigated the mechanism of BcfA activation of

immune responses. We report that BcfA activates bone marrow-

derived dendritic cells (BMDCs) through the pattern-recognition

receptor TLR4. We observed dose-dependent upregulation of

costimulatory molecules CD40, CD80 and CD86 on wildtype

(WT) BMDCs and the production of innate cytokines IL-6,

TNFa and IL-12/23 p40. BcfA-activated BMDCs more efficiently

processed and presented the model antigen DQ-OVA.

Furthermore, BcfA-stimulated BMDC conditioned medium

supported differentiation of TFH-like and TH1 CD4+ T cells in an

in vitro culture system, demonstrating the ability of BcfA to shape

therapeutically beneficial T cell responses. These results provide

insight regarding the TLR-dependent mechanism of action of this

novel adjuvant and suggest that inclusion of BcfA in next-

generation vaccine formulations may represent a promising

avenue to enhance protective long-term immunity.
Materials and methods

BcfA formulation

BcfA was produced and purified as described previously (27).

Residual LPS was removed using MustangQ filters (Cytiva Life

Sciences, Inc, Marlborough, MA, catalog no. MSTGXT25Q16) or

polymyxin B agarose (Sigma-Aldrich, St. Louis MO, catalog no.

P1411). Endotoxin was quantified [(LAL Chromogenic Endotoxin

Quantitation Kit, Thermo Fisher Scientific, catalog no. 88282) and

was ≤150 pg/µg protein.
PRR screening

HEK-Blue cells overexpressing murine TLR4 (catalog no. hkb-

mtlr4) or murine TLR2 (catalog no. hkb-mtlr2) (InvivoGen, Inc.

San Diego, CA) were stimulated with 1 or 5 µg/mL BcfA for 24hr in

duplicate wells. Production of the co-expressed secreted embryonic

alkaline phosphatase (SEAP) reporter was quantified. Minimal LPS

(minLPS, 0.2ng/mL) in the BcfA preparation was used as negative

control and purified LPS (100 µg/mL) (eBioscience, San Diego, CA

catalog. no 00-4976-93) was used as positive control for stimulation.
Mice

All experiments were reviewed and approved by The Ohio State

University (OSU) Institutional Animal Care and Use Committee

(Protocol number 2017A00000090). C57BL/6J, TLR4 knockout

mice on the C57BL/6 background were obtained from Jackson

Laboratories and bred in our facility. Tail DNA from mice was

genotyped by Transnetyx, Inc. (Cordova, TN) using validated probe

sets to confirm genotypes.
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Differentiation of murine bone marrow
derived dendritic cells

Murine BMDCs were prepared according to published

protocols (28). Briefly, bone marrow was isolated, dissociated into

a single cell suspension, and red blood cells were lysed with ACK

lysing buffer (Gibco Ref A10492). The cell suspension was

resuspended in RPMI1640 (Gibco) + 10% fetal bovine serum

(FBS, Sigma-Aldrich F4220), 10µg/mL gentamicin, 5x10-5M ß-

mercaptoethanol and 40 ng/mL GM-CSF (R&D Systems,

Minneapolis, MN, catalog no. 415-ML-020)) and seeded in 10

cm2 non-tissue culture treated petri dishes (VWR catalog no.

25384-342) at a density of 5-10 x106 cells/plate. Half of the

medium was replaced every 2 days with the addition of fresh

GM-CSF. On day 6-7 post-differentiation, BMDCs were

transferred to 6-well tissue culture-treated plates (Falcon catalog

no. 353046) at a density of 0.5-1 x106 cells/well. The next day, the

cells were stimulated with various concentrations of BcfA for 20-

24hr. Supernatant was collected for ELISA analysis and the cells

were harvested for flow cytometry.
Collection of human PBMCs and
stimulation with BcfA

Peripheral blood was collected from adult human donors under a

protocol approved by The Ohio State University Institutional Review

Board (Protocol numbers 2020H0404 and 2021H0179). Whole blood

was collected in EDTA treated tubes. PBMCs were separated from

whole blood on a Percoll gradient (Cytiva, catalog no. 17144003), and

cryo-preserved at -80°C. Cells were thawed and cultured in RPMI +

10% human AB serum (Sigma Aldrich, catalog no. H4522). To

determine TLR4 expression, PBMCs were stained with a-human

TLR4 (Thermo Fisher Scientific catalog no. 12-9041-80) antibody.

Cells were analyzed on a Cytek Aurora spectral flow cytometer.

Fluorescence minus one (FMO) controls were used for gating. To

test cytokine production, 1-2x106 cells from individual donors were

stimulated for 20-24hr and the supernatant was tested by ELISA.
Enzyme-linked immunosorbent assay for
innate cytokines

The production of murine TNF-a, IL-6, IL-12/23 p40 common g
chain and IL-12 was quantified by a sandwich ELISA according to the

manufacturer’s instructions (Life Technologies or BioLegend). Human

cytokines IL-6 and TNF-awere quantified using Quantikine ELISA kits

(R&D Systems). Plates were read at A450 on a SpectraMax i3x® plate

reader and concentrations were calculated based on the standard curve.
DQ-OVA uptake and processing

BMDCs were plated in 6 well plates at 1 x106 cells/well and

stimulated with BcfA or cultured with medium alone. At 24 hr post-
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stimulation, DQ-OVA (InvivoGen, Inc. catalog no. D12053) was

added at a concentration of 10 µg/mL for 45 min. The cells were

then washed and harvested to quantify expression of CD11c, MHC-

Class II and DQ-OVA by flow cytometry.
Immunization of mice

Mice were lightly anesthetized with 2.5% isoflurane/O2 for

immunization. To stimulate APCs in the lungs, mice were

immunized intranasally with 10 µg BcfA or LPS-EB VacciGrade™

(InvivoGen, catalog no. vac-3pelps) (a TLR4 agonist used as a positive

control) in 50 µL divided between both nares. Lungs were harvested 24

hr post-inoculation.
Tissue dissociation and flow cytometry

BMDCs were harvested at 20-24hr post-stimulation and were

washed with cold PBS prior to staining with Live/Dead Zombie NIR

fixable viability dye (BioLegend, catalog no. 423105) for 30 min at 4°C.

Cells were then washed twice with PBS supplemented with 1% heat-

inactivated FBS (1% FBS) (FACS buffer) and resuspended in Fc Block

(a-CD16/CD32 antibody, clone 93) (eBioscience, catalog no. 14-0161-
86) at 4°C for 5 min before staining with amixture of the following Abs

for 20 min at 4°C: CD11c e450 (clone N418; Invitrogen, catalog no.48-

0114-82), MHCClass II I-A/I-E BV785 (cloneM5/114.15.2; Biolegend,

catalog no.107645), CD40-APC (clone 1C10), CD80 PerCP-Cy5.5

(clone 16-10A1; Biolegend, catalog no.104722) and CD86 FITC

(clone GL1; eBioscience, catalog no.11-0862-85).

Lungs were processed, digested (mouse lung dissociation kit,

Miltenyi Biotec, catalog no. 130-095-927), and mechanically

disrupted (gentleMACS) into a single-cell suspension followed by

RBC lysis.Cells were washed with cold PBS and stained with Live/

Dead Zombie NIR fixable viability dye (BioLegend, catalog no.

423105) for 30 min at 4°C, then washed with PBS/1% FBS and

resuspended in Fc Block at 4°C for 5 min. Lung cells were stained

with a mixture of the following antibodies for 20 min at 4°C: CD11b

APC (clone M1/70; Invitrogen, catalog no.17-0112-82), CD11c

e450 (clone N418; Invitrogen, catalog no.48-0114-82), MHC Class

II I-A/I-E BV785 (clone M5/114.15.2; Biolegend, catalog

no.107645), CD45 PE (clone 30-F11; BD Biosciences, catalog

no.553081), CD40 PE-CF594 (clone 3/23; BD Biosciences, catalog

no.562847), CD80 PerCP-Cy5.5 (clone 16-10A1; Biolegend, catalog

no.104722) and CD86 FITC (clone GL1; eBioscience, catalog no.11-

0862-85).

For intracellular cytokine staining, cells were first incubated in

complete IMDM (cIMDM; IMDM [Life Technologies], 10% FBS

[26140079, Life Technologies], 1% Penicillin-Streptomycin [Life

Technologies], and 0.05% (50 mM) 2-ME [Sigma-Aldrich]) with

eBioscience protein transport inhibitors (PTI; catalog no. 00-4980-

93, Invitrogen) for 4 hr. For cell surface marker staining, samples

were pre-incubated for 5 min at 4°C with TruStain FcX™ (a-mouse

CD16/32) Fc block (clone 93; catalog no. 101320, BioLegend).

Samples were then stained for extracellular markers in the
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presence of Fc block for 30 min at 4°C protected from light using

the following antibodies: a-CD4 (PerCP-Cy5.5; 1:100; clone GK1.5;
catalog no. 100434, BioLegend) and Ghost Dye (V510; 1:400;

catalog no. 50-105-2992, Tonbo Biosciences). Cells were then

washed twice with FACS buffer and were fixed and permeabilized

using the eBioscience Foxp3 transcription factor staining kit

(Thermo Fisher Scientific, catalog no. 00-8333-56) overnight at 4°C.

Following fixation, cells were washed once with the 1X eBioscience

permeabilization buffer (Thermo Fisher Scientific). Recombinant

Mouse IL-21R Fc Chimera primary antibody (catalog no. 596-MR,

R&D) was diluted 1:5 in 1X eBioscience permeabilization buffer and

100 µL was added per well to incubate for 30min at 4°C protected from

light. Cells were washed once with 1X eBioscience permeabilization

buffer. Goat F(ab’)2 Anti-Human IgG - Fc secondary antibody (PE,

catalog no. ab98596, Abcam) was diluted 1:31.25 in 1X eBioscience

permeabilization buffer and 100 µL was added per well to incubate for

30 min at 4°C protected from light. For staining the remaining

intracellular markers, cells were washed once with 1X eBioscience

permeabilization buffer and then stained with the following antibodies

in 1X eBioscience permeabilization buffer for 1hr at room temperature

protected from light: a-Bcl6 (AF488; 1:20; clone K112-91; catalog no.

BDB561524, BD Biosciences); a-Gata3 (PE-Cy7; 1:20; clone TWAJ;

catalog no. 25-9966-42, Invitrogen); a-IL-4 (APC; 1:50; clone 11B11;

catalog no. 504106, BioLegend); a-IFN-g (APC-Cy7; 1:300; clone

XMG1.2; catalog no. 505850, BioLegend), and a-T-bet (PacBlue;

1:50; clone 4B10; catalog no. 644808, BioLegend). Cells were washed

twice with 1X permeabilization buffer and resuspended in FACS buffer

for analysis.

Fluorescence minus one or isotype control antibodies were used

as negative controls. After two washes, cells were resuspended in

PBS/1% FBS and samples were collected on or BD FACS Symphony

or Cytek Aurora spectral flow cytometer (Cytek Biosciences).

Analysis was performed using FlowJo software version 10.8.0.

The number of cells within each population was calculated by

multiplying the frequency of live singlets in the population of

interest by the total number of cells in each sample.
Preparing and assaying CD4+ T cells for
lineage-defining transcription factors and
effector cytokines

Naïve CD4+ T cells were purified from the spleen and lymph nodes

of 5-8-week-oldWT C57BL/6J mice using the BioLegendMojosort kit.

Cells were plated in 24-well plates on plate-bound anti-CD3 (5 mg/mL)

and anti-CD28 (2mg/mL) in the presence or absence of IL-4

neutralizing antibody (11B11, BioLegend, 5mg/mL). After 16-20hr,

medium from non-stimulated control (NS Ctrl) or BcfA-treated

BMDCs was added to the well, with or without IL-4-neutralizing

antibody. Where indicated, IL-6-neutralizing antibody (MP5-20F3,

BioLegend, 10µg/mL) was also added. Cells were cultured for an

additional 48hr before harvest and subsequent analysis.

RNA was isolated using the Macherey-Nagel Nucleospin kit per

the manufacturer’s instructions, and complementary DNA (cDNA)

was synthesized using the SYBR Superscript IV First Strand Synthesis

System with oligo dT primers (Thermo Fisher). qRT-PCR reactions
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were run on the CFX Connect (BioRad) with 5-20ng of cDNA, using

the SYBR Select Mastermix for CFX (ThermoFisher) and the

following primers:

Bcl6 forward: 5’-CCAACCTGAAGACCCACACTC-3’, Bcl6

reverse: 5’-GCGGACATGGCTCTTCAGAGTC-3’; Il21 forward:

5’-TGGATCCTGAACTTCTATCAGCTCC -3’, Il21 reverse: 5’- A

GGCAGCCTCCTCCTGAGC -3’; Tbx21 forward: 5’- GTG

ACTGCCTACCAGAACGC -3’, Tbx21 reverse: 5’- AGGG

GACACTCGTATCAACAG -3’; Ifng forward: 5’- CTACCT

TCTTCAGCAACAGC -3’, Ifng reverse: 5’- GCTCATTGA

ATGCTTGGCGC -3’. Data were normalized to Rps18 and are

presented relative to either Rps18 or the control sample, as noted.
Statistical analysis

Data were analyzed using GraphPad Prism by the methods

described in each figure legend.
Results

Activation of murine BMDCs by BcfA is
dependent on TLR4

We hypothesized that BcfA activates antigen-presenting cells

(APCs) through a PRR and conducted an empirical PRR screening

using the HEK-Blue system, where human embryonic kidney (HEK)

cells were transfected with the SEAP (secreted embryonic alkaline

phosphatase) reporter gene under the control of a promoter inducible

by NF-kB and activator protein-1 (AP-1) and expressing murine TLR

(mTLR) or NOD receptors. SEAP reporter production was quantified

using a colorimetric assay. The screen showed activation of mTLR4

and mTLR2 (Supplementary Figure S1A). We then stimulated cells

expressing TLR4 (HEK-mTLR4) and TLR2 (HEK-mTLR2) with 1 or 5

µg/mL BcfA. Maximal SEAP release was detected from HEK cells

expressing murine TLR4 (HEK-mTLR4) following stimulation with 1

µg/mL BcfA (Supplementary Figure S1B) at levels comparable to

purified LPS used as a positive control. SEAP production from HEK-

mTRL2 cells was nearly maximal at 5 µg/mL BcfA stimulation

(Supplementary Figure S1C) with lower SEAP production detected

with 1 µg/mL BcfA stimululation. To mitigate any confounding effects

of BcfA produced in E. coli as a bacterial recombinant protein, we

utilized a stringent purification procedure to remove LPS (27). HEK-

mTLR4 or HEK-mTLR2 cells incubated with this minimal LPS (≤150

pg/µg protein) (min LPS) did not produce SEAP.

We then evaluated the BcfA stimulatory activity in a more

physiologically relevant system. We isolated bone marrow fromWT

C57BL/6 mice and TLR4 KO mice and differentiated BMDCs in

vitro. The immature DCs were treated with BcfA (1 or 5 µg/mL) for

24 hr and analyzed for the expression of costimulatory molecules by

flow cytometry. BMDCs were identified as a CD11c+ MHC-IIhi

population (Supplementary Figure S2) (29) and were evaluated for

the expression of costimulatory molecules by flow cytometry.

Representative flow plots are shown in Figure 1A. The mean

fluorescence intensity (MFI) expression of CD40 (Figure 1B),
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CD80 (Figure 1C), and CD86 (Figure 1D) and percentage of cells

expressing CD40 (Figure 1E) CD80 (Figure 1F) and CD86

(Figure 1G) was upregulated in response to BcfA stimulation

compared to no stimulation (NS) control. LPS-EB (de-O-

acelylated lipooligosaccharide) (5 µg/mL) that has been used as

an adjuvant in vivo (30) and purified E. coli LPS (100 ng/mL) were

included as positive controls for TLR4, and PAM3Csk was used as a

positive control to confirm that TLR4 KO BMDCs respond to

stimulation. Both the MFI and percentage of cells that upregulated

costimulatory molecule expression was reduced to background in

BcfA-stimulated TLR4 KO BMDCs, suggesting that BcfA primarily

functions through this PRR. We also tested activation of TLR2 KO

BMDCs which showed that costimulatory molecule expression was

not reduced by the absence of TLR2 (Supplementary Figure S3),

suggesting that BcfA primarily functions through TLR4. Thus, we

focused on TLR4 mediated activity of BcfA in the following studies.
BcfA induces the production of TFH/TH1/
TH17-polarizing cytokines by BMDCs

To determine the T cell responses that may be supported by

APCs activated by BcfA, we quantified cytokine production from

BcfA-stimulated BMDCs by ELISA. WT BMDCs produced IL-6

(Figure 2A), TNF-a (Figure 2B), IL-12/23 p40 (Figure 2C) and IL-

12 (Figure 2D) at levels comparable to the positive control LPS.
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Production of all four cytokines was significantly reduced in TLR4

KO BMDCs. These results show that innate immune responses

elicited by BcfA are mediated through TLR4 and may support TH1/

TH17-polarized immune responses.

We then tested whether BcfA activated human PBMCs. First, we

confirmed expression of TLR4 on adult human PBMCs by flow

cytometry (Figure 3A). We then stimulated PBMCs in vitro with

BcfA and measured the levels of innate cytokines IL-6 and TNF-a
present in the cell culture supernatant after 24 hr. We found that IL-6

was significantly induced in response to stimulation with 5 µg/mL or 25

µg/mL of BcfA (Figure 3B). Although TNF-a production was

substantially increased upon stimulation with BcfA, differences were

not statistically significant compared to unstimulated cells (Figure 3C).

These data show that BcfA stimulation elicits TH1/TH17-polarizing

innate cytokines by human cells.
BcfA stimulation of BMDCs supports
antigen uptake and processing

Next, we evaluated whether BcfA stimulation of BMDCs would

increase antigen uptake and processing of DQ-OVA, a chicken

ovalbumin (OVA) conjugate that displays a bright green fluorescence

only after proteolytic processing. We stimulated BMDCs with 5 µg/mL

BcfA or media alone as a negative control for 24 hr at 37°C. The next

day, cells were treated with DQ-OVA for 60 min. at 37°C. The level of
FIGURE 1

Costimulatory molecule expression is upregulated on BMDCs following BcfA stimulation. (A). Representative overlays of CD40, CD80 and CD86
expression on WT and TLR4 KO BMDCs stimulated with 5 µg/mL BcfA. Median fluorescence intensity (MFI) expression of (B). CD40, (C). CD80 and
(D). CD86 and percentage of cells expressing (E). CD40, (F). CD80 and (G). CD86 on WT and TLR4 KO BMDCs stimulated with 1 µg/mL and 5 µg/mL
BcfA for 20-24 hr. LPS, Pam3CSK4 and LPS-EB were used as positive controls. Mean ± SEM of triplicate wells is shown. *, p<0.05, **, p<0.01, ***,
p<0.001, ****, p<0.0001 by ANOVA. One experiment of 2.
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green fluorescence was then quantified by flow cytometry as a proxy for

antigen uptake and processing. BcfA-treated BMDCs took up more

DQ-OVA than unstimulated BMDCs (Figure 4A). We also observed

an increase in the percentage of BMDCs with green fluorescence

(Figure 4B) compared to NS controls. Together, these data suggest that

BcfA-activated BMDCs have an increased ability to uptake and

process antigen.
BcfA upregulates costimulatory molecule
expression on CD11b+CD11c+ cells via
TLR4 in vivo

To test whether BcfA stimulates lung cells, we administered 10 µg

BcfA or LPS-EB intranasally to C57BL/6 and TLR4 KO mice. Lungs
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were harvested 24 hr later and evaluated for the expression of MHC

Class II, CD40, CD80, and CD86 on the CD11b+ CD11c+ population

(31) (Figure 5A). The gating strategy is shown in Supplementary

Figure S4. MFI expression of MHC Class II (Figure 5B), CD40

(Figure 5C), CD80 (Figure 5D) and CD86 (Figure 5E) and the

percentage of cells that upregulated expression of MHC Class II

(Figure 5F), CD40 (Figure 5G), CD80 (Figure 5H) and CD86

(Figure 5I) increased on this cell population, demonstrating that

BcfA efficiently activates putative antigen presented cells in the lungs.

The MFI of costimulatory molecule expression was not upregulated

on CD11b+ CD11c+ cells in TLR4 KO lungs (Figures 5B–E). The

percentage of cells expressing MHC Class II compared to no

stimulation increased in WT and TLR4 KO lungs (Figure 5F). In

contrast the percentage of TLR4 KO lung cells expressing the

costimulatory molecules CD40 (Figure 5G), CD80 (Figure 5H) and
FIGURE 2

Production of TFH/TH1-polarizing innate cytokines following BcfA stimulation is dependent on TLR4. Expression of (A). IL-6, (B). TNF-a, (C). IL-12/23
p40 and (D). IL-12 by WT and TLR4 KO BMDCs stimulated with BcfA for 20-24 hr. LPS, Pam3CSK4 and LPS-EB were used as positive controls. Mean
± SEM of triplicate wells is shown. *, p<0.05, ***, p<0.001, ****, p<0.0001 by ANOVA. One experiment of 2.
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CD86 (Figure 5I) did not increase compared to no stimulation. These

data further confirm TLR4 as the primary bona fide PRR for BcfA

mediated activity.
BcfA-stimulated BMDC-conditioned
medium supports TFH and TH1
cell programming

As part of pathogen-specific immune responses, naïve CD4+ T

cells differentiate into effector subsets which perform specialized

activities to orchestrate immune-mediated clearance of infection.

Particularly critical for responses to intracellular pathogens like

SARS-CoV-2 and primarily extracellular pathogens like B. pertussis

are T helper 1 (TH1) and T follicular helper (TFH) populations. Of
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these, TH1 cells activate other immune populations by secreting pro-

inflammatory cytokines such as IFN-g, while TFH cells produce IL-21

and provide help to B cells to promote antibody generation and

humoral immunity (32, 33). We previously reported that

intramuscular (i.m.) immunization with an acellular pertussis

vaccine (aPV) containing BcfA elicited systemic TH1 responses in

vivo (25). In our recent work (20), we established that immunization

of mice with BcfA-adjuvanted SARS-CoV-2 spike protein supported

production of IFN-g-driven IgG2c spike protein-specific antibodies.

Thus, we hypothesized that BcfA may support both TH1 and TFH cell

differentiation programs, and consequently productive anti-bacterial

and anti-viral cell-mediated and humoral immune responses.

Effector CD4+ T cell differentiation is directed by a coordinated

interplay between cell-intrinsic transcriptional networks and

environmental cytokine signals that are often produced by antigen-
FIGURE 3

Human PBMCs produce IL-6 following stimulation with BcfA. (A). The percentage of live PBMCs expressing TLR4 (N=5 adult donors) (B). PBMCs
from 10 adult donors were stimulated for 24 hr with the indicated concentrations of BcfA or heat-killed B. pertussis control (HK Bp). IL-6 and (C).
TNF-a in culture supernatant was evaluated by ELISA). *, p<0.05, **, p<0.01 by ANOVA.
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presenting cells (34). To test whether the IL-6, IL-12, and IL-12/23

common chain cytokines in BcfA-stimulated supernatants would be

sufficient to induce TFH and/or TH1 differentiation, we stimulated naïve

CD4+ T cells on plate-bounda-CD3/a-CD28 in the presence of cell-free
supernatant from untreated BMDCs (NS) or those treated with 5 µg/mL

BcfA for 72 hr. We then assessed the expression of key TFH and TH1/

genes via qRT-PCR. Consistent with our hypothesis, expression of genes

for lineage-defining transcription factors and effector cytokines

associated with TFH (Bcl6, Il21; Figure 6A) and TH1 (Tbx21 (T-bet),

Ifng; Figure 6B) cells were elevated in cells cultured in the presence of

BcfA-conditioned medium relative to NS controls.

As IL-6/STAT3 signaling is an established driver of TFH

differentiation, we determined whether the IL-6 in the culture

medium was responsible for driving TFH differentiation. We

cultured cells in BcfA-treated or NS control medium in the

presence or absence of IL-6-neutralizing antibody. Consistent

with a role for IL-6 in promoting TFH gene expression, we

observed a significant reduction in the expression of both Bcl6

and Il21 when IL-6 was neutralized (Figure 6C).

As standard TFH-like and TH1 culture conditions include the

addition of anti-IL-4 neutralizing antibody which prevents inherent

TH2 polarization (35), we also tested whether BcfA elicited TFH or
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TH1 gene programming in the absence of IL-4-neutralization. Naïve

T cells were differentiated in vitro without the addition of anti-IL-4

blocking antibody. We evaluated the expression of T cell subset-

specific lineage-defining transcription factors and key cytokines by

qRT-PCR and flow cytometry. Interestingly, BcfA reduced the RNA

(Figure 7A) expression of the TH2 lineage-defining transcription

factor Gata-3, while the protein level was unchanged (Figure 7B).

Similarly, the RNA (Figure 7C) level of the TH2 effector cytokine IL-

4 was reduced, while the protein (Figure 7D) expression was

unchanged. In contrast, while transcript abundance for the TFH

lineage-defining transcription factor Bcl-6 was unchanged

(Figure 7E), its protein expression was elevated (Figure 7F). Yet,

transcript levels for the TFH cytokine IL-21 were significantly

elevated (Figure 7G), while protein expression was not

significantly increased (Figure 7H). Finally, TH1 differentiation

was elevated, as the RNA expression of the TH1-defining factor

Tbx21 (T-bet) was increased (Figure 7I), and the protein level was

slightly but not significantly elevated (Figure 7J). RNA for the TH1

cytokine IFN-g was unchanged (Figure 7K) while protein

expression was increased (Figure 7L). Overall, these data suggest

that BcfA both negatively regulates TH2 differentiation and

positively regulates TFH and TH1 programming.
FIGURE 4

Increased uptake of DQ-OVA by BcfA-stimulated BMDCs. (A). Representative overlays of non-stimulated (NS) and BMDCs stimulated with 5 µg/mL
BcfA. (B). CD11c+ MHC-II+ DQ-OVA+ BMDCs as % of live cells. Mean ± SEM of triplicate wells is shown. ***, p<0.001 by paired Student’s t-test. One
experiment of 2.
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Discussion

The development and characterization of novel adjuvants is an

active area of research, with the goal of defining adjuvants that elicit

strong, sustained vaccine-mediated immune responses. Despite the

decades-long use of alum as an adjuvant and the recent

development of newer formulations, there remains a need for safe

and effective adjuvants that elicit systemic and mucosal immunity.

Here, we investigated the mechanism of action of the adjuvant

BcfA, which was discovered by our group and has demonstrated

adjuvant activity in experimental vaccines against respiratory

pathogens B. pertussis (25, 26) and SARS CoV-2 (20). The hallmark

feature of BcfA that distinguishes it from FDA-approved and other

experimental adjuvants is the absence of TH2 responses when BcfA is

used as the single adjuvant (25) and strong attenuation of TH2

responses when BcfA is added to alum-adjuvanted vaccines (20, 26).

Furthermore, BcfA elicits TH1 and TH17 responses which are

critical for protection against both bacterial and viral pathogens.

Attenuation of TH2 immune responses may also reduce the risk of

vaccine related adverse events such as antibody dependent

enhancement of disease (ADE) and vaccine associated

enhancement of respiratory disease (VAERD).
Frontiers in Immunology 0916
As BcfA is a protein, we hypothesized that it may activate

immune responses through PRRs expressed on APCs. A PRR/NOD

receptor screen identified both murine TLR4 and TLR2 as the

receptors triggered on HEK-293 reporter cell lines following BcfA

stimulation (Supplementary Figure S1). When the activity of BcfA

was tested in murine BMDCs as a more physiological system,

upregulation of costimulatory molecule expression (Figure 1) and

production of innate cytokines (Figure 2) was significantly reduced

in TLR4 KO BMDCs compared with WT BMDCs, but not in TLR2

KO BMDCs (Supplementary Figure S3). These data show that BcfA

acts primarily through TLR4. BcfA-stimulated BMDCs showed

uptake and processing of the model antigen DQ-OVA (Figure 4),

suggesting that BcfA may also support T cell activation by

amplifying antigen presentation. We pretreated BMDCs with

BcfA prior to testing uptake of DQ-OVA. Coadministration of

antigen and adjuvant may change the kinetics or magnitude of

antigen uptake and processing and is a limitation of our

experimental design.

To determine the potential utility of BcfA as an adjuvant for

human vaccines, we tested cytokine production by human PBMCs

stimulated with BcfA for 24 hr (Figure 3). Production of IL-6 was

detected in supernatants of all samples tested, suggesting that
FIGURE 5

Upregulation of costimulatory molecule expression on lung CD11b+CD11c+ cells by BcfA is dependent on TLR4. (A). Representative overlays of MHC
class-II, CD40, CD80 and CD86 expression on lung cells from WT and TLR4 KO mice. Median fluorescence intensity (MFI) of (B). MHC class-II, (C).
CD40, (D). CD80 and (E). CD86 and percentage of cells expressing (F). MHC class-II, (G). CD40, (H). CD80, and (I). CD86 on CD11b+ CD11c+ lung
cells from WT and TLR4 KO mice, analyzed 24 hr post intranasal immunization with 10 µg of BcfA or LPS-EB. Mean ± SEM of 5 mice is shown. *,
p<0.05, **, p<0.01, ***, p<0.001, ****, p<0.0001 by ANOVA. One experiment of 2.
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human PBMCs stimulated with BcfA may support TFH polarization

of CD4+ T cells. Expression of the inflammatory cytokine TNF-a
was variable between donors, and not significantly increased

compared with unstimulated cells. It is important to note that we

collected supernatant at 24 hr post-stimulation, which may be

beyond the time of maximal TNF-a production in this context.

Alternately, there may be autocrine consumption of TNF-a
produced by the monocytes (36). Thus, the ability of BcfA to

activate human cells suggests that BcfA will have adjuvant

function when included in human vaccines.

Although bacterial LPS is the canonical ligand for TLR4, this

PRR may also be activated by a wide array of bacterial proteins (37).

Interestingly, triggering of the same receptor may elicit disparate

immune phenotypes. The pneumococcal proteins DnaJ and Ply (38,

39) and the M. tuberculosis derived proteins RpfE and Rv0652 are

TLR4 ligands that activate DCs and polarize the immune response

towards the TH1/TH17 phenotype (40, 41), but elicit different innate

cytokines. Collectively, these findings suggest that the type of
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immune response elicited by adjuvants depends both on the

responding PRR as well as the properties of the ligand.

Adjuvants also activate the adaptive immune response by

directly triggering PRRs on lymphocytes (42). Murine and human

T cells express TLR4 (43). Thus, BcfA may directly activate T cells

when delivered in vivo as part of a vaccine formulation, and thereby

amplify the vaccine-elicited response. This potential function of

BcfA is an area of future study for our group.

Using an in vitro T cell polarization system, we showed that the

innate cytokines produced by BcfA-stimulated BMDCs support the

differentiation of TH1 and TFH cells while preventing TH2

differentiation in parallel (Figure 6 and Figure 7). This result is in

accordance with our previous report of the ability of BcfA to attenuate

alum-induced TH2 responses when combined in vivo (20, 26). In

addition, the IL-6-dependent polarization of TFH cells we observed also

provides a potential mechanistic explanation for the induction of IgG2c

antibody production we observed in the serum and lungs of mice

immunized with BcfA-containing vaccines.
FIGURE 6

BcfA conditioned medium supports TFH and TH1 cell polarization in vitro. qRT-PCR of T cells that were unstimulated (NS) or stimulated with BcfA
conditioned medium with the addition of IL-4-neutralizing antibody. Data are presented relative to housekeeping gene Rps18. Data pooled from
individual experiments with 4-7 samples per group. (A). Bcl6 and IL21 expression, (B). Tbx21 and IFN-g expression, (C). Bcl6 and IL21 expression
alone or with anti-IL-6 neutralizing antibody. Mean ± SEM of 4 experiments is shown. *, p<0.05, **, p<0.01, ***, p<0.001, ****, p<0.0001 by paired
Student’s t-test.
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Generation of mucosal immunity to respiratory pathogens is

critical for providing sustained protection against infection (44, 45)

and preventing subsequent transmission (46). For B. pertussis, the

CD4+IL-17+ T cells generated during natural infection are essential for

reducing bacterial colonization of the nose (45, 46). Immunization of

baboons with the whole cell pertussis vaccine (wPV) also clears the

infection from the nose (47). In contrast, acellular pertussis (aPV)

vaccine immunization does not reduce nasal bacterial burden (48). Our

recent paper (26) showed that mucosal delivery of BcfA-adjuvanted

acellular pertussis vaccines elicited CD4+IL-17+ tissue-resident

memory T cells (TRM) in the nose and reduced nasal bacterial

burden. Although we detected production of the IL-12/23 p40

common g chain by BcfA-stimulated BMDCs, suggesting that IL-17

may also be produced, we did not detect TH17 polarization in vitro

(data not shown), suggesting that either the amount of IL-12/23

produced in BcfA supernatant is insufficient, or that additional

factors such as such as TGF-b (49) that support TH17 generation are

not replicated in the culture system.

In summary, this work provides a mechanistic understanding of

the function of BcfA as an adjuvant and supports the utility of BcfA

for use in human vaccines. Continued identification and validation

of novel adjuvants that are safe, effective, and generate mucosal

immunity is key to improving vaccine-mediated protection against

infectious diseases.
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SUPPLEMENTARY FIGURE 1

BcfA activates BMDCs and TLR2 and TLR4 expressing reporter cell lines. (A).
HEK-Blue™ cells expressing murine TLRs, and NOD1/2 were stimulated with

BcfA (1µg/mL). SEAP reporter expression was detected using HEK-Blue™
Detection media. The average of duplicate wells is shown. (B). HEK-Blue-

mTLR4 and (C). HEK-Blue-mTLR2 cells were stimulated with 1 and 5µg/mL of
BcfA. NT = no treatment; min LPS = minimal LPS present in the BcfA preps.

PAM3CSK4 and LPS were used as positive controls for TLR2 and TLR4

respectively. Mean ± SEM of triplicate wells is shown. ****, p<0.0001 by
ANOVA. One experiment of 2.

SUPPLEMENTARY FIGURE 2

Gating strategy to identify activated BMDCs. Differentiated BMDCs were

stained with antibodies specific for CD11c, MHC Class II, CD40, CD80 and
CD86. Live, single cells were gated as CD11c+MHC-IIhigh cells. This double

positive population from WT and TLR4 KO cells was evaluated for expression
of CD40, CD80 and CD86 as shown.

SUPPLEMENTARY FIGURE 3

Upregulation of costimulatory molecule expression is unchanged in TLR2 KO

BMDCs. (A). Representative overlays of CD40, CD80 and CD86 expression on
WT and TLR2 KO BMDCs stimulated with 5 µg/mL BcfA. Median fluorescence

intensity (MFI) expression of (B). CD40, (C). CD80 and (D). CD86 and
percentage of cells expressing (E). CD40, (F). CD80 and (G). CD86 on WT

and TLR2 KO BMDCs stimulated with 1 µg/mL and 5 µg/mL BcfA for 20-24 hr.

Heat-killed B. pertussis (HKBp) were used as positive controls. Mean ± SEM of
triplicate wells is shown. *, p<0.05, ** by ANOVA. One experiment of 2.

SUPPLEMENTARY FIGURE 4

Gating strategy to identify lung CD11b+CD11c+ cells. Single cell suspensions

from lungs were stained with antibodies specific for CD11b, CD11c, MHC
Class II, CD40, CD80 and CD86. Live, single cells were gated as

CD11b+CD11c+. This double positive population from WT and TLR4 KO
lungs was evaluated for expression of MHC Class II, CD40, CD80 and

CD86 as shown.
References
1. Coffman RL, Sher A, Seder RA. Vaccine adjuvants: putting innate immunity to
work. Immunity. (2010) 33:492–503. doi: 10.1016/j.immuni.2010.10.002

2. Facciola A, Visalli G, Lagana A, Di Pietro A. An overview of vaccine adjuvants: current
evidenceandfutureperspectives.Vaccines(Basel).(2022)10:819.doi:10.3390/vaccines10050819

3. Pulendran B, S Arunachalam P, O'Hagan DT. Emerging concepts in the science of
vaccine adjuvants. Nat Rev Drug Discovery. (2021) 20:454–75. doi: 10.1038/s41573-021-
00163-y

4. Ghimire TR. The mechanisms of action of vaccines containing aluminum adjuvants:
an in vitro vs in vivo paradigm. Springerplus. (2015) 4:181. doi: 10.1186/s40064-015-0972-0

5. Ott G, Barchfeld GL, Chernoff D, Radhakrishnan R, van Hoogevest P, Van Nest
G. MF59. Design and evaluation of a safe and potent adjuvant for human vaccines.
Pharm Biotechnol. (1995) 6:277–96.

6. De Donato S, Granoff D, Minutello M, Lecchi G, Faccini M, Agnello M, et al.
Safety and immunogenicity of MF59-adjuvanted influenza vaccine in the elderly.
Vaccine. (1999) 17:3094–101. doi: 10.1016/S0264-410X(99)00138-3

7. Chlibek R, Bayas JM, Collins H, de la Pinta ML, Ledent E, Mols JF, et al. Safety and
immunogenicity of an AS01-adjuvanted varicella-zoster virus subunit candidate
vaccine against herpes zoster in adults >=50 years of age. J Infect Dis. (2013)
208:1953–61. doi: 10.1093/infdis/jit365

8. Laurens MB. RTS,S/AS01 vaccine (Mosquirix): an overview. Hum Vaccin
Immunother. (2020) 16:480–9. doi: 10.1080/21645515.2019.1669415
9. Canelle Q, Dewe W, Innis BL, van der Most R. Evaluation of potential
immunogenicity differences between Pandemrix and Arepanrix. Hum Vaccin
Immunother. (2016) 12:2289–98. doi: 10.1080/21645515.2016.1168954

10. Ebensen T, Delandre S, Prochnow B, Guzman CA, Schulze K. The combination
vaccine adjuvant system alum/c-di-AMP results in quantitative and qualitative
enhanced immune responses post immunization. Front Cell Infect Microbiol. (2019)
9:31. doi: 10.3389/fcimb.2019.00031

11. Krieg AM. An innate immune defense mechanism based on the recognition of
CpGmotifs in microbial DNA. J Lab Clin Med. (1996) 128:128–33. doi: 10.1016/S0022-
2143(96)90004-9

12. Chatzikleanthous D, O'Hagan DT, Adamo R. Lipid-based nanoparticles for
delivery of vaccine adjuvants and antigens: Toward multicomponent vaccines. Mol
Pharm. (2021) 18:2867–88. doi: 10.1021/acs.molpharmaceut.1c00447

13. Wagner H. Bacterial CpG DNA activates immune cells to signal infectious
danger. Adv Immunol. (1999) 73:329–68. doi: 10.1016/S0065-2776(08)60790-7

14. Del Giudice G, Rappuoli R, Didierlaurent AM. Correlates of adjuvanticity: A
review on adjuvants in licensed vaccines. Semin Immunol. (2018) 39:14–21.
doi: 10.1016/j.smim.2018.05.001

15. Bermejo-Martin JF, Ortiz de Lejarazu R, Pumarola T, Rello J, Almansa R,
Ramirez P, et al. Th1 and Th17 hypercytokinemia as early host response signature in
severe pandemic influenza. Crit Care. (2009) 13:R201. doi: 10.1186/cc8208
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2024.1439418/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1439418/full#supplementary-material
https://doi.org/10.1016/j.immuni.2010.10.002
https://doi.org/10.3390/vaccines10050819
https://doi.org/10.1038/s41573-021-00163-y
https://doi.org/10.1038/s41573-021-00163-y
https://doi.org/10.1186/s40064-015-0972-0
https://doi.org/10.1016/S0264-410X(99)00138-3
https://doi.org/10.1093/infdis/jit365
https://doi.org/10.1080/21645515.2019.1669415
https://doi.org/10.1080/21645515.2016.1168954
https://doi.org/10.3389/fcimb.2019.00031
https://doi.org/10.1016/S0022-2143(96)90004-9
https://doi.org/10.1016/S0022-2143(96)90004-9
https://doi.org/10.1021/acs.molpharmaceut.1c00447
https://doi.org/10.1016/S0065-2776(08)60790-7
https://doi.org/10.1016/j.smim.2018.05.001
https://doi.org/10.1186/cc8208
https://doi.org/10.3389/fimmu.2024.1439418
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Shamseldin et al. 10.3389/fimmu.2024.1439418
16. Khader SA, Gaffen SL, Kolls JK. Th17 cells at the crossroads of innate and
adaptive immunity against infectious diseases at the mucosa.Mucosal Immunol. (2009)
2:403–11. doi: 10.1038/mi.2009.100

17. Lin L, Ibrahim AS, Xu X, Farber JM, Avanesian V, Baquir B, et al. Th1-Th17 cells
mediate protective adaptive immunity against Staphylococcus aureus and Candida albicans
infection in mice. PLoS Pathog. (2009) 5:e1000703. doi: 10.1371/journal.ppat.1000703

18. Lyadova IV, Panteleev AV. Th1 and th17 cells in tuberculosis: Protection, Pathology,
and Biomarkers. Mediators Inflammation. (2015) 2015:854507. doi: 10.1155/2015/854507

19. Ross PJ, Sutton CE, Higgins S, Allen AC, Walsh K, Misiak A, et al. Relative
contribution of Th1 and Th17 cells in adaptive immunity to Bordetella pertussis:
towards the rational design of an improved acellular pertussis vaccine. PLoS Pathog.
(2013) 9:e1003264. doi: 10.1371/journal.ppat.1003264

20. Shamseldin MM, Kenney A, Zani A, Evans JP, Zeng C, Read KA, et al. Prime-Pull
immunization of mice with a bcfA-adjuvanted vaccine elicits sustained mucosal immunity
that prevents SARS-CoV-2 infection and pathology. J Immunol. (2023) 210:1–15.
doi: 10.4049/jimmunol.2200297

21. Lee CM, Oh JE. Resident memory B cells in barrier tissues. Front Immunol.
(2022) 13:953088. doi: 10.3389/fimmu.2022.953088

22. Mettelman RC, Allen EK, Thomas PG. Mucosal immune responses to infection
and vaccination in the respiratory tract. Immunity. (2022) 55:749–80. doi: 10.1016/
j.immuni.2022.04.013

23. Poon MML, Rybkina K, Kato Y, Kubota M, Matsumoto R, Bloom NI, et al.
SARS-CoV-2 infection generates tissue-localized immunological memory in humans.
Sci Immunol. (2021) 6:eabl9105. doi: 10.1126/sciimmunol.abl9105

24. Zazara DE, Belios I, Lucke J, Zhang T, Giannou AD. Tissue-resident immunity
in the lung: a first-line defense at the environmental interface. Semin Immunopathol.
(2022) 44:827–54. doi: 10.1007/s00281-022-00964-2

25. Jennings-Gee J, Quataert S, Ganguly T, D'Agostino RJr., Deora R, Dubey P. The
adjuvant bordetella colonization factor A attenuates alum-induced th2 responses and
enhances bordetella pertussis clearance from mouse lungs. Infect Immun. (2018) 86.
doi: 10.1128/IAI.00935-17

26. Yount KS, Hall JM, Caution K, Shamseldin MM, Guo M, Marion K, et al. Systemic
priming and intranasal booster with a BcfA-adjuvanted acellular pertussis vaccine
generates CD4+ IL-17+ nasal tissue resident T cells and reduces B. pertussis nasal
colonization. Front Immunol. (2023) 14:1181876. doi: 10.3389/fimmu.2023.1181876

27. Sukumar N, Love CF, Conover MS, Kock ND, Dubey P, Deora R. Active and
passive immunizations with Bordetella colonization factor A protect mice against
respiratory challenge with Bordetella bronchiseptica. Infect Immun. (2009) 77:885–95.
doi: 10.1128/IAI.01076-08

28. Inaba K, Inaba M, Romani N, Aya H, Deguchi M, Ikehara S, et al. Generation of
large numbers of dendritic cells from mouse bone marrow cultures supplemented with
granulocyte/macrophage colony-stimulating factor. J Exp Med. (1992) 176:1693–702.
doi: 10.1084/jem.176.6.1693

29. Wang W, Li J, Wu K, Azhati B, Rexiati M. Culture and identification of mouse
bone marrow-derived dendritic cells and their capability to induce T lymphocyte
proliferation. Med Sci Monit. (2016) 22:244–50. doi: 10.12659/MSM.896951

30. Han JE, Wui SR, Kim KS, Cho YJ, Cho WJ, Lee NG. Characterization of the
structure and immunostimulatory activity of a vaccine adjuvant, de-O-acylated
lipooligosaccharide. PLoS One. (2014) 9:e85838. doi: 10.1371/journal.pone.0085838

31. Suzuki Y, Suda T, Furuhashi K, Shibata K, Hashimoto D, Enomto N, et al. Mouse
CD11bhigh lung dendritic cells have more potent capability to induce IgA than CD103+
lung dendritic cells in vitro. Am J Respir Cell Mol Biol. (2012) 46:773–80. doi: 10.1165/
rcmb.2011-0329OC
Frontiers in Immunology 1320
32. Crotty S. T follicular helper cell differentiation, function, and roles in disease.
Immunity. (2014) 41:529–42. doi: 10.1016/j.immuni.2014.10.004

33. Zhu J, Paul WE. CD4 T cells: fates, functions, and faults. Blood. (2008) 112:1557–
69. doi: 10.1182/blood-2008-05-078154

34. Zhu J, Yamane H, Paul WE. Differentiation of effector CD4 T cell populations (*).
Annu Rev Immunol. (2010) 28:445–89. doi: 10.1146/annurev-immunol-030409-101212

35. Moser M, Murphy KM. Dendritic cell regulation of TH1-TH2 development. Nat
Immunol. (2000) 1:199–205. doi: 10.1038/79734

36. Gane JM, Stockley RA, Sapey E. TNF-alpha autocrine feedback loops in human
monocytes: The pro- and anti-inflammatory roles of the TNF-alpha receptors support
the concept of selective TNFR1 blockade in vivo. J Immunol Res. (2016) 2016:1079851.
doi: 10.1155/2016/1079851

37. Kumar S, Sunagar R, Gosselin E. Bacterial protein toll-like-receptor agonists: A
novel perspective on vaccine adjuvants. Front Immunol. (2019) 10:1144. doi: 10.3389/
fimmu.2019.01144

38. Su Y, Li D, Xing Y, Wang H, Wang J, Yuan J, et al. Subcutaneous immunization
with fusion protein DnaJ-DeltaA146Ply without additional adjuvants induces both
humoral and cellular immunity against pneumococcal infection partially depending on
TLR4. Front Immunol. (2017) 8:686. doi: 10.3389/fimmu.2017.00686

39. Wu Y, Cui J, Zhang X, Gao S, Ma F, Yao H, et al. Pneumococcal DnaJ modulates
dendritic cell-mediated Th1 and Th17 immune responses through Toll-like receptor 4
signaling pathway. Immunobiology. (2017) 222:384–93. doi: 10.1016/j.imbio.2016.08.013

40. Choi HG, Kim WS, Back YW, Kim H, Kwon KW, Kim JS, et al. Mycobacterium
tuberculosis RpfE promotes simultaneous Th1- and Th17-type T-cell immunity via
TLR4-dependent maturation of dendritic cells. Eur J Immunol. (2015) 45:1957–71.
doi: 10.1002/eji.201445329

41. Lee SJ, Shin SJ, Lee MH, Lee MG, Kang TH, Park WS, et al. A potential protein
adjuvant derived from Mycobacterium tuberculosis Rv0652 enhances dendritic cells-based
tumor immunotherapy. PLoS One. (2014) 9:e104351. doi: 10.1371/journal.pone.0104351

42. Fan J, Jin S, Gilmartin L, Toth I, Hussein WM, Stephenson RJ. Advances in
infectious disease vaccine adjuvants. Vaccines (Basel). (2022) 10. doi: 10.3390/
vaccines10071120

43. Kabelitz D. Expression and function of Toll-like receptors in T lymphocytes.
Curr Opin Immunol. (2007) 19:39–45. doi: 10.1016/j.coi.2006.11.007

44. Cheon IS, Son YM, Sun J. Tissue-resident memory T cells and lung
immunopathology. Immunol Rev. (2023). doi: 10.1111/imr.13201

45. Wilk MM, Mills KHG. CD4 T(RM) cells following infection and immunization:
implications for more effective vaccine design. Front Immunol. (2018) 9:1860.
doi: 10.3389/fimmu.2018.01860

46. Chasaide CN, Mills KHG. Next-generation pertussis vaccines based on the
induction of protective T cells in the respiratory tract. Vaccines (Basel). (2020) 316
(1):63–83. doi: 10.3390/vaccines8040621

47. Warfel JM, Zimmerman LI, Merkel TJ. Comparison of three whole-cell pertussis
vaccines in the baboon model of pertussis. Clin Vaccine Immunol. (2016) 23:47–54.
doi: 10.1128/CVI.00449-15

48. Warfel JM, Zimmerman LI, Merkel TJ. Acellular pertussis vaccines protect
against disease but fail to prevent infection and transmission in a nonhuman primate
model. Proc Natl Acad Sci U.S.A. (2014) 111:787–92. doi: 10.1073/pnas.1314688110

49. Veldhoen M, Hocking RJ, Atkins CJ, Locksley RM, Stockinger B. TGFbeta in
the context of an inflammatory cytokine milieu supports de novo differentiation of
IL-17-producing T cells . Immunity . (2006) 24:179–89. doi : 10.1016/
j.immuni.2006.01.001
frontiersin.org

https://doi.org/10.1038/mi.2009.100
https://doi.org/10.1371/journal.ppat.1000703
https://doi.org/10.1155/2015/854507
https://doi.org/10.1371/journal.ppat.1003264
https://doi.org/10.4049/jimmunol.2200297
https://doi.org/10.3389/fimmu.2022.953088
https://doi.org/10.1016/j.immuni.2022.04.013
https://doi.org/10.1016/j.immuni.2022.04.013
https://doi.org/10.1126/sciimmunol.abl9105
https://doi.org/10.1007/s00281-022-00964-2
https://doi.org/10.1128/IAI.00935-17
https://doi.org/10.3389/fimmu.2023.1181876
https://doi.org/10.1128/IAI.01076-08
https://doi.org/10.1084/jem.176.6.1693
https://doi.org/10.12659/MSM.896951
https://doi.org/10.1371/journal.pone.0085838
https://doi.org/10.1165/rcmb.2011-0329OC
https://doi.org/10.1165/rcmb.2011-0329OC
https://doi.org/10.1016/j.immuni.2014.10.004
https://doi.org/10.1182/blood-2008-05-078154
https://doi.org/10.1146/annurev-immunol-030409-101212
https://doi.org/10.1038/79734
https://doi.org/10.1155/2016/1079851
https://doi.org/10.3389/fimmu.2019.01144
https://doi.org/10.3389/fimmu.2019.01144
https://doi.org/10.3389/fimmu.2017.00686
https://doi.org/10.1016/j.imbio.2016.08.013
https://doi.org/10.1002/eji.201445329
https://doi.org/10.1371/journal.pone.0104351
https://doi.org/10.3390/vaccines10071120
https://doi.org/10.3390/vaccines10071120
https://doi.org/10.1016/j.coi.2006.11.007
https://doi.org/10.1111/imr.13201
https://doi.org/10.3389/fimmu.2018.01860
https://doi.org/10.3390/vaccines8040621
https://doi.org/10.1128/CVI.00449-15
https://doi.org/10.1073/pnas.1314688110
https://doi.org/10.1016/j.immuni.2006.01.001
https://doi.org/10.1016/j.immuni.2006.01.001
https://doi.org/10.3389/fimmu.2024.1439418
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Frontiers in Immunology

OPEN ACCESS

EDITED BY

Ousman Jobe,
Henry M Jackson Foundation for the
Advancement of Military Medicine (HJF),
United States

REVIEWED BY

Elizabeth Clarke,
Los Alamos National Laboratory (DOE),
United States
Diego Luis Costa,
University of São Paulo, Brazil

*CORRESPONDENCE

Ruth E. Thom

reholloway@dstl.gov.uk

RECEIVED 22 May 2024

ACCEPTED 06 September 2024
PUBLISHED 01 October 2024

CITATION

Thom RE and D’Elia RV (2024) Future
applications of host direct therapies for
infectious disease treatment.
Front. Immunol. 15:1436557.
doi: 10.3389/fimmu.2024.1436557

COPYRIGHT

© 2024 Thom and D’Elia. This is an open-
access article distributed under the terms of
the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Review

PUBLISHED 01 October 2024

DOI 10.3389/fimmu.2024.1436557
Future applications of host direct
therapies for infectious
disease treatment
Ruth E. Thom1* and R V. D’Elia2
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New and emerging pathogens, such as SARS-CoV2 have highlighted the

requirement for threat agnostic therapies. Some antibiotics or antivirals can

demonstrate broad-spectrum activity against pathogens in the same family or

genus but efficacy can quickly reduce due to their specific mechanism of action

and for the ability of the disease causing agent to evolve. This has led to the

generation of antimicrobial resistant strains, making infectious diseases more

difficult to treat. Alternative approaches therefore need to be considered, which

include exploring the utility of Host-Directed Therapies (HDTs). This is a growing

area with huge potential but difficulties arise due to the complexity of disease

profiles. For example, a HDT given early during infection may not be appropriate

or as effective when the disease has become chronic or when a patient is in

intensive care. With the growing understanding of immune function, a new

generation of HDT for the treatment of disease could allow targeting specific

pathways to augment or diminish the host response, dependent upon disease

profile, and allow for bespoke therapeutic management plans. This review

highlights promising and approved HDTs that can manipulate the immune

system throughout the spectrum of disease, in particular to viral and bacterial

pathogens, and demonstrates how the advantages of HDT will soon outweigh

the potential side effects.
KEYWORDS

host-directed, therapeutic, STING, pyroptosis, itaconate, infection
1 Introduction to host-directed therapies

Since the beginning of the 20th century and the advent of antibiotics the premise to treat

infectious disease is the use of antimicrobial agents that directly target the pathogen. To our

detriment, now in the 21st century we are still heavily reliant on this approach and we are

continually facing new strains of bacteria and viruses that are resistant to our available

armament. Furthermore, lessons learnt from the coronavirus disease 2019 (COVID-19)

global pandemic mean we need to become better equipped for the emergence of new

infectious disease.
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Research and development into alternative solutions for the

treatment of infectious disease has accelerated and one such

approach is to identify drugs that modulate the host pathways in

a growing area of research known as Host-Directed Therapies

(HDTs). HDTs are showing success in the field of cancer with a

number of licenced products (1, 2). For infectious disease,

momentum is building to develop HDTs and it is becoming a

promising area of drug discovery. HDTs are much less prone to the

generation of drug-resistant pathogen strains because the

therapeutic strategy is to target evolutionary conserved host

factors. The pathogen would require considerable evolutionary

changes to overcome these targeted host pathways (3). HDT

could also offer a broad-spectrum of therapy and would be

beneficial where rapid treatment is required such as during

epidemics and pandemics as well for the preparedness of

new pathogens.

The advantages of HDT do need to be caveated for the potential

of toxicity. Indeed targeting host-specific pathways could have

devastating effects on the host as seen in the first phase 1 clinical

trial of an agonistic anti-CD28 monoclonal antibody, which led to

an incapacitating cytokine storm in the volunteers (4).

Furthermore, the therapeutic window for HDT is critical in the

treatment strategy. For example, it was reported that the early

treatment of COVID-19 patients with exogenous IFNa was

beneficial (5, 6), but was detrimental when administered later in

disease (7, 8). To overcome this careful monitoring of the host and

understanding of the time course of infection is critical. This can be

achieved with the use of diagnostic biomarkers which can

differentiate between bacterial and viral infection (9) as well as

pre-symptomatic diagnosis of cytokine storms including

biomarkers of sepsis (10).

HDT encompass a continually growing arsenal of agents, which

includes repurposed drugs, small molecules, synthetic nucleic acids,

biologics, cytokines, cellular therapy, recombinant proteins and

micronutrients (11). Here we describe a range of HDT strategies,

which is not exhaustive, but provides a representation of the

research and development in this field focussing on infectious

disease caused by bacterial and viral pathogens. The application

of HDT for fungal and parasitic infections are reviewed in detail

elsewhere (12–15). An area that will not be discussed will be

therapeutic and prophylactic vaccination and the overview will

focus on alternative methods to modify the host response. We

have compartmentalised the course of disease into specific phases to

describe the potential beneficial uses for HDT: (i) Early phase,

referring to pathogen entry and establishment of infection. (ii)

Middle phase, including disease progression leading to either

convalescence or acute infection. (iii) Late phase, which describes

persistency and latency. However, some therapies or targets may

have applicability across more than one phase of infectious disease.

For instance, it may also be advantageous to boost the immune

response when the disease has reached latency and not just early in

infection; such examples will be discussed. Further, we conclude

that with increased depth of knowledge of immune function across

the time course of infection, the same HDT pathway could be

manipulated to either agonise or antagonise host defence responses

supporting a protective outcome over the spectrum of disease.
Frontiers in Immunology 0222
2 Early intervention using HDT to treat
infectious disease

The earliest point to target the host upon pathogen infection is

to block or inhibit cellular entry thus rendering the host cell non-

permissive (Figure 1A). With advancements in the understanding

of host-pathogen interactions, novel HDT strategies targeting

pathogen entry are currently being pursued. The most progress

has been achieved with the treatment of Human immunodeficiency

virus (HIV)-1 by targeting CC-chemokine receptor 5 (CCR5).

CCR5 is a cofactor for the entry of the virus and antagonists of

CCR5 inhibit its function and can block viral entry (16). Maraviroc

was the first CCR5 antagonist to be licenced in 2007 and has now

become part of the therapeutic schedule for HIV positive patients

(17). Additionally entry inhibitors for hepatitis B and D viruses are

also now licenced, such as myrcludex B (18); illustrating the

promise that entry inhibitors are successful HDT targets (19, 20).

The identification of other early entry molecules for harmful viruses

such Ebola virus (21) and Lassa virus (22) is a starting point for

potential HDTs. In the case for Ebola, a number of small molecules

have been identified that can affect various stages of Ebola virus

uptake from cell attachment, internalisation by macropinocytosis

and fusion of the viral envelope (23). Madrid et al. (24)

demonstrated that the chloroquine (an approved antimalarial

treatment) can inhibit the trafficking of the Ebola virus through

the endosomal pathway and prevents viral fusion thus aborting

infection. Using a murine model of Ebola infection, treatment with

chloroquine led to 80-90% survival (24). Inhibiting pathogen entry

pathway could be beneficial as a pre-exposure therapy for instance

during an epidemic or pandemic. They could also be utilized to

negate subsequent rounds of pathogen entry and replication thus

alleviating the infectious cycle.

Another attractive approach for HDT development is to target

cellular pathways that the pathogen is dependent upon for

replication and infection but are dispensable to the host

(Figure 1B). Targeting host pathogen-dependent pathways,

instead of individual factors, is a more promising HDT approach

for bacterial infections owning to its higher autonomy compared to

viruses. The majority of research has focused on kinases and lipid

biosynthesis. There are over 500 kinases identified by the Human

Genome Project, which are involved in a range of physiological

processes and cellular homeostasis (25). Kinases are also associated

with all stages of viral replication, however, a number of cellular

kinases have been identified to be non-essential for the host but are

required for viral infection (26). Such kinases represent potentially

valuable drug targets. Kinase inhibitors are small chemical

molecules and the screening of kinase inhibitor libraries has

identified some promising HDT candidates that are required for

pathogen replication but are non-essential to the host. Inhibitors to

two receptor tyrosine kinases have been discovered that block the

replication of a range of DNA (herpes simplex virus) and RNA

(influenza A virus, Sendai virus, mouse hepatitis virus and rhesus

rotavirus) viruses (27). A whole range of kinase inhibitors have been

licenced for the treatment of cancer therapy (28) and these

compounds are now been examined for use as HDT. For
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example, dasatinib, a potent inhibitor of the SCR kinases, is used in

the treatment of chronic myeloid leukaemia. However, repurposing

of dasatinib has also shown beneficial effects in preventing dengue

virus replication by inhibition of viral RNA replication and particle

secretion (29). During the COVID-19 pandemic, a number of

licenced kinase inhibitors were identified for both inhibition of

viral life cycle [e.g. tyrosine kinase inhibitor, imatinib (30)] as well

as those that could reduce host immuno-pathology [e.g. Janus

kinase inhibitor, baricitinib (31)]; further demonstrating the

potential broad-range activity of kinase inhibitors as HDTs (32).

Fatty acids are required for pathogens to replicate and they can gain

these host factors by reprogramming cellular metabolism, including

lipid synthesis (33). Blocking lipid synthesis with chemical

inhibitors has been shown to decrease the production of

flaviviruses (34). Chu et al. (35) screened 22 fatty acid inhibitors

to identify compounds that could inhibit replication of SARS-CoV2

and demonstrated that half of the compounds could significantly

reduce replication in vitro. The most prominent was orlistat, which

is a licenced anti-obesity drug that reduces the absorption of dietary

fat through the inhibition of lipases. Chu et al. (35), demonstrated in

a SARS-CoV2 murine model that following treatment with orlistat

there was reduced viral loads within the lungs, reduced lung

pathology and increased survival (35). Mycobacterium tuberculosis

resides in macrophages and requires fatty acids derived from lipid

bodies as an essential source of energy. The lipid sensing nuclear

receptor, peroxisome proliferator-activated gamma (PPARg), can
be activated by mycobacteria to form lipid bodies (36). Pre-

treatment of macrophages with a PPARg antagonist followed by
Frontiers in Immunology 0323
mycobacterial infection leads to a decrease in lipid body formation

as well effective mycobactericidal activity (37).

Bacterial pathogens have also been reported to utilise by-

products of the host cellular respiration cycle to support growth.

For instance, itaconate, a small metabolic molecule that is a by-

product of the tricarboxylic acid (TCA) cycle, is known to have

direct links to immune function (38) and has a range of anti-

inflammatory and anti-oxidant functions (39, 40). Despite the

antimicrobial properties of itaconate, intracellular bacteria have

developed strategies to benefit from endogenous itaconate (41). For

example, Klebsiella pneumoniae, can induce metabolic oxidative

stress responses through lipopolysaccharide binding to toll-like

receptor (TLR) 4 leading to the accumulation of itaconate. This

bacterial defence mechanism has been shown to promote an anti-

inflammatory response and induce a disease-tolerant immune

response (42). Furthermore, some bacterial pathogens such as

Psuedomonas aeruginosa and Staphylococcus aureus utilise

itaconate as a carbon source to establish a persistent infection and

support the development of biofilms (43, 44). The production of

itaconate can be controlled by the immune response gene 1 (IRG1)

and the utilization of itaconate by pathogens to tolerate the host

response and to support growth is achieved through the activation

of the IRG1 pathway (39). Further research is required to unravel

the host-pathogen link with IRG1-itaconate, but there is potential

for HDT to target this pathway and abrogate the utilization of

itaconate by pathogens (Figure 1B).

As well as targeting pathogen-dependent host factors, directing

HDTs towards DNA-modifying enzymes is an alternative approach
FIGURE 1

Early targets for host directed therapies. (A) Blocking pathogen entry. (B) Blocking pathogen-dependent host pathways. (C) Host or pathogen
epigenetic modification. (D) Activation of pro-inflammatory cytokine response. Created with BioRender.com.
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under development (Figure 1C). Phenotypic modification of

genomic DNA caused by DNA methylation and histone

acetylation leads to altered structures and stability of the DNA

which can regulate gene expression and cell division (45). These

DNA-modifying enzymes have been used in the successful

treatment of cancers (46). For example, vorinostat was the first

approved histone deacetylase inhibitor to be used as a therapy to

treat cutaneous T-cell lymphoma (47). Human macrophages

infected with Salmonella enterica alongside treatment with an

inhibitor of histone deacetylase have shown to promote

intracellular bacterial clearance through the induction of

mitochondrial reactive oxygen species (ROS) (48). Additional

studies have demonstrated the inhibition of histone deacetylase

can subvert the cytotoxic effects of bacterial toxins, such as those

produced by Bacillus anthracis. Macrophages treated with a histone

deacetylase inhibitor following exposure to B. anthracis lethal toxin

showed a marked increase in pro-inflammatory cytokines signalling

pathways such as IL-1b as well as pyroptosis, a pro-inflammatory

programmed cell death pathway (49). Conversely, pathogens can

also target these host enzymes to modify the host genome and

become permissive to infection. For example B. anthracis and M.

tuberculosis have both been reported to modulate histone

phosphorylation of down-stream inflammatory pathways

resulting in alterations in macrophage and epithelial cell

activation (50, 51); thus efforts to develop inhibitors to these

pathogen DNA modification pathways are also on going (52, 53).

The HDT approaches described above have focussed on

enhancing underlying antimicrobial cellular pathways that aim to

control and clear infection. An alternative strategy is to target the

early host immune response (Figure 1D). Since the second half of

the 20th Century, there have been numerous examples of the use of

exogenous cytokine therapy for the treatment of viral infections

such as influenza (54), hepatitis C (55) and HIV-1 (56) right up

until the present day with the treatment of COVID-19 (57). A

number of successful recombinant interferons have been licenced,

such as IFN-alpha2b (licenced as Intron A) for the treatment of

hepatitis B and C, as well as human papillomavirus (58) and early

infection to SARS-CoV2 (57). The use of exogenous cytokines have

been well documented for the treatment of tuberculosis, for

example cytokines TNFa, IFNg and IL-1a are known to stimulate

antimicrobial properties of mycobacterial infected macrophages

(59). The delivery of IFNg via the aerosol route, in combination

with standard therapy, demonstrated promising results for patients

with multi-drug resistant pulmonary M. tuberculosis infection. The

study reported that the combinational therapy led to enhanced

mycobacterial killing, reduced lung lesions and improved clinical

outcome (60). Exogenous cytokine therapy can have diverse effects

on the host immune response including the activation and

recruitment of immune cells as well as down-stream signalling to

amplify the antimicrobial immune response. However, there can be

severe side effects to cytokine-based therapy and timing is critical to

when they should be administered. Cytokine therapy remains a key

research interest in cancer therapy, with an IFNa (Peginterferon-a
2b) and IL-2 (Aldesleukin) therapies approved for specific cancers

(61). Recent advancements in cytokine-based therapeutics, such as

improving half-life, targeted delivery and reduced toxicity, still
Frontiers in Immunology 0424
make them an appealing HDT. New technology and improved

understanding of pharmacodynamics/pharmacokinetics has led to

bio-engineered cytokines that can be directed to the site of

immunopathology in a timely manner (62). Furthermore,

advances in the individual treatment of patients can lead to

bespoke individual management plans (63). Alternatively,

endogenous cytokines can be induced by the activation of TLRs

(64), for example, imiquimod is a TLR7 agonist that is used to treat

human papillomavirus. When it is applied topically to warts,

imiquimod activates IFNa, IL-1, IL-6, and TNFa leading to the

reduction of viral load (65).

Early innate immune responses rely on the detection of

conserved structural features of the pathogen, known as

pathogen-associated molecular patterns (PAMPs) by binding to

host pattern-recognition receptors (PRRs), present on the cell

surface or within the cells. Over the last decade DNA and RNA

sensing PPRs have been described which are typically activated

through viral infection leading to a potent antiviral host immune

response. Such PPRs include; TLRs, RIG-1 like receptors (RLRs),

NOD-like receptors (NLRs) and cyclic GMP-AMP synthase (cGAS)

protein families, all of which have been extensively reviewed

(66, 67). More recently it has been identified that these nucleic

acid sensing pathways could be a potential target for HDTs (68).

Indeed, cGAS which senses both self and foreign double-stranded

DNA activates the cGAS-stimulator of interferon genes (STING)

signalling pathway resulting in the expression of type 1 IFNs

(69, 70). The cGAS-STING signalling pathway is critical in the

activation of the innate immune response, but in addition, an

increasing number of immune roles have been described (71).

Conversely, RNA viruses (including Dengue virus, Influenza A

Virus, Zika virus and SARS-CoV2) have been reported to

antagonise cGAS-STING and block DNA-dependent IFN-1

activation (72). Thus, during infection with RNA viruses, the

release of host genomic or mitochondrial DNA within the

cytoplasm would not be detected and cGAS-STING-induced anti-

viral immune responses will be inhibited. STING agonists have been

identified that induce cGAS-STING signalling prior to and during

early infection of RNA viruses (Figure 1D). Humpries et al. (73)

administered the STING agonist, diABZI-4 intranasally to a SARS-

CoV2 murine model and demonstrated transient activation of

STING. They reported a pro-inflammatory response, with

cytokine production, lymphocyte activation and inhibition of viral

replication (73).

Exploitation of pyroptosis, a rapid and lytic pro-inflammatory

programmed cell death pathway, has been shown to be another

effective early HDT for infectious disease (Figure 1D). Upon

activation of either PAMPs (e.g. bacterial derived molecules and

viral nucleic acid) or damage-associated molecular pattern

(DAMPs, host molecular makers of disease e.g. ATP, IL-1a,
DNA) leads to a cascade of events resulting in the assembly of

cytosolic pro-inflammatory complexes such as the NOD-, LRR- and

pyrin domain-containing protein 3 (NLRP3) inflammasome (74).

NLRP3 activates the inflammatory cytokines IL-1b and IL-18 as

well as the pore-forming protein, gasdermin D (GSDMD). Initially,

the GSDMD pore allows the release of these cytokines from

macrophages and dendritic cells but ultimately leads to pyroptosis
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1436557
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Thom and D’Elia 10.3389/fimmu.2024.1436557
through osmotic cell lysis and disruption of the plasma membrane

(75). GSDMD has an essential role in innate immunity; inducing a

pro-inflammatory response, promoting effective pathogen clearance

and preventing replication (76). Indeed, the induction of pyroptosis

by GSDMD has been shown to protect a melioidosis murine model

following infection with the intracellular bacteria, Burkholderia

thaliandensis (77). Furthermore, antibody-opsonised SARS-CoV2

infection of human blood monocytes and macrophages activates the

NLRP3 inflammasome, inducing pyroptosis, as demonstrated by

increased levels of GSDMD and IL-18. Pyroptosis occurs rapidly

preventing the replication and assembly of infectious viral progeny

thus rendering myeloid cells a dead end for infection (78). In some

cases, a pathogen can hijack the process of pyroptosis, such as the

case for intracellular M. tuberculosis infection, where the cellular

membrane is disrupted and impairs GSDMD-mediated pyroptosis

(79). Exploiting this rapid innate immune-regulated form of cell

death through activation of NLRP3 signalling via DAMPs or

PAMPs could be an effective early HDT to protect from

infectious disease. Pre-clinical cancer therapies targeting

pyroptosis is currently leading the way in this approach with

several different therapy strategies (80). Alternative licenced drugs

such as metformin (for diabetic treatment) and ivermectin (an anti-

parasitic agent) have been demonstrated to induce pyroptosis and

exert anti-tumour activity in vitro and in vivo (81, 82). These studies

are examples of how licenced drugs have the potential to be

repurposed for other diseases.
3 The use of HDT to induce immune
homeostasis and minimise
immunopathology during
disease progression

As disease-causing pathogens establish infection and evade the

early innate host immune response, the adaptive immune response

begins to develop, initiating an antigen-specific cellular and/or humoral

infiltration. During disease progression, the innate and adaptive

immune responses are not mutually exclusive but are

complementary in the resolution of disease. Strategies to enhance the

adaptive immune response can prevent the establishment of latent or

persistent infection and support the immune cells in eliminating

infectious pathogens. Such strategies include vaccination, cytokine

therapy, adoptive cell transfer and immune checkpoint blockade (the

later discussed below) (83). If these two arms of the immune response

are not aligned then the host response can become dysregulated

resulting in tissue damage caused by immunopathology, acute

disease status and morbidity. In this section, we discuss HDTs that

can rebalance the host immune response thus reducing disease severity

and eliminate infectious pathogens.

It is well reported that during some acute and severe infections,

a cytokine storm can be activated which correlates with increased

disease severity and mortality (84). Over 150 cytokines have been

reported to be involved in a cytokine storm but primarily the key

cytokines are TNFa, IL-6 and IFN’s (85). In some cases, treatment

with a monoclonal antibody directed towards one of these cytokines
Frontiers in Immunology 0525
can have beneficial therapeutic effect (Figure 2A). During the

COVID-19 pandemic monoclonal antibodies targeting IL-6, IL-

1b, IL-23 and GM-CSF, or their receptors, went through clinical

trials and demonstrated varying levels of therapeutic efficacy by

reducing morbidity and mortality (86). A number of clinical trials

have demonstrated the use of tocilizumab, an anti-IL-6 compound,

as a COVID-19 therapeutic (87). The largest of these clinical trials,

(RECOVERY), reported the most compelling evidence of the

benefit to treat patients with acute infection with tocilizumab,

leading to improved clinical outcome and an increase likelihood

to be discharged from hospital within 28 days (88). To block the

down-stream signalling pathways that activate pro-inflammatory

cytokines and cytokine storms maybe a more effective HDT

approach (Figure 2B). The transcription factor nuclear factor-

kappa beta (NF-kb) is critical in the regulation and downstream

signalling pathways of cytokines involved in both the innate and

adaptive immune response. Targeting this transcription factor has

been shown to have therapeutic advantages in a mouse model of

influenza strain H5N1 leading to a drastic reduction in NF-kb
regulated cytokines (89). The inhibition of NF-kb signalling has

also been an effective target to reduce the inflammatory response

during critical stages of SARS-CoV-2 infection (90). As part of the

COVID-19 RECOVERY trial, the therapeutic benefits of the anti-

inflammatory corticosteroid dexamethasone were assessed using

either a high or a low dose to treat patients on respiratory support

(91). Dexamethasone is used for a broad range of inflammatory

conditions and is known to supress NF-kb (92). The COVID-19

patients on respiratory support that received the lower dose of

dexamethasone demonstrated significant protection with 20-30%

reduced mortality (91). However, the study was stopped due to an

increase in mortality seen in patients receiving the high-dose

therapy. It was hypothesised that due to an excessive dampening

of the of the immune response, there was an increase opportunity

for secondary infections (91). Inflammatory responses have also

been demonstrated to be dampened by treatment of the DNAzyme

Dz13 which is known to cleave the transcription factor c-Jun (93).

c-Jun is activated during the early stages of influenza A and is

involved in viral replication as well as induction of the

inflammatory response. Administration of Dz13 in vivo following

influenza A infection resulted in significantly improved survival, as

well as decreased viral titres and reduced production of pro-

inflammatory cytokines in lung tissues (94). In the field of cancer

therapy, a number of approved proteasome inhibitors (such as

bortezomib, carfilzomib and ixazomib) are known to be strong

suppressors of down-stream signalling pathways, such as NF-kb
(95). It is plausible that such therapies could be used in down-

regulating acute cytokine storms induced by bacterial or viral

infections. An alternative to blocking pro-inflammatory cytokine

responses is to activate the Th2 immune response through

exogenous Th2 cytokine therapy (Figure 2C), leading to immune

homeostasis, protective immunity and tissue repair (96, 97). IL-10

therapy has had success for the treatment of inflammatory

conditions, such as rheumatoid arthritis, psoriasis and

inflammatory bowl disease (98). The most advanced IL-10

therapy has been the treatment of cancer patients with a

PEGylated recombinant human IL-10 (PEG-rHuIL-10), which
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has been shown to suppress tumour-associated immunity, improve

clinical outcome (99). Indeed IL-10 or agonists of the down-stream

signalling pathways have been proposed as a therapeutic for acute

lung infection with Streptococcus pneumonia (100), chronic

mycobacterial infection (101) as well for COVID-19 therapy (102).

As described earlier, nucleic acid sensing pathways are critical in

the activation of anti-viral innate immune response. However, these

pathways can become dysregulated and depending on the intensity

of the signal, a protective pathway could lead to a pathological

outcome. Using a murine SARS-CoV2 infection model, Domizio

et al. (70) demonstrated that the RNA virus promoted

mitochondrial damage leading to mitochondrial DNA leakage.

The presence of mitochondrial DNA within the cytosol of

infected cells activated the cGAS-STING signalling pathway

leading to inflammation and extensive lung pathology (70). They

further demonstrated that treatment with the STING inhibitor,

H151, in their murine model showed a decrease in lung

inflammation at late time points and a reduction of viral loads. A

number of high-throughput screening studies have identified

antagonists of the cGAS-STING pathway which have been

demonstrated to either inhibit cGAS (103) or STING though

competitively binding at the substrate binding sites (104) or

induce conformation change (105) (Figure 2B).

Pyroptosis, although a critical early innate host response that can

prevent infection and replication of both bacteria and virus, can

become a double-edged sword. Recent studies have revealed examples

where chronic activation can have a detrimental role resulting in

immunopathogenesis. In a murine model of severe influenza A

infection, mice typically succumb to fatal pulmonary disease due to
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a hyper-inflammatory response and tissue damage (106). Using a

gsdmd -/-modified mouse model of severe influenza A infection, Rosli

et al. (106), demonstrated a significantly improved outcome with

increased survival, reduced viral burden and reduced tissue pathology

compared to infection in wild type mice (106). Additionally,

pyroptosis was shown to be a major cause of inflammatory

sequelae in patients with critical COVID-19 symptoms, resulting in

severe lung damage and multi-organ failure (78). HDTs are emerging

which can target the NLRP3 inflammasome pathway (107). Pre-

clinical studies using compounds that can inhibit either GSDMD and

NLRP3 have been successful in the treatment of a range of

immunopathological disease models, (108). The most widely

researched NLRP3 inhibitor is a small molecule, MCC950, known

to bind and lock the inflammasome in an inactive conformation

(109). Using a murine infection model of influenza A, Tate et al. (110)

demonstrated the timely importance of administering the NLRP3

inhibitor. When MCC950 was administered early after influenza A

challenge, mice succumbed to fatal infection. However, when the

inhibitor was used to treat mice later in infection, there was reduced

inflammation within the lungs and prolonged survival (110).

Targeting the pyroptotic cell death pathway such that GSDMD

pores are reduced or inhibited, could be a potential new HDT to

protect against disease caused by infectious pathogens (Figure 2A).

It is now becoming clear that cellular metabolic process, essential

for biological function, can directly effect the outcome to infectious

disease and inflammation (38). As described earlier the TCA by-

product, itaconate, is known to have immuno-modulatory properties.

In recent studies, itaconate has been shown to reduce inflammation

by modification of pro-inflammatory inflammasomes, such as the
FIGURE 2

Targeting host directed therapies to treat and reduce disease progression. (A) Blocking pro-inflammatory cytokines. (B) Blocking down-stream
signalling pathways. (C) Activation of Th2 immune response. (D) Induction of immune homeostasis. Created with BioRender.com.
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NLRP3 inflammasome. Itaconate can modify the NLRP3 complex

and ameliorate NLRP3 induced cascade of pro-inflammatory

cytokines IL-1b and IL-18 (111) (Figure 2A). Itaconate has also

been described to modulate immune responses though the activation

or suppression of a range of transcriptions factors to limit pro-

inflammatory cytokines (Figure 2B), induce antioxidant responses

and regulate macrophage polarization (Figure 2C). For instance, the

induction of the activating transcription factor (AFT3) through

itaconate is reported to inhibit the production of pro-inflammatory

cytokines (112). Furthermore, the nuclear factor erythroid 2-related

factor 2 (NRF2) induces antioxidant and anti-inflammatory

responses. The use of the itaconate derivative, 4-octyl itaconate,

was shown to induce NRF2 and promoted a successful wound

healing phenotype leading to a topical treatment for chronic

wounds (113). Itaconate role in the regulation of macrophage

polarization was also demonstrated through the suppression of

Janus kinase 1 (JAK1) signalling (112, 114). Owning to the broad

range of immunological function of itaconate, using a chemically

synthesised derivative of the metabolite has demonstrated huge

potential as a HDT therapy across both viral (Herpes Simplex

Virus-1 and-2, Vaccinia virus, Zika virus and SARS-CoV2 (115))

and bacterial (M. tuberculosis (116), Francisella tularensis (117),

Brucella abortus (118) and Coxellia burnettii (119) infections.

Furthermore, there have been no known reports of pathogen

utilization of these synthetic itaconate compounds unlike their

endogenous counterparts (41).

In our laboratory, we are interested in immunomodulatory

drugs that target the host and we have reported promising

immunomodulatory data when reducing high mobility group B

protein 1 (HMGB1). HMGB1 is a DAMP molecule and induces

signalling of a pro-inflammatory cytokine response. It is released

from damaged or infected cells and has been correlated to poor

prognosis in human melioidosis patients (120). Using our

Burkholderia pseudomallei mouse model, we have demonstrated

that blocking HMGB1 signalling with a monoclonal antibody led to

reduced bacterial burden in organ tissues which correlated to a

reduction in pro-inflammatory cytokines (121). Similar findings

were also reported in our F. tularensis mouse model (122)

highlighting the potential of broad-range spectrum use of these

immunomodulatory compounds.

Our more recent research investigating the immunomodulator

CD200-Fc has also demonstrated effective treatment in mouse

models of F. tularensis LVS (123) as well as in our murine aerosol

models of CDC category A threat agents, such as B. pseudomallei

(124). We hypothesised that CD200-Fc binds to its receptor and

activates immune homeostasis through Th1 and Th2 cytokine

profiles as well as inducing antimicrobial activity through the

induction of ROS (Figure 2D). This work is further supported by

data published demonstrating the importance of CD200 receptor in

the lungmacrophage following severe influenza infection by reducing

lung inflammation and inducing immune homeostasis (125).

As discussed earlier, an overactive immune response can

contribute to disease lethality. Even if the host is able to survive,

it is likely that damage to cells and tissues has occurred leading to

short or long-term immunopathology. Aiding the body to recover
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from tissue damage can significantly reduce morbidity and decrease

the risk of secondary infections. Resolvins are a class of lipid

metabolites that have been extensively studied which promote the

resolution of chronic infection and used to treat a range of chronic

inflammatory diseases, as previously reviewed (126, 127). The use of

resolvins alongside the other HDT strategies discussed above could

have a double benefit by reduce disease progression as well as

protecting the host from immunopathology.
4 The use of HDT to treat
persistent infection

Persistent infections are described as those in which the

pathogen is not cleared during the primary infection and can

remain viable within the host. There are three overlapping types

of persistence, defined as chronic, slow and latent infection. Here we

described the potential use of HDTs to target the various stages of

persistency. M. tuberculosis, is well adapted to persist infection and

resides in phagosomes of the infected macrophage. Here the

pathogen inhibits phagosomal fusion and slowly replicates,

evading the host response, leading to chronic infection and tissue

pathology if left untreated (128, 129). HDTs have been identified to

activate autophagy and is an area of interest for the treatment of

intracellular bacterial pathogens including mycobacteria

(Figure 3A) (130). A number of small compounds can be used to

induce autophagy, for example activation of ROS, blocking ion

channels and maturation of the phagosome. Autophagy allows the

release of infectious particles, which can then be taken up by

activated phagocytic cells (131). Rapamycin is a broad range anti-

inflammatory drug originally approved for the use of organ

transplant rejection (132). Rapamycin has been extensively

studied as an inducer of autophagy (133) and in vivo M.

tuberculosis infection models have demonstrated reduced

mycobacterial lung immunopathology, the formation of necrotic

lesions within the lung (134) and clearance of mycobacteria,

including multi-drug resistant strains (135). Similar autophagy

inducing drugs, such as ridaforolimus (approved for use in the

treatment of solid tumours and haematological malignancies (136))

and temsirolimus [approved for use in renal cell carcinoma therapy

(137)] have demonstrated potential therapeutic benefits for the

treatment of tuberculosis (138). Furthermore, the repurposing of

metformin has also been shown to support macrophage control

through the induction of ROS and has been shown to improve the

resolution of lung cavities in patients with tuberculosis (139).

Itaconate, as described earlier is a broad-ranging anti-

inflammatory host molecule that has also been shown to regulate

autophagy through activation of the transcription factor EB (TFEB).

Antimicrobial activity of the induced endogenous metabolite has

been reported to limit infection of intracellular bacteria Salmonella

typhimurium infection in vitro and in vivo (140, 141).

Immune checkpoints are signalling pathways that regulate the

host immune response. They are critical for self-tolerance but are

also activated during chronic inflammatory responses, such as

sepsis and during persistent infection. Once activated, the
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immune response is dampened which can alleviate immune-

directed tissue damage but can also reduce the effectiveness of

clearing the infection (142). There are a variety of interactions

between antigen presenting cells and T-cells that can promote T-cell

exhaustion leading to inhibitory effects of the immune response and

these are illustrated in a previous review (142). Once such

interaction is that of the co-inhibitory receptor, programmed

death-1 (PD1) expressed on T-cells and its corresponding ligand

(PDL-1) found on dendritic cells. A number of approved inhibitors

targeting these checkpoint proteins are in use for cancer

immunotherapy such as PD-1 inhibitors (Nivolumab,

Pembrol izumab and Cemipl imab) , PDL-1 inhib i tors

(Atezolizumab, Durvalumab and Avelumab) (143) and are now

being considered for the treatment of viral infections (Figure 3B). In

simian immunodeficiency viruses (SIV)-infected macaques,

treatment with a humanised anti-PD1 antibody led to improved

functionality of CD8+ T cells, reduced amounts of SIV RNA and

increased survival of the macaques (144). Further beneficial efficacy

has been described using anti-PD1 or anti-PDL-1 for the treatment

of hepatitis B and C in pre-clinical infection models (145, 146).

When blocking the PD1/PD1-L interaction, IFNg production was

no longer suppressed, anti-viral T-cell phenotypes were restored

and there was significant clearance of viral persistence (145, 146).

While blocking immune checkpoints for viral infection has shown

beneficial therapeutic effects, these effects can be detrimental in

chronic bacterial disease, such as tuberculosis. Using PD1 deficient
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murine model infected with M. tuberculosis led to significantly

reduced survival (147, 148), uncontrolled bacterial proliferation

with areas necrotic foci (149), compared to infection of wild-type

mice. Further, there was increased number of neutrophils and high

levels of TNFa and IL-6 which corresponded to a discordant

inflammatory response (149). These studies highlight that such

HDT is not necessarily appropriate for intracellular bacterial

infection and that consideration and understanding of

immunopathology is a critical consideration.

Latent infection is another area of research where HDT could be

utilised to treat disease, in particular this has been described for

HIV-1. The approach used is termed “Shock and Kill”, where

latency reversal agents actively induce replication of latent HIV-1

and thus making the infectious viral particles more susceptible to

clearance through the host immune response (Figure 3C) (150).

Retinoids (a derivative of Vitamin A) have been long approved for

the treatment of a number of cancers as well as various skin

conditions (151) and are now been considered for latent HIV-1

therapy. Retinoids have been shown to re-activate virus replication

by activating the PRR, RIG-1 (152), which detects viral RNA (153).

Once viral RNA is detected by PRRs, CD8+ cytotoxic T-cells are

induced which have enhanced anti-viral properties and can

eliminate infected cells (154). Although there is concern that the

“Shock and Kill” approach may increase permissiveness of HIV-1

infection, used in combination with standard HIV-1 therapy may

make this a beneficial therapeutic approach (155). The unique use
frontiersin.or
FIGURE 3

Using host directed therapy to treat persistence and latent infection. (A) Activation of autophagy. (B) Inhibition of immune checkpoints. (C) Shock
and kill therapy. Created with BioRender.com.
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of retinoids as latency reversal agents which can activate viral

replication alongside anti-viral activity could also have the

potential to treat a range of quiescence viral infections.
5 Summary of the use of HDT for
infectious disease and future direction

HDTs represent a novel solution for the treatment of infectious

disease. Their immunomodulatory action make them ideal for

combatting the spread of antimicrobial resistance as well as

emerging new pathogens. Cancer HDTs are leading the way;

where in 2021 there were 14 immunomodulators, 20 cellular and

gene therapies and 98 antibody therapies currently approved by the

United States Food and Drug Administration (156). These

compounds have huge potential to be repurposed for the

treatment of infectious disease. Currently much of the focus has

been on discovering HDTs for tuberculosis, hepatitis B and C and

HIV-1 but due to their pleiotropic functions, HDTs have huge

promise for the treatment of a broad range of infectious disease.

Throughout the review, examples of clinically approved licenced

drugs for the treatment of immune related diseases have been

described and these have been summarised in Figure 4. The

summary is not exhaustive but lists a number or approved

therapies that could be repurposed. The repurposing of such

drugs have huge potential as they already have well established

safety and pharmokinetic profiles as well as known manufacturing

and distribution networks. The use of such therapies mean they
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could become quickly available for alternative indications. Although

HDTs have many advantages over pathogen-directed anti-

microbial treatment, (for example, reduced likelihood of the

development of resistant microbial strains and potential broad-

spectrum use), it is more likely that these therapies would be used as

part of a layered defence strategy in combination with other anti-

microbial therapies.

In this review, we described potential targets for HDT over the

trajectory of infection, from entry of pathogen, through disease and

followed by persistence and latency. Over the time course of disease

there are a range of immune related pathways that could be

targeted, and typically a HDT is targeted to a specific phase of

infection. The downstream effect of the therapy is dependent on

whether a pathway is being blocked or activated. An agonist or an

antagonist to particular receptors can completely alter the response

and therefore outcome of disease. To avoid inadvertently

manipulating an immune response pathway that would be

detrimental to the host, it is highly likely that immune-profiling

diagnostics would be required to help identify and characterise the

patient’s stage of disease. Indeed, these time dependent HDT

approaches are limited as they do not allow flexibility to manage

disease through the course of an infection.

In more recent years, the understanding of immune function

pathways are now becoming well characterised and offer some of

the most exciting opportunities for HDT development. Alongside

the use of companion diagnostics, emerging therapies have been

identified that could either augment or dampen a specific pathway

depending on the stage of infection and inflammatory response. For
FIGURE 4

Summary of licenced drugs approved for clinical use in the treatment of immune-related diseases. The summary of drugs listed is not
comprehensive but highlights a range of therapies that could be repurposed as HDT for infectious disease over the time-course of infection.
Created with BioRender.com.
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instance, activation of down-stream PAMP signalling such as that

described for cGAS-STING could support an early innate host

response (Figure 1D), but later in the disease profile, antagonists of

this pathway may reduce immune-pathological tissue damage

(Figure 2B). Similarly, HDTs that can induce inflammasomes,

pro-inflammatory cytokine release and rapid programmed cell

death (e.g. pyroptosis) are beneficial in the early stages of

infection (Figure 1D), but as disease progresses it would be more

beneficial to inhibit such pathways (Figure 2A). Furthermore, the

increased understanding of the intricate link between cellular

metabolism and immune function reveals potential pathways that

could be targeted by HDT. For example, inhibition of the TCA

metabolite, itaconate, prevents both the utilization as a carbon

source to support bacterial growth as well as the induction of an

early anti-inflammatory immune response (Figure 1B). However,

the immune-modulatory properties of itaconate can be of benefit

later in disease where enhancing this pathway would support the

host response (Figures 2A–C, 3A). Research of such immune

functions in healthy and disease state are still in their infancy and

it is critical to understand the pharmacokinetics of such compounds

that can enhance or reduce such pathways. The ability to refine and

modify an immune-regulated pathway to manage infection across

the disease profile would be incredibly beneficial.

Looking forward, in a generation of systems biology and the

huge advances in “omics” technology (for example, transcriptomics,

epigenetics, metabolomics and proteomics), high-throughput

immune profiling has the potential to identify an individual’s

susceptibility to infection (157) and long term-prognosis (158).

The use of patient specific “omic” data alongside microbial whole-

genome sequencing and machine learning would be indispensable

for the future of evidence-based management of infectious disease

and precision medicine. The bespoke application of HDT to

modulate a patient’s immune response in combination with

antimicrobial drug therapy is the future to treating infectious

disease and the management of drug-resistant pathogens.
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Pujing Nie1,2, Guangli Wang1,2, Shilu Luo1,2, Xun Min1,2,
Jian Huang1,2* and Meirong Huang3*

1School of Laboratory Medicine, Zunyi Medical University, Zunyi, Guizhou, China, 2Department of
Laboratory Medicine, Affiliated Hospital of Zunyi Medical University, Zunyi, Guizhou, China,
3Department of Blood Transfusion, Affiliated Hospital of Zunyi Medical University, Zunyi,
Guizhou, China
The spread of multidrug-resistant strains of Neisseria gonorrhoeae poses a great

challenge in gonorrhea treatment. At present, vaccination is the best strategy for

gonorrhea control. However, given the extensive antigenic variability of N.

gonorrhoeae, the effectiveness of monovalent vaccines is limited. Therefore,

increasing the coverage of vaccination by using a multivalent vaccine may be

more effective. In this study, a trivalent vaccine comprising three conserved

antigens, namely, the App passenger domain, MetQ, and neisserial heparin

binding antigen (NHBA), was constructed, and its protective effect was

evaluated. Trivalent vaccines induced stronger circulating IgG and IgA antibody

responses inmice thanmonovalent vaccines, in addition to eliciting Th1, Th2, and

Th17 immune responses. Antiserum generated by the trivalent vaccine killed N.

gonorrhoeae strains (homologous FA1090 and heterologous FA19), exhibiting

superior bactericidal capacity than NHBA and MetQ vaccine antisera against N.

gonorrhoeae, but similar capacities to those of the App vaccine antiserum. In

addition, the trivalent vaccine antiserum achieved greater inhibition of N.

gonorrhoeae FA1090 strain adherence to ME-180 cells compared to that

elicited by the monovalent vaccine antiserum. In a mouse vaginal infection

model, the trivalent vaccine was modestly effective (9.2% decrease in mean

area under curve compared to the pCold-TF control mice), which was somewhat

better than the protection seen with the monovalent vaccines. Our findings

suggest that recombinant multivalent vaccines targeting N. gonorrhoeae exhibit

advantages in protective efficacy compared to monovalent vaccines, and future

research on multivalent vaccines should focus on optimizing different

antigen combinations.
KEYWORDS

Neisseria gonorrhoeae, MetQ, neisserial heparin binding antigen, adhesion and
penetration protein, nasal immunization
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1 Introduction

Neisseria gonorrhoeae causes the sexually transmitted disease

gonorrhea, threatening global health (1). Each year, 87 million

people are estimated to be infected with N. gonorrhoeae globally (2),

with the infection leading mainly to urethritis in men and cervicitis

in women. In women, untreated infections may result in pelvic

inflammatory diseases and infertility (3). Additionally, gonorrhea

increases the risk of contracting and transmitting the human

immunodeficiency virus (4). N. gonorrhoeae has been reported to

be resistant to all antimicrobials recommended for gonorrhea

treatment (5). Extensively drug-resistant strains of N. gonorrhoeae

with high levels of resistance to ceftriaxone and azithromycin have

been developed in the United Kingdom and Australia (6, 7). The N.

gonorrhoeae FC428 strain, which is resistant to first-line therapeutic

agents such as ceftriaxone and azithromycin, has spread worldwide

(8). Thus, the World Health Organization has identified drug-

resistant N. gonorrhoeae as an urgent threat to public health (9).

As treatment failure due to antibiotic resistance is common, an

effective vaccine is required to prevent and treat gonorrhea (1).

Since the 1970s, the protective efficacy of several N. gonorrhoeae

vaccines have been explored in clinical trials, including a partially

inactivated whole-cell vaccine, a gonococcal pilus vaccine, and a

gonococcal outer membrane (OM) vaccine enriched in gonococcal

porin. However, none of these vaccines have been successful. In

recent years, novel strategies, such as reverse vaccinology (10),

“omics”, and bioinformatics have been employed to discover N.

gonorrhoeae vaccine antigens. As a result, N. gonorrhoeae candidate

vaccine antigens have been evaluated in preclinical settings,

including the gonococcal lipooligosaccharide epitope 2C7 (11)

and some surface membrane proteins (1). For example, MetQ,

the methionine-binding component of an ATP-binding cassette

transporter system, is a highly conserved lipoprotein in different

strains of N. gonorrhoeae (12–14). In addition to its function in

methionine transportation, MetQ also affects N. gonorrhoeae

adhesion to epithelial cells, invasion, and survival in primary

monocytes, macrophages, and human serum (15). The rMetQ-

CpG vaccine significantly accelerates the clearance rate of

gonococcal infections in immunized mice and reduces the

bacterial load (16). Recent studies have reported that serum group

B N. menigitidis OM vesicle (OMV) vaccines, including MeNZB,

4CMenB, MenVA-MENGOC-BC, and MenBvac, elicit moderate

cross-protection against N. gonorrhoeae (1, 17, 18), which has

reignited interest in N. gonorrhoeae multivalent OMV vaccines. A

gonococcal vaccine composed of OMVs and microencapsulating

IL-12 elicits Th1-driven immunity, generates both circulating and

local antibodies in the genital tract, and confers resistance to vaginal

gonococcal infections upon intravaginal immunization (19).

Additionally, the nasal immunization route likewise elicits

immune responses in the genital tract and confers resistance to

vaginal infection with multiple N. gonorrhoeae strains (20).

However, OMVs are derived from the bacterial OM and contain

a variety of protein components, which are highly variable during

production and expensive to extract (21). Increasing vaccine

coverage through co-vaccination with multiple key surface

antigens to minimize the likelihood of immune escape and the
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selection of resistant mutants may be effective for developing an

efficient gonorrhea vaccine (22). Gulati et al. showed that a chimeric

molecule comprising NGO0265 and FtsN adjuvanted with GLA-SE

elicits an IgG response with broad anti-gonococcal bactericidal

activity and attenuates gonococcal colonization in a complement-

dependent manner (23). In addition, Zhu et al. found that the

killing ability of anti-NGO0690 and anti-NGO1701 mixed serum

against N. gonorrhoeae F62 strain was significantly improved

compared with a single serum, with an additive effect (24). They

further constructed a trivalent vaccine consisting of recombinant

proteins NGO0690, NGO0948, and NGO1701 that strongly

induced serum bactericidal antibodies against several N.

gonorrhoeae strains (22). Consequently, multivalent vaccines may

be a promising research direction for gonorrhea prevention.

The adhesion and penetration protein (App), an autotransporter

with serine protease activity inN. gonorrhoeae, is a conserved virulence

factor localized on the bacterial surface and involved in bacterial

adhesion, invasion and colonization (14, 25). Our previous study

suggested that, within the intranasal mucosa, the passenger domain

of the App protein is immunoprotected against gonococcal infections

(26). Neisserial heparin binding antigen (NHBA) is a surface-exposed

lipoprotein that binds to heparin and heparan sulfate proteoglycans on

the surface of host epithelial cells (27). Recombinant NHBA is highly

immunogenic, and antibodies against NHBA mediate the killing of

gonococci through serum bactericidal and opsonophagocytic activities.

These antibodies also prevent the functional activity of NHBA by

reducing heparin binding and adherence to cervical and urethral

epithelial cells (28). Since research on gonococcal multivalent

recombinant vaccines remains in its infancy, it is essential to explore

and optimize more antigen combinations. Based on the important

roles of MetQ, App, and NHBA in the adhesion and invasion of N.

gonorrhoeae, this study aimed to explore the protective effects of these

three protein combinations against gonorrhea.

N. gonorrhoeae usually colonizes the genitourinary system (3).

However, most current gonorrhoeae vaccines are systemic and do

not elicit mucosal immunity to effectively prevent or reduce

transmission (29, 30). Therefore, in the present study, we

evaluated the in vivo immune response and protection against

gonococcal infections induced by a trivalent combined-protein

vaccine consisting of the App passenger domain, NHBA, and

MetQ proteins in combination with the mucosal adjuvant cholera

toxin B subunit (CTB), delivered via nasal immunization. Our

findings provide a foundation for developing multivalent vaccines

and for further characterization of these antigens.
2 Materials and methods

2.1 Bacterial strains and growth conditions

N. gonorrhoeae standard strains FA1090 (ATCC700825) and

FA19 (BAA-1838) and two N. gonorrhoeae strains from clinical

isolates (Department of Medical Laboratory, Affiliated Hospital of

Zunyi Medical University) were plated overnight on gonococcal

base (GCB) agar (Oxoid, Basingstoke, UK) at 37°C with 5% CO2. To

obtain sialylation of N. gonorrhoeae, a final concentration of 50 mg/
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mL CMP-N-acetylneuraminic acid (CMP-NANA) (Sigma) was

added to gonococcal base liquid (GCBL) medium and grown at

37°C for 18 h in an atmosphere of 5% (v/v) CO2 (30, 31). In some

experiments, bacteria grown for 18–24 h were resuspended in

phosphate-buffered saline (PBS) using a Sensititre nephelometer

to prepare the corresponding bacterial suspensions.
2.2 Vaccine design and construction

Sequences of the App passenger domain (ngo2105), NHBA

protein (ngo1958), and MetQ protein (ngo2139) were obtained

from the NCBI database (GenBank: NC_002946.2). Genes

encoding the passenger domain (43–1190 aa), NHBA protein (1–

429 aa), and MetQ protein (23–288 aa) fragments were amplified

from N. gonorrhoeae FA1090 through polymerase chain reaction

using the primers listed in Supplementary Table S1. The above gene

fragments were amplified and cloned into the pCold-TF vector

(plasmid map is shown in Supplementary Figure S1) to obtain

template plasmids pCold-TF-passenger, pCold-TF-nhba, and

pCold-TF-metQ.
2.3 Expression and purification of
target proteins

The pCold-TF-passenger, pCold-TF-nhba, and pCold-TF-metQ,

and pCold-TF plasmids were transformed into E. coli BL21 (DE3) cells

using heat shock. Bacterial strains transformed with recombinant

plasmids were cultured on Luria–Bertani agar plates supplemented

with ampicillin (100 µg/mL) and then incubated at 37°C for 12–15 h.

A single colony was inoculated into Luria–Bertani broth

supplemented with ampicillin in a conical flask and then incubated

at 37°C for 12–15 h with shaking at 250 rpm. When the bacterial

culture reached an optical density of 0.60 at 600 nm (OD600), 0.05 mM

isopropyl beta-D-thiogalactoside was added to induce recombinant

protein expression, which continued for 10 h at 15°C. Recombinant

proteins were purified using a Ni2+-nitrilotriacetic acid column, and

imidazole was removed. Lipopolysaccharide was removed from the

recombinant protein preparations using an EtEraser™ Endotoxin

Removal Kit (Xiamen Bioendo Technology Co. Ltd, Xiamen, China).

After the recombinant protein was treated with endotoxin removal,

LPS content in the recombinant protein was detected using a gram-

negative lipopolysaccharide detection kit (Xinuo Biopharmaceutical

Co, LTD, Tianjin, China), which was lower than 0.5 EU/mL. Protein

purity was analyzed via 10% sodium dodecyl sulfate-polyacrylamide

gel electrophoresis (SDS-PAGE) and Coomassie Blue Fast staining

(Epizyme, China). The protein concentration was determined using a

BCA kit (Solarbio, Beijing, China), followed by storage at −80°C

until use.
2.4 Immunization of mice

Female BALB/c mice (6–8 weeks old) of specific-pathogen-free

(SPF) grade were purchased from the Experimental Animal Center
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of Zunyi Medical University (Zunyi, China). The mice (n = 6) were

randomly divided into six groups: App + CTB, NHBA + CTB,

MetQ + CTB, App + NHBA +MetQ (trivalent + CTB), pCold-TF +

CTB, and PBS + CTB. Mice were immunized intranasally on days 0,

14, 28, and 42 (32). Then, 10 µg of App, NHBA, MetQ, or pCold-TF

protein or 10 µg each of App, NHBA, MetQ, or their mixture (App

+ NHBA + MetQ) were suspended in 20 mL of PBS and mixed with

10 mg of CTB adjuvant (Absin, Shanghai, China) to a total volume

of 30 mL for mouse immunization. Tail vein blood was collected

from the mice 1 week after each vaccination, and vaginal secretions

were collected on days 35 and 49. For vaginal secretions, 50 mL of

sterile PBS was aspirated into the posterior vaginal fornix three to

five times, repeated twice, and the fluids were combined. Finally,

after centrifugation, the supernatants of the serum and vaginal

secretions were stored at −80°C until further analysis.
2.5 Native target protein expression in
different N. gonorrhoeae strains

N. gonorrhoeae FA1090, FA19, and the two clinical strains were

inoculated on GCB plates and incubated at 37°C for 24 h. Colonies

were picked and placed in PBS and adjusted to 0.5 McFarland units.

The bacterial precipitates were washed with PBS and added to 1×

loading buffer, then boiling at 100°C for 15 min. Bacterial lysates were

separated via SDS-PAGE and transferred to polyvinylidene fluoride

membranes. The expression of App passenger, NHBA, and MetQ in

different N. gonorrhoeae strains were analyzed through

immunoblotting using App, NHBA, or MetQ antisera as the

primary antibodies (1:2,000) and horseradish peroxidase-labelled

goat anti-mouse IgG (ZSGB-Bio, China) as the secondary antibody

(1:5,000). Finally, a high-sensitivity chemiluminescent substrate

detection kit (Epizyme, Cambridge, MA, USA) was used to analyze

App, NHBA, andMetQ expression in differentN. gonorrhoeae strains.
2.6 Mouse antibody titers and
antibody typing

Antibody titers in serum and vaginal secretions were assessed

using enzyme-linked immunosorbent assays (ELISAs). Nunc-

Immuno plates were coated with purified antigen (96 wells of

purified antigen for App, NHBA, MetQ, or pCold-TF at 10 mg/
mL), incubated overnight at 4°C, and washed with PBS-T (PBS

containing 0.1% Tween 20). Antisera from the immunized groups

were diluted with blocking buffer (100 mL/well) and incubated at 37°
C for 1 h in the wells. The plates were then washed three times with

PBS-T. Horseradish-peroxidase-labelled goat anti-mouse IgG,

IgG1, IgG2a, IgG2b, IgG3, and IgA were diluted at 1:5,000 and

added to the plates, which were left to stand for 1 h at 37°C. The

plates were washed three times, and a 3,3’,5,5’-tetramethylbenzidine

solution (Solarbio) was added for 30 min for color development.

The reaction was terminated by adding a termination solution

(Solarbio). Absorbance was recorded at 450 nm, and the antibody

titer was defined as the highest dilution of the sample with an

absorbance value 2.1 times that of the negative control.
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2.7 Serum bactericidal activity

For the serum bactericidal assay (SBA) (33), N. gonorrhoeae

FA1090 and FA19 were inoculated into GCB plates and incubated

for 18–24 h at 37°C with 5% CO2. To obtain sialylation of N.

gonorrhoeae strain FA1090 was cultured in GCBL medium

(containing 50 mg/mL CMP-NANA) in 5% (v/v) CO2 at 37°C for

18 h. The number of selected colonies was adjusted to 4 × 104 colony-

forming units (CFU)/45 mL. Then, 45 mL of heat-inactivated antisera

at different dilution titers (mixture of three mouse sera samples) was

added, and the plates were incubated at 37°C with 5% CO2 for 15 min.

Thereafter, 25% human serum was added as a complement source,

followed by incubation at 37°C, 5% CO2 for 30 min. The entire

reaction mixture was diluted and spread onto GCB plates, with the

CFU counted on the following day. The SBA bactericidal titers had the

highest antibody dilutions, which resulted in more than 50% N.

gonorrhoeae killing. The untreated group (0, without serum and

complement), the lowest dilution of PBS-immunized group

antiserum (PBS, with complement) and pCold-TF-immunized

group antiserum (pCold-TF, with complement) were set as controls.

The bacterial survival rate of the untreated group (0, without serum

and complement) was set to 100%, and the bacterial survival rate of

each group was calculated by the number of colonies in each serum

group/number of colonies in the untreated group ×100%.
2.8 Antibody adherence inhibition assay

As described previously (26), an antibody-mediated adhesion

inhibition assay was performed using human cervical cancer

epithelial cells (ME-180, ATCC HTB33, Fenghui Biotechnology Co,

Ltd, Hunan, China). ME-180 cells were cultured in RPMI 1640 with

10% fetal bovine serum for 24 h to form a monolayer of fused cells in

24-well tissue culture plates. Bacterial suspensions were prepared by

inoculating N. gonorrhoeae FA1090 onto GCB plates and incubating

overnight. Colonies with pili were then selected. The bacteria were

pre-incubated with heat-inactivated antiserum in RPMI 1640

medium (HyClone, Logan, UT, USA) for 30 min at 37°C. ME-180

cells were washed three times with PBS, and the antiserum-pre-

treated bacterial suspension was added at a multiplicity of infection of

10:1 to the ME-180 cells. This was followed by co-incubation at 37°C

and 5% CO2 for 3 h. To remove the non-adherent bacteria, we

washed the solution three times with PBS. The ME-180 cells were

lysed with 1% saponin. The lysates were serially diluted and plated on

GCB plates to determine the bacterial number of CFU. Adhesion

rates were calculated as the ratio of the number of CFU that adhered

to the cells to the initial number of CFU.
2.9 Whole-cell ELISA

Whole-cell ELISA experiments were carried out as described (15).

The ELISA was conducted using 96-well MaxiSorp plates (Nunc)

coated with N. gonorrhoeae FA1090 strains (1×107 CFU). After

coating, the plates were washed with PBS and blocked with PBS

containing 1% bovine serum albumin (BSA) for 1 hour. Following
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blocking, the plates were incubated with antibody (diluted 1:1,000) for

1 hour at 37°C, 5% CO2. After washing three times with PBS, the

plates were incubated with a secondary antibody (HRP-conjugated

anti-mouse, diluted 1:2,000) for 1 hour. After additional washes, the

plates were developed using tetramethylbenzidine (TMB) solution

(Solarbio). The reaction was terminated by adding 1 volume of 1 M

HCl. Absorbance was measured at 450 nm using a Victor3 plate

reader. Relative binding capacity was calculated as A450sialylation/

A450non-sialylation for each antiserum.
2.10 Assay of cytokine levels

One week after the last immunization, three mice were

randomly selected from each group. Mouse spleens were crushed

and resuspended through filtration in RPMI 1640 to prepare

splenocyte suspensions that were supplemented with 10% fetal

bovine serum, 10 kU/mL penicillin, 10 mg/mL streptomycin, and

25 mg/mL amphotericin B. The suspension was incubated at room

temperature for 24 h. The cells were added to 24-well cell culture

plates (1 mL/well) at 5 × 106 cells/mL. Finally, splenocytes from

immunocompetent mice were stimulated by adding 10 mg of

purified App, NHBA, MetQ, App + NHBA + MetQ (Trivalent),

or pCold-TF proteins to PBS and cultured for 72 h at 37°C and 5%

CO2. The culture medium supernatant was collected, and the levels

of IL-17A and IFN-g were determined using cytokine assay kits

(Proteintech, Rosemont, IL, USA).
2.11 Mouse immunity and challenge studies

SPF-grade female BALB/c mice aged 6 to 8 weeks (Experimental

Animal Centre, Zunyi Medical University) were randomly divided

into the following six groups (n = 6): App, NHBA, MetQ, App +

NHBA + MetQ (Trivalent), pCold-TF, and PBS. Mice were

vaccinated via intranasal inoculation on days 0, 14, 28, and 42.

The vaccine contained 10 mg of antigen and 10 mg of CTB (CTB

adjuvant:antigen = 1:1; total volume 30 mL). After the final

immunization, pro-estrus mice were administered subcutaneous

injections of 0.5 mg of sesame-oil-soluble estradiol on days −2, 0

(day of bacterial challenge), and +2 to increase their susceptibility.

Mice were treated with antibiotics to prevent the overgrowth of

commensal flora. FA1090 (1 × 108 CFU/mL) was prepared, and

mice were infected with 20 mL of this solution to achieve an infective
dose of approximately 2 × 106 CFU/mouse. Each group of mice was

vaginally inoculated with vaginal secretions (vaginal rinse with 50

mL of normal saline, repeated twice), which were collected daily to

dilute the smear for colony counting and observe the clearance of N.

gonorrhoeae colonization.
2.12 Statistical analysis

Comparisons between two independent groups were performed

using the Student’s t-test. Antibody titers were analyzed using

Šıd́ák’s multiple comparison test. Kaplan–Meier plots were used
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to analyze the time needed for infection clearance. The log-rank

(Mantel–Cox) test was used to compare the Kaplan–Meier curves of

the groups. The AUC comparisons should be made by One-way

ANOVA and Dunn’s multiple comparisons test.
3 Results

3.1 Preparation and characterization of the
trivalent vaccine

To construct the trivalent vaccine, we used the App protein

passenger domain, full-length NHBA, and truncated MetQ with the

signal peptide region removed as vaccine components (Figure 1A).

These components were expressed in E. coli BL21 with the tag

protein “trigger factor” in the pCold-TF vector, resulting in pure

bands of the target proteins at relative molecular masses of 180, 130,

90, and 55 kDa, respectively (Figure 1B). Polyclonal antibodies were

prepared by immunizing mice with the three tagged recombinant

proteins. Western blotting showed that the polyclonal antibodies

specifically recognized natively expressed App, NHBA, and MetQ

in two laboratory strains, FA1090 and FA19, as well as in randomly

selected clinical isolates (Figure 1C). The genetic sequences of 100

strains of N. gonorrhoeae showed 99.93% 96.37%, and 99.88%

conservation of app, nhba and metQ genes, respectively

(Supplementary Tables S2–S4), suggesting that App, NHBA, and

MetQ are conserved among different strains.
3.2 Circulating and genital
antibody responses

Mice were immunized with tagged recombinant proteins

intranasally on days 0, 14, 28, and 35, with serum and vaginal

secretions collected to determine antibody titers 1 week after each
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immunization (Figure 2A). Overall, mice immunized with the

trivalent vaccine tended to exhibit stronger circulating IgG and

IgA antibody responses than those immunized with the monovalent

vaccine (Figures 2B–G). Both IgG and IgA antibodies were

significantly induced in vaginal washes (Figures 3A–F). Except for

anti-NHBA IgG, the trivalent vaccine group had significantly higher

IgG and IgA antibody titers in the vaginal washes after the fourth

immunization than those in the monovalent vaccine group.
3.3 Th1, Th2, and Th17 immune responses

The IgG isotype indirectly reflects changes in the Th1/Th2

balance (26). In mice, Th1-type cytokines induce lgG2a, whereas

Th2-type cytokines induce lgG1 antibody production. After the

final immunization, higher titers of each IgG isotype were observed

in the trivalent vaccine group than in the monovalent vaccine group

(Figures 4A–C). All groups generated high titers of IgG1 antibody

responses (IgG1 > IgG2b > IgG2a > IgG3) and had IgG1/IgG2a

ratios > 1. These results suggest that mice in all groups exhibited a

bias toward Th2-type humoral immune responses. The IFN-g and
IL-17A levels were significantly higher in spleen leukocyte

supernatants from trivalent vaccine-, App-, NHBA-, and MetQ-

immunized mice compared to those in control mice (Figures 4D, E).

IL-17A levels were significantly higher in the trivalent vaccine group

than in the monovalent vaccine group. These results suggested that

the trivalent vaccine elicited strong Th1, Th2, and Th17

immune responses.
3.4 Bactericidal activity against diverse
gonococcal strains

To further investigate the putative protective immune

responses, we characterized the functions of antibodies elicited by
FIGURE 1

Expression and identification of trivalent vaccine component proteins. (A) Schematic of the protein domains. To generate rApp passenger antigen,
which lacks the signal peptide (SP) and b domain, we engineered a partial passenger domain (43–1190 aa). To generate rNHBA antigen, the
lipoprotein signal peptide (LSP)-containing nhba gene was engineered to produce a full-length NHBA recombinant protein. To generate rMetQ
antigen, the metQ gene, encoding a full-length MetQ protein, was engineered to produce a recombinant protein that lacks the LSP. (B)
Recombinant proteins were separated using 7.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Lane M: Marker, lane 1: App passenger
domain, lane 2: full-length NHBA protein, lane 3: truncated MetQ protein, lane 4: pCold-TF-tagged protein. These recombinant proteins were
expressed as a fusion that comprised Trigger factor plus three peptides that contained cleavage sites for HRV3C protease, Thrombin, and Factor Xa.
(C) Western blotting analysis of App, NHBA, and MetQ protein expression in different gonococcal strains using antibodies generated against the
recombinant proteins.
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the trivalent vaccines. We evaluated the bactericidal efficacy of

antisera from various immunization groups against three strains,

including homologous N. gonorrhoeae FA1090 and heterologous

FA19. SBA showed that the antiserum from the trivalent vaccine

group had stronger bactericidal activity against the three strains

than that of the NHBA and MetQ groups, with bactericidal activity

range of 100–800 dilution titers (Figures 5A, B and Supplementary

Figure S2). To examine whether sialylation has an effect on
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bactericidal activity, we cultured strain FA1090 in the presence of

CMP-NANA and tested the bactericidal activity of antiserum

against both sialylated and non-sialylated gonococci. The results

showed that the bactericidal efficiency of several antisera against

sialylated gonococci was lower than that of non-sialylated

gonococci (Figure 5C). We investigated whether sialylation

affected the binding of antiserum to N. gonorrhoeae FA1090 by

whole bacteria ELISA. The results showed no significant differences
FIGURE 3

Comparison of vaginal antibody responses after nasal immunization in mice. On days 35 and 49 post-immunization, anti-App, anti-NHBA, anti-MetQ
IgG (A–C), and IgA (D–F) antibody titers in vaginal wash fluid from each group were determined using ELISAs. Data are presented as the mean ±
SEM, n = 6, compared to the monovalent group (Šıd́ák’s multiple comparisons test), ns, non-significant, P > 0.05; **P ≤ 0.01; ***P ≤ 0.001.
FIGURE 2

Comparison of serum antibody responses to nasal immunization in mice. (A) Timeline of mouse immunity. (B–D) On days 7, 21, 35, and 49 post-
immunization, the serum titers of anti-App, anti-NHBA, and anti-MetQ IgG antibodies in each group were determined using enzyme-linked
immunosorbent assay (ELISA). (E–G) On days 35 and 49 of immunization, anti-App, anti-NHBA, and anti-MetQ IgA serum antibody titers were
determined using ELISAs. Data are presented as the mean ± standard error of the mean (SEM), n = 6, compared to the monovalent group (Šıd́ák’s
multiple comparisons test), ns: non-significant, P > 0.05; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001.
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FIGURE 5

Analysis of antisera for bactericidal activity against N. gonorrhoeae strains FA1090 andFA19. For the serum bactericidal experiment, heat-inactivated
sera of different dilutions from each immune group were co-incubated with strains FA1090 (A) and FA19 (B). (C) Bactericidal effect of antiserum on
sialylated and non-sialylated N. gonorrhoeae FA1090 strains. (D) Whole-cell ELISA of sialylated and non-sialylated N. gonorrhoeae FA1090 strains.
Data are shown as mean ± standard deviation (n ≥ 3), some with identical results, so there were no Error bars. ns, non-significant, P > 0.05; *P ≤

0.05; ***P ≤ 0.001; ****P ≤ 0.0001.
FIGURE 4

Serum antibody subtype and spleen cytokine analysis. (A–C) Antigen-specific IgG1, IgG2a, IgG2b, and IgG3 titers in serum were analyzed on days 39
and 49 post-immunization, and the IgG1/IgG2a ratio was calculated using antibody titer data from day 49 post-immunization (n = 6). (D, E) On day
49 post-immunization, three mice in each group were randomly selected for the isolation of splenocytes, which were stimulated with 10 mg of the
corresponding recombinant proteins for 72 h, whereafter the supernatant was analyzed for IL-17A and IFN-g levels. Data are presented as the mean
± SEM, compared to the monovalent group (unpaired Student’s t-test), *P ≤ 0.05, **P ≤ 0.01.
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in the binding ability of the different antisera to sialylated and non-

salialylated gonococci (Figure 5D).
3.5 Gonococcal adhesion to ME-180 cells

The adhesion of gonococci to epithelial cells is a key mechanism

in the establishment of infection (34). Therefore, adhesion

experiments were performed on ME-180 cells with strain FA1090

in the presence of antiserum. Our results showed that the antisera

from each immunized group inhibited the adhesion of gonococci to

ME-180 cells in a concentration-dependent manner (Figure 6).When

the antisera of the App, NHBA, and MetQ groups were diluted to

1:80, gonococcal adhesion was reduced by 36.76% (P < 0.001), 31.37%

(P < 0.0001), and 38.74% (P < 0.01), respectively, whereas the antisera

of the trivalent vaccine group reduced gonococcal adhesion by

60.22% at this dilution (P < 0.0001). These results showed that the

antiserum from the trivalent vaccine group inhibited the gonococcal

adhesion rate to a significantly greater extent than antisera from the

monovalent vaccine groups.
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3.6 Clearance of N. gonorrhoeae in the
vaginal tract

The efficacy of the trivalent and monovalent vaccines was tested

in a mouse model of vaginal gonococcal infection by assessing the

daily bacterial loads in vaginal washes and the time to clearance of

the infection. There was no significant difference in the number of

colonized bacteria between the PBS and pCold-TF controls,

whereas the number of colonized bacteria in the monovalent

vaccine group was lower than that in the control group

(Figure 7A). Importantly, the number of colonized bacteria was

significantly less in the trivalent vaccine group than in the

monovalent vaccine group (Figure 7A). The area under the curve

(AUC) was significantly lower in the trivalent vaccine group than in

the pCold-TF group (Figure 7B). Although the AUC of the trivalent

vaccine group exhibited a downward tendency when compared

with the App, NHBA, and MetQ groups, no statistically significant

difference was observed. In terms of the time to infection clearance,

mice in the monovalent vaccine group were completely cleared of

gonococcal infection on day 9, while for those in the PBS and
FIGURE 6

Analysis of the adhesion inhibition effect of antiserum on gonorrhea. FA1090 was pre-incubated with heat-inactivated antiserum of different
dilutions in each group for 30 min and then co-incubated with ME-180 cells for 3 h. Antisera from the heat-inactivated PBS and pCold-TF groups
were used as controls. The dilution of the PBS and pCold-TF control sera was the lowest dilution of the corresponding experimental group sera. The
adhesion rate of N. gonorrhoeae in each group was calculated and compared with that in the untreated group (0, 100%). Data are presented as the
mean ± SEM (n = 3). ns, non-significant, P > 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001 (unpaired Student’s t-test).
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pCold-TF control groups, clearance was achieved on day 10 (P <

0.01, Figure 7C). Mice in the trivalent vaccine group were

completely cleared of gonococcal infection on day 8, which was

significantly faster than clearance in the NHBA and MetQ groups

(P < 0.01), but not significantly different from that in the App group

(P = 0.0548, Figure 7C). Overall, these results suggest that the

trivalent vaccine is somewhat better than the monovalent vaccine in

protecting mice against gonococcal infections of the genital tract.
4 Discussion

The widespread emergence of antibiotic resistance in N.

gonorrhoeae poses considerable challenges for the treatment of

gonorrhea, with the demand for an effective vaccine becoming

increasingly urgent (35). At present, gonorrhea vaccine development

is at the level of antigen discovery and the validation of protective

immune responses (36, 37). However, given the extensive antigenic

variability of N. gonorrhoeae, it may be difficult to achieve satisfactory

protection using a monovalent vaccine (21, 22). Multivalent vaccines

against bacterial and viral pathogens, and even cancer, may provide

broader and potentially stronger protection than monovalent vaccines,

and targeting multiple epitopes in antigens can also increase strain

coverage (38–40). However, multicomponent gonococcal vaccines are

relatively understudied (16, 28).

OMV vaccines are multicomponent vaccines (41) that mainly

comprise bacterial OM components, which contain key antigens

required to induce protective immune responses (42). The OMV-

based MeNZB and 4CMenB vaccines can prevent Neisseria

meningitidis infection (43, 44). N. meningitidis and N. gonorrhoeae

share high genomic homology, with the MeNZB and 4CMenB

vaccines being cross-protective against gonorrhea (45, 46). Thus,

multivalent vaccines hold promise for protecting against gonorrhea.

In the present study, three antigens were found to be highly

conserved among N. gonorrhoeae strains. The trivalent vaccine

elicited earlier and higher circulating and vaginal IgG and IgA

antibody titers than the monovalent vaccine, suggesting stronger

immune activation. Serum bactericidal activities reflect immune

function (33). Our results showed that antisera from the trivalent
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vaccine group were able to kill homologous and heterologous N.

gonorrhoeae strains. However, the bactericidal activities of antisera

from trivalent and monovalent vaccine groups differed against

different strains (28). This may be caused by the different

sensitivities of strains to complement, as well as by possible

differences in antigen expression among strains. The bactericidal

activities of antisera from the trivalent vaccine group were higher

than those of NHBA and MetQ antisera but similar to those of the

App group antiserum. Antisera from the trivalent vaccine group did

not show additive or synergistic effects on bactericidal activities. A

similar phenomenon was observed in the study of Menon et al.,

when Pfs25 was administered together with Pfs28 or Pfs230C as a

mixed-malaria vaccine antigen. The antibody response of each

antigen in the mixed vaccine was similar to that of the

monovalent vaccine (47). However, the mixed-antigen vaccine did

not show a cumulative effect of the two antigens in reducing malaria

transmission. In multivalent vaccines, and possibly even in OMV

vaccines, when increasing the number of antigens, the possibility of

antagonism between antibodies should be considered, as this can

diminish the protective effects. For example, the reduction

modifiable protein (Rmp) antibody has been shown to suppress

the bactericidal activity of other antibodies (48). Therefore, it is

necessary to optimize and screen the antigen combinations in

subsequent research of multivalent vaccines to obtain the best

protective effect and ensure no interference between antibodies.

In addition, since the majority ofN. gonorrhoeae strains exist in vivo

as sialylated bacteria and the salivated N. gonorrhoeae develops

resistance to the bactericidal activity of normal human serum (30,

49), which may be related to the addition of sialic acid residues that

block the binding of anti-LOS antibodies present in normal human

serum to bacteria. Salivated gonococci have also been found to be

resistant to bactericidal effects of immune sera in addition to LOS

(50). Our results show that sialylated gonococci are able to resist

killing by several antisera to a certain extent, but sialylation did not

affect the binding of antisera to bacteria. Wetzler et al. also found no

difference in the binding of anti-PI monoclonal antibodies against

surface exposed cyclic epitopes to sialylated and non-sialylated N.

gonorrhoeae (50). Therefore, we speculate that the attenuation of

antiserum bactericidal activity by sialylation may have affected the
FIGURE 7

Resistance of each immune group to gonococcal FA1090 infection in the mouse vaginal colonization model. One week after the fourth
immunization, pre-estrous mice (n = 6/group) were infected with 2 × 106 colony-forming units (CFU) of the gonococcal FA1090 strain through the
vagina, and vaginal secretions were collected every day to count the gonococcal colony number. (A) The calculated log10 of CFU per day and plot
of the relationship with time. (B) Graph displaying the individual area under the curve (AUC) for the daily CFU counts from the colonized mice. (C)
Graph displaying the removal time curve of gonorrhoeae for each group. Data are presented as the mean ± SEM compared with the monovalent
group. Kaplan–Meier curves were analyzed using the Mantel-Cox log-rank test, and AUCs were analyzed using One-way ANOVA and Dunn’s
multiple comparisons test, ns, non-significant, P > 0.05; *P ≤ 0.05; **P ≤ 0.01.
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activation of the complement pathway. LOS sialylation is thought to

potentially interfere with the ability of Ab to bind C1q (51). Sialic

acids present on glycolipids or bacterial capsules can inhibit the

complement cascade (52, 53), the bactericidal effect of anti-

gonococcal antibodies is dependent on the complement cascade,

and LOS sialylation may have an impact on their bactericidal effect.

Moreover, sialylation of gonococcal LOS enhances factor H

binding, thereby inhibiting alternative pathways (31, 51). LOS

sialylation also inhibited the binding of serum mannose-binding

lectin (MBL) to N. gonorrhoeae, thereby inhibiting the MBL

pathway (51, 54). However, the complement can only be activated

when N. gonorrhoeae is co-incubated with purified MBL-MASP

prior to serum addition; MBL is not involved in complement

activation of N. gonorrhoeae in the presence of complete serum

containing C1-inhibitor and a2-macroglobulin (55). In this study,

we used complete serum as a complement source, so the role of the

MBL pathway may be limited.

Adhesion to host cells is a key link between bacterial colonization,

subsequent invasion, and infection (56). The colonization ability of

bacteria largely depends on their resistance mechanisms to host

mechanical and immune clearance (57). Therefore, bacterial

adherence inhibition should be a goal when developing vaccines

(58). For example, anti-NanAT1-TufT1-PlyD4 antisera can inhibit

the adhesion of Streptococcus pneumoniae to A549 cells, and in vivo

experiments have shown that it reduces S. pneumoniae colonization

in the lungs (38). We found that when approximately 5 × 104 N.

gonorrhoeae cells were added to a monolayer of ME-180 cells in the

presence of antiserum, the trivalent vaccine antiserum inhibited

gonococcal adhesion to ME-180 cells significantly better than the

monovalent vaccine antiserum. The bacterial dose was close to the

estimated infective dose of N. gonorrhoeae in humans. Our results

showed that the vaccine effectiveness for clearing gonococcal

infections in animal experiments was in agreement with the results

of in vitro antibody adhesion inhibition assays compared to those of

bactericidal assays. This suggests that vaccine-induced antibodies can

reduce the initial level of gonococcal colonization in the host.

T helper (Th) cells play a key role in gonococcal infections (59).

In the present study, antibody subtype analysis suggested that the

trivalent vaccine significantly induced lgG1-type antibody

responses, suggesting the indirect induction of a Th2-type

immune response bias, which may be related to the CTB adjuvant

used. The use of a CTB adjuvant induces a Th2-type response bias

(60, 61). Splenocyte cytokine analysis revealed that splenocytes in

the trivalent vaccine group secreted significantly more IFN-g and

IL-17A, suggesting the activation of Th1 and Th17 cellular immune

responses. The clearance of N. gonorrhoeae is associated with Th1

and Th17 responses. Blocking IL-17 leads to prolonged gonorrhea,

indicating that the Th17 response is involved in N. gonorrhoeae

clearance (62). Gonococcal infection experiments in IL-12-

knockout (Th1-deficient) mice have revealed that accelerated N.

gonorrhoeae clearance is Th1-dependent (19). An effective

gonorrhea vaccine should, therefore, induce a Th1 polarization

response in the genital tract of mice, which may confer greater

protection (29). However, the Th17 response is less protective

against gonococci than the Th1 response, which does not produce

protective immunity (63). Song et al. screened several adjuvant
Frontiers in Immunology 1043
types to identify the optimal Th1-polarizing adjuvant, CpG1826,

which triggered a strong Th1-polarizing antigen-specific immune

response and provided excellent protection against gonococcal

infection in a mouse model of vaginal infection (29). Therefore, it

is necessary to screen and optimize adjuvants in subsequent studies

to better activate the Th1 polarization response against gonorrhea.

In conclusion, the trivalent vaccine was highly immunogenic

and broadly protective compared to monovalent vaccines, with the

trivalent-vaccine-specific antiserum inhibiting N. gonorrhoeae

adhesion to ME-180 cells and effectively clearing N. gonorrhoeae

from the genital tract of mice. There are some limitations of our

study. For example, although the monovalent and trivalent vaccines

induced a strong antibody response, they did not show a surprising

advantage in gonococcal infection clearance compared with

controls. The possible reason is that Th1-biased IgG2a and IgG2b

antibodies can activate complement more effectively than Th2-

biased IgG1 antibodies, thereby enhancing the bactericidal activity

of serum against N. gonorrhoeae (64). Hence, subsequent studies

should also be carried out to evaluate the protective effect of

multivalent vaccines using Th1-biased adjuvants.
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Phage-resistance alters Lipid
A reactogenicity: a new
strategy for LPS-based
conjugate vaccines
against Salmonella Rissen
Paola Cuomo1,2†, Chiara Medaglia3†, Angela Casillo4,
Antonio Gentile1,2, Carmine Fruggiero1, Maria Michela Corsaro4

and Rosanna Capparelli 1,2*

1Department of Agricultural Sciences, University of Naples Federico II, Portici, Italy, 2Task Force on
Microbiome Studies, University of Naples Federico II, Naples, Italy, 3Functional Genomics Research
Center, Fondazione Human Technopole, Milan, Italy, 4Department of Chemical Sciences, University of
Naples Federico II, Naples, Italy
Salmonella enterica serovar Rissen (S. Rissen) is an emerging causative agent of

foodborne diseases. The current emergence of antibiotic resistance makes

necessary alternative therapeutic strategies. In this study, we investigated the

potential of a phage-resistant strain of S. Rissen (RR) as a tool for developing an

effective lipopolysaccharide (LPS)-based vaccine. The LPS O-antigen is known to

play critical roles in protective immunity against Salmonella. However, the high

toxicity of the LPS lipid A moiety limits its use in vaccines. Here, we demonstrated

that the acquisition of bacteriophage resistance by S. Rissen leads to structural

modifications in the LPS structure. Using NMR and mass spectrometry, we

characterized the LPS from phage-resistant strains as a smooth variant bearing

under-acylated Lipid A portions (penta- and tetra-acylated forms). We then

combined RT-qPCR and NMR-based metabolomics to explore the effects of

phage resistance and LPS modification on bacterial fitness and virulence. Finally,

we conducted in vivo studies to determine whether lysogeny-induced

remodeling of LPS affects the host immune response. Results revealed that the

under-acylated variant of LPS from RR attenuates the inflammatory response in

BALB/c mice, while eliciting a specific antibody response that protects against S.

Rissen (RW) infection. In conclusion, our findings suggest that phage resistance,

through lipid A modification, may offer a novel strategy for reducing LPS toxicity,

highlighting its potential as a promising biological approach for developing LPS-

based vaccines against Salmonella infections.
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Introduction

Salmonellosis is a major enteric infection causing a high rate of

mortality worldwide every year (1, 2). The limited treatment

options due to antimicrobial resistance and the absence of an

effective prophylactic therapy, have contributed to increase the

annual morbidity and mortality, positioning salmonellosis as a

serious public health concern (3). In the last few years, S. Rissen

has emerged as a notable serovar causing salmonellosis in various

regions of the world (4), making the development of a successful

vaccine a pressing challenge.

To date, only three categories of vaccine are licensed for protection

against Salmonella infection, and specifically S. typhi (5). These are the

live attenuated vaccine Ty21a, a subunit vaccine based on the Vi

capsular polysaccharide (Vi CPS) and the Vi typhoid conjugate

vaccine (TCV) (6). Despite their different approaches, both Ty21a

and unconjugated Vi CPS vaccines have severe limitations. Neither

Ty21a nor unconjugated Vi CPS provide protection for young

children, and they offer limited efficacy in adults (7). Additionally,

Ty21a contains a mixture of antigens which makes difficult to

determine which specific antigen confers protection or increases the

risk of adverse effects (8). These difficulties have been successfully

overcome by TCV, which promises long-lasting immunity and

protection in infants while maintaining a favorable safety profile (9).

However, TCV also has a limitation as it confers protection only

against a selected subset of Salmonella species expressing the Vi

capsular polysaccharide. Consequently, the growing interest in

developing Salmonella vaccines has led to the exploration of

alternative vaccine strategies. Most of these strategies, including the

Generalized Modules for Membrane Antigens (GMMA), focus on

targeting the O-antigen of the lipopolysaccharide (LPS) (10, 11).

LPS, also known as endotoxin, is a glycolipid located in the outer

membrane of Gram-negative bacteria (12). It consists of a conserved

Lipid A, a core oligosaccharide and a variable O-polysaccharide (OPS)

(13). For many years, the polysaccharide component of LPS was

thought to lack antigenicity. This assumption was definitively

disproved by André Boivin, who demonstrated that isolated

polysaccharide moieties can act as haptens, retaining antigenic

properties without stimulating antibody production (14). Boivin also

showed that smooth bacteria, which possess a “complete antigen”,

composed of a complete OPS and Lipid A, stimulate robust immune

responses by activating the Toll-like receptor 4 (TLR4) and producing

polysaccharide-specific antibodies that neutralize pathogenic bacteria

(15). As a result, smooth LPS (sLPS) is a virulence factor and a valid

target for vaccine development, compared to rough LPS (rLPS) -

which lack OPS or contain only a single subunit (16).

sLPS has been proven to be particularly effective in preventing

infections caused by various Enterobacteriaceae, such as Klebsiella

pneumoniae, Shigella flexneri and Salmonella (17–19). However,

due to the diversity of O-antigens among Enterobacteria, sLPS is

expected to induce an immune response with restricted specificity.

Interestingly, the high similarity of surface molecules among

Salmonella strains makes sLPS an attractive candidate for

broader-spectrum vaccines capable of cross-reactive immunity

and protection against closely related Salmonella serotypes

sharing analogous O-antigen profiles (20). Despite this, the high
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toxicity of sLPS, due to Lipid A component, makes it challenging to

develop safe vaccines.

To address this concern and develop safe and immunogenic

vaccines, several approaches have been attempted. Among these,

genetic manipulation for silencing genes encoding acyl transferases,

such as msbB, htrB and pagP, has been the most successful (21, 22).

This results in mutant strains that - compared to the parent strain -

synthetize LPS molecules with different lengths or numbers of fatty

acyl chains in Lipid A, leading to attenuation of the LPS signaling

pathway and reduced LPS toxicity (23, 24).

In a previous study, we demonstrated that LPS from the

bacteriophage-resistant strain of S. Rissen (RR) induces a reduced

inflammatory response in vitro compared to the LPS produced by

the bacteriophage-sensitive strain of S. Rissen (RW) (25, 26), and

attributed this result to Lipid A modification.

The goal of the present study was to validate our hypothesis,

proposing bacteriophage-resistance as an alternative strategy to

traditional chemical, enzymatic, or genetic manipulations, to

obtain under-acylated variants of Lipid A, useful for producing

LPS-based vaccines.

Lysogenic phages play an influential role in shaping various

aspects of bacterial lifestyle, significantly contributing to both

micro- and macro-diversity observed within bacterial species (27).

Of note, prophage F1 has been found to introduce variability

between RR and RW strains. Unlike RW, the RR strain

demonstrated a propensity to spontaneously lose the phage F1

without generating phage particle. Yet, the acquisition of phage-

resistance has been found to supply the RR strain with additional

virulence factors (26). To realize the above transformations, the

phage F1 provides the host new genetic material which confers

several advantages (25).

Morons are prophage genes encoding proteins that enhance

bacterial fitness through different mechanisms (28). They can

increase bacterial virulence, promote resistance to environmental

stressors, and contribute to phage resistance via Superinfection

exclusion (Sie) proteins (25, 28). These proteins prevent further

infections by the same or closely related phages, inhibiting phage

genome entry into bacterial cell (29).

Salmonella phages use LPS to enter host cells and establish a

successful infection. Therefore, as part of the Sie mechanism,

Salmonella may acquire prophage genes that modify the LPS

structure (30).

Based on these considerations, we tested the potential of RR to

reduce the LPS reactogenicity through Lipid A modification,

proposing it as an alternative approach for developing LPS-based

vaccines against Salmonella infections. We found that the

acquisition of the phage-resistant phenotype induces metabolic

and physiological changes in RR, which alter the host-pathogen

interaction by remodeling the LPS acylation pattern. Furthermore,

we demonstrated that Lipid A modification in RR-LPS impairs the

TLR4 signaling, weakening the innate immune response while

mediating early protection in BALB/C mice infected with S. Rissen.

In conclusion, our findings offer a promising strategy for

developing effective LPS-based vaccine to prevent Salmonella

infection and may pave the way for the development of broad-

spectrum vaccines against other Gram-negative bacteria.
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Materials and methods

Ethics statement

All mouse experiments were carried out in accordance with the

guidelines for the Care and Use of Laboratory Animals of the

European Community (Legislative Decree n. 116/92). The Animal

Use Protocol (AUP, Number: 86/609/CEE) was approved by the

Committee on the Ethics of Animal Experiments of the University

of Naples and authorized from the Italian Ministry of Health.
Salmonella Rissen strains and
culture conditions

The bacteriophage-sensitive S. enterica ssp. enterica serovar

Rissen (RW) was isolated from food products and characterized

by Istituto Zooprofilattico Sperimentale del Mezzogiorno (Portici,

Naples, Italy), using standard conventional methods (31). The

bacteriophage-resistant S. Rissen (RR), instead, was obtained from

the RW strain following selection for resistance to phage Ф1, as

described by Papaianni et al. (25). Both RR and RW strains were

grown in Luria-Bertani (LB) medium (ThermoFisher Scientific,

Waltham, Massachusetts, USA) at 37°C, with shaking at 200 rpm.
Phage Ф1 isolation

As previously reported by Papaianni et al. (25), bacteriophage

Ф1 was isolated from the RW strain upon induction with mitomycin

C. Briefly, the overnight culture of the RW strain was inoculated in 5

mL of fresh LB medium (2 x 108 CFU/5 mL) containing 1 mg/mL

mitomycin C (Merck, Darmstadt, Germany) and incubated for 1

hour at 37°C with shaking. After incubation, the induced culture

was centrifugated at 5,700 x g for 10 minutes. The supernatant was

collected and stored at +4°C, while pellet was resuspended in 5 mL

of fresh LB medium and incubated for further 4 hours at 37°C with

shaking. After 4 hours, lysate was centrifugated again and the

supernatant collected. Supernatants from both the centrifugations

were pooled and filtered by 0.22 mm filters (Millipore, Darmstadt,

Germany) (25).

The enumeration of phage particles, expressed as plaques

forming colony (PFU/mL), was determined by performing the

Double Agar Layer (DAL) method (32). Plaques were re-isolated,

propagated and stored in SM buffer (NaCl 100 mM, Tris-HCl

50 mM, MgSO4 8 mM; pH 7.5) at + 4°C, or in liquid nitrogen with

DMSO 5% (v/v) to avoid loss of phage titer (33).
Bacteriophage-resistant and sensitive
Salmonella Rissen genome comparison

Genotyping differences between bacteriophage-resistant and

sensitive S. Rissen strains were explored using circular genome

visualization methods. Protein Basic Local Alignment Search Tool

(BLASTp) was used to match the sequence similarities between the
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SieB protein of Salmonella Typhimurium phage 22 (GenBank:

AF217253, Protein ID: AAF75022) and the Superinfection exclusion

protein of S. Rissen phage 29485 (Ф1, GenBank: KY709687, Protein

ID: ARB10858). Genome visualization of SieB gene in both S. Rissen

strains was performed using BLAST Ring Image Generator (BRIG)

software (34) (v0.95). Both RR and RW complete genome sequence

were reported by Papaianni et al. (25). S. Rissen phage 29485 was

selected as reference genome. The raw sequence data are available via

the European Nucleotide Archive (ENA; http://www.ebi.ac.uk/ena)

and are accessible through the accession number PRJEB69481. The

genome assembly and annotation of the RR strain can be accessed via

European Nucleotide Archive under the following accession

number GCA_963679805.
Cell culture

The human gastric adenocarcinoma cell line AGS was kindly

provided by Prof. Alessandra Tosco from the University of Salerno

(Fisciano, SA, Italy). Cells were grown in Dulbecco’s Modified Eagle

Medium (DMEM) high glucose (Microtech), supplemented with

10% fetal bovine serum (FBS; Microtech), 1% penicillin/

streptomycin (Microtech) and 1% L-glutamine (Microtech) and

maintained at 37°C, in a humidified atmosphere of 5% CO2. The

cell line was authenticated through the short tandem repeat (STR)

analysis and periodically tested for mycoplasma contamination.
Superinfection exclusion gene
transcriptional changes

To better investigate genome differences between the

bacteriophage-resistant and sensitive Salmonella Rissen strains,

due to prophage gene integration, the presence of the SieB gene

was analyzed by end-point PCR and electrophoretic run on an

automated qiaxcel instrument (Qiagen, Hilden, Germany) as

described by Capparelli et al. (26). In addition, transcriptional

changes in SieB gene were examined by real-time quantitative

PCR experiment (RT-qPCR), using StepOne (Applied Biosystem)

Real-Time PCR system. As reported by Capparelli et al., AGS cells

were infected with RR or RW strains for 2, 4 and 6 hours and SieB

gene expression level was evaluated by qRT-PCR, following the

protocol described by Capparelli et al. (26). The primers for

detecting SieB gene were: reverse primer 5’-CAAACAA

ATCCCGAACGACT-3’; forward primer 5’-ATGGTGGCAGGA

GTTAATGC-3’.
LPSs isolation and chemical analyses

Dried cells of RR and RW S. Rissen strains were extracted by

PCP (phenol:chloroform:petroleum ether 2:5:8) and by water/

phenol method as already reported (35).

PolyAcrylamide Gel Electrophoresis (PAGE) was performed

using the system of Laemmli (36) with sodium deoxycholate

(DOC) as detergent. Purified LPS from S. Rissen RR and RW and
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the LPS from Escherichia coli O111:B4 were prepared at the

concentration of 1 mg/mL, and denaturated with sample buffer

(2% DOC and 60 mM Tris/HCl pH 6.8, 25% glycerol, 14.4 mM 2-

mercaptoethanol, and 0.1% bromophenol blue). Then, 8 mL of each

sample was loaded on a 14% DOC gel with a 5% stacking gel and

separated using a mini-PROTEAN electrophoresis instrument (Bio-

Rad Laboratories). The electrophoresis was conducted at a constant

amperage of 30 mA. The gel was fixed in an aqueous solution of 40%

ethanol and 5% acetic acid, and finally visualized after silver nitrate

staining (37). Precision Plus Protein Dual Color Standards (4 mL,
MW size range 10–250 kDa) were used for molecular weight

estimation. Glycosyl and fatty acids composition were obtained

after derivatization as acetylated methyl glycosides (AMGs) and

fatty acid methyl esters (FAMEs), as already described (38).

The linkage positions of the monosaccharides were determined by

GC-MS analysis of the partially methylated alditol acetates (PMAAs).

Samples (1 mg) were methylated with CH3I (100 µL) and NaOH

powder in DMSO (300 µL) for 20 h (39). The products were totally

hydrolyzed with 2 M TFA at 120°C for 2 h, reduced with NaBD4, and

acetylated with Ac2O and pyridine (50 µL each, 100°C for 30 min).

All the derivatives were analyzed on Agilent Technologies gas

chromatograph 7820A equipped with a mass selective detector 5977B

and an HP-5 capillary column (Agilent, 30 m × 0.25 mm i.d.; flow

rate, 1 mL/min). AMGs and FAMEs analyses were performed using

different temperature programs. In detail, the AMGs analysis started

at 140°C for 3 min, followed by an increase from 140°C to 240°C at 3°

C/min; while the FAMEs analysis started at 140°C for 3 min, followed

by an increase from 140°C to 280°C at 10°C/min. PMAA analysis was

performed using a temperature program that began at 90°C for 1

minute, then increased from 90°C to 140°C at 25°C/min, 140°C to

200°C at 5°C/min, and 200°C to 280°C at 10°C/min, with a final hold

at 280°C for 10 minutes.
OPSs isolation, purification, and
structural characterization

The supernatants obtained after mild acid hydrolysis of the

entire LPSs (19.5 mg and 15 mg from RR-LPS and RW-LPS,

respectively) were fractionated on a Biogel P-10 column (Biorad,

0.75 x 112 cm) eluted with water. The collected fractions were

pooled, freeze-dried, and analyzed by 1H NMR spectroscopy.

The molecular weight determination for OPSs was obtained

through a calibration curve by using an Agilent 1100 HPLC system,

with a TSK G-5000 PWXL size exclusion column (30 cm × 7.8 mm)

equilibrated with NH4HCO3 50 mM as eluent (flow = 0.7 mL/min).

The column was calibrated by injecting dextran standards (50 mL of

a 1 mg/mL solution) of known molecular weight (12, 50, 150, and

670 kDa). The eluate was monitored with a refractive index

detector (40).
Lipid A isolation and characterization

The Lipid A fraction was obtained from crude LPSs of both RR

and RW S. Rissen by mild acid hydrolysis, as reported (38). After
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centrifugation at 3000 rpm for 15 min, the supernatants were

removed and the pellet suspended in water and freeze-dried

(3 mg and 4mg, for RR and RW respectively). MALDI TOF mass

spectrometry was performed in the reflectron negative ions mode

using a ABSCIEX TOF/TOF™5800 (AB SCIEX, Darmstadt,

Germany) instrument, equipped with an Nd: YLF laser with a l
of 345 nm, and a delayed extraction technology. A solution of 2,4,6-

trihydroxyacetophenone (THAP) in MeOH:H2O (v/v 1:1, 10 mg/

mL) was used as the matrix. After desalting on a Dowex 50WX8 (H+

form) the samples with a concentration of 2 mg mL-1 were dissolved

using CHCl3:MeOH (v/v 2:1). The matrix solution (0.5 µL) and

Lipid A solutions (0.5 µL) were spotted on a MALDI plate. Each

spectrum was a result of 2000 laser shots. The spectra were

calibrated by using an ABSciex calibration mixture, and processed

under computer control by using the Data Explorer software

(v0.2.0) (41). Fatty acids analyses were obtained as already

described (38). In few words, 0.5 mg of each sample was treated

with 1 mL of 1.25 M HCl/CH3OH for 20 h at 80°C. The crude

mixtures were extracted twice with hexane, and injected into GC-

MS. The analyses were performed on Agilent Technologies gas

chromatograph 7820A equipped with a mass selective detector

5977B and an HP-5 capillary column (Agilent, 30 m × 0.25 mm

i.d.; flow rate, 1 mL/min). A temperature program starting at 140°C

for 3 min and followed by an increase from 140°C to 280°C at 10°C/

min was used for fatty acid analyses.
LPS purification for biological studies

LPS isolated from both RR and RW (38) were purified

according to Stephens et al . (42). Briefly, LPSs were

resuspended in endotoxin-free water containing triethylamine

(TEA; 0.2%), deoxycholate (0.5%) and water-saturated phenol

(500 mL). The obtained solution was vortexed for 5 minutes,

incubated on ice for 5 minutes and then centrifugated (10,000 g

for 2 minutes at 4°C). The upper phase (aqueous) was transferred

into a fresh tube, supplemented with 75% ethanol and 30 mM

sodium acetate, precipitated for 1 hour at -20°C and lastly

resuspended in TEA.
LPS conjugation for mice immunization

The RR and RW-LPS were coupled to Rat Serum Albumin (RSA;

purchased from Sigma Aldr ich) us ing 1-ethy l -3-(3-

dimethylaminopropyl) carbodiimide (EDC), following the

protocol described by Masoud, 2007 (43). Briefly, purified LPSs

(10 mg) were dissolved in sterile distilled water (1 mL), and the

solution was mixed with 500 mL RSA (10 mg/ml), in the presence of

EDC (40 mg). The mixture was stirred on an automatic shaker at

room temperature for 3 h. After mixing, the pH was adjusted to 7

and the mixture was centrifuged (1000 rpm for 10 minutes). The

supernatants were purified by using a Sephadex G-75 column and

eluted with phosphate buffered saline (PBS). Eluates containing

both LPS and protein were pooled and dialyzed against distilled

water at 48°C, and finally lyophilized.
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Bacterial growth culture preparation for
metabolomics analysis

RW and RR strains were obtained as indicated above (see the S.

Rissen strains and culture conditions paragraph). RWF1- and

RSF1- strains were derived from the RW and RR strains as

described by Papaianni et al. (25). All strains were grown in LB

medium and centrifugated when bacteria reached the exponential

growth phase and the same cell density. After centrifugation, the

pellet was discarded, and the supernatant filtered by 0.22 mm filters

(Millipore, Darmstadt, Germany). Sterile supernatants were

quenched in liquid nitrogen for 10 minutes - in order to stop

metabolic activities in the filtrates - and stored at -80°C, until NMR

analysis. Ten biological replicates of growth culture of each strain

were prepared. Uninoculated growth medium was used as

negative control.
NMR sample preparation

To achieve the NMR-based footprinting metabolomics analysis,

growth media from RR, RW, RSF1- and RWF1- were rapidly

defrosted and 630 mL of each fluid sample were pipetted into

eppendorfs containing 70 µL of D2O, containing sodium 3-

(trimethylsilyl)-2,2,3,3-tetradeuteropropionate (TSP) 0.1 mM (for

chemical shift reference), and sodium azide 3 mM as antimicrobial

agent, reaching 700 mL of total volume.
NMR spectra acquisition

NMR spectra were acquired as described by Papaianni et al.

(44). In detail, all NMR experiments were performed on a Bruker

Avance III-600 MHz spectrometer (Bruker BioSpin GmbH,

Rheinstetten, Germany), equipped with a refrigerated autosampler

and a TCI CryoProbe™ fitted with a gradient along the Z-axis, at a

probe temperature of 300K (27°C). All spectra were recorded in

H2O 90%:D2O 10% with 0.1 mM of TSP. 1H-NMR spectra were

acquired with water suppression using excitation sculpting with

gradience sequence (45). Spectra were acquired for 32 scans, with an

acquisition time of 5.2 s, a relaxation delay of 2 s, a pulse width of

8.000 µs, receiver gain of 101, dwell time of 61 ms, 4 dummy scans

and a spectral width of 13.0180 ppm. Two-dimensional

homonuclear (1H-1H; TOCSY) spectra were acquired with water

suppression using excitation sculpting with gradients, DIPSI-2

sequence (46). Mixing time of 100 ms was applied for TOCSY

experiments. TOCSY experiments were acquired with 256 FIDs of

2048 complex points with 80 scans, a relaxation delay of 1 s, a pulse

width of 8.000 µs, receiver gain of 101, dwell time of 64 ms, 32
dummy scans and a spectral width of 13.6582 ppm. All data were

zero-filled to 4,096 points in both dimensions, and prior to Fourier

transformation, a Lorentz- to-Gauss window with different

parameters was applied for both t1 and t2 dimensions for all the

experiments. The resonances of both 1D and homonuclear 2D

spectra were referenced to internal sodium 3-(trimethylsilyl)-
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2,2,3,3-tetradeuteropropionate (0.1 mM; TSP) which was assumed

to resonate at dH = 0.00 ppm. Two-dimensional heteronuclear

(1H-13C; HSQC) spectra were recorded on the spectrometer

operating at 150.90 MHz for 13C, using pre-saturation for water

suppression (47, 48). HSQC resonances spectra were referenced to

the lactate doublet (bCH3), assumed to resonate at 1.33 ppm for 1H

and 20.76 ppm for 13C.
1H NMR spectra of the O-chains were recorded by using a

Bruker 600 MHz spectrometer equipped with a cryo-probe, at

298K. The samples (3 mg) were dissolved in 550 mL of D2O and

the spectra were calibrated with external acetone (dH = 2.225 ppm;

dC = 31.45 ppm). Spectra were acquired for 32 scans, with an

acquisition time of 4.58 s, dwell time of 70 µs, and spectral width of

11.90 ppm.
NMR data analysis

To obtain bacteria growth culture datasets, a spectral area

ranging from 9.50 to 0.50 ppm was selected. Prior the data

analysis, each proton spectrum was manually phased, and the

baseline corrected using Buker Tospin software (v.3.6.3).

Successively, they were automatically segmented into integrated

regions (buckets) of 0.02 ppm, using the AMIX 3.6 package (Bruker

Biospin, Germany). The residual water resonance region (5.00-4.58

ppm) was excluded, and the binned regions were normalized to the

total spectrum area. Multivariate statistical data analysis was

applied to each dataset, to differentiate culture medium profiles of

bacteriophage-sensitive or resistant S. Rissen, before and after

lysogenic Ф1 excision (RW or RR and RWF1- or RSF1-,

respectively), through NMR spectra, according to their different

metabolic content. Therefore, each integrated dataset – containing

information on metabolite concentration - was exported to excel

and the derived data matrix imported into SIMCA-P17 package

(Umetrics, Umea, Sweden) where unsupervised Principal

Component Analysis (PCA), supervised Partial Least Squares

Discriminant Analysis (PLS-DA) and Orthogonal Partial Least

Squares Discriminant Analysis (OPLS-DA) analyses were

performed. PCA was first applied to check outliers and

uncover initial trends within the dataset by investigating the

systematic variation in the data matrix, in order to identify trends

and clusters. Once assessed data homogeneity, PLS-DA or OPLS-

DA discriminant analysis was employed to improve group

discrimination. The performance of each elaborated model was

evaluated via the parameters R2 and Q2 (PCA: R2 = 0.879, Q2 =

0.769; OPLS-DA: R2 = 0.99, Q2 = 0.873), indicating the goodness of

fit and the goodness of prediction, respectively. NMR variables with

|pcorr| ≥ 0.7, VIP >1 (Variable Importance in the Projection) were

then considered for metabolite identification and univariate

statistical analysis. Metabolites were identified through the

chemical shift, according to both the literature (49) and

metabolomics databases, such as the Human Metabolome

Database (HMDB). Statistical significance was determined

by one-way analysis of variance (ANOVA) followed by

Bonferroni post hoc correction. p values < 0.05 were considered

statistically significant.
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Hemolytic activity

The susceptibility of erythrocytes to RR or RW-LPS was

evaluated by performing the hemolysis assay on fresh human

blood. Erythrocytes were isolated from blood of healthy donors

(n=9), in accordance with the principles of good clinical practices

reported in the Declaration of Helsinki and under the approval of

the Ethics Committee of Villa Betania Hospital. Here, blood

samples were obtained from the arm’s peripheral vein and

collected in heparin tubes. An informed consent was obtained

from all participants.

As reported by Greco et al. (50), whole blood was centrifuged at

1,500 x g for 5 minutes and the supernatant (plasma) discarded. Cell

pellet, instead, was washed with PBS and gently shacked. These

operations were repeated 5 times. Aliquots of 5 x 107/mL red blood

cells were resuspended in PBS containing different concentrations

of RR or RW-LPS (from 1 to 500 mg/mL), incubated at 37°C for 1

hour and centrifuged at 1,500 x g for 5 minutes. The supernatant

was removed, and the released hemoglobin measured at 405 nm,

using a plate reader. The percentage of hemolysis was calculated as

the ratio of the untreated control.
Animal experiments

Animal experiments were carried out on female BALB/c mice

aged 8 to 10 weeks - purchased from Charles River Laboratories

(Wilmington, Massachusetts, USA) - at the animal facility of the

University of Naples “Federico II”. Animal were housed in static

microisolator cages, in order to handle them aseptically, and fed

with sterile food and beverage. Mice were randomly assigned to the

treatment groups. The sample group allocation was not blinded to

the investigators.

Six mice per group were infected intraperitoneally with 100 mL
of sterile phosphate-buffered saline (PBS), containing grown doses

(103, 105, 107 and 109 CFU/animal) of RR or RW strains. Control

group, instead, received 100 mL of PBS only. Mice were observed for

21 days, in order to evaluate clinical manifestations and death.

Lethal Dose-50 (LD50) was calculated according to the Reed and

Muench method (51).

LPS purified from both RR and RW strains was administrated

intraperitoneally in a dose responsible for endotoxemia (20 mg/Kg

body weight) (52) and mice (6 per group) were observed 2, 8 and 24

hours after the LPS injection, in order to evaluate body temperature

and weight. As for viable bacteria, LPS was dissolved in PBS (100 mL
per animal) and the control group was injected with PBS only. Mice

that lost more than 20% of their starting body weight or decreased

their starting body temperature more than 4°C were euthanized.
Cytokine measurement by ELISA assay

Blood samples were collected from mice via tail vein bleeding,

after application of a local anesthetic. Blood was collected 2-4-6-8-

and 24-hours following RR or RW-derived LPS administration and

was immediately centrifugated at 3,000 g for 10 minutes at + 4°C.
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Blood samples collected from mice injected with sterile PBS were

used as control. After centrifugation, serum was separated and

frozen at - 80°C, until cytokine measurement was performed. The

concentration of IL-6, IL-10, TNF-a, G-CSF and IFN-g cytokines

was determined by multiplex ELISA assay, using the Bio-Plex pro-

mouse cytokine 23-plex assay (Bio-Rad), according to the

manufacturer’s recommendations. Briefly, samples were diluted

1:4 with sample diluent and assayed as previously described by

Verrillo et al. (53). Data were collected using the Bio-Plex 200

System (Bio-Rad) and analyzed by Bio-Plex Manager™ software. In

addition, the concentration of IFN-b, was determined by the single

target ELISA assay, using the mouse IFN-b ELISA kit (Elabscience),

according to the manufacturer’s instructions. Samples were read

using the 96-well plate reader (NeoBiotech). Cytokines were

measured at different times and their concentration was

determined based on the automatically calculated standard curve.
Immunization

Mice were divided into three groups, each group containing 6

mice. The first group was injected intraperitoneally with the RR-

entire LPS, while the second one with the RW-entire LPS. Both the

antigens were extracted, purified and conjugated with Rat Serum

Albumin (RSA) as reported above (“LPS purification for biological

studies” and “LPS conjugation for mice immunization”). For the

immunization, they were dissolved in sterile PBS (pH=7.4) and

administrated twice at two-weeks interval at the final concentration

of 10 mg (100 mL). The third group (control group) was injected

with sterile PBS only (100 mL). On day 21, a secondary booster was

administrated. Blood samples from the tail vein and feces were

collected on day 4, 9, 14, 21 and 28 to determine the adaptive

immune response and evaluate the cross-protective ability

conferred by the RR-LPS immunization, as described below.
Antibody response: IgG, IgA and
IgM detection

To investigate the levels of adaptive immune response following

animal immunization, the levels of IgG, IgM and IgA were detected.

Serum was separated from whole blood by centrifugation (3,000 g,

10 minutes at + 4°C) and used to measure LPS-specific IgG and

IgM, while feces were resuspended in protein extraction buffer (100

mL/10 mg), vortexed for 20 minutes and centrifugated 13,000 x g for

10 minutes. Supernatants were collected and used to detect LPS-

specific IgA. First, the total antibody level for each Ig was detected

using the mouse IgG Elisa kit (Abcam, Cambridge, United

Kingdom), IgM ELISA kit (Abcam, Cambridge, United Kingdom)

and IgA (Bethyl Laboratories, Montgomery, Texas, USA),

according to the manufacturer’s recommendations. Successively,

the anti-LPS IgG, IgM or IgA titer was quantified using LPS coated

microplates, according to the standard indirect ELISA protocol

(54). Briefly, 96-well plate was coated with RR or RW purified LPS (5

µg/mL) in 100 µL/well coating buffer (Na2CO3 0.64 g and NaHCO3

3.7 g) and incubated overnight at + 4°C. The next day, wells were
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blocked with 200 µL/well of wash-buffer containing 2% bovine

serum albumin (BSA) and the plate was incubated for 1h at 37°C.

Sera or fecal supernatants were diluted 1:100 in blocking buffer (100

µL/well) and incubated at 37°C for 1 h. Following incubation, 100

µL of the HRP-conjugated goat anti-mouse IgG (1:2,000;

Invitrogen), IgA (1:10,000; Abcam) or IgM (1:1,000; Invitrogen)

were added to each well and incubated at 37°C for 30 min. Finally,

the plate was filled with 100 µL/well of the indicator substrate

(TMB; 1 mg/mL to each well) and incubated at room temperature

for 10 min in the dark. After incubation the enzymatic reaction was

stopped by adding 100 µL/well of stop solution (1M sulphuric acid)

and 15-30 minutes later the optical density (OD) was recorded at

450 nm with an automatic ELISA reader (NeoBiotech). The assay

was performed in triplicate and each incubation period was

followed by multiple washings using PBS containing Tween 20

(0.05%). The standard curve was used to accurately determine the

concentration of target LPS-immunoglobulins.
Evaluation of the RR-LPS
immunization efficacy

The efficacy of the RR-LPS immunization was evaluated by using

a mouse model of salmonellosis producing disseminated infection

after intraperitoneal injection of the bacteriophage-sensitive

Salmonella Rissen (RW). In detail, mice immunized as detailed

above (see the “Immunization” paragraph) were infected with the

RW strain (109 CFU/100 mL) two weeks after the last immunization

via the intraperitoneal route and the bacterial burden in the spleens

was determined. Therefore, mice were sacrificed 3 days post-infection

and spleens were aseptically removed. Spleens (1 g) were

homogenized in 1 mL of phosphate buffer saline (PBS) solution

and serial dilutions were cultured on BHI agar for 24 hours, at 37°C.

The next day, colony were counted, and results were expressed as

colony forming unit (CFU) per gram of tissue (CFU/spleen).

Additionally, the protective efficacy of the RR-LPS was also

evaluated upon a single immunization. Mice (n=13 per group) were

immunized intraperitoneally with pure conjugated LPS (10 mg
dissolved in PBS 100 mL) isolated from the RR or RW strains or

with vehicle (PBS 100 mL; control group). Two weeks post-

immunization, each group was infected with the RW strain (109

CFU/100 mL) via the intraperitoneal route and the bacterial burden

in the spleens was determined 3 days post-infection.
Antibody bactericidal activity

To investigate the role of anti-RR-LPS antibodies in imparting

immune protection against S. Rissen infection, the bactericidal assay

was performed. Mice were immunized as described above and four

days after the last immunization, blood samples were collected, and

serum separated by centrifugation. Polyclonal antibodies were

purified by affinity chromatography, using protein A/G agarose

beads as previously described (55, 56). 45 mL of antibody solution,

antibody solution plus complement (BioMerieux, France),

complement or LB broth (for control group) were mixed with 5 mL
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of viable RW (final bacterial concentration 1 x 106 CFU/mL) in a 96-

well plate and incubated at 37°C for 3 hours. After incubation, the

absorbance at 600 nm was measured using a microplate reader. Data

are reported as Log10 of CFU/mL.
Analysis of the cross-protective ability of
anti-RR-LPS antibodies

To evaluate whether the RR-LPS immunization could confer

cross-protection, serum samples from mice immunized with the

RR-LPS were tested for antibody reactivity against three different

serovars of Salmonella (S. Choleraesuis, S. Infantis, S. Newport) by

the agglutination test.

Mice were immunized as described above and four days

following the last immunization, blood samples were collected,

and the serum was separated by centrifugation (3,000 g, 10

minutes at + 4°C). Serum samples were used to measure IgG

levels by the LPS-specific ELISA assay and animals giving the

highest level of antibodies were selected for serum harvest. For

the agglutination test, colonies of the selected Salmonellae were

mixed with 100 mL of serum (undiluted or diluted 1:50 or 1:100 with

sterile PBS) or with sterile PBS only (negative control). S. Rissen was

used as positive control. The presence of cross-reaction was

determined by observing the development of visible clumping of

bacterial cells within 3 minutes.
Evaluation of the anti-RR-LPS antibodies
target determinant to S. Rissen LPS

To explore the target determinant of the anti-RR-LPS antibodies to

S. Rissen LPS, an Indirect ELISA assay was performed. We tested the

antibody reactivity against both LPS and O-antigen from the RR and

RW strains using serum samples from mice immunized with the RR-

LPS, as reported above. Briefly, a 96-well plate was coated with O-

antigen (5 µg/mL) or LPS (5 µg/mL) in 100 µL/well coating buffer

(Na2CO3 0.64 g and NaHCO3 3.7 g) for 16 h at 4°C. Sera were diluted

1:100 in 100 µL/well of wash-buffer containing 2% bovine serum

albumin (BSA) and incubated at 37°C for 1 h. Following incubation,

100 µL of the HRP-conjugated goat anti-mouse IgG diluted 1:2,000

(Invitrogen) was added to each well and incubated at 37°C for 30 min.

Finally, the plate was filled with 100 µL/well of the indicator substrate

(TMB; 1 mg/mL to each well) and incubated at room temperature for

10 min in the dark. After incubation the enzymatic reaction was

stopped by adding 100 µL/well of stop solution (1M sulphuric acid)

and 15-30 minutes later the optical density (OD) was recorded at 450

nm with an automatic ELISA reader (NeoBiotech). The assay was

performed in triplicate and each incubation period was followed by

multiple washings using PBS containing Tween 20 (0.05%).
Statistical analysis

Statistical analysis was conducted using GraphPad Prism 9.0

software (San Diego, CA, USA). One-way ANOVA, followed by
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either Turkey or Bonferroni post-hoc correction, was utilized to

compare two or more experimental groups. For simultaneous

comparison of multiple groups with two or more factors, we used

two-way ANOVA followed by Bonferroni post-hoc test. The Log-

rank test was employed to compare Kaplan–Meier survival curves.

A minimum of n = 6 mice per group was included, and no formal

randomization procedure was implemented. The reported values

represent the means ± SD of two or three biological replicates, as

indicated in figure legends. A p-value of < 0.05 was considered

statistically significant.
Results

Prophage genes promote the expression of
a phage-resistance phenotype

The property of prophages to mediate phenotypic changes in

bacterial host is widely known. Our previous studies demonstrated

significant differences in virulence profiles between RW and RR (26).

Importantly, RR exhibited higher expression levels of prophage-

related virulence genes (sspH1, sodC1, gtgE, grvA, and gogB) than

RW (26). In the present study, we also observed transcriptional

changes in the Superinfection exclusion (SieB) gene, which affects

the bacterial membrane integrity and inhibits phage infection (57).

As expected, RR expressed SieB at a level 300-fold higher than RW

(Figure 1), in a time-dependent manner.

To further investigate the genetic diversity between RR and RW,

a genome comparison analysis, using the prophage F1 genome as a

reference (Salmonella phage 29485, GenBank: KY709687), was

performed. The circle plot revealed the insertion of the prophage

derived SieB gene into the RR genome (Supplementary Figure S1).

The evidence that the gene under investigation was SieB, was

provided by the Basic Local Alignment Search Toll (BLAST,

https://blast.ncbi.nlm.nih.gov/Blast.cgi), showing robust sequence

similarity between Salmonella phage 29485 superinfection

exclusion protein (Protein Id: ARB10858) and Salmonella phage

P22 SieB protein (Protein Id: AAF75022, Supplementary Figure S2).

In conclusion, these results suggest that RR expresses the SieB

gene, which confers immunity against secondary phage attack and

contributes to the phage-resistance phenotype, likely through

modifications of cell membrane elements, such as LPS (28). In

addition, these results, along with previous reported results (26),

prompted us to investigate whether the prophage-related virulence

genes overexpressed by RR confer advantages to the host response

against Salmonella.
Phage-resistance alters the LPS structure
by inducing the production of under-
acylated Lipid A

To investigate whether phage-resistance alters the LPS structure

and to assess the effects of these modifications on bacterial virulence

and host immune responses, the chemical structure of the Lipid A

and O-antigen portions was examined.
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Dried cells from both RR and RW strains were extracted as

previously described (35). Both RR and RW produced smooth LPS

(Supplementary Figure S3A). Additionally, GC-MS chromatograms

of the purified O-chain polysaccharides (OPSs) revealed no

differences in the sugar content of the O-antigen between the RR

and RW strains (Supplementary Figure S3B). Methylation analysis

further indicated the presence of 2-substituted mannose units (2-

Man), 2,3-disubstituted mannoses (2,3-Man), 3-substituted

glucosamine (3-GlcN) and terminal non reducing glucose (t-Glc)

in the O-chains of both strains (Supplementary Table S1). Finally,

in line with chemical analyses, 1H NMR spectra revealed an

identical structure for the purified OPSs (Supplementary Figure

S3C). In contrast, differences in the Lipid A portion were detected.

Pure Lipid A was analyzed through chemical techniques and mass

spectrometry. GC-MS analysis of the fatty acid methyl esters (FAMEs)

disclosed the presence of mainly C12:0, C14:0, C16:0, and C14:0(3-

OH), in both the Lipid As. In addition, Lipid A from the RW strain was

found to contain C14:0(2-OH). The Lipid A samples were analyzed by

negative ionsMALDI- TOF in reflectronmode. The acquired spectrum

of Lipid A from RR revealed four clusters of signals corresponding to

glycoforms with distinct acyl patterns (Figure 2). More in detail, the

primary signal at m/z 1795.875 (calculated [M-H]- = 1796.229 Da) was

assigned to the di-phosphorylated hexa-acylated glycoforms HexN2P2
[C14:0(3-OH)]4(C14:0)(C12:0). The spectrum also showed the

presence of a signal at m/z 2034.034 corresponding to the di-

phosphorylated hepta-acylated species (calculated [M-H]- =2034.462

Da), which differs from the hexa-acylated species for the additional

presence of a C16:0 and, signals at m/z 1585.750 and 1359.630

corresponding to the di-phosphorylated penta- and tetra-acylated

glycoforms, respectively. Finally, each cluster exhibited heterogeneity

as proven by the occurrence of signals differing in 80 u, corresponding

to the phosphate group, and in 14 u (–CH2– unit), which indicates

Lipid A species differing in the length of their acyl chains.
FIGURE 1

The RR strain expresses the prophage SieB gene. Analysis of mRNA
expression levels displayed increased levels of SieB gene in the
RR strain - following AGS cell line infection - compared to RW strain.
Results are reported as graph bars and represent mean ± SD of
three biological replicates from two independent experiments.
Two-way ANOVA followed by Turkey post-hoc correction was
used to compare the SieB gene expression between RR and/or RW

groups, according to different time points. ****p < 0.0001.
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In conclusion, these results suggest that RR LPS contains highly

variant Lipid A species, including di-phosphorylated hexa- and

hepta-acylated species, along with under-acylated species (di-

phosphorylated tetra- and penta-acylated variants). The same

pattern was observed in the RW LPS. Nevertheless, RW LPS shows

an extremely reduced presence of di-phosphorylated tetra- and

penta-acylated species, compared to RR LPS. It is well known that

under-acylated variants of Lipid A compete with the hexa-acylated

form for TLR4 activation, functioning as weak agonists of TLR4

signaling (58). Specifically, under-acylated Lipid A species

destabilize the MD-2–TLR4 complex, leading to a reduced

production of pro-inflammatory cytokines (59, 60). Based on

these considerations, our findings suggest that RR-LPS is a weak

stimulator of the host innate immune response and elicits a

mitigated inflammatory response.
Phage-resistance alters host
metabolic profiles

In order to investigate the physiology of RR and its capability to

adapt to various host conditions and evade host innate immune

attack, basic insights into bacterial metabolism are fundamental.

Culture supernatants from RR or RW – before and after lysogenic

Ф1 excision (RR or RW and RSФ1- or RWФ1, respectively) – were

compared by untargeted NMR-based metabolomics analysis. NMR

spectra of growth medium from the wild-type RW strain and the

selected RR mutant displayed extensive differences. Conversely,

growth medium from RW and RR, following phage excision
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(RWФ1- and RSФ1-, respectively) showed a considerable

similarity in the NMR profiles (Supplementary Figure S4). NMR

spectra were compared by performing multivariate analysis. The

OPLS-DA scores plot revealed a clear separation of the RR group

(placed at negative coordinates of the first component t[1]) from

RW, RWФ1- and RSФ1- groups (placed at positive coordinates of the

first component t[1], Figure 3A). This result might be attributable to

metabolic alterations associated with phage-resistance. The second

component t[2], instead, revealed a distinct separation of RWФ1-

and RSФ1- groups (placed at positive coordinates) from the RW

group (placed at negative coordinates), likely due to phage-specific

changes in the metabolism of the bacteriophage-sensitive strain

(Figure 3A). Based on the first two principal components (t[1] and t

[2]), RWФ1- and RSФ1- groups were found closely related each

other, forming a single cluster in the hotteling’s T2 plot (Figure 3A).

A more evident separation between RWФ1- and RSФ1- groups was

detected by the third component t[3], which positioned the RWФ1-

group at t[3] positive coordinates and the RSФ1- group at t[3]

negative coordinates (Figure 4A).

A total of 28 metabolites were identified as responsible for the

above reported classes separation (Supplementary Table 2). In fact,

significant differences in their concentration were detected. In

detail, 14 amino acids and derivatives (arginine, lysine, isoleucine,

proline, leucine, glutamate, methionine, aspartate, glycine, alanine,

phenylalanine, tyrosine, N-acetyl-alanine and g-aminobutyric acid),

1 sugar (glucose), the nucleic acid derivative hypoxanthine, the

short chain fatty acid (SCFA) acetate, and 5 organic acid and

derivatives (pyruvate hydrate, 5-aminopentanoic acid, lactate,

succinate and formate) discriminated the RW group from the RR
FIGURE 2

Reflectron negative MALDI-TOF MS spectra of S. Rissen RR and RW Lipid A.
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(p < 0.05). Interestingly, RSФ1- and RWФ1- groups did not display

significant differences (p > 0.05) in the concentration of succinate,

lactate, 5-aminopentanoic acid, formate, arginine, lysine, proline

and phenylalanine. This result suggests that the different

concentration observed in the growth medium from RW and RR

is ascribable to metabolic changes induced by the presence of the

phage Ф1 and specifically to endogenous phage genome elements

responsible for phage-resistance.

Similarly, phage infection altered the expression levels of 3 amino

acids and derivatives (betaine, threonine and pyroglutamate), 1 sugar

(myo-inositol) and other metabolites (nicotinate and imidazole). These

metabolites were present in different concentrations (p < 0.05) in the

growth medium from RWФ1- compared to RW. The same result was

found in RSФ1- compared to RR. No significant differences (p > 0.05),
Frontiers in Immunology 1055
instead, were detected between RW and RR groups or RSФ1- and RWФ1-

, thus addressing the mentioned differences to phage metabolism. On

the contrary, RSФ1- and RWФ1- groups were found to show significant

differences (p < 0.05) in the concentration of the amino acid tyrosine, the

alcohol ethanol and fatty acids, due to the different behavior ofФ1 when

excised from the phage-resistant or sensitive strain.

These results suggest that lysogeny affects bacterial metabolism

and confers to RR biological advantages, which reflect both an

increased fitness and the acquisition of virulence factors, implicated

in modulating the host response (Supplementary Figure S5). Thus,

taken together, genomics and metabolomics approaches allow for a

complete understanding of the RR physiology and its interplay with

the host, providing essential information for the development of

new candidate vaccines (61).
FIGURE 3

Orthogonal Projection to Latent Structure Discriminant Analysis (OPLS-DA) of bacteriophage-sensitive or resistant S. Rissen medium samples, before
or after phage excision (RW; RR; RSФ1-; RWФ1-, respectively). (A) Scores plot showing a distinct separation of RR group (blue squares) from RW, RWФ1-
and RSФ1- groups (green, red and purple squares, respectively) and of RWФ1- and RSФ1- groups (red and purple squares, respectively) from the RW

group (green squares). (B) Loading plot indicating NMR variables (chemical shift) of metabolites responsible for between-classes separation,
characterized by |p(corr)| value > 0.7.
FIGURE 4

Orthogonal Projection to Latent Structure Discriminant Analysis (OPLS-DA) of bacteriophage-sensitive or resistant S. Rissen medium samples, before
or after phage excision (RW; RR; RSФ1-; RWФ1-, respectively). (A) Scores plot showing a distinct separation of RSФ1- group (purple squares) from
RWФ1- group (red squares). (B) Loading plot indicating NMR variables (chemical shift) of metabolites responsible for between-classes separation,
characterized by |p(corr)| value> 0.7.
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Under-acylated LPS mitigates bacterial
virulence in mice

To evaluate the effects of lysogeny on the virulence profile of S.

Rissen, the lethal dose 50 (LD50) of both RR and RW strains was

determined in a mouse model of infection. Female BALB/c mice

aged 10 weeks were infected intraperitoneally with a dose-range of

viable RR or RW bacteria (103, 105, 107, 109 CFU/mouse) and

survival was monitored for 21 days (Figure 5).

Results displayed that mice infected with lower doses (103 and 105

CFU/animal) of S. Rissen – RR or RW – survived throughout the study

(Figure 5; Supplementary Table S3). On the contrary, mice infected

with higher doses (107 and 109 CFU/animal) showed different survival

rates (Figure 5; Supplementary Table S3). Compared to RR-infected

mice, a limited percentage (~30%) of mice infected with RW (107 CFU/

animal) began dying 4 days after infection (Figure 5B). Furthermore,

while 30% of mice infected with RR (109 CFU/animal) died 6 days after

infection, almost all of the mice (~90%) were killed within 7 days

following infection with the same amount of RW (Figure 5A). These

results show that the RR strain displays a reduced virulence compared

to RW, with a LD50 significantly higher (1 x 10
9 CFU per mouse in RR

vs 5.25 x 107 CFU per mouse in RW). This finding could find

explanation in differences in the LPS-Lipid A structure between RR

and RW (Figure 2). LPS is an endotoxin responsible for the host innate

immune response activation, which can result in detrimental effects,

such as the endotoxic shock (62). Due to its capacity to synthesize a

LPSmolecule lacking one or two acyl chains in the Lipid A portion, RR

only triggers a mitigated immune response with reduced risk for

adverse secondary complications (63). This was confirmed by

stimulating mice with a single intraperitoneal injection of LPS (20

mg/Kg body weight) purified from the RR and RW strains (RR-LPS and

RW-LPS, respectively) and monitoring clinical signs of endotoxemia

(Figure 6A). As expected, mice stimulated with RW-LPS displayed

more severe signs of disease (decreased body temperature and weight,

diminution of appetite and apathy) compared to the RR one

(Figures 6B–E), suggesting that mice are hyporesponsive to RR-LPS

stimulation and hence, unable to mount an immediate defensive

response. This property may reflect the unique organization of the

RR-LPS and its capacity to mitigate the host immune system.
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Under-acylated LPS triggers a mitigated
innate immune response in mice

To assess whether the biochemical diversity in RR and RW-

derived LPS affects the host innate immune response, we

measured the expression levels of pro-inflammatory cytokine

(TNF-a, G-CSF, IL-6, IL-10, IFN-b, RANTES/CCL5 and IFN-g)
using an ELISA assay. LPS (20 mg/Kg body weight) was injected

intraperitoneally in female BALB/c mice (n = 6 per group) and

blood samples were collected both every 2 hours for a period of 8

hours and at 24 hours post injection. Results showed a much

stronger increase in TNF-a, G-CSF and IL-6 levels in blood serum

of mice stimulated with RW-LPS compared to those stimulated

with RR-LPS (Figures 7A–C).

TNF-a and G-CSF increased rapidly during the first hours of

stimulation and reached their highest level 4 hours post-

stimulation, then started declining (Figures 7A, B). However,

their concentration remained higher than the control group or

mice stimulated with RR-LPS (Figures 7A, B). INF-g and IL-6,

instead, were secreted later than TNF-a and G-CSF. The highest

levels of these cytokines were observed 6- and 8-hours post-

stimulation, respectively and, started decreasing after 24 hours of

stimulation (Figures 7C, D). As expected, increased levels of IL-10

were detected at 24 hours, compared to control group (Figure 7E).

These results show that RW-LPS initiates sooner an acute

inflammatory response via the MyD88-dependent pathway (64),

aimed at controlling the injury, as indicated by IL-10 up-regulation

at 24 hours after LPS stimulation (Figure 7E). On the contrary, RR-

LPS induced a milder inflammatory response. As illustrated in

Figure 7, the secretion of the pro-inflammatory cytokines involved

in the acute phase response (TNF-a and IL-6) was unaltered

during the first hours post-LPS stimulation, compared to the

control group (Figures 7A, C), while RANTES, IFN-b and IL-10

were found increased compared to both control group and mice

injected with RW-LPS (Figures 7E–G). However, IL-6 showed an

increase at 24 hours (Figure 7C). These data indicate the capability

of the RR-LPS to selectively engage the TRIF-dependent pathway,

while resulting a weaker elicitor of the MyD88-dependent pathway

(65–67).
FIGURE 5

Determination of 50% Lethal Dose (LD50) of R
R and RW in BALB/c mice. Survival curves of mice infected with different concentrations of RW strain (A)

or RR strain (B). Uninfected control group included mice injected with PBS vehicle (n = 6/group). ** p < 0.01 (Long-rank Mentel-Cox test). Data are
representative of two independent experiments. LD50 was calculated according to the Reed and Muench method. LD50 = Log10 end-point bacterial
dose = Log10 (bacterial dose showing mortality next below 50%) + {[(50% - mortality at bacterial dose next below 50%)/(mortality at bacterial dose
next above 50% - mortality at bacterial dose next below 50%)] x Log10 (differences between bacterial doses used in the assay)]}.
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FIGURE 6

RR-LPS does not induce endotoxemia. (A) Experimental design for the intraperitoneal (i.p.) injection of RR or RW-LPS. Ten-week-old, female BALB/c mice
(n = 6 per group) were injected intraperitoneally with 20 mg/Kg of RR or RW-derived LPS (RR-LPS and RW-LPS, respectively) dissolved in PBS solution and
then body weight and temperature were evaluated. Mice (n = 6) in the control group (Control) were injected intraperitoneally with the same volume of
PBS solution. (B) Body weight was measured 0, 8 and 24 hours after LPS stimulation. Graph represents mean ± SD of values from individual mice (dots).
(C) Bar graph represents changes (%) of body weight 24 hours after LPS injection. Data are representative of a single experiment. Two-way ANOVA
followed by Turkey post-hoc correction was used to compare body weight among three groups (Control, RR-LPS and RW-LPS) at different times. One-way
ANOVA followed by Turkey post-hoc correction was used to compare body weight changes among three groups. **p < 0.01; ***p < 0.001; **** p < 0.0001.
(D) Body temperature was measured 0, 2, 8 and 24 hours following LPS injection. (E) Bar graph represents change of temperature 24 hours after LPS
injection. Data are representative of a single experiment. Two-way ANOVA followed by Turkey post-hoc correction was used to compare body temperature
between RR-LPS and RW-LPS groups at different times following LPS injection. One-way ANOVA followed by Turkey post-hoc correction was used to
compare the mean temperature among three groups. *p < 0.05; **p < 0.01; ****p < 0.0001.
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Taken together, these results suggest a different capacity of RR

and RW-LPS to stimulate the host immune response and a reduced

toxicity of the RR-LPS.
Under-acylated LPS stimulates a more
efficient and safer antibody response

As a powerful antigen, LPS plays a pivotal role in

immunological processes, stimulating antibody production (68).
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However, due to the Lipid A reactogenicity, LPS – in its native form

- is not suitable as vaccine (69). Instead, the low toxicity of the RR-

LPS (Figure 7) – resulting from the deacylation of Lipid A (Figure 2)

– could make it safe enough to develop antimicrobial vaccines.

To investigate the protective role of the RR-LPS against S. Rissen

infection, the immunization assay was performed. Therefore, we first

explored the concentration of the whole LPS structure necessary for

mice immunization, by evaluating the hemolytic effect (Supplementary

Figure S6) of a wide range of doses (spanning from 1 to 500 mg). Results
demonstrated that the minimum concentration of RR-LPS showing
FIGURE 7

Cytokine levels in serum of BALB/c mice stimulated with RR or RW-LPS. Mice (n = 6 per group) were injected intraperitoneally with 20 mg/Kg of RR or
RW-LPS dissolved in PBS solution. Mice in the control group (Control) were injected intraperiteonally with the same volume of PBS solution. Serum was
collected every 2 hours for 8 hours and 24 hours following injection. The cytokines: (A) TNF-alpha; (B) G-CSF; (C) IL-6; (D) IFN-gamma; (E) IL-10; (F)
IFN-beta and (G) RANTES/CCL5 were analyzed by ELISA. Data are representative of two independent experiments. Two-way ANOVA followed by Turkey
post-hoc correction was used to compare cytokine levels among the three groups (control, RR- and RW-LPS groups). ****p < 0.0001.
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hemolytic effect < 8% was 10 mg. Thus, this concentration was selected

to assess RR-LPS as a potential vaccine candidate.

To evaluate the level of the antibody response, two groups of

BALB/c mice (6 mice per group) were immunized intraperitoneally

with RSA-conjugated RR-LPS or RW-LPS (10 mg/100 mL PBS)

twice, at an interval of two weeks, while a third group received

an intraperitoneal (i.p.) dose of PBS (control group). The

secondary booster was administrated seven days after the

primary one. Mice immunized with RR-LPS exhibited higher

levels of IgG and IgM (IgM > IgG) than those immunized with

RW-LPS (Figure 8A). Of note, 7 days after the last immunization,

the IgG response prevailed on the IgM one, with a higher extent in

mice immunized with RR-LPS compared to those immunized with

RW-LPS (Figure 8B). This result reflects the capability of RR-LPS to

selectively engage the TLR4-TRIF-dependent pathway compared

to RW-LPS (70). We also analyzed the IgA titers, as the primary

antibody produced in the intestinal mucosa (71), site of Salmonella

infection. Significant LPS-specific IgA titers were detected in feces

of mice immunized with RR-LPS compared to both RW-LPS

immunized mice and control ones (Figure 8C). Additionally,

similar to IgM, IgA levels were found to decrease after the

boosting doses (Figure 8D).
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These results clearly suggest RR-LPS as a more effective and

safer immunostimulant than the parent RW-LPS, as it retains

immunostimulatory properties while lacking most of its toxicity.
Under-acylated LPS protects mice against
Salmonella Rissen infection

To evaluate the protective efficacy of the RR-LPS induced

immunity against S. Rissen infection, all mice were infected with

a bacteremia-inducing dose of the RW strain (109 CFU/animal) two

weeks after the last immunization. The bacterial count in the splenic

tissue was measured on day 4 post infection. Results revealed a

significant reduction in bacterial burden in the spleens of mice

immunized with RR-LPS, compared to both control mice and mice

immunized with RW-LPS (Table 1).

Conversely, mice that received unconjugated RR-LPS exhibited

only a modest reduction in bacterial burden. Although bacterial

burden was still higher than in those receiving PBS or a single dose

of RW-LPS, it was not lethal (Table 1).

Collectively, these findings suggest that LPS-specific antibodies

significantly contribute to immune protection against S. Rissen
FIGURE 8

RR-LPS favors antibody response. (A, C) Total IgM, IgG and IgA antibody response elicited after immunization with RR-LPS or RW-LPS. Results are
represented as mean titers (mg/mL) in serum or feces ± SD from female BALB/c mice (n = 6 per group) immunized intraperitoneally three times with:
1) RR-LPS (10 mg/100 mL PBS, teal green); 2) RW-LPS (10 mg/100 mL PBS, amaranth red) or 3) vehicle (100 mL PBS, grey). Graph represents mean ± SD
of values from individual mice (dots). Data are representative of a single experiment. Two-way ANOVA followed by Turkey post-hoc correction was
used to compare total antibody levels among three groups. * p <0.05; **p <0.01; ****p <0.0001. (B, D) IgM, IgG and IgA end-point anti-RR-LPS or
RW-LPS antibody titers. Results represent the antibody response elicited on day 7 after last immunization and are represented as mean titers (mg/mL)
in serum or feces ± SD. Data are representative of a single experiment. Two-way ANOVA followed by Turkey post-hoc correction was used to
compare total antibody levels. ** p <0.01; ****p <0.0001. ns, not statistically significant.
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infection, as confirmed by serum bactericidal activity (Figure 9) and

highlight RR-LPS as a promising adjuvant for the development of

vaccines against Salmonella infections.
Under-acylated LPS-specific antibodies
mediate cross-reactivity

Salmonella species share a high degree of homology in genes

encoding cell-surface molecules, including LPS, a major target of

antibodies (20). As a result, immunization with LPS from one

Salmonella serovar could confer immunity against related serovars.

To explore the potential of anti-RR-LPS antibodies to confer cross-

protective immunity to closely related Salmonella serovars, mice were

intraperitoneally immunized at two-week intervals with 100 mL of RR-

LPS (10 mg) or vehicle (sterile PBS). Four days after the final

immunization, blood samples were collected, and serum was separated

by centrifugation. Serum samples were then used to test cross-reactivity

between anti-RR-LPS antibodies and LPSs from different Salmonella

serovars through an agglutination test. As shown in Supplementary

Table 4, serum samples (undiluted or diluted 1:50 and 1:100) exhibited

variable agglutination with different selected Salmonella strains (S.

Infantis, S. Newport and S. Choleresius). Specifically, undiluted serum

showed strong agglutination with S. Choleraesuis and S. Infantis, which

are both part of the S. Rissen serogroup C1. When diluted 1:50 or 1:100,

serum also agglutinated the above Salmonella serovars, although the

reaction required more time than the undiluted serum. Remarkably, a

late agglutination activity of undiluted serum was observed against S.

Newport, expressing O:6,8 antigens (C2 serogroup).

The strong interaction of anti-RR-LPS antibodies with S.

Choleraesuis and S. Infantis and, to a lesser extent with S. Newport,

suggests the O-antigenic determinants O:6 and 7 as their major target.

These results indicate that anti-RR-LPS antibodies may confer cross-

protection against related Salmonella serovars by targeting shared

O-antigens.
Under-acylated LPS-specific antibodies
mediate host protection by targeting the
O-antigen

The O-antigen portion of LPS is widely recognized as the key

target for immune defense against bacterial infections.

To further determine whether O-antigen is the primary

antigenic determinant recognized by anti-RR-LPS antibodies, an

indirect ELISA assay was performed. Serum samples from mice

immunized with RR-LPS were tested for reactivity against both the

O-antigen and LPS from the RR and RW strains. Results revealed

that anti-RR-LPS antibodies interacted with both LPS and O-

antigen from the two S. Rissen strains (Supplementary Table 5).

Specifically, the antibodies showed moderately stronger reactivity

with LPS and O-antigen from the RR strain than with those from the

RW strain. Notably, LPS exhibited slightly stronger reactivity than

the purified O-antigen (p < 0.05, Supplementary Table 5).

These results demonstrate that O-antigen is the primary RR-LPS

epitope responsible for modulating the antibody-mediated host
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protection, supporting our previous findings (Supplementary

Table 4). Furthermore, they suggest that other, poorly investigated

portions of the LPS molecule may also contribute to the host defense

and antibody reactivity.
Discussion

In this study, we investigated the protective effect of an LPS-

based vaccine against S. Rissen in BALB/c mice. LPS is a key

immunogenic component of Gram-negative bacteria. It stimulates
TABLE 1 RR-LPS reduces bacterial burden in mice infected with S. Rissen.

RW (CFU/spleen)

UNCONJUGATED
ANTIGEN

CONJUGATED
ANTIGEN

RR-LPS 2 x 105 < 103

RW-LPS 5 x 107 2.5 x 105
FIGURE 9

Antibodies from mice immunized with RR-LPS display bactericidal
activity against WT S. Rissen. The bacteriophage-sensitive strain of
S. Rissen (RW, 1 x 106 CFU/mL) was incubated at 37°C for 3 hours
alone, with purified antibodies derived from mice immunized with
RR- or RW-LPS, with complement or with both purified antibodies
and complement. Data are represented as Log10 of CFU/mL
(OD600 = 1 = 5 x 108 CFU/mL) and represent means ± SD of three
independent experiments, each performed in triplicate. One-way
ANOVA followed by Turkey post-hoc correction was used to
compare Log10 CFU/mL among different experimental conditions.
**p < 0.01; ***p < 0.001; **** p < 0.0001.
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the host humoral immune response and provides protection against

pathogens (72, 73). However, LPS also plays an essential role in

bacterial virulence through its endotoxic component (Lipid A),

which raises concerns about its safety as “subunit” vaccine in its

native form.

Several efforts have been made to attenuate the Lipid A toxicity

while preserving the LPS immunostimulatory properties. Mutations

in the msbB and PagP genes, both involved in the Lipid A acylation

pattern, have been shown to reduce the capacity of bacteria to

induce a pro-inflammatory response in the host (22, 74). As a result,

msbB and PagPmutant strains are considered promising candidates

for vaccine development, particularly in the context of outer

membrane vesicle (OMV)-based vaccines (75). However, despite

this, Salmonella msbBmutants display growth defects and increased

sensitivity to environmental stressors such as physiological CO2

levels and low pH (76, 77), limiting their survival and complicating

large-scale vaccine production.

In this study, we propose - for the first time - phage resistance as

a promising biological tool for producing under-acylated variants of

LPS, overcoming the limitations mentioned above.

Phage-resistance, as a naturally occurring selection mechanism,

bypasses the need for microbial genetic manipulation, thus avoiding

challenging related to the stability of mutations and the

maintenance of the desired phenotypic traits. Moreover, by

enhancing bacterial fitness, phage-resistance promotes bacterial

survival under stress conditions, offering a cost-effective and

sustainable alternative to conventional genetic, chemical and

enzymatic methods.

To explore the role of prophages in remodeling Lipid A

molecules and modulating S. Rissen virulence, we first examined

the presence of phage genetic elements in the RR and RW genomes.

Both strains contained phage genome elements. However, RR

acquired the superinfection exclusion gene (SieB), which confers a

competitive advantage increasing bacterial fitness by inhibiting

further phage infections (78) (Supplementary Figure S1; Figure 1).

This superinfection resistance likely arises from alterations in cell

membrane elements, such as the LPS and its endotoxic portion (30).

Modifications to the LPS structure may occur at each step of its

biosynthetic process, as well as from additional enzymes (79). We

recently showed that RR expresses higher levels of the LpxR gene

than RW (26). LpxR encodes a deacylase responsible for removing

acyl chains from Lipid A. Therefore, we hypothesized the capability

of RR of producing deacylated Lipid A species.

In the present study, we validated the above hypothesis. Mass

spectrometry analysis revealed that, unlike the RW strain, RR

produces a higher abundance of two alternative variants of Lipid

A as the penta-acylated and the tetra-acylated form (Figure 2). Both

these two structures are less stimulatory for TLR4 and elicit a

mitigated innate immune response. These results demonstrate that

the acquisition of the SieB gene, which is associated with the

distinctive phage-resistant phenotype of RR, improves bacterial

fitness and provides virulence factors (LpxR) which attenuate the

innate immune response in the eukaryotic host.

Metabolic changes in bacteria often influence the production of

virulence factors and contribute to bacterial pathogenicity (80).

Short chain fatty acids (SCFAs; propionate, acetate and butyrate)
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regulate the expression of genes in Salmonella pathogenicity

island 1 (SPI1, 81). Specifically, acetate promotes SPI1 genes

expression, while butyrate suppresses genes like hilD, which plays

transcriptional regulatory roles (81). Notably, hilD also activates

LpxR (82). In line with these findings, RR uptook from the growth

medium more acetate than RW (Supplementary Figure S5),

suggesting that phage-resistance enhances the expression of

virulence factors like LpxR, which regulate LPS structure and

modulate the host innate immune response. This result is

confirmed by our previously published data which demonstrate

up-regulation of the LpxR gene in AGS cells infected by the RR

strain (26). Additionally, RR implemented the extracellular

concentration of g-aminoisobutyric acid (GABA), glucose and

pyruvate compared to RW (Supplementary Figure S5). GABA

improves bacterial survival in acidic environments and supports

colonization of gastro-intestinal tract (83). Similarly, accumulation

of glucose in the growth medium, together with pyruvate

production from acetate, confer advantages to bacteria, preserving

them from acidic environments (84). These findings suggest that

phage Ф1 provides RR with an adaptive advantage by enhancing

bacterial fitness.

As living organisms, bacteria ordinarily require energy to

support their physiological functions. However, under particular

conditions - such as the acquisition of phage-resistance - bacteria

demand higher levels of energy. In agreement with this

requirement, RR uptook more hypoxanthine from the growth

medium than RW (Supplementary Figure S5). As an intermediate

of the purine biosynthetic pathway, hypoxanthine consumption

increases the ATP production to provide energy for the more

metabolically active RR cells. RR also uptook more amino acids,

including arginine, lysine, isoleucine, leucine, proline and

phenylalanine which serve as effective source of carbon and

nitrogen (Supplementary Figure S5, 85). Amino acids contribute

to ammonium production, which is vital for synthetizing

macromolecules through glutamate biosynthesis (86). Consistent

with this evidence, RR released glutamate into the growth medium

(Supplementary Figure S5), which also participates in glutathione

biosynthesis – a key antioxidant molecule that counteracts reactive

oxygen species (ROS) produced by the host immune system (87).

Higher levels of methionine - the major precursor of glutathione

(88) - were detected in the growth medium of RR (Supplementary

Figure S5), aligning with our previous results showing increased

expression of the SodC1 and gogB genes in cells infected by the RR

strain (26). SodC1 is a superoxide dismutase which protects bacteria

from the oxidative burst induced by the host immune cells, while

gogB attenuates both the inflammatory response and ROS

production (28). Taken together, these results suggest that phage-

resistance, at least in this case, enhances bacterial fitness and

reduces bacterial effectiveness in inducing cell host damage.

These results were confirmed in vivo. RR, in fact, curbs the

mortality of mice. The highest tested concentration of RR (109 CFU/

animal) resulted in 33% mortality in mice, compared to 100%

mortality in those exposed to the same concentration of RW

(Figure 5). This reduced mortality may reflect under-acylation of

Lipid A and consequently reduced activation of the innate

immune response.
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Under-acylated Lipid A molecules, in fact, compete with native

species of Lipid A (hexa-acylated forms) and inhibit the hexa-

acylated Lipid A-MD2 complex functions, thus inducing a deficient

TLR4 signaling and a reduced secretion of pro-inflammatory

cytokines (58).

As expected, mice stimulated with RR-LPS produced lower

levels of pro-inflammatory cytokines, compared to those

stimulated with the RW-LPS (Figure 7). They showed lower

concentrations of the MyD88-dependent cytokines TNF-a, IL-6
and G-CSF (Figures 7A–C) – all involved in the early stages of

infection – thus suggesting the inability of RR in mounting an

immediate inflammatory response. Importantly, RR-LPS

suppressed the IFN-g production (Figure 7D), which plays a key

role in the pathogenesis of septic shock (89), while increased the

production of TRIF-dependent cytokines RANTES and IFN-b
(Figures 7F–G), which limit inflammation and promote adaptive

immunity (65, 66). Alteration in the stability of TLR4-MD-2, due to

under-acylated ligands, in fact, impairs the canonical LPS-induced

receptor dimerization and, as a consequence, the traditional signal

transduction pathway involving both MyD88 and TRIF-pathways.

These results, together with the secretion of the anti-inflammatory

cytokine IL-10 (Figure 7E), explain reduced signs of endotoxemia in

mice stimulated with the RR-LPS (Figure 6).

To determine the protective effect of the RR-LPS against S.

Rissen in vivo, we immunized mice and evaluated the bacterial

count in the splenic tissue. A significant reduction in bacterial

burden (< 103) was observed in mice immunized with the RR-LPS

compared to those immunized with the RW-LPS (Table 1). This

protection was attributed to LPS-specific antibodies targeting the O-

antigen (Supplementary Table S5; Figure 9). Both RR-LPS and RW-

LPS induced an early production of IgA, with a significant higher

expression in mice immunized with RR-LPS (Figure 8C).

IgA is the most important class of antibodies released in the

intestinal secretion and plays an essential role in protecting the

gastro-intestinal tract from Salmonella pathogens (90). Moreover,

early IgA production – as in our case – represents a valuable

immunological memory to polysaccharidic antigens (91, 92),. In

addition, mice immunized with the RR-LPS also showed an immune

response profile characterized by higher production of IgG than

those immunized with the RW-LPS (Figures 8A, B). As a selective

activator of the TRIF-dependent pathway, RR-LPS induces the

recruitment of the adaptive immune response through the

expression of type I-IFN-encoding genes and IL-10 production

(Figure 7), which stimulate both maturation and differentiation of

CD80+ and CD86+ dendritic cells through selection and expansion

of pathogen-specific T and B cells (93). These events culminate in

the T-dependent antibody production – enhanced by the peptide

carrier, which enables the antigen presentation to T cell through the

MHCII – thus eliciting a protective immunological memory

through the antibody switching (93, 94), and explaining the

higher expression of IgG in RR-LPS immunized mice. Altogether,

these results give reason for attributing the host immune protection

to the antibody production (Figure 9) and, hypothesizing that RR-

LPS immunization could confer cross-protection against different
Frontiers in Immunology 1762
Salmonella serovars by targeting shared O-antigens (Supplementary

Table 4). However, further in-depth investigation is needed to

elucidate the exact mechanism of protection and ascertain

whether antibodies are the unique contributors to the RR-LPS

induced immune protection.

In conclusion, this study demonstrates that under-acylated LPS

molecules - derived from the bacteriophage-resistant strain of S.

Rissen - induce an attenuated innate immune response, while

promoting an effective adaptive immune protection. These

properties make RR-LPS a potentially promising candidate for

vaccine development. Moreover, this study also highlights the

potential use of phages as an alternative to conventional chemical

or genetic methods for producing vaccines. Nevertheless, further

studies are required to provide further insight into mechanism,

length and contribution of additional factors in improving vaccine

potency and efficacy, and finally, the possibility to extend this

approach to other bacterial infections.
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73. Zhao Y, Arce-Gorvel V, Conde-Álvarez R, Moriyon I, Gorvel JP. Vaccine
development targeting lipopolysaccharide structure modification. Microbes Infect.
(2018) 20:455–60. doi: 10.1016/j.micinf.2017.11.006

74. d’Hauteville H, Khan S, Maskell DJ, Kussak A, Weintraub A, Mathison J, et al.
Two msbB Genes Encoding Maximal Acylation of Lipid A Are Required for Invasive
Shigella flexneri to Mediate Inflammatory Rupture and Destruction of the Intestinal
Epithelium. J Immunol. (2002) 168:5240–51. doi: 10.4049/jimmunol.168.10.5240

75. Micoli F, Rondini S, Alfini R, Lanzilao L, Necchi F, Negrea A, et al. Comparative
immunogenicity and efficacy of equivalent outer membrane vesicle and glycoconjugate
vaccines against nontyphoidal Salmonella. Proc Natl Acad Sci U.S.A. (2018) 115:10428–33.
doi: 10.1073/pnas.1807655115

76. Murray SR, Bermudes D, De Felipe KS, Low KB. Extragenic suppressors of
growth defects in msbB Salmonella. J Bacteriol. (2001) 183:5554–61. doi: 10.1128/
JB.183.19.5554-5561.2001

77. Karsten V, Murray SR, Pike J, Troy K, Ittensohn M, Kondradzhyan M, et al.
MsbB deletion confers acute sensitivity to CO2in Salmonella enterica serovar
Typhimurium that can be suppressed by a loss-of-function mutation in zwf. BMC
Microbiol. (2009) 9:170. doi: 10.1186/1471-2180-9-170

78. Bondy-Denomy J, Qian J, Westra ER, Buckling A, Guttman DS, Davidson AR,
et al. Prophages mediate defense against phage infection through diverse mechanisms.
ISME J. (2016) 10:2854–66. doi: 10.1038/ismej.2016.79

79. Simpson BW, Trent MS. Pushing the envelope: LPS modifications and their
consequences. Nat Rev Microbiol. (2019) 17:403–16. doi: 10.1038/s41579-019-0201-x

80. Rudra P, Boyd JM. Metabolic control of virulence factor production in
Staphylococcus aureus. Curr Opin Microbiol. (2020) 55:81–7. doi: 10.1016/
j.mib.2020.03.004

81. Gantois I, Ducatelle R, Pasmans F, Haesebrouck F, Hautefort I, Thompson A,
et al. Butyrate specifically down-regulates Salmonella pathogenicity island 1 gene
expression. Appl Environ Microbiol. (2006) 72:946–9. doi: 10.1128/AEM.72.1.946-
949.2006
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Introduction: Animal influenza viruses pose a danger to the general public.

Eurasian avian-like H1N1 (EA H1N1) viruses have recently infected humans in

several different countries and are often found in pigs in China, indicating that

they have the potential to cause a pandemic. Therefore, there is an urgent need

to develop a potent vaccine against EA H1N1.

Methods: In this study, we report the effective intramuscular (i.m.) and/or

intranasal (i.n.) vaccination of mice with a subunit influenza vaccine utilizing safe

adjuvant gram-positive enhancer matrix (GEM) particles derived from the food-

grade bacterium Lactococcus lactis. The hemagglutinin (HA)-protein anchor (PA)

subunit vaccine can be simply mixed with GEM particles to produce vaccines.

Results: After two booster injections, the i.m.+i.n. administered GEM subunit

vaccine achieved hemagglutination inhibition titers in the serum that were

equivalent to those observed using the conventional i.m. method. The mucosal

and Th1-biased immune responses generated by the i.m. administered subunit

vaccine alone were inferior to those induced by the i.n. and i.m.+i.n. administered

subunit vaccines. Vaccinated mice were challenged with live viruses (G4 EA H1N1

and A/PR/8/34) to determine whether the adjuvant combination protected against

the virus after vaccination with the influenza subunit vaccine. Compared to mice

inoculated with HA alone, mice immunized with i.m.+i.n. or i.n. HA-PA-GEM

displayed undetectable viral titers in the lungs, at 5 d after challenge.

Discussion: Overall, this study not only offers other potential platforms for the

generation of swine influenza vaccines, but also a theoretical foundation for vaccine

vector platforms that can be utilized for future research on other infections.
KEYWORDS

influenza, swine influenza, vaccine, intranasal vaccine, gram-positive enhancer matrix
(GEM) particles
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1 Introduction

Due to their vulnerability to avian, swine, and human influenza A

viruses (IAVs), pigs are regarded as “mixing vessels” for the creation

of influenza viruses with the potential to cause a pandemic (1–4).

Moreover, these reassortants may evolve mutations to adapt to

humans, resulting in a human influenza pandemic (5). With the

emergence of pdm/09H1N1, the global health threat posed by novel

swine influenza viruses (SIVs) has been clearly illustrated (5, 6). There

are several genotypes of Eurasian avian-like H1N1 (EA H1N1) swine

IAVs in pigs in China, and recent findings suggest that the potentially

pandemic genotype 4 (G4) reassortment has been predominant

among swine populations in China since 2016 (4, 7, 8).

Despite its low mortality in swine herds, swine influenza is an

economically significant respiratory infectious disease that causes

high morbidity in pigs worldwide (7). Prevention of H1N1 SIVs will

contribute to improving public health by reducing the risk of

transmission from pigs to humans. Effective immunization is

currently the most affordable public health measure for

controlling SIV infections. Recently, various influenza vaccines

have been developed for pigs, including inactivated whole-virus,

live attenuated, subunit, and vectored vaccines (9, 10). Inactivated

whole-virus vaccines are currently the most used and commercially

accessible option for preventing SIV infections (11). Since influenza

virus outbreaks are caused by the antigenic structure of the virus,

hemagglutinin (HA) is a crucial component in the design of a

vaccine against them (12). HA antigenic matching between the

vaccine strain and prevalent strain is essential for the inactivated

influenza vaccine to effectively protect against epidemic strains.

Vaccines using inactivated viruses and/or subunit vaccines

frequently contain adjuvants to boost the strength and caliber of

immune responses, while also accelerating the onset and

lengthening the duration of protection. Numerous adjuvants can

boost immune responses and encourage defense against infections

with influenza virus strains that are similar to one another, in both

humans and animals (9). The food-grade bacterium Lactococcus

lactis (L. lactis) is heated and acidified to remove its DNA and most

of its proteins, resulting in the formation of peptidoglycan spheres

known as gram-positive enhancer matrix (GEM) nanoparticles

(13, 14). This novel adjuvant technology of GEM particles can

significantly increase the immunogenicity of vaccines (15–20). Toll-

like receptor 2 recognizes GEM particles, which activate innate

immunity and improve the capacity of the natural immune system

to kill harmful microorganisms (13, 20). It has been found that the

GEM-protein anchor (PA) surface display system, which uses a PA

made from the L. lactis peptidoglycan hydrolase, AcmA, may
Abbreviations: EA H1N1, Eurasian avian-like H1N1; ELISA, Enzyme-linked

immunosorbent assay; ELISpot, Enzyme-linked immunosorbent spot; GEM,

Gram-positive enhancer matrix; HA, Hemagglutinin; HAI, Hemagglutination

inhibition; HRP, Horseradish peroxidase; IAVs, Influenza A viruses; IFN-g,

Interferon gamma; IL, Interleukin; i.m., Intramuscular; i.n., Intranasal; LPS,

lipopolysaccharide; MDCK, Madin-Darby canine kidney; NO, Nitric oxide; PA,

Protein anchor; PBS, Phosphate-buffered saline; SIgA, Secretory IgA; SIVs, Swine

influenza viruses; TNF-a, Tumor necrosis factor alpha; WIV, Whole-

inactivated virus.
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efficiently elicit systemic immune responses, in addition to

offering other advantages, such as quick and simple antigen

purification (15–20). Recent studies of GEM particles have

demonstrated their safety in the treatment of a number of

pathogens, including shigellosis, human papillomavirus, porcine

circovirus type 2, hepatitis E virus and foot-and-mouth disease virus

(15–20). GEM particles are safe and effective adjuvants for

intranasal (i.n.) and intramuscular (i.m.) injections during

influenza subunit vaccination (20).

In this study, we examined how well BALB/c mice responded to

i.m. and i.n. administration of an influenza subunit vaccine used in

combination with GEM particles as an adjuvant. For this, we tested

whether (a) the GEM particles had adjuvant/immunostimulatory

activity for intranasal immunization; (b) the adjuvants enhanced

mucosal and systemic immune responses to influenza; and (c) the

mice were protected against a fatal EA H1N1 swine IAV challenge

through the passive administration of influenza formulations that

were or were not adjuvanted.
2 Materials and methods

2.1 Viruses, cells, and bacterial strains

The G4 EA H1N1 swine isolate [A/swine/Jiangsu/65/2015

(H1N1)] and influenza virus A/PR/8/34 (HIN1) were kindly

provided by Meilin Jin (21). Allantoic inoculation of the seed virus

was performed to cultivate the virus in embryonated chicken eggs.

The virus was purified and inactivated as previously described, to

obtain whole-inactivated virus (WIV) vaccines (22, 23). In brief,

the G4 EA H1N1 swine isolate culture supernatant was treated with

0.1 M b-propiolactone (BPL) (P5648, MilliporeSigma, USA) for

overnight viral inactivation at 4°C. BPL was then hydrolyzed at 37°C

for 90 minutes. Inactivated viruses were concentrated by

ultracentrifugation at 50,000 g for 2 h and purified using a 20-60%

sucrose density gradient. Total protein of the purified viruses was

quantified with a bicinchoninic acid (BCA) protein assay kit (Sangon

Biotech, Shanghai, China). Madin-Darby canine kidney (MDCK)

and RAW 264.7 (mouse macrophage) cells were obtained from the

American Type Culture Collection (ATCC). The cells were cultured

in Dulbecco’s Modified Eagle’s Medium (Gibco, Shanghai, China), at

37°C, in an incubator containing 5% CO2. Adherent Spodoptera

frugiperda (Sf9) cells (Life Technologies, USA) were cultured at 27°C

and maintained in SFM 900 II medium (Life Technologies, Beijing,

China) supplemented with 10% heat-inactivated fetal bovine serum

and 1% penicillin-streptomycin. L. lactis MG1363 was purchased

from the China Committee for Culture Collection of

Microorganisms (Beijing, China). Standing cultures of the cells

were maintained at 30°C in M17 medium containing 1% glucose.
2.2 GEM preparation

The L. lactis strain MG1363 was cultured overnight and

harvested. The cells were then washed with sterile distilled water,

following which hydrochloric acid (HCl; 0.1 M) was added to them,
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and they were placed in a hot water bath for 30 min, at 99°C. The

bacteria were killed by treatment with acid and heat, to generate the

GEM particles. After three washes with PBS, the GEM particles were

diluted to one unit (1 U=2.5×109 particles/mL) and stored at −70°C.
2.3 Transmission and scanning
electron microscopy

For transmission electron microscopy, the L. lactis strain

MG1363 and GEM particles were centrifuged to obtain

precipitates, which were reconstituted in sterile filtered water

following fixation with 2% glutaraldehyde (no suspension),

overnight at 4°C. A simple carbon grid was used to hold the L.

lactis MG1363 and GEM formulations. After placing on the grid,

the samples were washed with water and stained twice with 5 µL of

2 wt% uranyl acetate. Images of the samples were captured with an

UltraScan 4000SP CCD camera (Gatan).

Particles of L. lactis strains MG1363 and GEM were deposited

on a metal disc using double-sided adhesive carbon tape and coated

with approximately 10 nm of gold using a Balzer’s 120B sputtering

apparatus (Balzer UNION, Liechtenstein). Following that, the L.

lactis strain MG1363 and GEM preparations were imaged using a

JEOL JSM 6301-F microscope (JEOL Ltd., Tokyo, Japan), at

magnifications of 500× and 5000×.
2.4 Particle size analysis

A Litesizer™ 500 system (Anto Paar, Austria) was used to analyze

the particle size of the L. lactis strain MG1363 and GEM particles (at a

dilution factor of 1:100), with distilled water used as the diluent.
2.5 Nitrite assay

The nitrite assay has been described in detail elsewhere (24).

RAW 264.7 cells were stimulated with 0.1, 0.5, or 1 U doses of GEM

particles, and the culture supernatants were collected 48 h after

incubation, to measure the nitric oxide (NO) levels. While the cells

in the negative control group received only cell culture medium,

those in the positive control groups were stimulated with Pam3CK4

or lipopolysaccharide (LPS), at concentrations of 0.1, 1, or 10 µg/

mL. Griess assay was used to measure NO production, according to

the manufacturer’s protocol (Promega, Madison, WI, USA).
2.6 Quantitative real-time PCR

Total RNA extraction from the samples was carried out using

TRIzol® (Invitrogen, Beijing, China), as per the manufacturer’s

instructions. Conventional and quantitative real-time PCR (qRT-

PCR) assays were conducted on the extracted RNA following cDNA

synthesis. SYBR® Premix Ex Taq™ (Tli RNase H Plus; Takara,

Dalian, China) was used for qRT-PCR, to examine the expression of
Frontiers in Immunology 0368
nitric oxide synthase (iNOSl), interleukin (IL)-1, interferon gamma

(IFN-g), tumor necrosis factor alpha (TNF-a), and IL-6 on an ABI

7500 system (Applied Biosystems, USA). Relative gene expression

was analyzed based on the threshold cycle (2–DDCT) method, with

GAPDH used as an internal control. Three independent

experiments were conducted. The qRT-PCR primers used are

listed in Supplementary Figure 1 (21, 25).
2.7 Immunohistology

All mouse heads were fixed in 10% neutral-buffered formalin

for 48 h, after being skinned. Six pieces were cut from the tip of the

nose to the foramen occipitale magnum using a diamond saw. The

sections were gently decalcified for 7 d, at room temperature, in an

RDF Mild Decalcifier (CellPath Ltd., The United Kingdom). The

tissues (lungs and thymus) were fixed in 10% neutral-buffered

formalin for 72 h, before being transferred to 70% ethanol for

paraffin embedding. The implanted tissues were routinely divided

into sections that were 3~4 µm thick, stained with Masson’s

trichrome as well as hematoxylin and eosin, and then examined

by a veterinary pathologist. As previously described (4, 25, 26),

immunohistochemistry was carried out using the horseradish

peroxidase (HRP) method. Sections of 5 mm were cut,

deparaffinized in xylene, rehydrated in graded alcohol, and

microwaved in sodium citrate buffer (pH 6.0) for antigen

retrieval. Endogenous peroxidase activity was blocked with 3%

H2O2 for 15 min, and the lung tissue sections were then blocked

with 5% BSA for 30 min, both at room temperature. The samples

were incubated with Rat anti-mouse cluster of differentiation (CD)

45R (clone B220; BD Biosciences; B cells), rabbit anti-CD3

[ab16669; Abcam (Shanghai, China); T cells], and rabbit anti-Iba-

1 (ab178847; Abcam; macrophages and dendritic cells) for 14 h at 4°C.

The slides were incubated with a secondary antibody using the

ImmPRESS™ HRP Universal Antibody Polymer Detection Kit

(Vector Laboratories, MP-7500) for 1 hour at room temperature.

After 25 seconds of DAB staining and 30 seconds of counterstaining

with hematoxylin in 1% ammonia solution, the slides were mounted

with VectaMount medium, examined, and photographed using an

Olympus BX41 microscope. Images were acquired using cellSens

software (Olympus). 5 random sections were chosen for the intensity

quantification. The marker staining intensities were evaluated by

relative quantification using digital image analysis platform

DefiniensTissueStudio (Definiens AG).
2.8 Construction and expression of
recombinant baculoviruses

The HA sequence (GenBank: OL468248.1) of the G4 EA H1N1

swine isolate and PA sequence from the L. lactis MG1363 strain

were retrieved and synthesized by Sangon Biotech (Shanghai,

China). A 6×His-tag and flexible linker sequence were added to

the N- and C-termini of the HA gene, respectively, and then cloned

into the pFastBac1 vector, immediately downstream of a cassette
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encoding an envelope glycoprotein signal peptide (gp64) from the

nucleopolyhedrovirus Autographa californica (Figure 1A). A full-

length HA protein without the signal peptide, transmembrane, or

internal motif was expressed in this study, corresponding to amino

acids 20–530 (GenBank: OL468248.1).

PFastBac1-HA-PA was transformed into Escherichia coli

DH10Bac competent cells to generate recombinant bacmids. The

recombinant baculovirus was created by transiently transfecting the

recombinant bacmid into Sf9 insect cells with Cellfectin® II (Life

Technologies), as directed by the manufacturer. First-generation (P1)

recombinant baculovirus-containing supernatants were collected 72

h after transfection and passed through three generations of Sf9 cells

to produce the fourth-generation (P4) recombinant baculoviruses. In

the culture supernatant, HA-PA was expressed as a soluble secreted

protein. To express recombinant proteins, 2×106 cells/mL of Sf9 cells

were infected with amplified high-titer recombinant HA-PA

baculoviral stocks at 5% (a multiplicity of index of ~3). Expression
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was carried out at 27°C for 72 h, on an orbital shaker rotating at 120

rpm. Similarly, HA expression was done in Sf9 cells using the

pFastBac baculovirus system. The procedure was identical to the

above. The only difference between HA and HA-PA is the missing

PA tag. The protein was purified from the supernatant while the cell

pellet was discarded.
2.9 Purification of recombinant proteins

To optimize the expression of recombinant HA-PA or HA

protein in scaled-up 1L cultures, Sf9 cells were cultured in shaking

flasks with orbital rotation at 125 rpm at 27°C and subsequently

infected with P3 baculoviral stock. After 72 hours, the recombinant

HA-PA or HA protein was purified from the supernatant, with the

cell pellet being discarded. The purification process was conducted

using Ni-NTA-affinity chromatography (BIOFOUNT, Beijing,
FIGURE 1

Schematic diagrams of antigen design and HA-PA protein binding to GEM particles. (A) The secreted signal peptide gp67 was added to the N-
terminal of HA in both the constructs. The PA sequence was added after the HA sequence, and a 6×His tag was added to the C-terminal of gp67.
(B) Combination diagram of HA-PA protein binding to GEM particles. HA, hemagglutinin; GEM, gram-positive enhancer matrix; PA, protein anchor.
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China) in accordance with the manufacturer’s instructions. The

supernatant was subjected to purification using a Ni-NTA column

(10 mL, 1.6 × 5 cm) at a flow rate of 1 mL/min. The column was

sequentially washed with washing buffer 1 (PBS, pH 7.4), washing

buffer 2 (25 mmol/L imidazole in PBS, pH 7.4), and washing buffer

3 (70 mmol/L imidazole in PBS, pH 7.4). Subsequently, the

recombinant HA-PA or HA was eluted using a stepwise

imidazole gradient ranging from 200 to 400 mM in PBS (pH 7.4).

The concentration of the purified HA-PA or HA was quantified

using the bicinchoninic acid (BCA) assay.
2.10 Binding of the fusion protein to
GEM particles

The HA-PA-GEM particles were assembled in a single step at

room temperature, as shown in Figure 1B. Three days after injecting

the recombinant baculovirus into Sf9 cells at a multiplicity of index

of 3, the cells were harvested by means of centrifugation (1600 × g

for 30 min), and the supernatant was collected. The purification

process was conducted using Ni-NTA-affinity chromatography

(BIOFOUNT, Beij ing, China) in accordance with the

manufacturer’s instructions. Subsequently, 5 µg/µL HA-PA fusion

protein was mixed with 1 U GEM particles (2.5×109) at room

temperature, for 1 h, in a rotational shaker. To acquire the fusion-

GEM complexes, the precipitate was centrifuged at 6000 × g for 10

min, washed five times with PBS, and then resuspended in PBS.

Samples were then analyzed by Western blot.
2.11 Western blot and
immunofluorescence assay

To study antibody binding, the proteins were resolved on a 10%

w/v polyacrylamide gel and then transferred to a polyvinylidene

difluoride membrane. The blots were blocked with 5% skim milk

powder in PBS before being incubated with 0.5 µg/mL of an anti-

6×His-tag monoclonal antibody diluted in 1% skim milk powder in

PBS, overnight at 4°C. The blots were then incubated with HRP-

conjugated rabbit anti-mouse immunoglobulin G (IgG) from

Abcam (diluted 1:10000 with 1% skimmed milk powder in PBS)

for 1 h, at room temperature. Chemiluminescence was detected

using the Clarity Western ECL Substrate Kit (Bio-Rad, UK). To

further evaluate the antigenicity of HA-PA, positive sera from A/

swine/Jiangsu/65/2015 (H1N1) were employed as the primary

antibody. The sera were obtained 20 days following infection of

pigs with A/swine/Jiangsu/65/2015 (H1N1). The secondary

antibody employed was goat anti-pig IgG H&L (Abcam, ab6910,

Shanghai, China).

For the immunofluorescence assay (IFA), the centrifuged HA-

PA-GEM complex precipitate was suspended and blocked with 5%

non-fat milk in Eppendorf tubes. Next, the cells were stained with

an anti-6×His-tag monoclonal antibody (1:200) as the primary

antibody and FITC-conjugated anti-mouse IgG (1:400) as the
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secondary antibody. A fluorescence microscope was used to view

the dyed complexes on slides (Olympus Corp., Tokyo, Japan).
2.12 Hemagglutination assay

Hemagglutination assays were performed as described

previously (16). The HA-PA-GEM complex were reconstituted in

PBS to a concentration of 25 µg/mL, and 50 µL of this preparation

was added to 96-well V bottom plates already containing 50 µL of

PBS. Following a two-fold serial dilution of the entire mixture, 50 µL

of a 1.5% adult chicken erythrocyte suspension were added to each

well, and the plates were then stored at room temperature for 2 h.

The maximum dilution at which red blood cell agglutination was

observed was used to express the hemagglutination titers, which

were read after 2 h.
2.13 Animal study design

2.13.1 Vaccine immunizing evaluation
The Committee for Animal Experiments of the Inner Mongolia

Agricultural University in China examined and authorized the

animal research, in compliance with the provisions of the Chinese

Animal Protection Act. BALB/c mice (6–8-weeks old) were

purchased from Beijing Vital River Laboratory Animal

Technology Co. Ltd. The female mice were divided into nine

groups (i.n. PBS group, i.m. PBS group, i.n. GEM group, i.m.

GEM group, i.m. HA subunit vaccine group, i.m. WIV, i.m. HA-

PA-GEM group, i.n. HA-PA-GEM group, i.m.+i.n. HA-PA-GEM

group) of eight each. These experimental animals are mainly used to

study the immune response to vaccines. In order to immunize mice

with an i.m. vaccine, a dose of the vaccine contained 1.5 mg of

whole-inactivated virus antigen in 25 mL of phosphate-buffered

saline (PBS) containing 25 mL of adjuvant AddaVax (vac-adx-10,

InvivoGen) (per mouse in 50 mL). HA subunit vaccine group mice

were injected with HA protein (0.2 mg/mL) was mixed with an equal

volume of incomplete Freund’s adjuvant (Sigma-Aldrich, Shanghai,

Chain) (per mouse in 50 mL). Immediately before vaccination, the

GEM particles and HA-PA were mixed. Under inhalation

anesthesia (isoflurane/O2), the test group received 25 µL of GEM-

adjuvanted vaccination, through the i.n. or/and i.m. routes [12 uL of

the 1U per mL of GEMs combined with 5 µg HA-PA]. The animals

were administered the vaccine on three occasions, at days 0, 14, and

28, via the intramuscular route and subsequently humanely

euthanized on day 40 of the trial.

On day 40, the mice were euthanized, after which their orbital

plexus was punctured to collect blood for antibody measurements.

Bronchoalveolar lavage fluid was collected to assess the secretory IgA

(SIgA) antibodies. Briefly, the lungs from sacrificedmice were flushed

three times with 1mL PBS, then centrifuged at 3,500 g for 10minutes.

Roche’s “complete” protease inhibitor was used in 1mL of PBS, as per

the manufacturer’s instructions, for the bronchoalveolar lavage fluid.

All lavage samples were stored at –20°C.
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2.13.2 Viral challenge
In the present study, two animal studies were performed to

investigate protection against heterologous challenge by H1N1

viruses with different antigens (Supplementary Figure 1). In study

1, 80 BALB/c mice aged 6-8 weeks were divided into 10 groups

(Supplementary Figure 2). The intramuscular vaccination groups

included mock vaccine control group (PBS), HA subunit vaccine

group (HA), WIV group, GEM group and HA-PA-GEM group.

These mice were nasally inoculated with the G4 EA H1N1 swine

isolate (1×105 TCID50/0.1 mL) via 2.5% avertin (0.02 mL/g body

weight) 1 week after the third immunization, and negative controls

were treated with 0.9% saline. The intranasal vaccination groups

included blank control (PBS), HA subunit vaccine (HA) group,

GEM group, HA-PA-GEM group, i.m.+i.n. HA-PA-GEM group.

Similarly, these mice were nasally inoculated with the G4 EA H1N1

swine isolate (1×105 TCID50/0.1 mL) via 2.5% avertin (0.02 mL/g

body weight) 1 week after the third immunization, and the negative

control group was treated with 0.9% saline.

In study 2, 48 BALB/c mice aged 6-8 weeks were divided into 6

groups (Supplementary Table 2). The intramuscular vaccination

groups included blank control (PBS), WIV group and HA-PA-

GEM group. These mice were nasally inoculated with influenza

virus A/PR/8/34 (HIN1) (1×105 TCID50/0.1 mL) via 2.5% avertin

(0.02 mL/g body weight) 1 week after the third immunization, and

the negative control group was treated with 0.9% saline. The

intranasal vaccination groups included blank control (PBS), HA-

PA-GEM group, i.m.+i.n. HA-PA-GEM group. Similarly, these

mice were nasally inoculated with influenza virus A/PR/8/34

(HIN1) (1×105 TCID50/0.1 mL) via 2.5% avertin (0.02 mL/g body

weight) 1 week after the third immunization and the negative

control group was treated with 0.9% saline.
2.14 Enzyme-linked immunosorbent assay
for detection of HA-specific antibodies

Serum, and bronchoalveolar lavage fluid samples were collected

on 12 day after 3rd immunization, and ELISA was performed to

detect HA-specific antibodies in them, as described previously (21).

Antigen-specific serum IgG and SIgA antibodies were also detected

using ELISA. Whole-inactivated H1N1 virus (100 mL/well) was

diluted to a concentration of 10 mg/mL in carbonate-bicarbonate

buffer (pH 9.6), and then used to coat 96-well plates, overnight at 4°C.

Following that, the wells were blocked with 250 mL of 2% bovine

serum albumin in PBS, at 37°C, for 3 h. We diluted the serum

samples 100-fold and lavage samples 20-fold. The diluted samples

were added to the wells, maintained to 37°C for 2 h, and then rinsed

three times with PBS containing Tween-20. The plates were blotted

with 100 mL each of HRP-conjugated goat anti-mouse IgG and IgA

alpha chain antibodies from Abcam, for 1 h, at room temperature.

After this incubation, the wells were washed three times with a 100 mL
wash solution. After 15 min of dark incubation at 37°C with a

3,3,5,5′-tetramethylbenzidine substrate solution in sterile water, the

bound antibodies were detected. After addition of 100 mL of stop

solution to halt the enzyme process, the absorbance of each
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microwell at the wavelength of 450 nm was measured using a

spectrophotometer. Two independent tests were performed.
2.15 Hemagglutination inhibition and
microneutralization assays

We carried out an HAI test to assess the titers of HA antigen-

specific antibodies in the sera or bronchoalveolar lavage fluid of

unvaccinated and immunized mice. To inactivate nonspecific

inhibitors, the serum samples were pre-treated with a receptor-

destroying enzyme (RDE) obtained from Denka Seiken Company,

Chuo, Tokyo, before testing. Specifically, three volumes of RDE

were combined with one volume of serum and incubated overnight

at 37°C. Subsequently, the RDE was inactivated by incubating the

serum-RDE mixture at 56°C for approximately 45 minutes. Before

being incubated in 96-well microtiter plates with 4 HA units for 30

min at 37°C, the serum or bronchoalveolar lavage fluid samples

were serially diluted twice with PBS. Thereafter, an equal volume of

fresh, 1% (v/v), chicken red blood cells were added, and the mixture

was incubated at 37°C for 30 min. For descriptive and analytic

statistics, the assay limit of detection was set at 1:10 for HAI titers.

The HAI titer was measured from the highest dilution showing

non-agglutinated RBCs. Each plate included positive and negative

serum controls. Initially, mice had no antibodies (HAI titer <1:10)

against the four vaccine viruses. Positive control pig sera (G4 EA

H1N1 swine isolate) and negative controls (antigen-alone wells and

PBS with RBCs) were used in the assay.

The viral neutralization experiment was performed as

mentioned previously (21). Serum neutralizing antibody titers

were measured by seeding 1.5×104 MDCK cells per well into 96-

well culture plates, and growing them at 37°C in a 5% CO2-

containing incubator, to form a monolayer. Serial two-fold

dilutions of blood samples were prepared in 96-well cell culture

plates containing Dulbecco’s Modified Eagle’s Medium with 0.3%

bovine serum albumin, 100 U/mL penicillin, and 100 mg/mL

streptomycin (starting dilution of 1:10). Thereafter, an identical

volume (50 mL) of diluted virus with 100 TCID50 was fixed to the

diluted serums, and the mixture was incubated for 1 h, at 37°C. We

added 100 mL of serum and virus mixture to 96-well plates

containing 90% confluent monolayers of MDCK cells, and then

incubated the plates at 37°C for 48 hours. After 48 h, the cell

supernatant was collected and an hemagglutination test was

carried out.
2.16 Splenocyte proliferation and
cytokine assay

Splenocytes were harvested from the spleens of three mice (The

samples were collected on 12 day after 3rd immunization) and their

proliferation was measured (21). For this, splenocytes (1.0 × 106)

were seeded into each well of a 96-well microwell plate, with

recombinant H1N1 HA antigen (the G4 EA H1N1 swine isolate,

GenBank: OL468248.1) (10 ng/mL) as the specific antigen for the
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vaccine groups and concanavalin A (10 ng/mL) as the positive

control, or without stimulation. They were then stimulated for 48 h

at 37°C in a humidified environment containing 5% CO2. Each

mouse sample was examined in triplicate. The MTT assay was used

to measure cell viability (21).

Splenocyte stimulation and cytokine analysis were performed as

previously described (21). We evaluated the concentrations of Th1

(IFN-g and IL-12) and Th2 (IL-4) cytokines in the supernatants of

splenocytes from control and test animals, in accordance with the

manufacturer’s instructions, using commercially available cytokine-

specific ELISA kits (R&D Systems, Shanghai, China).
2.17 IFN-g and IL-4 enzyme-linked
immunosorbent spot assays

Splenocytes were isolated from the vaccinated mice after the

third vaccination. In a 96-well ELISpot plate, 1×106 splenocytes

were grown with pure H1N1-HA antigen (the G4 EA H1N1 swine

isolate, GenBank: OL468248.1) (20 mg/mL). The cells were grown

for 24 h in preparation for the ELISpot assay and then detected

using a commercial kit (MABTECH, Nacka, Sweden), in

accordance with the manufacturer’s instructions. The spot-

forming cells were counted using an automated ELISpot reader

(ELISPOT reader iSpot, AID, Germany).
2.18 Viral challenge, clinical observation,
and histopathological examination

We anaesthetized mice with 2.5% avertin (0.02 mL/g body

weight) and then i.n. inoculated them with G4 EA H1N1 swine

isolate or A/PR/8/34 (HIN1) (1×105 TCID50/0.1 mL). All mice were

monitored for general physical activity and pathophysiological

measures, to determine the protective effects of the HA-PA-GEM

particles (body weight, fur ruffling, and conjunctivitis). Clinical

scoring was conducted by an individual who was blinded to both

the study design and the identity of the animals. The scoring was

based on the following scale: 0 = no visible signs of disease; 1 = slight

ruffling of fur; 2 = ruffled fur with reduced mobility (2 points for 10-

15% weightloss); 3 = ruffled fur, reduced mobility, and rapid

breathing (3 points for 15-20% weightloss); 4 = ruffled fur,

minimal mobility, huddled appearance, and rapid and/or labored

breathing (4 points for 20-30% weightloss); 5 = euthanasia (A

weight loss of greater than 30% was deemed to be a reason

for euthanasia.).

The mice were observed daily for signs of distress by monitoring

their general appearance, respiratory distress, weight loss and

animal survival. Mice that lost more than 30% of their initial

body weight were humanely euthanized by carbon dioxide

inhalation and cervical dislocation. The sole criterion employed to

ascertain whether mice should be euthanized was their body weight.

One half of the lung was fixed for histopathological analysis. One

half of the lung of virus were titered using median tissue culture

infectious dose 50 (TCID 50) assay. For histopathological analysis,

lungs were collected on the seventh day post-infection (n = 2), then
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inflated and fixed with 10% neutral buffered formalin (NBF). For

TCID 50 analysis, the lungs were weighed before homogenization in

Hanks balanced salt solution (HBSS) and centrifugation at 500 g for

5 minutes. With MDCK cells, TCID 50 tests were conducted to

determine virus titers.

Mice from each group had their lungs preserved in 10% neutral-

buffered formalin, embedded in paraffin according to accepted

practices, sectioned to a thickness of 4 mm, and stained with

hematoxylin and eosin. The slides were examined under a light

microscope (EX200, Nikon) to detect histological lung lesions. The

participants in the evaluation were all postgraduate students in

veterinary pathology, and none of them had any prior knowledge of

the experiment. The histological assessment criteria for lung

damage are categorized into three distinct groups, yielding a

cumulative score of up to 10 points per specimen. The evaluation

of pulmonary edema involves an examination of both the location

and severity of edema within the lung tissue, with a scoring range

from 0 (indicating no edema) to 3 (indicating diffuse alveolar space

edema affecting multiple lung lobes). Specifically, the scoring is

delineated as follows: a score of 1 denotes alveolar wall edema

confined to a single lobe, a score of 1.5 indicates alveolar wall edema

present in more than one lobe, a score of 2 represents diffuse

edema within a single lobe, and a score of 3 corresponds to diffuse

edema across multiple lobes. Alveolar infiltration is assessed to

determine the extent of infiltration within the alveolar septa and

spaces. The evaluation utilizes a scoring system ranging from 0 to 3,

where 0 indicates no infiltration and 3 denotes diffuse alveolar space

infiltration affecting more than one lobe. The specific scores are

defined as follows: a score of 1 corresponds to peribronchiolar and/

or perivascular infiltration; a score of 1.5 indicates similar

infiltration with localized involvement of the alveolar walls; a

score of 2 represents significant tissue consolidation within a

single lobe; and a score of 3 signifies extensive infiltration across

multiple lobes. Pulmonary vasculitis quantifies the extent of

inflammation within vascular structures, utilizing a scoring

system that ranges from 0 (indicating no inflammation) to 4

(denoting extensive infiltration across multiple lobes). The criteria

for these scores are as follows: a score of 1 corresponds to the

presence of perivascular edema and/or infiltration; a score of 2

indicates mild infiltration of the vessel wall without endothelial

involvement; a score of 3 signifies intensive infiltration of the vessel

wall and/or endothelium confined to a single lobe; and a score of 4

reflects similar intensive infiltration affecting multiple lobes.
2.19 Statistical analysis

The data were collected from at least three different experiments

and displayed as mean ± standard error of mean. The assays were

conducted in triplicate, with at least three independent biological

replicates. The reactions were performed in triplicate on each of two

biological replicates. Differences were examined using Prism

(GraphPad version 5.0). One-way analysis of variance with

Bonferroni’s post-hoc multiple comparison test was used to

determine the statistical significance of differences in cytokine,

IgG and SIgA levels between the experimental groups at different
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1432989
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhang et al. 10.3389/fimmu.2024.1432989
time-points. The survival percentages were examined using the

Kaplan-Meier technique. A p-value of ≤0.05 was considered

statistically significant.
3 Results

3.1 Induction of NO production and gene
expression in macrophages by
GEM particles

Hot TCA treatment of L. lactis MG1363 resulted in the

generation of non-living particles (GEM particles), most likely by

influencing the protein and DNA content of the GEM particles. The

GEM particles had the same size and shape as live L. lactis MG1363

(Supplementary Figures 2A–D). Hot TCA treatment causes

unraveling of the peptidoglycan, which is widely found on the cell

wall of L. lactisMG1363 and preserves its structural integrity (13–20).
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The objective of this study was to investigate the impact of GEM

particles on macrophages. To this end, RAW 264.7 cells were

stimulated with doses of GEM particles at 0.1, 0.5, or 1 U, and

the culture supernatants were collected 48 hours after incubation to

measure the nitric oxide (NO) levels. RAW 264.7 cells were treated

with three different concentrations of LPS or Pam3CK4 (as positive

controls) for 48 h. NO production was measured as a marker of

macrophage activation. GEM-stimulated macrophages produced

considerably higher nitrite concentrations than unstimulated

controls (p<0.001) (Figure 2A).

We also examined the iNOSl, IL-1b, IL-6, IFN-g, and TNF-a
mRNA levels in the GEMs(1U)-, LPS(10 µg/mL)-, and Pam3CK4

(10 µg/mL)-stimulated RAW 264.7 macrophage cells. At 12 h post-

treatment, iNOSl expression in cells treated with GEMs, LPS, and

Pam3CK4 was upregulated by 20.8- (p<0.001), 54.2- (p<0.001), and

17.6-fold (p<0.001), respectively (Figure 2B); IL-1b expression was

upregulated by 13- (p<0.001), 9.5- (p<0.001), and 12.6-fold

(p<0.001), respectively (Figure 2C); IL-6 expression was
FIGURE 2

Nitrite production and mRNA expression in RAW 264.7 cells stimulated with GEM particles. (A) Nitrite levels in the supernatants were measured using
the Griess assay, after 48 h of stimulation. RT-qPCR was performed for iNOSl (B) and the cytokines IL-1b (C), IL-6 (D), IFN-g (E), and TNF-a (F). The
gene expression was quantitated relative to that of the housekeeping gene GAPDH. The analysis was performed with a one-way ANOVA. Differences
were considered significant at **p<0.01, ***p<0.001, as compared to the respective control cells. The experiment was performed in triplicate. iNOSl,
nitric oxide synthase; IL, interleukin; IFN-g, interferon gamma; TNF-a, tumor necrosis factor alpha; GEM, gram-positive enhancer matrix.
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upregulated by 2.2- (p<0.01), 7.3- (p<0.001), and 2.4-fold (p<0.01),

respectively (Figure 2D); IFN-g expression was upregulated by 24.3-

(p<0.001), 1.2- (p>0.05) and 21.7-fold (p<0.001), respectively

(Figure 2E); and TNF-a expression was upregulated by 1.1-

(p>0.05), 4.3- (p<0.001) and 1.2-fold (p>0.05), respectively

(Figure 2F). These results indicated that GEM particles activated

macrophages to induce inflammatory cytokines.
3.2 GEM particles have
inherent adjuvanticity

Adjuvants are frequently added to inactivated, split virus

vaccines, and nanoparticulate subunit vaccines, to improve their

immunogenicity and reduce the number of doses and amount of

antigen (or pathogen component) required to elicit a protective

immune response, particularly in immunocompromised

individuals (27–29). i.n. administration of GEM in PBS was used

to test the adjuvant effects of the GEMs in this study. Under

inhalation anesthesia (isoflurane/O2), the test group received of

GEM, through the i.n. routes [2.5×109 GEM particles (1 U)]. The

control group was substituted with PBS. The head and thoracic

organs were removed en bloc after 5 d and histologically and

immunohistologically investigated (Figure 3; Supplementary

Figure 3) for the presence of organized lymphoid structures and

follicles that signify an active immune response. Both the nasal

cavity (nasal-associated lymphoid tissue) in Figures 3A–D and

lungs (bronchus-associated lymphoid tissue, BALT) in

Figures 3E–H feature large structured lymphoid follicles,

including dendritic cells, T cells, and a considerable number of B

cells. It was demonstrated that the administration of GEM via the

intranasal route in mice resulted in an increase in the number of B

cells within the nasal passages and lungs, as well as T cells and

dendritic cells in lungs. The number of nasal T cells and dendritic

cells remained unaltered. These immunological changes were not

observed in mice treated with PBS alone (Figure 3). We also

evaluated the cytotoxic effects of various doses of GEM

administered i.n. (Supplementary Figure 4). The findings suggest

that the quantity of GEM particles employed should not exceed 5 U

(equivalent to 2.5 × 109 GEM particles, or 1 U) per mouse (20 g) to

guarantee the well-being of the mice. In conclusion, GEM particles

have inherent adjuvanticity and native GEM particles can be i.n.

administered with no negative health consequences and no tissue

pathology visible in the treated animals postmortem, from a bio-

safety perspective.
3.3 Expression of H1N1 HA-PA fusion
protein and identification of HA-PA-
GEM particles

Transfection of Sf9 cells with the recombinant bacmid pFBac-

H1N1-HA-PA led to effective recovery of the recombinant

baculovirus, Bac-H1N1-HA-PA. Compared to the control cells,

Sf9 cells expressing the HA-PA fusion protein showed strong red
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fluorescence (Figure 4A). Moreover, a 100 kDa band matching the

HA-PA fusion protein was detected upon western blot analysis of

the cell lysate from Sf9 cells infected with the recombinant

baculovirus, thus demonstrating its expression (Figure 4B). This

result suggested that the HA-PA protein reacted well with

seropositive swine H1N1 samples, with good antigenicity.

HA-PA-GEMs were subjected to both immunofluorescence

(Figures 4C, D) and western blot (Figure 4E) analyses, to confirm

whether the HA-PA fusion protein was capable of binding to GEM

particles via PA. Immunofluorescence analysis results showed that,

compared to GEM particles alone (Supplementary Figure 5A), the

combination of GEM particles and HA-PA fusion protein emitted

strong green fluorescence (Figure 4C) upon staining with anti-

6×His-tag monoclonal antibody. Likewise, compared to GEM

particles alone (Supplementary Figure 5B), the combination of

GEM particles and HA-PA fusion protein emitted strong red

fluorescence (Figure 4D) in samples seropositive for swine H1N1.

In addition, western blot analysis confirmed that the GEM particles

alone contained no detectable HA-PA fusion protein, as expected.

HA-PA-GEMs confirmed the presence of the H1N1-HA-PA fusion

protein (Figure 4E). The HA-PA fusion protein was linked to GEM

particles according to the aforementioned data. Furthermore, an

HA assay was performed to determine whether the receptor-

binding activity of HA was still present. The inclusion of GEM

particles resulted in an increase in the hemagglutination titers,

thereby demonstrating that GEM particles had a positive impact on

the biological activity of HA (Figure 4F).
3.4 Serum influenza-specific IgG levels
after immunization with HA-PA-
GEM particles

i.m. or i.n. immunization with HA-PA-GEM particles was

performed on eight groups of mice, with control animals

receiving PBS alone. The animals in each group received a

primary vaccination, two follow-up immunizations at 2 and 4

weeks later, and weekly serum collection until one week after the

third repeat immunization (Figure 5A). After immunization, the

mice exhibited no abnormalities or negative effects. BALB/c mice

immunized with HA-PA-GEM particles were found to have HA

protein-specific IgG specific to the G4 EA H1N1 swine isolate

(Figure 5B), while those immunized with PBS did not.

The response was further characterized by determining IgG

isotypes. At week 6, we measured the quality of the humoral

response using IgG2a, IgG2b, and IgG1 subtype-specific H1N1

ELISAs (Figures 5C–E). According to earlier research (4–6), a

strong IgG1 response was induced by subunit vaccine i.m.

immunization, but low IgG2a and IgG2b responses occurred,

indicating a skewed Th2-type response. After i.n.+i.m.

immunization with HA-PA-GEM, IgG2a and IgG2b responses

were significantly higher (p<0.001) compared to i .m.

immunization with HA-PA-GEM, while IgG1 responses were

significantly lower (p<0.001) compared to i.m. immunization with

HA-PA-GEM. HA-PA-GEM induced a different nature of
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immunity biased to Th1- and Th2-type, respectively, as judged by

the ratio of H1N1-specific IgG isotypes (IgG2a/IgG1 and IgG2b/

IgG1) (Supplementary Figure 6). Based on these results, we

concluded that HA-PA-GEM vaccination induced antibody
Frontiers in Immunology 1075
responses with a Th1 phenotype, which were markedly different

from those induced by traditional i.m. vaccination.

Serum HI titers were measured to further evaluate systemic

immune responses. After the third booster shot, the HI titers for
FIGURE 3

Intrinsic adjuvanticity of the GEMs. (A) The mice were intranasally administered PBS alone or GEMs in PBS. Five days later, the mice heads were
processed for immunohistology, to visualize immune cell activation and formation of organized lymphoid tissue containing CD45R+ B cells (B220)
(B), CD3+ T cells (CD3), (C) and macrophages/dendritic cells (Iba-1) (D) in the nasal-associated lymphoid tissue. (E) The lungs were processed for
immunohistology, to visualize immune cell activation and formation of organized lymphoid tissue containing CD45R+ B cells (B220) (F), CD3+ T
cells (CD3) (G), and macrophages/dendritic cells (Iba-1) (H) in the bronchus-associated lymphoid tissue. Statistical analyses were performed using t
tests. Differences were considered significant at ***p<0.001, as compared to the respective control groups. PBS, phosphate-buffered saline; CD,
cluster of differentiation; GEM, gram-positive enhancer matrix.
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each mouse were measured. I.n. HA-PA-GEM formulations

showed a trend toward lesser HI titers than similar the WIV

vaccine after the third immunization (Figure 5F). Even after the

third booster shot, vaccination with the WIV vaccine alone

produced same HI titers. Microneutralization titers were

consistent with those of HI (Figure 5G).
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3.5 Mucosal influenza-specific SIgA
antibody levels after immunization with
HA-PA-GEM particles

IAV infection occurs mainly through mucosal tissues, whereas

SIgA from the mucosa can block IAV infection. Therefore, we
FIGURE 4

Investigation of fusion-GEM-complex binding. (A) IFA of HA-PA expression in baculovirus-infected Sf9 insect cells. (B) Western blot analysis of
antibody specificity. Lane M: molecular weight marker; Lane PA: recombinant baculovirus (PA)-infected Sf9 cell lysate; Lane HA-PA: recombinant
baculovirus (HA-PA)-infected Sf9 cell lysate. (C) Fusion proteins on the surface of GEM particles were detected using IFA. Immunofluorescence was
detected as green fluorescence using anti-6×His-tag monoclonal antibody and FITC-conjugated goat anti-mouse antibody, while (D) red
fluorescence was detected in samples seropositive from swine H1N1, upon staining with DyLight 594-conjugated goat anti-swine IgG. (E) The
maximum binding capacity of the fusion protein displayed on GEM particles was determined using western blot. Lane M: protein marker. Lane 1:
recombinant baculovirus (HA-PA)-infected Sf9 cell lysate. Lane 2: 1 U GEM particles. Lane 3: 1 U HA-PA-GEM particles. Lane 4: Sf9 cell lysate. Lane
5: recombinant baculovirus (PA)-infected Sf9 cell lysate. Lane 6: 1 U PA-GEM particles. (F) The HA activity of WIV, HA-PA, GEM particles or HA-PA-
GEM particles. IFA, immunofluorescence analysis; HA, hemagglutinin; PA, protein anchor; GEM, gram-positive enhancer matrix.
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FIGURE 5

Serum antibody levels induced by the GEM-adjuvanted H1N1 vaccine. (A) Experimental protocol for i.m. and i.n. immunization of mice with HA-PA-
GEMs and inactivated virus. HA-specific (B) IgG, (C) IgG1, (D) IgG2a, (E) IgG2b levels in the serum were assessed using indirect ELISA. (F) HI and
(G) micro-neutralization titers in the serum. The dotted yellow line shows the limit of detection. Dotted line indicate a 1:1.5 HAI titer. The analysis
was performed with a one-way ANOVA. Differences were considered significant at *p<0.05, **p<0.01, ***p<0.001. GEM, gram-positive enhancer
matrix; i.m., intramuscular; i.n., intranasal; HA, hemagglutinin; PA, protein anchor; ELISA, enzyme-linked immunosorbent assay; HI,
hemagglutination inhibition.
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tested the ability of the vaccine to induce mucosal immunity

(Figure 6A). In most mice, i.m. immunization resulted in SIgA

levels below the limit of detection in the lung lavage. Furthermore,

the lung lavage produced low SIgA titers following immunization

with the subunit vaccine alone. In contrast, i.n. vaccination with

HA-PA-GEM induced high SIgA levels in the lungs of all the mice

(p<0.001). Furthermore, we measured HI (Figure 6B) and

microneutralization titers (Figure 6C) for these samples, which

maintained a tendency consistent with the aforementioned

relationship. Finally, we concluded that i.n. HA-PA-GEM

immunization induced a strong mucosal airway immune response.
3.6 Splenocyte proliferation after ex vivo
stimulation and antigen-specific T-cell
immune responses

The effect of the immunostimulatory agents on the proliferative

response of splenocytes was assessed 12 d after the last vaccination.

Splenocytes from the inoculated animals multiplied more quickly after

H1N1-HA protein stimulation ex vivo than those from control mice

(p<0.01) (Figure 7A). Additionally, the i.m. HA-PA-GEM group and

i.m.+i.n. HA-PA-GEM group exhibited the highest increase in cell

proliferation (p<0.001). Figures 7B, C shows the identification of the

splenocytes from the infected mice that generated IFN-g and IL-4

specific to the antigen, in order to further evaluate the kind of immune

response. ELISpot assays were used tomeasure IFN-g and IL-4 secretion
by mouse splenocytes (Figures 7B, C). These results showed that spot-

forming cells, which are indicators of the production of IFN-g by

splenocytes, were significantly higher in mice immunized with i.m.+i.n.

HA-PA-GEM than those immunized with i.m. or i.n. HA-PA-GEM
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(p<0.001), thus demonstrating that both the Th1 and Th2 arms of

adaptive immunity were activated. Next, we examined the capacity of

immune cells extracted from the spleens of immunized mice to release

cytokines in response to ex vivo stimulation with the H1N1-HA protein,

to evaluate the cellular immunological response induced by the HA-PA-

GEM experimental vaccines. The levels of IFN-g, TNF-a, IL-4, IL-6, IL-
10, and IL-12 secreted by splenocytes were assayed using commercial

ELISA kits. Compared to the animals in the other groups, the mice

immunized with i.m.+i.n. HA-PA-GEM released significantly higher

quantities of the cytokines IFN-g, TNF-a, IL-4, IL-6, IL-10, and IL-12

from their splenocytes (p<0.001) (Figures 7D–I). IFN-g, TNF-a, IL-6,
and IL-12 production was linked to a Th1 profile, whereas IL-4 and IL-

10 secretion was linked to a Th2 immune response. These findings

showed that HA-PA-GEM vaccination increased the splenocyte

production of both type 1 and type 2 cytokines.
3.7 Protective efficacy against G4 EA
H1N1 challenge

To determine whether theHA-PA-GEM vaccine was protective, the

mice (Supplementary Table 2) were i.n. infected with G4 EA H1N1 1

week after the third repeated immunization. Following that, the body

weights (Figures 8A, B) and survival rates (Figures 8C, D) of the animals

(8 mice per group) were recorded daily for two weeks. These findings

demonstrated that immunization of mice with i.m. WIV, i.m. HA, i.m.

HA-PA-GEM, i.n. HA-PA-GEM, and i.m.+i.n. HA-PA-GEM

prevented weight loss and mortality. A challenge with i.m. GEM and

i.n. HA resulted in all mice hitting clinical endpoint within 10 d of

immunization. The mock-vaccinated (PBS) group as well as those

immunized with i.m. GEM and i.n. HA exhibited lung viral titers of
FIGURE 6

IgA, HAI and microneutralization titers induced by GEM-adjuvanted H1N1 vaccines. Bronchoalveolar lavage fluid was collected 12 day after the third
immunization, for detection of HI and virus neutralization antibody titers. (A) HA-specific IgA and (B) HI antibody titers were determined upon
challenge with swIAV H1N1 virus, and the results were calculated as log2. (C) Virus neutralization antibody titers were determined against 100
TCID50 swIAV H1N1 virus, and the results were calculated as log10. The dotted yellow line shows the limit of detection. Dotted line indicate a 1:1.5
HAI titer. The analysis was performed with a one-way ANOVA with Bonferroni’s post-hoc multiple comparison test. Differences were considered
significant at ***p<0.001. GEM, gram-positive enhancer matrix; HA, hemagglutinin; HI, hemagglutination inhibition; IgA, immunoglobulin A; PA,
protein anchor; WIV, whole-inactivated virus; TCID50, median tissue culture infectious dose.
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approximately 7×103 TCID50/mL on day 7 post-challenge, whereas

mice immunization with i.m. WIV, i.m. HA, i.m. HA-PA-GEM, i.n.

HA-PA-GEM, and i.m.+i.n. HA-PA-GEM showed no detectable virus

in the lungs (Figures 8E, F). In addition, on day 7 post-exposure, the
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challenge virus titer in the lungs of the mice i.n. inoculated with GEM

particles was lower than that in the lungs of the mock-vaccinated mice,

indicating that the i.n. GEM particles vaccinated mice shed or replicated

less in their lungs.
FIGURE 7

Detection of cellular responses in mice immunized with HA-PA-GEMs. (A) Splenocyte proliferation analysis. The stimulation index of the splenocytes
was detected using a Cell Counting Kit-8 assay, upon stimulation with purified H1N1 HA protein. The levels of (B) INF-g and (C) IL-4 secreted by the
splenocytes were quantified using an ELISpot assay. The levels (pg/mL) of the cytokines (D) INF-g, (E) TNF-a, (F) IL-4, (G) IL-6, (H) IL-10, and (I) IL-12
in the cell-free supernatants harvested from the splenocytes at 48 h after incubation were measured using commercial ELISA. The analysis was
performed with a one-way ANOVA with Bonferroni’s post-hoc multiple comparison test. Differences were considered significant at *p<0.05,
**p<0.01, ***p<0.001. ELISpot assay, enzyme-linked immunosorbent spot assay; HA, hemagglutinin; PA, protein anchor; GEM, gram-positive
enhancer matrix; IL, interleukin; ELISA, enzyme-linked immunosorbent assay; INF-g, interferon gamma; TNF-a, tumor necrosis factor alpha.
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3.8 Histopathological analysis of the lungs
of mice challenged with G4 EA H1N1

We exposed the mice to the G4 EA H1N1 virus after

vaccination and conducted a histological investigation on day 7

after the challenge, to determine whether the HA-PA-GEM-elicited

antigen-specific mucosal, humoral, and cell-mediated immunity in

mice led to pulmonary tissue damage (Figure 9). Lung pathology
Frontiers in Immunology 1580
images (Figure 9A) revealed that the vaccination groups (i.m. WIV,

i.m. HA, and i.m. HA-PA-GEM) had significantly fewer infiltrating

cells in the mouse lung tissues, and the alveoli were clearly visible.

However, in the control groups, the number of infiltrating cells of

the alveolar cavity increased, the alveolar wall thickened, and the

majority of the alveolar contours vanished (i.m. PBS and i.m. GEM).

I.m. WIV- and HA-PA-GEM-immunized groups exhibited similar

histopathological scores (Figure 9B). On day 7 post-challenge, the
FIGURE 8

Immunization and challenge studies.Seven days after the last immunization, all the mice in the study group were i.n. challenged with the H1N1 virus.
(A) Body weight and (C) survival of mice i.m. administered PBS, HA, GEM, or HA-PA-GEM were monitored daily for 12 d following the virus
challenge; (B) Body weight and (D) survival of mice administered i.n. PBS, HA, GEM, HA-PA-GEM, or i.m. HA-PA-GEM were monitored daily for 12 d
following virus challenge. Virus titers in the lungs of mice (E) i.m. injected with PBS, HA, GEM, or HA-PA-GEM and (F) i.n. injected with PBS, HA, GEM,
HA-PA-GEM, or HA-PA-GEM, at DPC 7. The dotted yellow line shows the limit of detection. The analysis was performed with a one-way ANOVA.
Differences were considered significant at ***p<0.001. DPC, days post-challenge; i.n., intranasal; i.m., intramuscular; PBS, phosphate-buffered saline;
PA, protein anchor; GEM, gram-positive enhancer matrix; HA, hemagglutinin.
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lungs stained with hematoxylin and eosin revealed noticeably more

inflammation in the PBS-inoculated group and in those that

received i.n. HA vaccination than in those that received i.n.

HA-PA-GEM vaccination. Moreover, i.n. HA-PA-GEM and
Frontiers in Immunology 1681
i.m.+i.n. HA-PA-GEM immunizations caused the least amount of

inflammation at seven days post-challenge, as compared to that

observed in the PBS- and HA-treated groups (Figure 9C). The

i.m.+i.n. HA-PA-GEM group showed significantly (p<0.01) lower
FIGURE 9

H&E-stained histopathological lesions in the lungs of H1N1-challenged mice. H&E staining for the (A, B) i.m. and (C, D) i.n administered groups;
Scale bar (black): 200 mm. Differences were considered statistically significant at p<0.05. Different letters represent significant differences, and same
letters represent no significant differences. H&E, hematoxylin and eosin; i.m., intramuscular; i.n., intranasal; PBS, phosphate-buffered saline; GEM,
gram-positive enhancer matrix; HA, hemagglutinin; PA, protein anchor.
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histopathological scores at 7 d post-challenge than the other groups

(Figure 9D). Thus, the HA-PA-GEM vaccination may successfully

prevent the H1N1 influenza virus from harming mouse lung tissues.
3.9 Protection against lethal PR8
virus challenge

In PR8 H1N1 challenge studies, the i.m. WIV- and i.m. HA-PA-

GEM-immunized animals exhibited weight loss of >15%, while the

i.n. and i.m.+i.n. HA-PA-GEM-immunized animals exhibited a

reduced weight loss of <10%, as shown in Supplementary Figures

7A–B. The results demonstrate that the animals immunized via the

intramuscular (i.m.) routes with the HA-PA-GEM vaccine exhibited

moderate cross-protective efficacy against the PR8 H1N1 strain.

However, the animals immunized via the intranasal (i.n.) routes

with the HA-PA-GEM vaccine demonstrated superior cross-

protective efficacy against the PR8 H1N1 strain. This may be

attributed to the role of mucosal immunity. This also provides a

promising indication that GEM, when used as an adjuvant through

intranasal immunization, can achieve a favorable immunoprotection

rate. When challenged with the PR8 virus, the mice i.m. immunized

with WIV and HA-PA-GEM displayed survival rates of 46%–52%

(Supplementary Figure 7C). We found fewer viruses in the lung

samples from the i.m. WIV- and HA-PA-GEM-immunized animals

than those from the mock-vaccinated mice (Supplementary Figure

7E). As supported by the 100% survival rate, the i.n. HA-PA-GEM-

and i.m.+i.n. HA-PA-GEM-immunized groups exhibited

significantly better protection against deadly PR8 viral infections

(Supplementary Figure 7D). In addition, the mice in the i.n. HA-PA-

GEM- and i.m.+i.n. HA-PA-GEM-immunized groups showed

significantly lower mean viral lung titers than those observed in the

mock-vaccinated animals (Supplementary Figure 7F). Therefore,

these results showed that both the i.n. and i.m.+i.n. HA-PA-GEM-

immunized groups conferred cross-protection against PR8 IAVs.
4 Discussion

Pigs are crucial hosts for studying and managing mammalian

influenza viruses. It is common for humans and pigs to come in

contact with each other, leading to interspecies transmission and

reassortment, which can in turn result in the development of new

influenza strain (30–32). There is a need to regularly update the

vaccine formulation for swine IAV immunization to act as an

effective control measure to lower the disease burden and

pandemic influenza risk (30–32). Utilizing adjuvants is a crucial

tactic for improving immunogenicity and antigen sparing (18, 33).

In this study show that GEM particles can be used as adjuvants for

i.n. and i.m. delivery of influenza subunit vaccines. The inclusion of

GEM particles in influenza subunit vaccination markedly improved

the systemic and mucosal immune responses. Additionally, GEM

particles improve immune response quality by ensuring a balanced

Th1/Th2-type response, instead of a Th2-dominated response (18).

These results are in keeping with previous observational studies,
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which the intravenously delivered subunit vaccines were more

immunogenic when delivered with GEM particles (13, 34–40).

This study is the first to demonstrate that GEM particles in swine

influenza subunit vaccines significantly enhance both systemic and

mucosal immune responses. These results will be widely beneficial

to both the biomedical and veterinary fields.

Previous studies have reported that the following benefits for GEM

surface display systems: (1) Easy purification of foreign proteins (38);

(2) Generally, L. lactis is regarded as a safe probiotic. After treatment,

GEM particles pose no safety risks as a carrier, because they do not

contain proteins or nucleic acids (38, 41, 42); (3) GEM particles can

effectively boost the immune system’s reaction (19, 38). Consequently,

this method has been used in numerous vaccine studies (38, 43, 44).

Macrophages are crucial components of the innate immune system

that help the host defend itself against infections and launch

immunological responses (24, 45). Macrophages are the antigen-

presenting cells that are responsible for triggering adaptive immunity

by releasing inflammatory cytokines (IL-1, IL-6, etc.) and chemokines

(TNF-a, IFN-g, etc.) (24, 46, 47). This study found that GEM particles

led to a significant increase in nitrite production in RAW 264.7 cells,

indicating their activation. In addition, after stimulation with GEM, the

gene expression data showed higher levels of iNOSl and cytokines,

similar to those observed upon treatment with the Pam3CK4 control.

Overall, this study strengthens the idea that GEM particles are potent

stimulators of innate immunity. These findings align with numerous

prior studies on Feline herpesvirus 1 (35), C. perfringens (CPMEA)

(48), and Canine distemper virus (CDV) (34). Peptidoglycan, a key

component of BLPs, binds to TLR2, which forms a heterodimer with

TLR1 or TLR6 to activate innate immune cells (49). Ramirez et al.

demonstrated that GEMs interact solely with HEK293 cells expressing

human TLR2, triggering NF-kB activation (50). Research is being

conducted on GEMs-activated TLR receptors in vivo, including a study

with GEMs mixed with a split influenza vaccine. Nasally immunized

TLR2KO mice exhibited reduced serum IgG, lower sIgA in nasal and

lung lavages, and fewer IFN-g producing T-cells and B-cells in local

dLN and spleen compared to wild-type controls (20, 49). In this study

we assess the adjuvant properties of GEM particles, mice were i.n.

administered a single dose of native GEMparticles in PBS. The findings

showing that these mice had large, organized lymphoid follicles in both

lungs and nasal cavities. These tissues, also called bronchus- and nasal-

associated lymphoid tissues, contain dendritic cells, T cells, and a

significant number of B cells.

Commercially available inactivated SIV vaccines offer only a

modest level of protection against heterologous viruses, although

they provide sterile immunity against homologous viruses (32, 51).

Therefore, there is an urgent need to develop alternative inactivated

vaccine platforms. The adjuvant properties of GEM (gram-positive

enhancer matrix) particles have garnered significant attention in

recent years due to their potential to enhance immune responses in

various vaccination strategies. GEM particles serve not only as

carriers for antigens but also as immunostimulants that can

modulate the immune system effectively. For instance, GEM

particles have been utilized to display antigens, such as the E2

glycoprotein of the classical swine fever virus, enhancing the

immunogenicity of the vaccine formulations. The E2-Spy-PA-GEM
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complex has shown to induce high levels of antibodies in immunized

mice, indicating that GEM particles can significantly improve the

immune response to specific antigens (52). Further, Numerous

studies have shown that the use of GEMs for i.n. vaccination has

many benefits over the use of inactivated vaccines. This platform is a

strong alternative to the traditional inactivated vaccines used in

swine, because of its quick turnaround time, stimulation of an

immune response similar to that caused by a natural route of

infection, lack of need for an additional adjuvant, and effectiveness

with a single dose (18, 38). In this study, we found that the presence of

GEM particles increased HI titers, improved the Th1/Th2-type

immune response, decreased lung viral titers, and completely

cleared the virus by day 7 post challenge. Moreover, we

demonstrated that i.n. immunization of mice with influenza HA

subunit vaccine+GEM complexes enhanced mucosal and humoral

immune responses, as compared to that observed upon

immunization of mice with subunit vaccine alone. The increased

viral clearance in mice given adjuvanted vaccination may be due to

the generation of higher IgG2a titers and a comparatively high IFN-g/
IL-4 ratio. In contrast, the i.m.+i.n. HA-PA-GEM influenza vaccine

induced a skewed response toward the Th1 type. Leenhouts et al.

extensively studied GEM’s impact on boosting influenza vaccine

immunity. They found that adding GEMs to an intranasally

administered H1N1 vaccine significantly increased serum IgG, HI

levels, and sIgA titers in mice, providing complete protection against

both homologous and heterologous influenza infections and reducing

lung viral titers (17). Oral immunization with a monovalent subunit

vaccine of strain A/Hiroshima (H3N2) mixed with GEMs induced

stronger systemic and local antibody responses and a more balanced

Th1/Th2 response than inactivated influenza vaccines with alum.

Similarly, combining GEMs with seasonal HA (A/Wisconsin/67/

2005 [H3N2]) significantly enhanced systemic immune responses

and achieved a more balanced Th1/Th2 response compared to HA

alone administered intramuscularly (19). Our results corroborate the

findings of a great deal of the previous work in nasal immunization

with a subunit vaccine combined with GEMs reduced IL-4-producing

cells and significantly increased IFN-g-producing cells, shifting the

immune response to a Th1-type. Moreover, GEMs-based vaccines

showed promising safety and immunogenicity in the FluGEM phase I

trial (42).

Mucosal immunization, by emulating the natural invasion

pathways of pathogens, stimulates mucosal immunity through the

production of secretory immunoglobulin A (sIgA) and elicits a

systemic immune response characterized by immunoglobulin G

(IgG) production (53). Furthermore, this needle-free approach to

immunization minimizes immune-related side effects and is well-

suited for large-scale vaccination initiatives and repeated

immunization protocols (54). As most viruses enter and begin

their reproduction at mucosal surfaces, mucosal vaccination is

highly desired to increase protection against infectious illnesses.

The size of GEMs is similar to that of live L. lactis, around 1 mm,

making them suitable for uptake by M cells in the nasal-associated

lymphoid tissue (NALT) (55). Researchers have confirmed that

after i.m. vaccination, most mice have SIgA levels in lung lavage that

are below the limit of detection (56–58). Using different
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immunization route, we explored whether HA-PA-GEM

vaccination induces a mucosal SIgA response in this study. In the

present study, it was found that mice immunized with i.n. or

i.m.+i.n. HA-PA-GEM showed high SIgA titers in lung lavages

after i.n. administration. In accordance with the present results,

previous studies have demonstrated that that i.n. vaccination with

GEM vaccines enhances SIgA levels in BALB/c mice, as compared

to parenteral vaccination (19, 20, 52). This intriguing result might

be explained by the fact that HA-PA-GEM vaccination could drive

the entire mucosal immune system. An in vitro assay showed that

GEMs activate human nasal epithelial cells, increasing IL-6 and IL-8

levels (59–61). To explore M cell interaction with GEMs, mice were

intranasally given fluorescent GEMs. After 15 minutes, staining

revealed that M cells efficiently absorbed GEMs (59–61).

Additionally, some lamina propria DCs extend dendrites through

the epithelium to directly capture antigens (61). These findings will

help others to better understand the GEMs vaccination of the local

mucosa activates the whole mucosal system.

In this study, cellular and humoral immunological responses to

influenza virus infection were induced by the HA-PA-GEM

vaccines, thus showing that they effectively stimulate the immune

system. In every instance, the vaccinated mice produced

hemagglutinating antibodies against the relevant vaccination

antigen. The EA H1N1 SIV HA is generated from influenza

viruses of avian origin that have little cross-reactivity with

seasonal or classic swine H1N1 viruses (62, 63). Antigenic

alterations in HA may result from mutations, particularly in the

HA1 region. Consequently, in the current study, G4 EA H1N1 and

PR8 viruses were used as challenge viruses to assess the efficacy of

HA-PA-GEM immunization against homologous and heterologous

viral infections in mice. In addition to providing total protection

against homologous viral infections, inoculation with i.n. or

i.m.+i.n. HA-PA-GEM resulted in strong cross-protection against

heterologous H1N1 viral infections. It should be noted that the

experimental animals used in this experiment were mice, rather

than pigs. Consequently, further validation of these data is required

on a porcine model, which is a key objective of our future research

program. GEMs are an efficient, cost-effective, and safe tool,

particularly useful in subunit vaccine development due to their

simple preparation and antigen display system. However,

enhancing GEMs vaccine efficacy is still challenging. Future

advancements in GEMs display systems will likely rely on

improving vaccine performance.
5 Conclusion

HA-PA-GEMs triggered specific immune responses in BALB/c

mice. Intramuscular administration led to strong serum IgG

responses and a higher IgG2a/IgG1 ratio but did not enhance

systemic or mucosal SIgA responses. In contrast, intranasal

immunization with HA-PA-GEMs, unlike HA alone, effectively

induced systemic and mucosal SIgA responses and significantly

boosted IFN-g responses, promoting Th1-type immunity. As a result,

HA-PA-GEMs stand out as an innovative and promising vaccine
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candidate for protecting veterinary animals from influenza viruses. This

vaccine offers several advantages over alternative methods, including

safety, appropriateness of mucosal administration (which makes it

practical for widespread use), robust immunogenicity, and broad

protective capacity. The findings of this study call for further

investigation of this hypothesis in swine.
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SUPPLEMENTARY FIGURE 1

Experimental immunization and challenge diagram.

SUPPLEMENTARY FIGURE 2

Physical and biological characterization of GEM particles. (A) MG1363 and
GEM staining gram-positive (magnification: 1000×). (B) Transmission

electron microscopy analysis. Untreated MG1363 cells and the GEM
particles obtained from MG1363 cells. (C) Scanning electron microscopy

analysis. Particle size of (D)MG1363 cells and the GEM particles obtained from

MG1363 cells.

SUPPLEMENTARY FIGURE 3

H&E staining of cross-sections revealed the histological characteristics of the

murine nasal, lung parenchyma, and mediastinal adipose tissues. Mice were
intranasally administered with PBS alone or native GEMs in PBS. Five days

later, the heads and thoracic tissues obtained from the animals were

processed for H&E staining. (A, A1, D, D1) murine nasal tissues; (B, B1, E,
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E1) lung parenchyma tissues; and (C, C1, F, and F1) mediastinal tissues. Scale
bar: red=1 mm, green=200 mm. H&E, hematoxylin and eosin.

SUPPLEMENTARY FIGURE 4

The cytotoxic effects of various doses of gram-positive enhancer matrix

particles administered through the intranasal route. (A) 2000 U (1:0); (B) 200
U (1:10); (C) 20 U (1:100); (D) 2 U (1:1000); (E) 1 U (1:2000); (F) Quantitative

analysis of the hematoxylin and eosin staining. Scale bar: 1 mm. U, unit.

SUPPLEMENTARY FIGURE 5

Fusion proteins on the surface of GEM particles were detected using IFA. (A)
Immunofluorescence was detected as green fluorescence using anti-6×His-

tag monoclonal antibody and FITC-conjugated goat anti-mouse antibody,
while (B) red fluorescence was detected in samples seropositive from swine

H1N1, upon staining with DyLight 594-conjugated goat anti-swine IgG.

SUPPLEMENTARY FIGURE 6

HA-specific IgG subclass binding antibody responses. (A) IgG2a/IgG1 ratio;
(B) IgG2b/IgG1 ratio.
Frontiers in Immunology 2085
SUPPLEMENTARY FIGURE 7

Weight changes and percent survival in mice after challenge with live virus (A/
PR/8/34). Groups of immunized and unimmunized mice intranasally

challenged with live virus (A/PR/8/34), at 1 week after the third

immunization. Average body weight changes (A, B) and survival rates (C, D)
were monitored for 12 d. The lungs of each mouse group were collected for

(E, F) viral titer detection, at 7 days post-challenge in MDCK cells, and the
results were calculated as log10. The dotted yellow line shows the limit of

detection. The analysis was performed with a one-way ANOVA. Differences
were considered significant at *p<0.05, **p<0.01, ***p<0.001. PBS,

phosphate-buffered sal ine; WIV, whole-inactivated virus; HA,

hemagglutinin; GEM, gram-positive enhancer matrix.

SUPPLEMENTARY TABLE 1

Primers sequences and real-time PCR amplification parameters.

SUPPLEMENTARY TABLE 2

Animal study design.
References
1. Ma W, Kahn RE, Richt JA. The pig as a mixing vessel for influenza viruses:
Human and veterinary implications. J Mol Genet Med. (2008) 3:158–66.

2. Ito T, Couceiro JN, Kelm S, Baum LG, Krauss S, Castrucci MR, et al. Molecular
basis for the generation in pigs of influenza A viruses with pandemic potential. J Virol.
(1998) 72:7367–73. doi: 10.1128/JVI.72.9.7367-7373.1998

3. Shi Y, Wu Y, Zhang W, Qi J, Gao GF. Enabling the ‘host jump’: structural
determinants of receptor-binding specificity in influenza A viruses. Nat Rev Microbiol.
(2014) 12:822–31. doi: 10.1038/nrmicro3362

4. Sun H, Xiao Y, Liu J, Wang D, Li F, Wang C, et al. Prevalent Eurasian avian-like
H1N1 swine influenza virus with 2009 pandemic viral genes facilitating human
infection. Proc Natl Acad Sci U S A. (2020) 117:17204–10. doi: 10.1073/
pnas.1921186117

5. Sun H, Liu J, Xiao Y, Duan Y, Yang J, Chen Y, et al. Pathogenicity of novel
reassortant Eurasian avian-like H1N1 influenza virus in pigs. Virology. (2021) 561:28–
35. doi: 10.1016/j.virol.2021.06.001

6. Garten RJ, Davis CT, Russell CA, Shu B, Lindstrom S, Balish A, et al. Antigenic
and genetic characteristics of swine-origin 2009 A(H1N1) influenza viruses circulating
in humans. Science. (2009) 325:197–201. doi: 10.1126/science.1176225

7. Ruan BY, Yao Y, Wang SY, Gong XQ, Liu XM, Wang Q, et al. Protective efficacy
of a bivalent inactivated reassortant H1N1 influenza virus vaccine against European
avian-like and classical swine influenza H1N1 viruses in mice. Vet Microbiol. (2020)
246:108724. doi: 10.1016/j.vetmic.2020.108724

8. Liang H, Lam TT, Fan X, Chen X, Zeng Y, Zhou J, et al. Expansion of genotypic
diversity and establishment of 2009 H1N1 pandemic-origin internal genes in pigs in
China. J Virol. (2014) 88:10864–74. doi: 10.1128/JVI.01327-14

9. Magiri RB, Lai KJ, Mutwiri GK, Wilson HL. Experimental pcep-adjuvanted swine
influenza H1N1 vaccine induced strong immune responses but did not protect piglets
against heterologous H3N2 virus challenge. Vaccines (Basel). (2020) 8:235.
doi: 10.3390/vaccines8020235

10. Chen Q, Madson D, Miller CL, Harris DL. Vaccine development for protecting
swine against influenza virus. Anim Health Res Rev. (2012) 13:181–95. doi: 10.1017/
S1466252312000175

11. MaW, Richt JA. Swine influenza vaccines: current status and future perspectives.
Anim Health Res Rev. (2010) 11:81–96. doi: 10.1017/S146625231000006X

12. Rockman S, Laurie KL, Parkes S, Wheatley A, Barr IG. New technologies for
influenza vaccines.Microorganisms. (2020) 8:1745. doi: 10.3390/microorganisms8111745

13. HuM,Wang F, Li N, Xing G, Sun X, Zhang Y, et al. An antigen display system of
GEM nanoparticles based on affinity peptide ligands. Int J Biol Macromol. (2021)
193:574–84. doi: 10.1016/j.ijbiomac.2021.10.135

14. van Roosmalen ML, Kanninga R, El Khattabi M, Neef J, Audouy S, Bosma T,
et al. Mucosal vaccine delivery of antigens tightly bound to an adjuvant particle made
from food-grade bacteria. Methods. (2006) 38:144–9. doi: 10.1016/j.ymeth.2005.09.015

15. Zhang Y, Yu X, Hou L, Chen J, Li P, Qiao X, et al. CTA1: Purified and display
onto gram-positive enhancer matrix (GEM) particles as mucosal adjuvant. Protein Expr
Purif. (2018) 141:19–24. doi: 10.1016/j.pep.2017.08.010

16. Tomar J, Biel C, de Haan CAM, Rottier PJM, Petrovsky N, Frijlink HW, et al.
Passive inhalation of dry powder influenza vaccine formulations completely protects
chickens against H5N1 lethal viral challenge. Eur J Pharm Biopharm. (2018) 133:85–95.
doi: 10.1016/j.ejpb.2018.10.008
17. Saluja V, Visser MR, van Roosmalen ML, Leenhouts K, Huckriede A, Hinrichs
WL, et al. Gastro-intestinal delivery of influenza subunit vaccine formulation
adjuvanted with Gram-positive enhancer matrix (GEM) particles. Eur J Pharm
Biopharm. (2010) 76:470–4. doi: 10.1016/j.ejpb.2010.08.003

18. Saluja V, Visser MR, Ter Veer W, van Roosmalen ML, Leenhouts K, Hinrichs
WL, et al. Influenza antigen-sparing by immune stimulation with Gram-positive
enhancer matrix (GEM) particles. Vaccine. (2010) 28:7963–9. doi: 10.1016/
j.vaccine.2010.09.066

19. Saluja V, Amorij JP, van Roosmalen ML, Leenhouts K, Huckriede A, Hinrichs
WL, et al. Intranasal delivery of influenza subunit vaccine formulated with GEM
particles as an adjuvant. AAPS J. (2010) 12:109–16. doi: 10.1208/s12248-009-9168-2

20. Keijzer C, Haijema BJ, Meijerhof T, Voorn P, de Haan A, Leenhouts K, et al.
Inactivated influenza vaccine adjuvanted with bacterium-like particles induce systemic
and mucosal influenza A virus specific T-cell and B-cell responses after nasal
administration in a TLR2 dependent fashion. Vaccine. (2014) 32:2904–10.
doi: 10.1016/j.vaccine.2014.02.019

21. Zhang Y, Yang L, Zhang J, Huang K, Sun X, Yang Y, et al. Oral or intranasal
immunization with recombinant Lactobacillus plantarum displaying head domain of
Swine Influenza A virus hemagglutinin protects mice from H1N1 virus. Microb Cell
Fact. (2022) 21:185. doi: 10.1186/s12934-022-01911-4

22. Abente EJ, Rajao DS, Santos J, Kaplan BS, Nicholson TL, Brockmeier SL, et al.
Comparison of adjuvanted-whole inactivated virus and live-attenuated virus vaccines
against challenge with contemporary, antigenically distinct H3N2 influenza A viruses. J
Virol. (2018) 92:e01323–18. doi: 10.1128/JVI.01323-18

23. Souza CK, Rajao DS, Sandbulte MR, Lopes S, Lewis NS, Loving CL, et al. The
type of adjuvant in whole inactivated influenza a virus vaccines impacts vaccine-
associated enhanced respiratory disease. Vaccine. (2018) 36:6103–10. doi: 10.1016/
j.vaccine.2018.08.072

24. Yang R, Zhang S, Yu Y, Hong X, Wang D, Jiang Y, et al. Adjuvant effects of
bacterium-like particles in the intranasal vaccination of chickens against Newcastle
disease. Vet Microbiol. (2021) 259:109144. doi: 10.1016/j.vetmic.2021.109144

25. Zhang Y, Huang K, Wang T, Deng F, GongW, Hui X, et al. SARS-CoV-2 rapidly
adapts in aged BALB/c mice and induces typical pneumonia. J Virol. (2021) 95:e02477–
20. doi: 10.1128/JVI.02477-20

26. Zhang Y, Gao J, Huang K, Zhao Y, Hui X, Wang T, et al. SARS-coV-2 infection
causes hyperglycemia in cats. J Infect Dis. (2022) 226:1568–76. doi: 10.1093/infdis/
jiac143

27. Carvalho AL, Fonseca S, Miquel-Clopes A, Cross K, Kok KS, Wegmann U, et al.
Bioengineering commensal bacteria-derived outer membrane vesicles for delivery of
biologics to the gastrointestinal and respiratory tract. J Extracell Vesicles. (2019)
8:1632100. doi: 10.1080/20013078.2019.1632100

28. Del Giudice G, Rappuoli R, Didierlaurent AM. Correlates of adjuvanticity: A
review on adjuvants in licensed vaccines. Semin Immunol. (2018) 39:14–21.
doi: 10.1016/j.smim.2018.05.001

29. Saroja C, Lakshmi P, Bhaskaran S. Recent trends in vaccine delivery systems: A
review. Int J Pharm Investig. (2011) 1:64–74. doi: 10.4103/2230-973X.82384

30. Skarlupka AL, Owino SO, Suzuki-Williams LP, Crevar CJ, Carter DM, Ross TM.
Computationally optimized broadly reactive vaccine based upon swine H1N1 influenza
hemagglutinin sequences protects against both swine and human isolated viruses. Hum
Vaccin Immunother. (2019) 15:2013–29. doi: 10.1080/21645515.2019.1653743
frontiersin.org

https://doi.org/10.1128/JVI.72.9.7367-7373.1998
https://doi.org/10.1038/nrmicro3362
https://doi.org/10.1073/pnas.1921186117
https://doi.org/10.1073/pnas.1921186117
https://doi.org/10.1016/j.virol.2021.06.001
https://doi.org/10.1126/science.1176225
https://doi.org/10.1016/j.vetmic.2020.108724
https://doi.org/10.1128/JVI.01327-14
https://doi.org/10.3390/vaccines8020235
https://doi.org/10.1017/S1466252312000175
https://doi.org/10.1017/S1466252312000175
https://doi.org/10.1017/S146625231000006X
https://doi.org/10.3390/microorganisms8111745
https://doi.org/10.1016/j.ijbiomac.2021.10.135
https://doi.org/10.1016/j.ymeth.2005.09.015
https://doi.org/10.1016/j.pep.2017.08.010
https://doi.org/10.1016/j.ejpb.2018.10.008
https://doi.org/10.1016/j.ejpb.2010.08.003
https://doi.org/10.1016/j.vaccine.2010.09.066
https://doi.org/10.1016/j.vaccine.2010.09.066
https://doi.org/10.1208/s12248-009-9168-2
https://doi.org/10.1016/j.vaccine.2014.02.019
https://doi.org/10.1186/s12934-022-01911-4
https://doi.org/10.1128/JVI.01323-18
https://doi.org/10.1016/j.vaccine.2018.08.072
https://doi.org/10.1016/j.vaccine.2018.08.072
https://doi.org/10.1016/j.vetmic.2021.109144
https://doi.org/10.1128/JVI.02477-20
https://doi.org/10.1093/infdis/jiac143
https://doi.org/10.1093/infdis/jiac143
https://doi.org/10.1080/20013078.2019.1632100
https://doi.org/10.1016/j.smim.2018.05.001
https://doi.org/10.4103/2230-973X.82384
https://doi.org/10.1080/21645515.2019.1653743
https://doi.org/10.3389/fimmu.2024.1432989
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhang et al. 10.3389/fimmu.2024.1432989
31. Everett HE, Aramouni M, Coward V, Ramsay A, Kelly M, Morgan S, et al.
Vaccine-mediated protection of pigs against infection with pandemic H1N1 2009 swine
influenza A virus requires a close antigenic match between the vaccine antigen and
challenge virus. Vaccine. (2019) 37:2288–93. doi: 10.1016/j.vaccine.2019.02.078

32. Wu Y, Yang D, Xu B, Liang W, Sui J, Chen Y, et al. Immune efficacy of an
adenoviral vector-based swine influenza vaccine against antigenically distinct H1N1
strains in mice. Antiviral Res. (2017) 147:29–36. doi: 10.1016/j.antiviral.2017.09.009

33. Atmar RL, Keitel WA. Adjuvants for pandemic influenza vaccines. Curr Top
Microbiol Immunol. (2009) 333:323–44. doi: 10.1007/978-3-540-92165-3_16

34. Liu L, Wang J, Li R, Wu J, Zhao Y, Yan F, et al. A bacterium-like particle vaccine
displaying envelope proteins of canine distemper virus can induce immune responses
in mice and dogs. Viruses. (2024) 16:549. doi: 10.3390/v16040549

35. Jiao C, Jin H, Zhang M, Liu D, Huang P, Bai Y, et al. A bacterium-like particle
vaccine displaying protective feline herpesvirus 1 antigens can induce an immune response
in mice and cats. Vet Microbiol. (2023) 287:109898. doi: 10.1016/j.vetmic.2023.109898

36. Su K, Wang Y, Yuan C, Zhang Y, Li Y, Li T, et al. Intranasally inoculated
bacterium-like particles displaying porcine epidemic diarrhea virus S1 protein induced
intestinal mucosal immune response in mice. Front Immunol. (2023) 14:1269409.
doi: 10.3389/fimmu.2023.1269409

37. Wang F, Hu M, Li N, Sun X, Xing G, Zheng G, et al. Precise assembly of multiple
antigens on nanoparticles with specially designed affinity peptides. ACS Appl Mater
Interfaces. (2022) 14:39843–57. doi: 10.1021/acsami.2c10684

38. Jin H, Bai Y, Wang J, Jiao C, Liu D, Zhang M, et al. A bacterium-like particle
vaccine displaying Zika virus prM-E induces systemic immune responses in mice.
Transbound Emerg Dis. (2022) 69:e2516–29. doi: 10.1111/tbed.14594

39. Matsuzaki C, Shiraishi T, Chiou TY, Nakashima Y, Higashimura Y, Yokota SI,
et al. Role of lipoteichoic acid from the genus apilactobacillus in inducing a strong igA
response. Appl Environ Microbiol. (2022) 88:e0019022. doi: 10.1128/aem.00190-22

40. Zhang S, Yan F, Liu D, Li E, Feng N, Xu S, et al. Bacterium-like particles displaying
the rift valley fever virus gn head protein induces efficacious immune responses in
immunized mice. Front Microbiol. (2022) 13:799942. doi: 10.3389/fmicb.2022.799942

41. Jing H, Yong L, Haiyan L, Yanjun M, Yun X, Yu Z, et al. Oral administration of
Lactococcus lactis delivered heat shock protein 65 attenuates atherosclerosis in low-density
lipoprotein receptor-deficient mice.Vaccine. (2011) 29:4102–9. doi: 10.1016/j.vaccine.2011.03.105

42. Van Braeckel-Budimir N, Haijema BJ, Leenhouts K. Bacterium-like particles for
efficient immune stimulation of existing vaccines and new subunit vaccines in mucosal
applications. Front Immunol. (2013) 4:282. doi: 10.3389/fimmu.2013.00282

43. Fujihashi K, Sato S, Kiyono H. Mucosal adjuvants for vaccines to control upper
respiratory infections in the elderly. Exp Gerontol. (2014) 54:21–6. doi: 10.1016/
j.exger.2014.01.006

44. Xu S, Jiao C, Jin H, Li W, Li E, Cao Z, et al. A novel bacterium-like particle-based
vaccine displaying the SUDV glycoprotein induces potent humoral and cellular
immune responses in mice. Viruses. (2019) 11:1149. doi: 10.3390/v11121149

45. Wynn TA, Chawla A, Pollard JW. Macrophage biology in development,
homeostasis and disease. Nature. (2013) 496:445–55. doi: 10.1038/nature12034

46. Li P, Xia P, Wen J, Zheng M, Chen J, Zhao J, et al. Up-regulation of the MyD88-
dependent pathway of TLR signaling in spleen and caecum of young chickens infected
with Salmonella serovar Pullorum. Vet Microbiol. (2010) 143:346–51. doi: 10.1016/
j.vetmic.2009.12.008

47. Nawab A, An L, Wu J, Li G, Liu W, Zhao Y, et al. Chicken toll-like receptors and
their significance in immune response and disease resistance. Int Rev Immunol. (2019)
38:284–306. doi: 10.1080/08830185.2019.1659258

48. Guo Z, Ren H, Chang Q, Liu R, Zhou X, Xue K, et al. Lactobacilli-derived
adjuvants combined with immunoinformatics-driven multi-epitope antigens based
Frontiers in Immunology 2186
approach protects against Clostridium perfringens in a mouse model. Int J Biol
Macromol. (2024) 267:131475. doi: 10.1016/j.ijbiomac.2024.131475

49. Zhou X, Gao M, De X, Sun T, Bai Z, Luo J, et al. Bacterium-like particles derived
from probiotics: progress, challenges and prospects. Front Immunol. (2023)
14:1263586. doi: 10.3389/fimmu.2023.1263586

50. Ramirez K, Ditamo Y, Rodriguez L, Picking WL, van Roosmalen ML, Leenhouts
K, et al. Neonatal mucosal immunization with a non-living, non-genetically modified
Lactococcus lactis vaccine carrier induces systemic and local Th1-type immunity and
protects against lethal bacterial infection. Mucosal Immunol. (2010) 3:159–71.
doi: 10.1038/mi.2009.131

51. Vincent AL, Lager KM, Janke BH, Gramer MR, Richt JA. Failure of protection
and enhanced pneumonia with a US H1N2 swine influenza virus in pigs vaccinated
with an inactivated classical swine H1N1 vaccine. Vet Microbiol. (2008) 126:310–23.
doi: 10.1016/j.vetmic.2007.07.011

52. de Haan A, Haijema BJ, Voorn P, Meijerhof T, van Roosmalen ML, Leenhouts K.
Bacterium-like particles supplemented with inactivated influenza antigen induce cross-
protective influenza-specific antibody responses through intranasal administration.
Vaccine. (2012) 30:4884–91. doi: 10.1016/j.vaccine.2012.04.032

53. Bi J, Li F, Zhang M, Wang H, Lu J, Zhang Y, et al. An HIV-1 vaccine based on
bacterium-like particles elicits Env-specific mucosal immune responses. Immunol Lett.
(2020) 222:29–39. doi: 10.1016/j.imlet.2020.03.002

54. Jia Z, Liu R, Chang Q, Zhou X, De X, Yang Z, et al. Proof of concept in utilizing
the peptidoglycan skeleton of pathogenic bacteria as antigen delivery platform for
enhanced immune response. Int J Biol Macromol. (2024) 264:130591. doi: 10.1016/
j.ijbiomac.2024.130591

55. Bosma T, Kanninga R, Neef J, Audouy SA, van Roosmalen ML, Steen A, et al.
Novel surface display system for proteins on non-genetically modified gram-positive
bacteria. Appl Environ Microbiol. (2006) 72:880–9. doi: 10.1128/AEM.72.1.880-
889.2006

56. Pliasas VC, Neasham PJ, Naskou MC, Neto R, Strate PG, North JF, et al.
Heterologous prime-boost H1N1 vaccination exacerbates disease following challenge
with a mismatched H1N2 influenza virus in the swine model. Front Immunol. (2023)
14:1253626. doi: 10.3389/fimmu.2023.1253626

57. Zuckermann FA, Grinkova YV, Husmann RJ, Pires-Alves M, Storms S, Chen
WY, et al. An effective vaccine against influenza A virus based on the matrix protein 2
(M2). Vet Microbiol. (2024) 298:110245. doi: 10.1016/j.vetmic.2024.110245

58. Wymore Brand M, Souza CK, Gauger P, Arruda B, Vincent Baker AL.
Biomarkers associated with vaccine-associated enhanced respiratory disease
following influenza A virus infection in swine. Vet Immunol Immunopathol. (2024)
273:110787. doi: 10.1016/j.vetimm.2024.110787

59. Neutra MR, Pringault E, Kraehenbuhl JP. Antigen sampling across epithelial
barriers and induction of mucosal immune responses. Annu Rev Immunol. (1996)
14:275–300. doi: 10.1146/annurev.immunol.14.1.275

60. Teng Z, Meng LY, Yang JK, He Z, Chen XG, Liu Y. Bridging nanoplatform and
vaccine delivery, a landscape of strategy to enhance nasal immunity. J Control Release.
(2022) 351:456–75. doi: 10.1016/j.jconrel.2022.09.044

61. Iwasaki A. Mucosal dendritic cells. Annu Rev Immunol. (2007) 25:381–418.
doi: 10.1146/annurev.immunol.25.022106.141634

62. Sui J, Yang D, Qiao C, Xu H, Xu B, Wu Y, et al. Protective efficacy of an
inactivated Eurasian avian-like H1N1 swine influenza vaccine against homologous
H1N1 and heterologous H1N1 and H1N2 viruses in mice. Vaccine. (2016) 34:3757–63.
doi: 10.1016/j.vaccine.2016.06.009

63. Brownlee GG, Fodor E. The predicted antigenicity of the haemagglutinin of the
1918 Spanish influenza pandemic suggests an avian origin. Philos Trans R Soc Lond B
Biol Sci. (2001) 356:1871–6. doi: 10.1098/rstb.2001.1001
frontiersin.org

https://doi.org/10.1016/j.vaccine.2019.02.078
https://doi.org/10.1016/j.antiviral.2017.09.009
https://doi.org/10.1007/978-3-540-92165-3_16
https://doi.org/10.3390/v16040549
https://doi.org/10.1016/j.vetmic.2023.109898
https://doi.org/10.3389/fimmu.2023.1269409
https://doi.org/10.1021/acsami.2c10684
https://doi.org/10.1111/tbed.14594
https://doi.org/10.1128/aem.00190-22
https://doi.org/10.3389/fmicb.2022.799942
https://doi.org/10.1016/j.vaccine.2011.03.105
https://doi.org/10.3389/fimmu.2013.00282
https://doi.org/10.1016/j.exger.2014.01.006
https://doi.org/10.1016/j.exger.2014.01.006
https://doi.org/10.3390/v11121149
https://doi.org/10.1038/nature12034
https://doi.org/10.1016/j.vetmic.2009.12.008
https://doi.org/10.1016/j.vetmic.2009.12.008
https://doi.org/10.1080/08830185.2019.1659258
https://doi.org/10.1016/j.ijbiomac.2024.131475
https://doi.org/10.3389/fimmu.2023.1263586
https://doi.org/10.1038/mi.2009.131
https://doi.org/10.1016/j.vetmic.2007.07.011
https://doi.org/10.1016/j.vaccine.2012.04.032
https://doi.org/10.1016/j.imlet.2020.03.002
https://doi.org/10.1016/j.ijbiomac.2024.130591
https://doi.org/10.1016/j.ijbiomac.2024.130591
https://doi.org/10.1128/AEM.72.1.880-889.2006
https://doi.org/10.1128/AEM.72.1.880-889.2006
https://doi.org/10.3389/fimmu.2023.1253626
https://doi.org/10.1016/j.vetmic.2024.110245
https://doi.org/10.1016/j.vetimm.2024.110787
https://doi.org/10.1146/annurev.immunol.14.1.275
https://doi.org/10.1016/j.jconrel.2022.09.044
https://doi.org/10.1146/annurev.immunol.25.022106.141634
https://doi.org/10.1016/j.vaccine.2016.06.009
https://doi.org/10.1098/rstb.2001.1001
https://doi.org/10.3389/fimmu.2024.1432989
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Frontiers in Immunology

OPEN ACCESS

EDITED BY

Mara Jana Broadhurst,
University of Nebraska Medical Center,
United States

REVIEWED BY

Fabio Fiorino,
LUM University Giuseppe Degennaro, Italy
Bekir Kocazeybek,
Istanbul University-Cerrahpasa, Türkiye

*CORRESPONDENCE

Huiling Wang

58781502@qq.com

Yi Li

liyilebmed@henu.edu.cn

Xiaohuan Zhang

ZXH1215822@163.com

†These authors have contributed equally to
this work

RECEIVED 10 June 2024
ACCEPTED 16 December 2024

PUBLISHED 07 January 2025

CITATION

Xu J, Yuan Y, Chen G, Ma B, Zou YL, Wang B,
Yan W, Zhang Q, Ma Q, Mao X, Wang H, Li Y
and Zhang X (2025) Characteristics of
humoral responses to the first coronavirus
disease booster vaccine and breakthrough
infection in central China: a multicentre,
prospective, longitudinal cohort study.
Front. Immunol. 15:1446751.
doi: 10.3389/fimmu.2024.1446751

COPYRIGHT

© 2025 Xu, Yuan, Chen, Ma, Zou, Wang, Yan,
Zhang, Ma, Mao, Wang, Li and Zhang. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Original Research

PUBLISHED 07 January 2025

DOI 10.3389/fimmu.2024.1446751
Characteristics of humoral
responses to the first
coronavirus disease booster
vaccine and breakthrough
infection in central China: a
multicentre, prospective,
longitudinal cohort study
Junhong Xu1†, Youhua Yuan2†, Guohua Chen3†, Bing Ma1,
Yin Long Zou4, Baoya Wang1, Wenjuan Yan1, Qi Zhang1,
Qiong Ma1, Xiaohuan Mao2, Huiling Wang 5*,
Yi Li 1* and Xiaohuan Zhang 2*

1Department of Clinical Microbiology, Henan Provincial People’s Hospital, People’s Hospital of
Zhengzhou University, and People’s Hospital of Henan University, Zhengzhou, China, 2Department of
Special Laboratory, Henan Provincial People’s Hospital, People’s Hospital of Zhengzhou University,
and People’s Hospital of Henan University, Zhengzhou, China, 3Department of Laboratory,
Zhengzhou Municipal Chinese Medicine Hospital, Zhengzhou, China, 4Department of Laboratory,
Dengzhou Municipal Central Hospital, Dengzhou, China, 5Department of PCR, Henan Provincial
People’s Hospital, People’s Hospital of Zhengzhou University, and People’s Hospital of Henan
University, Zhengzhou, China
Introduction: The long-term immunogenicity, adverse effects, influencing

factors, and protection from booster vaccines remain unclear. Specifically, little

is known regarding the humoral immunity and breakthrough infections

associated with COVID-19 booster immunization. Therefore, we evaluated the

immunogenicity, reactogenicity, influencing factors, and protective effects of the

first coronavirus disease booster vaccine 23 months before and after

implementation of dynamic zero epidemic control measures among

healthcare staff.

Methods:We prospectively included 389 healthcare staff members in China with

negative pre-enrolment severe acute respiratory syndrome coronavirus 2 test

results. Neutralising serum antibodies were evaluated every two months till 23

months post-booster vaccination. Breakthrough infection was recorded or

confirmed by SARS-CoV-2 specific PCR testing via throat swabs from

participants before and after dynamic zero epidemic control measures.

Results: At 15–30 days after vaccination, the mean concentration of the booster

vaccine was 6.4 times above initial concentrations. Poorer antibody responses by

booster vaccine correlated with male sex, longer post-booster duration, same-

manufacturer vaccines, post-routine epidemic control measures

implementation and intervals >210 days between primary and booster

vaccinations. Higher breakthrough rates were associated with longer post-

booster durat ions and post-rout ine epidemic control measures
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implementation but not associated with levels of neutralising antibodies after

booster vaccination from participants. Adverse reactions were non-serious.

These booster vaccine doses induced rapid, robust antibody responses,

maintained for only 6–7 months.

Discussion: Neutralizing antibodies induced by breakthrough infection with

SARS-CoV-2 were weaker than those induced by the first COVID-19 booster

vaccine, predicting that antibodies induced by SARS-CoV-2 may be very different

from those of other known infectious pathogens.
KEYWORDS

breakthrough infections, COVID-19, humoral immunity, kinetics, neutralising
antibodies, booster immunization
1 Introduction

Coronavirus disease (COVID-19) is an emerging respiratory

disease caused by severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2) and has become a common infectious disease with

worldwide spread (1, 2). Administration of a primary and booster

vaccination is one of the most effective measures to control the

spread of infectious diseases, including COVID-19 (3, 4). We

previously showed that neutralising antibodies elicited by

inactivated SARS-CoV-2 vaccines decline within 6–8 months of a

primary two-dose inactivated vaccine program (5). Therefore, to

control the epidemic, the Chinese Government provided the first

booster vaccination dose freely to all citizens beginning in October

2021 (6), when strict dynamic zero-epidemic control measures were

implemented against COVID-19 (7). This strict epidemic control

measures referred when any residents tested positive for COVID-19

in a residential community, the positive residents were immediately

sent to a centralised isolation hospital for free isolation, treatment,

and observation. Other residents in the community were required

to undergo throat swab nucleic acid testing and isolation at home

for seven consecutive days so as to ensure none of positive resident

live in this community. Coverage of the first dose of COVID-19

booster vaccine has reached 71.7% of the population requiring

vaccination in July 2022 (8). Beginning on December 13,2022,

routine epidemic control measures against COVID-19 were

implemented (9). However, the neutralising antibody response

after the first booster vaccination and its protective effect after the

implementation of routine epidemic control measures remain

unknown (10).

Currently, more than four types of COVID-19 vaccines have

been approved for use globally (11, 12): mRNA, adenovirus,

inactivated virus, and recombinant protein vaccines. In China,

apart from not being able to produce mRNA vaccines, the other

three vaccines have been approved and produced by eight different

manufacturers, including Beijing Kexing Zhongwei, Beijing

Biologics, Changchun Biologics, Beijing Kexing, Wuhan Biologics,
0288
Lanzhou Biologics, Tianjin CanSino, and Anhui Zhifei. So far, only

a small number of Chinese have been vaccinated by booster

adenovirus or recombinant protein vaccine, and most have been

vaccinated by booster inactivated virus vaccine.

Booster vaccinations have been shown to be effective against

other infectious diseases (3, 13); however, whether or not they are

effective against emerging diseases such as COVID-19 is unclear.

Additionally, previous studies have shown that the antibody level

after primary vaccination of the COVID-19 vaccine is associated

with age, sex, blood type, BMI (body mass index), occupation,

interval of doses, the type of vaccination, and most importantly, the

decreasing levels of antibody with time (5). Furthermore, studies

from other countries have shown that different types of booster

vaccines produce higher antibody titers among participants than

the homologous type of booster vaccine (14) and last only five

months; after this period from the booster vaccination, the number

of breakthrough infections began to increase (15). However, in

China, whether the antibody levels and maintained duration of the

COVID-19 vaccine after the booster vaccine are related to these

factors and the characteristics of SARS-CoV-2 breakthrough

infections have not yet been reported since the first booster

vaccine before and after the routine control measures.

This study aimed to assess the immunogenicity, reactogenicity,

influencing factors, neutralizing antibody kinetics, and protective

effects of the first booster vaccine dose during 23 months among

medical staff.
2 Materials and methods

2.1 Ethics statement

This study was approved by the Ethics Committee of Henan

Provincial People’s Hospital (approval number 20210051, approval

date: 24 May 2021) and complied with the principles of the

Declaration of Helsinki and Good Clinical Practice.
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2.2 Study design and participants

This multicentre, prospective, longitudinal cohort study was

performed at Henan Provincial People’s Hospital and Zhengzhou

Municipal Chinese Medicine Hospital in Central China.

Healthy medical staff (18-80 years of age) members who

received the first dose of the COVID-19 booster vaccine within 1

to 690 days between 20 October 2021 and 16 September 2023 were

recruited. Participants with documented reverse transcription (RT)-

PCR-confirmed COVID-19 or who had received any other vaccine,

such as hepatitis B, were excluded. Symptoms or signs of clinically

typical acute respiratory diseases such as a body temperature higher

than 38°C, cough, signs consistent with COVID-19, or any

contraindications to receiving the booster vaccine (such as

allergies or pregnancy) within 24 hours before the target study

vaccine dose were excluded (15).

All recruitment criteria were provided in crowded public places

or announced on social networks such as Wechat groups. Interested

candidates were invited to contact the researcher directly; at the

same time, interviews by researchers were scheduled to explain

these selection criteria. All participants provided written informed

consent prior to enrolment.

When collecting the blood of a participant previously

vaccinated with a booster dose, the study staff enquired and

recorded whether the volunteer was or had been infected with

SARS-CoV-2 after the booster vaccination. Simultaneously, a throat

swab was collected for SARS-CoV-2 PCR testing; those with

positive results were confirmed to have a breakthrough infection.

Additionally, the related participant information was recorded in an

investigation questionnaire and subsequently transferred to an

electronic Excel form, including name, telephone contact, sex,

age, body weight, and height. Detailed and accurate information

on COVID-19 primary and booster vaccinations, including vaccine

manufacturers, vaccination dates, and whether the vaccine was the

adenovirus or recombinant protein vaccine type, could be obtained

via the mini-program of the COVID-19 vaccination record on the

Alipay platform. Currently, Chinese eight different manufacturers,

including Beijing Kexing Zhongwei, Beijing Biologics, Changchun

Biologics, Beijing Kexing, Wuhan Biologics, Lanzhou Biologics

produced inactivated COVID-19 vaccine, Tianjin CanSino

produced adenovirus recombinant live attenuated vaccine, and

Anhui Zhifei produced recombinant protein vaccine. If a

volunteer’s booster vaccine and the primary vaccine are both of

the homologous type of vaccine, such as an inactivated vaccine, they

are classified into the homologous group, and conversely, they are

classified into the heterologous group. The ABO blood types of the

volunteers were determined using identification reagents.

Hospitalized patients or other study participants from

November 2022 to April 2024 were considered as having

positive SARS-CoV-2 tests based on positive SARS-CoV-2

PCR results and infectious disease reports from the PCR

department of Henan Provincial People’s Hospital; these results

were eventually reported to the related administration section of the

Chinese CDC.
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2.3 Experimental procedures

For each booster, the vaccine was given as a single

intramuscular injection with the same or different primary dose.

All participants underwent clinical evaluation and blood samples

were taken on the day of evaluation for neutralising antibodies.

Significant signs and symptoms were measured for 1–30 days, and

any solicited and unsolicited adverse events were reviewed, and

medical records were updated. Two-millilitre blood samples were

collected from each volunteer every 2 months, with the

anticoagulant EDTA added into each tube to centrifuge with

3000g for 10 minutes, then,1 ml of plasma was drawn into 2

separate tubes, frozen in the -80°C refrigerator. The duration of

neutralising antibodies for each participant was determined as the

time interval between the booster vaccination date and the blood

collection date. All participants (those with the heterologous type of

vaccine and those with the booster dose of the homologous type of

vaccine) remained at their local community health centre for at least

30 minutes following vaccination for the investigation and

recording of any adverse events. When a serious adverse event

occurred, participants contacted the researchers and rated the

intensity of the adverse event on a severity scale as follows:1 =

mild; 2 = moderate; 3 = severe; or 4 = life-threatening. Adverse

event definitions and the list of solicited adverse events are

categorized by previous description (16).

The neutralising antibody was detected by the commercial

enzyme-linked immunosorbent assay (anti-SARS-CoV-2 S kit

(Shanghai GeneoDx Biotechnology Co., LTD., Shanghai, China).

The kit detects neutralising IgG antibodies only against the SARS-

CoV-2 spike protein receptor binding domain not against

nucleoprotein, which are available in a universal microplate

reader (DNM-9602; Beijing Pulong Co., LTD., Beijing, China). A

value greater than 6.5 IU/mL is regarded as positive. According to

the manufacturer’s protocols and instructions, values greater than

100 IU/mL were considered to be 100 IU/mL. ABO blood group

was determined via the test tube method according to the reagent’s

instructions (Chengdu United Co., LTD., Chengdu, China).

Throat swab samples were collected for SARS-CoV-2 analysis

using RT-PCR (Shanghai Zhijiang Biotechnology Ltd.). Cycle

threshold values of ≤44 on RT-PCR were counted as positive.
2.4 Statistical analysis

A multivariable linear regression model was used to analyse

factors influencing the concentration of neutralising antibodies,

with one of the classification variances used as a reference to

calculate the B-value (17). Due to missing data for some

neutralising antibodies, we used a mixed linear model that could

handle the unequal number of repeated observations of individuals

with randomly missing data. To analyse the change of neutralising

antibodies over time, we used a mixed linear model with the

continuous log2 conversion concentration of neutralising

antibodies from day 1 to 690 as the dependent variable. Age, sex,
frontiersin.or
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BMI, vaccination method, duration since the booster dose, interval

between primary and booster dose, with or without breakthrough of

SARS-CoV-2 infection, epidemic control measures, and ABO blood

group were independent variables in the model. Additionally, we

used multivariate binary logistic regression analysis to get the risk

factors associated with breakthrough infection with SARS-CoV-2.

In this analysis, the outcome variable was SARS-CoV-2 infection

with 1–690 days post-booster vaccination, while other factors,

including blood type, BMI, sex, age, vaccination mode, log2-

transformed concentration of neutralising antibodies, duration

post-booster vaccination, the interval between primary and

booster vaccination, and epidemic control measures were used as

independent variables. To investigate any correlation between

neutralising antibody concentration and breakthrough infection

rate over time after booster vaccination, we used the trend chi-

square test and linear correlation analysis. Additionally, survival

curve analysis was used to compare whether there was a difference

in breakout rates between the two modes of booster vaccination

(heterologous and homologous types). Moreover, chi-square test

was used to compare the difference of adverse effects between

individuals vaccinated with booster vaccines from the

homologous and heterologous types as the primary vaccine.

Based on methods described in a previous study (18), we

divided participants into three BMI groups: <18.5, 18.5–23.9,

and>23.9 kg/cm2. Additionally, based on the Chinese COVID-19

booster vaccination procedure (6–8 months), we divided the

interval between primary and booster doses into two groups:180–

210 days and >210 days. We divided the participants into three

groups by age: 18–30, 31–50, and >50 years (5, 18). We divided the

duration after booster vaccination into 10 groups: 1–14, 15–30, 30–

90, 91–150, 151–210, 211–300,301–365,366–420, 421–480, and

481–690 days. Additionally, other variables, including sex,

vaccination type, presence or absence of SARS-CoV-2

breakthrough infection, epidemic measures, and blood type, were

divided into different categories based on their natural

classifications. Mixed model distribution curves of log2-

transformed neutralising antibodies responses with duration,

adjusted for age, sex, BMI, ABO blood type, vaccination mode,

the interval between primary doses and booster doses of

vaccination, SARS-CoV-2 breakthrough infection, epidemic

measures, and time elapsed since booster dose were plotted using

Prism 8.0 (GraphPad Software Inc., La Jolla, CA). We only included

variables that showed significant associations with neutralising

antibodies in the mixed model, even if potential confounders

were controlled by the statistical analysis.

The results of the adverse reaction analysis were expressed as a

percentage of participants and included all participants who

received their first dose of booster vaccine and experienced

local or systemic adverse events for 30 consecutive days

following vaccination.

Sample size calculation for a log2-transformed neutralizing

concentration was done to assess the humoral immune response

against SARS-CoV-2 spike protein during 1-690 days after the first

booster dose of in participants that received a homologous booster

type, as compared with heterologous type. A sample size of 360

participants (n=240 in the homologous group) was required to
Frontiers in Immunology 0490
identify a 15% increase in antibody concentration between two

different vaccination group during 1-690 days, assuming a

coefficient of variation equal to 1·2 or 1·0 and similar between

groups, at least 80% power and a two-sided 5% significance level.

The sample size was increased by 15% due to possible loss of visit.

An independent data monitoring committee composed of

independent scientists not involved in this study regularly

reviewed the data for safety.

All analyses, including linear mixed models, logistic regression,

and adverse effects analyses were conducted using SPSS (version

25.0; IBM Corporation, Armonk, NY), and figures were plotted

using Prism 8.0 (GraphPad, Inc.).
3 Results

3.1 Basic characteristics of
study participants

We collected 791 serum samples from 389 medical staff

members (Figure 1). Owing to missing data, we excluded 45

candidates from the regression and mixed model analyses:13

withdrew consent, seven did not meet the inclusion criteria, three

missed a follow-up visit, 10 did not answer the body mass index

(BMI) question, and 12 were not willing to provide blood samples

(Figure 1). The concentration kinetics of neutralising antibodies

were detected for all study participants at least once during the 690-

day timeframe and a maximum of six times for 132 participants

(33.9%). Before 13 December 2022, when the dynamic zero

COVID-19 epidemic policy was implemented, 447 serum samples

were collected from 113 participants, while 344 serum samples from

276 participants were collected after this date when the COVID-19

epidemic prevention and control measures were replaced with

routine measures. Among 791 serum samples from 389 medical

staff, 306 samples were confirmed to be SARS-CoV-2-positive by

polymerase chain reaction (PCR) on the throat or memory

information. The average breakthrough infection rate was 38.7%

(306/791) during the study period (20 October 2021 to 16

September 2023). The cumulative SARS-CoV-2 infection rate for

276 samples collected from 13 December 2022 to 16 September

2023 was 86.2% (238/276). In contrast, before December 13, 2022,

the cumulative infection rate was <8.1% (36/447). Baseline

characteristics, including vaccination groups, age, breakthrough

SARS-CoV-2 infection, and epidemic control measures, are

indicated in Table 1.
3.2 Factors influencing neutralising
antibody production after
booster vaccination

Linear mixed model regression analysis showed that sex,

interval between primary and booster vaccinations, COVID-19

epidemic control measures, vaccination duration booster, and

vaccination type were significantly associated with neutralising

antibody level (Table 2, Appendix Tables 1–9, and Figures 2A–E).
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Neutralising antibody levels were 32.4 IU/mL higher in women

than in men after adjusting for age, booster vaccine type, blood

group, duration of primary and booster vaccination intervals,

duration of vaccination, COVID-19 outbreak control measures,

SARS-CoV-2 breakthrough infection, and BMI (B = 0.23; 95%

confidence interval [CI], 0.11–0.43; P = 0.022; least square mean

difference = 32.4; 95% CI, 22.3–45.1, P= 0.001) (Figure 2A, Table 2;

Appendix Table 5). In addition, at days 31–90, the geometric mean

concentration (GMC) of neutralising antibodies in the mixed

vaccine group was 97.8 IU/mL, significantly higher than that in

the same vaccine group (64.9 IU/mL) (P<0.001; Figure 2B, Table 2;

Appendix Table 4). From days 211 to 300, the GMC of neutralising

antibodies in both groups declined rapidly. After 210 days of

booster vaccination, the GMC of neutralising antibody in the

homologous vaccination group decreased to 29.9 IU/mL, which

was significantly lower than that in the mixed vaccination group

(43.9 IU/mL; P<0.001; Appendix Table 4; Figure 2B). In addition,

we determined that the duration after booster vaccination was a

major factor in the decline or rise of neutralising antibodies to

booster vaccines; neutralising antibody GMC increased by 6.4

times; from 13.3 IU/mL before vaccination to 98.4 IU/mL 15 to

30 days after vaccination. GMC for all participants decreased from

the highest level of 98.4 IU/mL at 15–30 days to the lowest level of

37.6 IU/mL at 210–300 days (mean decline:68% or 2.6-fold),

indicating an average monthly decline of 8.7% (Figure 2B).

However, after the change in epidemic containment measures

on 13 December 2022, the GMC of neutralising antibodies

increased slightly again on days 301–366, from the lowest level to

86.9 IU/mL on days 481–690 (Figures 2A–E; Appendix Tables 1-

10). This trend is consistent with research findings that the COVID-

19 prevention and control measures was a major affect factor

associated with neutralising antibodies. After strict control

measures were removed, individuals produced fewer neutralising
Frontiers in Immunology 0591
antibodies than before that date (B= -0.4; 95% CI, -0.7 to 0.2; P <

0.001; Table 2, Figure 2C). In addition, neutralising antibody levels

were lower in patients with an interval of >210 days between

primary vaccination and booster vaccination than in patients with

an interval of 180–210 days (B=-021; 95% CI, -0.4 to -0.21; P=

0.021; Figure 2D, Table 2; Appendix Table 8). Neutralising antibody

levels were not associated with SARS-CoV-2 breakthrough

infection (B= -0.12; 95% CI, -0.28 to 0.10; P= 0.378; Table 2).
3.3 Characteristics of reactogenicity after
the first booster vaccination

Adverse effect analysis was based on the solicited adverse events in

253 and 136 homologous- and heterologous-type vaccination groups,

respectively, by 30 days after the first booster vaccination. In both

groups, most adverse events were mild (n = 16, 76.2%) or moderate (n

= 5, 23.8%), and self-limiting. The most common adverse effects were

fatigue (n = 7), followed by fever (n = 4), pain at the injection site (n =

4), malaise (n = 4), rash (n = 2), and pruritus (n = 2). The incidence of

fever and malaise in the heterologous-type vaccination group was

slightly but significantly higher (2/136, 1.47%) (P<0.01) than that in the

homorologous-type vaccination group (2/253, 0.79%; Figure 2E).
3.4 Factors influencing SARS-CoV-2
breakthrough infection after
booster vaccination

The results of the univariate and multivariate analyses to identify

influencing factors associated with SARS-CoV-2 breakthrough

infection after the first booster vaccination are shown in Table 3

and Figure 3A. The following factors were found to be associated with
FIGURE 1

Study flow-chart Prospective cohort of Chinese individuals who received the booster vaccine against COVID-19 and underwent serological assays.
Following vaccination, the participating medical staff members of Henan Provincial People’s Hospital and Zhengzhou Municipal Traditional Medicine
Hospital in Central China were followed up at two-month intervals for 23 months between October 19, 2021, and September 30, 2023. BMI, body
mass index; COVID-19, coronavirus disease; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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post-booster vaccination SARS-CoV-2 breakthrough infection after

univariate analysis: age, blood type, booster vaccination type, BMI,

duration after booster vaccination, the interval between primary and

booster vaccinations, COVID-19 epidemic control measures, and

neutralising antibody concentration. Independent risk factors for

SARS-CoV-2 breakthrough infection post-booster vaccination

included COVID-19 epidemic control measures and duration after

booster vaccination after multivariate analysis.

The risk of post-booster vaccination breakthrough infection was

at its highest at 7 months after booster vaccination (9.5 times higher

than that at 15 days post-booster vaccination). Additionally, the

SARS-CoV-2 breakthrough infection risk after implement of

routine epidemic prevention and control measures was 10.6-fold

higher than that of duration when dynamic zero policy was strictly

implemented (Table 3, Figure 3). This tendency was consistent with

the results of nucleic acid testing for hospitalized patients and other

populations in Henan Provincial People’s Hospital from November

2022 to April 2024 (Figure 3C; Appendix Table 10). No link was
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found between SARS-CoV-2 breakthrough infection and GMC

neutralising antibodies (adjusted odds ratio,0.9; 95%CI, 0.7–1.1,

P=0.387; Table 3). However, within 6 months post-booster

vaccination, the SARS-CoV-2 breakthrough infection rate

increased with the decrease in GMC (linear correlation x2 =

318.7, P<0.001; r=-0.81, P=0.034, respectively; Figures 2A–D,

Figure 3C). No difference was found in the rate of breakthrough

infection among participants between the two modes of booster

vaccination (heterologous and homologous types) (Figure 3D).

As shown in Figure 3B and Appendix Table 10, before 13

December 2022, when dynamic zero measures were implemented,

the proportion of the entire population infected with SARS-CoV-2

was below 0.27%. Conversely, after 13 December 2022, with the

release of epidemic measures, the SARS-CoV-2 infection rate

among the overall population increased rapidly to 43.57%. After 6

months and up toMay 2023, the number of hospitalized patients with

SARS-CoV-2 further increased to 47.5%. However, during the

subsequent 6 months up to November 2023, no outbreak of SARS-
TABLE 1 Baseline characteristics of study participants (N = 389).

Factor Heterologous type
(n = 136)

Homologous type
(n = 253)

p Overall

Sex

Men 30 36 0.05 66

Women 106 217 323

Age (years), M (P25, P75) * 25 (21, 44) 36 (26, 50) 0.001 33 (22, 49)

Age group (years)

18–30 94 121 0.001 215

31–50 13 73 86

>50 29 59 88

Blood type

A 33 64 0.833 97

B 38 62 100

O 51 104 155

AB 14 23 37

BMI (kg/m2)

<18.5 11 16 0.196 27

18.5–23.9 96 162 258

>23.9 29 75 104

SARS-CoV-2 breakthrough infection

Yes 95 142 0.008 237

No 41 111 152

Epidemic control measures against COVID-19

Dynamic zero measures before 13 December 2022 25 88 0.001 113

Routine control measures after 13 December 2022 111 165 276
*M (P25, P75): median (interquartile range). BMI, body mass index; COVID-19, coronavirus disease; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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CoV-2 infections occurred, and the infection rate was maintained at

about 20% among hospitalized patients as of April 2024. This implies

that the neutralising antibody levels in the entire population may have

been elevated to a level that protects against COVID-19 outbreaks,

which is consistent with our finding that the neutralising antibody

levels in medical staff or the general populations only maintained for

6–7 months after booster vaccination (Figures 2A–D).
4 Discussion

To the best of our knowledge, no previous study has reported on

the induction of humoral responses in medical staff after the first

dose of the Chinese COVID-19 booster vaccine before and after the

implementation of dynamic zero measures. The findings of this

study indicate an association between booster vaccination and an

acceptable adverse effect spectrum during the 690 days following

vaccination of heterologous type and homologous type.

Additionally, this study identified that change of COVID-19

epidemic control measures and duration after booster vaccination

were two influence factors associated with SARS-CoV-2

breakthrough infection within 690 days after booster vaccination

in medical staff. To date, the lifting of dynamic zero control

measures and a longer interval between primary and booster

vaccination that reduced humoral immunogenicity, which led to a

higher breakthrough infection rate, has not previously been

reported by studies on COVID-19 booster vaccines.

We also found that after the lifting of COVID-19 epidemic

control measures, neutralising antibody production in medical staff

that had received the booster vaccine was lower than that before this

time point, which is contrary to the traditional understanding of

infectious diseases. The traditional theory posits that neutralising

antibody production increases with a rising incidence of infectious

diseases. (19) As we know, smallpox, measles, chickenpox, these

infectious diseases are life-long antibody immunity, and the vaccine

against these infectious diseases can only provide a maximum of 7

years of antibody protection, requiring regular booster vaccination

(20–22). This finding may be explained by the fact that the immune

effect of natural SARS-CoV-2 infections after the lifting of dynamic

zero measures was not as strong as that of the neutralising antibodies

produced after booster vaccination. This phenomenon may be due to

the special character of COVID-19 and needs to be verified using

larger sample sizes and more rigorous trials.
TABLE 2 Factors associated with neutralising antibody concentration
after Chinese COVID-19 booster vaccine administration.

Factors n (%) B (95% CI) p

Sex

Men 66 (24.5) Reference

Women 323 (75.5) 0.23 (0.1 to 0.43) 0.022

Age (years)

18–30 215 (55.3) Reference

31–50 86 (22.1) 0.08 (-0.63 to 0.06) 0.978

>50 88 (22.6) 0.18(-0.03 to 0.37) 0.074

Blood type

A 97 (24.9) Reference

B 100 (25.7) 0.06 (-0.2 to 0.3) 0.504

O 155 (39.8) -0.05 (-0.3 to 0.2) 0.427

AB 37 (9.5) 0.04 (-0.2 to 0.3) 0.272

Booster vaccination type

Homologous type 253 (73.1) Reference

Heterologous type 136 (26.9) 0.37(0.19 to 0.54) <0.001

BMI (kg/m2)

<18.5 27 (6.9) Reference

18.5–23.9 258 (66.3) -0.14 (-1.1 to 0.85) 0.053

>23.9 104 (26.7) -0.05 (-1.1 to 0.9) 0.525

Duration since booster vaccination (Mean days)

1–14 31 (7.9) Reference

15–30 33 (8.5) 0.2 (-0.04 to 0.4) 0.997

31–90 40 (10.3) 0.2 (-0.16 to 0.5) 0.287

91–150 28 (7.2) 0.1 (-0.1 to 0.4) 0.850

151-210 17 (4.4) 0.4 (-0.3 to 1.2) 0.257

211–300 25 (6.4) -0.9(-1.3 to -0.4) 0.001

301–365 61 (15.7) −0.5(-0.9 to -0.1) 0.006

366–420 63 (16.2) -1.1(-1.4 to -0.7) 0.001

421–480 66 (16.9) 0.2(-0.2 to 0.4) 0.585

481–690 53 (13.6) 0.5 (0.1 to 0.9) 0.026

Interval between primary and booster vaccinations
(Mean days)

180–210 185 (47.6) Reference 0.021

>210 204 (52.4) -0.21 (-0.4 to -0.1)

SARS-CoV-2 breakthrough infection

Yes 237 (60.9) Reference 0.378

No 152 (39.1) -0.12 (-0.28 to 0.1)

(Continued)
TABLE 2 Continued

Factors n (%) B (95% CI) p

Epidemic control measures against COVID-19

Dynamic zero policy
before 13 December 2022

113 (29.0) Reference <0.001

Routine control measures
after 13 December 2022

276 (71.0) -0.4 (-0.7 to -0.2)
fron
BMI, body mass index; CI, confidence interval; COVID-19, coronavirus disease; SARS-CoV-2,
severe acute respiratory syndrome coronavirus 2.
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The humoral response observed within 690 days of the first

booster vaccine dose supports the effectiveness of the heterologous

manufacturer (type) approach (4). Although vaccine receipts in the

heterologous-type vaccination group reported a higher incidence of

adverse events, the side effects associated with the heterologous
Frontiers in Immunology 0894
vaccination were within the range of those reported for homologous

vaccination. The observed result of the solicited adverse events of

the booster vaccine in this study was similar to that of a previous

study (17). Neutralising antibody levels typically increase more after

booster administration using a heterologous booster vaccine than
FIGURE 2

Quantitation of antibodies on days 1–690 following administration of the Chinese booster vaccine (A–D) Kinetics of neutralising antibodies
according to (A) sex, (B) vaccination type, (C) control measures against COVID-19, and (D) interval between primary and booster vaccinations, (E)
Factors influencing neutralising antibody production after booster vaccination in medical staff (F) comparison of adverse effects between individuals
vaccinated with booster vaccines from the same and different types as the primary vaccine. Data are presented as mean (95% confidence interval
[CI]) from the linear mixed-effects model adjusted for vaccine type, sex, blood type, age, interval between primary and booster vaccinations, COVID-
19 control measures, and BMI. The log2-transformed levels of neutralising antibodies were used as independent variables. Chi-square test was used
to compare the difference of adverse effects between individuals vaccinated with booster vaccines from the same and different types as the primary
vaccine. BMI, body mass index; LSMD, least-squares mean difference; COVID-19, coronavirus disease; SARS-CoV-2, severe acute respiratory
syndrome coronavirus 2.
TABLE 3 Factors associated with breakthrough infection of SARS-CoV-2 after administration of the Chinese COVID-19 booster vaccine.

Factors Infected
person times
(n =306) %

Uninfected
person times
(n = 485) %

Univariate analysis Multivariate analysis

OR (95% CI) p OR (95% CI) P

Sex

Men 82 (26.8) 138 (28.5) Reference 0.613 *

Women 224 (73.2) 347 (71.5) 1.1 (0.8–1.3) * –

Age (years)

18–30 124 (40.5) 132 (27.2) Reference <0.001 Reference

31–50 92 (30.1) 86 (17.7) 0.88 (0.6-1.3) 1.1(0.5–2.1) 0.847

>50 90 (29.4) 267 (55.1) 2.8 (2.0-3.9) 0.9(0.5–1.8) 0.865

(Continued)
fron
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that of homologous booster group in our study, which was similar

with other mRNA booster heterologous vaccination (23–26).

However, the mechanism of neutralizing antibody difference

between two types of booster vaccination was unclear to need

further explore.
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A recent report from the United States Center for Disease

Control and Prevention (CDC) revealed that the vaccine efficiency

in people who had received the first booster dose of mRNA vaccines

declined from 87% to 31% after 5 months in the omicron variant

epidemic period (15). This result is similar to that of our study,
TABLE 3 Continued

Factors Infected
person times
(n =306) %

Uninfected
person times
(n = 485) %

Univariate analysis Multivariate analysis

OR (95% CI) p OR (95% CI) P

Blood type

A 79 (20.83) 168 (29.17) Reference <0.001 Reference

B 61 (31.94) 75 (36.11) 1.7 (1.1–2.7) 0.625(0.3–1.3) 0.191

O 115 (37.50) 100 (40.28) 2.4 (1.7–3.6) 0.959(0.5–1.8) 0.898

AB 51 (11.11) 142 (10.42) 0.7 (0.5–1.2) 0.674(0.3–1.4) 0.275

Booster vaccination type

Homologous type 203 (66.3) 407 (83.9) Reference 0.001 Reference

Heterologous type 103 (33.7) 78 (16.1) 0.6 (0.5-0.8) 1.3(0.7–2.3) 0.351

BMI (kg/m2)

<18.5 21 (6.9) 6 (1.3) Reference 0.001 Reference

18.5–23.9 173 (56.5) 328 (67.6) 6.6 (2.6–16.7) 0.9(0.3–2.8) 0.896

>23.9 112 (36.6) 151 (31.1) 4.7 (1.8-2.1) 1.5(0.5–4.9) 0.522

Duration since booster vaccination (Mean days)

1–14 15 (4.9) 84 (17.3) Reference Reference

15–30 4 (1.3) 77 (15.9) 0.29 (0.1–0.9) <0.001 0.3(0.1–1.3) 0.107

31–90 10 (3.3) 119 (24.5) 0.5 (0.2–1.1) 0.5(0.2–1.2) 0.114

91–150 19 (6.2) 136 (28.0) 0.8 (0.4–1.6) 0.8(0.4–1.8) 0.604

151–210 3 (0.98) 4 (0.82) 4.2 (0.9–20.7) 1.5(0.2–10.3) 0.708

211–300 22 (7.2) 3 (0.62) 41.1 (10.9–54.6) 9.5(2.0–13.9) 0.004

301–365 58 (18.9) 10 (2.1) 32.5 (13.6–77.3) 5.1(1.8–14.8) 0.002

366–420 56 (18.3) 19 (3.9) 16.5 (7.7–35.2) 2.5 (0.97–5.3) 0.059

421-480 72 (23.5) 28 (5.8) 14.4 (7.1–29.0) 4.6(2.0–10.4) <0.001

481-690 47 (15.4) 5 (1.0) 52.6 (18.0–54.0) 8.8(2.7–19.1) <0.001

Interval between primary and booster vaccinations (Mean days)

180-210 170 (55.6) 371 (76.5) Reference <0.001 Reference

>210 136 (44.4) 114 (23.5) 1.4(1.2–1.5) 1.1(0.6–1.8) 0.844

Epidemic control measures for COVID-19

Dynamic zero policy before 13
December 2022

36 (11.8) 411 (84.7) Reference <0.001 Reference <0.001

Routine control
measures after 13 December 2022

270 (88.2) 74 (15.3) 7.2(5.3–9.8) 10.6(6.1–18.3)

Neutralising antibody concentration (IU/mL)
Mean± SD

58.1 ± 2.8 87.1 ± 1.6 – <0.001 0.9(0.7–1.1) 0.387
fron
“*”: Multivariate analysis was not included, “-”: not available.
BMI, body mass index; COVID-19, coronavirus disease; CI, confidence interval; OR, odds ratio; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; SD, standard deviation.
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indicating that recipients are increasingly susceptible to infection

with SARS-CoV-2 with a decrease in neutralising antibody levels by

6–7 months post-booster vaccination.

Associations between blood type and neutralising antibody

production or breakthrough infection rate among medical staff

were not investigated in this study. However, previous studies

have reported that patients with blood group A have an increased

risk of SARS-CoV-2 infection, whereas those with blood group O

have a decreased risk (27, 28). In the hospital inpatients in this

study, the SARS-CoV-2-infection rate showed that since April 2024,

the natural SARS-CoV-2-infection rate among the general

population is no longer accurately following the previous cycle of

one outbreak every 6 months, perhaps indicating that booster

vaccinations break the link between blood types and infection

susceptibility or involve COVID-19 outbreak cycles.

In the present study, we found that participants with an

appropriate interval between vaccination doses (180–210 days)

had elevated neutralising antibody levels than those with longer

intervals (>210 days). This result supports the current 6–7-month

booster interval for the COVID-19 vaccine, as vaccines produce

fewer neutralising antibodies when the interval exceeds 7 months.
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This study has some limitations. First, the number of participants

was relatively small, and some participants had recall bias about

whether they had experienced SARS-CoV-2 breakthrough infection,

given that COVID-19 symptoms and signs can be confused with flu

or the common cold in the absence of specific tests (29, 30).

Additionally, in the population included in our study, fewer

individuals received the heterologous type vaccine than those who

received the homologous type vaccine, because when beginning the

first booster vaccine, according to the booster vaccination guidelines

released by the health administration, it was recommended that

boosters receive the vaccine of the same manufacturer or

homologous type as the primary immunization, in order to reduce

the side effects of vaccination. Given our resource limitations, we

could not conduct pseudo-virus neutralization tests for neutralising

antibodies against the latest SARS-CoV-2 variant (31). Therefore, we

could not determine the levels of neutralising antibodies against

viruses causing breakthrough infections. We only found a trend for

correlation between decreasing neutralising antibodies and an

increasing rate of SARS-CoV-2 infection after vaccination over

time. Some studies have shown that due to the emergence of the

novel coronavirus variant KP.2,XEC, and XDV.1, the antibodies
FIGURE 3

Factors influencing neutralising antibody production after booster vaccination, as well as SARS-CoV-2 breakthrough infection (A) Factors associated
with breakthrough SARS-CoV-2 infection after booster vaccination in medical staff. (B) Rate of PCR-positivity for SARS-CoV-2 for inpatients and
outpatients from Nov 2022 to Apr 2024. (C) Correlation between neutralising antibody production and breakthrough SARS-CoV-2 infection after
booster vaccination in medical staff. (D) Survival curves of breakthrough infection between two modes of booster vaccination (mix and homologous
types). CI, confidence interval; PCR, polymerase chain reaction; OR, odds ratio; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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produced by the booster vaccine cannot neutralize the current variant

strain (9–11). We speculate that the main reason is that the vaccine

strain used in the booster vaccine is the prototype strain rather than

the variant strain, which can also explain the high infection rate in the

population despite the vaccination booster. In addition, the antibody

and infection rate with SARS-CoV-2 for populations without

vaccination for COVID-19 were not investigated; therefore, the

comparison between the two population groups could not be

calculated to obtain the protection rate of the booster vaccine.

Moreover, we only investigated the antibody and breakthrough

among medical staff in this study. Future studies should expand to

more occupations, including workers or students, to compare the

difference between antibody and breakthrough infection among

different occupations. Furthermore, our results can be reported the

neutralizing antibody response against to spike protein of SARS-

CoV-2 to the currently Chinese COVID-19 booster vaccine used for

this study, and not as a general message, perhaps a different antibody

response against to nucleoprotein of SARS-CoV-2 (12, 13) was

observed using a different vaccinate type, as mRNA vaccine (2, 14).

We aim to include more participants and conduct pseudo-virus

neutralization tests to address these limitations in the future.

In conclusion, this study evaluated the humoral immune

responses and SARS-CoV-2 breakthrough infection within 690

days after the first booster vaccination dose in 389 medical staff

members. Most participants rapidly developed increasing

neutralising antibody levels after receiving a single second dose of

the Chinese booster COVID-19 vaccine 1–2 weeks after the first.

However, the neutralising antibody levels only last for 6–7 months

following booster vaccination, after which the SARS-CoV-2-infection

breakthrough rate increased significantly. We demonstrated

relationships between blood type, age, sex, BMI, and duration after

booster vaccination, reactivity, and breakthrough infection rate.

Individuals with a longer antibody-level duration following booster

vaccination and longer intervals between primary and booster

vaccination after implementation of routine epidemic control

measures had lower levels of antibodies and were more susceptible

to infection with SARS-CoV-2 variants after the first booster dose

than their counterparts. Our findings suggest that cooperation among

researchers for the exploration of a broad spectrum and long duration

neutralizing antibody of COVID-19 vaccines to booster population is

a good idea to combat the immune escape of the increasing number

of SARS-CoV-2 variants (32, 33).
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structural approaches
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Korea, 2Center for Companion Animal New Drug Development, Korea Institute of Toxicology,
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Introduction: Leptospirosis, caused by Leptospira interrogans, is a neglected

zoonotic disease that poses a significant global health risk to both humans and

animals. The rise of antimicrobial resistance and the inefficacy of existing

vaccines highlight the urgent need for new preventive strategies.

Methods: An immunoinformatics approach was employed to design a multi-

epitope subunit vaccine (MESV) against leptospirosis. B-cell, cytotoxic T

lymphocyte (CTL), and helper T lymphocyte (HTL) epitopes were selected from

five key Leptospira proteins. These epitopes were fused with a heparin-binding

hemagglutinin (HBHA) adjuvant and appropriate linkers to construct the broad-

spectrum vaccine. The physicochemical properties of the vaccine were assessed,

including antigenicity, immunogenicity, allergenicity, and conservation. The

vaccine’s 3D structure was modeled, optimized, and validated. Molecular

docking, molecular dynamics simulations, and MM-GBSA analysis were

performed to assess the vaccine's binding interactions with Toll-like receptors

(TLR2 and TLR4). Immune simulations and in silico cloning were also conducted

to evaluate the vaccine’s immune response and expression potential.

Results: The MESV demonstrated high antigenicity, immunogenicity, non-

allergenicity, and conservation across different Leptospira strains. Population

coverage analysis revealed that T-cell epitopes significantly interacted with HLA

molecules, covering 95.7% of the global population. Molecular docking showed

strong and stable binding with TLR2 and TLR4, with binding energies of -1,357.1 kJ/

mol and -1,163.7 kJ/mol, respectively. Molecular dynamics simulations and MM-

GBSA analysis confirmed the stability of these interactions and accurately calculated

the intermolecular binding free energies. Immune simulations indicated robust B and

T cell responses, and in silico cloning demonstrated that the vaccine could be

successfully expressed in E. coli.
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Discussion: These findings suggest that MESV is a promising candidate for

leptospirosis prevention, providing robust immune responses and broad

population coverage. However, further in vivo studies are necessary to validate

its efficacy and safety.
KEYWORDS

leptospirosis, multi-epitope subunit vaccine, immunoinformatics, population coverage,
molecular docking, molecular dynamics simulation, in silico cloning
1 Introduction

Leptospirosis is a widespread and reemerging zoonotic disease

caused by spirochetes of the genus Leptospira (1). It affects an

estimated 1 million individuals annually, resulting in approximately

60,000 fatalities worldwide (2, 3). The disease is particularly prevalent

in tropical and subtropical regions, where environmental and

socioeconomic factors such as poor sanitation, frequent flooding,

and close human-animal interactions create ideal conditions for

transmission (3). The disease manifests as flu-like symptoms or

severe complications like Weil’s disease, leading to multi-organ

failure (4, 5). Similarly, the disease has a significant economic

impact on agriculture and companion animals, particularly in

underdeveloped countries, where it can cause abortions, infertility,

decreased milk production, and cattle death (6). Despite identifying

66 Leptospira species and over 300 pathogenic serovars (7, 8) grouped

into 26 serogroups, effective treatment and prevention options

remain limited (9). Currently, inactivated bacterial vaccines are the

only approved prophylactic measure, but they offer limited cross-

protection against diverse serovars and provide only short-term

immunity (10, 11). Moreover, antibiotics such as azithromycin,

doxycycline, penicillin, and cephalosporins are used to treat

Leptospira infections. Still, challenges like antibiotic resistance and

delayed diagnosis due to non-specific symptoms complicate disease

management (12). This underscores the urgent need for a universal

vaccination strategy.

Vaccination efforts have shown promise in countries like Cuba

(13), Russia (14), and China (15). In Cuba, the Vax-Spiral® vaccine,

registered in 1998, became part of the National Leptospirosis

Prevention and Control Program (16). A phase III clinical trial

demonstrated 78.1% efficacy with no serious adverse effects (16, 17).

However, these vaccines often fail to address the extensive diversity

of Leptospira strains, and single-antigen formulations require

frequent boosters, which can lead to side effects and leave gaps in

widespread protection. Challenges also include local serovar

variations, potential autoimmune reactions (e.g., uveitis) (18), and

an incomplete understanding of protective immunity mechanisms.

Moreover, Leptospira’s genetic diversity and immune evasion

strategies, such as antigenic variation, complement evasion, and

rapid tissue infiltration, make developing a broadly effective vaccine

particularly complex. A key limitation of current approaches is the
02101
lack of a standardized animal model to evaluate human vaccine

candidates, coupled with variability in immune responses across

different populations and regions. Despite ongoing efforts,

including clinical trials of multi-serovar and subunit vaccines, no

universally protective vaccine has been established. These gaps

underscore the need for innovative strategies to elicit sustained,

cross-protective immunity against leptospirosis, particularly

through the development of vaccines that can overcome antigenic

diversity and immune evasion mechanisms.

Our study aims to address these gaps by designing a multi-

epitope subunit vaccine (MESV) incorporating immunogenic

proteins to provide broad-spectrum protection. Multi-epitope

vaccine designs are gaining recognition for their potential to

induce comprehensive immune responses while minimizing side

effects against Leptospirosis (19–22). Previous studies, such as

Majid et al. (19), demonstrated computationally designed MESVs’

potential to enhance immune responses through IFN-gamma

induction. Additionally, Pankaj et al. explored proteins like LigA

and LigB, which are promising candidates due to their roles in

Leptospira virulence (20, 22).

Outer membrane proteins (OMPs) are promising vaccine

candidates due to their surface exposure and involvement in

virulence (23, 24). Notable OMPs, such as LipL32, LigA, and

LigB, have demonstrated substantial protective efficacy in mouse

models (17, 25). In this study, we selected five immunogenic

proteins: LipL71, TonB-dependent receptor (TBDR), putative

lipoprotein (irpA), sphingomyelinase C2 (Sph2), and general

secretory pathway protein D (GspD) (26) as vaccine targets based

on their roles in leptospiral pathogenesis and immunogenicity.

LipL71 plays a role in pathogenesis by binding peptidoglycan and

inducing antibody responses (27–29). TBDR and irpA are essential

for iron uptake, survival, and virulence (30, 31). Sph2, a key

virulence factor, causes host cell apoptosis and inflammatory

tissue damage and serves as a diagnostic marker due to its early

presence in infections (32, 33). GspD, a type 2 secretion system

secretin, elicits bactericidal antibody responses, targeting multiple

Leptospira species (34).

Advances in immunoinformatics enable rapid and cost-effective

vaccine design, predicting immunogenic epitopes for robust

immune responses (35). This approach has been successfully

applied to pathogens like Mycobacterium tuberculosis (36, 37),
frontiersin.org
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Plasmodium falciparum (38), and Pseudomonas aeruginosa (39). By

integrating epitope prediction, TLR docking, and immune

simulations, our study aims to overcome traditional vaccine

development limitations and provide sustained, cross-protective

immunity against leptospirosis.
2 Material and methods

2.1 Protein selection and retrieval

The prioritized target proteins, including LipL71 (UniProt ID:

Q8F1N5), TBDR (UniProt ID: Q8F0M4), irpA (UniProt ID:

Q8F0M3), Sph2 (UniProt ID: P59116), and GspD (UniProt ID:

Q72S17), were retrieved from the UniProt database in FASTA

format (40). For the vaccine design, we used a pathogenic strain of

L. interrogans serogroup Icterohaemorrhagiae serovar Lai (strain

56601; Proteome ID: UP000001408). Subsequently, VaxiJen v2.0, an

online prediction server, was used to identify the most potent antigenic

protein through alignment-independent prediction with a threshold of

0.4 (41). Determining the subcellular localization and allergenicity of

the selected proteins is essential for designing potential vaccine

candidates. CELLO v.2.5 and PSORTb v3.0.3 were selected for their

high accuracy for bacterial subcellular localization predictions, and

allergenicity was evaluated using AllergenFP v.1.0 (42–44). To reduce

the risk of autoimmunity, antigenic proteins were analyzed against the

human proteome using the BLASTp tool with default parameters (45).

Signal peptides were removed from the candidate proteins before the

epitopes were predicted. We used the SignalP 5.0 server to identify and

exclude these signal peptides. The workflow used in this study is

presented in Figure 1. A detailed list of the databases, software, and web

services utilized in this study is provided in Supplementary Table S1.
Frontiers in Immunology 03102
2.2 Prediction and screening of epitopes

To predict B-cell epitopes, we utilized the ABCpred server v.2.0,

a bioinformatics tool well-regarded for predicting antigenic

epitopes or antibody-binding sites within protein sequences (46).

This tool was specifically chosen for its demonstrated reliability and

high predictive accuracy across various pathogens, including

bacteria, viruses, and parasites, making it suitable for vaccine

candidate development. Using artificial neural networks (ANN),

ABCPred predicts linear and continuous B-cell epitopes with high

sensitivity and specificity. In our analysis, we applied a threshold of

0.85, generating 16-mer epitopes and focusing on top-scoring

immunogenic epitopes for further investigation.

To predict HTL epitopes, which are crucial for immune system

activation, we used the IEDB MHC II binding prediction server

with the NetMHCIIpan 4.1 EL method (47, 48). This server is

considered one of the most accurate tools for predicting peptide-

MHC class II interactions based on a comprehensive set of

experimentally validated epitopes. All parameters were kept at

their default settings except for allele selection. We selected a

reference set of HLA alleles covering 99% of the global allele

distribution to ensure that the prediction results are applicable

across diverse populations. Peptides with the lowest percentile

ranks, indicating the highest predicted affinities, were then

selected for further investigation. The IFNepitope and IL4Pred

servers were used to predict Interferon-gamma (IFN-g) and

Interleukin-4 (IL-4) induction (49, 50), both of which are critical

for assessing immune activation. These servers employ a

combination of support vector machine (SVM) and motif-based

approaches to differentiate between IFN-g-producing and non-

producing peptides. This step helped prioritize HTL epitopes

most likely to trigger a strong immune response, which is crucial

for vaccine efficacy.
FIGURE 1

Methodology adopted for developing a multi-epitope subunit vaccine against Leptospira interrogans.
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1503853
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Sethi et al. 10.3389/fimmu.2024.1503853
NetCTL v1.2, with parameters for epitope identification (0.75),

C-terminal cleavage (0.15), and TAP transport efficiency (0.05), was

selected due to its integration of multiple prediction metrics for

MHC class I binding (51). A3 and B44 supertypes were used for

screening, ensuring high predictive coverage for CTL epitopes.

Subsequently, we used the online tools VaxiJen 2.0, AllergenFP

v.1.0, and ToxinPred (52) to evaluate the antigenicity, allergenicity,

and toxicity of the selected B-cell, HTL, and CTL epitopes.

Furthermore, the predicted epitopes were also cross-checked with

the IEDB to identify known experimentally validated epitopes for L.

interrogans (ID-173) (53, 54).
2.3 Epitope population and
conservation analysis

The vaccine demographic reach of the CTL and HTL epitopes

was evaluated using the IEDB population coverage analysis tool

with default parameters (55). This tool can assess epitopes against

their respective HLA genotype frequencies to ensure adequate

coverage across the global human population. In designing the

MESV, we evaluated the conservation of B-cell, HTL, and CTL

epitopes across multiple L. interrogans strains. Using CLC Sequence

Viewer v.8.0, we aligned the sequences of five selected proteins from

various pathogenic strains with default parameters. WebLogo v.3

generated sequence logos highlighting conserved residues within

the epitopes to visualize amino acid conservation and sequence

preferences (56). The tool was used with default settings and a

sequence weight of 1. Peptides were considered conserved if their

amino acids consistently appeared across all analyzed strains. These

conserved peptides were incorporated into the MESV to ensure

broad applicability and effectiveness.
2.4 MESV construction and
physicochemical property determination

Epitopes demonstrating high antigenicity, conservation, and

non-toxicity were carefully selected for inclusion in the final MESV.

Optimal B-cell, CTL, and HTL epitopes were selected based on

superior scores and linked using appropriate linkers. To improve

vaccine effectiveness, the heparin-binding hemagglutinin (HBHA;

P9WIP9) sequence was obtained from the UniProt database and

incorporated into the N-terminus as an adjuvant, using the EAAAK

linker for facilitation. The KK and GPGPG linkers connected the B-

cell and HTL epitopes, while CTL epitopes were linked using

AAY linkers.

The physicochemical properties of the MESV, including isoelectric

point (pI), molecular weight, and aliphatic index, were analyzed using

the ProtParam tool (57). The ANTIGENpro server (58) was used for

antigenicity prediction due to its pathogen-independent, sequence-

agnostic approach, and the VaxiJen v2.0 server (41) provided an

additional antigenicity assessment. AllerTOP v2.0, based on auto

cross-covariance (ACC) transformation, was utilized to predict the

allergenicity of the MESV sequence (59). Solubility predictions were

made using SOLpro, an SVM-based tool, and Protein-Sol, which
Frontiers in Immunology 04103
compares solubility profiles of input sequences against a solubility

database (58, 60).
2.5 Structure modeling and validation

For vaccine development, understanding the 2D and 3D

structures of the proposed MESV is essential, as these structures

reveal functional characteristics and aid in docking studies. The 2D

structure was modeled using PSIPRED v.4.0 and GORIV (61, 62).

PSIPRED employs position-specific scoring matrices for precise

sequence homology identification, while GORIV utilizes

information theory and Bayesian statistics to provide

complementary insights. For 3D structure prediction, trRosetta,

integrating deep learning with the Rosetta platform, was selected

due to its high precision in complex protein modeling (63). The

modeled structure was further refined using the GalaxyRefine

webserver. The server employs the ab initio method to model the

missing loops and terminal ends (64). Model validation was

conducted using ProSA-web for Z-score validation (65) and

Ramachandran plot analysis with PROCHECK to assess

stereochemical properties (66). The final 3D model was visualized

with Chimera 1.17.1 to examine structural details (67).
2.6 Linear and conformational antibody
epitope prediction

After creating the 3D model of the vaccine construct,

continuous and discontinuous epitopes were predicted using the

IEDB ElliPro online tool with default settings and an epitope

threshold score of 0.5 (68).
2.7 Molecular docking

Toll-like receptors (TLRs), particularly TLR2 and TLR4, play a

crucial role in recognizing Leptospira components and initiating immune

responses (69). TLR4 specifically recognizes pathogen-associated

molecular patterns (PAMPs), such as lipopolysaccharides, to trigger

high-sensitivity immune responses (70). To investigate potential

interactions between the MESV and TLRs, the crystal structures of

TLR2 (PDB ID: 5D3I) and TLR4 (PDB ID: 4G8A) were retrieved from

the Protein Data Bank. Pre-docking preparations were performed to

remove non-essential molecules like water, minimizing interference

during the binding assessment. The Dock Prep tool in UCSF Chimera

v.1.17.1 refined the structures by adding hydrogen atoms and assigning

proper atomic charges. For TLR4, the monomeric form was chosen to

simplify the docking process with the vaccine construct. Docking was

carried out using ClusPro 2.0 (71), from which the most favorable

configuration based on binding energy was selected for further analysis.

Visualization of receptor-vaccine interactions was carried out with UCSF

Chimera 1.17.1 (64) and LigPlot+ v.2.2.5 (69), which was used to create

2D interaction maps displaying hydrophobic and hydrogen bonds

between the vaccine and TLRs.
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2.8 Molecular dynamics simulation

MDS was conducted using the GROMACS v2022 software

package to examine the structural and binding stabilities of the

MESV-TLR2 and MESV-TLR4 complexes. To perform the 100 ns

simulation, we solvated the system with the GROMAS96 43a1 force

field within a cubic box with 10.0 Å dimensions (72). The system’s

charge was neutralized by adding Na+ and Cl− ions. Energy

minimization was performed using the steepest descent method

and equilibrated through a 200 ps simulation at 300 K and 1 bar

pressure in the NVT and NPT ensembles to remove unfavorable

steric clashes. Van der Waals and electrostatic interactions were

handled using the particle-mesh Ewald (PME) method with a 1 nm

cutoff radius (73). LINCS and SETTLE algorithms were used to

constrain the bond lengths and water geometry (74, 75). Temperature

was controlled with the Berendsen thermostat using a V-rescale, and

pressure was regulated using the Parrinello-Rahman method (76).

The stability of the designed MESV was assessed using GROMACS

tools by analyzing the root mean square deviation (RMSD), radius of

gyration (Rg), root mean square fluctuation (RMSF), and solvent-

accessible surface area (SASA). The binding energy of the MESV-

TLR2 and MESV-TLR4 complexes was evaluated through the MM-

GBSA method using the HawkDock server (77).
2.9 Immune simulation

In silico immune simulations were conducted using the C-ImmSim

online server to assess the immune response characteristics of the vaccine

design (78). These simulations generated specific immune responses to

antigens using agent-based approaches, including positional score matrix

andmachine learningmethods. Apart from time steps 1, 84, and 170, the

simulation adhered to default parameters. Following the customary

dosing intervals prevalent in conventional vaccine administration,

three injections were administered at four-week intervals. This

scheduling aligns with the optimal immune response induction

guidelines and vaccine effectiveness. Plot analysis was conducted to

determine the Simpson index (D), which served as a metric for diversity.
2.10 In silico cloning

Codon adaptation tools were used to address the differences in

codon usage between humans and E. coli to enhance expression
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rates in the host system. Adjusting codon usage to align with that of

prokaryotic organisms is essential for efficient expression (79). The

sequence was optimized using the VectorBuilder Codon

optimization tool to align the codon usage with E. coli strain K12

as the host. An ideal codon adaptation index (CAI) score and a GC

content ranging from 30-70% were considered for this assessment.

XhoI and BamHI restriction sites were added to the 5′ and 3′ ends of
the vaccine sequence. The vaccine constructs were then cloned into

the pET-28a (+) expression vector using SnapGene software,

followed by a simulation of agarose gel electrophoresis.
3 Results

3.1 Protein selection

Five proteins from L. interrogans were selected based on a

comprehensive literature review, and their corresponding FASTA

sequences were retrieved. The selected proteins were subjected to

antigenicity evaluation and subcellular localization prediction to

gain insights into their immunogenic properties. Each prioritized

protein displayed an antigenic score >0.4 and was predicted to

localize to the outer membrane. The non-homology analysis

confirmed that none of the selected proteins shared similarities

with the host proteome. Additionally, the AllergenFP v.1.0 server

analysis indicated that none of the selected proteins exhibited

allergenic properties (Supplementary Table S2).
3.2 Prediction of immunogenic epitopes

Before epitope prediction, signal peptides were identified and

removed from the candidate proteins (Supplementary Figure S1).

B-cell epitope prediction is crucial in vaccine design, as these

surface-exposed epitopes are essential for initiating antibody

production and immune responses. The ABCpred server was used

to identify 77 B-cell epitopes from five candidate proteins

(Supplementary File 1). The top five epitopes were selected based

on their high score, antigenicity, non-allergenicity, and non-toxicity

predictions (Table 1).

Recognizing HTL epitopes is essential for creating an

immunotherapeutic vaccine, given their pivotal role in triggering

humoral and cell-mediated immune responses. HTL epitope

screening was conducted by selecting epitopes with the lowest
TABLE 1 B-cell epitopes prediction for the input Leptospira interrogans protein sequences via ABCpred server.

Si. No Protein
name

Sequence Start
position

Score Antigenicity Allergenicity Toxicity

1 LipL71 KIAGRDTKTEGNKNTK 367 0.90 2.316 Non-allergen Non-toxic

2 TBDR YSLAKSGNVRDHEVNN 440 0.94 1.223 Non-allergen Non-toxic

3 irpA FQATAARDTFCINLSE 360 0.93 1.095 Non-allergen Non-toxic

4 Sph2 PRYVGVPFTWDAKTNE 363 0.96 0.809 Non-allergen Non-toxic

5 GspD NPVIQSEDLGSERKPP 252 0.95 0.660 Non-allergen Non-toxic
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percentile rank and IC50 values using the reference set of MHC-II

HLA alleles provided in Supplementary Table S3. This study

identified the top five epitopes from the selected proteins,

revealing percentile rank and IC50 values ranging from 0.01 to

0.36 and 5 to 49, respectively. Furthermore, the HTL epitopes

exhibiting a positive score for IFN-g and IL-4 prediction were

selected (Table 2).

Subsequently, we predicted CTL epitopes from the selected

protein sequences using the NetCTL 1.2 server to assess the role of

CTLs in immune activation. To enhance accuracy, residues in the

signal peptide regions were excluded for the TBDR epitope sequence

‘SEETNKPIL’ and Sph2 sequence ‘YLLLFSLIR.’ This analysis

identified the top 10 epitopes (Table 3). We focused on the HLA

supertypes -B44 and -A3, as they can enhance immune responses and

provide broad population coverage through effective HLA targeting

[68,69]. To assess the number of experimentally validated epitopes for

L. interrogans, we consulted the IEDB, which lists 46 known epitopes

for this pathogen. Among these, two B-cell epitopes for

Sphingomyelinase C2 (Sph2) were previously reported. However,

upon cross-checking our computationally predicted B-cell epitopes

for Sph2, we found none matched the reported ones, indicating that

our identified B-cell epitope is novel. Furthermore, the B-cell, HTL,
Frontiers in Immunology 06105
and CTL epitopes predicted for all five candidate proteins were not

reported as known epitopes in the IEDB for L. interrogans, further

highlighting their novelty. The detailed findings from the epitope

screening are provided in Supplementary File 1.
3.3 Population and conservation analysis

The IEDB population coverage analysis tool was used to

estimate the population coverage of the selected CTL and HTL

epitopes. Globally, the combined epitopes had a population

coverage of 95.7%. The highest coverage was found in Europe at

98.64%, and the lowest was in Central Africa, with a coverage of

70.78% (Figure 2 and Supplementary Table S4).

We conducted a conservation analysis of the selected peptides

to develop a universal multi-epitope antibacterial vaccine. Using the

CLC Main Workbench, we analyzed the amino acid sequences of

five selected proteins. B-cell, HTL, and CTL epitopes from the

proteins Lipl71, TBDR, and Sph2 were 100% conserved across

various strains. The B-cell and HTL epitopes of irpA were 100%

conserved. Among the two CTL epitopes in irpA, CTL epitope 1

(VTSTGPGLK) was 100% conserved, whereas CTL epitope 2
TABLE 3 Prediction of CTL epitopes from input L. interrogans protein sequences using NetCTL-1.2, alongside antigenicity, allergenicity, and
toxicity assessments.

Protein name Epitope
HLA class

I supertypes
Antigenicity Allergenicity Toxicity

LipL71
KIKNPNLIY A3 1.03 Non-allergen Non-toxic

GEEENPENL B44 0.88 Non-allergen Non-toxic

TBDR
KVYSAYTER A3 0.57 Non-allergen Non-toxic

HEVNNTKSL B44 0.45 Non-allergen Non-toxic

irpA
VTSTGPGLK A3 1.62 Non-allergen Non-toxic

AQMTYANVL B44 0.60 Non-allergen Non-toxic

Sph2
IVGDLNVIK A3 0.81 Non-allergen Non-toxic

IEEKIQYIF B44 0.47 Non-allergen Non-toxic

GspD
GQFNSGLSK A3 0.64 Non-allergen Non-toxic

REIKTSISI B44 0.77 Non-allergen Non-toxic
TABLE 2 Selected HTL epitopes from L. interrogans proteins, with predictions for toxicity, antigenicity, allergenicity, and stimulation of IFN-g and IL-
4 production.

Si.
No

Allele Epitope Percentile
rank

Antigenicity Allergenicity Toxicity IFN-g
inducer

IL-4
inducer

1 HLA-DRB1*09:01 AEENLKAAEESRVAA 0.01 1.0740 Non-allergen Non-toxic Positive Positive

2 HLA-DRB5*01:01 RSYRFVGAESRYQQD 0.03 0.5564 Non-allergen Non-toxic Positive Positive

3 HLA-DRB3*02:02 AVTAFAANNNPTAAD 0.01 0.4767 Non-allergen Non-toxic Positive Positive

4 HLA-DRB1*04:01 GKKFHVIGTHAQSQD 0.03 1.2025 Non-allergen Non-toxic Positive Positive

5 HLA-
DQA1*01:02/
DQB1*06:02

LTVDNQEAEISVGQD 0.01 1.1496 Non-allergen Non-toxic Positive Positive
f
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(AQMTYANVL) was only 63.89% conserved. Similarly, for GspD,

the HTL and CTL epitopes were 100% conserved. In contrast, the B-

cell epitope was 97.5% conserved (Figure 3A). Additionally, we

performed sequence logo analysis using WebLogo, which visually

represents the frequency of each amino acid at specific positions

across all sequences. This analysis revealed mutations

in the CTL epitope ‘AQMTYANVL’ and B-cell epitope

‘NPVIQSEDLGSERKPP’. However, other epitopes showed high

conservation (Figure 3B). These results highlight the potential of

this vaccine for broad population coverage and its conserved

efficacy across various pathogenic strains, indicating its global

applicability and effectiveness.
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3.4 Final vaccine construct and
physiochemical properties

The MESV construct comprised one adjuvant (HBHA) with a

length of 199 amino acids, five B-cell epitopes, five HTL epitopes,

ten CTL epitopes, one EAAAK, four KK linkers, five AAY linkers,

five GPGPG linkers. The resulting MESV had a total length of 589

amino acids (Figure 4A).

Physicochemical characterization of the MESV was evaluated

using the ExPASy ProtParam tool. The instability index (34.04) and

GRAVY score (-0.632) indicated that MESV was stable and

hydrophilic, which are advantageous traits for a subunit vaccine.
FIGURE 3

Epitope conservation analysis, featuring (A) alignments and consensus sequences for B-cell, HTL, and CTL epitopes associated with LipL71 (UniProt ID:
Q8F1N5), TBDR (UniProt ID: Q8F0M4), irpA (UniProt ID: Q8F0M3), Sph2 (UniProt ID: P59116), and GspD, highlighted in red. The blue box indicates these
epitopes, their corresponding proteins from other L. interrogans strains, and their UniProt IDs. (B) Sequence logo analysis of these epitopes for LipL71,
TBDR, irpA, Sph2, and GspD. The x-axis represents the amino acid positions within the peptide sequences, while the y-axis indicates the frequency of
each residue at a given position. The total height of the letters reflects the level of sequence conservation at each position.
FIGURE 2

Global population coverage of the selected cytotoxic T lymphocyte (CTL) and helper T lymphocyte (HTL) epitopes. The x-axis represents the
combined population coverage (HLA I and II), and the y-axis represents the countries.
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The proposed vaccine demonstrated notable antigenicity, with

scores of 0.8409 (VaxiJen) and 0.929 (ANTIGENPro), confirming

its potential as an antigen. The AllerTop server revealed that the

designed construct was non-allergenic. Moreover, the vaccine

attained solubility scores of 0.632 and 0.796, calculated using the

Protein-Sol and SOLpro servers, respectively (Table 4 and

Figures 4B, C). Physicochemical evaluations suggested that the

proposed vaccine exhibited favorable characteristics, making it a

promising candidate for subsequent development.
3.5 Vaccine structure analysis

The 2D structure of the designed vaccine construct was

analyzed using the GOR IV and PSIPRED webservers. The

findings indicate that MESV comprises 66.04% a-helix, 26.99%
coil, and 6.96% b-strand (Figure 5A). The 3D structural coordinates

of the MESV were generated using trRosetta and are shown in

Figure 5B. Subsequently, the 3D structure quality was enhanced, as

evidenced by the Ramachandran plots. Figures 5C, D show the

validation results before and after refinement. The Ramachandran

plot of the refined MESV models showed that 96.4% of the residues

were located in the most favored regions. The ProSA server initially

revealed a Z-score of -4.93 for the model, which improved to -5.03

following refinement (Figures 5E, F).
TABLE 4 Physicochemical properties of the vaccine construct are
predicted by the ExPASy Protparam tool.

Physiochemical Properties
of Vaccine

Values Comment

Number of amino acids 512 Appropriate

Molecular weight 55.69 kDa Appropriate

Theoretical pI 9.08 Basic

Total number of negatively charged residues
(Asp + Glu)

66 –

Total number of positively charged residues
(Arg + Lys)

75 –

Total number of atoms 7755 –

Instability index 34.04 Stable

Aliphatic Index 72.09 Thermostable

Grand Average of Hydropathicity (GRAVY) -0.632 Hydrophilic

Antigenicity (VaxiJen) 0.8409 Antigenic

Antigenicity (ANTIGENpro) 0.929 Antigenic

Allergenicity (AllerTOP)
Non-

allergen
Non-allergenic

Solubility (Protein_Sol) 0.632 Soluble

Solubility (SOLPro) 0.796 Soluble
FIGURE 4

Vaccine construction and solubility prediction. (A) Diagrammatic representation of the critical components of the final vaccine construct. (B) Plot
illustrating deviations from population averages across 35 features, including windowed charge scores and the folding propensity of amino acids.
(C) Solubility prediction of the designed vaccine construct using the Protein-Sol server, compared to the population average across the
analyzed datasets.
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3.6 Determination of linear and
conformational antibody epitopes

Determining linear and conformational (discontinuous) antibody

epitopes is vital for understanding antigen-antibody interactions after

developing a 3D vaccine model. The ElliPro server was used to

predict epitopes in the 3D structure of the vaccine construct. Six

continuous epitopes of various lengths were identified
Frontiers in Immunology 09108
(Supplementary Table S5 and Figure S2A) alongside seven

discontinuous epitopes (Supplementary Table S6 and Figure S2B-H).
3.7 Molecular docking and simulation study

The interaction between MESV and immune receptors is crucial

because vaccine components should bind to immunoreceptors to
FIGURE 6

Molecular docking of the vaccine construct with immune receptors (Toll-like receptors (TLR) 2 and 4). (A) Cartoon representation of the vaccine-
TLR2 complex, showing the interaction analysis between the vaccine (chain A) and TLR2 (chain B) using LigPlot. (B) The vaccine-TLR4 complex was
illustrated using Chimera software, depicting the bond interactions between TLR4 (chain A) and the vaccine (chain B).
FIGURE 5

Predicted 2D and 3D structure of the vaccine construct. (A) Graphical representation of the secondary structure predicted using the PSIPRED server.
GOR IV server results indicate that the vaccine consists of a-helix (57.50%), coil (30.99%), and b-strand (11.50%). (B) Predicted 3D structure of the
designed multi-epitope subunit vaccine. (C, D) Ramachandran plots showing the distribution of amino acids in the favored, allowed, and disallowed
regions before and after refinement. (E, F) Z-scores of the vaccine model before and after refinement.
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initiate protective immune responses by activating various

immunomodulatory pathways. This interaction was accessed by

molecular docking using ClusPro 2.0, with the lowest energy cluster

considered optimal. TLR2 and TLR4 showed minimum energy
Frontiers in Immunology 10109
values of -1,357.1 kJ/mol and -1,163.7 kJ/mol, respectively. LigPlot

v.2.2.5 analysis further revealed specific interactions between MESV

amino acids and TLR2 and TLR4 (Figures 6A, B). For the MESV-

TLR2 complex, 23 hydrogen bonds and one salt bridge were

identified. In contrast, the MESV-TLR4 complex formed 24

hydrogen bonds and five salt bridges (Table 5). These findings

highlighted the potential effectiveness of the MESV vaccine in

generating a targeted and strong adaptive immune response

against leptospirosis.

The structural stability of the MESV-TLR complexes was

validated using MD simulations, which demonstrated the ability

of the vaccine to bind to immune receptors and its potential to

induce immunity over a 100 ns period. For the MESV-TLR2

complex, the backbone RMSD plot indicated minor deviations

between 38 and 60 ns; however, the system stabilized after,

maintaining an RMSD between 2.5 and 3.0 Å (Figure 7A). In

contrast, the MESV-TLR4 complex demonstrated consistent

stability throughout the simulation, with the backbone RMSD

remaining steady at an average value of 2.50 Å (Figure 7B). RMSF

analysis revealed that the TLR4 and vaccine backbone exhibited

fewer fluctuations (Figure 7D). In contrast, the TLR2 backbone,

particularly chain B, showed greater dynamics and fluctuations

(Figure 7C). Additionally, the vaccine backbone exhibits increased

dynamics when bound to TLR2. In contrast, it remained more stable

during the interaction with TLR4. The average Rg for the MESV-

TLR2 andMESV-TLR4 complexes was calculated as 4.4 and 4.2 nm,

respectively. Rg analysis revealed that the TLR2 complex displayed

slightly different behavior over the 100 ns simulation, whereas the

TLR4 complex remained consistently folded throughout the process
TABLE 5 Molecular docking results and predicted hydrogen bond
interactions and salt bridges between the vaccine and
immune receptors.

Docked
complex

Type
of

interaction

Interacting
residue
(Vaccine)

Interacting
residue (TLR)

Vaccine-
TLR2

Hydrogen bond Lys239, Arg247,
Lys320, Arg328,
Glu327, Tyr331,
Asn336, Ala356,
Asn362, Asp371,
Asn373,
Val374, Glu382

Arg187, Ser191,
Glu209, Ser210,
Ala211, Glu215,
Arg236, Asn290,
Asn296, Glu299,
Val302, Pro320,
Tyr323, Tyr326,
Ser329, Lys347,
Cys353, Ser354

Salt bridge Glu382 Lys383

Vaccine-
TLR4

Hydrogen bond Tyr223, Leu225,
Asn230, Lys239,
Leu 285, Gly286,
Lys290, Glu446,
Arg448, Asn466,
Gln489, Gly495,
Leu498, Thr499,

Gln39, Glu42, Lys47,
Asn51, Arg289, Ser360,
Arg382, Tyr403,
Asp405, Glu425,
Asp428, Lys477,
Asn486,
His529, Arg606,

Salt bridge Lys239, Arg247,
Lys290,
Arg438, Arg441,

Glu27, Glu31, Glu509,
Asp580, Glu605,
FIGURE 7

Molecular dynamics simulation of the vaccine complexed with immune receptors. (A) Root mean square deviation (RMSD) plot of the vaccine-TLR2
docked complex. (B) RMSD plot of the vaccine-TLR4 docked complex. (C) Root mean square fluctuation (RMSF) plot showing side-chain
fluctuations within the vaccine-TLR2 complex. (D) RMSF plot illustrating side-chain fluctuations within the vaccine-TLR4 complex.
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(Supplementary Figure S3A, B). The average SASA values for the

MESV bound to TLR2 and TLR4 were determined to be 4.75 nm²

and 5.10 nm², respectively (Supplementary Figure S3C, D).

Furthermore, we analyzed the interaction between the vaccine

and TLRs at intervals of 0, 20, 40, 60, and 100 ns. The results

demonstrated that the immune receptors, TLR2 and TLR4,

effectively bound to the vaccine (Figure 8).

In addition, the binding energy was calculated by incorporating

the specific interactions between each residue. This assessment

revealed substantial energy contributions from the interactions

with MESV and TLR protein residues. The significantly more

negative total binding energy indicated a higher affinity of the

vaccine for the TLR4 interface (-152.63 kcal/mol) than with TLR2

(-122.92 kcal/mol) (Table 6). These findings suggest stable and

favorable interactions within the vaccine-receptor complexes

throughout the simulation.
FIGURE 8

Snapshots of equilibrated (initial) systems and last trajectories: vaccine-bound complexes of (A) TLR2 and (B) TLR4 (surface and cartoons are shown
for each snapshot).
Frontiers in Immunology 11110
TABLE 6 Binding free energies of the docked complexes were
calculated via MM-GBSA analysis, and all energy values are provided in
kcal/mol.

MM/GBSA calculations (Kcal/mol)

Energy parameters Vaccine-TLR2 Vaccine-TLR4

VDW -194.42 -280.52

ELE -2488.49 -3847.97

GB 2584 4012.7

SA -24.84 -36.83

Total binding energy -122.92 -152.63
*VDW, Van der Waals potential; *ELE, Electrostatic potential; *GB, Polar Solvation free
energy predicted using Generalized Born model; *SA, The empirical model calculated the
nonpolar contribution to the solvation free energy; *TOTAL, Final estimated binding free
energy (kcal/mol).
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3.8 Immune simulation

The C-ImmSim server was used to generate the immune

response profile for MESV. Following the three vaccine doses, the

antibody response significantly increased, with elevated IgM and

IgG antibodies, indicating a strong humoral immune response.

Higher IgG1, IgG2, and IgM expressions were associated with

increased B-cell density, reduced antigen concentration, and a

notable increase in memory B-cells (Figures 9A, B). Similarly, the

data showed the development of secondary and tertiary immune

responses, with an increase in the density of helper and cytotoxic T-

cells (Figures 9C, D). These findings suggested a robust secondary

immune response, enhanced antigen clearance, and effective

immune memory formation following each dose. Moreover,

during the dosing period, IFN-g and IL-2 levels were elevated

post-immunization (Figure 9E). After vaccination, the number of

resting dendritic cells increased, and the antigen-presenting

dendritic cells (types 1 and 2) decreased (Figure 9F). These results

demonstrated that the vaccine design effectively elicited robust

immune responses against leptospirosis.
3.9 Vaccine optimization and cloning

The MESV sequence was subjected to codon optimization to

enhance its expression efficiency in the chosen expression system
Frontiers in Immunology 12111
(E. coli K12). This optimization yielded a GC content of 51.83%,

and the vaccine CAI was calculated as 0.954, implying a favorable

expression outcome in the host organism. To facilitate cloning,

XhoI and BamHI restriction sites were introduced at the beginning

and end of the codon-optimized sequence, respectively. The cloning

study involved the use of pET28a (+) plasmid. Our study used the

pET-28a (+) vector due to its strong T7 promoter, facilitating high-

level gene expression in E. coli. The vector’s His-6 tag simplifies

protein purification, and the ampicillin resistance gene enhances

selection efficiency. The MESV sequence, with a length of 6,874 bp,

was constructed by integrating a 1,551 bp gene sequence. This

process ensured efficient vaccine expression in the selected host

system (Figure 10). Additionally, the size of the cloning product was

verified using the simulated agarose gel feature of SnapGene

software (Supplementary Figure S4).
4 Discussion

Leptospirosis, a globally significant zoonotic disease, poses a

severe public health concern due to its diverse clinical presentations.

The high fatality rate in severe cases, coupled with the lack of early

diagnosis and effective treatment options, emphasizes the urgent

need for novel preventive strategies. Current vaccines, primarily

based on whole-cell inactivated leptospires, offer limited cross-

protection among serovars and are associated with adverse effects.
FIGURE 9

In silico immune simulation results of the vaccine construct using the C-ImmSim tool (A) The immunoglobulin response to antigen administration,
depicted with colored peaks representing different immunoglobulin subclasses. (B) Active B-cell population observed after vaccination.
(C) Generation of cytotoxic T cells in response to vaccination. (D) The emergence of helper T cells. (E) Graph showing the cytokine levels triggered by
the vaccine, with an inset depicting the Simpson Index [D] for interleukin (IL)-2, used to measure diversity. (F) The dendritic cell population per state.
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Advances in immunoinformatics and molecular biology have paved

the way for multi-epitope subunit vaccines (MESV) that target

conserved proteins across different strains. These innovative

vaccines have the potential to overcome the shortcomings of

traditional bacterin-based vaccines by providing broader

protection, eliciting stronger, longer-lasting immune responses,

and reducing adverse effects.

The development of effective vaccines for Leptospira is

complicated by the pathogen’s genetic diversity and the limited

number of experimentally validated epitopes. We consulted the

Immune Epitope Database (IEDB) to address these challenges,

which lists 46 known epitopes for L. interrogans. The IEDB has

previously characterized two linear B-cell epitopes, Sph2 (176–191)

and Sph2 (446–459), which have been shown to elicit immune

responses in human leptospirosis (80). When we explored the

IEDB, we found that all of our predicted B-cell, HTL, and CTL

epitopes spanning multiple proteins, including Sph2, LipL71

(Q8F1N5), TBDR (Q8F0M4), irpA (Q8F0M3), and GspD (Q72S17)

have not been reported before. This confirms that these epitopes are

novel and distinct. Importantly, these newly identified epitopes show

strong potential for inducing immune responses against L.

interrogans, further supporting their suitability as vaccine targets.

We also cross-checked our predicted epitopes for Sph2 with those

previously reported and found no overlap with the known Sph2 (176–

191) and Sph2 (446–459) epitopes. This comprehensive validation

process ensures that our multi-epitope vaccine design is based on

novel targets, which could enhance immunogenicity and broaden

protection across different Leptospira serovars. Several studies have

made notable contributions to in-silico vaccine design for

leptospirosis. Lata et al. (21) explored the Leptospira proteome and

identified lipoprotein Q75FL0 as a promising vaccine candidate.
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Similarly, Lin et al. developed a multi-epitope chimeric vaccine

(r4R) using B and T-cell epitopes from LipL32, OmpL1, and

LipL21, demonstrating its potential as a cross-reactive, protective

antigen against leptospirosis (81). Abdullah et al. used an integrated

vaccinomics approach to design a multi-epitope vaccine with B and T-

cell epitopes, selecting six proteins (NP_712625, NP_714239,

WP_011669637, WP_011670051, WP_011670465, WP_011671327),

thus contributing additional vaccine candidates (82). Fernandes et al.

(83) developed a chimeric multi-epitope protein (rChi) using five

Leptospira proteins (LigA, Mce, Lsa45, OmpL1, and LipL41),

demonstrating its potential to protect against lethal leptospirosis

infection in a hamster model. Ibrahim et al. designed an Lsa46-

based multi-epitope peptide vaccine against leptospirosis using an

immunoinformatic approach (84). Our study extends these efforts by

introducing novel epitopes from LipL71, TBDR, irpA, and GspD,

proteins not previously explored in vaccine design. While studies by

Majid et al. (19) and Pankaj et al. (22) focused on more widely studied

proteins such as Hap1, LigA, LAg42, SphH, HSP58, and the LipL,

LigA, and LigB family lipoproteins, our work broadens the pool of

candidate antigens by identifying novel targets that have not been

addressed previously. These newly identified proteins are involved in

key Leptospira virulence mechanisms, including immune evasion and

nutrient acquisition, making them strong candidates for vaccine

development (26). In addition, our research incorporates population

coverage analysis, providing a more comprehensive evaluation of the

potential global applicability of the vaccine, which was not present in

earlier studies.

In response to the urgent need for an effective leptospirosis

vaccine, we designed an MESV incorporating five immunogenic

antigens, predicting the B-cell, HTL, and CTL epitopes. Previous

studies have demonstrated that gd T cells from humans and bovines
FIGURE 10

In silico cloning of the vaccine sequence into the pET-28a (+) expression vector. The vaccine sequence (red) was cloned between XhoI and BamHI
restriction sites in the pET-28a (+) expression vector (black).
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can proliferate and produce IFN-g in response to Leptospira (85).

Consistent with these findings, the identified epitopes in this study

showed the potential to induce both IFN-g and IL-4, as indicated by
their positive scores. This highlights their capacity to trigger an

IFN-g-mediated immune response, reinforcing the vaccine’s ability

to activate essential immune pathways against Leptospira. Each

epitope was meticulously screened for allergenicity, toxicity, and

antigenicity to ensure they could effectively elicit the desired

immune response without causing adverse effects. Conservation

analysis revealed that most B-cell, HTL, and CTL epitopes in the

selected proteins were highly conserved across Leptospira strains,

ensuring broad coverage. Minor mutations were observed in

specific CTL and B-cell epitopes. The CTL and HTL epitopes

were also selected according to the predicted HLA alleles specific

to various ethnic groups. The results indicated that the selected

epitopes provided a global population coverage of 99.77%,

encompassing diverse geographic regions. Linkers such as AAY,

GPGPG, and KK have been used to connect CTL, HTL, and B-cell

binding epitopes in constructing the MESV. The adjuvant and

vaccine sequences were joined using the EAAAK linker, which

provided structural stiffness and maintained consistent spacing

between them. Its a-helical structure reduces domain

interference, encouraging proper folding and enhancing the

fusion protein’s stability and functionality (86). Several studies

have shown that adding GPGPG and AAY linkers between

anticipated HTL and CTL epitope sequences induces junctional

immunogenicity, allowing for the logical design and production of a

potent MESV (36, 87). Previous studies have indicated that the KK

linker prevents the development of antibodies against the amino

acid sequence created by integrating two peptides. This enabled the

antibody to recognize each peptide individually (88). Adjuvants,

also known as innate immune stimulants, are selected based on

their ability to elicit specific immunological responses. In our study,

we chose HBHA due to its affinity for TLR4, which activates

dendritic cells and skews the immune response towards a Th1-

type profile (89). This is particularly advantageous for combating

intracellular pathogens like Leptospira interrogans, which rely on

strong cellular immunity for effective control (17). Moreover,

HBHA has been shown to enhance the immunogenicity of

peptide-based vaccines, making it an ideal candidate to amplify

innate and adaptive immune responses (22). By incorporating

HBHA, our multi-epitope vaccine strategy aims to elicit a more

potent and targeted immune response against Leptospira.

MESV physicochemical analysis revealed promising

characteristics with strong antigenic properties sufficient to trigger

an effective immune response. Various server evaluations confirmed

the vaccines’ high solubility and hydrophilicity. Additionally, the

instability index of the vaccines was found to be within the

acceptable range (below 40), indicating that they would remain

stable within the host organism. Helices are essential for

biomolecular recognition and play a key role in protein synthesis

(90). In a previous MESV design against L. interrogans by Pankaj

et al. (22), the presence of a-helix was reported to be 16.96%. In

contrast, our designed vaccine model demonstrated a significantly

higher a-helix content of 66.04%. This increased helix presence

may enhance the stability and efficacy of the vaccine. The MESV’s
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3D structure was predicted and refined using the GalaxyRefine

server, resulting in significant quality improvements, with most

residues positioned in the favored and allowed regions of the

Ramachandran plot.

TLR2 and TLR4 receptors in vaccines boost protection against

various pathogens by improving antigen presentation to T cells,

causing the activation of CD4+ and CD8+ T cells, which are vital

for a robust adaptive immune response. Additionally, existing

literature emphasizes the crucial involvement of immune receptors,

particularly TLR2 and TLR4, in coordinating host immunity against

Leptospira infection. TLR2 mainly plays a predominant role in

recognizing lipoproteins, highlighting its specific involvement in the

immune response mechanisms against Leptospira (91, 92). Recent

studies also show that TLR2 and TLR4 recognize Leptospira strains

used in canine vaccine production, contributing to understanding

innate immune responses in dogs, humans, and mice (69). Our

observations showed that MESV interacts strongly with TLR2 and

TLR4, with protein-protein docking revealing multiple hydrogen

bonds and salt bridges. Notably, the vaccine exhibited higher

binding energy with TLR4 than TLR2, indicating stronger

interactions with TLR4. These findings highlight the potential

effectiveness of the MESV in generating a targeted and strong

adaptive immune response against leptospirosis.

The structural stability of the MESV-TLR complexes was

validated using MD simulations, which demonstrated the

vaccine’s ability to bind with immune receptors and its potential

to induce immunity. The simulations showed that the MESV-TLR2

complex had a lower RMSD than the MESV-TLR4 complex,

indicating high stability. The RMSF plot revealed that the regions

involved in MESV-TLR interactions were less flexible. Moreover,

the negative binding energies of MESV and receptors in the

MMGBSA study reinforced the stability of the complexes.

Immune simulation results indicated significant increases in B

and Th-cell populations, with elevated levels of TGF-b, IL-10, and
IFN-g, essential for managing inflammation and controlling

leptospirosis. Pankaj et al. (22) previously reported strong cellular

and humoral responses, including elevated B-cell populations and

IFN-g levels. Our study expands on these findings by examining the

role of T cytotoxic and dendritic cells, which demonstrated

enhanced activation. This broader immune response highlights

the vaccine’s potential for leptospirosis immunization. Induction

of cytokines like IL-10 is vital for maintaining immune balance,

while TGF-b helps regulate inflammation. The vaccine’s ability to

increase B and Th-cell populations, alongside substantial

production of TGF-b, IL-10, and IFN-g, supports its efficacy in

controlling disease progression. Furthermore, in silico cloning

analysis indicated that MESV could be efficiently expressed in E.

coli as a host system. However, further in vivo studies are needed to

validate the efficacy and safety of this vaccine.
4 Conclusion

This study emphasizes the effectiveness of computational

immunology in optimizing vaccine design. Our MESV against

Leptospirosis demonstrated strong antigenicity, conservation, and
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safety, successfully eliciting robust immune responses, and showed

broad population coverage with strong interactions with TLR4 and

TLR2. Additionally, successful in silico cloning in E. coli supports its

feasibility for expression. However, while the in silico approach

yielded promising results, several limitations must be

acknowledged. The antigenic variability among leptospirosis

serovars and the reliance on computational predictions, which may

not fully reflect complex biological interactions, emphasize the need

for in vivo validation. Further research is required to address potential

differences in vaccine effectiveness across diverse populations and

challenges in expressing the vaccine in E. coli. These results

underscore the importance of further experimental validation while

demonstrating the valuable role of immunoinformatics in advancing

vaccine development.
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Adjuvanted subunit intranasal
vaccine reduces SARS-CoV-2
onward transmission in hamsters
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YuanKai Yu3, Shannon M. Wallace4, Hanne Andersen2

and Jay A. Berzofsky1
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2Bioqual Inc., Rockville, MD, United States, 3Cancer Genetics Branch, National Cancer Institute,
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Introduction: Most COVID-19 vaccine trials have focused on recipient

protection, not protection of their contacts, a critical need. As a subunit

intranasal COVID-19 vaccine reduced nasopharyngeal virus more than did an

intramuscular (IM) vaccine, we hypothesized that this vaccine might reduce

onward transmission to others.

Methods: We vaccinated hamsters with either the IM-administrated licensed

mRNA vaccine twice or one dose of mRNA IM followed by adjuvanted subunit

intranasal vaccine. 24 hours after SARS-CoV-2 challenge, these animals were

housed with naïve recipients in a contactless chamber that allows

airborne transmission.

Results: Onward airborne transmission was profoundly blocked: the donor and

recipients of the intranasal vaccine-boosted group had lower oral and lung viral

loads (VL), which correlated with mucosal ACE2 inhibition activity. Notably, in this

head-to-head comparison of COVID-19 booster vaccines on SARS-CoV-2

onward transmission, we found that statistically significant viral reduction in

the lung tissues and oral swabs was observed only in the intranasal S1

nanoparticle vaccine-boosted group, but not in the systemic mRNA vaccine-

boosted group, suggesting the superior protection of this intranasal vaccine,

which could act as an attractive vaccine booster candidate to complement the

current licensed systemic vaccines.

Discussion:Overall, our study strongly supports the use of the intranasal vaccine

as a boost to protect not only the vaccinated person, but also people exposed to

the vaccinated person, a key public health goal.
KEYWORDS

SARS-CoV-2 vaccine, mucosal vaccine, adjuvant subunit vaccine, onward transmission,
mRNA vaccine
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Introduction

Blocking viral transmission is an important function of efficient

vaccines. From a public health point of view, preventing SARS-

CoV-2 transmission to other susceptible individuals is extremely

critical. However, most COVID-19 vaccine clinical trials studied

only safety and protection of the vaccine recipient, but not

prevention of transmission to others. Indeed, the currently

licensed SARS-CoV-2 vaccines are successful to alleviate COVID-

19-related hospitalization and deaths, but less effective against

acquisition of infection and onward transmission (1–3). Though

studies on SARS-CoV-2 breakthrough infections suggested that

vaccine breakthrough infections are less contagious than primary

infections in unvaccinated individuals (4, 5), the effects of these

vaccines on reducing transmissibility have not been well evaluated.

As SARS-CoV-2 transmission is mostly through the nasopharynx,

mucosal immunity could potentially reduce or abort the SARS-CoV-2

replication at the portal of entry (nasopharynx) to prevent virus from

being transmitted to others. Intranasal administration of current

vaccines, however, led to inconsistent results against SARS-CoV-2

infections (6, 7). The adjuvant subunit mucosal vaccine, which induces

vigorous mucosal immunity in the upper and lower respiratory tracts

(8–10), and is more effective at clearing upper airway virus than a

similar subunit vaccine given intramuscularly (IM), may have the

potential to better reduce SARS-CoV-2 onward transmission. Here,

we assessed whether the adjuvanted subunit vaccine (SARS-CoV-2

spike S1+S2 trimer of variants D614G and B.1.1.529 in DOTAP

nanoparticles together with adjuvants Poly I:C, CpG and recombinant

murine IL-15) delivered intranasally could protect from onward

transmission of SARS-CoV-2 in a hamster model better than the

systemic mRNA vaccine. As SARS-CoV-2 virus can be effectively

transmitted among the hamsters, this represents a more natural dose

and route of infection/transmission (11).
Results and discussion

To vaccinate the donor hamsters, we first primed IM two

groups of male animals (n=5/group) with Moderna bivalent

mRNA COVID-19 vaccine (Moderna Therapeutics, MA) to

mimic the fact that many individuals have already been

vaccinated with at least one or more doses of systemic vaccines.

Male animals were chosen as they are more likely to have higher

viral load (VL) and more severe disease (10) (Figure 1A). Three

weeks later, Group 1 was boosted with the same mRNA vaccine

(IM), while Group 2 was boosted intranasally (IN) with CP-15

adjuvanted (CpG+polyI:C+IL15) spike protein in DOTAP. Four

weeks later, all groups, including a naïve control group (Group 3),

were intranasally challenged with SARS-CoV-2 virus.

Before studying forward transmission, we wanted to assess the

immunity induced by the intranasal vs IM vaccine boosters in the

immunized animals to be used as donors in the transmission study. In

the serum, total IgG and IgA against WT SARS-CoV-2 (the original

Wuhan or WA strain) and against Omicron were comparable,

whereas the control animals had negligible binding IgG or IgA

(Figure 1A) (ELISA titrations are shown in Supplementary Figure
Frontiers in Immunology 02118
S1). In the previous studies using macaques and mice (refs 8, 9, and

15), we have extensively characterized the immunogenicity of the CP-

15 adjuvanted mucosal vaccine, and found that it induced both

systemic and mucosal antigen-specific humoral and cellular

immune responses (Supplementary Figure S2). Here, we assessed

the ACE2 inhibition activity (a surrogate neutralizing antibody assay

(12), that is antibody blocking binding to the cell’s receptor for SARS-

CoV-2, the Angiotensin converting enzyme 2) against the original

Wild type (WT, WA or Wuhan) and 9 Omicron sub-strains in the

serum and oral swabs of the vaccinated animals. In the serum, Group

1 had similar or higher levels of ACE2 inhibition activity compared to

Group 2 (Figures 1B, C). Only the titers against XBB.1.5 were

significantly higher in Group 1 vs Group 2 (p=0.0079), and the

titers against BF.7(P=0.095), BQ.1 (p=0.095), BQ.1.1(P=0.095),

XBB.1 (p=0.056) showed trends of higher titers in Group 1 than in

Group 2 (Figure 1C). However, in contrast, in the oral swabs

(Figure 2A), it is important to note that the opposite was true, i.e.,

the mucosal ACE2 inhibition titers were consistently higher for group

2 than for group 1 against most of the variants. This difference was

significant for BA.5 (p = 0.032), BN.1 (p = 0.0079), BQ.1 (p = 0.032),

BQ1.1 (p = 0.016), XBB.1(P=0.032), and a strong trend for WT (p =

0.056), BA.1 (p = 0.056), and BF.7 (p=0.056). These multiple

corroborative results support that conclusion that the mucosal

vaccine was more effective at inducing neutralizing activity in the

mucosal secretions than in the serum. These results corroborate for

these donor animals what we have seen with live virus neutralization

assays in our previous studies in hamsters and rhesus macaques (8–10,

13). Likewise, these earlier studies confirm that neutralizing activity is

detectable by live virus neutralization assays in both non-human

primates and hamsters, supporting the findings by ACE2 binding

inhibition here (See Supplementary Figure S2). Moreover, ACE2

inhibition activity in oral swabs was inversely correlated with oral

VLs two weeks after viral oropharyngeal challenge, suggesting the

mucosal immunity might play a more important role in reducing viral

infections (Figure 2B). We also observed that some of the animals in

naïve control group had higher ACE2 binding inhibition activities. We

speculate that a high variability of background activity for fluids

collected from mucosal tissues such as oral cavity might account for

this. Nevertheless, these data might also explain the observation that

asymptomatic or mildly symptomatic breakthrough infections

occurred in subjects who maintained their systemic antibody and T-

cell responses (14). We also note that the findings in Figures 1, 2 that

the mucosal boost increases only mucosal antibody, not serum

antibody, above the levels induced by the IM boost provides

indirect evidence suggesting that the mucosal nanoparticles do not

leak out to the systemic immune system.

After this characterization of vaccine-induced immune response

and protection of the intended “donor” animals, we could set up the

main study, to examine forward transmission from infected

vaccinated animals to naïve recipients exposed only by the airborne

route. Three groups of naïve hamsters (n=5/group) were used as

recipients to assess the transmission rate 24 hours after the SARS-

CoV-2 viral challenge. In each contact-free cage, under BSL3

containment, one donor animal was housed with one naive

recipient animal for 8 hours with unidirectional air flow, through a

permeable membrane that prevented physical touching or transfer of
frontiersin.org
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secretions, but allowed airborne transmission of virus, from the

donor to the recipient. The donor animals were monitored for

weight loss, oral VL for an additional 8 days after housing, while

the recipient groups were necropsied at day 3 post viral exposure to

examine the VL in the lung tissues (Figure 3A). Neither donor

vaccine group showed significant weight loss, suggesting both

vaccines as a booster could provide sufficient protection against
Frontiers in Immunology 03119
disease (Figure 3B). Despite the small number of animals, both

vaccine donor groups demonstrated significantly reduced gRNA

(genomic RNA interpreted as input virus) in the lung tissues (at

day 10) compared to the naïve group (P=0.016 and P=0.0079 for

Group 1 and 2 respectively). However, statistically significant

reduction of sgRNA (subgenomic RNA, which is present only in

replicating virus and taken as a measure of replicating virus) was
FIGURE 1

Serum antibody responses and ACE2 inhibition activity in the donor animals 2 weeks after the boost. (A). Anti-spike IgG and IgA in serum samples
were measured using ELISA. The serum samples were diluted from 1:100, 4-fold dilution, and 6 dilutions. Area under curve (AUC) of serum IgG and
IgA are shown. (B, C). The ACE2 inhibition activity against wild type (WT) and Omicron sub-strains in the serum samples of the donor animals (2
weeks after the boost). Area under curve (AUC) of serum ACE2 inhibition activities were calculated and compared between the two vaccinated
groups (C). Mann-Whitney tests were used for group comparisons.
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observed in Group 2 (P=0.032) with the mucosal boost, but not in

Group 1 (P=0.056). Moreover, both the median gRNA, which were

3.04X10^5/g in Group 1, 8.36X10^4/g in Group 2, and 2.32X10^7/g

in the naïve group, and the median sgRNA, which were 6900/g in

Group 1, 50/g in Group 2, and 2.93X10^5 in the naïve group, follow a

similar trend. In the oral swabs, we observed again that Group 2

(P=0.0079), but not Group 1 (P=0.10), showed significant viral

reduction (Figure 3C) (AUC in Figure 3 is based on time course

data in Supplementary Figure S3 upper row).

For recipient groups after airborne exposure, none of the 5

animals housing with Group 2 had detectable oral VLs, indicating

complete protection, while 3 out of 5 animals housing with Group 3

and 2 out of 5 housing with Group 1 showed oral VLs (Figure 3D)

(Oral virus AUC based on time course data presented in

Supplementary Figure S3, lower row). In the lung, the replicating

virus titer (measured by tissue-culture infectious dose-50 or TCID50,
Frontiers in Immunology 04120
therefore virus particles capable of infecting cells in culture) and

sgRNA were significantly reduced only in the animals housed with

Group 2 (mucosal boost) compared to those cohoused with control

Group 3 (P=0.0079 for replicating virus titer, and P=0.016 for sgRNA),

while no significant protection was observed in the animals housed

with Group 1 (P=0.056 and P=0.095, respectively; Figure 3D). The

median replicating virus titer was 4.97X10^5 in recipients housed with

IM Group 1, but only 1.68X10^3 in recipients housed with mucosal

Group 2 (2.5 logs lower), compared to 4.12X10^9 in recipients housed

with the naïve group, and the sgRNA was 8.48X10^5 in recipients

housed with group 1, but only 9.44X10^3 (2 logs lower) in those

housed with mucosal Group 2, compared to 5.37X10^9 in naïve

control. Nevertheless, both systemic and mucosal vaccines

demonstrated significant reduction of SARS-CoV-2 gRNA in

recipients (P=0.032 for group 1, and P=0.0079 for Group 2), with

median gRNA in Group 1 and 2 recipients of 1.19X10^7, but only 6.87
FIGURE 2

ACE2 inhibition activity was inversely correlated with viral load (VL) in the oral swabs. (A). the ACE2 inhibition activity against wild type (WT) and Omicron
sub-strains in the oral swabs of the donor animals (2 weeks after the boost). Mann-Whitney tests were used for group comparisons. (B). Spearman’s
correlations between ACE2 inhibition activity against WT/Omicron sub-strains XBB. 1/XBB. 1.5/BF.7 and the viral load (VL) in oral swabs. The groups are
color coded, with Blue, red, and black denoting group 1-3 donor animals respectively. R and P values of Spearman’s correlations are shown.
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X10^5 respectively, compared to 1.23X10^11 in naïve group. Thus,

even though the conventional IM route vaccination does not prevent

viral transmission, the viral loads in the recipients were lower,

compared to these not vaccinated but not nearly as low as in
Frontiers in Immunology 05121
recipients housed with mucosally boosted animals. Though a

statistical trend due to the small number of animals (P=0.056 for

gRNA and replicating virus titers, and P=0.095 for sgRNA), the

hamsters in the recipient group housing with group 2 consistently
FIGURE 3

Mucosal vaccine prevented SARS-CoV-2 onward transmission in hamsters. (A). Schematic of SARS-CoV-2 transmission study. (B). Body weight
change in the donor hamsters after the challenge of SARS-CoV-2 Washington strain. (C). Area under curve (AUC) of viral load (VL) in oral swabs at
Days 1, 2, 5, and 7, and sgRNA/gRNA VL in the lung at Day 10 after viral challenge in the donor hamsters. (D). AUC of VL in oral swabs at Day 1, 2,
and 3, replicating, sgRNA/gRNA VL in the lung at Day 3 after housing in the recipient hamsters. (E). the Spearman’s correlations between the VL in
the donor animals and the VL in the recipient animals. Mann-Whitney and Spearman analyses were used for group comparisons and correlations.
The groups are color coded, with Blue, red, and black denoting group 1-3 donor and recipient animals respectively. Dotted lines and grey shading
indicate the lower limit of detection.
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had a log or two lower median gRNA, sgRNA, and replicating viral

load levels in the lungs and oral swabs than those housed with group 1

(Figure 3D). Indeed, only the mucosal vaccine group 2 recipients (that

received the intranasal S1 protein+ adjuvant nanoparticles) had a

consistently significantly lower transmission than the control group in

all 3 measures of lung VL, Lung replicating VL (p = 0.0079), Lung

sgRNA (p= 0.016) and lung gRNA (p = 0.0079), whereas group 1 IM

vaccine was significant only in the last of these (p = 0.056, 0.095 and

0.032, respectively). Also, in the oral swabs, only the recipients of

group 2 were all completely negative (Figure 3D left). By these criteria,

the mucosal vaccine (with the intranasal S1 protein+adjuvant

nanoparticles) was more consistently effective and quantitatively

more effective against air-borne transmission to naïve hamsters than

the IM vaccine. These finding supports the greater efficacy of the

intranasal vaccine for preventing onward transmission to naïve

hamsters. Histopathological exams revealed that both vaccines were

effective in reducing SARS-CoV-2-related microscopic findings in the

lung when compared to Group 3 animals; Group 2 was most effective

with the lowest incidence of findings (Table 1 and Supplementary

Figure S4). Note that Groups 1-3 (donor animals) were necropsied on

day 10 after viral challenge, whereas the recipients Groups 4-6 were

necropsied on day 3 after co-housing to detect transmission, before

much pathological change in the lungs developed. Additionally, both

vaccines were effective in eliminating the transmission of SARS-CoV-2

related microscopic findings in the lung of untreated co-housed

animals (Table 1 and Supplementary Figure S4), although the day 3

necropsy of the recipients was too early to see much inflammation.

We also found that oral VL in the donors was weakly correlated with

lung and oral VLs in the recipients (P=0.064 for oral VL, P=0.049 and

0.048 and 0.01 for lung replicating VL and sgRNA and gRNA;

Figure 3E), which was consistent with the previous finding that

onward viral transmission is multifactorial, and the level of

infectious virus in the donor oropharynx was one of the key

parameters (15). Overall, the data indicated that as a booster, the

mucosal intranasal vaccine with the S1 protein+adjuvant

nanoparticles provided substantially better blockage against onward

transmission than the systemic mRNA vaccine did.

One limitation of this study is that we could not evaluate IgG

subtypes or the cell-mediated immunity (CMI) (T cell response),

which is important for the durability of the vaccine, as the reagents

for measuring IgG subtypes and T cell responses in hamsters are

limited or largely non-existing. However, in our recent study, we

found that the same CP-15 adjuvanted mucosal vaccine as a booster

induced robust CMI responses in mouse models (16). As most

current vaccines prevent COVID-19 disease but do not prevent

initial infection and spread to others, it is important to focus on

developing vaccines that block SARS-CoV-2 onward transmission.

Previous studies using adenovirus type 5 SARS-CoV-2 mucosal

vaccines showed reducing viral transmission compared to naïve

donors (17). However, the data to compare the protection capacity

against onward transmission with currently licensed systemic

vaccines are lacking. Here we did a head-to-head comparison of a

subunit mucosal vaccine versus a licensed mRNA vaccine boost for

their ability to induce mucosal immunity and subsequently prevent

airborne SARS-CoV-2 onward transmission from vaccinated

donors to naïve recipients. Our results demonstrated that CP-15
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adjuvanted subunit mucosal intranasal vaccine, as a booster,

mediated at least as good, and by most parameters, better

protection against onward airborne transmission, compared to

the licensed systemic mRNA SARS-CoV-2 vaccine (more

consistent and quantitatively stronger protection compared to the

control group than the systemic vaccine). The induction of mucosal

naso-oropharyngeal immunity was a correlate of protection

(Figure 2B) and showed consistently higher titers of ACE2-

inhibiting antibody in the mucosal secretions after mucosal boost

than the systemic vaccine against multiple viral variants of concern.

Thus, this mucosal vaccine, along with other mucosal vaccines,

could act as attractive vaccine booster candidates to complement

the current licensed systemic vaccines to limit SARS-CoV-2 onward

transmission and fulfill a critical public health need that has not

been addressed.
Materials and methods

Animals

All animal studies were approved by the BIOQUAL Animal

Care and Use Committee (Rockville, MD). Thirty male Syrian

golden hamsters (Envigo), 8–10 weeks old, were housed and

conducted in compliance with all relevant regulations.
Vaccination

The hamsters were grouped randomly into 6 groups (N=5/

group). Group 1-3 were the donor groups, and Group 4-6 were the

recipient groups. 10 µg/dose Moderna COVID-19 bivalent vaccine

(containing mRNA for both original and Omicron BA.4/BA.5

variants) (in 100µl) was given to Group 1 -2 intramuscularly at

Day 0. On Day21, Group1 got the same dose/route of Moderna

COVID-19 vaccine. Group 2 received intranasally CP-15

adjuvanted mucosal vaccine, which was composed of 20 µg of

SARS-CoV-2 Spike S1+S2 trimer protein (10 µg D614G + 10 µg

B.1.1.529) (40589-V08H8, 40589-V08H26, Sino Biological. Inc.),

mixed with 20 µg of D-type CpG oligodeoxynucleotide (vac-1826-1,

In vivoGen), 40 µg of Poly I:C (vac-pic, In vivoGen), and 20 µg of

recombinant murine IL-15 (210-15, PeproTech) in 20 µl of DOTAP

(11 811 177 001, Roche Inc.)((1,2-dioleoyl-3-trimethylammonium

propane) is a cationic lipid used for DNA transfection of cells. We

use it as an adjuvant by mixing the antigen and TLR ligand

adjuvants and cytokines with DOTAP to form micellular

nanoparticles that protect the components from degradation and

deliver them to cells.). The variants used were the most recent

available for animal use at the time of the study. Moreover, the

purpose of the study was to test proof of principle that the mucosal

vaccine would be more effective at reducing the risk of onward

transmission, so the specific strain of SARS-CoV-2 was not critical

to this goal. For the intranasal procedures, the hamsters were

sedated with Ketamine (80µg/kg)/Xylazine(5µg/kg), and 50 uL/

nare, total 100uL vaccine was administrated per hamster. The

dosing material was more likely to penetrate further into the
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respiratory tract, getting to the lungs by using this procedure

(sedation and size of the inoculum).
Viral challenge and viral transmission

Four weeks after the last vaccination, Group 1-3 (Group 3 was the

naïve control group) were challenged with 6x103 PFU SARS-CoV-2

WAS-CALU-3 (LOT: 12152020-1235, BEI Resources). The animals

were sedated, and virus challenge was given intranasally with 50 µl/nare

as described before (10). Body weights were monitored before and after
Frontiers in Immunology 07123
the viral challenge. 24hrs after the viral challenge, each animal from

Group1-3 was housed with one naïve hamster from Group 4-6

respectively. The housing was in a single contract-free transmission

chamber as described before (17). The chamber was designed so that the

airflow was unidirectional: from the infected donor animal to the naïve

recipient one. Animals were housed 1:1 with a transmission divider for

8 hours, then single housed. The donor animals were monitored for an

additional 8 days for body weights, oral VLs. At Day10, the donor

animals were necropsied, and lung viral loads were measured. For

recipient groups, body weights and oral VLs was monitored and at

Day3, the animals were necropsied, and lung VLs were measured.
TABLE 1 SARS-CoV-2-related microscopic findings in the lung of the donor (necropsied at Day 10 post challenge) and the recipient animals
(necropsied at Day 3 post housing) *.

Groups 1 2 3 Groups 1 Recipient 2 Recipient 3 Recipient

Animals/Group 5 5 5a Animals/Group 5 5 5

Inflammation, mixed or mononuclear
cell, alveolar or bronchoalveolar

3 – 5 Inflammation, mononuclear
cell, alveolar

– – 1

minimal 3 – – minimal – – 1

mild – – 4

moderate – – –

marked – – 1

Inflammation, mononuclear cell,
vascular/perivascular

– – 5 Inflammation, mononuclear
cell, vascular/perivascular

– – 3

minimal – – 3 minimal – – 2

mild – – 2 mild – – 1

Fibrosis or fibroplasia, pleural – – 2

minimal – – 1

mild – – 1

Syncytial cell – – 5

minimal – – 5

Hyperplasia, bronchiolo-alveolar
or alveolar

5 1 5

minimal 3 – –

mild 2 1 –

moderate – – 3

marked – – 2

Hyperplasia, endothelial – – 2

minimal – – 2

Hemorrhage – – 2

minimal – – –

mild – – 2

Hypertrophy, mesothelial cell – – 1

minimal – – –

mild – – 1
*Findings were graded 1-5, depending upon severity. Microscopic findings, if applicable, are correlated with macroscopic observations. For severity grades, equivalent numbered grades are 1 =
minimal, 2 = mild, 3 = moderate, 4 = marked, 5 = severe.
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ELISA and ACE2 inhibition assay

ELISA and ACE2 inhibition assay were performed as described

(10, 12). The V-PLEX-SARS-CoV-2 Panel 32 (ACE2) Kit was used

according to the manufacturer’s instructions using a Sector Imager

2400 (Meso Scale discovery). Serum samples (diluted 20-, 100-, and

200-fold), or oral samples (2-fold dilution) were added into the pre-

coated V-plex plates. ACE2 binding and detection reagents were

sequentially added.
Viral load measurements

TCID50 assays were used to measure live virus as described before

(10). Briefly, 20 µL of sample was 10-fold serially diluted and added to

Vero TMPRSS2 cells, cultured in DMEM + 2% FBS + Gentamicin at

37°C, 5.0% CO2 for 4 days. Virus stock of known infectious titer was

included in the assay as a positive control, while medium only served

as a negative control. Cytopathic effect (CPE) was inspected, and the

TCID50 value was calculated using the Read-Muench formula. SARS-

CoV-2 RNA levels were assessed by reverse transcription PCR at

BIOQUAL, Inc. as previously described (8). RNA was extracted from

oral swab and homogenized lung tissue samples. Subgenomic/viral

RNA using different primer/probe sets, targeting the viral E gene

mRNA or the viral nucleocapsid respectively, was measured. VLs are

shown as copies per swab for oral samples, and copies per gram for

lung tissues, with a cutoff value of 50 copies.
Histopathological exams

Groups 1-3 were euthanized on Day 10 post viral challenge.

Recipient groups were euthanized on Day 3 post co-housing. At

necropsy, the left lung was collected and placed in 10% neutral

buffered formalin for histopathologic analysis. Tissue sections were

trimmed and processed to hematoxylin and eosin (H&E) stained

slides, all slides were examined by a board-certified pathologist and

recorded using the Pristima 7.5.0 Build 8 version computer system.
Statistical analysis

Statistical analyses were performed using Prism version 9. Oral

swab viral load was presented as area under curve (AUC) values.

Mann-Whitney and Spearman analyses were used for group

comparisons and correlations. All statistical tests were 2-tailed.
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Designing a potent multivalent
epitope vaccine candidate
against Orientia tsutsugamushi
via reverse vaccinology
technique - bioinformatics and
immunoinformatic approach
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Pravas Sahu2, Soumya Ranjan Mahapatra3, Jyotirmayee Dey3,
Rachita Sarangi1*, Anu Vinod Ranade4* and Namrata Mishra3

1Institute of Medical Sciences and SUM Hospital, Siksha O Anusandhan University, Bhubaneswar, India,
2School of Biological Sciences, The University of Hong Kong, Hong Kong, Hong Kong SAR, China,
3School of Biotechnology, Kalinga Institute of Information and Technology (KIIT) University,
Bhubaneswar, India, 4Department of Basic Medical Sciences, College of Medicine, University of
Sharjah, Sharjah, United Arab Emirates
Scrub typhus is a life-threatening, undifferentiated febrile illness caused by a

gram-negative bacterium, Orientia tsutsugamushi. The bacterial strain is a global

health concern that should be considered. Despite several years of effort for the

development of an effective immunogenic vaccine, no successful licensed

vaccine is available. The aim of the study is to construct an epitope response

using a reverse vaccinology approach. The TSA56 and ScaA proteins combined

can be the most promising subunit vaccine candidates againstO. tsutsugamushi.

B-cell, CTL, and HTL epitopes were predicted, and subsequently, all the epitopes

were linked by KK, AAY, and GPGPG linkers, respectively, along with an adjuvant

at the N-terminal region. Furthermore, molecular docking and MD simulations

were performed that exhibited a higher affinity towards TLR-2. A total of 16 linear

B-cells, 6 CTL, and 2 HTL epitopes were identified and validated. The final vaccine

construct showed high antigenicity, stability, and solubility. Molecular docking

and MD simulations indicated strong binding interactions with TLR-2 and a stable

vaccine-receptor complex. The expression of the vaccine in pET28a (+) vector

was successfully implemented via in silico cloning as well as significant results

from immune simulation demonstrated the efficacy of the vaccine in the immune

cell interaction during the innate and adaptive immune responses immune

simulation. In conclusion, the outcome suggested that the newly developed

vaccine will be a promising candidate for controlling and providing definitive

preventive measures against scrub typhus if further investigation is

conducted experimentally.
KEYWORDS

multiplex vaccinology, scrub typhus, protein-protein docking, immune simulation, in-
silico cloning, molecular dynamic simulation
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1 Introduction

Scrub typhus, a neglected tropical disease, is caused by the

gram-negative bacteria Orientia tsutsugamushi (O. tsutsugamushi),

rising rapidly in various endemic countries and becoming a serious

health concern (1, 2). Despite being recognized as early as 313 A.D.

and causing a significant threat to billions of people across various

regions of Asia and Australia, this disease remains underdiagnosed

and underreported. Historically, it was confined to the

“Tsutsugamushi triangle’, an area covering 13 million km2 that

extends from Russia to Japan in the north, Northern Australia in the

south, and Pakistan and Afghanistan in the west (3). However,

confirmed cases have now emerged beyond the traditional

countries, including Dubai, Chile, part of Africa, and Peru (4).

The diversity in species and epidemic characteristics across other

countries like China, Japan, Taiwan, Thailand, Hong Kong, and

South Korea (1). Between January 2010 and December 2019,

Taiwan reported 4,374 confirmed cases of scrub typhus,

consisting of 4,352 domestic cases and 22 imported cases.

Analysis of the epidemiological features revealed a significant

male predominance (2,699 males vs. 1,675 females) (5). A study

reported 6,338 reported ST cases, of which 304 were laboratory-

confirmed. Incidence rates rose significantly over the years, from

0.03 per 100,000 in 2006 to 1.12 per 100,000 in 2021, with the

highest rates occurring among farmers (6).

Vaccines have evolved over the years, directing from those that

use the entire organism either killed or live-attenuated to those that

are based on the smaller segments of the organism like toxins, purified

antigens, subunits, and synthetic peptides. As genome sequencing

became increasingly prevalent, it ushered in a new era in vaccinology

known as reverse vaccinology (7). Multi-epitope subunit vaccines

have been developed over the past few decades using reverse

vaccinology techniques to combat a wide variety of infections such

as Acinetobacter baumannii (8), Pseudomonas aeruginosa (9),

Klebsiella pneumonia (10), Helicobacter pylori (11), Mycobacterium

tuberculosis (12) and many more. These vaccines are effective in both

in vitro and in vivo mouse model, making them viable alternatives to

the cost and time-consuming process of developing vaccination in the

trial-and-error process of the conventional way.

In the past few decades, demand for the use of active

immunotherapy has increased, such as an epitope-based vaccination,

for the treatment of different diseases (13). Prevailing epitope

vaccination deficits can be mitigated by a variety of approaches

including enhancing the number of antigenic epitopes that can be

targeted by an immunogenic adjuvant or a carrier protein (14, 15).

Five autotransfer domain-containing proteins (ScaA-ScaE) and

immunogenic surface antigen proteins such as TSA22, TSA47, and

TSA56 are encoded by the 2.1Mbp genome of the gram-negative

bacterium O. tsutsugamushi. ScaA facilitates bacterial adherence to

the host cell and exhibits a high level of strain-specific conservation

in its passenger domain (16). Patients develop strain-specific

antibodies due to four variable domains of TSA56. Thus,

potential vaccine candidates, including TSA47, TSA56, and ScaA,

have been investigated (17, 18). Toll-like receptors are the most

extensively researched Pathogen Recognition Receptors (PRRs);

they are accountable for recognizing pathogen-associated
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molecular patterns (PAMPs). TLR2 is frequently used as a target

for adjuvants because its activation can enhance both innate and

adaptive immune responses. TLR2 activation can promote a strong

antigen-presenting cell response and subsequent T-cell activation.

In this research, the immunoinformatics and reverse vaccinology

approach was applied to develop a potential multiepitope chimeric

vaccine against the O. tsutsugamushi bacterium to prevent the

spread of scrub typhus.
2 Materials and method

2.1 Sequence availability and
proteome retrieval

Highly virulent TSA56 (accession no. SPR11258.1) and ScaA

(accession no. SPR07654.1) proteins from all the available complete

genome sequences of O. tsutsugamushi were retrieved from the

NCBI database, among which the highly antigenic strain Gilliam

was selected.
2.2 Screening of potent epitopes

B cell epitopes play a key role in generating long-term humoral

immune response and memory cells by activating B lymphocytes.

Linear B cell epitopes were predicted by using ABCPred (19) with

a 10-mer window length. The NetMHCpan 4.1 server (20) was

used to predict the MHC-I restricted CD8+ cytotoxic T-

lymphocyte (CTL) epitopes of the chosen protein sequence. CTL

epitope prediction was studied across 12 MHC class-I supertypes

(HLA-A01:01, HLA-A02:01, HLA-A03:01, HLA-A24:02, HLA-

A26:01, HLA-B07:02, HLA-B08:01, HLA-B27:05, HLA-B39:01,

HLA-B40:01, HLA-B58:01, HLA-B15:01). In response to

invading pathogens, helper T lymphocytes can activate either

humoral or cellular immune responses. The IEDB server was

used to predict HTL epitopes with human HLA cells as the default

parameter. Scores below 50 nM for the IC50 indicate a strong

binding affinity.
2.3 Evaluation of epitopes for vaccine
construct and assessment

Antigen, non-allergen, non-toxic, and immunogenicity were all

taken into account while selecting the epitopes by using VaxiJen v2.0

(21), AllerTop v2.0 (22), ToxinPred (23) and IEDB servers

respectively. Cholera toxin subunit B (ACO36766.1), a potential

adjuvant, was linked to the N-terminus of the construct with the

help of EAAAK peptide linker to accelerate the immune response,

followed by selected LBL, CTL, and HTL epitopes with appropriate

linkers KK, AAY, and GPGPG to aid the amino acids in folding into

appropriate conformations with maximum flexibility. The solubility

of the vaccine design was calculated using the SolPro service (24).

ExPASyProtParam server (25) was then used to evaluate the

developed vaccine construct for its physicochemical characterization.
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2.4 mRNA

With the help of the Mfold web server, the multi-epitope

vaccine RNA secondary structure was anticipated (26). With

minimal DG thermodynamics, this server provides true positive

bps prediction.
2.5 Cluster analysis of MHC alleles

Similar binding specificities among MHC-I and MHC-II

molecule alleles can be determined by cluster analysis which was

done by using MHCcluster 2.0, a web-based server (27). All of the

HLA supertype representatives were chosen during the analysis,

and the number of peptides to be included was kept constant

at 50,000.
2.6 Conservancy analysis and global
population coverage

Conservancy analysis was performed on the anticipated epitope

using the IEDB analysis resource (28) to predict the degree of

similarity within the serotypes of O. tsutsugamushi at a sequence

identity threshold of 60%. Due to polymorphism, MHC molecules

may demonstrate substantial variations among populations. The

IEDB population coverage server was used to determine whether or

not the chosen CTL and HTL epitope alleles were represented in the

general population (29).
2.7 Homology modelling, assessment and
validation of vaccine construct

The PSIPRED 4.0 web server was employed to provide accurate

predictions about the secondary structure of the vaccine construct

(30). The tertiary structure of the vaccine sequence was obtained

using the Robetta server (31). PyMol was used to display the 3D

structure of the vaccine construct. GalaxyRefine2 (32) server was

used to improve the final structure. The development of the

Ramachandran plot using PROCHECK (33) and SWISS_MODEL

(34) was used to check the model quality. The Ramachandran plot is

used in this server to foresee the probability that amino acids form a

secondary structure and to illustrate the quality of models by the

proportion of amino acids in the favored, allowed preferred, and

outlier ranges. The validation was additionally approved by the

SAVES server using ERRAT (35) and Verify3D (36).
2.8 Discontinuous B-cell
epitope prediction

Over 90% of B cell epitopes were found to be discontinuous.

The confirmed three-dimensional structure of conformational B-

cell epitopes is predicted by the web-based server Ellipro (37).

Compared to other structure-based epitope prediction techniques,
Frontiers in Immunology 03128
Ellipro came out on top, with an AUC value of 0.732 as the best

computation for any protein.
2.9 Disulfide bond engineering

The DbD2 web server (38) was used to create a reasonable

disulfide bond in the protein structure and assess whether they were

consistent in terms of proximity and geometry. As the proteins are

very dynamic, mutations can affect the structure and consequently

the function of the protein.
2.10 Molecular docking

To predict the interaction and binding affinity between the designed

vaccine and human Toll-like receptor-2 (TLR-2), molecular docking is

an especially feasible and basic technique. To facilitate molecular

docking, the crystal structure of TLR-2 (PDB id: 3a7c) was obtained

from the protein data bank. Themolecular docking was performed with

ClusPro 2.0 employing novel FFT correlation, grouping the best energy

conformations, and analyzing cluster stability with a short Monte Carlo

simulation to predict the interaction between two proteins (39). The

best-docked conformations of the proteins and peptides were visualized

using the PyMol visualization tool.
2.11 Molecular dynamic simulation of the
docked complex

Molecular dynamic (MD) simulation was used in the present

study to better understand the protein-protein docking complex

that performed most effectively. The MD simulation was carried out

using GROMACS 2019 package (40) and OPLS-e force field, with

the TIP3P water model used to solvate the protein complex. Sodium

and chloride ions were introduced to get a neutral physiological salt

content, and the system energy was minimized using the steepest

descent technique. To keep the lengths of the covalent bonds

constant during the simulation, the Linear Constraint Solver

(LINCS) method was utilized. For the long-range electrostatic

interactions, the Particle Mesh Ewald (PME) method was used,

and for the short-range coulomb and Van der Waals interaction, we

settled on a radius of 0.9 nm. After that, equilibrations were

performed for both systems at 100 ps NVT [constant number of

particles (N), volume (V), and temperature (T)] and 100 ps NPT

[constant number of particles (N), pressure (P), and temperature

(T)]. After running 50 ns of simulations using PBC, we analyzed the

results with GROMACS modules and used xmgrace to create the

relevant charts and figures.
2.12 Codon optimization and in
silico cloning

To enable the production of the vaccine construct in a chosen

expression vector, reverse translation and codon optimization was
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carried out using the Java Codon Adaptation Tool (JCat) website

(41). Since the final vaccine design derives its sequence from human

DNA, it required some codon optimization so that it could be

expressed in E. coli strain K12 host. Codon adaptation index (CAI)

and GC content (%) are two measures of protein expression that are

provided in JCat output. Adding HindIII and BamHI restriction

sites to the N and C-terminus of the DNA sequences of the

projected vaccines allowed for their cloning in the E. coli pET-28a

(+) vector, yielding the final vaccine constructs with the optimal

gene sequence. The final step in ensuring the expression of the

vaccine was to use the SnapGene tool to insert the optimized DNA

sequences with restriction sites into the pET-28a(+) vector.
2.13 Immune simulation of vaccine

Using the C-ImmSim server, in silico immune simulations were

carried out to evaluate the immunogenic properties of a multi-epitope

vaccine under real-world settings (42). The duration between doses 1

and 2 for vaccination should be at least 4 weeks. As a result, 3

injections containing one thousand vaccine proteins were

administered 4 weeks apart at 1, 84, and 168 time-steps (each time-

step equals 8 h in real life, and time-step 1 is injection at time = 0), for

a total of 1050 simulation steps (parameters were set in the C-

ImmSim immune simulator). Three injections of selected peptides

were administrated at four-week intervals to simulate repeated

antigen exposure and study clonal selection in a typical endemic

area. The graph was used to determine the Simpson index (D), a

metric of variety. Figure 1 depicts the entire process used in the

reverse vaccinology analysis.
Frontiers in Immunology 04129
3 Results

3.1 Retrieval and phylogenetic analysis of
target proteins

The complete proteome of the Gilliam strain was retrieved from

NCBI to extract virulent TSA56 and ScaA proteins in FASTA

format for peptide vaccine designing. The proteins were found to

be antigen and non-allergen, with antigenicity scores of 0.79 and

0.82 for TSA56 and ScaA, respectively.
3.2 Evaluation of B-cell, CTL and
HTL epitopes

Peptide mapping using ABCPred on the FASTA sequences of

TSA56 and ScaA proteins revealed a total of 16 epitopes at the

default threshold >0.51 and window length of 10. These peptides

were selected by antigenicity and non-allergenicity. Among these,

two 10mer peptides (TGAESTRLDS and SAEVEVGKGK of

TSA56) with the most favorable ABCPred server score were

chosen for additional assessment of antigenicity, toxicity, and

allergenicity, shown in Table 1.

Antigenic determinants presented by MHC-I elicit a cellular

immunological response. This kind of reaction often stimulates

the production of cytotoxic cells. Table 2 summarizes the final

selection of 6 epitopes for vaccine construction among the top 22

and 7 sequences of epitopes from TSA56 and ScaA protein. To

determine HTL epitopes for all structural proteins, the IEDB

server for human MHC-II alleles was used. Hence the epitopes
FIGURE 1

The complete hierarchy of the steps for the multi-epitope vaccine design used in the current study.
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that had an SMM align IC50 value less than 50 and a percentile

rank of 1 or lower were chosen. Based on the low percentile rank

and a strong affinity concerning all the HLA supertypes,

the epitopes YSINPLMASVGVRYN and RKRFKLTPPQPTIMP

were appointed for consideration in the vaccine design (Table 3).

All the candidate epitopes that passed the screening process were

antigenic, non-allergen, and non-toxic.
Frontiers in Immunology 05130
3.3 Designing of vaccine construct
and evaluation

Six CTLs, two HTLs, and two BCLs were used to create the final

chimeric vaccine. EAAAK peptide linker is used to connect the N-

terminus of the vaccine model to cholera toxin subunit B

(ACO36766.1) adjuvant, and KK, AAY, GPGPG linkers are used
TABLE 2 Shortlisted CTL epitopes for the final vaccine construct.

CTL Peptide Start MHC Affinity Score Predicted
Allergenicity

Predicted
Immunogenicity

Predicted
Toxicity

TSA 56 KLQRHAGVK 375 HLA-A*03:01 28.15 1.0316 Non-allergen 0.13553 Non- toxin

IYAGVGAGL 448 HLA-A*24:02 428.41 0.9248 Non-allergen 0.17172 Non- toxin

ASVGVRYNF 516 HLA-B*58:01 84.91 1.8822 Non-allergen 0.12952 Non- toxin

ScaA IFFTTLFTI 10 HLA-A*24:02 78.24 0.8279 Non allergen 0.2259 Non-toxic

PTVGVRHSY 1378 HLA-A*26:01 1292.11 1.268 Non allergen 0.06706 Non-toxic

SKFGGGNSL 741 HLA-B*39:01 40.78 1.3881 Non allergen 0.03488 Non-toxic
TABLE 1 B cell epitopes prediction for scrub typhus vaccine construct.

Sequence Start
position

Score Predicted Antigenicity Score Predicted Allergenicity ToxinPred Prediction

SAEVEVGKGK 100 0.78 Antigen 1.7382 Non allergen Non-toxin

TGAESTRLDS 47 0.57 Antigen 2.0162 Non allergen Non-toxin
TABLE 3 Selected HTL epitopes for the final vaccine construct.

Alleles Start Peptide ic50 Score Predicted Allergenicity Predicted Toxicity

HLA-DRB1*01:01
HLA-DRB1*13:02
HLA-DRB1*07:01
HLA-DRB1*09:01
HLA-DRB1*12:01
HLA-DRB1*03:01
HLA-DRB5*01:01
HLA-DRB1*15:01
HLA-DQA1*05:01/DQB1*03:01
HLA-DRB3*02:02
HLA-DRB1*11:01
HLA-DQA1*01:02/DQB1*06:02
HLA-DRB4*01:01
HLA-DRB1*08:02
HLA-DRB1*04:05
HLA-DPA1*03:01/DPB1*04:02
HLA-DRB1*04:01
HLA-DPA1*01:03/DPB1*04:01
HLA-DQA1*04:01/DQB1*04:02
HLA-DPA1*02:01/DPB1*01:01
HLA-DPA1*01:03/DPB1*02:01
HLA-DPA1*02:01/DPB1*14:01
HLA-DQA1*05:01/DQB1*02:01

509 YSINPLMASVGVRYN 7.6 1.0399 non-allergen Non-toxin

HLA-DRB1*01:01
HLA-DRB1*04:05
HLA-DRB3*02:02

129 RKRFKLTPPQPTIMP 8.3 1.0248 non-allergen Non-toxin

(Continued)
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to separate each BCL, CTL, and HTL epitopes respectively

(Figure 2). The physicochemical property of the multi subunit

vaccine is depicted in Supplementary Table 1.
3.4 Prediction and assessment of vaccine
homology model

PSIPRED was used to make predictions about the secondary

structure of the final vaccine construct based on its amino acid

sequence (Supplementary Figure 1). It was found that the protein

structure consists of 44.87% alpha helices, 26.24% random coils,

21.67% extended strands, and 7.22% beta turns. Robetta server

created a 3D model of the vaccine construct (Figure 3), and
Frontiers in Immunology 06131
model-2 was chosen merely because it had the greatest

TMscore. If the TM-score was more than 0.5, signifying the

model has been calibrated; the score was from 0 to 1. Using

GalaxyRefine2, we were able to refine the projected 3D structure.

The following factors were considered while selecting the optimal

model for further study; Rama favored 95.5; RMSD, 0.327; GDT-

HA, 0.98; Mol probability, 1.75; Clash score, 8.0; Poor rotamer,

0.5. When compared to the initial structure created by the Robetta

server, an examination of the Ramachandran Plot of the refined

protein acquired by GalaxyRefine indicated improved findings.

Similarly, the model obtained via GalaxyRefine exhibits superior

stereochemical quality as determined by further structural

validation methods like ERRAT (92.43%) and verify 3D

(81.73%) shown in Supplementary Figure 2.
TABLE 3 Continued

Alleles Start Peptide ic50 Score Predicted Allergenicity Predicted Toxicity

HLA-DRB1*07:01
HLA-DRB1*09:01
HLA-DRB5*01:01
HLA-DPA1*02:01/DPB1*14:01
HLA-DRB1*13:02
HLA-DRB1*11:01
HLA-DRB4*01:01
HLA-DRB1*04:01
HLA-DPA1*02:01/DPB1*01:01
HLA-DRB1*08:02
HLA-DQA1*05:01/DQB1*03:01
HLA-DRB3*01:01
HLA-DPA1*03:01/DPB1*04:02
HLA-DPA1*01:03/DPB1*04:01
HLA-DRB1*15:01
HLA-DRB1*03:01
HLA-DRB1*12:01
FIGURE 2

Schematic representation of the final vaccine construct that includes adjuvant, LBL, CTL, and HTL epitopes shown in different colors (top to bottom)
linked by EAAAK, KK, AAY, GPGPG linkers respectively.
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3.5 mRNA structure

As the secondary structure of mRNA plays a crucial role in

translation initiation, elongation, and mRNA synthesis, its prediction

is of paramount importance. Using the Mfold web server, the free

energy associated with the whole mRNA structure was calculated. As

shown in Supplementary Figure 3, the secondary RNA structure has a

minimum free energy of G= 105.27 kcal/mol. This value represents

the proteins’ host-based stability and translation efficiency. Enhanced

mRNA stability correlates with a higher rate of expression.
3.6 Cluster prediction of MHC alleles

MHCcluster 2.0, a web-based program, analyzed clusters of

MHC-I and MHC-II alleles that may interact with the projected
Frontiers in Immunology 07132
epitopes. Phylogenetic allele groupings are automatically

generated by the program. The results of the experiments are

depicted in Supplementary Figure 4, where the red areas denote

particularly robust interactions and yellow areas, relatively

weak interactions.
3.8 Discontinuous B-cell epitope analysis

The discontinuous or conformational B-cell epitopes in the

engineered vaccines were predicted using the Ellipro tool from the

IEDB database with the basic parameters (maximum distance 6 Å

and minimum score 0.5). The improved Thornton technique

employing the residues clustering algorithm is the basis of these

findings. As demonstrated in Figure 4 and Table 4, the prediction is
FIGURE 3

Tertiary structure of the vaccine construct.
FIGURE 4

Conformational B-cell epitopes present in the vaccine where the light yellow spheres show the epitopes.
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made by taking into account the residual protein index (PI),

neighbor residue clustering, and protein shape.
3.9 Disulfide bond engineering

By using certain geometric conformations, disulfide engineering

was used to stabilize the vaccine construct. It was projected that 60

pairs of amino acid residues may create a disulfide bond through the

DbD3 server. Two of them TYR18- ALA176, and CYS107-

ALA118, which were substituted by cysteine residues, could form

disulfide bonds after being assessed by c3 and Beta-factor energy
Frontiers in Immunology 08133
parameters (Figure 5). Based on the chi3 value of -73.37 and – 85,

the energy values are 2.45 and 2.41, respectively.
3.10 Conservancy analysis and population
coverage of vaccine construct

To create a universal broad-spectrum vaccination, conserved

epitopes against many strains are required. Epitope conservation

study about the other OT variants was performed using the IEDB

conservation analysis program. All BCL, CTL, and HTL epitopes

demonstrated 100% conservation at a sequence identity threshold

>60%. Each of the six CD8+ (CTL) and two CD+ (HTL) epitopes

was assigned to an allele by the MHC-I and MHC-II prediction

server at IEDB. Hence the best binders for the population coverage

study were chosen from alleles with IC50 values below 50. In a

global examination of MHC-I and MHC-II epitope coverage, an

average coverage of 94.35% was found. On the other hand,

combining MHC-I and MHC-II epitope coverage was highest in

Europe (96.36%), East Asia (94.44%), West Indies (86.52%),

Oceania (85.50%), and South Asia (85.50%) shown in Figure 6.
3.11 Molecular docking

The assimilation of bacterial proteins and their stimulation of

interferon and interleukin production in the immune system

defense against infections are largely controlled by Toll-like

receptors. The ability of the engineered vaccination to bind to the

human Toll-like receptor was investigated in the current study. The

interaction between the immune cells and the vaccine component is

essential for the development of a robust immune response.

ClusPro generates 30 unique clusters with increased interaction

energies. The first cluster, with the lowest energy value (-1079.2

Kcal/mol) was chosen for further study. Table 5 lists the nine

residues in the vaccine TLR-2 docked complex that form hydrogen

bonds with one another (Figure 7).
TABLE 4 Predicted conformational B-cell epitopes of the
constructed vaccine.

Number Rresidues No. of
residues

Score

1 N124, A126, A127, A128, K129, S130,
A131, E132, V133, E134, V135, G136,
K137, G138, K139, K140, K141, T142,
G143, A144, E145, S146, T147, R148,
L149, D150, S151, A152, A153, Y154,
Y155, L156, R157, N158, I159, E162

36 0.787

2 G224, P225, G226, P227, G228, Y229,
S230, I231, N232, P233, L234, M235,
A236, S237, V238, G239, V240, R241,
Y242, N243, G244, P245, G246, P247,
G248, R249, K250, F252, K253, L254,
T255, P256, P257, Q258, P259, T260,
I261, M262, P263

39 0.787

3 Y48, T49, E50, S51, L52, A53, G54,
K55, R56, E57, M58, I60, R94

13 0.732

4 A185, A188, A189, S191, K192, F193,
G194, G195, G196, N197, S198, L199,
A200, A201, Y202, P203, T204, V205,
G206, V207, R208

21 0.699

5 D43, K44, F46, S47, T62, K64, N65,
G66, A67, T68, Y97, L98, T99, E100,
A101, K112, T113, P114

18 0.589
FIGURE 5

Figure showing the mutant form of vaccine construct by disulfide bond engineering for stability where three pairs of amino acids are represented in
pink color.
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3.12 MD simulation of vaccine-receptor
docking complex

As an input for the MD simulation, the best molecular docking

complex was chosen. The complex was then subjected to a 50ns MD
Frontiers in Immunology 09134
simulation, with the analysis focusing on key metrics such as root

mean square deviation (RMSD), root mean square fluctuation

(RMSF), the number of hydrogen bonds (H-bonds), and radius of

gyration (Rg). The average RMSD of the receptor-vaccine

combination, calculated for all atoms was 0.45 (Figure 8). As a

result of these favorable interactions, a persistent vaccine-receptor

complex may develop. The RMSF describes the residue-by-residue

dynamics of a protein about its starting location. The RMSF of the

protein atoms was analyzed to determine the conformational

behavior of the ligand-receptor complex at the residual level. The

average RMSF value was 0.26nm (Figure 8). Hydrogen bond

interaction plays an essential role in both protein structural

stabilization and protein-ligand identification. H-bond formation

in the vaccine-receptor complex was also studied using MD

simulation to shed light on the possibility of selective

intermolecular interactions and the specificity of interactions. On

average, nine H-bonds were formed in the vaccine-receptor

complex (Figure 8). During the simulation, the average radius of

gyration (Rg) for the vaccine-TLR2 complex was determined to be 3

nm. The findings demonstrated that the complex’s compactness is

enhanced after positive contact between the vaccine protein and the

TLR-2 receptor.
FIGURE 6

The map represents the worldwide population coverage with combined MHC epitopes based on their respective HLA binding alleles.
TABLE 5 Results of the molecular docking analysis of the selected
epitopes with TLR2 receptor interaction.

TLR-2 Vaccine Distance

ARG400 ILE261 1.9

ASN376 THR219 2.1

LYS347 PRO257 1.8

LYS347 THR255 1.7

ASN345 THR255 2.8

HIS318 PHE252 1.9

ASP327 LYS3 1.8

ASP327 MET1 2.1

SER329 MET1 2.6
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FIGURE 7

Molecular interaction of multi-epitope vaccine construct docked with TLR-2.
A B

DC

FIGURE 8

The MD simulation plot represents the interaction and the stability of the atoms and molecules between vaccine construct and TLR2 (A) root mean
square deviation (RMSD) of the receptor−ligand complex shows infinitesimal deviation and becomes stable at the period of 6 ns, (B) Root mean
square fluctuation plot (RMSF) representing the fluctuation of side chain residues. (C, D) Pressure and temperature plots concerning the time.
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3.13 Codon optimization and in
silico cloning

The serological analysis is the first stage in inspecting a vaccine

candidate, and this needs the expression of the vaccine in an

appropriate expression system. As an expression system, we

settled on E. coli optimized cloning, and expression in the E. coli

K12 strain is made easier with the help of the Java Codon

adaptation tool (JCAT). The GC content of the modified

sequence was predicted to be 50.19, and the codon adaptation

index (CAI) was 0.97. Codon use in the optimal multi-epitope

vaccine gene is depicted graphically in Figure 9. To execute in

silico cloning, restriction enzyme sites were screened in the codon-

optimized vaccine construct sequence; HindIII and BamHI were

added at the N and C-terminals. After inserting the vaccine

construct into pET-28a (+) vector, the functional clone was

6139bp (Figure 9).
3.14 Immune simulation

The immune simulation for the designed vaccine was

conducted using the C-ImmSim server. This server models the

immune response generated by key mammalian immune

components, including the thymus (T cells), bone marrow

(lymph and bone marrow cells), and lymphoid organs. The
Frontiers in Immunology 11136
simulation results provide valuable insights into the potential

immunogenicity of the vaccine and the type of immune response

it might elicit in humans. After each of the three vaccination

injections, the modeling research predicted that the major

immune response to the antigenic pieces would expand

dramatically, as seen by the gradual increase in concentrations of

different immunoglobulins. Once again, it was demonstrated that

primary immunological activation boosted subsequent immune

responses. The immune simulation study was conducted for the

vaccine complexes to explore the generation of adaptive immunity

and also the immune interactions. The immune simulation study

illustrated that after every injection dose, the primary immune

response was increased significantly as gradual elevation or decrease

rates of the different immunoglobulins were observed. Moreover,

the secondary immune response was also increased (Figure 10A).

The increasing rate of active B-cells (Figures 10B, C), plasma B-cell

(Figure 10D), helper T-cells (Figures 10E, F), and regulatory and

cytotoxic T-cells (Figures 10G–I) was observed. The vaccine protein

was also capable of forming a vast number of different types of

cytokines. Figure 10J shows the concentration of different cytokines

and interleukins. These results indicated after every injection, a

strong secondary immune response, increasing clearance of

antigens, and strong immune memory generation occur.

Moreover, good antigen presentation was also observed by these

antigen-presenting cells from dendritic cell and macrophage cell

concentrations (Figures 10K, L).
FIGURE 9

Restriction cloning of final multi-epitope vaccine by using pET28a (+) expression vector in the in silico space. The black circle indicates the vector
and the red part is the place where the vaccine is inserted.
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4 Discussion

Immunotherapy has emerged as a leading method for

combating infectious diseases and saving lives. Bioinformatics,

vaccinomics, and immunoinformatics are the new methodologies

and technologies used in vaccine production that reduce the time

and resources required to create a vaccine (43). Potential negative

aspects of conventional vaccine production techniques include

challenges with adequate culture of the microorganisms and

undesirable immune responses arising from improper

attenuation. The scientific community has generally warmed up

to these software and database techniques (44, 45). As a result of

this, research took advantage of the widely used in silico-based

methodologies to build possible vaccines against O. tsutsugamushi

for combating Scrub typhus disease. Antigens of O. tsutsugamushi

that promote both humoral and T cell-mediated defense would be

ideal for vaccination against scrub typhus. Another possibility that

can be developed and evaluated is a multiplex subunit vaccine that

induces substantial humoral and T cell-mediated protection.

To the greatest extent of our understanding, this is the first

paper to detail the in silico development of a multi-epitope vaccine
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against scrub typhus. Antigenic epitopes from two surface-exposed

highly pathogenic proteins like TSA56 and ScaA were used to create

the vaccine design. According to research by Ha NY et al., ScaA acts

as an adhesion factor for bacteria and an anti-ScaA antibody

effectively blocks bacterial infection of host cells. When coupled

with TSA58, a key outer membrane protein of O. tsutsugamushi,

immunization with ScaA not only offers considerable protection

against heterogeneous strains but additionally confers immunity

against fatal challenges with the homologous strain (17).

Supplementary Table 2 Provides the servers used in the analysis.

Another important immune cell is the CD4+ T cell (HTL),

which may switch between the Th1 and Th2 phenotypes to elicit

different types of immunological responses (46). The Th1 response

stimulates the production of CD8+ T cells, natural killer cells, and

macrophages. Antibody synthesis and the elimination of external

pathogens are hallmarks of the Th2 immune response (47), which is

involved in the activation of B cells, the differentiation of B cells,

affinity maturation, and antibody production. The vaccine was

docked with the TLR-2 receptor to evaluate the significance of the

immune response it might produce. Finally, MD simulation was

performed on the docked vaccine-receptor complex up to 50ns to
FIGURE 10

Immune simulation of the predicted vaccine; (A) Immunoglobulin and immune complex response to the antigen, (B) B lymphocyte population
count, (C) B lymphocyte population per entity state, (D) plasma B lymphocyte count, (E) CD4 T helper lymphocyte count, (F) CD4 helper
lymphocyte count by entity state, (G) CD8 T-cytotoxic lymphocyte count, (H) CD8 T-cytotoxic lymphocyte count per entity state, (I) natural killer
cell population, (J) different cytokine and interleukin concentration, (K) dendritic cells per state and (L) macrophage population per state.
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verify the stability of the interaction. The expression of the vaccine

construct in the E. coli K12 host strain was studied by in silico

cloning. The results of the immunological simulation showed that a

high level of antibacterial cytokines, as well as humoral and innate

immune responses, may be triggered by employing this multi-

epitope vaccine. It might therefore be a promising vaccine

candidate similar to a comparable multi-epitope vaccine against

Pseudomonas infection (9). Finally, this multi-epitope construct

certainly contributes to the future development of a broad-

spectrum peptide vaccine against O. tsutsugamushi bacteria.

Vaccine research has shifted its focus in recent years to utilize

novel platforms such as virus-like particles (VLPs), DNA, and

messenger RNA (48, 49). However, with high production costs

and limited manufacturing yield, VLPs do not prefer mammalian

expression systems for subunit vaccines (50). When it comes to

DNA vaccines, however, adenoviral vectors have been the focus of a

great deal of research and extensively evaluated (51, 52).
5 Conclusion

In conclusion, there has been a lack of successful strategy in

developing a vaccine for 80 years. Insufficient knowledge of

immunity to O. tsutsugamushi, in particular the criteria for

vaccine-induced immunity , l imited understanding of

immunological memory in scrub typhus, and a failure to address

the issue of cross-protection between strains, all contributed to the

failure of previous efforts. In sum, our results backed up the ability

of the construct to govern promising immune responses against this

infectious disease, and this next-generation strategy offered a fresh

perspective on creating a highly immunogenic vaccine for

scrub typhus.
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SUPPLEMENTARY FIGURE 1

Prediction of the secondary structure of the multi-epitope vaccine construct.

SUPPLEMENTARY FIGURE 2

(A) Ramachandran plot for the validation of the designed structure (B, C)
Quality assessment by ERRAT and Verify 3D.

SUPPLEMENTARY FIGURE 3

Prediction of RNA secondary structure of vaccine construct gene by Mfold.

SUPPLEMENTARY FIGURE 4

MHC cluster analysis tree map and heat map of both MHC-I and MHC-
II epitopes.
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A selective C5a-derived
peptidomimetic enhances IgG
response following inactivated
SARS-CoV-2 immunization and
confers rapid disease resolution
following murine coronavirus
infection
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and Paul H. Davis1*

1Department of Biology, University of Nebraska at Omaha, Omaha, NE, United States, 2Department of
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The host complement system is a critical component of innate immunity and

serves as a principal mechanism of pathogen defense in mammals. EP67 is an

engineered decapeptide derived from the C terminus of human complement

protein C5a, which displays selective immunostimulatory activity. EP67

preferentially activates phagocyte mononuclear cells but shows minimal activity

towards inflammatory granulocytes, including neutrophils. Previous studies of viral

infection showed that EP67 possessed antiviral efficacy when used following

infection and enhanced antibody responses to antigen challenges when used as

an adjuvant. Here, we show in a rodent model that immunization with inactivated

g-irradiated SARS-CoV-2 in combination with EP67 can produce elevated

nucleocapsid-specific IgG antibodies compared to viral lysate alone, supporting

an enhanced adaptive immune response. Additionally, intranasal administration of

EP67 following infection with live MHV-A59 coronavirus resulted in a rapid health

improvement in symptomatic infections compared to PBS vehicle controls. Taken

together, these results suggest EP67 shows efficacy towards betacoronaviruses

when used as an adjuvant during immunization or as a therapeutic during active

infections. Moreover, these findings continue to support the capability of EP67 as

an antiviral agent and a useful immunostimulatory peptide.
KEYWORDS

coronavirus, MHV, peptide therapeutics, adjuvant, EP67, complement pathway, C5a,
SARS-CoV-2
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Introduction

The complement system is an innate immune mechanism

largely conserved across mammalian species and acts against

infectious agents. Components of the complement system work in

an orchestrated manner to subdue pathogens. This is achieved in

myriad ways, including the deposition on the target pathogen,

which leads to membrane disruption or opsonization, and the

recruitment of immune cells to the area of activity through

complement mediators. One such mediator is the complement

subunit C5a, which is produced via proteolysis of the parent C5

molecule. Human C5a is 74 amino acids in length and acts in a

chemotactic manner to recruit and activate immune cells bearing

the C5a receptor (1). The native C5a molecule potently induces

recruitment of phagocytes, including macrophages and monocytes,

and less so inflammatory granulocytes, such as neutrophils and

mast cells (2). Due to its ability to recruit, activate, and induce

degranulation in the latter, full-length C5a is appropriately known

for its inflammatory effects.

The C5aR1/CD88 interactive peptide, EP67, is a small

decapeptide derived from the C terminus of human C5a with the

sequence YSFKDMP[MeL]aR where “MeL” is N-methyl leucine

and “a” is D-alanine. It was designed to act as a non-inflammatory

immunostimulant and immune adjuvant by selectively recruiting

and activating phagocytic antigen-presenting cells whilst reducing

inflammatory effects that can occur with the recruitment of

granulocytic cells (3–5). EP67 has demonstrated effectiveness in

murine models of viral infection, such as protection against

cytomegalovirus (CMV) infection via adjuvant activity (2). The

antiviral activity may be partially due to EP67’s ability to promote

TH1 immune activation via the C5aR1/CD88 receptor pathway (5).

Additionally, EP67 has demonstrated efficacy as additional in

bacterial and viral infections (6–8). Therefore, we posited that

EP67 could work in a therapeutic manner against a potent,

symptomatic coronavirus infection.

In 2020, the worldwide spread of SARS-CoV-2, a

betacoronavirus, led to a pandemic with high morbidity and

mortality. With the relative paucity of broad-spectrum antiviral

agents, vaccine approaches were primarily employed to reduce

spread and attenuate the more severe effects resulting from viral

infection. Several animal models exist for modeling coronavirus

infections; however, access barriers such as cost, availability, and

housing requirements (e.g. BSL-3 facilities) can render these

impractical for many laboratories (9). The betacoronavirus,

Murine Hepatitis Virus (MHV), naturally infects mice and

various disease pathologies of human SARS-CoV and SARS-CoV-

2 infections can be modeled in vivo with varied animal and MHV

strains (10–12). Specifically, C57BL/6 mice inoculated intranasally

with MHV strain A59 (MHV-A59) have shown acute pneumonia

and lung pathology due to viral spread in the lungs and leukocyte

infiltration beginning as early as 2 days post-infection (2 dpi) (12).

Using this model, we administered a single dose of EP67

intranasally after the onset of symptoms (3 days post-infection; 3

dpi) to evaluate the ability of EP67 treatment to alleviate severe

health decline in infected mice. Mice receiving EP67 recovered
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quickly compared to untreated infected mice who significantly

declined in health. This suggests that EP67 could serve as an

effective antiviral therapeutic against the betacoronavirus MHV.

Additionally, we show that EP67 increased long-term plasma IgG

nucleocapsid antibodies when coadministered with inactivated

SARS-CoV-2, with a similar increase in spike protein IgG.

Together, these findings further support the antiviral efficacy of

EP67 with potentially broader applications to additional

viral diseases.
Materials and methods

Mouse hepatitis virus A59 propagation and
preparation

17Cl-1 mouse fibroblasts and MHV-A59 viral stocks were

graciously donated by Stanley Perlman, University of Iowa (13).

Sanger sequencing confirmed the native MHV-A59 genotype. 17Cl-

1 cells were cultured and used for MHV-A59 propagation,

generation of high titer stocks, and quantification of plaque

forming units (PFUs), as previously described (14). Briefly, 17Cl-

1 cells were cultured in High-Glucose DMEM (Lonza BioWhittaker,

cat# 12614F) supplemented with 4 mM L-alanyl-L-glutamine

(Corning, cat# 25-015-CI), 1X penicillin-streptomycin (Hyclone,

cat# SV30010), and 10% heat-inactivated fetal bovine serum (Gibco,

cat# A3840001), further referred to as DME10. High-tier stocks

were generated, plaque-purified, and stored at -80°C until use.

Titers of viral stocks were quantified via plaque assays using

17Cl-1 cells inoculated with serially diluted viral stocks, followed

by crystal violet staining to determine the number of plaques. PFU

values were calculated as previously described (14).
Plasma IgG response following EP67-
adjuvanted inactivated SARS-CoV-2
immunization

8-week-old female Swiss Webster (CFW) mice were purchased

from Charles River Laboratories (Wilmington, Massachusetts,

USA), housed in ventilated cages with a 12-hour light/dark cycle,

and given water and food ad libitum as approved by IACUC 20-

058-03. 11-week-old female Swiss Webster (CFW) mice were

anesthetized via isoflurane inhalation and received a 20 µL

intranasal (IN) inoculation (10 µL/nostril). On Day 0, mice

received a mixture of either PBS (control; n=6 mice) or 100 µg

EP67 adjuvant (n=3 mice) and 2.66 x 103 PFU of inactivated, g-
irradiated SARS-CoV-2, isolate USA-WA1/2020 infected Vero E6-

heACE2 cell lysates (BEI Resources, cat# NR-53910). On Day 24,

both groups of mice received the same inoculum as on Day 0. On

Day 42, a 5 mm Goldenrod™ Animal Lancet (MEDIpoint, cat#

GR-5MM) was used to puncture and collect blood via the

submandibular bleeding method (15). Blood samples were

collected directly into K2EDTA Microvette CB 300 capillary blood

collection tubes (Starstedt, cat# 16.444.100). Samples were then
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centrifuged at room temperature at 2,000 x g for 6 minutes, and the

plasma-containing supernatant was pipetted into 1.5 mL Protein

LoBind tubes (Eppendorf, cat# 022431081) on ice. Plasma samples

were immediately transferred and stored at -140°C until analysis.

No hemolysis was observed in the plasma samples.

Enzyme-linked immunosorbent assays (ELISAs) were prepared

u s i ng th e An t i g en -Down EL ISA Deve l opmen t K i t

(ImmunoChemistry Technologies, cat# 9101). All incubations

were performed under light-protected conditions. Recombinant

SARS-CoV-2 Nucleocapsid (N) protein (BEI Resources, cat# NR-

53797, Lot# MF14JL0301; produced by Sino Biological, cat# 40588-

V08B)) and Spike (S) glycoprotein (BEI Resources, cat# NR-55614,

Lot# 70045340) were diluted to 2.0 µg/mL and 1.0 µg/mL,

respectively, in 1X Antigen Coating Buffer (ImmunoChemistry

Technologies, cat# 6247) and 50 µL was added per well in Nunc

MaxiSorp flat-bottom 96-well plates (Thermo Scientific, cat# 44-

2404-21), sealed with an adhesive plate sealer (R&D Systems, cat#

DY992), and incubated at 4°C for 48 hours. Plates were equilibrated

to room temperature, followed by aspiration of the antigen coating

solution, and each well washed twice with 350 µL/wash of 1X ELISA

Wash Buffer (ImmunoChemistry Technologies, cat# 651) using an

ELx50 automated microplate washer (BioTek Instruments, cat#

ELX50/8). 250 µL of General Block ELISA Blocking Buffer

(ImmunoChemistry Technologies, cat# 632) was added per well,

and the plate was sealed and blocked for 24 hours at room

temperature, followed by an additional 16 hours at 4°C. Plates

were equilibrated to room temperature before block buffer was

aspirated. 50 µL of mouse plasma, pre-diluted 1:500 in General

Serum Diluent (ImmunoChemistry Technologies, cat# 648), was

added per well, plate sealed, and incubated for 8 hours at 4°C. A

positive control anti-SARS-CoV-2 Nucleocapsid Antibody, Mouse

IgG (Acro Biosystems, caat# NUN-S47A1), diluted in General

Serum Diluent was used at 10.0 and 0.1 ng/mL. Rabbit IgG

Polyclonal Anti-SARS-Related Coronavirus 2 Spike Glycoprotein

(BEI Resources, cat# NR-52947) at 1:3000 and 1:30,000 dilutions in

General Serum Diluent were used as the Spike glycoprotein positive

control. Plates were returned to room temperature, samples

aspirated, followed by five consecutive washes of each well using

350 µL/wash. 50 µL of Peroxidase-conjugated AffiniPure Goat Anti-

Mouse IgG (H+L) (Jackson ImmunoResearch Labs, cat# 115-035-

146; Lot# 158821) diluted 1:5,000 (160 ng/mL) in 1X Antigen-

Down HRP Conjugate Stabilizer (ImmunoChemistry Technologies,

cat# 6102) was added to each well. For the Rabbit IgG polyclonal

anti-Spike glycoprotein positive control detection, a 1:10,000

dilution of 0.8 mg/mL Peroxidase-conjugated AffiniPure Mouse

Anti-Rabbit IgG (H+L) (Jackson ImmunoResearch Labs, cat# 211-

035-109) in General Serum Diluent. The plates were sealed, and

incubated for 1 hour at room temperature., The plate was washed

with seven consecutive washes using 350 µL per well, with the last

wash including a 60-second soak before aspiration. 75 µL of TMB 1-

Component HRP Microwell Substrate (ImmunoChemistry

Technologies, cat# 6276) was added to each well and incubated

for 10 minutes, followed by the addition of 75 µL of Stop Solution

(ImmunoChemistry Technologies, cat# 6282) per well. Plates were

gently tapped to ensure complete mixing, and absorbances were
Frontiers in Immunology 03143
measured at 450 and 570 nm using a BioTek Synergy LX microplate

reader (BioTek Instruments, cat# SLXFA). The corresponding

absorbance measurements were reported as optical density (OD)

values in the BioTek Gen5 software version 3.09 (BioTek

Instruments, Winooski, Vermont, USA). OD570 nm readings were

subtracted from the OD450 nm values to correct for optical

imperfection background noise and to generate the corrected

OD450 values used for statistical analyses. Each mouse plasma

sample was assayed in technical duplicates. A two-tailed unpaired

t-test for statistical significance was performed using GraphPad

Prism version 10.4.1. Colored symbols represent the average

corrected OD450 of two technical replicates measurements for

each mouse, and the corrected OD450 group mean ± SEM are

displayed as long and short bars, respectively. The background

signal of the assay is displayed as a horizontal dotted line.
MHV-A59 mouse infection and treatment

Male C57BL/6J mice at six weeks of age were purchased from

Jackson Labs (Bar Harbor, Maine, USA), housed in ventilated cages

with a 12-hour light/dark cycle, and given water and food ad libitum

in accordance with IACUC 20-058-03. Mice acclimated for one

week before beginning the study. Throughout the study, individual

weights were recorded daily, and mice were inspected twice daily for

signs of illness. On Day 0 (0 dpi), 7-week-old male C57BL/6J mice

(n=10 per group) were exposed to isoflurane via the drop method

and received an intranasal (IN) inoculation. Each mouse was

administered a total volume of 20 µL (10 µL/nostril) using a p200

pipette equipped with a 200 µL tip. The inoculum consisted of either

1.1 x 106 PFU of MHV-A59 mixed with 17-Cl1 cell lysate in DME10

for the two infected groups or 17Cl-1 lysate in DME10 as a mock

infection for the uninfected control group.

On Day 3 post-infection (3 dpi), mice were anesthetized using

isoflurane and IN administration of 20 µL (10 µL/nostril) of either

100 µg of EP67 (5 µg/µL) in sterile 1X phosphate-buffered saline

(PBS) (Fisher BioReagents, cat# BP3994) or sterile 1X PBS only for

the control group. On Day 5 post-infection, a random number

generator was used to remove three mice from each group to

preserve tissues. To account for any weight-related changes the

EP67 treatment may have produced, the lysate mock-infected

EP67-treated mice constituted the non-infected control group.

Two-tailed unpaired t-tests were calculated using GraphPad

Prism version 10.4.1 to determine statistical significance. Colored

symbols represent individual mouse weights, and the group mean ±

SEM are displayed as long and short bars, respectively.

Lungs were dissected from euthanized mice at two days post-

treatment (5 days post-infection; n=3 per group) and seven days

post-treatment (10 days post-infection; n=4 per group) and

immediately placed in 3 mL of cold RNAlater™ Stabilization

Solution (Invitrogen, cat# AM7020) and placed on ice. The

mouse lungs in RNAlater solution were incubated overnight at 4°

C. Lungs were thawed on ice, blotted with a Kimwipe to remove

residual RNAlater solution, and the mass of each mouse lung was

measured using an analytical balance.
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EP67 synthesis

Using HCl as the counter ion, EP67 was commercially synthesized

and validated via electrospray ionization mass spectrometry by CPC

Scientific Inc. (Sunnyvale, CA, USA; lot #: CQ-10-00782). Reversed-

phase high-performance liquid chromatography (RP-HPLC) analysis

determined a purity of 96.5%, while amino acid analysis determined

the peptide content to be 88%.
Murine macrophage exposure

RAW264.7 mouse macrophages (ATCC, cat# TIB-71) were

grown in a humidified incubator at 37°C and 5% CO2, and

cultured in High-Glucose DMEM (Lonza BioWhittaker, cat#

12614F) supplemented with 4 mM L-alanyl-L-glutamine

(Corning, cat# 25-015-CI), 1X penicillin-streptomycin (Hyclone,

cat# SV30010), and 10% heat-inactivated fetal bovine serum (Gibco,

cat# A3840001). Cells were plated at 0.5 x 106 cells/well (3 mL

media/well) in 6-well cell culture-treated plates (Thermo Scientific,

cat# 130184) and incubated for 24 hours to allow for cell
Frontiers in Immunology 04144
attachment. Media was replaced with either fresh media only

(control), or fresh media containing a final concentration of the

following treatments: EP67 (50 µg/mL), recombinant human

complement component C5a protein (100 ng/mL) (R&D Systems,

cat# 2037-C5-025/CF), or lipopolysaccharide (LPS) (1 µg/mL)

(Invitrogen, cat# 00-4976-93) and incubated for 16 hours. Each

condition was tested in 3 separate wells (n=3 per condition).

Supernatants were collected and secreted TNF-a protein levels

were determined using the ELISA MAX™ Deluxe Set Mouse

TNF-a Kit (BioLegend, cat# 430904) according to the

manufacturer’s instructions. The supernatant from each well was

assayed via ELISA in technical duplicates. A two-tailed unpaired t-

test for statistical significance was performed using GraphPad Prism

version 10.4.1. The group mean ± SEM of supernatant TNF-a levels

are displayed.
Results and discussion

To establish the capacity of EP67 to serve as a humoral immune

adjuvant to SARS-CoV-2, mice were immunized with 2.7 x 103 PFU
FIGURE 1

Mouse plasma anti-Nucleocapsid and anti-Spike IgG levels following intranasal immunizations with inactivated SARS-CoV-2 and adjuvant EP67. Mice
received intranasal inoculations of either PBS vehicle (control; n=6) or 100 µg EP67 (n=3), co-administered with 2.7 x 103 PFU of g-irradiated SARS-
CoV-2 Vero cell lysate on days 0 and 24. On day 42, K2EDTA plasma was obtained from submandibular bleeds, diluted 1:500, and an ELISA was
performed to evaluate plasma IgG specific to SARS-CoV-2 Nucleocapsid (N) protein and Spike (S) glycoprotein. Mice receiving EP67-adjuvanted
SARS-CoV-2 inactivated lysate demonstrated a significant increase in IgG levels toward Nucleocapsid protein, and an increase, though not
significant, towards Spike glycoprotein, following immunizations compared to non-adjuvanted PBS vehicle controls. Each mouse plasma sample was
tested in technical duplicates. A two-tailed unpaired t-test for statistical significance was performed using GraphPad Prism version 10.4.1. Colored
symbols represent the average corrected OD450 of two technical replicates measurements for each mouse, and the corrected OD450 group mean ±
SEM are displayed as long and short bars, respectively. The background signal of each assay is displayed as a horizontal dotted line. *p < 0.05.
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FIGURE 2

Body mass percent change of MHV-A59 infected and uninfected mice treated intranasally with PBS vehicle or immunostimulatory molecule EP67
three days post-infection. 7-week-old male C57BL/6J mice were infected intranasally (IN) with 17-Cl1 lysate containing 1.1 x 106 PFU of
betacoronavirus MHV-A59 or mock-infected with only 17Cl-1 cell lysate as the uninfected control. Each group had an n=10 mice up to day 5 post-
infection (5 dpi) and n=7 mice for the remainder of the study. Three days after infection (3 dpi), mice were intranasally administered either 100 µg
EP67 dissolved in PBS or PBS vehicle alone. (A) EP67-treated infected mice (red) experienced a return to health and maintained body mass, while
untreated infected mice (blue) declined in health and body mass. Data presented as the group mean ± SEM. (B) At day 9 post-infection (“9 dpi”, 6
days post-treatment) and (C) day 10 post-infection (“10 dpi”, 7 days post-treatment), infected mice that received EP67 treatment (n=7) had
significantly more body mass than infected, untreated (PBS vehicle control) mice (n=7). Two-tailed unpaired t-tests were performed using GraphPad
Prism version 10.4.1 to determine statistical significance. Colored symbols represent individual mouse weights, and the group mean ± SEM are
displayed as long and short bars, respectively. **p < 0.05.
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of g-irradiated (inactivated) SARS-CoV-2 Vero cell lysate

coadministered with either 100 µg EP67 or PBS (vehicle control

group). The irradiated viral lysate was leveraged in place of

infectious live virus; however, this approach limits the utilization

of the TH1 cell-mediated adaptive immune response, a known

component of EP67 immune modulation (5). Nevertheless,

following two immunizations spaced 24 days apart, mice

receiving EP67-adjuvanted g-irradiated SARS-CoV-2 lysate

demonstrated significantly more viral nucleocapsid-specific IgG

plasma antibodies compared to control mice receiving PBS and g-
irradiated SARS-CoV-2 lysate at Day 42 (p = 0.030). This suggests

an apparent long-term, persistence in protection resulting from the

immunizations at Days 0 and 24 (Figure 1).

To assess the ability of EP67 to serve as an effective treatment

following the onset of illness from the related betacoronavirusMurine

Hepatitis Virus (MHV), groups of 7-week-old male C57BL/6J mice

were evaluated following infection. The C57BL/6 mouse strain has

been previously used for infection with MHV strain A59 (MHV-

A59), with disease progression correlated with observable illness and

tissue pathology (12). Mouse body mass has been used extensively as

a broad indicator of morbidity, and MHV infection in mice is known

to significantly impact mouse health and weight loss, with higher
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doses proving lethal (12). In contrast, viral nucleic acid levels may

persist in the tissues of animals with resolved infection for several

days (16, 17). In the current study, each mouse received 1.1 x 106 PFU

MHV-A59, or 17Cl-1 uninfected host cell lysate, delivered

intranasally on day 0. By day 3 post-infection (3 dpi), infected mice

demonstrated a disease state with changes in behavior associated with

viral infection, in agreement with previously published observations

(12). To evaluate EP67 for therapeutic treatment efficacy following

initial signs of infection, 100 µg of EP67 or PBS vehicle control was

delivered intranasally on day 3 post-infection, and mice were

monitored daily thereafter. Infected control mice receiving PBS

declined in body mass, notably from day 6 post-infection onward,

while EP67-treated mice maintained their body mass from the day of

treatment throughout the end of the study and rapidly increased in

health (Figure 2). Symptomatically, EP67-treated mice returned to

health by day 3 post-treatment (corresponding to day 6 post-

infection) and resembled the uninfected EP67-treated control mice.

Statistical significance in the body mass percentage loss, relative to

initiation of treatment on day 3 post-infection (3 dpi), was observed

for infected EP67-treated versus infected PBS control mice 6 days

post-treatment (9 dpi; Figure 2B) and 7 days post-treatment (10

dpi; Figure 2C).
FIGURE 3

Lung masses of MHV-infected and uninfected mice treated intranasally with EP67 or PBS vehicle control. 7-week-old male C57BL/6J mice were
infected intranasally (IN) with 17Cl-1 lysate containing 1.1 x 106 PFU of betacoronavirus MHV-A59 or mock-infected with only 17Cl-1 cell lysate as
the uninfected control. Three days post-infection (3 dpi), mice were intranasally administered either EP67 (100 µg) dissolved in PBS or PBS vehicle
alone (infected untreated control). Lungs were dissected from euthanized mice at two days post-treatment (n=3 per group) and seven days post-
treatment (n=4 per group) and immediately placed in 3 mL preservative at 4°C overnight, briefly blotted with a Kimwipe, and the mass of each
mouse lung was measured using an analytical balance. No significant difference in lung mass of the MHV-infected mice treated with EP67 versus
untreated PBS vehicle was detected, though lungs from EP67-treated infected mice did show a slight increase at two days post-treatment (5 dpi)
and a modest decrease compared to the infected untreated PBS control mice at seven days post-treatment (10 dpi). As expected, uninfected mice
mock-infected with 17Cl-1 cell lysate alone at day 0 (0 dpi), followed by EP67 administration at 3 dpi, maintained consistent lung masses at two and
seven days post-treatment. Two-tailed unpaired t-tests for statistical significance were performed and figures showing each group’s mean lung
mass ± SEM were generated using GraphPad Prism version 10.4.1.
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Similar to SARS-CoV-2 infection in humans, intranasal

infection of C57BL/6 mice by MHV strains (e.g. MHV-A59) is

known to induce pathology by substantial recruitment of

granulocytic cells to the lungs (12, 18, 19). The mean lung mass

of EP67-treated infected mice (Figure 3) showed a slight increase at

two days post-treatment (5 dpi) and a modest decrease compared to

the infected untreated PBS control mice at seven days post-

treatment (10 dpi). As expected, uninfected mice mock-infected

with 17Cl-1 cell lysate alone at day 0 (0 dpi), followed by EP67

administration at 3 dpi, maintained consistent lung masses at two

and seven days post-treatment, supporting the hypothesis that EP67

treatment did not aggravate the disease state further, but instead

reduced disease severity within 24 hours based on behavior and

measured weights. This suggests that in the context of this study,

EP67, in contrast to its parent protein human C5a, does not appear

to exacerbate host-mediated innate immune cascades (i.e.

granulocyte effector functions) (6). Altogether, this evidence

supports that EP67 treatment results in a significant decrease in

morbidity following intranasal treatment at 3 days post-infection.

The ability of EP67 to rapidly cause restored health following

administration in symptomatic models of viral infection supports

the view of this peptide as a potent and selective immunostimulant.

It is theorized that EP67 invokes recruitment and activation of

antigen-presenting cells (APCs) and enhances their antigen

processing time and/or display levels, thereby driving the adaptive
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immune response a more rapid opportunity to develop B and T cell-

mediated defenses against viral infection and propagation. Such

bridging of the innate and adaptive immune responses is believed to

underlie the observed rapid return to health. Previous studies with

EP67 and its compositional predecessor EP54 support this

hypothesis: murine dendritic cells internalized the peptide,

upregulated selected activation-associated cytokines, and

increased MHC expression compared to control (4). Similarly,

murine splenic cells demonstrated marked increases in activation-

related cytokines, and promoted enhanced cellular and humoral

immune responses against the ovalbumin (OVA) antigen (5). In

line with these previous findings, we show that EP67 is a significant

(p < 0.0001) inducer of TNF-alpha (TNF-a) secretion from another

APC: mouse RAW 264.7 macrophages (Figure 4). As seen in

Figure 4, EP67 resulted in nearly the same magnitude as its

parental protein, human C5a. The anti-viral capabilities of TNF-a
are well-established, and patients who asymptomatically clear

SARS-CoV-2 have been found with slightly higher expression

compared to symptomatic patients (20). While high levels of

TNF-a may contribute to deleterious inflammatory responses in

some diseases, it often does so only in the context of other co-

expressed inflammatory cytokines: such is the case with SARS-

CoV-2, where TNF-a alone did not contribute to cell damage (21).

Taken together, the EP67 molecule used here demonstrates an

ability to directly activate murine antigen-presenting cells, and
FIGURE 4

Murine macrophage release of TNF-a following EP67 exposure. Freshly prepared murine-derived RAW 264.7 macrophages were exposed to media
only (control), human-derived C5a decapeptide EP67 (50 µg/mL), recombinant human parental complement molecule C5a (100 ng/mL), or
lipopolysaccharide (LPS; 1 µg/mL) for 16 hours. Supernatants were collected to measure the release of TNF-a, a known anti-viral cytokine. Three
wells per treatment (n=3) were assayed and each supernatant sample was tested in technical duplicates. A two-tailed unpaired t-test for statistical
significance was performed using GraphPad Prism version 10.4.1. The group mean ± SEM of supernatant TNF-a levels are displayed.
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1470034
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Neville et al. 10.3389/fimmu.2025.1470034
provide effective therapy for symptomatically infected mice,

supporting its role as a selective immunostimulatory bio-mimetic

of the parent C5a molecule.
Conclusions

The SARS-CoV-2 global pandemic reiterated the urgent need

for broad-spectrum antiviral agents, ideally with a capacity to treat

individuals already infected. This brief study showed that the

immunostimulant decapeptide, EP67, derived from human

complement protein C5a, used in a single dose reduced disease

severity of infection from mouse-native MHV, a betacoronavirus.

EP67’s ability to return treated mice to a healthy state emphasizes its

potential for safe application in the case of viral infections known to

otherwise promote tissue destruction through elevated

inflammatory responses. While used as a prophylactic adjuvant or

as a treatment for symptomatic disease in this study, a greater

understanding of EP67’s ideal therapeutic window will likely be an

important element in future study designs (8). Finally, it would be

valuable to advance the understanding on the molecular

mechan i sms respons ib l e for th i s non- inflammatory

immunostimulatory activity of EP67 and how it may bridge the

innate and adaptive immune responses.
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