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Salmonellosis is a disease complex of man and animals caused by various
serovars of Salmonella enterica subspecies enterica. Salmonella spp. are facultative
intracellular pathogens capable of causing localized and systemic disease of significant
morbidity and mortality. The present study was aimed to investigate the immune response
elicited in mice following subcutaneous immunization with purified flagellin derived
from Salmonella enterica serovar Typhimurium. Humoral immune response in mice
was analyzed by indirect enzyme linked immunosorbent immunoassay (ELISA) wherein
a significantly greater antibody response was noticed in immunized group of mice
compared to the control group. Further confirmation by western blotting showed
immunoreactivity of the isolated flagellin against sera obtained from flagellin immunized
group on 21% day post immunization. Bacterial colony count in spleen from the mice
immunized with flagellin and challenged with Salmonella intra-peritoneally showed
complete clearance of the bacteria. In conclusion, bacterial flagellin demonstrated the
seroconversion and protective efficacy against homologous bacterial challenge post
immunization. Further explorative studies are suggested to unravel its potential
application to be used as vaccine antigen or adjuvant.
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The genus Salmonella are an
antigenically diverse group (>2400 serovariants)
of Gram-negative facultative intracellular
pathogensresponsiblefor avariety of entericaand
systemic diseases in human and animals'?.
Salmonella serovars Enteritidis and Typhimurium
are the key pathogen behind most of the food-
borne diseases reported worldwide 345, Bacterial
flagellin is the most abundant monomeric surface
protein (50-60 kDa) component of the flagella,
encoded mainly by two genes named as fliC and
fljB, that is necessary for motility and survival ina
widevariety of prokaryotes®’. Thissurface protein
isthe major virulence factor of Salmonella and it
acts through chemotaxis, adhesion and invasion
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of host surfaces. Salmonella flagellins are able to
elicit agreat degree of humoral immune response
and thustheimmunogenicity of flagellin hasbeen
exploited in avariety of vaccine strategies®®.

In addition to being a target of adaptive
immune system; flagellin can also be recognized
as pathogen associated molecular pattern (PAMPs)
moleculesthroughtoll like receptor-5 (TLR-5) and
thus able to directly activate innate immune
responses by involving variousimmune cellslike
monocytes'®, immature dendritic cells!* and
epithelial cellst2. Recognition of thisevolutionary
conserved molecule through TLR-5 which isalso
ahighly conserved structurelocalized on various
immunecell surfacesmay resultsinto the activation
of various potent inflammatory responses and
secretion of some effector molecules®® (eg.,
cytokines). A number of scientific reports have
demonstrated the use of flagellin either as fusion
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protein*!® or even using flagellin alone asvaccine
candidate antigen?®.

To develop a safe and effective vaccine
antigen/adjuvant it is essential to generate a very
high degree of purified product. The current study
was undertaken to evaluate the immunogenic
potential of Salmonella Typhimurium flagellin
using two steps procedures involving extraction,
purification and characterization of flagellin
followed by evaluation of protective immune-
responsein mice.

MATERIALSANDMETHODS

Bacterial strain

An indigenous isolate of Salmonella
enterica subbspecies enterica serovar
Typhimurium designated as E-2391 was procured
from Nationa Salmonella Centre, Indian Veterinary
Research Institute, |zatnagar for use in present
study. Thisisolatewasoriginally isolated fromthe
2 week old broiler chicks suffering from diarrohea
from Tangjii Poultry Farm, Pune, Maharashtra. The
isolate was confirmed to be as Salmonella by
biochemical reaction and serotyping according to
Kauffmann'’. To confirm the motility of the
bacterial isolate (swim phenotype) semi-solid agar
test was done with its inoculation into soft agar
(0.5%) containing antibiotic at afinal concentration
of 20 pg/ml and incubated over night at ambient
temperature. Finally, the ability to move through
the agar wasrecorded as per the method described
by Clegg and Hughes'®.
Extraction and purification of flagellin

Bacterial flagellin was isolated and
purified according to the method described by
Strindelius and coworkers'® with slight
modifications. Briefly, S. Typhimurium strain was
grown under aerobic conditions on semi-solid
swarm agar (0.5%) for some passages, inocul ated
in5ml Brain-Heart Infusion (BHI) broth at 37°C for
16 h. Thereafter, it was further cultivated in fresh
500 ml of BHI brothfor 16 hat 150 rpm. Thebacteria
pellet was harvested following centrifugation at
5000 x g for 30 min at 4°C and re-suspended in
normal saline solution (NSS), pH adjusted to 2.0
with 1 M HCI. The bacterial flagellar component
was extracted by continuously stirring of the
suspension at room temperature for 30 min,
centrifugation at 5,000 x g for another 30 min at 4°C
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and the supernatant obtained being further
centrifuged at 100,000 x g for 1 hat 4°C. After final
centrifugation, the pH of the supernatant
containing soluble monomeric flagellin was
adjusted to 7.2 with 1M NaOH followed by
precipitation with ammonium sulfate (2/3"
saturation) at 4°C overnight. The precipitate was
then centrifuged at 17,400 x g for 15 min at 4°C and
dialyzed against PBS, pH 7.4. | solated protein was
filtered through 0.22 uM membrane filter and its
concentration was estimated by dye binding
method®.
Characterization of S. Typhimurium flagellin by
SDS-PAGE and Blotting

Electrophoresis of S. Typhimurium
flagellin proteins was done in Sodium dodecyl
polyacrylamide gel electrophoresis(SDS-PAGE) in
the Tris/glycine discontinuous buffer system
according to Laemmli2t, Immunoblot analysiswas
carried out using mice anti-flagellar hyperimmune
serum according to Towbin et al .2,
Immunization studies

Theextracted Salmonellaflagellin protein
was evaluated for its potential to induce immune-
responses and providing protection against
homol ogus challenge in mice. For this purpose, a
total of 24 Swissabino mice (6 to 8 weeksold) of
either sex free from Salmonella infection were
housed under hygienic condition with good
management practices. Approval for the
experimentation on the mice was granted by
Institutional Animal Ethics Committee. Micewere
divided into two groups, each comprising of 12
mice. First group wasinjected subcutaneously (s/
c¢) with 20 ug of flagellin /100 pl NSS while the
second group (control) received only NSS. Blood
samples were collected from the retro-orbital
venous plexus at weekly intervals following
flagellin immunization for five successive weeks
and the respective serum samples were harvested
and stored at -20°C for further use.
Subclasstyping of flagellin specific serum 1gG
antibodies

Characterization of flagellin specific
serum 1gG antibodies in the serum samples of
immunized mice was done employing indirect
ELISA as previously described by Karlsson and
coworkers® with dight modifications, by analyzing
the systemic immunoglobulin G (IgG) and it's
subclassesat 0, 1, 2, 3, 4 and 5" week post flagellin
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immunization. Briefly, flat-bottom, high binding
capacity microtiter plates (Nunc, Denmark) were
coated with flagellin (5 pug /ml) and test serum
sampleswerediluted to 1:1600 in PBSwith 0.05%
Tween-20 (PBS-T); for determination of 1gG, goat-
anti-mouse 1gG peroxidase conjugate (Promega,
USA) diluted at 1:5,000 whilefor IgG1 and IgG2a,
goat-anti-mouse 1gG1 and |gG2a peroxidase
conjugates (Santacrutz, CA), diluted at 1:5,000 were
applied. After final three-wash steps with PBS-T,
bound conjugate was detected using o-
phenylenediamine (OPD)/H,O, substrate solution
(Sigma, USA) before the reaction was arrested
with 4M H,SO, in a volume of 25 pl /well.
Absorbance values were measured at 492 nm
wavel ength using Multiskan-Ex Microplate ELISA
reader (Thermo Scientific, USA).
Wester n-blotting

Immunoblot analysis of the serafrom the
experimental mice was done on 21% day post
immunization for assessing the sero-reactivity
against purified flagellin. Briefly, flagellin was
resolved by SDS-PAGE (12.5%) and transferred to
polyvinyl difluoride (PV DF) membrane, treated with
1:500 dilutions of test serum and then reacted with
goat anti-mouse 1gG HRPO conjugate. Finally,
diamino benzedene tetrahydro chloride (DAB)/
H,0, substrate solution (Sigma, USA) was added
and the colour development was observed
indicative of positive sero-reactivity.
Challengestudies

Six mice each from both the flagellin
immuni zed and control group were challenged with
homologous strain of S. enterica serovar
Typhimurium (1 x 108 CFU per mouseper 0.2ml) on
40" day post immunization through intra-peritoneal
(1/P) route. Three mice from both the groups were
sacrificed on day 7 of post challenge. Spleen was
collected separately for eachmicein 5 ml of sterile
PBS, homogenized using tissue homogenizer and
in appropriate concentrations plated onto
MacConkey’s lactose agar plate. After overnight
incubation at 37°C overnight, the number of
bacterial colonies (CFU) was counted separately
for al three mice and finally average count was
considered for final interpretation for assessing
the level of clearance of Salmonella in flagellin
immunized mice.
Grosspathology

From the above sacrificed mice of both
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the groups, internal organs (liver, spleen and
intestine) were examined to record the gross
pathological changesfollowing bacterial challenge,
if any.
Statistical analysis

All the data were analyzed by GraphPad
ver. 4 software. Resultsfrom ELISA wereanayzed
by oneway ANOVA and Bonferroni post hoc tests.
Differencesin variation in the analyzed datawere
expressed as standard deviation and considered
significant at aPvalue of <0.01.

RESULTSAND DISCUSSION

The purpose of this study was to
investigate if the flagellin protein alone could
function as an effective immunogen in parentral
vaccination against a bacterium that is known to
adhere to and pass through the intestinal
epithelium. Thus, wehavetaken S enterica serovar
Typhimurium, whichisagram-negative, facultative
intracellular bacterium that proliferates inside
macrophagesin liver and spleen. In present study,
the secreted flagellin protein extracted following
short cultivation of the bacteria was used to
evaluate the potential of flagellin as a vaccine
candidate, whichisnot in parallel with many other
vaccination studies, in which attenuated
Salmonella whole-cell vaccines or secreted
proteins in combination with suitable adjuvant
have been tested.

Bacterial strain

The isolated S. Typhimurium remained
localized to the point of the inoculums and was
unable to swim when kept at 37°C for overnight
period in the presence of antibiotic. However, in
the absence of antibiotic, the bacteria expanded
from the inoculums and rapidly migrate through
the agar. Thisresult indicated that antibiotic might
influencethe release of flagellat®.
Characterization of S. Typhimurium flagellin by
SDS-PAGE and Blotting

SDS-PAGE analysisof isolated flagellin
of S. Typhimurium has permitted the identification
of protein component in 50 to 55 kDa (major band)
and 2 minor bandsasdoublet 35to 40 kDa(Fig. 1).
The doublet was not so prominent evenin extended
staining condition indicating itslow detectability.
Low detectability of this doublet along with the
prominence of the major polypeptide of 50 to 55
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Table 1(a). Overall mean of indirect ELISA 19G levels (OD,,,) in theimmunized and
control mice. The values are shown as means +S.D (n= 3) from the mice receiving the
flagellin and placebo control

Weeks post A, M (meant SE) A, "M (mean+SE) Level of
immunization  values of immunized mice values of control mice Significance
0 0.16+0.02 0.12+0.01 ns

1 0.38+.01 0.10+0.01 ns

2 0.81+0.01 0.13+0.02 *x

3 1.22+0.05 0.1+2.0 ok

4 1.41+0.01 0.12+0.01 ok

5 1.55+0.02 0.52+0.38 ok
“Level of statistical significance ns= not significant ** P<0.01 *** P<0.001

Table 1(b). The flagellin specific 1gG1/IGg2a ratio
shown as means + S.D from the mice receiving the
flagellin, (n=3)

Weeks post
immunization

A, hm (1gG1/1gG2a) values
of immunized mice

1.00+0.022
1.13+0.02°
1.71+0.04°
2.42+0.015¢
2.42+0.07¢
2.12+0.02°

O~ WNEFO

#*means bearing different superscripts in a column which
differs significantly (P<0.001)

kDawas observed repeatedly during our extraction
procedure. These findings are in agreement with
those of Strindelius et al.* who pointed that SDS-
PAGE of the purified flagellin corresponds to a
single dominating band at about 56 kDa, which
match with the molecular mass of flagellin (50-60
kDa). Furthermore, immunaoblotting was done to
confirmthe profile of electrophoretically separated
proteins and it was concluded that the chief
immunogen isaround 50 to 55 kDa polypeptide as
mentioned by Strindeliuset al.*°. Moreover, Alexan
et al.’® and Namba et al.%* also found that flagellin
isa55 kDamonomeric protein, extending from the
outer membrane of Gram-negative bacteria that
propels the organism through its aqueous
environment.

Although we have not specifically
studied the active epitopes of flagellin in present
work, but it can be speculated that they remain
preserved through awhole process of purification
due to their ability to induce a strong immune

J PURE APPL MICROBIO, 8(2), APRIL 2014.

response in subsequent studies. Thus, it isevident
that the procedure adopted for the extraction and
purification of flagellin from Salmonellain present
study was quite effective and promising in terms
of no significant lossinimmunogenic epitopesand
sufficient proteinyield.
Evaluation of humoral immune response by
indirect-EL 1 SA and Western blotting

In present study, the kinetics, 1gG
subtypes and specificity of serum in response to
subcutaneousimmunization of micewith purified
Salmonella flagellin @ 20ug/ mouse (without
exogenous adjuvant and any booster dose) was
investigated. Flagellin-specific antibodies were
measured at weekly interval upto 5" wk post
immunization. An impressive systemic, humoral
response in al flagellin immunized animals was
observed. The serum antibody responseto flagellin
was undetectable at 2 days post-immunization (OD
at 1/1600 dilution was not above background, i.e.,
secondary antibody only) but started increasing
significantly from 2wk and maintained the same
kinetics upto the 5wk post immunization (Table
1a). The level of response from this single
immunization became maximal at 5" week post
flagellin administration and thereafter it remained
more or less same or started declining (data not
shown), but still remained well abovethe untreated
mice. Contrary to our present findings, Alexan et
al.*® has reported maximal antibody response
against Salmonella flagellin upto 6™ week post
administration. Thismay be possible because they
performed booster inocul ation on 34wk of primary
immunization which may further extend the course
of immune response.

The 1gG1/1gG2a subclass ratio in the
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group of miceimmunized with flagellin wasfound
to bein therange of 1.13to 2.42 (Table 1b). The
profile of the isotype class switching post
immuni zation demonstrated that flagellin enhanced
both the Th1l and Th2 responses as shown by the
increases of 1gG1 and 1gG2a in serum gradually
from 13wk of immunization compared to the control
group but it is evident from present finding that
the immune response is biased towards the Th,,
although the Thl-type responseisknown to be an
important component of the protective defense
against Salmonella®. Interestingly, Strindelius et
al.’® has analyzed this subclass ratio of the
systemic humoral immuneresponsein mice by oral
immunization with flagellin along with starch
microparticlesas adjuvant and detected arelatively
low ratio of IgGL/(IgG2a+ 1gG2b), whichindicates
adominating Thl-typeimmune response. But the
current findings supported the previous report
which postulated that soluble flagellin induces
Th2-biased responses which are sufficient enough
to protect the mice against Salmonella infection®.
Thismight beduetothefact that divergent flagellin-
specific polarization to either Thl or Th2 subset of
CDA4+ cellssolely depends on the context inwhich

M 1 2

A B

Lane M: Molecular weight marker,
Lane 1, 2: The purified flagellin protein

Fig. 1. SDS-PAGE (Panel A) and Western blot (Panel
B) analysis of purified flagellar protein
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this antigen is encountered to antigen presenting
cells rather than its intrinsic immunostimulatory
properties which determines the direction of Th
polarization.

The specificity of the humora immune
response assessed by Western blotting
demonstrated that essentially three major antigens

Table 2. Evaluation of protective immunity in
immunized and control mice which were challenged
by i.p. inoculation of 1x 108 CFU of the homologous
strain of S. Typhimurium strain. One week post-
challenge, three micefrom each group were sacrificed
and the Salmonella CFU in their spleen were counted

Group Animal ID Organ (spleen)
Mice F1 -
immunized F2 -
withflagellin F3 -
Miceimmunized C1 +
with PBS c2 +
(Contral) C3 +

F1, F2 & F3 indicates flagellin received group while C1,
C2 & C3indicates PBS control group which were sacrificed
on 7" day post-challenge.

50 kDa sl

Fig. 2: Western blot analysis of pooled serafrom mice
immunized with purified flagellin on 3rd wk post
immunization against extracellular antigens from
Salmonella Typhimurium
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had triggered the antibody response which
resembled the findings of Strindelius et al. ¥
(Fig. 2). They have analyzed these protein bands
by el ectrospray-mass spectroscopy and concluded
that this has originated from the flagellum, namely,
flagellin and the hook-associated protein 2.
Thus, it is apparent that majority of
antibody responses induced following
immunizationin miceweredirected against flagellin
which is a strong immunogen and it could be
considered as a potent stimulator of adaptive
immune responses even when given alone without
any booster and adjuvant support. The present
findingsarein similar lineto some of the previous
study carried out in BALB/c mice with secreted
antigensfrom S. enterica serovar Enteritidis, which
indicated that the anti-flagellin response was an

hleen

il

Liver

SINGH et a.: STUDY OF Salmonella flagellin ASVACCINEANTIGEN

important component of the host’s defense against
Salmonella infections®”,
Challengestudies

Challenge studiesin animals are limited
due to animal protection guidelines, which state
that the survival rate should not be aparameter for
evaluation of protection. Therefore, in present
study, after assessing the virulence of the
bacterium strain, 1x108 CFU/mouse was used asa
quantitative parameter to evaluate protection in
terms of bacterial clearance from spleen, as the
main sitesfor multiplication of Salmonella species
during invasiveinfection aretheliver and spleen®.
Interestingly, there was direct correl ation between
the challenge results and the immunological data
obtained. Mice immunized with flagellin were
protected against homologous S. Typhimurium

Fig. 3. Gross pathological changes observed in spleen, intestine (GIT) and liver of immunized (Panel A) and
control mice (Panel B) post one week challenge with the homologous strain of S. Typhimurium strain revealing
necrotic lesionsin all examined internal organsin addition to the petichial haemorrhagesin intestine

J PURE APPL MICROBIO, 8(2), APRIL 2014.
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challenge showing no characteristic lesion of
salmonellosis on necropsy, and their spleen were
negative for Salmonella in contrast to control
group in which pathogen was still persisted (Av.
1x 10° CFU/ml) (Table 2 and Fig. 3), which is
indicative of 100% bacterial clearance post flagellin
immunization in challenged mice. This suggests
the role of flagellin in prevention of the
multiplication of Salmonellaininternal organs. It
alsoindicatesthat the protective responsesin terms
of bacterial clearance observed were primarily due
toimmune responses directed against theflagellin
protein. These observations are consistent with
the hypothesis that the humoral antibodies are
largely directed towards bacterial surface antigens
such asflagellin, the major subunit of the bacterial
flagella®*2. Moreover, antibodiesmay beimportant
in controlling bacterial replication by acting as
opsonins®34, The important role of antibody-
producing B cells in protection against
Salmonellosis has been already shown by various
workers®3¢, Furthermore, Yokoyama et al.*”
showed that egg yolk antibodies specific for
Salmonella flagellin, LPS, and outer membrane
proteins such as porin, protect mice from
Salmonellosiswhen administered orally. Thisisin
paralel to the present study, in which it has been
demonstrated that parentral administration of
secreted proteins primarily gives protective
antibodies against Salmonella infection.

CONCLUSON

Taken together, the evidence to date
suggests that flagellin or fragments thereof could
be apromising and potent component of avaccine
against Salmonella or as an adjuvant for other
antigens. In conclusion, present study revealed
that the purified Samonella flagellin possessed
theahility to effectively trigger an effectiveimmune
response following immunization in mice and has
potential to combat homologous bacterial
challenge. Thisindicatesthe utility of Salmonella
flagellin to be exploited as a potent vaccine
candidate for this economically important
pathogen having public health concerns or to be
used as a vaccine adjuvant. However, further
explorative studies are suggested for its potential
applications as a vaccine antigen or adjuvant.
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