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Effect of the PA-MSHA vaccine on septic serum-induced
inflammatory response
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Abstract. Sepsis is defined as a complex clinical syndrome
caused by a serious infection followed by an amplified and
deregulated inflammatory response. The complex syndrome
is associated with a high rate of morbidity and mortality,
despite substantial clinical advances. A vaccine derived from
the outer membrane proteins of the Gram-negative bacteria
Pseudomonas aeruginosa (PA-MSHA) has been demonstrated
to exhibit immune modulatory properties. In the present study,
the effect of the PA-MSHA vaccine on the inflammatory
response induced by serum from septic patients in peripheral
blood mononuclear cells was determined. It was observed
that PA-MSHA pretreatment inhibits the production of septic
serum-induced tumor necrosis factor-o. In addition, PA-MSHA
treatment increases interleukin-10 levels and promotes the
generation of CD4*CD25*Foxp3* T cells. Thus, the results of
the current study provide mechanistic insight relevant to the
potential application of PA-MSHA in the treatment of sepsis.

Introduction

Sepsis is an complex clinical condition characterized by a
dysregulated inflammatory response to infection resulting
in multiorgan failure with a fatal outcome (1-4). Currently,
sepsis accounts for 12% patients admitted to the ICU despite
the use of antibiotics (5). Gram-negative sepsis is also one of
the most common and serious post-operative complications in
abdominal surgery (6,7). Despite major improvements in anti-
microbial therapies, up to now, even highly effective treatments
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for sepsis syndrome have not been able to eliminate mortality.
In addition, the excessive utilization of antibiotics increases
the risk of development of sepsis caused by drug-resistant
bacteria, particularly Gram-negative bacteria (8). Therefore,
novel approaches for the prevention and early treatment of
sepsis are likely to reduce the incidence and mortality of
the syndrome. To date, the pathogenesis of sepsis remains
unknown. The current understanding of Gram-negative sepsis
is that the syndrome is evoked by the endotoxin produced by
microbes and an overwhelming innate inflammatory response
to a microbial infection, which correlates with the excessive
release of immune factors, including interleukin (IL)-1, IL-6
and tumor necrosis factor (TNF)-a (4,9). Thus, an effective
therapy may be directed at inhibiting the release of immune
factors and interrupting the cytokine cascade.

Aspotentinducersofimmunetolerance,CD4*CD25"Foxp3*
regulatory T cells (Tregs) are important for the control of
the immune response and prevention of the development of
excessive immune-induced tissue damage (10-12). Tregs
exert a pronounced anti-inflammatory effect largely by the
contact-mediated direct inhibition of effector T cells and
secretion of immunosuppressive cytokines, including IL-10
and transforming growth factor (TGF)-f3, subsequently
suppressing inflammatory response-induced damage (10,11).
Various studies have documented that the proportions of
certain Tregs are increased and the suppressive functions of
Tregs are amplified following sepsis or acute insult (13-15), but
the role of these changes remains unclear as the depletion of
Tregs in a septic mouse model was found to produce variable
conclusions between models, improving, enhancing or bearing
no effect on mortality (16-18). However, the vital role of Tregs
in regulating proinflammatory cytokine formation secondary
to severe insults is well established.

Pseudomonas aeruginosa is an extracellular,
Gram-negative bacteria that increases the proliferative
response of normal adult peripheral blood lymphocytes (19).
Immunization with a vaccine derived from the outer
membrane proteins of P. aeruginosa has been demonstrated
to induce high titers of serum IgG antibody in rabbits and
humans (20). A P. aeruginosa vaccine has been found to have
anti-infective and anti-inflammatory functions as an immune
modulator. P. aeruginosa mannose-sensitive hemagglutinin
(PA-MSHA) is a form of peritrichous MSHA fimbria P. aeru-
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ginosa, which was established by Mu (21). Heat-inactivated
PA-MSHA is currently available as a vaccine and functions as
an effective immune modulator via activation of the prolifera-
tion and differentiation of dendritic cells to increase antigen
presentation (22). However, its anti-inflammatory effect is not
well understood and other mechanisms may be involved in this
role.

In the present study, PA-MSHA was identified to induce
an increased proportion of CD4*CD25*Foxp3* T cells in
peripheral blood mononuclear cells (PBMCs). In addition,
the stimulation of healthy PBMCs with serum isolated from
Gram-negative sepsis patients was found to initiate the release
of inflammatory mediators, whereas the exposure of PBMCs
to PA-MSHA promoted the release of the immunosuppressive
factor, IL-10 and reduced the production of the pro-inflam-
matory cytokine, TNF-a. The potential mechanisms of
PA-MSHA in inhibition of the inflammatory response are also
discussed.

Materials and methods

Subjects. The samples analyzed in this study were derived
from healthy donors and sepsis patients, who were enrolled in
an open-label randomized trial. Patients with Gram-negative
sepsis (n=06) were consecutively hospitalized at the ICU of the
Second Xiangya Hospital of Central South University (CSU)
within 1 week, and met the severe sepsis criteria following
abdominal surgery. The study was approved by the human
ethics committee of the Institute of CSU. Informed consent
was obtained from all participants in the study.

Serum. To prevent platelet activation and phospholipase
activity, blood samples were collected in EDTA-containing
tubes. Serum was obtained from peripheral blood samples by
centrifuging and was kept at -80°C until experimental assays
were performed.

Cell preparation and cell treatment. PBMCs were derived
from fresh heparinized blood samples from healthy adult
donors. PBMCs were isolated by density gradient centrifu-
gation and cultured in RPMI-1640 medium supplemented
with 10% heat-inactivated fetal bovine serum. PA-MSHA
(donated by Professor XY Mu in 1 ml aliquots, containing
inactivated PA-MSHA strain, 1.8x10%) used in this study was
scale-cultured at 37°C for 24 h, inactivated using a chemical
method and purified by centrifuging. The septic serum was
enriched by ultracentrifuging. The healthy PBMCs were
treated with PA-MSHA (5x10%/ml) and then stimulated with
septic serum (1 ml) for various times, as indicated. Total RNA
and cell culture supernatant were collected for further analysis.

RNA isolation and real-time quantitative RT-PCR. PBMCs
were stimulated with septic or normal serum, following expo-
sure to PA-MSHA. Total RNA was isolated from the cells with
TRIzol (Invitrogen Life Technologies, Carlsbad, CA, USA).
Real-time quantitative RT-PCR was performed using iQ5
(Bio-Rad, Hercules, CA, USA). Analyses were performed with
20 pl reaction volumes containing 10 ul 2X SYBR® Premix Ex
Taq (Takara Bio, Inc., Shiga, Japan), 0.4 uM each primer, 1 pl
cDNA template and 8.2 ul deionized water. PCR amplifica-
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tions were performed using the following parameters: 95°C for
10 sec and 40 cycles of 95°C for 5 sec and 60°C for 30 sec.
Melting curve analysis was also performed to exclude
non-specific PCR products. All PCR products were confirmed
by melting curve analysis to exclude the possibility of multiple
products or incorrect product size. PCR analyses were
conducted in triplicate for each sample. Primers used were as
follows: GAPDH, forward AGAAGGCTGGGGCTCATTTG
and reverse AGGGGCCATCCACAGTCTTC; TNF-a,
forward CCTGTGAGGAGGACGAAC and reverse
CCTGTGAGGAGGACGAAC; IL-10, forward TGA
GAACAGCTGCACCCACTT and reverse TCGGAGAT
CTCGAAGCATGTTA.

Flowcytometry. PBMCsweretreated withsepticorhealthy serum,
following treatment with PA-MSHA.. Following this, the treated
cells were stained with antibodies against FITC-conjugated
CD4, APC-CD25 and PE-Foxp3 (BD Biosciences, San Jose,
CA, USA). The percentage of CD4*CD25*Foxp3* cells was
measured by flow cytometry (FACSCalibur; BD Biosciences)
and blank and isotype controls were used to eliminate autofluo-
rescence and non-specific fluorescence.

ELISA measurement of cytokines. Secretion of TNF-a and
IL-10 was determined by ELISA. PBMCs were plated in
24-well plates and treated with PA-MSHA prior to stimulation
with septic serum. Next, media were harvested for measurement
of cytokines. ELISA was performed according to the manufac-
turer's instructions (R&D Systems, Minneapolis, MN, USA).

Statistical analysis. Analysis of data was performed using the
unpaired t-test. Data are presented as the mean + SD. Analysis
was performed using SPSS 16.0 and P<0.05 was considered to
indicate a statistically significant difference.

Results

PA-MSHA vaccine reduces TNF-a levels. The P. aeruginosa
vaccine is known to exhibit anti-inflammatory effects. In the
present study, the effect of the PA-MSHA vaccine on septic
serum-induced TNF-a expression was examined in PBMCs.
Healthy PBMCs were exposed to PA-MSHA, followed by
stimulation using septic serum. Following this, total RNA
and cell culture supernatant were collected at various times
and TNF-a expression levels were determined by real-time
RT-PCR and ELISA. As demonstrated in Fig. 1A, septic
serum stimulation significantly increased the production of
TNF-a during all the incubation periods tested compared
with the untreated cells. The TNF-a levels increased and
reached peak levels after 12 h of septic serum stimulation and
decreased subsequently. However, the PA-MSHA-pretreated
cells were found to release significantly lower levels of TNF-a.
compared with the cells stimulated with septic serum only at
each time point. Consistent with ELISA results, the real-time
RT-PCR results in Fig. 1B also revealed that stimulation of
PBMCs with septic serum led to marked increases in TNF-a
mRNA levels compared with those in the untreated cells,
while PA-MSHA treatment markedly attenuated the TNF-a
expression (Fig. 1B). These results indicate that PA-MSHA
suppresses the production of septic serum-induced TNF-a.
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Figure 1. PA-MSHA reduces TNF-a expression. PBMCs were pretreated with
PA-MSHA and then stimulated with septic serum for various times as indicated.
Total RNA and cell culture supernatant were collected. (A) ELISA analyses
revealed a significant increase in TNF-a production by PA-MSHA treated and
non-treated cells following septic serum stimulation and the TNF-a levels in the
PA-MSHA treated cells were significantly lower than those in the non-treated
cells. (B) TNF-a mRNA levels were analyzed by real-time PCR and normalized
against GAPDH mRNA. PCR results revealed that septic serum-stimulation
markedly increased TNF-a mRNA levels and pretreatment attenuated the
increase. "P<0.053, vs. control; "P<0.05, vs. septic serum-treatment. PA-MSHA,
Pseudomonas aeruginosa mannose-sensitive hemagglutinin; PBMCs, periph-
eral blood mononuclear cells; TNF, tumor necrosis factor.

PA-MSHA vaccine increases IL-10 levels. Since PA-MSHA
represses the induction of TNF-a by septic serum stimula-
tion, the effect of the PA-MSHA vaccine on the levels of the
anti-inflammatory factor, IL-10, was investigated. Using the
septic serum-stimulated culture system, pretreatment of healthy
PBMCs with PA-MSHA was observed to increase the induc-
tion of IL-10 levels by septic serum stimulation. As revealed
in Fig. 2A, IL-10 levels in the supernatants of cells cultured
in septic serum increased 2- or 3-fold compared with those in
untreated cells, while PA-MSHA pretreatment was identified
to result in a significant enhancement of the induction of IL-10
levels. IL-10 mRNA expression, as determined by RT-PCR, was
consistent with the effects on protein concentration (Fig. 2B).

Effect of the PA-MSHA vaccine on the generation of
CD25*Foxp3*Tregs. IL-10 is produced by cells of the immune
lineage, mainly by macrophages and Tregs. Considering
the significance of Tregs in sepsis, the effect of PA-MSHA
on the generation of Tregs was determined. PBMCs were
treated with PA-MSHA and then stimulated with septic
serum. Post-stimulation (4 h), cells were collected and stained
with antibodies against FITC-conjugated CD4, APC-CD25
and PE-Foxp3. Firstly, CD4* T cells were sorted and then
the proportion of CD25*Foxp3* T cells in the CD4* T cells
was determined. A significant increase in the percentage of
Tregs was identified in the cells stimulated by septic serum
[17.74% (16.04-18.89%)] compared with the control [9.04%
(7.75-10.23%)]. When the cells were pretreated with PA-MSHA,
a more marked increase in the percentage of CD25*Foxp3*
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Figure 2. PA-MSHA vaccine increases IL-10 expression. PBMCs were
pretreated with PA-MSHA vaccine and then stimulated with septic serum.
Total RNA and cell culture supernatant were collected at indicated inter-
vals following septic serum stimulation. (A) ELISA analyses revealed that
PA-MSHA pretreatment markedly promoted septic serum-induced IL-10
release. (B) IL-10 mRNA was analyzed by real-time PCR and normalized
against GAPDH mRNA. PCR results revealed that septic serum-stimulation
increased IL-10 mRNA levels and the cells pretreated with PA-MSHA
expressed higher levels of IL-10 compared with the cells treated with
septic serum stimulation alone. “P<0.05, vs. control; "P<0.05, vs. septic
serum-treatment. PA-MSHA, Pseudomonas aeruginosa mannose-sensitive
hemagglutinin; PBMCs, peripheral blood mononuclear cells; IL, interleukin.
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Figure 3. Percentages of CD25*Foxp3* T cells in CD4* T cells by flow cytom-
etry. PBMCs were pretreated with PA-MSHA vaccine and stimulated with
septic serum. Post-stimulation (4 h), cells were collected and stained with
FITC-conjugated CD4, APC-CD25 and PE-Foxp3 antibodies. CD4* T cells
were sorted and the proportion of CD25*Foxp3* cells in CD4* cells was deter-
mined. Results reveal that septic serum stimulation increased the numbers of
CD25*Foxp3* cells and PA-MSHA pretreatment significantly enhanced the
induction. PA-MSHA, Pseudomonas aeruginosa mannose-sensitive hemag-
glutinin; PBMCs, peripheral blood mononuclear cells.

T cells [34.12% (29.01-43.80%)] was observed (Fig. 3). These
results indicate that the PA-MSHA vaccine promotes the septic
serum-stimulated induction of Tregs.

Discussion

The P. aeruginosa vaccine is currently widely used for
anti-infective and -inflammatory purposes as an immune
modulator. In a clinical study, we observed that the exposure
of surgical wounds to a P. aeruginosa vaccine increased the
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rate of healing (unpublished data). To explore the potential
mechanisms by which the P. aeruginosa vaccine represses
the inflammatory response, changes in the cell immune and
inflammatory factors produced by healthy PBMCs were
analyzed following exposure to a P. aeruginosa vaccine,
PA-MSHA, and stimulation by septic serum. The results
indicated that exposure to PA-MSHA induced a more marked
suppressive immune response, thereby inhibiting the release of
pro-inflammatory cytokines.

Previous studies have demonstrated that PA-MSHA
increases the antigen-presenting function by activating the
proliferation and differentiation of dendritic cells, thus breaking
down the complete and incomplete immunological tolerance,
completely activating polyclonal T and B cells, increasing the
number and proportion of T cells and T cell subgroups and
stimulating the differentiation of intrinsic immunological active
factors (22). The anti-inflammatory action of PA-MSHA indi-
cates that the vaccine may also trigger a suppressive immune
response to balance excessive inflammation. As a subset of
T cells, Tregs may inhibit the activation of effector T-cell subsets
in a contact-dependent manner or by producing inhibitory cyto-
kines, including IL-10 and TGF-f (10,11). As a transcription
factor of Tregs, FoxP3 is a relatively specific marker of Tregs
and also considered to be the key regulator (23). In the present
study, stimulation of PBMCs with septic serum was demon-
strated to induce an increased proportion of CD4*CD25*Foxp3*
cells, while pretreatment of the cells with PA-MSHA elicited a
more marked increase, indicating that Tregs may be involved in
the anti-inflammatory role of PA-MSHA.

In vitro and in vivo studies in animals have indicated a
protective role of IL-10 in atherosclerotic lesion formation
and stability (24,25). IL-10 is an important anti-inflammatory
cytokine, which downregulates innate and adaptive immune
responses and suppresses tissue inflammation and damage (26).
IL-10 potently represses the inflammatory response largely
through blocking the maturation of antigen-presenting cells,
inhibiting the production of pro-inflammatory cytokines and
directly suppressing the differentiation of T cells into effector
subsets (27). IL-10 is known to be produced by various
inflammatory cells, among them macrophages and Tregs. In
the present study, the exposure of PBMCs to PA-MSHA was
revealed to induce the suppressive inflammatory factor, IL-10,
which may reduce the magnitude of the immune response
against septic serum, thus minimizing consequent damage
due to sepsis. In addition, the observation of enhanced IL-10
release by PBMCs pretreated with PA-MSHA is supported
by the increased Treg numbers and may be explained by this
increase. Thus, these observations indicate that PA-MSHA
may induce the differentiation and development of Tregs and
promote the increased production of IL-10, resulting in an
alleviated inflammatory response.

Previous studies have revealed that in sepsis, the serum
concentration of IL-10 is also increased. This suppressive
factor functions to inhibit the release of TNF-a., IL-13 and IL-6,
and reduces the circulating concentrations of these cytokines.
A number of the classical features of inflammation in sepsis
are attributed to the actions of TNF-a (9). Serum concentra-
tions of TNF-a correlate with mortality in specific types of
human sepsis (28,29). In the current study, PBMCs exposed
to PA-MSHA were found to produce lower levels of TNF-a
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than cells which had not been pretreated, following stimula-
tion with septic serum. This result indicates that PA-MSHA
may reduce the release of the key cytokine TNF-a in sepsis.
Considering the role of IL-10 in regulating the release of
TNF-a in sepsis, we hypothesize that PA-MSHA may exert its
anti-inflammatory role through promoting the development of
Tregs, consequently suppressing the release of TNF-a.

In summary, results of the present study indicate that
PA-MSHA suppresses the inflammatory response during sepsis.
PA-MSHA represses the key inflammatory cytokine, TNF-a.
This process may be mediated by the induction of Treg devel-
opment and promotion of IL-10 production. Since the vaccine
reveals inhibitory potential against the inflammatory response,
PA-MSHA may be suitable for the prevention of early sepsis.
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