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Pseudomonas aeruginosa Recombinant Flagellin Induced Poly-Isotypic
Humoral Immune Responses in the Balb/C Mice
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Background: Pseudomonas aeruginosa is an opportunistic pathogen that infects people with immunocompromised defenses like
neutropenic, burned, hospitalized, and cystic fibrosis (CF) patients.

Objectives: The main aim of this study was to explore the possibility of the recombinant type A flagellin (r-fla-A) in combination of
Montanide ISA70 as a candidate vaccine to promote the humoral and cellular immune responses against r-fla-A.

Materials and Methods: Recombinant flagellin was prepared in Montanide ISA 70 adjuvant; Mice were divided into two groups one of
six. The lymphocyte proliferation assay was performed with Brdu/ELISA and IL-4 and IFN-y cytokine level assay was carried out to determine
the pattern of immune response (Th1 vs. Th2). Specific antibody responses were measured with an optimized in direct ELISA and finally
different isotype-specific antibodies including IgGl, IgG2a, IgG2b, IgG3, and IgM was measured with ELISA.

Results:Immunized mice with adjuvanted flagellin showed a considerably increased lymphocyte proliferation compared with the control
group (P=0.004). High level of IL-4 and IFN-y secretion was observed in immunized mice compared with the control group (P=0.003 and
P =0.006, respectively) with Thi profile. In addition to the strong antibody-mediated immune response, we found that immunization of
mice with r-fla-A induces specific IgG1, IgG2a, IgG2b, IgG3 and IgM antibodies that indicates a statistically significant difference with the
control group (P=0.003,P=0.004,P=0.004,P=0.006 and P=0.004 respectively).

Conclusions: Our results demonstrated that r-fla-A could induce cellular and humoral immune response as proper stimulant of poly-
isotypic humoral responses.
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1. Background dent immune responses, and provide motility, the ability
to evade from toxic substances, increase adhesion, etc.
(3)

Flagellin monomer (FliC) is the major protein compo-
nent of the flagellar filament andthe most effective im-
munologic effectors of immune system. There are two
distinct serotype of flagellin; type A and B with molecular
masses of about 45 kDa and 55 kDa, respectively (4). Re-
cent findings emphasize on the essential role of the flagel-
lin monomers in detection of microbes by the host and

Pseudomonas aeruginosa is an opportunistic pathogen
that affects people with cystic fibrosis (CF), cancer, severe
burns and immunosuppressed individuals with high
morbidity and mortality and is responsible for ventila-
tor-associated and hospital-acquired infections (1). The
antibiotic treatment of P. aeruginosa infections is limited
due to the extensive inherent and acquired antibiotic re-
sistance (2). The emergence of pathogenic drug-resistant

strains is rapidly increasing; therefore, development of the induction of immune responses (3). Flagellin can

an effective vaccination strategy is very important. Fla- ... «. the activation of the host inflammatory response
gella are major structures of the pathogenic P. aeruginosa i, T[Rs. The outstanding point is that TLR5-binding do-
that contribute to virulence, stimulation of TLR5-depen- main of flagellin is not exposed in the intact flagella (1).

Implication for health policy/practice/research/medical education:

Flagellin is a vaccine candidate with adjuvant activity for many candidate vaccines.
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Hence, the flagellin is a good stimulator to promote TLR5
signaling than intact flagella. Bacterial flagellin has been
studied as a useful antigen model and recently found to
be a target of T cells (5).

Consequently, the immunogenicity of flagellin is basic
element for variety of vaccines (6). At present, it is clear
that the flagellin monomer may be a proper target as a
vaccine component, particularly as a carrier protection
or an immunologic adjuvant (1, 7). Despite the critical
role of antibody immune responses, studies have shown
that cell mediated immune responses have a clearly pro-
tective efficacy in P. aeruginosa infected patients (8, 9). Jo-
hansen and colleague reported that IFN-y treatment of P.
aeruginosa infected rats was shown to reduce the chronic
lung inflammation from an acute type dominated by
neutrophils to an inflammation dominated by mono-
morphonuclear cells (10).

Adjuvant is necessary to promote strong adaptive re-
sponses using non-specific component of immune re-
sponses (11). As a result, there is an urgent need for devel-
opment of new and improved vaccine adjuvants based
on recombinant proteins. Therefore, it is important to
develop non-live vaccine formulations capable of gener-
ating T helper 1(Thi1) responses in humans (12). There is a
strong correlation between innate and adaptive immune
responses, so strong innate immune response stimula-
tion could induced strong adaptive immune responses
(13). Recent studies have shown that the flagellin as a vac-
cine candidate or an immunologic adjuvant could im-
prove the vaccine efficacy against P. aeruginosa infections
(14,15).

In the previously studies, we cloned and expressed fliC
gene (type A flagellin-encoded gene) in Escherichia coli
BL21 strain (DE3) as a bacterial expression system (16),
and also found that passive therapy with anti-recombi-
nant type A flagellin IgG would protect the burned mice
(17). Our recent study demonstrated that active immuni-
zation with recombinant type A flagellin could protect
burned mice against lethal P. aeruginosa infection by
pathogen immobilization and promoting the phagocyt-
ic activity (unpublished result). Cytokines and antibody
isotypes are important factors of the host immune sys-
tem against P. aeruginosa infections. TNF-o and IL-4 were
shown to enhance bacterial clearance, whereas IL-1 and
IL-18 were defective in bacterial elimination (18). The role
of other cytokines on resolution of infection is not well-
understood.

2. Objectives

The main purpose of the present study was an explana-
tion on the possibility of using flagellin in combination
with Montanide ISA 70 as a candidate vaccine against
P. aeruginosa and also to investigate whether flagellin
would promote the humoral and cellular immune re-
sponse. Here, for the first time we have shown that fla-
gellin is able to induce poly-isotypic humoral immune

response.

3. Materials and Methods

3.1. Animals

Eight to ten weeks old female Balb/C mice were ob-
tained from the Pasteur Institute (Tehran, Iran). Mice
were housed for one week before the experiment, given
free access to food and water and maintained in a light/
dark cycle with lights (12 h [ 12 h). All experiments were
in accordance with the Animal Care and Use Protocol of
Pasteur Institute of Iran (13).

3.2. Recombinant Flagellin Production and Purifi-
cation

In the previous study, recombinant type A flagellin gene
was cloned and expressed (r-fla-A) as Histidine-tagged
protein in a bacterial expression system (16). Briefly, P. ae-
ruginosa type A flagellin gene (fliC) was first cloned into
the expression vector (pET-28a) and then expressed in
E.coli, BL-21(DE3) and finally purified by Ni** affinity chro-
matography.

3.3.Vaccine Preparation

Candidate vaccine was prepared in Montanide ISA 70
adjuvant (Seppic, France). to this purpose, r-fla-A protein
was dissolved in PBS and mixed with Montanide ISA 70
with a 3:7 ratio v|v of. Mixture was prepared through stir-
ring on a rotator at 3000 rpm for 60 min until a stable
white emulsion developed. Each dose comprises of 50 L
of adjuvant-vaccine mixture containing 20 ng of candi-
date vaccine (19).

3.4. Experimental Groups and Immunization

Mice were divided into two groups of six. The first group
was immunized intradermally on days 0, 14 and 21 with
50 uL of candidate vaccine formulated in Montanide ISA
70 adjuvant with a dose of 20 pg. The second group was
immunized intradermally on days 0, 14 and 21 with 50 pL
of sterile PBS as the control group.

3.5. Lymphocyte Proliferation Assay (LPA)

Two weeks after final immunization, the spleens were
taken from immunized mice, dissected and resuspended
in sterile cold PBS containing 2% FBS. the RBCs were lysed
with lysis buffer, and single-cell suspension was adjusted
to 2 x10° cells/mL in RPMI 1640 (Gibco, Germany) supple-
mented with 5% FBS, 4 mM L-glutamine, 1 mM sodium
pyrovate, 50 um 2 ME, 100 pg/mL streptomycin and 100
IU/mL penicillin. 100 pL of diluted cell suspensions were
dispensed into 96-well flat-bottom culture plates and
stimulated with 10 pg/mL of recombinant peptide as an
antigen recall. Phytohemagglutinin-A (5 pg/mL, Gibco)
was used as a positive control, un-stimulated wells were
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used as the negative controls and complete culture me-
dium was used as blank.

All experiments were performed in triplicate. After 72 h
of culture, 100 pL of 5-bromo-2-deoxy-uridine (Brdu) la-
beling solution was added into each well and incubation
continued for 18 h later. After then, the plates were centri-
fuged and culture medium was removed completely. The
plates were dried and fixed by adding 100 pL of fixation/
permeabilization buffer per well. Then, 100 pL of anti-
Brdu antibody was added to each well, and the plates
washed four times and tetramethylbenzidine solution
was added to each well as the substrate in dark condition.
The reaction was stopped by adding 100 pL of 2N H2S04.
The absorbance was measured using a spectrophotomet-
ric plate reader at 450 nm. Stimulation Index (SI) was cal-
culated according to the following formula: OD 450 nm
of stimulated wells/OD 450 nm of un-stimulated wells
(20).

3.6.IL-4 and IFN-y Cytokine ELISA

Two weeks after final immunization, a total number of 4
x10° splenocytes were plated in each well of 24-well plate
using a complete RPMI-1640 medium and stimulated in
vitro with 10 pg/mL of r-fla-A peptide and incubated at 37
°C in 5% CO2. 72 h after the antigen recall, supernatants
were collected and centrifuged at 300 g for 10 min and
stored at -70 °C for cytokine analysis. IFN-y and IL-4 cy-
tokine analysis carried out with commercial ELISA Kit
(Quantikine, R&D Systems, USA) according to the manu-
facturer’s instruction. The quantity of each secreted cyto-
kine reported as pg/mL according to the standard curve
(14).

3.7. Total Antibodies ELISA

Specific antibodies were determined by an optimized
indirect ELISA method. 100 pL of 10 pg/mL r-fla-A peptide
in PBS buffer were added into 96-well ELISA plates (Grein-
er, Germany) and incubated over night at 4 °C. The wells
washed with PBS containing 0.05% Tween 20 (washing
buffer) and blocked for 2 h at 37 °C with 5% non-fat dry
milk in PBS (blocking buffer). Plates were washed and 100
nL of 1:100 diluted sera were added into each well and in-
cubated at 37 °C for 2 h. The wells washed three times and
incubated for 2 h with 100 pL of 1:7000 dilution of HRP-
conjugated anti-mouse antibody (sigma). After five times
washing, the well incubated for 30 min with 100 pL of
TMB substrate in the dark, and reaction was stopped with
2N H2SO4 and color density was measured at 450 nm
with the ELISA plate reader (Multiskan Lab systems) (14).

3.8. ELISA of Specific IgG Isotypes and IgM

Detection of specific IgGl, IgG2a, IgG2b, IgG3 and IgM
subclasses were performed using indirect ELISA. after an-
tigen coating and blocking, plates were washed and then
100 nL of 1:100 diluted sera were added into each well and
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incubated. The wells washed three times and 100 pL of
1:1000 dilution of anti-mouse IgGl, IgG2a, I[gG2b, IgG3 and
IgM subclasses as secondary antibodies were added. After
washing three times, 100 pL of HRP-conjugated anti-goat
antibody (sigma) was added to each well. The plates were
washed five times and incubated for 30 min with 100 uL of
TMB substrate in the dark. The Peroxidase-TMB reaction is
stopped by addition of 2N H2504, and the color density
was measured at 450 nm using the ELISA plate reader (14).

3.9. Statistical Analysis

All experiments performed in triplicate, and the data ex-
pressed as means * S.D of each experiment. All statistical
analyses carried out by Mann-Whitney U test. In all of the
cases, P values < 0.05 were considered to be statistically
significant.

4.Results

4.1. Lymphocyte Proliferation

Result of lymphocyte proliferation of experimental
groups showed that FliC could stimulate lymphocyte
proliferation. As shown in Figure 1, immunization of
mice by adjuvanted r-fla-A protein significantly increased
lymphocyte proliferation in comparison with control
groups (P=0.004).

Figure 1. Lymphocyte Proliferation Responses of Experimental Groups
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Mice (n = 6 mice per group) were immunized with candidate vaccine or
PBS as the control group. Two weeks after final immunization, prolifera-
tion activity was measured with Brdu/ELISA. Results showed that immu-
nization of mice with r-fla-A significantly induced proliferation of splenic
lymphocytes compared with control group. Experiment was carried out
triplicate and values are shown as the mean + S.D.

4.2. ELISA of IL-4 and IFN-y

To detect the cytokine secretion pattern, splenocytes
were cultured as described above and re-stimulated in vi-
tro by r-fla-A peptide. Collected supernatants were moni-
tored for the presence of IFN-y and IL-4 to determine the
type (T helper 1 vs. T helper 2) of immune responses. As
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shown in Figure 2, the results showed that immuniza-
tion of mice with r-fla-A induced high level of IFN-y (Fig-
ure 2 a) and IL-4 (Figure 2 b) in comparison to the control
group (P=0.003 and P=0.006, respectively). Overall, our
result demonstrated that immunization of mice with r-
fla-A induced both IL-4 and IFN-y cytokines, but I[FN-y was
dominant. These results indicated that both arms of the
immune system have been triggered.

Figure 2. IFN-y and IL-4 Cytokines Analysis of Experimental Groups with
Quantitative ELISA After Immunization
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Mice were immunized with candidate vaccine, mice were injected with
PBS (n=6 mice per group) as control group. Results showed that immu-
nization with r-fla-A significantly induced both IFN-y and IL-4 secretion
compared with control group, however IFN-y level was dominant. Experi-
ments carried out triplicate and values are shown as the mean +S.D.

4.3. Humoral Immune Response Assay

Specific humoral immune response was monitored
with an optimized indirect ELISA. The result of the total
antibody assay (Figure 3) showed that immunization of
mice with r-fla-A protein induced high level of antibody
response that was statistically significant with the con-
trol group (P=0.003).

Figure 3. Humoral Immune Responses Against Candidate Vaccine After
Immunization with r-fla-A or PBS
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Sera of individual mice collected and antigen specific total IgG was evalu-
ated with an optimized indirect ELISA as mentioned in materials and
methods section.

4.4. Specific Isotypes Monitoring

To determine the specific antibody isotypes, ELISA
method was used. As shown in the Figure 4, immuniza-
tion of mice with r-fla-A induces specific IgG1 (Figure 4
a), IgG2a (Figure 4 b), IgG2b (Figure 4 c) and IgG3 (Figure
4 d) antibody that indicate a significant difference with
the control group (P = 0.003, P = 0.004, P = 0.004 and P
=0.006 respectively). Furthermore, evaluation of specific
IgM (Figure 4 e) in the experimental groups showed that
immunization of mice with r-fla-A induces higher level
of specific IgM compared with control group (P =0.004).
Overall, it is seemed that immunization of mice with r-
fla-A peptide induces poly-isotypic humoral immune re-
sponse.
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Figure 4. Specific Isotypes Were Detected with ELISA Using Anti IgG1, IgG2a, IgG2b, IgG3 and IgM Antibodies
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Immunization of mice with r-fla-A significantly induced total IgG compared with control group. Also, Immunization with candidate vaccine significantly
increased specific IgG1 (Figure 4a), IgG2a (Figure 4b), IgG2b (Figure 4c), IgG3 (Figure 4d) and IgM (Figure 4e) antibodies compared with control group.
Experiments carried out triplicate and values are shown as the mean + S.D.

5. Discussion the most effective immunologic stimulator of the im-
mune system. The use of flagellin as a vaccine candidate,

There has long been recognized that flagella is one of part of vaccine or adjuvant has been widely considered.
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Flagellin is a protein with intrinsic activity mediated
through TLR5 therefore, can be genetically manipulated
in various ways for research purpose (21-23). In other
words, advances in the field of innate immunity have re-
vealed the effective cellular and molecular mechanisms
involved in pathogen-associated molecular patterns (14).

In this study, results show that r-fla-A could induce lym-
phocyte proliferation, considering that proliferation is
a criterion of cell-mediated immunity, thus r-fla-A could
promote the cellularimmune response. Arnon et al. dem-
onstrated that recombinant flagellin containing foreign
epitopes caused protective immune responses in the
absence of any additional adjuvant, flagellin has effects
on T cells proliferation and cytokine responses(24, 25).
The induction of potent cell-mediated immunity will be
necessary and may require the induction of cytotoxic T
cell (CTL) which kills host cells infected with intracellular
pathogens (12). In addition, the innate immune system
directs the balance of humoral and cellular responses,
and adjuvant can control the type of acquired immune
responses (26).

Results of the cytokine assay showed that r-fla-A could
induce both IL-4 and IFN-y secretion, but with IFN-y
dominancy and Thi confirmed pattern. Johansen et al.
demonstrated that IFN-y therapy of chronic P. aeruginosa
infected rats was shown to decrease the inflammatory
responses and reduce the lung inflammation incidence
from an acute type dominated by neutrophils to an in-
flammation dominated by macrophage cells (10). Studies
on an acute animal infection model, have shown that im-
munization with killed P. aeruginosa induces the protec-
tive cell-mediated immunity in the lung. It has been pro-
posed that protective responses in the lung are induced
by T cell, followed by activated alveolar macrophages (27).

This study also showed that r-fla-A could induce specific
antibodies and in this function, it induced all isotypes of
specific antibodies in the mouse model. Considering this
fact that each isotype of antibodies has unique function
in inducing the humoral immune response, the produc-
tion of poly-isotypic humoral immune response show
that FliC could stimulate humoral immune response
with excellent bioactivity and this argument is proved in
passive and active immunotherapy of P. aeruginosa infec-
tions (13,17) . In our previous study, we proved that immu-
nization with anti r-fla-A IgG by increasing the phagocy-
tosis and bacterial immobilization could protect burned
mice against lethal P. aeruginosa infections (75% protec-
tion compared with 16.6% in the control IgG) (17).

The results presented in our last study, demonstrated
that r-fla-A is a potent adjuvant to develop the humoral
immune responses. Furthermore, we have shown that
immunization of mice with r-fla-A could remarkably in-
crease survival of mice infected with homologous strain
(PAK) in the burn wound infection, but slight protection
was observed in mice infected with heterologous strain
PAOI1 (unpublished result). Antibody is an important fac-
tor to control the pseudomonas infection in the active

or passive form of vaccination (28). As the results of our
study have shown, r-fla-A induced poly-isotypic humoral
immune responses and considering that each antibody
isotype may have a distinct function in the immune re-
sponses, this confirmed that r-fla-A is a strong inducer
of humoral immune responses in which in the level and
bioactivity of products are higher.

The poly-isotypic humoral immune response, due to its
nature, could be successful in control of infection and
the results of our previous study proved this competence
and specific antibodies against r-fla-A could control the
pseudomonas infection in the passive (17) and active (un-
published result) form of vaccination. To conclude all
thee findings, our results illustrate that r-fla-A could in-
duce cellular and humoral immune responses in murine
models. The results of our study confirmed that r-fla-A
could be used as a candidate vaccine or as an adjuvant in
the vaccination strategy of other pathogens so, present-
ly studies are also being conducted in our laboratories
to further studies on r-fla-A as adjuvant in combination
with a candidate vaccine of human papilloma virus.
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