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Abstract
Vibrio parahaemolyticus is one of the major pathogens responsible for vibriosis and zoonotic infections in teleosts, marine
invertebrates, and also humans through consumption of contaminated or unprocessed seafood. Emergence of resistance against
current accessible antibiotics and spread to the food chain and environment necessitate the development of safe and effective
subunit vaccine against this bacterium. Many bacteria including V. parahaemolyticus produce extracellular curli fibrils,
heteropolymeric filaments of major and minor subunit, which have been implicated in adhesion, biofilm formation, and viru-
lence. Adhesins are the primary contact points with the host which help in establishing infection and colonization. CsgA, an
adhesin, is the major structural component of the curli fiber that forms homopolymers of several hundred units. Due to their
exposure on the cell surface, the curli fibers are recognized by the host’s immune system, would generate high immune response,
and therefore can serve as effective vaccine candidate. In the present study, we describe characterization of the csgA gene, and
preparation of recombinant soluble CsgA of V. parahaemolyticus (rVpCsgA), and evaluation of its vaccine potential.
Immunization of BALB/c mice with the rVpCsgAmounted a strong immune response. Cellular immune assays such as antibody
isotyping, in vitro splenocyte proliferation analysis, and cytokine profiling revealed mixed T-helper cell immune response. The
anti-rVpCsgA antiserum was agglutination positive and specifically cross-reacted with the curli CsgA present on the outer
membrane of V. parahaemolyticus cells, thus demonstrating its neutralization potential. One hundred percent survival of the
immunized mice upon challenge with the lethal dosage of the bacterium established that the rVpCsgA could serve as an effective
vaccine against the bacterium.

Key points
• Recombinant histidine-tagged CsgA of V. parahaemolyticus, rVpCsgA, was purified.
• The rVpCsgA immunization produced mixed immune response and agglutinating antibodies.
• Immunization with the rVpCsgA protected mice against V. parahaemolyticus challenge.
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Introduction

The emerging food and water-borne infectious diseases accen-
tuate global public health and food safety concern. Amongst

numerous pathogens, bacteria of Vibrionaceae family com-
prise some of the important pathogens of both humans and
aquatic animals (Kim and Bang 2008). Several Vibrio species
are accounted for causing vibriosis, the most prevalent infec-
tion in halophilic environment. The sharing of habitat by ma-
rine organisms and the microbial pathogen unexpectedly ac-
counts for seafood-borne infection. The pathogenic Vibrio
species are also responsible for infection in humans through
various food-borne illnesses (Bhowmick et al. 2008).
Recently, global warming and El Niño effect has stemmed
the vibriosis infections (Ling et al. 2019). Abrupt rise in tem-
perature has affected marine population due to physiological
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stress, changes in reproduction cycles, and infectivity pattern
of pathogens, and strongly correlates with Vibrio population
in the marine environment (Logar-Henderson et al. 2019).
Hence, bacteria of Vibrio species pose significant threat to
mankind and aqua-mariculture industry.

Vibrio parahaemolyticus, a Gram-negative zoonotic path-
ogen, is an obligate halophile and facultative anaerobe.
According to Centers for Disease Control and Prevention re-
port, more than 50% of food-borne gastrointestinal-vibriosis
cases every year in the USA are due to V. parahaemolyticus
infections (CDC 2019). Vibrio parahaemolyticus infects large
marine population including several edible teleosts and ma-
rine invertebrates, resulting in acute hepatopancreatic necrosis
syndrome and ultimately death (Letchumanan et al. 2015).

An alarming increase and global prevalence of
V. parahaemolyticus infection has been observed world-
wide ever since its discovery in 1950 (CDC 2019, Fujino
et al. 1953). These contagions are conveyed to humans
through consumption of contaminated seafoods, some of
which are often consumed raw, thus leading to ingestion
of infective dosage of these bacteria. The virulent strains
cause acute dysentery, bloody diarrhea, vomiting, fever,
and chills in humans (Shimohata and Takahashi 2010).
The sporadic and severe cases of infection affect wound,
ear, and also cause septicemia, which is life-threatening in
immune-compromised individuals (Zhang and Orth
2013). Vibrio parahaemolyticus infection has been report-
ed to adversely affect the gut microbiota community and
the liver and kidney function in mice (Wang et al. 2020).
Thus, V. parahaemolyticus causes severe losses to the
marine fisheries sector and also is one of the leading
causes of food-borne diseases in humans. Treatment of
vibriosis with antibiotics leads to its spread to the food
chain and environment via seafood. This has resulted in
the failure of antibiotic treatment approaches against pan-
demic V. parahaemolyticus (WHO 2014). In addition,
continued use of antibiotics, leading to evolution of mul-
tiple antibiotic-resistant Vibrio sp., poses serious health
concern. Thus, vaccination remains the most effective
measure to control food-borne diseases caused by
V. parahaemolyticus.

Currently available commercial vaccines against vibriosis
comprise attenuated live cultures of Vibrio anguillarum,
Vibrio harveyi, V. parahaemolyticus, and Vibrio vulnificus
(Powell et al. 2011). Heat-killed cultures of V. anguillarum
and Vibrio ordalii have been shown to protect juvenile
Atlantic halibut, salmon, and cobia (Lin et al. 2006; Bravo
and Midtlyng 2007). However, these vaccine formulations
suffer from severe drawbacks as the attenuated and killed
vaccines need proper handling to avoid contamination of live
bacteria. Also the preparation comprising a large number of
bacterial proteins leads to non-focused immune response and
antigenic load. Thus, there is a need to develop a subunit

vaccine to overcome these drawbacks. Currently, no subunit
vaccine is available against vibriosis, including that caused by
V. parahaemolyticus.

An effective vaccine can be developed by targeting the
molecules involved in adhesion and virulence. Adhesins pres-
ent on the surface are essential at the primary stage of infection
through adherence, colonization, and persistence in the host.
Multiple fimbrial adhesins present on the extracellular surface
such as long polar and lateral fimbriae, flagella, and compo-
nents of pili (type I and type IV pilus) and curli have been
characterized in Gram-negative bacteria (Langermann et al.
2000; Chapman et al. 2002; Maier and Wong 2015).
Immunization with a number of fimbrial adhesins and outer
membrane proteins (OMPs) of V. parahaemolyticus has been
shown to confer different degrees of protection in mice (Zha
et al. 2016), yellow croaker (Mao et al. 2007), crucian carp (Li
et al. 2010, 2014), and zebrafish (Peng et al. 2016).

Besides flagella and fimbriae, many pathogenic bacteria
such as Vibrio, Salmonella, Escherichia, Enterobacter,
Shigella, Citrobacter, Altermonas, Pseudo altermonas,
Shewanella, Halomonas, and Oceanicola species possess
curli fibers (extracellular amyloid fibers) on the cell surface
(Van Gerven et al. 2018). These entangled fibers have been
implicated in adhesion, biofilm formation, and virulence in
Escherichia coli and Salmonella (Dueholm et al. 2012; Van
Gerven et al. 2018).

The curli fibers are amorphous and are made up of a
heteropolymeric mixture of CsgA, a major component, and
CsgB, a minor nucleator component (Chapman et al. 2002;
Wang et al. 2008). Like other outer membrane proteins, and
being abundantly present on the cell surface, the major com-
ponent of the curli, CsgA is likely to be highly immunogenic
as these would be easily recognized by the host (Wang et al.
2012). The CsgA can therefore be exploited as a potential
vaccine candidate against this bacterium. The present study
was undertaken to evaluate the immunogenic and protective
potential of recombinant CsgA in murine model against
V. parahaemolyticus, as use of mice for testing vaccine effi-
cacy offers several advantages such as defined genetic back-
ground, well characterized immune system, low cost, and
availability of immunological reagents thus allowing detailed
analysis of immune response (Kiros et al. 2012).

Materials and methods

Bacterial strains

Expression host Escherichia coli BL21(λDE3)pLysS cells
procured fromGIBCO-BRL, USAwere used for recombinant
protein expression. A curli knock out strain E. coli LSR12
(E. coli C600 (ATCC No. 23274) with deletion of csgDEFG
and csgBAC operons), used as negative control, was a kind
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gift from Prof. M. R. Chapman, University of Michigan, Ann
Arbor, MI, USA.

Preparation of recombinant soluble CsgA of
V. parahaemolyticus (rVpCsgA)

A synthetic construct (pET28.VpcsgA) harboring the mature
CsgA of 402 bp designed on the basis of sequence information
of V. parahaemolyticus csgA gene (protein id, KKF68034.1;
Geninfo Identifier (GI), 814552847), cloned into pET28a(+)
(Novagen, USA) at the NdeI and XhoI sites (obtained from
GenScript, USA), was used for rVpCsgA production. The 159
amino acid residues long recombinant monomer (consisting
of 26 amino acid residues contributed by the vector, including
6 histidine residues each at the N- and C-termini) produced
from this construct would be of ~ 17 kDa.

Plasmid pET28.VpcsgA was transformed into competent
E. coli BL21(λDE3)pLysS cells. Expression analysis of the
rVpCsgA from the transformed cells was carried out as de-
scribed earlier (Karan et al. 2020). The cells were induced
with IPTG (1 mM) for additional 6–8 h and the expression
of the rVpCsgA was analyzed by SDS-PAGE (15%) in the
uninduced and induced cell lysates (prepared by boiling at
100 °C for 10 min in 6× gel loading buffer (0.375 M Tris-
HCl , pH 6.8, 12% SDS, 60% glycerol , 12% β -
mercaptoethanol, 0.06% bromophenol blue) to obtain 1×
working concentration). The rVpCsgA was purified from the
soluble fraction of the induced cell lysate by metal affinity
chromatography using Co+2-NTA resin as described earlier
(Karan et al. 2020). In purified rVpCsgA dialyzed against
50 mM Tris-HCl, pH 8.0 was concentrated using (3 kDa)
Amicon ultra centrifugal filter, flash frozen in small aliquots,
and stored at − 80 °C. Protein concentration was estimated by
BCA protein estimation kit (Bio-Rad, USA). Purified recom-
binant protein was authenticated by MALDI-TOF-MS at the
Sandor Proteomics, Hyderabad, India.

Immunogenicity of rVpCsgA

Experiments involving BALB/c mice were conducted after
due approval of the Institutional Animal Ethics Committee
(IAEC-JNU project code # 08/2017) of the Jawaharlal
Nehru University, New Delhi, India. The animals were
housed in the Animal House Facility of the University and
all the experiments were performed as per the guidelines pro-
vided by the Institutional Animal Ethics Committee of the
University (IAEC-JNU), in line with the National Institutes
of Health guide for the care and use of laboratory animals
(NIH Publications No. 8023, revised 1978).

Schematic representation of the immunization, sera collec-
tion, and challenge schedule is shown in Fig. S1. All opera-
tions (immunization, sera collection, and challenge) were per-
formed at 11.30 am on the indicated day. After collecting pre-

immune (PI) serum, BALB/c mice (female, 4–6 weeks, body
weight 20.3 ± 1.2 g, n = 10 per group) were housed in the
Central Laboratory Animal Resources, JNU, New Delhi.
The mice were injected intraperitoneally (IP) with the purified
rVpCsgA (15 μg, emulsified in alum, 1:1) at the age of 40–
42 days, followed by two booster doses (15 μg) administered
on days 15 and 28 of primary immunization. Control mice
received PBS emulsified in alum. Immunized mice were bled
on different days post-immunization (days 14, 21, and 35)
through retro-orbital plexus under light anesthesia (anesthetic
used avertin, 250 mg/g body weight. i.p.; 1.2% solution pre-
pared as per the Cold Spring Harbor Protocol (http://
cshprotocols.cshlp.org/content/2006/1/pdb.rec701.full)). The
blood was allowed to clot for 1 h at 25 °C and the sera,
collected by centrifugation at 7000 rpm in a microcentrifuge
(Eppendorf, USA) at 4 °C for 7 min, were stored at − 20 °C
until further use.

Enzyme-linked immunosorbent assay

Direct ELISAwas used to determine end point titer of the anti-
rVpCsgA antiserum using pre-immune (PI) serum as control
as described earlier (Sharma and Dixit 2016). ELISA plates
were coated with the rVpCsgA (500 ng/100 μl/well in 0.2 M
carbonate-bicarbonate buffer, pH 9.2) and incubated at 4 °C
for overnight. Non-specific sites were blocked by incubation
in PBST (1× PBS, pH 7.4, 0.05% Tween-20) containing 2%
BSA for 2 h at 37 °C. The plate was then incubated with
different dilutions (1:500, 1:1000, 1:5000, 1:10,000,
1:25,000, 1:50,000, 1:75,000, 1:1,00,000) of anti-rVpCsgA
antisera prepared in PBST containing 2% BSA at 37 °C for
1 h. After washing extensively with PBST (3 washes of
10 min each), horseradish peroxidase (HRP)-conjugated goat
anti-mouse IgG secondary antibody (1:5000 dilution in PBST
containing 2% BSA) was added and color was developed by
adding orthophenylenediamine (0.5 mg/ml in citrate phos-
phate buffer, pH 5.5 containing 30% H2O2 (1 μl/ml)).The
reaction was terminated by the addition of 2 N H2SO4 and
the absorbance was measured at 450 nm in an ELISA plate
reader (Tecan, USA).

A similar ELISA was performed to understand class
switching and determine the levels of different isotypes in
the antisera using isotype (IgG1, IgG2a, IgG2b, and IgA)-
specific rat anti-mouse mononoclonal antibodies as per the
manufacturer’s directions (BD-Pharmingen mouse immuno-
globulin isotyping ELISA kit).

Western blot analysis

Western blot analysis using anti-rVpCsgA antisera was per-
formed as described earlier (Karan et al. 2016). The purified
rVpCsgA and induced cell lysate of rVpCsgA resolved on the
SDS-PAGE were transferred onto the nitrocellulose
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membrane. After overnight blocking with 3% bovine serum
albumin (BSA) in 1× PBST at 4 °C, the membrane was
immunoblotted with primary antibody (1:200), followed by
incubation with HRP-conjugated anti-mouse secondary anti-
body (1:5000, 1 h) at room temperature (RT). After extensive
washing with PBST between each incubation, the blot was
developed using Pierce ECL Western blotting substrate as
per the manufacturer’s direction (Thermo Scientific, USA).
The image was acquired using a Biospectrum 500 Imaging
system (UVP, UK).

Analysis of T cell response

Splenocytes from the rVpCsgA-immunized mice and PBS-
immunized mice (control mice) were isolated a week after
the second booster as described earlier (Yadav et al. 2016).
Splenocytes were washed with 1× RPMI-1640 containing
10% fetal bovine serum medium (Gibco, Fisher Scientific,
UK), followed by 0.9% NH4Cl wash to rupture the RBCs.
Viable splenocytes were seeded in 96-well culture plates
(1 × 105 cells/100 μl/well) and stimulated with rVpCsgA
(20 μg/ml) for different time periods at 37 °C in 5% CO2

atmosphere. Splenocyte proliferation was measured using
XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazo-
lium-5-carboxanilide) cell proliferation kit (Biological
Industries, USA). Absorbance was measured at 450 nm in a
plate reader.

Determination of cytokines

The levels of IFN-γ and IL-4, marker cytokines of Th1 and
Th2 response, in splenocyte culture supernatants collected at
different time points post-stimulation, were measured using
cytokine-ELISA kit (BD-Pharmingen, USA) as per the man-
ufacturer’s instructions.

The global cytokine responses in the splenocyte culture
supernatants (collected at 72 h post-stimulation) were ana-
lyzed using Proteome Profiler antibody array (ARY006,
R&D Systems, USA) as per the manufacturer’s instructions.
First and foremost, the array buffer 6 (provided by the manu-
facturer) was used to block the ready to use membrane pre-
coated with analyte-specific capture antibodies at RT for 1 h.
The blocking buffer was then drained followed by addition of
the culture supernatants (1 ml of culture supernatant mixed
well with 0.5 ml of array buffer 4 and 15 μl of reconstituted
detection antibody cocktail) to the membrane. The membrane
was allowed to incubate at 4 °C O/N on a rocking platform for
10min followed by thoroughwashing with 1×wash buffer for
10 min. This was followed by the addition of streptavidin-
HRP solution diluted in array buffer 6 (1:2000) to the mem-
brane, incubation at RT for 1 h with shaking. After washing,
the membrane with 1× wash buffer as before, 1 ml of Chemi
Reagent mix (provided in the kit) was added for 1 min to

detect the immunoreactive spots. Biospectrum 500 Imaging
system (UVP, Cambridge, UK) was used to acquire the im-
ages. Densitometric analysis of the immunoreactive spots on
the image acquired using Biospectrum 500 Imaging system
(UVP, Cambridge, UK) was performed using ImageJ 1.52a, a
freely available online tool (https://imagej.nih.gov/ij/).

In vitro agglutination assay

Agglutination ability of the anti-rVpCsgA antisera was deter-
mined by the method of Sharma and Dixit using
V. parahaemolyticus cells (accession no. MTCC#451 from
the Microbial Type Culture Collection, Institute of Microbial
Technology, Chandigarh, India) (Sharma and Dixit 2016).
Briefly, mid-log phase V. parahaemolyticus cells (1 × 108

colony-forming units (CFU)) were resuspended in different
dilutions of either the anti-rVpCsgA or pre-immune antisera
(1:100, 1:200, 1:300, 1:500 in 1 ml 1× PBS) and incubated at
37 °C for 2 h. The cells were collected by centrifugation at
4000×g for 10 min and washed with 1× PBS to remove any
unbound antibodies, followed by resuspension in 100 μl of 1×
PBS. The uniformly suspended cells were then smeared on
glass slides, followed by air-drying, heat-fixing, and staining
with 1% methylene blue (prepared in 95% ethanol containing
0.01% KOH). After washing with Milli-Q water, the cells
were visualized under a bright-field microscope (Eclipse
TE2000S, Nikon, USA).

Specificity of the anti-rVpCsgA antibody-mediated agglu-
tination was determined by pre-incubating the antisera with
rVpCsgA (1 μg per 1 μl of antisera at 1:300 dilution), prior to
addition to the V. parahaemolyticus cells.

Cell surface CsgA recognition by anti-rVpCsgA
antibodies

Whether or not the antibodies present in the anti-rVpCsgA are
able to recognize the native CsgA present on the cell surface
was analyzed by flow cytometry and immunoelectron micros-
copy as described below:

Flow cytometry

The ability of the anti-rVpCsgA antibodies to recognize the
native CsgA present on the cell surface was analyzed by
fluorescence-activated cell sorting (FACS) as described earli-
er (Sharma and Dixit 2016). Mid-log V. parahaemolyticus
cells (1 × 106 CFU) were incubated for 1 h at 4 °C with anti-
rVpCsgA antisera or the pre-immune sera (1 ml, 1:50) follow-
ed by washing and resuspension in 1× PBS. The cells were
then pelleted by centrifugation and washed with 1× PBS to
remove any unbound antibodies, followed by resuspension in
small volume of 1× PBS. FITC-conjugated goat anti-mouse
IgG secondary antibody (1:200) was added and incubated
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further (30 min, 4 °C). Fluorescence data collected using
FACSVerse (BD Immunocytometry System, USA) was ana-
lyzed using the FACS Diva Version 8.0.1 software.

Immunoelectron microscopy

Interaction of the anti-rVpCsgA antibodies with the CsgA on
V. parahaemolyticus cells was confirmed by immunogold la-
beling as described by Chatrath et al. (2014). Mid-log phase
V. parahaemolyticus cultures were incubated in TEM fixative
(4% paraformaldehyde and 0.5% glutaraldehyde in 1× PBS)
initially for 60 min at RT, followed by re-incubation in fresh
TEM fixative for another 10 min at 4 °C. The cells were then
treated with aldehyde quenching solution (100 mM ammoni-
um chloride in 1× PBS) for 10 min at 4 °C, followed by two
washes with 1× PBS at 4 °C (15 min each). Thin (100 nm)
sections of the agar-encased cells, embedded in London resin
(LR) white resin (Electron Microscopy Sciences, USA), were
obtained on nickel grids (200 mesh, Electron Microscopy
Sciences, USA) using Leica Ultracut (Leica, Germany).
After blocking with 2% BSA in 1× PBS, the grids were incu-
bated O/N with primary antibody (1:20) and washed thrice
with PBST for 10 min each. The grids were then incubated
(60 min, RT) with colloidal (10 nm) gold-labeled anti-mouse
antibody (Sigma-Aldrich, USA). After five washes with
PBST, the grid was rinsed withMilli-Q water and stained with
saturated uranyl acetate solution (1–2%). The immunolabeled
cells were visualized by transmission electron microscopy
(Tecnai F20 TEM, USA) at the National Institute of
Immunology, New Delhi.

Detection of curli fibers on V. parahaemolyticus cells

Congo red staining

Congo red staining (Sigma-Aldrich, USA) and Congo red
fluorescence measurement were used to detect the curli sys-
tem in V. parahaemolyticus by the method of Kan et al.
(2019). Congo red (2 mg/ml) was added to the mid-log phase
V. parahaemolyticus culture for 10 min at 37 °C and centri-
fuged at 4300×g. The color of the pellet was observed and
compared with negative control. For Congo red fluorescence
analysis, the cells from overnight culture were grown in the
presence of Congo red (25 μg/ml) for 4–5 h. Congo red fluo-
rescence (excitation at 300 nm, slit width 10 nm; emission at
510 nm, slit width 5 nm) was measured using a fluorimeter
(Carry Eclipse, Varian Optical Spectroscopy Instruments,
USA) at 25 °C.

Negative staining

Mid-log phase grown V. parahaemolyticus cells, washed
in PBS, were adsorbed on the copper grids (200 mesh,

Electron Microscopy Sciences, USA) and stained with
2% uranyl acetate and visualized by transmission elec-
tron microscopy (Chatrath et al. 2014).

In vitro adhesion and invasion assay of
V. parahaemolyticus cells on colorectal carcinoma
cells

Ability of anti-rVpCsgA antisera to inhibit adherence
and subsequently internalization of the host cell was
assessed using in vitro adhesion assay using human
colorectal carcinoma cells HCT116 (ATCC#CCL247)
essentially as described earlier (Luna-Pineda et al.
2019). The HCT116 cells (procured from National
Centre for Cell Science, Pune, India) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) contain-
ing 10% fetal bovine serum (FBS) medium in a T25
cell culture flask at 37 °C in 5% CO2 atmosphere.
Upon attaining confluency, the HCT116 cells were har-
vested and seeded in a 24-well culture plate (1 × 105

cells/1000 μl/well in fresh DMEM supplemented with
10% FBS) and incubated at 37 °C for 16 h in a 5%
CO2 incubator. Simultaneously, a primary culture of
V. parahaemolyticus was inoculated in LB broth and
allowed to grow overnight at 37 °C with shaking
(200 rpm). The next day, the secondary culture of bac-
terial cells (inoculated with 1% primary culture) grows
until late log phase. Vibrio parahaemolyticus cells from
the late log phase culture (1 × 107 colony-forming units
(CFU)) were incubated with pre-immune antisera (1:50
in 1 ml 1× PBS) or anti-rVpCsgA antiserum (1:50 and
1:100 in 1 ml PBS) at 37 °C for 2 h (in triplicate).
The HCT116 cells treated with PBS were included as
negative control. The bacterial cells were harvested by
centrifugation (4300×g for 10 min). After washing with
1× PBS, the V. parahaemolyticus cells (pre-incubated
with PBS or antisera) resuspended in DMEM contain-
ing 10% fetal bovine serum were added to the
HCT116 monolayers (multiplicity of infection, 1:100;
in quadruplicates) and incubated at 37 °C for 2 h in
5% CO2 atmosphere. The medium was removed and
the cells were washed three times with DMEM to re-
move any non-adhered bacterial cells. The monolayers
were then treated with lysis buffer (100 μl, 0.1%
Triton X-100 in 1× PBS) for 10 min at RT. LB broth
(900 μl) was then added to each well and the adhered
and intracellular bacteria were collected by repeated
up- and down-pipetting. Different dilutions of the sus-
pension thus obtained were made in LB broth, plated
on LB agar, and incubated overnight at 37 °C. The
CFU/ml (corresponding to the adhered and intracellular
bacteria) in the suspension was determined by plating
different dilutions on LB-agar plates.
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Effect of rVpCsgA immunization on liver and kidney
function

To determine if the rVpCsgA immunization is safe and does
not cause any adverse effect on mice physiology, commercial
services from the PATHLAB, East of Kailash, New Delhi,
India were availed to carry out liver and kidney function anal-
yses in the serum of immunized mice. The serum samples
harvested from the rVpCsgA-immunized mice (n = 4/group)
after 16 h after the administration of the protein were subjected
to biochemical analysis for hepatic function markers (aspar-
tate aminotransferase (AST), alanine aminotransferase (ALT),
alkaline phosphatase (ALP), and albumin) and renal function
markers (creatinine and blood urea nitrogen (BUN)), using
assay kits from Medicon, India in automated biochemical an-
alyzer (Accute, TBA-40 FR, Toshiba, Japan). To assess the
tissue damage, the liver, lung, and kidney from the immunized
mice were excised immediately after sacrifice, washed with
chilled PBS, and fixed in PBS-buffered formaldehyde for fur-
ther processing (embedding in paraffin, hematoxylin-eosin
staining, sectioning, and microscopy) by the commercial ser-
vice provider PATHLAB, East of Kailash, New Delhi, India.
Samples (sera and tissue) from the PBS-immunizedmice were
included as control.

Bacterial challenge studies

P r i o r t o cha l l e nge s t ud i e s , LD5 0 do s e o f t h e
V. parahaemolyticus was determined by the method of Reed
and Muench (1938). The LD50 dose was determined to be
2.5 × 108 CFUs. Protective efficacy of the anti-rVpCsgA
antisera was determined by passive challenge of unimmunized
BALB/C mic e (n = 10 ) w i t h 2× LD5 0 do s e o f
V. parahaemolyticus cells in 50 μl 1× PBS (IP), pre-
incubated with equal volume of anti-rVpCsgA antisera at
37 °C for 1 h. Control group was challenged with the same
amount of cells pre-incubated with neat pre-immune serum.
The mice were monitored for survival for 10 days.

Another set of PBS- and the rVpCsgA-immunized mice
(n = 10 per group) was used for challenge studies. These mice
were given a 3rd booster on day 60. In vivo challenge of these
mice was performed by challenging them with the 2× LD50

dose of V. parahaemolyticus (IP) 7 days after the 3rd booster
at 11.30 am. Challenged mice were observed for survival for
10 days.

Statistical analysis

The significance (p value) was calculated using paired
Student’s t test. The data represent mean ± standard deviation
of three independent experiments, performed in triplicates.

Gene sequence

The nucleotide sequence of the synthetic csgA gene of
V. parahaemolyticus has been submitted to the National
Center for Biotechnology Information (NCBI) GenBank
(Accession no. MN530930).

Results

Preparation of rVpCsgA

For recombinant CsgA expression, a synthetic VpcsgA gene
was designed and cloned into expression vector pET28a(+)
which was transformed into E. coli BL21(DE3)pLysS cells.
Induction of the E. coliBL21(λDE3)pLysS cells harboring the
pET28.rVpCsgA showed the expression of the histidine-
tagged rVpCsgA in the soluble fraction (data not shown).
The rVpCsgA from the soluble fraction was purified to near
homogeneity (~ 98%) and appeared to be in oligomeric forms
(Fig. 1; putative dimer and tetramer). The authenticity of the
purified rVpCsgA was confirmed by MALDI-TOF-MS anal-
ysis (Fig. S2).

Fig. 1 Preparation of the recombinant CsgA of V. parahaemolyticus
(rVpCsgA). SDS-PAGE (15%) analysis of rVpCsgA purified from the
soluble fraction (P). M indicates migration of protein molecular weight
(kDa). Arrows point to the oligomeric forms of the histidine-tagged
rVpCsgA
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Analysis of immune response

Immunogenicity of the rVpCsgA

Immunization with the rVpCsgA generated a highly effective
immune response, evident from high end point titers of the
anti-rVpCsgA antisera (1:100,000, dilution of the anti-
rVpCsgA antiserum, at which the absorbance became almost
equal to pre-immune serum) (Fig. 2a). A significant increase
in the IgG levels was observed in the antisera collected on day
21, after first booster dose. No further increase was observed
after the second booster.

Western blot analysis using anti-rVpCsgA antisera showed
specific immunoreactive bands at the expected size (i.e., mo-
nomeric and oligomeric positions) in the induced cell lysate as
well as the two bands in the purified protein confirm the anti-
genicity of the purified rVpCsgA, as well as specificity of the
anti-rVpCsgA antibodies (Fig. 2b).

Immune response analysis by antibody isotyping

The switch of immunoglobulin expression and differentiation
of isotypes in the anti-rVpCsgA antisera collected on different
days post-immunization were analyzed by measuring the
levels of different IgG isotypes. Isotyping of the anti-
rVpCsgA antisera showed a significant increase in the levels
of all the isotypes on all the antisera collected on different
days, when compared to pre-immune serum with maximum
increase in IgG1 followed by IgG2b (Fig. 3). The ratio of

IgG1:IgG2a and IgG1:IgG2b was found to be > 1, indicating
a Th2-biased mixed immune response (Bielinska et al. 2016).

In vitro T cell response by the rVpCsgA

Figure 4a shows that stimulation with the rVpCsgA result-
ed in significantly enhanced proliferation of splenocytes
at all the intervals (p ≤ 0.001 to p ≤ 0.005) post-
stimulation when compared to the rVpCsgA-stimulated

Fig. 2 Determination of antigenicity of the rVpCsgA. a Antibody titer
determination. Sera from the immunizedmice, collected on different days
post-immunization, were analyzed for the rVpCsgA-specific antibody
titer by ELISA. Primary antibody was used at different dilutions in 2%
BSA in 1× PBS containing 0.05%Tween-20 and secondary antibody was
used at 1:5000 dilution. The rVpCsgA-specific antibody titers were de-
termined to be greater than 1:100,000. PI indicates pre-immune serum.
Significant changes with respect to the absorbance obtained with PI are
shown ($, p ≤ 0.001; *, p ≤ 0.005; #, p ≤ 0.05). b Immunoblot analysis

using anti-rVpCsgA antiserum. Both the induced cell lysates of the E. coli
BL21(DE3)pLysS cells harboring the pET28.VpcsgA and the purified
rVpCsgA, resolved on SDS-PAGE (15%), were immunoblotted with an-
ti-rVpCsgA antiserum (1:200 in 1× PBS containing 0.05% Tween-20).
Immunoreactive bands at the positions seen in the purified protein (P) and
also at the expected size of the monomer (~ 17 kDa) are seen in the
induced cell lysate (I). Migration of the molecular weight markers is
shown (kDa)

Fig. 3 Antibody isotyping of the anti-rVpCsgA antisera. Sera collected at
different days (day 14, day 21, and day 35) post-immunization from the
rVpCsgA-immunized mice were analyzed for the levels of different
isotypes by ELISA using isotype-specific secondary antibodies. PI indi-
cates pre-immune serum. Significant changes with respect to the levels of
respective isotype in pre-immune serum are shown ($, p ≤ 0.001; *, p ≤
0.005; #, p ≤ 0.05)
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splenocytes of the PBS-immunized mice and unstimulated
splenocytes, evidenced by higher absorbance in XTT cell
proliferation assay. The proliferation index (A450 stimu-
lated/unstimulated) was determined to be 1.94, 2.81, and
2.9 at 24, 48, and 72 h respectively for the splenocytes
from the rVpCsgA-immunized mice at the respective time
point.

The culture supernatants of the splenocytes from prolif-
eration assay, collected at different time points post-stim-
ulation, were analyzed for the IFN-γ and IL-4 levels,
which are indicative of type I and type II immune response.
As shown in Fig. 4b and Fig. 4c, a significant increase in
the levels of both IFN-γ (p ≤ 0.005–0.001) and IL-4 (p ≤
0.001) was observed, respectively in the culture superna-
tant collected at all the three time intervals post-stimulation
indicating a mixed T-helper cell immune response. Though
a slight decrease in the IFN-γ level was noticed at 72 h
when compared to that at 48 h post-stimulus, the IFN-γ
levels still remained significantly higher than that of the
control supernatant. Culture supernatants from control
splenocytes (PBS-immunized mice and stimulated with

rVpCsgA) did not show any change in either cytokine’s
level.

Asmaximum proliferation of splenocytes was noted at 72 h
post-stimulation with the rVpCsgA, the culture supernatant
collected at this time point was analyzed to have a deeper
insight into the T-helper cell immune response generated
against rVpCsgA. The changes in the level of the numerous
cytokines and chemokines, significant players in CD4+ T cell
differentiation, were analyzed using antibody array compris-
ing the specific capture antibodies against a panel of
cytokines/chemokines of different T helper cells’ pathways
(Fig. S3). Amongst the test cytokines, significantly increased
levels of 26 cytokines/chemokines (p ≤ 0.05 to 0.001) were
observed in the culture supernatants of rVpCsgA-stimulated
splenocytes from rVpCsgA-immunized mice when compared
to that from PBS-stimulated splenocytes (Fig. 5). Maximum
change at the level of p ≤ 0.001 was observed in the levels of
IP-10, TIMP-1, TNF-α, KC, G-CSF, TREM-1, GM-CSF, JE,
IL-13, IL-10, sICAM-1, CCL-4, IL-16, IL-1α, CXCL2, IL-
17, IL-1β, and CCL3. The TARC, IL-3, IL-6, IFN-γ, IL-1F3,
and IL-2 showed an increase at p ≤ 0.005. Minimum yet

Fig. 4 In vitro T cell response
assessment. a Stimulation of
splenocyte proliferation by the
rVpCsgA. Splenocytes isolated
from the PBS- and rVpCsgA-im-
munized mice were stimulated
with the rVpCsgA (stimulated) or
with the corresponding volume of
the PBS (unstimulated) and mon-
itored for proliferation by incuba-
tion in a humidified CO2 (5%)
incubator for 24 h, 48 h, and 72 h
using XTT cell proliferation as-
say. Significant changes are de-
termined by comparing the
rVpCsgA-stimulated splenocytes
with PBS-stimulated splenocytes.
$, p ≤ 0.001; *, p ≤ 0.005. b and c
Culture supernatants from the
PBS-stimulated or rVpCsgA-
stimulated splenocytes from
rVpCsgA-immunized mice col-
lected at different time intervals
were analyzed using cytokine-
specific antibodies (1:250) and
detection antibodies for IFN-γ
(1:500, panel b) and IL-4 (1:250,
panel c) levels using cytokine-
specific ELISA employing the
use cytokine-specific capture an-
tibodies. Significant changes with
respect to the levels of respective
cytokine in PBS-stimulated
splenocytes are shown ($, p ≤
0.001; *, p ≤ 0.005)
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significant increase (p ≤ 0.05) was observed in IL-4 and CCL-
5. Thus, an increase in different molecules belonging to Th1,
Th2, and Th17 differentiation pathways was observed.

Neutralization potential of the anti-rVpCsgA antisera
and specificity of anti-rVpCsgA antibody interaction
with V. parahaemolyticus CsgA

Since presence of curli amyloid fibers on the bacterial cells is
essential for interaction of the anti-rVpCsgA antibodies to
bring about agglutination and neutralization, presence of curli
fibers on the V. parahaemolyticus (#451) cells used in the
study was first confirmed using Congo red staining and neg-
ative staining (Fig. S4). As evident from Fig. S4a, the
V. parahaemolyticus (#451) cells showed deep positive
Congo red staining indicating the presence of curli fibers,
whereas the E. coli LSR12 cells lacking the curli fibers
showed negligible staining. This was further confirmed by
approximately 5-fold higher Congo red fluorescence of the
stained V. parahaemolyticus (#451) in comparison to that of
E. coliLSR12 cells (Fig. S4b). TEM analysis of the negatively
stained V. parahaemolyticus (#451) cells clearly showed the
presence of non-uniform, amorphous, entangle curli fibers on
its cell surface (Fig. S4c). Thus, these cells were used to assess
the agglutination ability of the anti-rVpCsgA antisera.

The neutralization potential of the anti-rVpCsgA antisera was
assessed by its ability to agglutinate live V. parahaemolyticus
cells. Agglutination analysis showed that incubation of the
V. parahaemolyticus cells with anti-rVpCsgA antisera resulted
in positive agglutination, whereas no clumping was observed
with pre-immune sera (Fig. 6). As expected, an increase in
antisera dilution showed decreased agglutination. A decrease in
agglutination of the cells upon incubation with the anti-rVpCsgA
antisera, pre-incubated with the rVpCsgA (lower most panels),
confirmed the specificity of the clumping due to specific interac-
tion between the anti-rVpCsgA antibodies with the CsgA present
on the cells.

Qualitative specific interaction of the anti-rVpCsgA antibod-
ies with the CsgA present on the cell surface is evident from the
appearance of black dots on the V. parahaemolyticus cells
when anti-rVpCsgA antisera was used in colloidal gold
immunolabeling followed by TEM analysis. No such dots are
visible on the cells incubated with pre-immune sera (Fig. 7a).
Quantitative analysis of interaction of anti-rVpCsgA antibodies
with the cell surface CsgA was analyzed by FACS (Fig. S5).
Analysis of fluorescence data showed a significantly increased
fluorescent cell population (~ 27 folds, p ≤ 0.001) with anti-
rVpCsgA antisera in comparison to pre-immune sera (Fig. 7b).

Besides assessing the agglutination ability of the anti-
rVpCsgA antisera, the anti-rVpCsgA antisera was also assessed
for its ability to inhibit adherence of V. parahaemolyticus
in vitro using HCT116 cells as the curli fibers composed of
CsgA also play an important role in its adhesion to the host cells
(Fig. 8). TheHCT116 cells treatedwith theV. parahaemolyticus
cells pre-incubated with the anti-rVpCsgA antiserum showed
significantly (p ≤ 0.001) reduced mean of adhered and intracel-
lular bacteria (6.38 × 105 CFU/ml and 1.69 × 106 CFU/ml
with1:50 and 1:100 dilutions of the anti-rVpCsgA antisera, re-
spectively), when compared to that treated with the bacterial
cells pre-incubated with the control pre-immune serum
(8.365 × 106 CFU/ml at 1:50 dilution of the pre-immune serum).

Protective efficacy of rVpCsgA immunization against
V. parahaemolyticus

Challenge of normal BALB/c mice with the 2 × LD50 dose of
live V. parahaemolyticus cells (5 × 108 CFU) pre-incubated
with the anti-rVpCsgA antisera did not result in any mortality
during the observation period (10 days). On the other hand, all
the mice administered with the cells pre-incubated with pre-
immune sera died within 12 h (Fig. 9a).

Figure 9b shows the results of in vivo challenge assay of
the rVpCsgA-immunized BALB/c mice with 2 × LD50 dose of
V. parahaemolyticus cells. Mice immunized with the
rVpCsgA showed 100% survival, whereas all the PBS-

Fig. 5 Cytokine array analysis to assess global cytokine response.
Cytokine array kit from the R&D systems was used to determine the
relative levels (pixel density) of different cytokines in the culture
supernatants in the PBS-stimulated and rVpCsgA-stimulated splenocytes

isolated from the rVpCsgA-immunized mice (Fig. S2). Only cytokines/
chemokines showing significant change with respect to PBS-stimulated
splenocytes are graphically shown. $, p ≤ 0.001; *, p ≤ 0.005; #, p ≤ 0.05
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immunized mice died within 12 h only. The rVpCsgA-immu-
nized mice did not show any sign of sickness and remained
healthy with normal intake of food and water. No mortality
was observed even beyond the observation period.

Effect of the rVpCsgA immunization on liver and
kidney function

Since mice infected with V. parahaemolyticus have been
shown to have disturbed liver and kidney function (Wang
et al. 2020), we evaluated if the rVpCsgA immunization af-
fected the liver and kidney function and caused tissue damage.
As shown in Table 1, no significant difference in the serum

levels of SGPT, SGOT, ALP, and albumin (indicative of he-
patic function) was noted between the PBS-immunized and
rVpCsgA-immunized mice. Likewise, no significant change
was observed in the serum creatinine and blood urea nitrogen
(BUN) levels of the rVpCsgA-immunized mice when com-
pared to PBS-immunized mice. Histological examination of
the liver, kidney, and lung tissue sections (hematoxylin and
eosin stained) of the rVpCsgA-immunized mice was carried
out to assess if the rVpCsgA immunization caused any tissue
damage (Fig. 10). Like the kidneys of the control PBS-
immunized mice, the kidneys from the rVpCsgA-immunized
mice revealed intact glomeruli and tubules in the renal cortex.
No tubular cell sloughing or necrosis or foci of inflammation

Fig. 6 In vitro neutralization
ability of the anti-rVpCsgA
antisera by agglutination assay. a
Mid-log phase cells (1 ×
108 CFU) of V. parahaemolyticus
(MTCC#451) were resuspended
in different dilutions of anti-
rVpCsgA antisera (in 1× PBS)
and incubated at 37 °C for 2 h. b
The V. parahaemolyticus
(MTCC#451) cells were resus-
pended in anti-rVpCsgA antisera
pre-incubated with the rVpCsgA
(1 μg per 1 μl of antisera at 1:300
dilution) and incubated further for
2 h at 37 °C. Extent of agglutina-
tion was visualized under light
microscopy (magnification × 40)
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were observed. Similarly, the liver tissue from the rVpCsgA-
immunized mice revealed intact central vein with normal en-
dothelial cells with no evidence of coagulative necrosis of
hepatocytes, and no sinusoidal oedema or inflammation.
Sections from the lung tissue of the rVpCsgA-immunized
mice also showed normal morphology. No alveolar oedema
or interstitial neutrophilic infiltration, congestion, or alveolar/
pulmonary hemorrhage was evident. Thus, the rVpCsgA im-
munization did not cause any tissue damage.

Discussion

Due to the deve lopment of mul t id rug- res i s tan t
V. parahaemolyticus, the most commonly reported Vibrio

species responsible for vibriosis in humans, the bacterium poses
a major problem to both the aquaculture and food export indus-
try. Vaccination remains the most effective method to combat
this infection in aquaculture. Generation of an effective immune
response and antigen-specific memory is key to develop an
effective vaccine. Like other enteropathogenic bacteria, a num-
ber of OMPs and adhesins of V. parahaemolyticus have been
assessed for their immunogenicity in a variety of test organisms,
however with a varied degree of protection. Bacterial cell sur-
face is the primary point of interaction with the host; hence, a
protein which is abundantly present on the surface is likely to
confer a most effective protective immune response (Wang
et al. 2012).

CsgA, the major subunit of curli fibers, in E. coli and
Salmonella enterica as csg (curli-specific gene) and tafi (thin

Fig. 7 Analysis of cross-reactivity of the antibodies present in the anti-
rVpCsgA antisera with the surface exposed CsgA onV. parahaemolyticus
cells. a Transmission electron microscopy of the immunogold-labeled
V. parahaemolyticus cells treated with pre-immune (PI) and anti-
rVpCsgA antisera. Mid-log phase grown V. parahaemolyticus
(MTCC#451) cells were fixed and thin sections of the cells stained with
the pre-immune or the anti-rVpCsgA antisera (1:10 dilution) were proc-
essed for immunogold labeling using colloidal gold-labeled anti-mouse
antibody (1:5). The stained grids were visualized under transmission
electron microscope. Specific presence of defined black dots in the cells
incubated only with the anti-rVpCsgA antisera indicates the specificity of

the reactivity of the antibodies present in the anti-rVpCsgA antisera with
the native CsgA on the cell surface of V. parahaemolyticus (MTCC#451)
cells. b Flow cytometry analysis to assess the interaction of the antibodies
present in the anti-rVpCsgA antisera with the native CsgA present on
V. parahaemolyticus (MTCC#451) cells. The cells were incubated with
either pre-immune (PI) or anti-rVpCsgA antisera (1:50) followed by
FITC-conjugated secondary antibody (1:200 in 1× PBS). Percentage of
FITC-stained fluorescent cell population is plotted. Data representmean ±
SD of three independent experiments, shown in Fig. S3. *, p ≤ 0.001 with
respect to cells treated with PI
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aggregative fimbriae), respectively has been reported to be
responsible for colonization and biofilm formation
(Dueholm et al. 2012). It is one of the most abundant proteins
present on the cell surface and can be an effective vaccine

candidate. However, the reports of CsgA as a potential vac-
cine are scarce and remain limited to enteropathogenic E. coli
(Luna-Pineda et al. 2019). In the present study, we have ex-
plored the vaccine potential of CsgA of V. parahaemolyticus,
an important pathogen.

As the well-studied E. coli CsgA amyloid fiber resembled
other bacterial, fungal, and mammalian amyloids, based on
tinctorial Congo red staining, and Thioflavin T binding prop-
erties (Van Gerven et al. 2015), we therefore tested if the
V. parahaemolyticus strain used in the present study pos-
sessed CsgA curli amyloids or not. Positive Congo red stain-
ing of the V. parahaemolyticus (MTCC #451) established the
presence of CsgA curli amyloid fibers on its surface, which
was further confirmed by the presence of entangled fibers
when observed under electron microscopy (Fig. S4).
Therefore, this bacterium was used for agglutination assay

Fig. 9 Bacterial challenge assay. a Protective efficacy of the anti-
rVpCsgA antiserum. Naïve mice (n = 10 per group) were challenged
with 2 × LD50 (5 × 108 CFUs in 50 μl 1× PBS, IP) of live
V. parahaemolyticus (MTCC#451) cells pre-incubated with equal vol-
ume of either the pre-immune (PI) or anti-rVpCsgA antisera. b In vivo

challenge of immunized mice. Mice immunized with the rVpCsgA were
challenged with 2 × LD50 dose of V. parahaemolyticus (MTCC#451)
cells. PBS-immunized mice challenged with the same dose of bacterial
cells were included as control. The challenged mice were monitored for
survival for 10 days

Table 1 Effect of the rVpCsgA immunization on serum parameters

Parameter PBS immunized rVpCsgA immunized

AST (IU/l) 140.5 ± 25.93 175.75 ± 27.37

ALT (IU/l) 50.5 ± 15.61 46.33 ± 12.5

ALP (IU/l) 201.67 ± 67.34 177.75 ± 23.88

Albumin (g/dl) 3.37 ± 0.31 3.21 ± 0.06

BUN (mg/dl) 27.96 ± 2.46 25.13 ± 3.39

Creatinine (mg/dl) 0.21 ± 0.06 0.18 ± 0.04

The BALB/c mice (female, n = 4 per group) were immunized with PBS
or the rVpCsgA (15 μg per mouse) as described. The mice were bled
through retro-orbital plexus 16 h post-administration of the protein, and
the sera were analyzed for the listed biochemical parameters. The data
represent mean ± standard deviation for 4 animals per group. No signif-
icant change in any of the parameters was observed in rVpCsgA-immu-
nized mice when compared to PBS-immunized mice

AST aspartate aminotransferase; ALT alanine aminotransferase; ALP al-
kaline phosphatase; BUN blood urea nitrogen

Fig. 8 In vitro neutralization of adhesion and invasion of
V. parahaemolyticus on HCT116 cells by the anti-rVpCsgA antiserum.
Vibrio parahaemolyticus cells (1 × 107 CFU) pre-incubated with either
pre-immune serum (PI, 1:50; 1 ml 1× PBS) or anti-rVpCsgA antiserum
(1:50 and 1:100 in 1 ml 1× PBS) at 37 °C for 2 h were allowed to adhere
and invade the HCT116 cells (1 × 105 cells/1000 μl/well; multiplicity of
infection, 1:100) for 2 h at 37 °C in 5%CO2 atmosphere. The adhered and
intracellular V. parahaemolyticus cells were determined using
microdilution method. The graph shows Bee-Swarm plot of CFU/ml of
four replicates of each experimental sample. Statistical significance (***,
p ≤ 0.001) is calculated with respect to bacterial cells pre-incubated with
PI
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and challenge studies of mice immunized with the recombi-
nant CsgA of V. parahaemolyticus.

To evaluate the vaccine potential, the rVpCsgA (without
the signal sequence) was expressed from a synthetic gene
construct under the control of T7 promoter and purified from
soluble cytoplasmic fraction. Very high antigen-specific end
point titers showed the rVpCsgA to be highly immunogenic.
Emulsion with alum, acceptable for human use and has been
used in a number of commercial vaccines, aided in optimizing
the stability and assisted in adsorption of antigen. The anti-
body titers against the rVpCsgA administered with alum were
comparable to that obtained with a number of adhesins, fim-
brial proteins, and OMPs emulsified with CFA/IFA (Yadav
et al. 2016; Khalouie et al. 2017) that is known to generate a
very high immune response. An increase in antibody titer
upon the first booster administration is in agreement with ear-
lier reports put forth for the OmpF and OmpC of Aeromonas
hydrophila and OmpW of Vibrio alginolyticus due to humoral
immune response (Qian et al. 2007; Yadav et al. 2014, 2016).
Subsequent exposure of mature B lymphocytes with antigenic

rVpCsgA consequently results in the differentiation, and pro-
liferation of rVpCsgA-activated B cell for immunological
memory (Gioia et al. 2005, Hauge et al. 2007). The generation
of memory B cells induces heightened level of rVpCsgA-spe-
cific IgG antibody with higher sustenance and slower decline
kinetics (several folds higher than primary IgG level generated
after initial immunization) with no further increase in the IgG
levels upon subsequent booster administration (Yadav et al.
2014).

Immunoblotting with the polyclonal antisera confirmed the
antigenicity of the rVpCsgA and specificity of the anti-
rVpCsgA antibodies as immunoreactive bands at the expected
monomeric and oligomeric positions were detected in the in-
duced cell lysates of E. coli cells harboring the pET28.VpcsgA.
Positive agglutination of V. parahaemolyticus cells by the anti-
rVpCsgA antiserum indicates that the anti-rVpCsgA antibodies
present in the antisera are able to recognize the native CsgA on
V. parahaemolyticus surface. Loss of agglutination upon pre-
incubation of the antisera with the rVpCsgA confirmed that the
anti-rVpCsgA antibodies specifically interacted with the cell

Fig. 10 Histological evaluation
of the liver, kidney, and lung
tissues of the rVpCsgA-
immunized mice. Representative
microscopic images of the
hematoxylin-eosin-stained sec-
tions of the liver, lung, and kidney
tissues isolated from the immu-
nized mice. a PBS-immunized
control mice tissue. b rVpCsgA-
immunized mice tissue.
Magnification ×40
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surface CsgA. Immunogold labeling and FACS analysis of the
V. parahaemolyticus cells using anti-rVpCsgA antisera further
validated specific interaction of the anti-rVpCsgA antibodies
with the bacterial CsgA. Significant reduction in the number
of adhered and intracellular V. parahaemolyticus cells upon
pre-incubation with the anti-rVpCsgA antibodies in the adhe-
sion and invasion assay using HCT116 cells in vitro further
confirmed the neutralizing ability of the anti-rVpCsgA antise-
rum. The anti-CsgA antibodies present in the anti-rVpCsgA
antiserum are able to coat the curli fibers present on the bacterial
cells, thus inhibiting its interaction, adherence, and subsequent-
ly invasion with the host HCT116 cells.

Ability of the rVpCsgA to induce Th2-biased mixed im-
mune response, established by antibody isotyping of anti-
rVpCsgA antisera with an IgG1 to IgG2a/IgG2b ratio much
greater than 1, indicated that it is able to stimulate both hu-
moral and cell-mediated response. Significantly higher
isotype titers in comparison to the pre-immune sera, at all time
points, suggest induction of broad and steady immune re-
sponse, comprising both the arms of immune response. This
is of significance as it is a desirable characteristic of an antigen
for providing long-term protection against an infection.

Highly immunogenic antigens stimulate humoral and cel-
lular immune response through B or T cell-mediated pathway
by promoting the secretion of cytokines from antigen-
presenting and other cells (Spellberg and Edwards 2001).
Validation of generation of mixed immune response by the
rVpCsgA was further confirmed by measurement of IFN-γ (a
Th1 cytokine) and IL-4 (a Th2 cytokine) responsible for
isotype switching to IgG2a and IgG1, respectively, in the cul-
ture supernatant of the rVpCsgA-stimulated splenocytes iso-
lated from the mice immunized with the rVpCsgA. An in-
crease in proliferation of the rVpCsgA-primed splenocytes
isolated from the rVpCsgA-immunized mice, upon re-
stimulation with the rVpCsgA, demonstrates that the
rVpCsgA is able to generate T cell memory. Increased prolif-
eration of splenocytes has also been reported with other pilli,
fimbrial, and flagellin-based vaccine candidates against Vibrio
cholerae (Molaee et al. 2017). During splenocyte culture, the
diverse cell populations of lymphocytes and antigen-
presenting cells undergo maturation upon exposure to the an-
tigenic rVpCsgA and the mature antigen-presenting cells sig-
nal the naïve T cells to stimulate T cell proliferation. The T
cells are able to recall the previous encounter with rVpCsgA
leading to their rapid proliferation and secretion of various
cytokines to further assist in averting the apparent infection.
Generation of T cell memory by the rVpCsgA, a hallmark of
adaptive immune response and absolute requirement for a
vaccine to potentiate immune response upon exposure to the
pathogen, further confirms the potential of the rVpCsgA as an
effective subunit vaccine.

In line with the observed increase in IFN-γ and IL-4 in
primary cytokine ELISA, significantly increased levels of

signature cytokines of both Th1 response (IL-2, IFN-γ) and
Th2 response (IL-4, IL-10, and IL-13), together with the
chemokines/cytokines secreted by Th17 cells, in the culture
supernatants of the splenocytes stimulated with the rVpCsgA,
further validated generation of mixed immune response.

The crucial role of protection against bacterial infection is
conciliated through inflammatory mediators (IL-1β, IL-6, G-
CSF, GM-CSF, TNF-α) as well as assimilated by chemotactic
factors (JE/CCL2, CCL7, KC/CXCL1, CXCL2, CXCL5,
CXCL8, and adhesion molecules sICAM-1/CD54) (Kolls
et al. 2008). The noted increase in CCL5 is in line with mixed
immune response as it is known to co-stimulate the Th1 re-
sponse cytokine IL-2, and also helps in differentiation of Th2
cells (Liao et al. 2011). An observed increase in the levels of
IL-1β/IL-1F2 and other cytokines of type 1 superfamily (IL-2,
IL-3, IL-4, IL-6, GM-CSF), reported to assist neutrophils to
the site of inflammation, also indicate proinflammatory re-
sponse (Carson and Kunkel 2017). Together with IL-6, an
increase in the levels of another member of IL-6 superfamily,
i.e., CSF, was also observed, which has been reported to fur-
ther stimulate inflammatory response, differentiation of B cell,
and regulation of T cells including maturation and differenti-
ation of Th17 cells (Tanaka et al. 2014). An increase in the
IFN-γ levels is in agreement with the observed increase in IL-
17 levels, released from recently gleamed Th17 cells that reg-
ulate the Th1 cells (Shi et al. 2008). Likewise, TIMP-1 (tissue
inhibitor of mettaloprotease-1) known to resist multiple infec-
tion and secreted by Th1 and Th17 cells were also upregulated
(Adamson et al. 2013). Th17 cells have been reported to direct
the antigen-presenting cells to the site of infection and protect
against a number of extracellular and intracellular pathogens
(Wu et al. 2007; Schulz et al. 2008). Stimulation of Th1 re-
sponse is also evident from enhanced levels of other proin-
flammatory chemokines, namely JE/CCL2, CCL3, CCL4,
CCL5, CXCL2, and IP10 (Lebre et al. 2005). The CCL3
and CCL4 released from the natural killer cells mediate the
recruitment of CD8+ T cells and are involved in the acute
inflammatory state (Amati et al. 2017), whereas elevated
IFN-γ levels stimulate antigen presentation to T cells, differ-
entiation of B cells, thus help in combating the infection
(Carson and Kunkel 2017). A concurrent increase in the
TNF-α is in agreement with the increased splenocyte prolif-
eration and increased levels of IFN-γ, known to increase se-
cretion of TNF-α, together with MHCI and MHCII
(Carson and Kunkel 2017). Elevated levels of multi-
functional IL-16, involved in both innate and adaptive im-
mune response with a Th1-mediated inflammatory response,
were also noted. Elevated IL-4 levels together with increased
IL-13 levels indicate upregulated differentiation of B cell
which produce IgG1 and IgE and stimulate macrophages,
and thus are critical in clearing the infection (Wynn 2003).
Increased levels of IL-13 have also been reported to stimulate
cell-mediated immunity and provide resistance to intracellular
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pathogens like Leishmania major and Listeria monocytogenes
(Wynn2003). The culture supernatants of stimulated
splenocytes also showed increased levels of TARC (thymus
and activation-regulated chemokine), expressed on Th2 cells,
which is in line with the observed increase of IL-4, known to
induce differentiation of naïve T cells to Th2 cells, which in
turn produce more IL-4 (Scheu et al. 2017).

Together with these proinflammatory cytokines, an in-
crease in some of the anti-inflammatory cytokines/
chemokines such as IL-10 and IL-1F3 was also observed in
the array analysis. IL-F3 blocks the IL-1 receptor binding and
perhaps acts antagonistically to the proinflammatory cyto-
kines to keep the excess inflammatory damage in control.
Moderately increased levels of IL-16 in the culture superna-
tants of stimulated splenocytes show modulation of immune
response as it is known to control the T cell cytotoxic damage
(Wilson et al. 2004). Likewise, moderate increase in the levels
of TERM-1 (triggering receptor expressed on myeloid cells),
involved in the production of iNOS, NF-κB, Cox-2, and
sICAM (soluble intracellular adhesion molecule, constitutive-
ly expressed on epithelial cells), would regulate inflammation
(Schaller et al. 2017). Thus, overall analysis of the global
cytokine profile of the culture supernatant of the stimulated
splenocytes points towards mixed type of immune response
characterized on the basis of the secreted cytokines and their
abilities to assist other immune cells.

It is well known that better protection is obtained by vac-
cine preparations which are able to stimulate all the arms of
immune response and that a balancedmixed immune response
comprising both Th1 and Th2 type immune response is nec-
essary for any successful vaccine and clearing of extracellular
pathogens (Spellberg and Edwards 2001). Our results show
that IFN-γ levels were highest at 48 h post-stimulation,
whereas IL-4 levels were highest at 72 h post-stimulation.
Thus, switching of immune response towards Th2-biased
mixed immune response would prove beneficial in clearing
V. parahaemolyticus infection as it is primarily an extracellu-
lar pathogen.

In vitro protective efficacy of the anti-rVpCsgA antisera
established by agglutination assay was validated by passive
challenge of normal mice, wherein pre-incubation of the 2 ×
LD50 dose of V. parahaemolyticus cells with the antisera re-
sulted in complete protection. One hundred percent survival of
the rVpCsgA-immunized mice with the lethal dose of
V. parahaemolyticus further validated these data. Though a
number of surface-associated afimbrial/fimbrial adhesins/
OMPs (VP0802, VP1243, and VP0966) have been found to
generate an effective immune response in mice, immunization
with only VP0802 conferred ~ 67% protection against the
bacterial challenge (Li et al. 2014). In different fish species,
immunization with other OMPs of V. parahaemolyticus con-
ferred relatively lower protection (~ 30 to ~ 75%) against the
bacterial challenge (Mao et al. 2007; Li et al. 2010, 2014;

Peng et al. 2016). Thus, the protection conferred by the
rVpCsgA immunization in the present study in mouse model
is much greater than that reported by other OMPs of
V. parahaemolyticus. Better protection with the rVpCsgA im-
munization could be attributed to greater and exposed abun-
dance of the CsgA on V. parahaemolyticus cells and therefore
the anti-rVpCsgA antibodies could interact with the cells more
effectively than the other OMPs.

It is important to note that the present study is aimed at
developing a CsgA-based subunit vaccine. Unlike the whole
V. parahaemolyticus which adversely affects the kidney and
liver function of the infected mice (Wang et al. 2020), the
rVpCsgA immunization did not cause any tissue damage as
evident from the serum biochemical parameters indicative of
liver and kidney function, and tissue histopathology. The idea
of using the rVpCsgA, a single non-toxic protein as a subunit
vaccine in the present study, is that it does not cause the disease
or put the organism receiving at risk of complications associat-
ed with the live bacteria or attenuated bacteria with a risk of
reversion or heat-killed bacteria which generates non-focussed
immune response. In the present study, we have used the
rVpCsgA for immunization and the generated immune re-
sponse clearly shows that it has been processed by the immune
system like any other foreign non-self molecule either through
phagocytosis mediated by macrophages, dendritic cells, or B
cell receptor mediated endocytosis and processed further (Kindt
et al. 2007). Subsequently, the exhibition of the peptides gen-
erated by processing of the rVpCsgA on antigen-presenting
cells helped activate humoral and cellular immune responses.
Therefore, though V. parahaemolyticus damages different or-
gans, the recombinant soluble CsgA of V. parahaemolyticus
(rVpCsgA), a single antigenic protein administered with an im-
mune adjuvant in BALB/c mice, that is processed by the im-
mune system, was unlikely to cause such systemic damage, as
there was no live V. parahaemolyticus present in the same.

Thus, the present study clearly demonstrated that the recom-
binant CsgA generated a potent immune response, and neutral-
izing antibodies in BALB/c mice against V. parahaemolyticus.
We also demonstrated that immunization with recombinant
CsgA of V. parahaemolyticus activated all the three arms of T
cell response and conferred protection against the bacterial chal-
lenge. Thus, the rVpCsgA of V. parahaemolyticus can be con-
sidered a potential subunit vaccine candidate against vibriosis
based on mouse model used in the study. While use of mouse
model offers several advantages, there exist certain limitations.
For example, different routes of vaccine delivery cannot be
attempted. Also, several mucosal surfaces and immune com-
partments are not easily accessible (Kiros et al. 2012). Unlike
large animals who are often infected with the same or closely
related pathogens (Elahi et al. 2007), mice are physiologically
and immunologically less related to humans. Further, the inbred
laboratory mice do not allow distribution analysis of vaccine
responders and non-responders, which is possible with outbred
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large animals. Nonetheless, the present study has laid the
groundwork establishing the vaccine potential of rVpCsgA of
V. parahaemolyticus for further studies to be undertaken to test
its efficacy in other animal models.
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