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Abstract

Background Outer membrane proteins (OMPs) of Gram-negative bacteria have been known as potential vaccine targets
due to their antigenic properties and host specificity. Here, we focused on the exploration of the immunogenic potential and
protective efficacy of total OMPs of Salmonella enterica serovar Typhi due to their multi epitope properties, adjuvanted with
nanoporous chitosan particles (NPCPs).

The study was designed to extrapolate an effective, low cost prophylactic approach for typhoid fever

being getting uncontrolled in Pakistan due to emergence of extensively drug resistant (XDR) strains.
Methods & results The OMPs of two S. Typhi variants (with and without Vi capsule) alone and with nanoporous chitosan
particles as adjuvant were comparatively analyzed for immunogenic potential in mice. Adaptive immunity was evaluated
by ELISA and relative quantification of cytokine gene expression (IL4, IL6, IL9, IL17, IL10, TNF, INF and PPIA as house
keeping gene) using RT-qPCR. Statistical analysis was done using Welch’s test. The protection was recorded by challeng-
ing the immunized mice with 50% xLD50 of S. Typhi. The Vi+ve-OMPs of S. Typhi showed the most promising results
by ELISA and significantly high expression of IL-6, IL-10 and IL-17 and 92.5% protective efficacy with no detectable side
effects.

Conclusion We can conclude that the OMPs of Vi+ve S. Typhi are the most promising candidates for future typhoid vac-
cines because of cost effective preparation without expensive purification steps and multi-epitope properties. Chitosan adju-
vant may have applications for oral protein based vaccines but found less effective in injectable preparations.
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Introduction causative agent of a systemic human infection, typhoid

fever, more commonly called enteric fever. High annual
Salmonella enterica serovar Typhi (S. Typhi) is the  global incidence of typhoid fever poses a serious threat to
human health. The most recent estimates suggest approxi-
mately 11 to 21.7 million cases and untreated / treatment
failure cases leading to 128,000 to 2,18,000 typhoid-related
deaths annually worldwide [1]. Most of the global typhoid
burden is shared by South East Asia where typhoid fever
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respectively [1, 2]. After the emergence of Vi-ve isolates the
vaccines that were designed against Vi antigen also need
consideration [5]. It was considered that Vi is the main viru-
lence factor of S. Typhi and most of the available vaccines
are based on Vi antigen. TCV is the latest and WHO pre-
qualified Vi conjugate vaccine which is recently introduced
in EPI program of Pakistan, but its efficacy may be affected
due to natural occurrence of Vi-ve strains of S. Typhi in Pun-
jab [6]. More focused efforts are required to develop vac-
cines that are more immunogenic for the local strains and
can be prepared locally in countries of endemicity [7].

The current study is designed to extrapolate the immu-
nogenic potential of a mixture of total OMPs of S. Typhi
as independent vaccine candidate. The outer membrane
of Gram-negative bacteria is a continuous structure on the
outer surface of bacteria, facing directly the host immune
system. Its outer component is constituted by lipopolysac-
chride (LPS) and proteins. OMPs serve as virulence fac-
tors for nutrient scavenging and evasion of host defense
mechanisms. Most of the studies have focused on the outer
membrane bacterial proteins as immunogens in their recom-
binant form, capable of eliciting immune response against
Salmonella, but having less protective efficacy[8].

In this study, total outer membrane proteins of two vari-
ants of S. Typhi (Vi+ve and Vi-ve strains) are evaluated for
their protective role independently and also, with nanoporous
chitosan particles (NPCP) as adjuvant to provoke immune
response in mice [9, 10]. The rationale was to exploit the
multi-epitope properties of multiple proteins for activation
the immune response to an adequate level. Adjuvants may
stimulate the immune system using a combination of vari-
ous mechanisms including formation of depot, induction of
cytokines and chemokines, recruitment of immune cells,
enhancement of antigen uptake and presentation, and pro-
moting antigen transport to draining lymph nodes [11]. In
the current study we have evaluated the nanoporous chito-
san particles, as adjuvant due to its described properties that
is “non-toxic, biocompatible and bio-degradable” and large
surface area due to nanoporous nature. Because of these
valuable properties, chitosan offers advantages for adjuvant
and vaccine delivery systems [12, 13].

We isolated and purified the S. Typhi OMPs and pre-
pared their formulation with nanoporous chitosan particles
(NPCPs-OMP). Both OMPs and NPCP-OMPs preparations
for Vi+ve and Vi-veisolates were evaluated for the humoral
and cell mediated immune response. The protective role of
both the approaches was also compared against S. Typhi in
mice as model animal.
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Materials and methods

Culture and identification of Vi + ve and Vi-ve S.
Typhi isolates

Salmonella enterica serovar Typhi (S. Typhi) isolates, two
Vi+ve (NIB 40 & NIB 21) and two Vi-ve (NIB 27 & NIB
63), were taken from already preserved glycerol stocks
(-20°C) from Enteric Pathogens Lab, National Institute for
Biotechnology and Genetic Engineering (NIBGE, Paki-
stan). These isolates were revived in tryptic soy broth (TSB,
Merck, Germany) and streaked on MacConkey Agar plates
(65 g/ 1000 mL [w/v]) for isolation and purification. A well
isolated and clear colony from each MacConkey agar plate
was picked and stabbed on triple sugar iron (TSI) agar slant
for biochemical identification.

The DNA of biochemically identified isolates was
extracted by phenol-chloroform method and subjected
to PCR targeting S. Typhi specific fliC gene [14, 15]. The
confirmed S. Typhi isolates were screened for presence of
Vi gene by PCR targeting tviB gene [16]. The PCR condi-
tions were same for both genes. A 25 ul DNA amplifica-
tion mixture contained 2-5 pul of 10x Taq Buffer, 1-5 pl of
25 mM MgCl,, 1 pl of 10 pmol of each primer, 0-75 pl of
2-5 mM dNTP, 0-2 pl of Taq polymerase, 5 pl of template
and distilled water to make up the volume. The reaction
mixture was subjected to 30 cycles of 1 min each at 94 °C
(denaturation), 50 and 52 °C (annealing) for ffiC and Vi gene
respectively, and 72 °C (extension) followed by incubating
at 72 °C for 5 min. The primer sequences and annealing
temperatures are given in supplementary Table S1.

Isolation and purification of outer membrane
proteins of S. Typhi

The OMPs of the confirmed Vi+ve and Vi-ve S. Typhi iso-
lates were extracted according to the protocol described by
Hamid and Jain et al. with minor modification [17].

Briefly, one liter culture of both Vi+ve and Vi-ve strains
in TSB was incubated overnight at 37 °C in a shaking incu-
bator at 100 RPM. Cells were harvested by centrifugation at
6000 RPM for 30 min at 25 °C. The cell pellet was washed
with 10 mM Tris-HCI buffer and weighed. OMPs of one
gram of bacterial pellet was extracted for 1 h at 4 °C with
vigorous stirring by using 20 ml of extraction buffer [Extrac-
tion Buffer: 6 M urea; 10 mM EDTA; 10 mM T buffer]. The
OMP extract was dialyzed (renaturation) against distilled
water for 2 days to remove urea, with changing water at
regular intervals of eight hours. The dialyzed extract was
centrifuged at 6000 RPM for 1 h at 4°C. The clear super-
natant containing OMPs was aliquoted in falcon tubes (50
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ml) and stored at -20 °C for freezing the extract, followed
by lyophilization.

Analysis of OMPs on sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE)

The concentration of the OMPs was estimated by nano-
drop (2000c Thermo Scientific). The purity and integrity of
extracted OMPs was checked on SDS-PAGE according to
method developed by Ulrich K. Laemmli [18]. Briefly, the
OMP samples 20 pg /20 pL were solubilized in sample buf-
fer (0.625 M Tris-HCl; pH-6.8, 2% sodium dodecyl sulphate
(SDS), 10% glycerol and 5% B- mercapethanol) and heated
at 100°C for 5 min. Samples were carefully loaded into the
wells along with 5 uL Novex pre-stained protein standard.
The initial running voltage was set to 60 V until the sample
reached the interface of resolving gel (discontinues buffer
system). At this point, the voltage was changed to 110 V and
electrophoresis was continued till the tracking dye reached
the bottom of the gel. The gel was stained with staining
solution [Acetic acid 10%; Iso-propanol 25%; Coommassie
Blue R-250 (0.025%)] for 1 h followed by de-staining with
10% acetic acid overnight. The gel was visualized on white
light and the OMPs were analysed by comparing their sizes
with standard.

Synthesis of nano-porous chitosan particles (NPCPs)

Chitosan from crustacean’s chitin (MP Biomedicals,
France), acetic acid 99.7% (Acros organics, USA), tween
60 (Acros organics, USA), linoleic acid (Acros organics,
USA), sodium tripolyphosphate (Bio-Basic Inc.) were used
as starting material without further purification.

Nano-porous chitosan particles (NPCPs) was prepared
by ionic gelation method with few modifications of previ-
ously described method [19]. In detail, 0.6% of chitosan was
weighed, mixed into 1% acetic acid solution and left over-
night with continuous stirring at 25 °C temperature. Five
milli liter of the prepared solution was heated at 55-60 °C
for five minutes, followed by addition of 75 mg of Tween-
60 with continuous stirring for 30 min. One drop of linoleic
acid was added dropwise into the solution and stirred for
20 min. Five milli liter of 0.5% tri-polyphosphate was added
dropwise and the solution was stirred for 30 min at 50 rpm.
After cooling to 25 °C temperature, it was centrifuged at
7000 rpm for 10 min. The pellet was washed with ethanol
and water three times. The obtained pellet was lyophilized
(freeze dried) to make the powder.

Attachment and characterization of OMPs with
NPCPs

The prepared NPCPs were weighed and dispersed in phos-
phate buffer saline (PBS) having pH 7.4 (1 mg NPCPs /
Iml PBS). Similarly, both proteins (Vi+ve OMPs & Vi-ve
OMPs) were dissolved in PBS [1 mg protein /1 ml PBS
(1X)]. Both NPCPs and OMPs were mixed in 1:1 ratio and
incubated for 1 h at 25 °C on a shaker at 100 rpm. Sam-
ples were analyzed by Malvern Zeta sizer Nano ZS with
DTS Nano software. The purpose of this preparation was
to check whether the OMPs and NPCPs were compatible
to each other and whether they had bio-absorbable charge
or not.

Characterization of NPCPs- OMP complexes
DLS studies

The size and zeta potential of the prepared NPCPs alone
and those conjugated with OMPs were analyzed by Malvern
Zetasizer Nano ZS with DTS Nano software.

Scanning electron microscopy

Field emission scanning electron microscope (FESEM,
JSM 7500 F; JEOL, Tokyo, Japan) at accelerating voltage
(1-30 kV) was used to study the morphology of the NPCPs.

Fourier transmission Infra-Red (FTIR) spectroscopy

FTIR (Bruker Alpha Platinum ATR) was used to analyze
the sample. Twenty milli gram of the prepared sample
was taken and spread onto the grid of FTIR. The arm of
FTIR was adjusted onto the grid and scanned from 500 to
4000 cm™!. The spectra were drawn and analyzed with Ori-
gin pro software.

Evaluation of outer membrane proteins with and
without NPCP-adjuvant forimmunogenic potential

To evaluate the immunogenic response of OMPs of S.
Typhi with and without NPCPs, the indicators selected were
humoral immune response by indirect ELISA, cell medi-
ated immune response by expressional analysis of cytokine
genes and delayed type hypersensitivity, taking mice as a
model organism.

For preparation of OMPs conjugated with NPCPs that
can be delivered to the model organism, 0.2% lyophilized
nano-particles were dissolved in 25 mM Sodium Acetate
(pH 4.8) followed by addition of 2 pg / pL OMPs of S.
Typhi. The preparation was kept at room temperature for
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16 h to achieve maximum binding of NPCPs with OMPs.
Similarly, 2 pg/ pnL. OMPs alone were dissolved in 25 mM
Sodium acetate (pH 4.8) and the concentration of OMPs
was calculated by nanodrop method. Four formulations
were prepared in the experiments for evaluation of immuno-
genic potential: Vi+ve OMPs, NPCP-Vi+ve, Vi-ve OMPs,
NPCP-Vi-ve.

Evaluation of humoral immune response by indirect ELISA

Indirect ELISA was used to study the humoral immune
response of our candidate antigens in the mice as the experi-
mental animal. This study was performed in line with
SOPs of The Institutional Animal House Committee at
National Institute for Biotechnology and Genetic Engineer-
ing (NIBGE), Faisalabad, Pakistan which granted approval
(No.193; dated 26-07-2019).

For this purpose, antisera were raised in animals as fol-
lows: five groups of mice were included in the study, each
group consisting of ten mice. Four groups were given three
shots of the four candidate antigens on alternate days, for
three weeks @ 200 pg/ 100pL /mouse. Group five was kept
as negative control and did not receive any shot [17].

The mice were bleed by cardiac puncture and serum was
collected by incubating the blood at 37 °C for 3 h followed
by centrifugation at 4500 RPM for 10 min. The collected
sera were used for indirect ELISA testing. ELISA was
performed according to the procedure described by Chris-
topouloset al.[20]. Briefly, ELISA plates were coated with
OMPs (from both Vi-ve and Vi+ve strains) as antigens
prepared at a concentration of 4 pug/ 200 pl of PBS having
pH 7.4, and incubated overnight at 4 °C. Each plate was
washed thrice with PBS and blocked with 5% BSA to avoid
non-specific binding. The serial dilutions (1:1, 1:200, 1:400,
1:1600, 1:3200 and 1:6400) of sera collected from immu-
nized mice were added in the respective wells as primary
antibodies and incubated for 1 h at 37 °C. The ELISA plate
was washed thrice with PBS and secondary antibodies i.e.
anti-mouse IgG antibodies conjugated with horseradish per-
oxidase (HRP) were added (1:20,000 dilution) and incuba-
tion was done for 1 h at 37°C. After incubation, the ELISA
plate was washed thrice with PBS and the HRP substrate,
TMB was added for colour development [21]. Microtiter
plate reader equipped with a 550 nm filter (for HRP) was
employed for reading. Graph was designed using compara-
tive analysis of control with test materials, the confidence
interval was kept 95% Cl all the results were statistically
analyzed by ANOVA test.
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In vitro evaluation of cell mediated immune response by
relative quantification of cytokine gene expression

The cell mediated immune response to candidate antigen
was evaluated by estimating the cytokine gene expression.
The relative quantification of expression of cytokine genes
was performed by real time RT-PCR. Five groups of six
female BALB/c mice, aged 6—8 weeks old were immunized
by the intraperitoneal (I.P.) injections at a dose of 0.1 ml
per mouse as described in Sect. 2.7 and 2.8. The blood was
collected by cardiac puncture after 24—36 h in EDTA vacu-
tainer for further analysis. Soon after collecting blood, RNA
was extracted by Trizol reagent according to the instruction
provided by the manufacturer (Trizol, Invitorgen). The RNA
is highly unstable so it was immediately proceeded for the
synthesis of cDNA using random hexamer primers. All the
cDNA samples were quantified on nanodrop to equilibrate
the value of all the samples followed by real time PCR for
relative quantification of cytokines gene expression.

For this purpose, 8 genes i.e., IL4, IL6, IL9, IL17, IL10,
TNEF, INF and PPIA (housekeeping) were studied. The
primer sequences are given in Table S1. All the reactions
were run in triplicates along with internal control and non-
stressed samples. For the real time analysis, Syber green
master mix (Thermofisher Scientific) was used according
to the instructions provided by manufacturer. The real time
expression was measured by using equation R =2 (ACt sam-
ple — ACt control) or R=2 (-AACt) [22]. The ratio of gene
expression was calculated by using formula:

<Et t)ACPf(l,‘yF:f/(CO’It'f'OZ*S(l"Zpllf)
arge

AC P, f(control—sample)
(Ere f‘) el

ratio =

Statistical analysis Cell mediated immune response involves
the activation of phagocytes, and antigen-specific cytotoxic
T-lymphocytes indicated by expression of several cytokines.
The data sheet obtained from qRT-PCR machine was further
analyze by using equation R =2 (ACt sample — ACt control)
or R=2 (-AACt). The conclusive graphical interpretation of
all genes presented the comparative expression of cytokines
and T-lymphocytes with the normal control (normal level of
analytes). The data were normalized using PPIA gene as the
reference housekeeping gene. Statistical analysis was done
using Welch’s t test in GRAPHPAD Prism version 8.4.3. AP
value <0.05 was considered statistically significant. The CI
(confidence interval 95%) and relative gene expression was
also calculated to validate the results.



Molecular Biology Reports

Protection studies

Protection studies were performed on five groups of female
mice, aged 6—8 weeks, each having ten animals. The mice
were immunized by the intraperitoneal injections (0.1 ml
per mouse) as described in Sect. 2.7 and 2.8. The mice got
five shots of injection on day 0, 7, 21, 28 and 40 and were
then challenged with bacterial dose of 50xLD50 (5x 10°
CFU/mL) calculated via serial dilution and plating method,
by injecting ~ 0.7 OD at 695 nm directly into intraperitoneal
cavity [23]. The mice were strictly observed for 24 to 36 h
for development of morbidity or mortality. Routine observa-
tions were continued for 14 days of post injection to get the
mortality count.

In vivo cell mediated immune response by delayed
type hypersensitivity response

The footpad swelling method described by Collins and
Mackaness (3) was used to carry out the delayed-type hyper-
sensitivity (DTH) studies. Delayed-type hypersensitivity is
an inflammatory response induced mainly by T cells when
a substance is recognized as antigen by the immune system.
The animals were divided into five groups of four animals
each, with one group serving as the control. The two test
groups received a single injection each, of 25 pg/ 10 pL
of OMPs dissolved in PBS (conditions were same for both
Vi+ve and Vi-ve OMPs) in their right hind footpads, while
the left footpads received an injection of an equal volume of
PBS serving as the control. The other two groups received
25 ug/ 10 pL of NPCPs-OMPs (for both Vi+ve and Vi-ve
OMPs) in their right hind footpads, left footpads got a shot
of 10 uL of PBS. The control group of animals was given
the injection of an equal volume of PBS instead of OMP
preparations into their right and left hind footpads. The foot-
pad swelling was measured at different time intervals (3, 6,
24, 48, and 72 h of post injection) with the help of a digital
Vernier caliper.

Results

Confirmation of encapsulated (vi+ve) and non-
capsulated (Vi-ve) Salmonella enterica serovar
Typhi isolates

The bacterial cultures were identified on the basis of colony
color and morphology, i.e., translucent, round and small,
2-3 mm colonies were selected as S. Typhi positive. The
typical reaction on TSI slants was observed as alkaline (red/
pink) slant, acidic yellow butt and slight H,S production
indicated with black color interface. The purified typical

bacterial culture was identified by PCR for fliC gene which
produces a 363 bp amplicon in case of positive culture. The
Vi antigen variants were identified by Vi gene-based PCR
which gives a 599 bp amplicon in Vi positive strains only.

Electrophoretic profile of outer membrane proteins
of S. Typhi

A complex electrophoretic profile of proteins was found
in the outer membrane of Gram- negative bacteria, having
more than 16 highly expressing proteins with molecular
masses between 10 and 110 kDa (Supplementary Figures
and Tables, Fig. S1). The molecular masses of 16 main
proteins were calculated to be 110, 78, 63, 55, 49, 46, 42,
38, 36, 33, 29, 25, 24, 22, 20, 18, and 16 kDa. The yield
of OMPs was approximately 4 mg protein/g bacteria (wet
weight).

Characterization of nano-porous chitosan particles
(NPCPs)

The prepared nano-porous chitosan particles size was con-
firmed by the zeta sizer through dynamic light scattering
analysis. The results suggested that the particle size was
almost 955 nm having intensity of 35% which can be seen
in the Fig. 1A.

While the size of nano-porous chitosan particles conju-
gated with Vi+ve OMP was 955 nm and Vi-vew as 8§25 nm

ntensity (%)

Fig. 1 Size analysis of nano-porous chitosan particles by
dynamic light scattering (DLS). ((A) Nano-porous chitosan
particles, (B) Nano-porous chitosan particles conjugated
with positive potential protein, (C) Nano-porous chitosan
particles conjugated with negative potential protein.)
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Fig. 2 Overall charge/potential study through dynamic light scattering
(DLS). ((A) nano-porous chitosan particles, (B) Nano-porous chitosan
particles conjugated with positive potential protein, (C) Nano-porous
chitosan particles conjugated with negative potential protein)
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as shown in Fig. 1B, Fig. 1C having the intensity 25% and
18% respectively.

Conjugation of nano-porous chitosan particles with
outer membrane proteins

The conjugation of nano-porous chitosan particles with
the OMPs were confirmed by zeta potential study through
dynamic light scattering analysis. The results showed that
nano-porous chitosan particle had overall negative charge
peaks (-58.24 and —28.45) which can be seen in Fig. 2A.
The potential peaks of nano-porous chitosan particle were
shifted to -12.55, 35.91 and —8.02 respectively after the
conjugation with Vi+ve and Vi-ve OMPs.

The size of nano-porous chitosan particles was confirmed
by the scanning electron microscopy. It was seen that over-
all particle size was ca. 955 nm which is similar to the zeta
sizer results. However, one individual particle pore size was
almost less than 100 nm in range. This can be seen in the
Fig. 3.

Fig.3 Scanning electron microscopic analysis of nano-porous chitosan
particles.
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Fig.4 Fourier Infrared spectroscopic analysis of nano-porous chitosan
particles
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Furthermore, Fourier infrared spectroscopy analysis was
performed to check the presence of functional groups on the
surface of nano-porous chitosan particles as shown in Fig. 4.
The absorption spectrum between 800 and 1200 cm™! rep-
resents characteristics peaks of chitosan saccharides struc-
tures, especially the peak at 1026 cm™ 'represents the C-O-C
bonding. While the peaks 2892 and 3329 cm™ 'represent the
C-H and N-H stretching vibrations respectively. The similar
peaks can be observed in various groups working on chito-
san and derivatives[24-28].

Induction of humoral immune response
The antibody titer in response to Vi+positive OMPs was

higher as compared to other preparations, when analyzed by
indirect ELISA. The maximum antibody response against

2.0
- NPCP Vi +ve
-e— NPCP Vi-ve
1.5+
-@— Vi-ve OMPs
= 1.0 -o— Vi+ve OMPs
'g ~@— Normal Control
o
8 0.5
20
2
©
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NS N & S S P
NI ARSI &
o
v,g

OMPs induced pAbs titer

Fig. 5 Induction of humoral response depicted by graphical presen-
tation ELISA results. (The graph depicts the quantitative expression
of antibodies raised in mice immunized with OMPs alone and CNP-
OMPs by applying ANOVA statistical analysis test: On Y axis the
absorbance at 550 nm were taken and on x axis the serial dilution of
antigens (OMPs) based antisera in the mice (end point titer), wells
that contains only Ag no antibodies and wells having BSA as positive
control were taken)

 Normal
control
| NPCP Vitve

@
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w
8
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Fig. 6 The graphical presentation of cytokines gene expression by
Real-time PCR in response to four test antigenic preparations. (On Y
axis the fold change in gene expression is taken and on X axis, the
cytokine genes studied during this study are taken)
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Vi+ve OMPs was observed as evident by the absorbance
value of apx 1.8 at 450 nm. The antibody titre against Vi-ve
OMPs, NPCP-Vi+ve and NPCP-Vi-ve were observed in
a decreasing sequence showing the highest immunogenic
potential of Vi+ve OMPs followed by Vi-ve OMPs, NPCP-
Vi+ve and NPCP-Vi-ve respectively. The untreated mice
serum and the ELISA reaction with secondary enzyme con-
jugated antibodies only, were taken as negative control. The
humoral immune response against NPCP-Vi+ve OMPs also
comparable with Vi+ve OMPs alone. The endpoint titer
based ELISA test was performed to check the end point titer
of pAbs showing positive results compare to negative con-
trol. The results were found statistically significant applying
ANOVA test. The graphical interpretation in given in Fig. 5.

Cell mediated immune response

Cell mediated immune response involves the activation of
phagocytes, several cytokines and antigen-specific cyto-
toxic T-lymphocytes. The data sheet obtained from qRT-
PCR machine was further analyze by using equation R=2
(ACt sample — ACt control) or R =2 (-AACt). The maximum

increase in the expression level of IL6 showed 44.3 folds
increase in the blood of mice injected with Vi+ve OMPs as
compared to NPCP-Vi+ve, NPCP Vi—ve and Vi-ve OMPs
(8.0, 0.3 and 3.3 folds respectively). The expression level
of IL10, IL17, TNF, and IFN were also increased 37, 25, 19
and 18 folds respectively. The level of IL4 (gene controlling
the production of T cell) showed 13.8 folds increase in the
blood of mice injected with Vi+ve OMPs as compared to
NPCP-Vi+ve, NPCP Vi-ve and Vi-ve OMPs (11.9, 2.5 and
8.8 folds) as elaborated in Table 1. The conclusive graphi-
cal interpretation of data from all the genes illustrates the
comparative expression of cytokines genes with the normal
control (normal level of analytes) Fig. 6.

Protection studies

All the animals that were injected with NPCPs-Vi-ve, Vi—
ve OMPs and NPCPS-Vi+ve showed the symptoms of
salmonellosis, such as ruffled hair, lethargic movements,
slow responsiveness to external stimuli at the end of the
day 1 post-infection and died after 2 days. 32.5% protec-
tion was seen in NPCPs-Vi-ve injected animals. The Vi+ve

Table 1 Immune responsive genes showing significant relative gene expression (fold change) in PBMCs of antigen treated and non antigen treated
control mice. The red highlighted values depict the down regulated genes the most up regulated genes were highlighted as bold purple. All the
targeted genes showing significant P value along with 95% Ci in the PBMCs of antigen treated mice and non antigen treated normal control mice.

Target Normal NPCP+ve OMPs  NPCP-ve OMPs Vi+ve OMPs Vi-ve
gene control OMPs
1L4 Fold change compare to Normal control  1.077 12.33 2.967 13.67 9.333
95% CI value -20.53 to -1.985 -3.844 to -15.02t0 -10.16  -10.68 to
0.06372 -5.831
P value 0.0112 0.0285 <0.0001 <0.0001
IL6 Fold change compare to Normal control  2.183 8.000 0.3333 44.33 3.300
95% CI value -8.994 to -2.639 0.9657t02.734 -66.47t0-17.83  -2.066 to
-0.1668
P value 0.0018 0.0006 0.0023 0.0118
IL9 Fold change compare to Normal control  0.6733 1.117 1.667 5.333 1.567
95% CI value -0.8504 to -1.868 to -7.113 t0 -2.207  -1.632 to
-0.03624 -0.1191 -0.1546
P value 0.0170 0.0132 0.0015 0.0089
IL10 Fold change compare to Normal control  1.577 6.333 0.9667 37.33 1.050
95% CI value -6.485 to -3.028 0.1686 to 1.051 -43.89to-27.63  0.1191 to
0.9342
P value 0.0001 0.0064 <0.0001 0.0074
IL17 Fold change compare to Normal control  1.580 6.000 0.9667 25.00 3.000
95% CI value -6.033 to -2.807 0.3112t00.9155 -31.80to-15.04 -3.033 to
0.1930
P value 0.0003 0.0007 0.0002 0.0411
INF Fold change compare to Normal control  0.9867 12.67 1.533 18.33 1.300
95% CI value -20.22 to -5.717 -10.94 to -4.335 -19.57t0-16.37 -10.94 to
-4.335
P value 0.0020 0.0006 <0.0001 0.0006
TNF Fold change compare to Normal control  1.030 14.00 1.267 19.00 8.667
95% CI value -17.68 to -5.679 -0.9063 to -31.71t0 -2.988  -0.6709 to
-0.1870 0.04422
P value 0.0013 0.0033 0.0114 0.0459
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OMPs gave 92.5% protection against LD50 dose. However,
Vi negative OMPs gave only 73.5% protection. Marginal
protection was seen in NPCPs-Vi+ve (62.5%), as shown
in Supplementary figure, Fig S2. The data was analysed by
% probability of death rate. The protection studies results
were further consolidated by ELISA and real time qPCR
base analysis.

In vivo evaluation of-cell immune response

The purified OMPs of both Vi+ve and Vi-ve strains of S.
Typhi and NPCPs conjugated OMPs were injected to check
the swelling pattern in mice footpad. The mice footpad
swelling was measured with the help of Vernier caliper at
different intervals of time 0, 3, 6, 15, 24, 36, 72 h post-injec-
tion. It was found that maximum response induced between
3 and 24 h post injections. DTH response was recorded
and it was observed that Vi+ve OMPs and NPCPs-Vi+ve
OMPs showed maximum swelling which also persisted for
48 h in case of Vi+ve OMPs, as shown in Fig. 7.

Discussion

The S. Typhi infection has become more threatening due
to emergence of extensively drug resistant (XDR) strains
in Southeast Asia particularly the subcontinent [36]. Being
humans as the only reservoir of this pathogen, it is rational
to control it by effective immunization. Already available
typhoid vaccines have limited efficacy due to the geographi-
cal variations in the antigenic components of S. Typhi that
is the emergence of Vi-ve strains. Latest available Vi conju-
gate vaccine (TCV) claims for 81% efficacy but it is based
on Vi capsular polysaccharide and cannot be protective
against the naturally occurring Vi—ve variants of S. Typhi
[6]. Thus, a better understanding of protective efficacy of
antigenic components of S. Typhi is needed to consider for
more effective vaccines against typhoidal salmonellosis.
Previous studies have reported the evaluation of immune
response of different S. Typhi antigens including LPS, fla-
gellar antigen and O-SP (oligopolysaccharide)[17]. In this
study, the OMPs of two naturally occurring variants of S.
Typhi were compared as total proteins mixture and with

Delayed Type Hypersensitivity Response
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Vi+ve OMPs NPCP Vi-ve

Test materials

Fig. 7 Delayed type hypersensitivity response to the outer membrane protein preparations. (The graph depicts the physical observed swelling of
mice footpad after being injected with OMPs alone and CNP-OMPs. The swelling due to T cells or Natural killer was measured with Veriner
caliper: On Y axis the swelling in mm was taken and on x axis hours of observation was taken)
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nanoporous chitosan as adjuvant, for their immunological
response both in vitro and in vivo conditions. The OMPs of
Gram-negative bacteria have been extensively studied but
the information is limited with respect to immunological
importance of S. Typhi. There is no approved vaccine based
on OMPs of S. Typhi. After the emergence of XDR strains
with incidence 3228/100,000 population it is important to
study the significance of OMPs as immunogenic potential
vaccine candidates [29, 30]. In this study, we have evalu-
ated adaptive immunity with the help of ELISA for antibody
detection and RT-qPCR for relative quantification of cyto-
kines genes expression. Because of the fact that the humoral
immune response apart from cellular immune response, is
also very important to give protective immunity against
pathogen [31, 32]. Our results showed promising humoral
as well as cell mediated immune response, induced by total
Vi+ve and Vi-ve OMPs as indicated by ELISA with a slight
decline in humoral response observed in case of NPCP-
OMP preparations. Our findings for crude OMPs were con-
sistent with those of [17], who reported the immunological
analysis and protection by a recombinant 49 KDa OMP of
S. Typhimurium but the upscaling and hyper production of
bacterial membrane proteins for commercial application is
tedious and expensive process. Our approach based on the
multiple epitopes based vaccine is the most suitable stim-
ulator for generating strong immune response with a low
cost and technically simple method. However; our results
for OMP-chitosan preparations are contradicting the exist-
ing information that these particles show stabilized release
of drug and shows substantial improvement in humoral
response elicited in response to protein-chitosan (NPCP-
OMP) adjuvant preparations [33, 34]. This may be due to
diversity in the routes of administration, interaction of tar-
get antigen with chitosan, size and ratio of NPCP etc. also
discussed by [34], because in our study, we hypothesized
that the chitosan might had masked some antibody binding
sites on outer membrane proteins or might be denaturing the
protein structures resulting in decrease in humoral response.

All the designed experiments were performed on mice
model animals, because although exclusively human patho-
gen, studies revealed that S. Typhi when inoculated in peri-
toneal cavity cause infection in mice [35]. Only limited
studies have been taken so far to study the cellular immune
response forS. Typhi [36]. Cell mediated immune response
involves the activation of several immunological pathways
through the release of cytokines including IL4, IL6, TNF
and INF ¥, which have been reported as important mark-
ers. We have assessed the activation of cellular immune
response by relative quantification of gene expression of
cytokines (IL4, IL6, IL9, IL17, IL10, TNF and INF) along
with internal control (PPIA) and external negative control
not stimulated with any antigen. The experiments were

revised in triplicates for the reproducibility and results were
compiled by taking the mean values. The Vi+ve OMPs
results in much high expression of IL4 in mice (13.67 fold
as compare to normal control 1.077 fold) as compare to Vi-
ve-OMPs and NPCPs-Vi+ve, NPCPs-Vi-ve indicating the
higher immunogenic potential of Vi+ve-OMPs. The 1L4 is
used to differentiate naive helper T cells to Th2 cells after
exposure to a potentially immunogenic antigen ultimately
activating humoral immunity. The IL6 acts as both a pro-
inflammatory cytokine and an anti-inflammatory myokine
and releases upon activation of cell mediated immunity. A
high expression of IL6 was observed in mice (44.33 fold
as compare to NC 2.183 fold) injected with Vi+ve-OMPs.
In NPCPs-Vi+ve infected mice, marginally high expres-
sion was also noticed.The gene expression of IL10, IL17,
INF-y and TNF increased significantly in response to Vi+ve
OMPs followed by NPCP-Vi+ve OMPs. IL10 also func-
tions as anti-inflammatory cytokines; IL17 functions as pro
inflammatory cytokines and produced by T helper cells.
IL9 regulates the production of a variety of hematopoietic
cells. IL9 activates STAT pathway and also stimulates cell
proliferation and prevent apoptosis. Interferon gamma is an
important activator of macrophages and inducer of Class 11
major histocompatibility complex (MHC) molecule expres-
sion. It is critical for innate and adaptive immunity against
pathogens. TNF is activated by macrophages and also asso-
ciated with CD4 +cells. For all these cytokines and interleu-
kins, it was found that expression increased several folds in
Vi+ve-OMPs as compare to all the three others antigens.
The expression TNF and IL4 was also found to be increased
in NPCPs-Vi+ve, Vi+ve OMPs and Vi-ve OMPs whereas
a very low fold change found in NPCPs-Vi-ve mice (Results
enlisted in Table 1). The expression of interferon is high
in Vi+ve OMPs and NPCP-Vi+ve inoculated mice. The
expression of IL17, IL10 and IL9 is much high in Vi+ve
OMPs mice as compared to all others. Somewhat similar
trend was found with the production of antibodies due to
these antigens (Vi+ve OMPs, Vi-ve OMPs, NPCPs-Vi+ve,
NPCPs-Vi-ve). Antibody titer is high in case of Vi+ve
OMPs, trend decrease from NPCPs-Vi+ve to Vi-ve to
NPCPS-Vi-ve. The DTH immune response was also evalu-
ated in this study that is based on the activation of T cells
and pro inflammatory cytokines. Maximum swelling was
recorded 3 h of post injection. Swelling continues till 36 h
after that the trend line of swelling start decreasing. Swell-
ing finally disappears after 72 h. The protection studies
result also indicates that Vi+ve OMPS confers more pro-
tection to the test animals as compare to Vi negative OMPs
which consolidates our finding with cellular immunity and
humoral immune response done using sandwich ELISA.
All the experiments done in this study have been repeated
trice and the conclusive graphs were generated by repeated
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mean values on which different suitable statistical tests were
applied i.e., ANOVA, welch’s t test and median lethal dose
tests based on %probability of death. It is worth mentioning
here that in immunization studies, the challenge was given
by Vi+ve isolate which strengthens the hypothesis of lim-
ited protection by Vi+ve OMPs against mice immunized
with Vi-ve OMPs due to variation in antigenic components.
Our study indicates the improved effectiveness and protec-
tion of total protein extract as vaccine candidate which is
also supported by the findings of [37], which showed the
activation of humoral immune response by one recombinant
OMP but no protection was observed and author has sug-
gested to use more than one OMP for protective efficacy.
Furthermore, as shown in several studies that the mucoad-
hesive chitosan particles increase the immune response but,
in our studies, the flexible nature of chitosan decreases the
efficacy of S. Typhi OMPs of. That might be due to mask-
ing effect of chitosan. Thus; by increasing the number of
epitopes of the OMPs the potential of the outer membrane
proteins of S. Typhi to stimulate immune response also
increased.

Conclusion

The characterization of OMPs alone and with NPCPs as
adjuvant results clearly indicates the substantial immuno-
genic potential and protective immunity induced by OMPs
of S. Typhi and these can be used as potential vaccine can-
didates for typhoid. The Vi+ve OMPs don’t only activate
humoral immunity but also activate several downstream
cellular immune responsive pathways resulting in long last-
ing immunity against S. Typhi infection. The total OMP
extract is also technically easy to prepare and a mixture of
OMPs can also provide multiple antigenic determinants for
more effective activation of immune system as compared
to recombinant OMPs presenting single antigenic determi-
nant. The low protection of Vi-ve OMPs immunized mice
in response to Vi+ve isolates needs further investigations
but strengthens the need for more effective and safe vaccine
against our local strains.
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