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Abstract Aeromonas hydrophila is a gram-negative fish
pathogenic bacterium, also responsible for causing oppor-
tunistic pathological conditions in humans. It causes a
number of diseases in fish due to which the fish industry
incurs huge economic losses annually. Due to problems of
antibiotic resistance, and the rapidity with which the
infection spreads among fishes, vaccination remains the
most effective strategy to combat this infection in fish
populations. Among various virulence factors associated
with bacterial virulence, outer membrane proteins have
been widely evaluated for their vaccine potential owing to
their surface exposure and related role in pathogenicity. In
the present study, we have investigated the immunogenic
potential of a non-specific porin, outer membrane protein C
(OmpC) whose expression is regulated by the two-com-
ponent regulatory system and plays a major role in the
survival of A. hydrophila under different osmolaric con-
ditions. The full-length gene (~1 kb) encoding OmpC of
A. hydrophila was cloned, characterized and expressed in
E. coli. High yield (~ 112 mg/L at shake flask level) of the
recombinant OmpC (rOmpC) (~40 kDa) of A. hydrophila
was obtained upon purification from inclusion bodies using
Ni**-NTA affinity chromatography. Immunization with
purified rOmpC in murine model generated high endpoint
(>1:40,000) titers. IgG isotyping, ELISA and ELISPOT
assay indicated mixed immune response with a Ty2 bias.
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Also, the anti-rOmpC antibodies were able to agglutinate
A. hydrophila in vitro and exhibited specific cross-reac-
tivity with different Aeromonas strains, which will facili-
tate easy detection of different Aeromonas isolates in
infected samples. Taken together, these data clearly indi-
cate that rOmpC could serve as an effective vaccine against
different strains of Aeromonas, a highly heterogenous
group of bacteria.

Keywords Outer membrane protein C - Aeromonas
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Introduction

Aeromonas, a motile gram-negative ubiquitous bacterium,
belonging to the Aeromonadaceae family, is a major fish
pathogen. Diseases caused by A. hydrophila in fish include
hemorrhagic septicemia, dermal and ocular ulceration, tail
or fin rot, red-sore disease, erythrodermatitis and scale
protrusion [l and references therein]. An opportunistic
pathogen in humans, Aeromonas causes gastroenteritis,
wound infections, blood-borne dyscrasias and systemic
illness [1, 2].

Current strategies to control A. hydrophila infection
include use of avirulent strains and heat-killed cells as
vaccines, and antibiotics like chloramphenicol, oxytetra-
cycline, chlortetracycline [3, 4]. However, these are not
very effective in contained fish cultures. Also the incon-
sistency in preparation and culturing of pathogenic bacteria
are few major concerns that impede their development as
effective vaccines. In addition, use of whole bacterium
results in increased antigenic load and non-specific
immune response upon immunization. On the other hand,
use of virulent factors of the pathogen for vaccination
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allows generation of focused immune response against that
specific antigen only, enhancing the efficacy of the immune
response. The major virulence factors associated with A.
hydrophila infection are surface polysaccharides, toxins
(exotoxins and enterotoxins), S-layer and A-layer, pro-
teases, secretion systems and several outer membrane
proteins (OMPs) involved in adhesion and multidrug-re-
sistance [5]. Despite successful identification of various
virulence factors, a defined vaccine using these virulent
factors against the pathogen has not yet been developed. A
number of studies have established the role of OMPs in
pathogenicity in different bacterial pathogens, and for this
reason, they have emerged as attractive candidates for
vaccine development due to their exposed antigenic
determinant region (epitopes) on the bacterial cell surface
[6].

Porins that form channels that are specific for certain
molecules such as sugars, or non-specific for the trans-
portation of small solutes, constitute a significant percent-
age of the outer membrane proteins [7]. The porins that
control the transport of solutes across the membrane thus
serve a primary barrier for the unwanted agents. Sequence
homology among porins of different bacterial study has
revealed them to be highly conserved [8]. The OmpF and
OmpC are two of the major porins that are involved in
transport of molecules across bacterial cell membrane [1].
Expression of the ompC and ompF is differentially regu-
lated by the two-component regulatory system OmpR and
envZ in response to change in osmolarity of the environ-
ment [9]. Certain E. coli strains that lack some of the major
porins such as LamB, OmpA, OmpC and OmpF were
found to be more susceptible to B-lactams in comparison to
wild type strains, suggesting that these porins also play a
role in antibiotic resistance [10].

Role of the EnvZ-OmpR of two-component regulatory
system and OmpR-dependent genes has been shown to be
instrumental in establishing bacterial virulence in many
pathogens [11, 12]. Deletion or mutation of the OmpR and
OmpR-dependent genes resulted in avirulent Salmonella
typhimurium, respectively, rendered the bacteria avirulent
[13, 14]. Vaccination with the OMPs of various organisms
has been shown to provide protection in host upon chal-
lenge with many pathogenic bacteria including A. hydro-
phila [15-17]. These studies indicate that vaccine
preparations employing porins/OMPs elicit strong
immunogenic reactions, directing the generation of anti-
bodies and humoral immune response to prevent the further
infection.

Due to their highly conserved nature, role in adhesion,
virulence and abundance (~2 % of the total cellular pro-
tein), the OmpC and OmpF can be considered as potential
contenders for vaccine development against pathogenic
bacteria. We have earlier reported that immunization of
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mice with rOmpF of A. hydrophila produced high titer
agglutinating antisera [18]. In the present study, we report
recombinant expression, and immunogenic potential of
OmpC of A. hydrophila. If found effective, both the rOmpF
and rOmpC can be used in combination to elicit effective
immune response against A. hydrophila.

Materials and methods
Materials

Escherichia coli DH5a and E. coli BL21 (ADE3) strains
were obtained from GIBCO BRL, USA and Novagen,
USA, respectively. Swiss albino mice (Female, 4-6 weeks,
weighing 15-20 g) were procured from animal house
facility of JNU. Mice were given sterile water and fed
ad libitum. The usage of animals for the purpose was
approved by the Institutional Animal Ethics Committee of
the University (IAEC approval # 7/2009).

Aeromonas hydrophila (isolate EUS112) was a kind gift
from Dr. I. Karunasagar, College of Fisheries, Mangalore,
and other Aeromonas strains were purchased from Micro-
bial Tissue Culture Collection, Chandigarh, India [18].
Expression vector pET28a (4) and pGEMT easy vector
were procured from Novagen (USA) and Promega (Ger-
many), respectively. Chemicals required for DNA modifi-
cation and restriction enzymes were purchased from New
England Biolabs, USA. All other chemicals were of ana-
Iytical grade and were obtained from Sigma-Aldrich
Chemical Co., USA, unless stated otherwise. Nitrocellulose
membrane (0.45 uM) was procured from Millipore (USA).
Primers and oligonucleotides used in the present study
were obtained from Sigma-Aldrich Chemical Co., USA.

Generation of 6 X His-tagged rOmpC expression
construct

Primers for cloning the ompC (without the signal sequence)
were designed on the basis of the putative ompC sequence
of A. hydrophila strain ATCC 7966 (NCBI Acc. No.
CP000462.1). PCR amplification was carried out using the
genomic DNA of A. hydrophila (EUS112) as a template
and gene-specific primers (Forward 5 CCAGGATCC
ACCGTCTACAACCAGAACGACACCAAAC 3’ and
reverse 5 CCAAAGCTTTT AGAAGTTGTACTGCAGG
GCCAC 3') containing BamHI and Hindlll restriction
enzyme sites (underlined), respectively, and Tag DNA
polymerase. The reaction was performed at the following
conditions: initial denaturation at 95 °C for 5 min, fol-
lowed by 30 cycles of thermal denaturation at 95 °C for
1 min; annealing at 55 °C for 1 min; and extension at
72 °C for 1.5 min. Final extension reaction was performed
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for 7 min at 72 °C. The amplified ompC PCR product was
cloned into pGEMT easy vector (Promega, USA), and the
putative recombinants were confirmed by restriction
enzyme digestion and DNA sequencing (DNA sequencing
facility, University of Delhi, South Campus, New Delhi).
Subsequently, the ompC insert released by digestion with
BamHI and Hindlll was cloned into pET 28a (4) pre-
digested with BamHI and HindlIll. Positive recombinant,
confirmed by restriction enzyme digestion of the plasmid
DNA and automated DNA sequencing for in frame clon-
ing, was designated as pETAhompC. The recombinant
plasmid thus consists of mature ompC gene under the
control of T7 promoter.

Analysis of expression and purification
of the rOmpC

Expression analysis of the tOmpC was performed essen-
tially as described earlier [18, 19]. Briefly, E. coli BL21
(ADE3) cells harboring pETAhompC were grown till
Agoo = 0.8 and induced with 1 mM isopropyl B-p-1-thio-
galactopyranoside (IPTG). The induced culture of E. coli
BL 21 (ADE3) cells harboring pETAhompC was harvested
at the indicated post-induction time at 8000 rpm for 10 min
at 4 °C. The supernatant served as the extracellular frac-
tion. The cell pellet suspended in chilled sucrose buffer
(50 mM Tris-HCI, pH 7.5, 10 mM EDTA, and 10 %
sucrose) was incubated on ice for 15 min followed by
centrifugation at 5000 rpm for 10 min at 4 °C. Pellet
obtained was gently resuspended in ice-cold sterile double-
distilled water, incubated on ice for 15 min and centrifuged
at 5000 rpm for 10 min at 4 °C. Supernatant thus obtained
corresponded to the periplasmic fraction, and the pellet was
used to prepare the cytoplasmic fraction. For this, the pellet
was resuspended in sonication buffer (100 mM Tris—HCI,
pH 8.0, 1 mM PMSF and 500 mM NaCl), sonicated at
250 W (30 s pulses) for 5 min using Sonicator (Model
XL2020, Misonix Inc., USA) and centrifuged at
13,000 rpm for 30 min at 4 °C. Supernatant collected from
this step served as the cytoplasmic fraction containing the
soluble proteins. For preparation of the membrane fraction,
the pellet obtained in the last step was dissolved in lysis
buffer (100 mM Tris—HCI, pH 8.0, 0.1 % Triton X-100)
and centrifuged at 5000 rpm at 4 °C for 10 min. The
supernatant thus obtained was denoted as membranous
fraction. The inclusion bodies present in the pellet were
solubilized in 8 M urea buffer (8§ M urea, 20 mM Tris—
HCI, pH 8.0 and 500 mM NaCl) and collected by cen-
trifugation at 13,000 rpm for 15 min at room temperature
(RT). All the fractions were analyzed by SDS-PAGE
(12 %).

For purification of rOmpC, inclusion bodies were pre-
pared from the induced E. coli BL21 (ADE3) cells

harboring pETAhompC as described earlier [18], solubi-
lized in 6 M GdmCl in Tris-NaCl buffer (10 mM Tris—
HCI, pH 8.0, 500 mM NaCl) and -centrifuged at
13,000 rpm for 20 min at 4 °C. The supernatant containing
solubilized inclusion bodies was subjected to binding with
Ni**-NTA Sepharose slurry at 4 °C for 1 h. After remov-
ing the non-specific proteins by washing with wash buffer-I
(8 M urea, 20 mM Tris—HCI, pH 8.0, 500 mM NaCl), the
bound rOmpC was eluted with elution buffer (wash buffer
containing different concentrations of imidazole). The
eluted fractions were analyzed by SDS-PAGE (12 %).
Fractions showing the presence of rOmpC were pooled and
subjected to dialysis against 1x phosphate-buffered saline
(PBS) using urea gradient dialysis method [18] and stored
in small aliquots at —80 °C until further use. Endotoxin
(LPS) levels in the purified rOmpC were determined using
Litmus amebocyte lysate using Pierce LAL chromogenic
endotoxin quantitation kit (Thermo Scientific, USA) as per
the manufacturer’s protocol.

The protein concentration was estimated using BCA
protein estimation kit (G Biosciences, USA) as per the
manufacturer’s directions.

Western blot analysis

The authenticity of purified rOmpC and the specificity of
the anti-rOmpC antisera was determined by Western blot
analysis as described earlier [18]. Protein samples resolved
on 12 % SDS-PAGE were electrophoretically transferred
onto a nitrocellulose membrane (Advanced microdevices,
India) in electrode transfer buffer (25 mM Tris—HCI, pH
8.3, 192 mM glycine, and 20 % methanol). The membrane
was blocked overnight (O/N) with 2 % BSA in 1x PBS
containing 0.05 % Tween-20 (1x PBST). The blot was
subjected to three 1x PBST washes of 10 min each at RT
between each treatment. The membrane was incubated
with primary antibody (anti-His antibody or anti-rOmpC
antibody generated in mice) at a dilution of 1:10,000 for
1 h at RT, followed by PBST washes. The blot was further
incubated in 1x PBS containing alkaline phosphatase-
conjugated secondary antibody (1:5000) for 1 h. After
PBST washes, the blot was developed using Western blue-
stabilized substrate solution (nitroblue tetrazolium chloride
and 5-bromo-4-chloro-3-indolyl-phosphate p-toluidine salt;
Promega, USA). Double-distilled water was used to stop
further color development.

Immunization of mice to raise antisera against
rOmpC

Female Swiss albino mice (4—6 weeks, n = 5 per group)

were used for immunization studies. Pre-immune (control)
serum was collected from the retro-orbital plexus vein of
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eye prior to immunization. Mice were immunized
intraperitoneally (i.p.) with 10 and 20 pg of rOmpC (in
100 pl of 1x PBS) emulsified in Complete Freund’s
adjuvant, while subsequent boosters with the same dose of
antigen were given in Incomplete Freund’s adjuvant on day
14, day 28 and day 42 of primary immunization. Control
mice were immunized with corresponding volume of 1x
PBS. Mice were bled 1 week after each booster, i.e., on day
21, day 35 and day 49, and antisera collected by centrifu-
gation at 5000 rpm for 10 min at 4 °C were stored in small
aliquots at —20 °C until further use.

Enzyme-linked immunosorbant assay (ELISA)

ELISA was performed to determine antibody titer and
antibody isotyping, essentially as described earlier [18].
Round-bottom 96-well plates (Nunc, USA) were coated
with rOmpC (500 ng/100 pl) and incubated overnight at
4 °C, followed by blocking with 2 % BSA (in 1x PBST)
for 2 h at 37 °C. Different dilutions of the anti-rOmpC
antisera (prepared in 1x PBS) were added to the wells and
incubated for 1 h at 37 °C followed by the addition of
secondary antibody (alkaline phosphatase (AP) conjugated
IgG). Plate was washed thrice with 1x PBST after each
incubation. PNPP substrate (P-nitrophenylphosphate,
1 mg/ml) made in AP buffer (1 mM MgCl, pH 9.8, 50 mM
Na,COs3) was used for color development, and absorbance
was read at 450 nm using ELISA reader (Tecan, USA).

The type of immune response generated was determined
by antibody isotyping of the anti-rOmpC sera using anti-
IgGl, anti-IgG2a, anti-IgG2b secondary antibodies, conju-
gated with horseradish peroxidase (1:5000). TMB substrate
(3,3',5,5'-Tetramethylbenzidine, BD biosciences, USA) was
used for color development, and the absorbance was mea-
sured at 405 nm. The IgM isotype levels in the anti-rOmpC
antisera were measured by ELISA using anti-IgM isotype
antibodies provided with the Mouse Immunoglobulin Iso-
typing ELISA Kit (Cat. No. 550487, BD Pharmingen™,
USA) as per the manufacturer’s protocol.

Lymphocyte proliferation assay and cytokine
ELISA

For lymphocyte proliferation assay, a separate set of animals
(n = 3 per group) were subjected to immunization with
rOmpC (20 pg/mouse, i.p.) with two booster doses on day 14
and day 28 of primary immunization. Lymphocyte prolif-
eration assay was performed as described essentially by
Sharma et al. [19]. Briefly, splenocytes isolated from the
spleens of the mice immunized with rOmpC (20 pg/mouse),
7 days post second booster (i.e., on day 35), were treated
with chilled ammonium chloride (0.9 %) to lyse the red
blood cells. Cells were collected by centrifugation and
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washed with complete Dulbecco’s modified eagle medium
(DMEM, Biological Industries, USA) and resuspended in
DMEM medium. Live cell counting was performed using
trypan blue dye exclusion assay. Splenocytes (1 x 10’ cells/
well in 96-well plate, in triplicate for each treatment) were
stimulated with rOmpC (20 pg/ml) and incubated at 37 °Cin
a 5% CO, humidified incubator for different times
(24-72 h) post-stimulation. Concanavalin A (ConA, 5 pg/
ml)-stimulated splenocytes were included as a positive
control, and PBS-stimulated splenocytes isolated from both
unimmunized and rOmpC-immunized mice comprised the
negative control. Lymphocyte proliferation at different time
points was measured using MTT assay.

Culture supernatants collected at different time intervals
(24, 48 and 72 h) post-treatment from the lymphocyte
proliferation assay plates were subjected to cytokine
ELISA to assess the levels of secreted IL-4 and IFN-y
using BD cytokine ELISA kit (Becton-Dickinson
Pharmingen) as per the manufacturer’s instructions.

Enzyme-linked immunosorbent spot (ELISPOT)
assay

One set of splenocytes from the proliferation assay [stim-
ulated with PBS or rOmpC (20 pg/ml) or ConA (5 pg/ml)]
was also subjected to ELISPOT assay to determine the
numbers of cells secreting IL-4 and IFN-y using BD
pharmingen ELISPOT Kkit.

Agglutination assay

Qualitative analysis of the agglutination ability of rOmpC
antisera with live A. hydrophila cells was performed
essentially as described by Sharma et al. [19]. Cultures (O/
N) of different bacterial strains were grown at 37 °C.
Secondary cultures of the same were inoculated next
morning and grown for 5-6 h (till mid-log phase) at
200 rpm at 37 °C. A. hydrophila cells (5 x 10® CFU) from
the secondary culture were incubated with the test antisera
(pre-immune and anti-rOmpC antisera; 1:200 dilution in
1x PBS) for 1 h at 37 °C. Bacterial cells were collected by
centrifugation at 5000 rpm for 10 min and resuspended in
I1x PBS. Cell suspension was uniformly smeared on a
clean glass slide and air-dried and heat-fixed by passing
through flame transiently. The cells were then stained with
methylene blue and visualized under microscope (Model
Eclipse TE 2000S, Nikon, USA) after washing off the
excess stain.

Slot-blot assay for crossreactivity analysis

Cross-reactivity analysis of anti-rOmpC antisera with
lysates of different bacterial isolates was performed
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essentially as described earlier [18]. Purified rOmpC and
cell lysate of E. coli BL21 (A DE3) harboring pETAhompC
were included as positive controls. Cell lysates of unin-
duced E. coli BL21 (A DE3) harboring pETAhompC,
E. coli DH5a cells and Chinese hamster ovary cells (CHO-
K1) and BSA were included as negative controls. Cell
lysates (1 pg each) of various strains slot blotted onto a
nitrocellulose (NC) membrane (Slot blotter, Cleaver Sci-
entific Ltd, UK) were subjected to Western blot analysis
using anti-rOmpC antisera. After blocking the non-specific
sites with BSA (2 % in 1x PBS) followed by 3 washes of
10 min each with wash buffer (150 mM PBS, pH 7.3, and
0.2 % Tween 20), the NC membrane was incubated with
anti-rOmpC antisera (1:5000 in 1x PBS). This was fol-
lowed by incubation with alkaline phosphatase-conjugated
secondary antibody (AP anti-mouse IgG) for 1 h and three
washes of 10 min each with wash buffer. Western blue
substrate was used for color development.

Statistical analysis

Data were analyzed for statistical significance using Stu-
dent’s ¢ test, with p value <0.05 considered to be statisti-
cally significant.

Results
Cloning and sequence analysis of ompC

PCR amplification of the mature ompC using gene-specific
primers resulted in the amplification of ~1 kb fragment.
Release of an insert of ~1 kb fragment upon digestion of
putative ompC clones with BamHI and HindlIll confirmed
successful cloning of the amplified ompC fragment in
pET28a(+) vector. DNA sequencing confirmed the cloned
PCR fragment to be ompC gene of A. hydrophila, and the
sequence of the cloned ompC has been submitted to Gen-
Bank (GenBank Acc. No. HF546053.1).

Amino acid sequence analysis of the encoded product of
the cloned ompC gene (1029 base pairs) confirmed the
cloned insert to belong to OM-channels super-family of
gram-negative bacteria.

The OmpC sequence was aligned with amino acid
sequence of OmpC of different bacteria using MUSCLE
alignment tool (Supplementary Fig. 1) [20]. Phylogenetic
tree constructed using TreeTop-Phylogenetic Tree Pre-
diction made server [21] clearly show three different
branches suggesting three discrete clusters (Supplemen-
tary Fig. 2). The branch -containing Cronobacter
sakazakii, Enterobacter cloacae, E. coli, Citrobacter
youngae, Buttiauxella agrestis, Trabulsiella guamensis,
Shimwellia blattae and Raoultella planticola group of

bacteria diverged much earlier and showed very less
homology with the cloned OmpC of Aeromonas
(<40 %). The cluster containing Aeromonads subspecies
showed around 80-90 % similarity with A. hydrophila
OmpC. The highest similarity of Aeromonas outside the
genus was found with Plesiomonas shigelloides group of
bacteria (~55 %). Although OmpC of Vibrio sp. is
found to be only 20.68 % similar to OmpC of A.
hydrophila, phylogenetic tree placed them very near to
each other.

Expression and purification of the rOmpC

Induction of E. coli BL21 (ADE3) cells harboring pETA-
hompC with IPTG resulted in expression of the rOmpC in
the induced cell lysates only (Fig. 1a). Molecular weight of
the recombinant protein from SDS-PAGE was calculated to
be ~40 kDa, which was close to predicted molecular
weight of the histidine-tagged rOmpC (~41.4 kDa; 343 aa
from the ompC gene and 34 aa from the vector). Detection
of a single prominent band by immunoblot analysis using
monoclonal anti-Histidine antibodies at the expected size
in the induced cell lysates only confirmed the expressed
protein to be the 6 x histidine-tagged rOmpC (Fig. 1b). No
band at this position was detected in the uninduced cell
lysates. Optimization of inducer concentration and induc-
tion time was carried out to maximize the recombinant
protein yield. IPTG concentration as low as 0.2 mM was
able to induce the expression of rOmpC (Fig. 1c). Further
increase in the inducer concentration did not significantly
augment the recombinant protein’s expression. Maximum
expression of the rOmpC was detected at 6 h post-induc-
tion which remained constant thereafter, thus alleviating
the possibility of any toxicity associated with the recom-
binant protein expression (Fig. 1d).

Further different subcellular fractions were analyzed
by SDS-PAGE to assess the localization of the expressed
protein. The rOmpC exclusively expressed as inclusion
bodies, and therefore it was purified from the insoluble
fraction (inclusion bodies) using Ni*T-NTA affinity
chromatography (Fig. le). SDS-PAGE analysis of the
eluted fraction showed that the rOmpC eluted with
75 mM imidazole. The rOmpC was purified close to
>90 % homogeneity (Fig. 1f). MALDI-TOF-MS analy-
sis of the purified rOmpC further substantiated the
recombinant protein to be OmpC of A. hydrophila
(Supplementary Fig. 3). A substantially high yield of
~112 mg/L of purified rOmpC was obtained at shake
flask level. The rOmpC was found suitable for immu-
nization studies as the endotoxin level was determined to
be 0.017 pg/ug of purified protein, which falls within the
permissible limit of endotoxin in vaccine formulation for
mouse immunization studies.
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Analysis of immune response against rOmpC

Anti-rOmpC antibody titers were determined by ELISA in
the antisera of mice immunized with different doses of
rOmpC. The animals immunized with 10 and 20 pg of
rOmpC showed an increase in immunoglobulin G (IgG)
levels after the first booster followed by a decrease after the
second booster (Fig. 2a, b, respectively). However,
administration of the third booster dose again resulted in an
increase in the IgG levels. The IgG levels were highest
after the first booster at both the doses of rOmpC. The
endpoint titer in anti-rOmpC antisera from mice immu-
nized with both the doses were found to be >1:40,000.

A prominent immunoreactive band of ~40 kDa was
detected only in the induced cell lysates of E. coli BL21
(ADE3) transformed with pETAhompC in Western blot
analysis using antisera raised against the rOmpC (Fig. 2c¢),
confirming the specificity of anti-rOmpC antibodies in the
antisera.
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«Fig. 1 a Analysis of rOmpC expression: Cell lysates (~50 pg each)

of the uninduced (lane 1) and induced (lane 2) E. coli BL21(ADE3)
cells harboring pETAhompC were analyzed by SDS-PAGE (12 %). M
indicates protein molecular weight (kDa) marker. The arrow points to
the rOmpC at ~40 kDa position, expressed only in the induced cell
lysate (lane 2). b Immunoblot analysis of the rOmpC. The authen-
ticity of the expressed rOmpC was established by Western blot
analysis using anti-His antibody. Lanes 1 and 2 depict the induced and
the uninduced cell lysates, respectively. A band of ~40 kDa
(indicated by arrow) is visible in the induced cell lysate. ¢ Optimiza-
tion of IPTG concentration for rOmpC expression. Recombinant
E. coli BL21 (ADE3) cells harboring pETAhompC were induced with
different concentrations of IPTG (shown on top of the panel) for 4 h.
Induced cell lysates (50 pg each) were analyzed by SDS-PAGE
(12 %). IPTG concentration as low as 0.2 mM could also induce
expression of rOmpC. d Time kinetics of the rOmpC expression.
IPTG (1 mM) was used to induce the E. coli BL21 (ADE3) cells
harboring pETAhOmpC for different time periods and the induced cell
lysates (~50 pg each) were analyzed by SDS-PAGE (12 %). The
rOmpC expression was found to be maximum at 6 h after which it
plateaued. ‘UI” in (¢, d) indicates uninduced cell lysates. e Localiza-
tion analysis of rOmpC expression. E. coli BL21 (ADE3) cells
harboring the pETAhompC were induced with 1 mM IPTG and
different cellular fractions were analyzed by SDS-PAGE(12 %). Lane
1 contains induced cell lysate. Lanes 2—6 indicate extracellular,
periplasmic, cytoplasmic, membranous, and inclusion bodies frac-
tions, respectively, prepared from the induced cell lysates. The
rOmpC expressed predominantly in inclusion bodies (lane 6).
f Purification of rOmpC using immobilized Ni**-NTA affinity
chromatography. Lane 1 shows purified rOmpC, eluted with 75 mM
imidazole (indicated by the arrow)

Antisera collected at different time points post-rOmpC
immunization (with 10 and 20 pg) were analyzed for the
levels of different isotypes of IgG produced in order to
assess the type of immune response. As evident from the
Fig. 3, levels of all the three immunoglobulins, namely
IgGl, IgG2a and IgG2b, were significantly elevated
(p < 0.005) at both the doses. The ratio of IgGl:IgG2a/
IgG2b levels was determined to be more than 1, indicating a
bias toward Ty2 type immune response. An increase in IgM
levels was also observed in the rOmpC-immunized mice on
different days post-immunization when compared to PBS-
immunized mice and maintained positive titers throughout
the experimental period. As shown in Fig. 4a, stimulation of
sensitized lymphocytes from the spleen of rOmpC-immu-
nized mice with rOmpC resulted in significant increase
(p < 0.005) in T-cell proliferation. The splenocytes isolated
from control PBS-immunized mice did not show any
increase in their proliferation upon stimulation with rOmpC.
The proliferation index (PI) for rOmpC (PI = 2.1) was
significantly greater than that of the control cells (PI = 1.3).

Cytokine ELISA to analyze the levels of different cytoki-
nes (IL-4 and IFN-v) secreted by the stimulated splenocytes of
sensitized mice and control mice at different time points post-
rOmpC stimulation showed both the IL-4 and IFN-y levels to
be significantly higher at all the study intervals in the culture
supernatant of the sensitized splenocytes. IFN-y levels in the
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Fig. 3 Antibody isotype profiling of anti-rOmpC antisera. Pooled
anti-rOmpC antisera (n = 5 per group) collected at different time
0.4 intervals post-immunization with a 10 pg and b 20 pg rOmpC were
I“‘I analyzed for the presence of different IgG isotypes and IgM using
0 T T isotype-specific secondary antibodies. The data are presented as
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Fig. 2 Determination of antibody titer against rOmpC. Female Swiss
albino mice were immunized with a 10 pg and b 20 pg rOmpC, and
antisera drawn on different days post-immunization (D.P.I.) were
analyzed for the presence of anti-rOmpC antibodies by ELISA.
Endpoint titer was found to be >1:40,000 for anti-rOmpC antibodies
in the antisera. Each data point represents mean =+ standard deviation
(SD) from pooled sera samples (n = 5 per experimental group) of two
independent experiments, analyzed in triplicates. ¢ Specificity of the
anti-rOmpC antisera by immunoblot analysis. Proteins in the unin-
duced (UI) and induced culture (I) of E.coli BL21 (ADE3) cells
harboring pETAhompC resolved by SDS-PAGE (12 %) were sub-
jected to Western blotting using anti-rOmpC antisera (1:10,000). An
intense band at the expected size detected only in the induced cell
lysate only (lane I) reflects the specificity of anti-rOmpC antisera.
M indicates migration of the protein molecular weight (kDa) markers

respect to the control pre-immune sera, wherein the absorbance for
pre-immune (control) sera at 405 nm has been normalized to 1. Each
data point represents mean + standard deviation (SD) from pooled
sera of mice (n =5) from each experimental group from two
independent experiments, analyzed in triplicates

culture supernatants increased gradually with time from
~7000, 8000 and ~ 15,000 pg/ml at 24, 48 and 72 h,
respectively, while no significant increase was observed in the
control cells stimulated with rOmpC (Fig. 4b). Similarly, IL-4
levels continued to rise gradually and were determined to be
~500 pg/ml, significantly higher than that of the control
samples (~ 10 pg/ml) (Fig. 4c). These data suggest that
though the antibody isotyping indicated a Ty2-biased immune
response, the rOmpC-immunized mice activated both the
arms of immune response (humoral as well as cell-mediated)
evident by a significant increase in the levels of both IFN-y
(Ty1 marker) and IL-4 (T2 marker) when compared to that of
the control splenocytes.

These findings were further confirmed by analyzing the
splenocyte cell population secreting IFN-y and IL-4 using
ELISPOT assay. ConA and unstimulated splenocytes were
taken as positive and negative controls, respectively. A
significant increase in the IFN-y and IL-4 secreting cell
populations in vitro was observed when the splenocytes
isolated from sensitized mice (isolated from mice immu-
nized with 20 pg rOmpC) were restimulated with the
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Fig. 4 a In vitro T-cell proliferation by rOmpC. Splenocytes
(1 x 10° cells/well, in triplicate) were isolated from Swiss albino
mice immunized with rOmpC (20 pg/mouse), a week after the last
booster dose and cultured either in the absence or presence of rOmpC
(20 pg/ml, stimulated) for 72 h under 5 % CO, humidified conditions
at 37 °C. MTT assay was used to determine cell proliferation index.
Cytokine ELISA to analyze T-cell response. IFN-y (b) and IL-4 (c)
levels in the culture supernatants of stimulated and unstimulated
splenocytes (from a) were determined by cytokine ELISA at different
time points. The data represent mean =+ standard deviation (SD) of
two independent experiments, performed in triplicates

rOmpC (20 pg/ml) when compared to the control unstim-
ulated cells (Table 1). Very high numbers of SFUs
secreting IFN-y (~31,203 £ 189/per 10° cells) were
detected in the rOmpC-sensitized splenocytes after

@ Springer

restimulation with the rOmpC. The cell population
secreting IL-4 from rOmpC-sensitized splenocytes was
determined to be 78.33 + 6.8 SFUs/10° cells. No spots
were observed in the unstimulated splenocytes isolated
from rOmpC-immunized mice or rOmpC-stimulated
splenocytes isolated from the control mice.

Agglutination capacity of anti-rOmpC antisera

Agglutination ability of anti-rOmpC antisera was evaluated by
incubating live A. hydrophila cells with anti-rOmpC antisera.
Figure 5a clearly depicts that the anti-rOmpC antisera were
able to agglutinate the A. hydrophila cells efficiently, whereas
no agglutination was observed with E. coli DH5a and Sta-
phylococcus aureus. As expected, incubation of A. hydrophila
cells with pre-immune sera did not show any agglutination.
Further, loss of agglutinating activity was observed when anti-
rOmpC antisera was incubated with rOmpC prior to addition to
live A. hydrophila (EUS112) cells, validating specificity of the
anti-rOmpC antisera for rOmpC.

Cross-reactivity analysis of anti-rOmpC antisera

In order to assess the ability of anti-rOmpC antisera to cross-
react with different Aeromonas strains, slot-blot analysis was
performed using whole cell lysates of different Aeromonas
strains/isolates (supplementary Table 1). Figure 5b clearly
demonstrates that the anti-rOmpC antiserum cross-reacted
with all the A. hydrophila isolates tested. A very strong signal
was seen in the positive control, rOmpC (slot b14), and the
cell lysate of induced E. coli BL21 (ADE3) harboring
PETAhompC (slot ¢7). No reaction was observed with neg-
ative controls including uninduced E. coli BL21 (ADE3)
harboring pETAhompC (slot ¢8), CHO-K1 cell lysate (slot
c10), E. coli DH5a cell lysate (slot c11) and BSA (slot c12).
The intensity of immunoreactive band was less in some of the
Aeromonas isolates, indicating the difference in surface
epitopes or relatively less expression of the protein.

Discussion

Aeromonas hydrophila, a member of Aeromonad group,
primarily causes systemic illness in poikilothermic animals
such as fish. Potentially they could represent a serious
problem causing food infections, as many strains are able
to grow at temperatures suitable to that of a common
refrigerator, at a pH of 4-10 and in presence of higher
concentrations of salts [1 and references therein]. The
bacterium is also responsible for a variety of infectious
complications in immunocompetent and immunocompro-
mised humans [22].
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Table 1 ELISPOT analysis to determine the number of IL-4 and IFN-y secreting splenocytes

Group IL-4 SFU/10° cells IEN-y SFU/10° cells
(Mean + SD) (Mean 4+ SD)
PBS-immunized No spots No spots
rOmpC-immunized (Unstimulated) No spots No spots
rOmpC-immunized (stimulated) ~78.33 £ 6.8 ~31,203 £+ 89

An experimental set of splenocytes similar to that of cell proliferation assay (Fig. 4a) were stimulated with rOmpC (20 pg/ml) for 72 h under
5 % CO, humidified conditions at 37 °C and subjected to ELISPOT. Splenocytes isolated from PBS-immunized mice were included as a
negative control. The data represent mean £ SD of experiments conducted in triplicates. SFU indicates respective spot-forming units

a A. hydrophila

E. coli

S. aureus

PI

anti-rOmpC
antisera

anti-rOmpC
antisera

pre-incubated

with rOmpC

Fig. 5 a Agglutination assay using the anti-rOmpC antisera. Bacte-
rial cells (5 x 10% CFU) from the live log phase cultures of A.
hydrophila, E. coli DH5a and Staphyococcus aureus were incubated
with pre-immune serum (PI), anti-rOmpC antisera (1:200) or anti-
rOmpC antisera pre-incubated with rOmpC [1.5 pg incubated with
1 ml of antisera (1:200) for 30 min]. Agglutination is visible only in
A. hydrophila cells that were incubated with anti-rOmpC antisera,
whereas pre-incubation with rOmpC resulted in loss of agglutination
activity of anti-rOmpC antisera. Images are taken at 40x magnifi-
cation. b Cross-reactivity analysis of anti-rOmpC antisera with

Pathogenicity of Aeromonas is attributed to its ability to
produce an array of virulence factors and causing diseases
ranging from gastroenteritis to systemic infections. A.

9 10 11 12 13 14

-

different Aeromonas isolates/strains: Different Aeromonas cell lysates
(1 pg) were immunoblotted with anti-rOmpC antibody (1:5000). The
positive control included rOmpC (b14) and induced culture of E.coli
BL21 (ADE3) harboring pETAhompC (c7), whereas negative controls
included uninduced cell lysate of E.coli BL21 (ADE3) harboring
PETAhompC (c8), CHO-K1 cell lysate (c10), E. coli DH5a cell lysate
(c11) and BSA (c12). All Aeromonas isolates and the positive control
showed positive reaction while none of the negative controls
exhibited any crossreactivity

hydrophila induces cytotoxicity and massive inflammation
in the host during infection and necrosis of tissues [1, 23].
Extensive use of chemotheraputants and antibiotics to
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combat A. hydrophila infection has led to the development
of antibiotic-resistant Aeromonas strains [24]. Though a
number of vaccination strategies employing different bac-
terin preparations have been evaluated [25], no efficient
vaccine is currently available to prevent or control the
Aeromonas infection. Therefore, a detailed understanding
of host responses to Aeromonas virulence factors is of
prime importance for developing better treatment
strategies.

A crucial step during developing a bacterial infection in
primary host is the recognition of exposed antigens, fol-
lowed by the ingestion of the pathogen by body immune
cells. The outer membrane proteins situated on the bacte-
rial cell surface are the primary host receptors recognized
by the pathogen to generate an immune response and can
therefore act as potential vaccine candidates. Immuno-
genicity of porins is attributed to various mechanisms such
as inhibition of phagocytosis by activating the adenylate
cyclase system [26], production of vast array of cytokines
[27] and activating the complement system of host [28]. In
agreement to this, OMPs from different bacterial strains
such as outer membrane protein F (OprF) and outer
membrane protein I (Oprl) of P. aeruginosa [29], and
OmpK of V. anguillarum [30] and Vibrio harveyi [31],
have been reported to be highly immunogenic and capable
of conferring protection against challenge with the corre-
sponding bacteria.

We have also reported immunogenic and vaccine
potential of the OmpF of A. hydrophila, regulated by two-
component regulator system, of A. hydrophila. Here we
report immunogenic potential of OmpC of A. hydrophila,
yet another protein whose expression is under the control
of two-component regulatory system in mouse model.

Since the signal sequence present at the N-terminus
directs the nascent polypeptide chain to the periplasmic
space through the translocon in the inner membrane [32],
we cloned the ompC gene region without the region
encoding the signal peptide (spanning residues 1-23 amino
acids of the protein). The OMPs of bacteria are a highly
conserved class of proteins among various bacterial species
due to shared motifs of transmembrane B sheets embedded
in the outer membrane [7, 33]. BlastP of the cloned mature
OmpC showed that the amino acid sequence of OmpC
contained several conserved domains common to the OM
channel superfamily. Further extraction of the OM channel
superfamily confirmed the encoded protein to be OmpC
(Fig. 1b), thus authenticating the cloned gene to be ompC
of A. hydrophila (EUS112). Outer membrane protein, such
as OmpC, is exposed on surface, and multiple interactions
with the environment to adapt to various ecological niches
lead to genetic diversity among the OmpC of different
bacteria. The clustal W alignment using MUSCLE program
depicted conservation among OmpC of various Aeromonas
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subspecies. The OmpC of Plesiomonas group of bacteria
showing highest homology with OmpC of A. hydrophila
(outside the genus) shares similarity with each other in
terms of their pathogenicity and disease symptoms. In spite
of very less similarity (<23 %), Vibrio is situated in the
same branch as of Aeromonads. Both the Aeromonas and
Vibrio are similar in their habitat selection (autochthonous,
can be isolated from various water resources) and season-
dependent variation in their number (warmer temperature
is optimum for their growth and reproduction) [34]. From
the phylogenetic tree, it is apparent that the OmpC of A.
hydrophila is more closely related to Vibrio family, thereby
supporting its previous placement in the family Vibri-
onaceae [35].

To evaluate the vaccine potential of recombinant OmpC,
the AhompC encoding mature OmpC was expressed in the
heterologous host (E. coli). The presence of an intense
band of the expected size of rOmpC (~40 kDa) exclu-
sively in the induced fraction and its absence in the unin-
duced cell lysates suggest the absence of leaky expression,
thereby indicating the tight regulation of expression asso-
ciated with the T7 expression system. Removal of the
signal peptide from rOmpC is expected to inhibit its
translocation to the outer membrane, thus making purifi-
cation of the recombinant protein much less cumbersome.
A significantly high percentage of the rOmpC expression in
the induced cell lysate points toward efficient transcription
and translation of the cloned ompC gene by E. coli cells. As
expected, the rOmpC expressed in the insoluble fraction, as
over-expression of the OMPs without their signal sequence
usually forms inclusion bodies due to improper folding in
the cytoplasm [32]. Earlier studies have also reported the
expression of OMPs in insoluble fraction due to their high
expression or the absence of signal peptide [36, 37].

Outer membrane proteins purified from inclusion body
fraction tend to aggregate easily due to exposed
hydrophobic regions (and improper folding) [38]. Since
urea gradient dialysis method could successfully refold
rOmpF of A. hydrophila [18], same strategy was adopted
for refolding of the purified rOmpC. This ensured proper
folding of the protein with minimal possibility of reag-
gregation. Absence of any cysteine in the encoded OmpC
minimized the probability of improper disulfide bond for-
mation, and hence urea gradient dialysis without any redox
couple (GSH-GSSG) was found to be suitable to restrain
aggregation. The rOmpC protein was purified to almost
98 % near homogeneity with a yield of 37.3 mg/g wet cell
weight (~ 112 mg/L) at shake flask level. The high yield of
rOmpC observed was better than that of many T7 expres-
sion system-based purification [recombinant PorB
(~1.1 mg/L) and PorA (30 mg/L or 30 mg/4.7 g wet cell
wt) of Neisseria meningitidis [37, 39] ]. Long-term storage
of the rOmpC both at 4 and —20 °C did not result in
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aggregation, which is a major bottleneck in the production
of recombinant outer membrane protein due to the presence
of hydrophobic region. This suggests that the protein has
been refolded in a stable conformation. Thus, the strategy
adopted to obtain maximum yield of rOmpC in soluble
form in the present study can be employed for recombinant
expression of other OMPs and thus can enhance the yield
of recombinant protein, required in large amounts for
vaccination purposes.

Evaluation of immunogenic and vaccine potential of the
rOmpC in murine model clearly demonstrated it to be
highly immunogenic, evident from a very high antigen-
specific antibody response. These results are in line with
earlier reports on highly immunogenic nature of OMPs
[40—43]. A robust antibody response observed after pri-
mary booster as compared to secondary and tertiary booster
can be attributed to the prevalent humoral immune
response only after first booster, while subsequent boosters
led to activation of cell-mediated immune response as well.
Increase in antibody titer in response to immunization with
outer membrane proteins Ompl8 of Campylobacter jejuni
and OmpW of V. alginolyticus has earlier been reported
[15, 40]. Generation of protective antibodies reported upon
passive immunization of OmpA of H. parasuis further
potentiates the ability of outer membrane proteins in
developing a state of protective immunity post-immu-
nization [42]. In line with the above studies, high antibody
titers obtained with rOmpC immunization clearly demon-
strated it to be highly immunogenic and capable of
invoking significant antigen-specific immune response.

Analysis of levels of different IgG isotypes [IgGl,
indicative of humoral (Ty2) immune response; IgG2a and
IgG2b, indicative of cell-mediated (Tyl) immune
response] revealed generation of mixed immune response,
with a bias toward humoral response, upon rOmpC
immunization. Determination of IgM isotype also showed
an increase in rOmpC-immunized mice. Since the isotype
levels were measured only after first booster, the increase
observed in IgM titers was not to the extent as observed
with IgG1 and IgG2a. This is expected as IgM is produced
in response to primary infection, and subsequent exposure
to the pathogen (booster) results in memory response and
high IgG titers resulting from switch from IgM to IgGs
subtypes depending on the type of immune response eli-
cited [44-46]. Similar IgG/IgM profiles have been reported
by Chen et al. [47] in mice upon infection with Babesia
microti, wherein IgM levels were at their maximum at
initial stages of infection on day 10, which fell off there-
after but remained positive at low titer, whereas the IgG
levels were found to be maximum at later time on day 24
post-infection.

This was further validated by evaluating the levels of
representative cytokines for cellular immunity, namely

IFN- v (Tyl) and IL-4 (Tx2) by both cytokine ELISA and
ELISPOT assay. An increased proliferation of the spleno-
cytes isolated from the rOmpC-immunized mice upon
in vitro restimulation with the rOmpC indicated that
immunization with rOmpC was able to generate T-cell
memory. Increased levels of both IFN-y and IL-4 in the
culture supernatants of the stimulated splenocytes of the
rOmpC-immunized mice, and ELISPOT analysis of IFN- -
and IL-4-secreting cell populations, further confirmed
mixed immune response. Our findings are in line with the
previous study carried out by various researchers. Sch-
wenteit et al. [43] reported induction of Ty?2 response after
infection with A. salmonicida subsp. achromogenes. The
OmpX of E. coli exhibits immunogenic properties and
induces a Ty2-biased mixed immune response [41]. Simi-
larly, the OmpA of many bacteria has been shown to acti-
vate various immune cells, such as dendritic cells and
macrophages which act as antigen presenting cells and also
activate a range of other cells to produce cytokines to bring
out strong humoral response is well thought out to be an
immunogenic protein [48] and references therein. Another
study involving OmpC and OmpF of pathogenic E. coli
showed that the immunization of mice with the formula-
tions of these 2 porins elicited high titers of IgG2a which
resulted in induction of a significant Tyl/Ty2 immune
responses [10]. Studies have confirmed that extracellular
pathogens are cleared efficiently by mixed or humoral
immune response of the host [49]. Since Aeromonas is an
extracellular pathogen, the generation of antibodies (part of
humoral immunity/Ty2 immune response) will undoubt-
edly help in the clearance of Aeromonas by opsonization,
followed by phagocytosis of the said bacteria by macro-
phages and neutrophils. Other methods that can be adopted
by host are co-association of antibodies with complement
system leading to bacterial killing by antibody-dependent
cell cytotoxicity (ADCC) or directly through opsonization
and endocytosis by B-cells which can provide long-time
immunity by activating effector and plasma cells. Earlier
reports have shown that vaccines which activate both the
arms of immune response in animal models provided better
protection in comparison with those which elicited either
Tyl or Ty2 immune response [49]. Thus, the rOmpC which
induce mixed immune response would make an efficient
vaccine against A. hydrophila infection. On the other hand,
another member of two-component regulatory system of A.
hydrophila, recombinant outer membrane protein F,
rOmpF, showed predominantly Tyl type of immune
response in murine model [18]. The activation of different
types of immune response with different outer membrane
proteins clearly indicates the variation in antigen processing
and presentation by host immune cells. Therefore, combi-
nation of both rOmpF and rOmpC can be assessed as an
effective vaccine against A. hydrophila.
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To assess the neutralizing ability of the anti-rOmpC
antisera, in vitro agglutination assay using live A. hydro-
phila cells was performed. Agglutination assays have been
used for the identification of bacterial strains [50, 51]
during infectious/diseased conditions. In the host, aggluti-
nation of bacteria or any foreign organism is subjected to
complement mediated lysis, thus pointing toward the role
of agglutination in the host immune defense mechanism
[52]. Positive and significant agglutination of the live A.
hydrophila with the anti-tOmpC antisera clearly demon-
strates neutralizing potential of the anti-rOmpC antibodies
present in the antisera. Loss of agglutination ability of anti-
rOmpC antisera upon pre-incubation with the rOmpC
clearly indicated the specificity of interaction between the
antibodies present in the antisera and the rOmpC on the
bacterial cells. Specific agglutination of A. hydrophila cells
by the anti-rOmpC antibodies also suggests its potential
use in diagnosis. Since Aeromonas is a heterogeneous
group of bacteria, it is desirable that the potential vaccine
candidate generates an immune response which is able to
protect against variety of strains of the bacterium. This is
primarily demonstrated by the ability of the antisera to
recognize antigens present on different strains of the bac-
terium. In the present study, the anti-rOmpC antisera were
able to interact with the whole cell lysates of a number of
A. hydrophila strains (as shown by the slot-blot analysis),
indicating that the anti-rOmpC antisera were able to rec-
ognize different strains of Aeromonas, exhibiting broad
cross-reactivity. Since A. hydrophila is a fish pathogen, and
the immune system of mouse and fish differ with each
other, preliminary analysis of the antigenic potential of the
rOmpC in Labeo rohita (an Indian major carp) indicated
that the rOmpC was able to generate significant immune
response in L. rohita and the antisera were found to have
endpoint titers of ~ 1:600 (data not shown). The difference
in the antibody titers obtained in L. rohita and mice in the
present study need to be analyzed in context of the dif-
ferences in the immune system of the two organisms and
investigated further.

Thus, the present study reports a detailed analysis of the
immune response generated by rOmpC of A. hydrophila in
murine model. High yield of purified rOmpC, its stability
over long-term storage, mixed immune response genera-
tion, along with the high neutralizing potential of the
antisera generated post-immunization in mice model indi-
cate the potential of rOmpC of A. hydrophila to be used as
a successful vaccine candidate. Since the rOmpC and
rOmpF resulted in activation of Ty2- and Tyl-biased
immune response, respectively, a vaccine preparation
comprising both these antigens could be further evaluated.
This would be expected to activate both arms of the
immune system and thus is likely to be more efficacious.
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