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A Salmonell/a Typhi ghost induced by the £ gene of phage
0 X174 stimulates dendritic cells and efficiently activates the
adaptive immune response

Gayeon Won, Seong Kug Eo, Sang-Youel Park, Jin Hur, John Hwa Lee™

College of Veterinary Medicine, Chonbuk National University, lksan Campus, Iksan 54596, Korea

Previously, we genetically engineered a Salmonella Typhi bacterial ghost (STG) as a novel inactivated vaccine candidate against typhoid fever.
The underlying mechanism employed by the ghost in stimulating the adaptive immune response remains to be investigated. In this study, we
aimed to evaluate the immunostimulatory effect of STG on mouse bone marrow-derived dendritic cells (BMDCs) and its activation of the
adaptive immune response in vitro. Immature BMDCs were stimulated with STG, which efficiently stimulated maturation events in BMDCs,
as indicated by upregulated expressions of CD40, CD80, and major histocompatibility complex class II molecules on CD11” BMDCs.
Immature BMDCs responded to STG stimulation by significantly increasing the expression of interleukin (IL)-6, which might indicate the
induction of dendritic cell maturation in vivo (p < 0.05). In addition, ghost-stimulated murine BMDCs showed significant expressions of
interferon gamma and IL-4, which can drive the development of Th1 and Th2 cells, respectively, in co-cultured CD4" T cells in vitro. These
results suggest that STG can effectively stimulate maturation of BMDCs and facilitate subsequent immune responses via potent

immunomodulatory cytokine responses.
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Introduction

Salmonella enterica serovar Typhi (S. Typhi), responsible for
causing typhoid fever in human populations, has posed
significant public health burdens in developing countries
[8,18]. Typhoid fever is human-restricted and causes a
significant disease burden, mostly in children in developing
countries with poor sanitation and a lack of clean water [3]. S.
Typhi, a facultative intracellular pathogen, is characterized by
the intrinsically invasive traits of fast dissemination and long
survival within a host [26]. The commercially available Ty21a
(oral) and Vi polysaccharide (parenteral) vaccines against
typhoid fever have exhibited 30% to 70% effectiveness [1]. An
effective vaccine against Salmonella infection needs to elicit
both innate and adaptive immune defenses, particularly those
involving T-cell immunity in susceptible hosts [4].
Development of a bacterial ghost vaccine against S. Typhi
represents a promising approach because of its enhanced
immunogenic and biosafety characteristics [17]. Developed S.
Typhi bacterial ghosts (BGs) are non-living bacteria inactivated

by the single lysis £ gene of the DNA phage ¢X174 [17]. The
expression of gene E facilitates formation of transmembrane
tunnels on the surface of the bacteria through which cell
contents are expelled due to osmotic pressure [10].
Morphologically, BGs are devoid of all cytoplasmic and
nucleoplasmic contents, but they maintain intact cell envelopes
containing outer membrane proteins, adhesins, and pili [10].
We previously showed that an S. Typhi ghost (STG) vaccine
effectively induces humoral and cellular immune responses
[15]. Both non-typhoid and typhoid Sa/monella ghosts have
been utilized in a new, inactivated vaccine platform that
efficiently induces humoral and cell-mediated immune
responses in immunized hosts [12-14]. Protection against S.
Typhi requires the effective induction of cellular immune
responses [4,7]. Therefore, interactions between the S. Typhi
BG vaccine and antigen presenting cells (APCs) and the
vaccine’s effect on immune development are critically
important to determine the suitability of the BG as a vaccine
candidate. APCs such as macrophages, dendritic cells (DCs),
and B lymphocytes are responsible for initiating and
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modulating the type of host immune response against invading
pathogens [30]. In particular, DCs provide a crucial bridge
between innate and adaptive immunity and are directly
activated by pathogen-associated molecular patterns
encountered by their pattern recognition receptors [27]. Mature
DCs collect and process protein antigens through the major
histocompatibility complex (MHC) pathway (which involves
other co-stimulatory molecules), resulting in antigenic peptide
presentation to naive T-cell populations.

As the complex role of DCs in the immune response
stimulated by S. Typhi BGs remains unexplored, we evaluated
whether BMDCs function as efficient APCs following
stimulation with STG. Pulsed DCs were incubated with CD4"
T-cell subpopulations isolated from isogenic naive mice.
Profiles of co-stimulatory and cytokine molecules expressed in
the primed DCs and in the CD4" T cells were measured in order
to evaluate the suitability of the S. Typhi BG as a vaccine against
typhoid fever.

Materials and Methods

Preparation and production of S. Typhi bacterial ghosts

The preparation of S. Typhi ghosts has been previously
described [15]. Briefly, the plasmid pJHL187-LTB was
electroporated to JOL 1498, resulting in production of JOL1502.
The E gene harbored in pJHL187-LTB was controlled under the
convergent promoter component. JOL1502 cells were grown to
mid-logarithmic phase in LB broth in the presence of 0.2%
L-arabinose at 28°C, which is the optimal condition for the
repression of £ gene-mediated lysis. The cells were collected by
centrifugation at 1,200 x g and then washed three times with
sterile phosphate-buffered saline (PBS). To induce FE
gene-mediated lysis, bacterial cells were cultured in LB broth
without arabinose at 42°C with a slight agitation. After 48 h of
incubation, the lysed cells were harvested and resuspended in
PBS. Ghost cell preparations were stored at —80°C until further
use. Bacterial strains and plasmids used in this study are listed
in Table 1.

Dendritic cell preparation

DCs were isolated from the bone marrow of 5-week-old
C57BL/6 mice following a previously reported protocol [19].
Briefly, bone marrow-derived dendritic cells (BMDCs) generated
from the femurs and tibias of the mice were adjusted to a
concentration of 2 x 10’ cells/mL in R10 medium (RPMI-1640
containing 10% heat-inactivated fetal bovine serum, 50 pM
2-mercaptoethanol, 1 U/mL of penicillin, 1 pg/mL streptomycin,
and 1% L-glutamine). The cells were incubated in a six-well
cell culture plate at 37°C in a 5% CO, atmosphere overnight.
Following the incubation, non-adherent cells in the plate were
harvested from the bone marrow culture. The purified cells
were cultured in fresh R10 medium supplemented with 100
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U/mL of recombinant murine GM-CSF (rmGM-CSF; Biolegend,
USA) and 100 pig/mL recombinant murine interleukin-4 (rmIL;
Biolegend) for 7 days. On day 8, the DCs were collected and
prepared for antigen stimulation. Cells isolated from murine
bone marrow were grown in vitro for 8 days in R10 medium
with rmIL-4 and rmGM-CSF to trigger the differentiation of
monocytes into DCs [30]. All animal experimentation activities
were approved by the Chonbuk National University Animal
Ethics Committee (CBNU2015-00085) and were carried out
according to the guidelines of the Korean Council on Animal
Care and the Korean Animal Protection Law (2007), Article 13
(Experiments with Animals).

Stimulation of cells with the Salmonella ghost

Following the 7-day incubation period, harvested DCs
(adjusted to 1 x 10° cells/well) were placed in a six-well cell
culture plate. Subsequently, the DCs were incubated with 1 X
107 cells/well of the lysed STG at a multiplicity of infection of
10 in order to determine the stimulatory capacity of STG to
activate immature DCs. The number of STG particles used for
the stimulation was determined based on a protocol described in
previous studies [5,9]. Upon lipopolysaccharide (LPS) stimulation,
DC maturation was efficiently triggered; thus, LPS-pulsed DCs
were used as a positive control. The control DCs were
stimulated with 2 pg/mL of Escherichia coli LPS (serotype
0127:B8, Sigma-Aldrich, USA). All cell cultures were
incubated in duplicate at 37°C under 5% CO,. After 24 h of
incubation, the cells were used for flow cytometry analysis,
RNA extraction, and stimulation with naive CD4" T cells.

Fluorescence-activated cell sorting (FACS) analysis

The surface markers expressed in the stimulated DCs were
assessed by using a FACS method. The proportion of DCs
expressing co-stimulatory surface markers was determined in
CD11c-gated DCs. DCs (1 x 10°) pulsed with STG, LPS, or

Table 1. Bacterial strains and plasmids used in this study

Strain/plasmid Description Reference

Bacterial strains

S. Typhi
JOL1498 Aasd, aderivative of S. Typhi Ty21a  [15]
JOL1502 JOL1498 containing pJHL187 [15]
Plasmids
pJHL187 asd” vector, p15A ori plasmid [14]
carrying ss ompA/Hiss, multiple
cloning site, cI857/LPR promoter,
araC Parapap, phiX174 lysis gene E
pJHL187-eltb  pJHL187 harboring eltb gene [14]

S. Typhi, Salmonella enterica serovar Typhi.
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PBS as a negative control were stained with the following
monoclonal antibodies: FITC anti-mouse CD11c (eBioscience,
USA; clone N418e), APC anti-mouse MHC-II (eBioscience;
clone M5/114.15.2), and CD80 and PE anti-mouse CD40
(eBioscience; clone 1C10). The stained cells were washed three
times with FACS running buffer (Miltenyi Biotec, Germany).
Subsequently, the antigen-pulsed DCs were sorted with a
MACSQuant Analyzer (Miltenyi Biotec).

Confirmation of morphological differentiation

Cells were observed under an inverted microscope equipped
with a digital imaging system (Leica DMi1; Leica Microsystems,
Germany) to evaluate the extent of morphological
differentiation of the DCs.

CD4" T-cell preparation

Splenocytes were aseptically isolated from non-immunized
mice and seeded in cell culture dishes at a density of 1 x 10°
cells/well. CD4" T cells were purified from the splenocytes by
positive selection using CD4 (L3T4) microbeads with a
MidiMACS Separator (Miltenyi Biotech), following the
manufacturer’s instructions. Subsequently, the sorted naive
CD4" T cells were co-incubated with the antigen-pulsed DCs
for 24 h at 37°C in a 5% CO, atmosphere. After incubation, the
cell cultures were harvested and prepared for cytokine assays.
CD4"T cells incubated with LPS-stimulated DCs were prepared
as a positive control.

Quantitative real-time polymerase chain reaction (qQRT-PCR)
analysis of mRNA levels

Cytokine mRNA transcripts produced in the antigen-stimulated
DCs and the primed CD4" T cells were measured by using
gqRT-PCR. Total RNA was extracted from the cells with Trizol
reagent and GeneAll Hybrid-RTM (GeneAll Biotechnology,
Korea). Extracts were then converted into cDNA by using a
ReverTra Ace qPCR RT Kit (FSQ-101; TOYOBO, Japan).
Cytokine transcripts produced by the cells were amplified by
gRT-PCR with SYBR Green Real-Time PCR Master Mix
(QPK-201; TOYOBO), following the manufacturer’s
instructions. The IL-6, IL-10, IL-12p40, and tumor necrosis
factor alpha (TNF-a) genes were probed in the cDNA
synthesized from the stimulated DCs. For the primed CD4"
T-cell cDNA, the IL-2, IL-4, and interferon gamma (IFN-y)
genes were probed. The housekeeping gene f3-actin was used as
an endogenous control. The primers and reaction method used
in this study for quantification of copy number were previously
validated in mouse samples in an earlier study [21]. The relative
expression levels of the target genes in the stimulated cells were
calculated using the comparative Ct value method, using values
of negative controls (unstimulated DCs or CD4" T cells) as a
comparison.
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Statistical analysis

A non-parametric Mann-Whitney test within the STATA
software system (Stata Corporation, USA) was applied to
determine differences between the immune responses of the
pulsed cells and the controls. A p value less than 0.05 was
considered statistically significant.

Results

Development of immature and activated BMDC populations

On day 7, non-stimulated BMDCs exhibited signs of
maturation such as the presence of dendritic processes or veils
(arrows; panel B in Fig. 1), although some cells were still
rounded in appearance. To assess whether antigen stimulation
facilitated differentiation of mature DCs, DCs were pulsed with
STG or LPS for 48 h. After stimulation, most cells displayed
distinctive morphological features such as large veils or
multiple branches on the cell surface (arrows; panels C and D in
Fig. 1), typical signs of fully differentiated DCs.

Co-stimulatory molecules expressed on differentiated DCs
Expression of the co-stimulatory molecules CD40, CD80,
and MHCII (hallmarks of DC maturation) highlights the ability
of DCs to potently induce an acquired immune response via the
CD4" T-cell-dependent effector pathway. By applying FACS
analysis, expression levels of cell surface markers were

Fig. 1. Morphological observation of bone marrow-derived
dendritic cells (BMDCs) during the differentiation procedures.
The pictures were captured by inverted microscope equipped
with a digital imaging system (Leica DMi1; Leica Microsystems,
Germany). (A) BMDCs observed at day 2 of culture. (B)
Morphology of the non-stimulated BMDCs (arrows) at day 7 of
culture. (C) Morphology of DCs (arrows) pulsed with
lipopolysaccharide at day 9 of culture. (D) Morphology of DCs
(arrows) stimulated with Salmonella Typhi ghost at day 9 of
culture. Scale bars = 50 um (A-D).



measured in purified DCs pulsed with STG, LPS, or culture
medium alone. The proportion of CD11¢'CD80" cells was
markedly increased in DCs stimulated with STG compared the
level in those pulsed with LPS (panel B in Fig. 2). On average,
the sub-fractions of CD11¢'CD40", CD11¢"CD80", and
CDI11¢'MHCII" cells in JOL1502-stimulated DCs were
augmented by 5.76%, 13.57%, and 3.2%, respectively, compared
to the same sub-fractions in non-stimulated DCs. These results
suggest an upregulation of these cell activation markers in vitro
and a concomitant increase in antigen presentation in the
JOL1502-stimulated DCs.

Cytokine assays

In the developmental stages of DC growth, production of
proinflammatory cytokines (such as IL-6, IL-10, IL-12p40, and
TNF-a) indicates DC activation and profoundly affects the
induction of T-cell priming. In DCs stimulated with JOL1502,
mRNA levels of IL-6 and IL-10 showed significant increases
(on average 3.2- and 3.8-fold, respectively) compared to the
LPS-pulsed DCs (Fig. 3). Considering that IL-6 regulates DC
maturation in vivo, these results indicate that STG was
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efficiently internalized by the DCs, where it potently induced
DC differentiation. The mRNA levels of IL-12 and TNF-a were
slightly increased in the DCs stimulated with JOL1502
compared to the DCs pulsed with LPS. These results suggest
that the DCs were properly activated when they encountered
STG in vitro.

CD4" T-cell cytokine assays

To evaluate the potency of STG-pulsed DCs as
immune-stimulators that can prime naive CD4 T cells,
stimulated DCs were incubated for 24 h with CD4" T cells
sorted from the splenocytes of non-immunized mice. After
incubation, mRNA levels were measured for IL-2, IFN-y (both
proinflammatory cytokines driving the differentiation of naive
CD4" T cells to Thl cells), and IL-4 (produced by
Th2-differentiated CD4" T cells). In CD4" T cells pulsed with
STG-stimulated DCs, a significant increase in IL-4 mRNA
expression was observed compared to that in the positive
control (Fig. 4). The mRNA expression of [FN-y showed an
approximately 1.7-fold increase in the CD4" T cells pulsed with
STG-stimulated DCs relative to the expression level in the
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Fig. 2. Co-stimulatory molecule expressions on dendritic cells (DC) surfaces was assessed by gating on CD11c* cell populations using
fluorescence-activated cell sorting (FACS). (A) Representative FACS histogram of the surface marker-positive cell population. (B)
Percentages of co-stimulatory molecule-positive DCs. NS, non-stimulated; LPS, lipopolysaccharide. *p < 0.05 (vs. non-stimulated

DCs).
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Fig. 3. Cytokine mRNA upregulated in dendritic cells co-cultured
with lipopolysaccharide (LPS) or Salmonella Typhi ghost
(JOL1502 ghost). Relative fold changes were calculated based on
27" method. IL, interleukin; TNF-a, tumor necrosis factor alpha.
*p < 0.05.

positive control. IL-2 mRNA was not detectable in the
DC-stimulated CD4" T cells or in the positive control cells
compared to the non-stimulated cells. These results show that
cytokine gene expression was upregulated in CD4" T cells upon
stimulation with DCs, which implies that DCs can elicit
differentiation of CD4" T cells into Th1 and Th2 subsets.

Discussion

Antigens are captured, processed, and presented by DCs to
undifferentiated T-cell populations [28]. The initiation of the
adaptive immune response by a host against the invasion of S.
Typhi depends on the antigen processing capacity of DCs and
the resulting level of T-cell activation [27]. To activate naive
T-cell subsets, exogenous or endogenous antigens initially need
to be recognized and processed by dendritic cells.
Antigen-derived peptides loaded onto MHC class II (MHC 1II)
molecules are expressed on the surface of mature DCs.
Simultaneously, the co-stimulatory molecules CD40 and CD80
(expressed on CDI1lc’ DCs) provide immune-stimulatory
signals to T cells via a respective interaction with the CD40
ligand (CD40L, on the surface of CD4" T cells) and with CD28
(on the surface of CD8" T cells) [20]. Previous studies have
shown that BGs generated by the ¢X174 phage lysis gene
contributed to a robust activation of DCs [5,9,16]. Major
antigenic components preserved on BGs, such as LPS and
flagellin, serve as PAMPs. These PAMPs are recognized by
toll-like receptors (TLRs), resulting in activation of mature DCs
and subsequent induction of T-cell-related immune responses.
The ability of BGs to stimulate maturity in naive DCs
demonstrates the intrinsic immunostimulatory effect of BGs
[10,11]. In this study, a ghost of S. Typhi (JOL1502) stimulated
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Fig. 4. Expression of T-cell-derived cytokines induced by indirect
activation of naive CD4" T cells by dendritic cells primed with
the JOL1502 ghost (Salmonella Typhi ghost) or lipopolysaccharide
(LPS). Relative fold changes were assessed by using the 2~~~
method. IL, interleukin; INF-y, interferon gamma. *p < 0.05.

the in vitro maturation of mouse BMDCs. After 48 h of
co-incubating immature DCs with STG, morphological
alteration of the DCs occurred. Expression of surface markers
CD40, CD80, and MHCII on the DCs was also significantly
upregulated. The enhanced expression of surface markers
demonstrated that STG efficiently induces DC activation in
vitro. During the maturation of DCs exposed to antigens,
variation in proinflammatory cytokine expression determines
whether a primed DC will associate with Th1- or Th2-biased
immune activity. IL-12 generated by mature DCs has a critical
role in Th1 cell activation, which is required for the clearance of
intracellular pathogens [31]. In immature DCs, upregulation of
certain cytokines relies on the interaction of TLRs with
bacterial components. The differential release of IL-12 is
facilitated by activation of TLR-2 on binding to bacterial
lipoprotein or peptidoglycan [29]. TNF-a. is required to promote
DC maturation in the early stages and to stimulate Th2 cells for
B-cell activation [23]. IL-6 and IL-10 are also characterized as
Th2-skewing cytokines [6]. In the present study, the mRNA
expression of IL-6 and IL-10 was significantly augmented in
DCs stimulated with STG. To a lesser extent, the mRNA
expression of IL-12 and TNF-a was also increased in the DCs.
The enhanced production of immunostimulatory cytokines
(such as IL-6, IL-10, IL-12, and TNF-o) in mature DCs implies
that STG provides significant antigenic stimuli to naive DCs
[22]. Further, Bermudez-Brito et al. [2] previously reported the
immunomodulatory effects of a live S. Typhi CECT725 strain
on human peripheral blood dendritic cells, leading to an
increased secretion of proinflammatory cytokines such as
IL-1pB, IL-6, IL-8, IL-12p40, and TNF-a compared to that in the
controls. These results indicated that STG, which maintains
cellular morphology and surface antigenicity, may have a
potential to induce maturation and activation of human-derived



DCs.

Thl-mediated cellular immune responses are crucial for
protection against typhoid fever, given that S. Typhi is an
enteroinvasive pathogen that can multiply within intestinal
epithelial cells [7]. Acquired cellular immunity involves CD4"
and CD8" T lymphocytes. Naive CD4" T-cell activation is
initiated by binding of a peptide-MHC II complex to T-cell
receptors on CD4" T cells [27]. The capacity of primed DCs to
activate naive T-cell proliferation illustrates the efficiency with
which DCs process target antigenic peptides, and also the
magnitude of the T-cell-related immune response elicited by the
peptide complex. In this study, mRNA expressions of [L-4 and
IFN-y (secreted by Th2 and Thl cells, respectively) were
markedly increased. These results suggest that the primed DCs
activated naive CD4" T cells and induced their differentiation
into Th1l and Th2 subpopulations. In contrast, IL-2 (which
promotes the differentiation of T cells) was not detected in
CD4" T cells stimulated by DCs. Sojka et al. [25] have reported
that secretion of IL-2 transiently occurs 1 to 2 h following
stimulation. Therefore, although the expression of IL-2 mRNA
was not detected in the pulsed CD4" T cells following the 24 h
incubation, a peak in this cytokine’s response might have
occurred at an earlier time. The increased expression level of
IFN-y in CD4" T cells stimulated with DCs coincided with an
enhanced level of IL-12 in STG-pulsed DCs. This result might
imply that IL-12 (an inducer cytokine) from DCs elicits the
expression of IFN-y (an effector cytokine) in CD4" T cells [24].

In summary, the S. Typhi ghost constructed using the £ gene
of phage ¢X174 efficiently induced activation of immature
BMDCs, which in turn upregulated co-stimulatory molecules
and immunostimulatory cytokines. Furthermore, interaction of
the primed DCs with naive CD4" T cells elicited
immunomodulatory cytokines. The results of this study suggest
that STG has a sufficient capacity to stimulate both innate and
acquired immunity, showing its potential as a vaccine candidate
against typhoid fever.
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