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Abstract

Salmonella enterica cause diarrheal and systemic diseases and are of considerable concern
worldwide. Vaccines that are cross-protective against multiple serovars could provide effective
control of Sa/monella-mediated diseases. Bacteria-derived outer membrane vesicles (OMVs) are
highly immunogenic and are capable of eliciting protective immune responses. Alterations in
lipopolysaccharide (LPS) length can result in outer membrane remodeling and composition of
outer membrane proteins (OMPs) changing. In this study, we investigated the impact of truncated
LPS on both the production and immunogenicity of Salmonella OMVs, including the ability of
OMVs to elicit cross-protection against challenge by heterologous Sa/monella strains. We found
that mutations in waaJand rfbP enhanced vesiculation, while mutations in waaC, waaF and waaG
inhibited this process. Animal experiments indicated that OMVs from waaC, rfaH and rfbP
mutants induced stronger serum immune responses compared to OMVs from the parent strain,
while all elicited protective responses against the wild-type S. Typhimurium challenge.
Furthermore, intranasal or intraperitoneal immunization with OMVs derived from the waaC and
rfoP mutants elicited significantly higher cross-reactive 1gG responses and provided enhanced

“Corresponding author at: Institute of Preventive Veterinary Medicine, Sichuan Agricultural University, 611130 Chengdu, China.
kongqiki@163.com (Q. Kong).

These two authors contributed equally to this research.
Author contributions
Qing Liu and Qingke Kong conceived and designed the experiments; Qiong Liu, Jie Yi, Tian Liu, Kang Liang and Yanlong Jiang
performed the experiments. Qing Liu, Qiong Liu and Qingke Kong analyzed the data; Qiong Liu, Kenneth L. Roland and Qingke
Kong wrote the manuscript.

Conflicts of interest
The authors declare no conflicts of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal. Page 2

cross-protection against S. Choleraesuis and S. Enteritidis challenge than the wild-type OMVs.
These results indicate that truncated-LPS OMVs are capable of conferring cross protection against
multiple serotypes of Sa/monella infection.
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1. Introduction

Enteric pathogens typically cause gastrointestinal diseases originating from infections that
are contacted through the contaminated foods or water (Kozak et al., 2013). Among all
enteric pathogens, Sa/monella entericais of particular clinical prevalence in humans and
animals (Eng et al., 2015; Majowicz et al., 2010). Non-typhoidal Sa/monella(NTS) has been
estimated to cause over 93.8 million cases of foodborne illness and gastroenteritis
worldwide, resulting in 155,000 deaths annually (Eng et al., 2015; Majowicz et al., 2010).
Moreover, death predominantly occurs among children younger than 3 years and among
immune-compromised patients, such as human immunodeficiency virus (HIV)-infected
adults in developing countries (Feasey et al., 2012).

Due to the widespread distribution and diversity of pathogenic Sa/monella serotypes, cross-
protective vaccines are a good option for the control of Salmonella diseases (Mahan et al.,
2012). Currently, there are Sa/monella enterica vaccines targeted against S. Typhi for
typhoid fever in human use. And several efforts have been made to develop vaccines against
non-typhoidal Sa/monella (Ferreira et al., 2015; Tennant et al., 2011). Subunit vaccines have
historically provided the effective, but short-term immunity (Girard et al., 2006).
Polysaccharide-protein conjugates are being investigated (Simon et al., 2013), but they are
likely to provide, at best, only limited protection against heterologous Sa/monella serotypes
(MacLennan et al., 2014), consequently, a multiple-antigen vaccine is needed for broad
protection (Singh, 2009). Live attenuated Sa/monellavaccines provide strong protection, but
the potential for insufficient attenuation suffers the risks of reversion to virulence in
immune-compromised or elderly individuals (Feasey et al., 2012). Moreover, these vaccines
have not yet provided effective cross-protection against multiple-serotype Sa/monella
infection (MacLennan et al., 2014).

Outer membrane vesicles (OMVs) are naturally released by Gram-negative bacteria such as
Escherichia coli, S. enterica and Shigella spp (Mitra et al., 2012; Muralinath et al., 2011;
Roy et al., 2011). OMVs are spherical structures that are predominantly composed of
integral outer membrane components and periplasmic contents that are entrapped within the
vesicle (Baker et al., 2014; Kulp and Kuehn, 2010). OMVs from Shigella spp, Vibrio
cholerae, E. coli, Burkholderia pseudomallei and Acinetobacter baumannii, induce strong
immunity and confer protection against bacterial challenge in animal models (McConnell et
al., 2011; Mitra et al., 2012; Nieves et al., 2011; Roy et al., 2011; Roy et al., 2010), and
OMVs derived from Haemophilus influenzae elicit cross-protective immunity against other
serotypes (Roier et al., 2012). A vaccine based on OMVs from Neisseria meningitides has
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been globally licensed for use in preventing meningococcal B disease in children and adult
humans (Holst et al., 2009). Therefore, an OMV-based vaccine represents a feasible
approach for inducing protective immune responses against homologous and heterologous
serotypes of Salmonella.

The natural OMVs produced by Salmonella are heterogeneous complexes that contain
pathogen-associated molecular patterns (PAMPS), such as lipopolysaccharide (LPS),
lipoproteins, and outer membrane proteins (OMPs), which are the major components of
OMVs (Beveridge, 1999; Kuehn and Kesty, 2005). OMPs isolated from rough-LPS mutants
induce limited protective immune responses against Sa/monella challenge (Isibasi et al.,
1988; Liu et al., 2016; Ochoa-Reparaz et al., 2005; Udhayakumar and Muthukkaruppan,
1987). LPS, a major component of OMVs, is essential for the biosynthesis and assembly of
the bacterial outer membrane, and is composed of three main parts, including conserved
lipid A, core oligosaccharide and repeated O-antigen polysaccharide (Machtiger and Fox,
1973; Raetz and Whitfield, 2002). The genes encoding the enzymes required for
synthesizing core oligosaccharide and O-antigen polysaccharide are clustered into two
operons, waaand wba, respectively (Frirdich and Whitfield, 2005; Whitfield et al., 2003).
Deletion of any of these genes results in LPS lacking full length O-antigen and/or an
incomplete core (Kong et al., 2011c; Liu et al., 2016). We and others have demonstrated that
LPS truncation results in remodeling of the outer membrane structure and composition
(Ernst et al., 2001; Helander et al., 1998; Kong et al., 2011c). Thus, we hypothesized that
membrane constituents derived from LPS mutants may be more effective at generating
cross-protective immunity.

Previously, we investigated the immunogenicity of the OMPs from a set of Salmonella
mutants with truncated LPS and demonstrated that OMPs from a waaC mutant could induce
effective cross-protection against infection by multiple Sa/monella serotypes (Liu et al.,
2016). In this study, we extend that work by investigating the cross-protective potential of
OMVs derived from a previously described set of rough S. Typhimurium with LPS
truncations from heptose-less (AwaaC) to a single O-antigen unit (Awz)) (Kong et al.,
2011a,b,c). Our aim was to discover the ideal OMV-based vaccine candidate for controlling
Salmonellosis caused by multiple serotypes of Salmonella.

2. Materials and methods

2.1. Bacterial strains, media, and growth conditions

The bacterial strains used in this study are listed in Table 1. All strains were grown in Luria-
Bertani broth or agar (Difco, Detroit, MI, USA) at 37 °C. The mutant strains for isolating
OMVs, including AwaaC41, AwaaF40, AwaaG42, ArfaH49, Awaal43, Awaaj44, Awaal 46,
ArfoP45, and Awzy-48, were derived from the Salmonel/a strain 3761 (Kong et al., 2011c).

2.2. Purification and quantification of OMVs

OMVs were isolated from Salmonella as described previously with some modifications
(Muralinath et al., 2011). Briefly, culture supernatants were collected from 2 | bacteria
cultures in the logarithmic phase (ODggg = 1) and filtered using a 0.45-um Steritop bottle-
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top filter unit (Millipore, Bedford, MA, USA). The vesicles in the filtrate were then pelleted
by centrifugation (2 h, 40,000 x g, 4 °C) and resuspended in Dulbecco’s phosphate-buffered
saline (DPBS) (Mediatech, Manassas, VA, USA). The vesicles were further purified via
density gradient centrifugation (overnight, 200,000 x g, 4 °C) on a discontinuous OptiPrep
density gradient medium (Sigma-Aldrich, St. Louis, MO, USA). The density step gradient
contained 2 ml each of 20%, 25%, 30%, 35%, 40% and 45% OptiPrep in 10 mM HEPES
(pH 6.8) with 0.85% NaCl from top to bottom. The vesicle fractions were pooled, gently
washed 3 times with DPBS and then dissolved in 1 ml DBPS and stored at —20 °C for future
use.

The yield of OMV from the same cell mass of diverse truncated LPS mutants was
determined by the protein content in the OMVs. The protein concentration was measured
using a bicinchoninic acid (BCA) assay (Thermo Pierce, Rockford, IL, USA). All OMVs
were isolated from the wild-type S. Typhimurium x 3761 and its derivatives (Table 1). All
OMVs from the wild-type S. Typhimurium 3761 and its derivatives were purified and
quantified three times with similar results, as summarized in Fig. 1E. The quantification of
LPS content in the same amount of each OMV sample (50 pg) was measured via Kdo (3-
deoxy-D-manno-octulosonic acid) analysis, and commercial S. Typhimurium LPS purchased
from Sigma-Aldrich (Saint Louis, MO, USA) was used as the standard (Osborn, 1963).

2.3. LPS and protein profiles of OMVs derived from Salmonella mutant strains

2.4. Animals

The LPS profiles of OMVs were examined in the same manner as for the whole Sa/monella
cells (Hitchcock and Brown, 1983), and 10 ug of OMV sample, based on protein contents,
were loaded to analyze the LPS profile The OMV samples were separated by 12% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and stained by silver
staining. For protein analysis, 10 | of each OMV sample after density gradient centrifugation
purified, or 10 pg of each OMV sample based on protein contents, were loaded into SDS-
PAGE gel, and then stained with GelCode™ Blue Stain Reagent (Thermo Pierce, Rockford,
IL, USA).

Six-week-old female BALB/c mice (Dashuo Biotechnology Co., Ltd., Chengdu, China)
were used in all experiments and in accordance with the Animal Welfare Act (Ya’an, Ching;
Approval No. 2011-028). The principles stated in the Guide for the Care and Use of
Laboratory Animals were followed. The mice were housed with food and water and were
monitored under the care of full-time staff. All efforts were made to minimize animal
suffering during the experiments.

2.5. Immunization protocol and challenge

Six-week-old female mice were immunized intranasally (i.n.) or intraperitoneally (i.p.) on
day 0 and were then boosted at day 21 (3 weeks) with 20 ug OMVs in 10 pl DPBS buffer
per mouse (i.n.) or 5 pg OMVs in 100 pl DPBS buffer per mouse (i.p.). No adjuvant was
used. An equivalent volume of DPBS buffer served as a control following the corresponding
immunization route. To monitor the levels of systemic and mucosal immunity, blood
samples were collected via mandibular vein puncture, and vaginal secretions were collected
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via repeated flushing using a total of 0.1 ml PBS buffer on days 14 (2 weeks) and 49 (7
weeks) after the first immunization. The serum and supernatant of the vaginal wash were
stored at —80 °C for later use.

To determine protection rates, the mice were orally challenged with approximately 10°
colony-forming units (CFU) of S100 (S. Typhimurium) in 20 ul buffered saline with 0.01%
gelatin (BSG) 5 weeks after the booster immunization. The 50% lethal dose (LDsg) of S100
is approximately 5 x 10° CFU in this mouse model.

In the second study, mice were immunized as described above and then orally challenged
with either 107 CFU of S. Choleraesuis (~100-fold LDsg) or 107 CFU of S. Enteritidis
(~100-fold LDgp) in 20 pl BSG buffer 5 weeks after the booster immunization. The
challenged mice were monitored daily for 30 days.

2.6. Quantitative enzyme-linked immunosorbent assay (ELISA)

OMPs were isolated from Sal/monella as previously described (Carlone et al., 1986).
Recombinant soluble FliC protein with N-terminal His tag was purified by Ni-NTA
chromatography (Flores-Langarica et al., 2015). Quantitative ELISA was used to analyze the
antibody response according to the procedure described below. Briefly, 2 ug of OMPs from
S. Typhimurium or other serotypes of Sa/monellaor 5 ug of FIiC per well in 100 pl of
sodium carbonate/bicarbonate coating buffer (pH 9.6) was used to coat NUNC MaxiSorp™
96-well plates (Thermo Scientific, Waltham, MA, USA); the plates were then incubated
overnight at 4 °C. To construct standard curves of each antiserum isotype and to quantify the
concentrations of the antibody, the plates were coated in triplicate with two-fold dilutions of
the appropriate purified mouse IgA and IgG isotype standard (BD Biosciences, San Jose,
CA, USA), starting at 0.5 ug/l. The plate was washed 3 times with PBS containing 0.1%
Tween 20 (PBST) and then blocked with 2% bovine serum albumin for 2 h at room
temperature. A 100-ul volume of a suitably diluted sample was added to the individual wells
in triplicate and incubated for 1 h at room temperature; after washing with PBST,
biotinylated goat anti-mouse IgA and 1gG (Southern Biotechnology Inc., Birmingham, AL,
USA) were added to each well. The wells were then developed with a streptavidin-alkaline
phosphatase conjugate (Southern Biotechnology Inc., Birmingham, AL, USA) and detected
using a p-nitrophenylphosphate substrate (Sigma-Aldrich, St. Louis, MO, USA) in
diethanolamine buffer (pH 9.8). Color development (absorbance) was measured at 405 nm
using an automated ELISA plate reader (model EL311SX; BioTek, Winooski, VT, USA) for
a suitable duration. The final Ig isotype concentration of the sample antibody was calculated
using appropriate standard curves, and a log—log regression curve was calculated from at
least 4 dilutions of the isotype standards.

2.7. Statistical analysis

Statistical analyses were performed using the GraphPad Prism 5 software package (Graph
Software, San Diego, CA, USA). The data were expressed as the mean + standard deviation.
The means were evaluated with a one-way analysis of variance (ANOVA) between various
vaccinated and control groups and were also compared using the least significant difference
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test. The differences of survival rates among all groups were analyzed by the log-rank sum
test. < 0.05 was considered a significant difference.

3. Results

3.1. Quantification and characterization of OMVs

Purified OMVs from the wild type and the mutant strains were evaluated via protein and
LPS profile assays. Regardless whether loading was done based on equal volumes (10 pl)
(Fig. 1A) or equal mass (10 ug) (Fig. 1B), flagellar proteins FliC and FIjB were observed in
the most OMV protein profiles. From the result of the same volume, the yield of OMVs
from diverse truncated LPS mutants had obvious differences, and many protein bands were
observed in the most OMV protein profiles (Fig. 1A). Furthermore, a number of other
proteins were present in lower amounts, including bands corresponding to OmpC/F, OmpD
and OmpA. (Fig. 1B). The LPS patterns of the truncated LPS mutants were consistent with
those in our previous study (Kong et al., 2011c; Liu et al., 2016), showing distinct LPS
lengths that ranged from one O-antigen unit in the w.zy mutant to the presence of only Kdo
in the waaC mutant (Fig. 1C). Similar levels of LPS were present in each preparation,
roughly 15 pg LPS/50 ug of protein (Fig. 1D). The overall OMV yields were determined for
each 2-I preparation grown to a final ODggg of 1.0. All mutant strains were grown in the
same medium to the same OD and contained ~2 x 1013 CFU bacterial cells, and the cell
mass achieved for each should be similar. Therefore, the results of OMV vyield showed that
the waaJand rfoP mutations significantly enhanced OMV production (P< 0.01), whereas
mutations in waaC, waaf and waaG resulted in reduced OMVs secretion compared with the
wild-type strain (P< 0.05) (Fig. 1C). These results are consistent with previous results
indicating that OMV formation is influenced by the outer membrane structure (McBroom et
al., 2006).

3.2. OMVs derived from Salmonella mutants with truncated LPS elicit systemic and
mucosal immune responses

Mice were inoculated i.n. or i.p. with the purified OMVs from the wild-type S.
Typhimurium or its LPS mutants derivatives. A parallel, non-vaccinated control group was
used as a negative control. During the period of immunization, the mice immunized with the
wild-type OMVs by intraperitoneal route showed transient abdominal swelling after
immunization; however, this mild symptom disappeared in three days. All mice that were
immunized by intranasal administration remained in good health and exhibited no abnormal
behavior. Most of OMVs elicited similar serum IgG responses in intranasally immunized
mice at 2 weeks post-immunization, while those from the waaJand rfbP mutants were
significantly greater in induction of 1gG production compared to the wild-type OMVs (P <
0.05; Fig. 2A). After boosting, only OMVs from the rfbP mutant elicited significantly higher
anti-OMP serum IgG levels than the wild-type OMVs (£ < 0.01), however OMVs from the
waaF, waaG, waal and waal mutants induced significant lower levels of anti-OMP serum
IgG than the wild-type OMVs (£ < 0.05) (Fig. 2A). In mice immunized via the i.p. route, the
1gG responses at 2 weeks were similar for all OMV preparations except the OMVs prepared
from the waal mutant, which was significantly less immunogenic (P < 0.05). After the
booster immunization, the IgG responses in mice immunized with OMVs from the waagG,
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waal and waal mutants were significantly less than mice immunized with OMVs from any
of the other strains (P< 0.01) (Fig. 2B). Regardless of immunization route, the levels of anti-
OMP serum IgG in PBS control groups remained below the level of detection (data not
shown).

We also measured anti-OMP IgA in the vaginal secretions of immunized mice as an
indicator of the mucosal response. At 2 weeks post-immunization, all mice had similarly low
levels of mucosal IgA, except in the case of the rfaH mutant, which was significantly lower
than the other groups (P < 0.05; Fig. 2C). After the booster immunization, the levels of
mucosal IgA showed a robust increase, and the levels of mucosal IgA in mice immunized
with OMVs derived from the waaC, waaF, waal and rfoP mutants were significantly higher
than those of wild-type OMV-immunized mice (P< 0.01) (Fig. 2C). No anti-OMP mucosal
IgA antibodies were detected in any of the i.p. immunized groups (data not shown).

As a large amount of the flagellin was present in the OMVs, the concentration of anti-FIiC
IgG in the serum from the immunized mice at 7 weeks after first immunization were also
determined. We detected comparable anti-FIiC IgG production in all groups of immunized
mice, regardless of the immunization route. Intraperitoneal immunization induced relatively
higher anti-FIliC 1gG levels than intranasal immunization (Fig. 3).

3.3. Protective capacity of the truncated-LPS OMVs against infection with the wild-type S.
Typhimurium

To evaluate protective efficiency, immunized mice were challenged with 1 x 10° CFU
(approximately 2000 x LDsg) of the wild-type S. Typhimurium S100 5 weeks after the
booster. Immunization with OMVs from the wild type or the waaC, rfaH and rfoP mutants
elicited effective protection against challenge, regardless of the route of immunization,
although protection via the intranasal route (Table 2, Supplementary Fig. 1A) was slightly
less than when mice were immunized i.p. (Table 2, Supplementary Fig. 1B) (80% vs 100%,
respectively). Intranasal immunization with OMVs from the waaG and waal/ mutants failed
to protect the mice (0% survival), whereas intraperitoneal immunization with OMVs from
these two strains conferred weak protection against Sa/monella challenge (40% survival).
All the mice in the control group (PBS group) succumbed after wild-type S. Typhimurium
strain S100 infection.

3.4. OMVs from the truncated-LPS mutants enhance cross-reactivity against OMPs from
heterologous serotypes of Salmonella

We examined the capacity of the serum IgG elicited with our set of OMVSs to cross-react
with OMPs from the heterologous S. Choleraesuis (serogroup C1) and S. Enteritidis
(serogroup D1). Regardless of the route of immunization, OMVs from the waaC mutant
induced significantly higher serum IgG titers than the wild-type OMVs against OMPs from
S. Choleraesuis (P < 0.05) (Fig. 4A). We also observed significant increases in cross-reactive
responses to S. Choleraesuis OMPs in the sera from the mice immunized i.n. with OMVs
from the waaJ, rfbP and wzy mutants (P< 0.01). In the i.p. group, OMVs from the waaF,
waaG, waal and waal mutants elicited significantly lower anti-S. Enteritidis serum 1gG
responses than mice immunized with OMVs from the wild type strain (Fig. 4B). The serum
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1gG responses in all other groups was statistically indistinguishable from the wild type
group.

3.5. Evaluation of cross-protection against heterologous-serotype Salmonella challenge

To evaluate cross-protective efficacy, we immunized groups of mice with OMVs from the
waacC, rfaH or rfbP mutants. These mutants were chosen based on their ability to elicit both
high levels of cross-reactivity against heterologous OMPs and the high survival rates after
the wild-type S. Typhimurium challenge. OMVs from all four strains provided similar,
strong protection against S. Typhimurium challenge, regardless of administration route,
compared to the PBS control (P<0.01) (Fig. 5A and B). Mice immunized intranasally with
OMVs from the waaC, rfaH or rfbP mutant strains showed higher survival rates against S.
Choleraesuis challenge than mice immunized with the wild-type OMVs (Fig. 5C).
Interestingly, protection provided by OMVs from the waaC mutant was significantly greater
than by the wild-type OMVs (£ < 0.05). All the OMVs administered i.p., conferred similar,
strong protection against S. Choleraesuis challenge (Fig. 5D).

Protection against S. Enteritidis challenge was more variable, although all the immunized
groups achieved = 50% survival rate. OMVs from the rfaH mutant induced the lowest level
of protection against S. Enteritidis challenge (50% and 58.3% survival for intranasal and
intraperitoneal routes, respectively), but no significant differences were observed among the
immunized groups (Fig. 5E and F).

4. Discussion

Licensed, commercially produced Sa/monella vaccines against S. Typhi infection are
currently available for human use (Ochiai et al., 2014). Although there are many licensed
anti-NTS Sa/monella vaccines available for livestock (e.g. poultry and pigs), no licensed
vaccine is available for the multiple serotypes of NTS that cause disease in humans (Gal-
Mor et al., 2014). OMV-based vaccines that possess high immunogenicity but do not
replicate are recognized as a good option for the development of vaccines against many
bacterial infections (McConnell et al., 2011; Mitra et al., 2012; Roy et al., 2011; Roy et al.,
2010). OMVs are composed of OMPs, LPS and other outer membrane and periplasmic
components (Beveridge, 1999; Kuehn and Kesty, 2005). The LPS length affects the
permeability of the bacterial membrane and the OMP composition (Helander et al., 1998).
Thus, isolating OMVs from LPS mutants will alter OMV composition and this, in turn, will
affect immunogenicity. In this study, we investigated the immunogenicity and efficacy of
OMVs derived from a set of LPS mutants with progressively shorter LPS lengths, resulting
from mutations in waaC, waaF, waaG, rfaH, waal, waaJ, waal., rfoPand wzy, against
homologous and heterologous Sa/monella challenge.

Targeted deletion of genes associated with outer membrane assembly can modulate bacterial
vesiculation and OMV production (Baker et al., 2014), and vesiculation levels are also
correlated with LPS biosynthesis in £. coli (McBroom et al., 2006). In our study, we
observed that truncation of LPS does affect vesicle production, but there was not a strict
correlation between vesicle production and LPS length (Fig. 1C). For instance, our rfbP
mutant, which produces a complete lipid A core moiety but no O-antigen, increased vesicle
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production. In contrast, the waaC mutant, missing most of the LPS core, produced fewer
OMVs than wild-type Salmonella (P < 0.01).

We also observed a large amount of flagellin present in the OMVs purified from the wild-
type and mutant strains. Flagellin production in the OMVs varied among the LPS mutants
(Fig. 1), indicating that LPS structure affects the flagellin production in Sa/monella. This
observation is consistent with the fact that most of these strains exhibit a range of defects in
motility, with the waal and waaG mutants having the greatest defect (Kong et al., 2011c;
Muralinath et al., 2011). One striking result was the low levels of anti-flagellin serum 1gG
responses, particularly in the i.n. immunized group (Fig. 3). This can be explained if most of
the flagellin that copurified with the OMVs was present as intact filaments, preventing its
interaction with TLR5 to activate proinflammatory immune responses (Smith et al., 2003).
Our result is also consistent with a previous report in which live Salmonella cells were
administered by various routes (Sbrogio-Almeida and Ferreira, 2001). In that study, flagellin
was poorly immunogenic as an intranasal antigen.

To evaluate the immunogenic and protective properties of OMVs isolated from various
rough Sa/monella mutants, we compared immunization by intranasal and intraperitoneal
routes. Previous studies have suggested that intranasal immunization is an effective route to
induce a protective immunity at both systemic and mucosal sites (Holmgren and Czerkinsky,
2005; Kiyono and Fukuyama, 2004), and the intranasal route has received considerable
attention for vaccine delivery (Partidos, 2000). Moreover, intraperitoneal immunization is a
fairly standard route for immunizing mice with OMVs because this route induces robust
humoral immune responses (Alaniz et al., 2007; Nieves et al., 2014; Schild et al., 2009).
Therefore, we chose these two routes of administration to evaluate immunogenicity and
protective efficacy. Previous studies indicate that high doses of antigen administered by
intranasal route are likely to reach the intestinal tract or be drained directly by the posterior
cervical lymph nodes (Partidos, 2000). Thus, we immunized intranasally with 20 pg of
OMV, a higher dose than we used for intraperitoneal immunization.

Many pathogens, including Sa/monella, typically initiate the infection process by interacting
with a mucosal surface. Therefore, the development of a vaccine that induces mucosal
immunity at such sites would represent an optimal strategy to control enteric bacterial
infection (Capozzo et al., 2004; Pasetti et al., 2003). The mucosal IgA antibody responses
observed in the vaginal washes are important indicators of mucosal immunity (Verweij et al.,
1998), and the mucosal immune defense mediated by IgA antibodies is likely to be
associated with protection against Sa/monella infection (Holmgren and Czerkinsky, 2005).
Our results showed that the vaginal IgA levels induced by OMVs derived from the mutants
waaC, waaf, waal and rfbP were significantly higher than those induced by the wild-type
OMVs via the intranasal route (Fig. 2C). However, the protection rate was not consistent
with the mucosal IgA titer (Fig. 4), indicating that other arms of immunity are also critically
important for conferring protection against high dose challenge of Sa/monellaby oral
infection.

Intraperitoneal immunization using AwaaC, ArfaH and wild-type OMVs provided 100%
protection while intranasal immunization provided 80% survival (Table 2). This difference
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in protection may be due to the ability of intraperitoneal immunization to elicit stronger
humoral immunity than intranasal immunization. However, intraperitoneal immunization
with OMVs induced mild symptoms as a consequence of the LPS component of OMVs
(Pridmore et al., 2001). This problem can be overcome using one of several genetic
strategies to detoxify the LPS in living Sa/monella cells without compromising its adjuvant
effect (Kong et al., 2011a; Kong et al., 2012; Kong et al., 2011b), facilitating the purification
of OMVs with reduced toxicity for future vaccine development.

The results of our cross-protection study showed that OMVs, particularly those derived from
the waaC and rfbP mutants, were able to promote cross-reactive antibodies and cross-
protection against S. Choleraesuis and S. Enteritidis infections (Fig. 5Band C ). We attribute
this to two major OMV antigen types, the conserved OMPs and the conserved lipid A core
moiety. OMPs isolated from the wild-type Salmonella or from mutants with truncated LPS
were capable of inducing cross-protective immunity against S. Typhimurium and
heterologous serovars (Isibasi et al., 1988; Ochoa-Repéraz et al., 2005; Udhayakumar and
Muthukkaruppan, 1987). Our recent study also demonstrated that OMPs from waaC mutant
could induce effective cross-protection against infection of multiple Sa/monella serotypes
(Liu et al., 2016), suggesting that OMPs in OMV-based vaccines have essential roles in
inducing protective immunity. It is unknown from the present study which kind of protein
components in OMVs play leading roles in inducing cross immunity and conferring cross-
protection (Fig. 4). Conserved LPS oligosaccharides in OMVs also contribute to inducing
protective immunity (Di Lorenzo et al., 2015). However, these sugar epitopes may provide
limited broad-spectrum protection against smooth Gram-negative bacterial infections
(Gigliotti and Shenep, 1985; Johns et al., 1983; Siber et al., 1985). Flagellin in the OMVs
induced comparable immune responses (Fig. 3); however, these anti-flagellin antibodies may
play non-essential roles in providing cross-protection against oral infection by heterologous
Salmonella serovars because many of these serovars produce immunologically distinct
flagellin proteins (Ramachandran et al., 2016). We have observed that OMVs derived from
the mutants lacking flagellin may possess advantages over OMVs derived from the wild-
type Salmonellain inducing protective immunity against heterologous Sa/monella infection
(unpublished data). In the future, we plan to investigate in detail the immunogenicity of the
OMVs derived from truncated LPS mutants with deletion of flagellin genes.

In conclusion, in this work, we systemically investigated the effect of truncated LPS on the
production of OMVs and found that deletion of the 6P gene could enhance OMV
production in Sa/monella. We also found that truncated-LPS OMVs display strong
immunogenicity and protective efficacy against wild-type S. Typhimurium. Further, OMVs
derived from waaC and rfbP mutant strains elicited greater cross-protection against S.
Choleraesuis than wild-type OMVs when administered as an intranasal vaccine.
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Fig. 1.

anntity and characterization of OMVs derived from truncated-LPS mutant strains of
Salmonella. (A) Proteins in each OMV samples as the same volume (10 pl) after purification
were separated via SDS-PAGE on 12% gels and subjected to staining with GelCode™ Blue.
The mutant strains are (from left to right): x 12253 (AwaaC41), x12252 (AwaaF40), x11308
(AwaaG42), x 9945 (ArfaHA49), x 11309 (Awaal43), x 11310 (Awaal44), x 11312 (Awaal 46),
x 11311 (ArfbP45), x 9944 (Awzy-48) and x 3761 (the wild-type strain). (B) Proteins in each
OMV samples as the same amount (10 pug) based on the total protein contents after
purification were separated via SDS-PAGE gel. (C) LPS profiles of OMVs derived from
LPS mutants and their parental strain. LPS was visualized via silver staining of
polyacrylamide gels. The expected locations of the O-antigen components and core are
shown on the right. (D) Quantification of LPS levels in each OMV samples. The same
amount of OMVs (50 pg) was measured using a Kdo (3-deoxy-d-manno-octulosonic acid)
analysis. S. Typhimurium LPS was used as the standard. (E) Quantity of OMVs derived
from LPS mutants and the parental strain. The concentration of OMVs isolated from 2-L
bacterial culture in the logarithmic phase (ODggg = 1) was measured based on protein
content using the BCA method.
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Fig. 2.
OI%/IVS derived from Sal/monella LPS mutant strains elicited strong systemic and mucosal
immune responses via intranasal or intraperitoneal route. The total serum IgG specific for
OMPs from S. Typhimurium after intranasal vaccination (A), 1gG specific for OMPs from S.
Typhimurium after intraperitoneal vaccination (B) and total IgA specific for OMPs from S.
Typhimurium after intranasal vaccination (C) were measured using quantitative ELISA.
Each group included 5 mice. The data represent the exact concentrations of 1gG or mucosal
IgA antibodies at the indicated number of weeks after immunization. The concentrations
were quantified using the appropriate standard curve in individual sera or in vaginal washes
from mice immunized i.n. or i.p. with OMVs derived from wild-type or mutant S.
Typhimurium strains with truncated LPS core or O-antigen. The error bars represent
variations among all mice in each group. The mice were boosted at week 5.
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PBS control

The total serum 1gG specific for recombinant soluble FIiC protein after intranasal or
intraperitoneal vaccination with OMVs derived from diverse LPS mutant strains were
measured using quantitative ELISA. Each group included 5 mice. The data represent the
exact concentrations of 1gG antibodies at the 7 weeks after first immunization. The
concentrations were quantified using the appropriate standard curve in individual sera from
mice immunized i.n. or i.p. with OMVs derived from wild-type or mutant S. Typhimurium
strains with truncated LPS core or O-antigen. The mice were boosted at week 5. The error

bars represent variations among all mice in each group.
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IgG cross-reactivity against OMPs from other Sa/monella serogroups. Sera were obtained
from mice (n = 10) that were immunized with OMVs from wild-type S. Typhimurium or
from mutants with truncated LPS core or O-antigen at 7 weeks after the primary
immunization. The sera were collected to evaluate IgG cross-reactivity against OMPs
isolated from different Sa/monella serogroups, including S. Choleraesuis (A) and S.
Enteritidis (B). The error bars represent variations among all mice in each group.
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Cross-protective efficacy induced by truncated-LPS OMVs. 10 (control) or 12 (vaccine)
BALB/c mice per group were i.n. (A, C, E) or i.p. (B, D, F) immunized twice, at 3-week
intervals, with OMVs isolated from the indicated Sa/monella mutants. The immunized mice
were orally challenged with S. Typhimurium (A, B), S. Choleraesuis (C, D) or S. Enteritidis
(E, F) 8 weeks after the first immunization. Mortality was monitored for 3 weeks after
challenge. The numbers in parentheses indicate the number of surviving mice/total number
of mice per group. All vaccine groups were significantly different from the PBS-vaccinated
group (P<0.01), and P< 0.05 compared with OMVs from wild-type S. Typhimurium.
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Bacterial strains used in this study.

Table 1

Strains  Description Source or reference
x3761 S. Typhimurium UK-1 (Hassan and Curtiss, 1990)
S100 S. Typhimurium, clinical isolate from duck  (Liu et al., 2016)
S246 S. Enteritidis, clinical isolate from chicken  (Liu etal., 2016)
S340 S. Choleraesuis, clinical isolate from pig (Liuetal., 2016)
x12253  AwaaC41 x3761

x12252  AwaaF40 x3761

x11308  AwaaG42 (Kong et al., 2011c)
x9945  ArfaH49 (Kong et al., 2011c)
x11309  Awaal43 (Kong et al., 2011c)
x11310  Awaaj44 (Kong et al., 2011c)
x11312  Awaal 46 (Kong et al., 2011c)
x11311  ArfoP45 (Kong et al., 2011c)
x9944  Awzy-48 (Kong et al., 2011c)
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Immunization with truncated LPS OMVs protected mice against oral challenge with S. Typhimurium strain

S100.

Groups

Immunization administration

No. of surviving mice/total No. of mice?

Intranasal route

Intraperitoneal route

x3761 (wild-type)
x 12253 (AwaaC12)
x 12252 (AwaaF15)
x 11308 (AwaaG42)
x9945 (D rfaH49)

x 11309 (Awaal43)
x 11310 (AwaaJ44)
x 11312 (Awaal 46)
x 11311 (Arfbp45)
X 9944 (Awzy-48)
PBS group

4/5 (80%)
4/5 (80%)
2/5 (40%)
0/5 (0%)

3/5 (60%)
0/5 (0%)

3/5 (60%)
1/5 (20%)
4/5 (80%)
1/5 (20%)
0/5 (0%)

5/5 (100%)
5/5 (100%)
3/5 (60%)
2/5 (40%)
5/5 (100%)
2/5 (40%)
3/5 (60%)
3/5 (60%)
4/5 (80%)
3/5 (60%)
0/8 (0%)

aAII vaccine groups except groups of intranasal immunization of x 11309 (Awaal43) and x 11308 (AwaaG42) were significantly different from the

PBS-vaccinated group (P < 0.01). There was no significant difference in protection among the other groups.
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