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Introduction: Serious infections of Pseudomonas aeruginosa (PA) in hospitals and
the emergence and increase of multidrug resistance have raised an urgent need for
effective vaccines. However, no vaccine has been approved to date. One possible
reason for this is the limited immune response due to the lack of an efficient delivery
system. Self-assembled ferritin nanoparticles are good carriers of heterogeneous
antigens, which enhance the activation of immunological responses.

Methods: In this study, two well-studied antigen candidates, PcrV and Oprl, were
selected and connected to the ferritin nanoparticle by the Spytag/SpyCatcher
system to generate the nanovaccine rePO-FN.

Results: Compared to recombinant PcrV-Oprl formulated with aluminum
adjuvants, intramuscular immunization with adjuvant-free rePO-FN induced
quick and efficient immunity and conferred protection against PA pneumonia
in mice. In addition, intranasal immunization with adjuvant-free rePO-FN
enhanced protective mucosal immunity. Moreover, rePO-FN exhibited good
biocompatibility and safety.

Discussion: Our results suggest that rePO-FN is a promising vaccine candidate,
as well as, provide additional evidence for the success of ferritin-based
nanovaccines.
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1 Introduction

Pseudomonas aeruginosa (PA) is a gram-negative opportunistic
pathogen that causes pneumonia in patients on ventilators and
patients with chronic obstructive pulmonary disease (COPD), cystic
fibrosis, and other impaired respiratory function conditions (1). PA
infections are also commonly found in hospitalized patients in
intensive care and burn units (2). Currently, the application of
antibiotics, such as aminoglycosides, quinolones, and beta-lactam
antibiotics, is still of limited significance for reducing morbidity and
mortality. Moreover, the emergence of multidrug-resistant strains
of PA is increasing, making this problem more serious (3).
Therefore, in 2019, PA was designated a critical priority for the
development of new therapeutics by the World Health
Organization. Vaccines can prevent infections and subsequently
reduce the amount and frequency of antibiotics, resulting in the
reduction of antibiotic resistance. Nevertheless, no licensed PA
vaccine is available to date (4).

PA has a needle-like type IIT secretion system (T3SS) (5). PcrV
is located at the needle end of T3SS and is involved in the
translocation of toxins into host cells. PcrV is a well-conserved
protein, with 98% homology among different isolates (6). Because of
its critical contribution to pathogenesis and location on the cell
membrane, PcrV is a promising candidate target for vaccine
development. Several studies have shown that vaccines containing
PcrV or its derivatives elicit protection in mice (7, 8). In addition,
the anti-PcrV monoclonal antibody KB0O1-A has been tested in a
phase 2 clinical trial (9). OprI of PA is a membrane lipoprotein that
plays an important role its membrane integrity (10). Immunization
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with recombinant OprI conferred protection in mice. To date, the
recombinant PA vaccine IC43, which has undergone a complete
phase 2/3 clinical trial, consists of Oprl and the outer membrane
protein OprF (11). Moreover, Oprl acts as an adjuvant when fused
with other heterologous proteins (12).

Compared to monomeric soluble antigens, ordered antigens
displayed on nanoparticles are favorable for the uptake of dendritic
cells (DCs) and transport to lymph nodes, and subsequently
enhance the activation of immunological responses (13). Ferritin
is a biocompatible, biodegradable, and thermally stable nanoparticle
that consists of 24 self-assembled subunits. It is found in almost all
organisms. With multiple heterologous antigen insertion regions,
ferritin nanoparticles also offer many modification selections,
making them a promising platform for antigen presentation (14).
For example, the SARS-Cov-2 RBD induces a persistent antibody
response and long-term memory when delivered by ferritin
nanoparticles (15).

To develop an effective vaccine, we speculated that delivering
PcrV/OprlI using ferritin nanoparticles would improve its
immunogenicity and protective effects. Therefore, in this study,
we fused SpyCatcher to the N-terminus of ferritin to generate a
vector containing candidate antigens (16). SpyTag was added
to the C-terminus of the recombinant Pcrv-Oprl (rePO).
The SpyTag-tagged rePO was covalently connected to the
surface of ferritin through the formation of an isopeptide
bond between SpyTag and SpyCatcher (16), which generated
the nanoparticle vaccine rePO-ferritin (rePO-FN). The
immunogenicity and immunoprotective effects were evaluated in
a mouse model (Figure 1A).
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FIGURE 1

Production and characterization of rePO-Ferritin. (A) Schematic of components of rePO-Ferritin. SC, SpyCatcher; ST, SpyTag; rePO, PcrV-Oprl; FN, Ferritin;
Generated using Figdraw. (B) SDS-PAGE analysis of purified rePO-ST, SC-FN, and rePO-FN. (C) Characterization of rePO-ST, SC-FN, and rePO-FN by
Superose 6 size-exclusion chromatography. (D) Characterization of rePO-ST, SC-FN, and rePO-FN by dynamic light scattering. (E) Images of SC-FN and
rePO-FN nanoparticles by transmission electron microscopy (TEM). The scale bar represents 100 nm.
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2 Materials and methods
2.1 Ethics statement

All the experiments were performed in compliance with the
Laboratory Animal Management Rules of the People’s Republic of
China. All animal care and experiments were approved by the
Animal Ethics and Experimental Committee of the Army Military
Medical University, China (No. AMUWEC20223337).

2.2 Bacterial strains and animals

PA XN-1 (CCTCC M2015730) (8) was isolated from a patient
with severe pneumonia from Southwest Hospital in China. It was
deposited at the China Center for Type Culture Collection
(CCTCC). Female 6-8-week-old BALB/C mice were purchased
from Beijing Vital River Laboratory Animal Technology Co., Ltd.
and kept in a Specific-Pathogen-Free Animal Facility.

2.3 Cloning, expression, and purification of
recombinant proteins

The sequences encoding PcrV (28-294) and Oprl (25-83) were
obtained from the Pseudomonas aeruginosa PAO1 genome. The
SpyCatcher-tagged ferritin (SC-FN) and SpyTag-tagged rePO
(rePO-ST) were cloned into the bacterial expression vectors pET28a
and pET32a. Recombinant gene sequences were synthesized and
provided by Genescript Biotechnology Ltd. Recombinant protein
expression and purification of rePO-ST and SC-FN.DNA
sequencing verified the construct, and the plasmid was transformed
into E. coli BL21 competent cells. Single colonies were picked and
inoculated into 10 mL Luria-Bertani (LB) broth with kanamycin (25
ug/ml) or ampicillin (50 pg/ml) and incubated overnight at 37°C at
180 rpm. The culture was then expanded to 2 L and induced with 0.2
mM of Isopropyl 83-D-1-thiogalactopyranoside (IPTG) and then
incubated overnight at 37°C at 180 rpm. Cells were harvested by
centrifugation, washed several times, and resuspended in sterile PBS
(50 mM Tris-HCI, pH 8.5, 150 mM NaCl). The homogenate was lysed
by ultrasonication on ice, followed by centrifugation to remove
insoluble material. After centrifugation, the supernatant was purified
using a nickel column. For the production of rePO-FN, SC-FN, and
rePO-ST were mixed overnight at 4°C in a series of molar ratios (1:8,
1:12, 1:16, 1:20, 1:24 and 1:28, respectively). The products were then
analyzed by SDS-PAGE to determine the optimal reaction ratio.
Finally, protein samples were stored at -80°C.

2.4 Gel-filtration and dynamic light
scattering assay

The molecular weight sizes of the fusion protein rePO-ST, SC-

FN, and rePO-FN were determined separately using superose6
(Increase 10/300 GL) gel filtration chromatography. 500 pg of
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purified recombinant proteins (500 pL) were separately loaded
onto the column, and the relative molecular masses were
calculated using the corresponding elution volumes. Samples were
diluted to 0.5 mg/mL, loaded onto a dynamic light scattering
instrument, and analyzed on three separate occasions at 25 °C.

2.5 Electron microscopy

Electron microscopy analysis of the nanoparticles presented by
SC-FN and rePO-FN was performed. Both sample concentrations
were diluted to 0.01 to 0.05 mg/mL using a buffer (50 mM Tris-HCI,
pH 8.5,150 mM NaCl). Carbon-coated copper grids (400 mesh)
were glow-discharged, and 8 UL of each sample was adsorbed for 2
min. Excess samples were wicked away and grids were negatively
stained with 2% uranyl formate for 2 min. When the grids were dry,
the samples were analyzed using a transmission microscope at 80
kV and images were recorded.

2.6 Immunization of mice

To assess the effect of the intramuscular immune response,
BALB/c mice were divided into four groups (PBS, rePO, rePO+Al
(OH)3, and rePO-FN). A volume of 0.2 mL of each preparation was
intramuscularly injected into the four groups of mice on days 0, 7,
and 14. For molar equivalent doses, each injection contains 10 pg of
rePO or 29.2 ug of rePO-FN, which contains 10 ug of rePO and 19.2
g of ferritin. To examine the immune response, BALB/c mice were
divided into three groups (PBS, rePO, and rePO-FN) for intranasal
administration. The mice were anesthetized using 0.14 mL (10 mg/
mL) of sodium pentobarbital intraperitoneally and were immunized
by placing 12.5 uL of the vaccine inocula into each nasal cavity.
Same amount of antigen was used as that for intramuscular
immunization. Mice were immunized on days 0, 14, and 21.
Meanwhile, Mice immunized with SC-FN alone in the same way
were also used as controls.

2.7 Murine pneumonia model

For the acute pneumonia model, mice in each group were
anesthetized with pentobarbital sodium, followed by injection of a
lethal dose (1.17x10° CFU per mouse) of PA XN-1. Mice were
observed for body weight, signs of infection, and death every 12h
after the challenge for 7 days. Other mice were injected with a
sublethal dose (2.94x10° CFU per mouse) of PA XN-1 to evaluate
other indicators. The global disease score of each mouse was defined
as we used before with slight modification (17). In brief, after
challenge with sublethal dose five mice in each group were
randomly selected for observation, and the mice were observed
for physical signs of infection every 12 h. The observation indexes
and scoring criteria were as follows: breathing, piloerection,
movement, nasal secretion and posture. Then, the global score
was recorded as unaffected (0-1), slightly affected (2-4), moderately
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affected (5-7), or severely affected (8-10). To minimize bias, all
mice were scored by the same two researchers in a blinded manner.

2.8 Enzyme-linked immunosorbent assay

Sera were collected from immunized mice one week after each
immunization. Seven days after the last immunization, the nasal
lavage fluid (NALF) and bronchoalveolar lavage fluid (BALF) were
collected. 96-well ELISA plates were coated with 6 pug/mL rePO
protein in carbonate buffer (100 pL/well) overnight at 4°C. After
blocking with 1% of bovine serum albumin, diluted samples were
incubated for 1 h at 37°C. Goat anti-mouse IgA-HRP (1:7500) or
goat anti-mouse IgG-HRP (1:7500) were used as the detection
antibodies. Absorbance was read at 450 nm using a
microplate reader.

2.9 Enzyme-linked immunospot assay

The Mouse IL-17A (1) ELISpot Kit (MABTECH) was used to
detect peptide-specific IL-17-producing cells and the IFN-y ELISpot
Kit (MABTECH) was used to detect IFN-y secretion. To obtain
splenic single-cell suspension, the mouse spleen was ground and
filtered. Then cells were plated at a cell concentration of 5x10° cells/
well. The experimental group was stimulated with rePO peptide
pools and the control group was stimulated with DMSO. After 48 h
of incubation, the ELISPOT assay was performed according to the
manufacturer’s instructions.

2.10 Bacterial burden

Lung tissue was collected 18 h after the challenge. The tissues
were homogenized in 1 mL of sterile PBS and serially diluted.
Homogenates at a 10-fold dilution gradient were dropped onto a
solid LB plate. After incubation at 37°C for 20 h, the total number of
bacteria in the lungs was determined.

2.11 Histological analysis

Lung tissue was collected from mice 18 h after infection, fixed in
4% paraformaldehyde, paraffin-embedded, sectioned, and stained
with hematoxylin-eosin (HE). The sections were viewed at 100 X
and 400 x magnification. Each lung section was assigned a score of
0-8 (no abnormality to most severe) according to the established
criteria based on congestion, edema, hemorrhage, and
neutrophil infiltration.

2.12 Evaluation of inflammation
The lungs of the mice were collected 18 h after challenge with a

sub-lethal dose of PA XN-1. The lung tissue was sonicated, and the
supernatant was centrifuged and diluted to a suitable multiple in
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sterile PBS. TNF-q, IL-1B, IL-6, and IL-12 levels were measured
separately using kits (DAKEWE) according to the manufacturer’s
instructions to determine the concentration of pro-
inflammatory cytokines.

2.13 Cytolytic assay

Fresh blood was collected from mice to obtain red blood cells,
which were diluted to a concentration of 2% (v/v) in sterile saline. In
each tube, 100 UL of 2% erythrocyte suspension was added, followed
by 900 uL of rePO-EN protein at 25, 50, 75, and 100 pg/mL. Saline
and distilled water were used as the negative and positive controls,
respectively. After incubation for 2 h at 37°C, samples were
centrifuged, and the absorbance of the supernatant was measured
at 545 nm.

2.14 CCKS8 assay

The CCKS8 assay was conducted using the CCK8 kit
(DAKEWEI) as described previously (18). In brief, 100 uL of
DC2.4 cell suspension (1x10°/mL) was prepared in a 96-well
plate. The test sample was added and the plates were incubated
for 24 h. Finally, 10 uL of the CCK8 solution was added to each well.
The plates were incubated for 3 h and the absorbance at 450 nm was
measured using an enzyme marker.

2.15 In vivo safety evaluation

Mice were immunized with rePO-EN thrice, as described in the
previous section. One week after the last immunization. The heart,
liver, spleen, lungs, and kidneys were collected, fixed in 4%
paraformaldehyde, embedded in paraffin, sectioned, and stained
with HE. Sections were observed at 100 x magnification.

2.16 Statistical analysis

Data are presented as the means + Standard Deviation (SD).
The scoring experiments were performed in a blinded manner. The
log-rank test, Student’s t-test, and one-way ANOVA with
Bonferroni correction were used, depending on the sample
distribution and variation. GraphPad Prism 6.0 (GraphPad
Software, Inc., USA) was used to perform statistical analyses.
Statistical significance was set at P < 0.05.

3 Results

3.1 Production and characterization of
rePO-Ferritin

As shown in Figure 1, both SpyTag-tagged rePO (rePO-ST)
and nanocarrier SpyCatcher-tagged ferritin (SC-FN) were
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successfully produced in soluble form in E. coli and purified by Ni-
NTA affinity chromatography. The purities of rePO-ST and SC-
FN were approximately 93.2% and 91.2%, respectively, when
analyzed by SDS-PAGE. Then the SC-FN and rePO-ST were co-
incubated in vitro at 4°C for 12 hours. As expected, rePO-ST
efficiently conjugated to the carrier SC-FN, generating the
nanovaccine rePO-FN represented as a new band on SDS-PAGE
(Figure 1B). To optimize the reaction, a molar gradient ratio of
rePO-ST and SC-EN, namely 1:8, 1:12, 1:16, 1:20, 1:24 and 1:28,
was tested. The proportion of unconjugated ferritin decreased
when the ratio increase. However, no apparent change of
unconjugated ferritin was noted when the molar ratio was over
1:20 (Figure S1). As a result, the ratio of 1:20 was applied for the
following rePO-ST and SC-FN conjugation experiments.
In addition, the result from size exclusion chromatography
(SEC) showed that the rePO-FN forms a major peak at 8.9 mL,
while the elution volume of SC-FN and rePO-ST was 11.6 and 15.9
mL, respectively (Figure 1C). The dynamic light scattering
assay showed that the SC-FN forms a uniform peak at a
diameter of approximately 42.09 nm, while rePO-FN forms the
major peak at 63.28 nm (Figure 1D). Moreover, both rePO-FN
and SC-FN formed nanoparticles with a diameter of 17.74 nm
and 30.39 nm when observed using electron microscopy,
respectively (Figure 1E).

10.3389/fimmu.2023.1184863

3.2 Intramuscular immunization of
adjuvant-free rePO-FN induced
quick and efficient immunity

First, the levels of anti-rePO IgG in mice immunized with adjuvant-
free rePO-FN and rePO were determined. The rePO formulated with
Al(OH); was used as a control. The titer of only rePO-FN-immunized
mice significantly increased as early as 7 days after the first
immunization (Figure 2A). In addition, the rePO-FN-immunized
group had higher anti-rePO IgG titers than that of the free rePO or
that formulated with rePO formulated with Al(OH);. Consistent with
our previous study, the application of AI(OH); enhanced the
immunogenicity of rePO (Figure 2A). The predominant subtypes of
IgGs in the three immunization groups were all IgG1, suggesting a Th2-
predominant immune response (Figure 2B). Meanwhile, an evident
increase of anti-ferritin antibodies was observed in mice immunized
with SC-FN and rePO-EN (Figure S2A). In addition, results from the
enzyme-linked immunospot (ELISPOT) assay showed that the number
of TFN-y-secreting lymphocytes drastically increased only in the spleen
of rePO-FN-immunized mice (Figure 2C), suggesting a Th1 response.
Interestingly, a significant increase in IL-17A-secreting lymphocytes
was observed in the mice immunized with the rePO formulated with Al
(OH); (Figure 2C). Collectively, these data indicated that adjuvant-free
rePO-FN induced quick and efficient Thl and Th2 responses.
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3.3 Intramuscular immunization of
adjuvant-free rePO-FN conferred
protection against pneumonia in mice

To evaluate the protection of rePO-FN, intramuscularly
immunized mice were challenged with an intratracheal injection of
a lethal dose of PA XN-1 (1.17x 10" CFU/mL per mouse). As shown
in Figure 3A, the survival rate of the free rePO-FN-immunized group
was 60%, which was significantly higher than that in the other four
groups. Clearly, no protection was observed in FN immunized group.
To further investigate the mechanism of rePO-FN-induced
protection, the immunized mice were challenged with a sublethal
dose of PA XN-1 (2.94 x 10° CFU/mL per mouse). The global disease
score of mice in the rePO-FN-immunized group peaked at 72 h after
infection and decreased immediately. The area under the curve
(AUC) of the rePO-FN group was significantly smaller than that of

10.3389/fimmu.2023.1184863

the other three groups, indicating moderate infection in mice
(Figure 3B). In addition, rePO-FN and Al(OH);-formulated rePO
immunized mice showed a slower weight loss and a faster recovery
(Figure 3C). Moreover, the amount of bacterial colonization in the
lungs and spleens of the rePO-FN-immunized mice was significantly
lower than that in those immunized with free rePO and Al(OH);-
formulated rePO (Figure 3D). A similar trend in the concentration of
the pro-inflammatory cytokines TNF-o., IL-6, IL-12p, and IL-1§ in
the lung was also observed (Figure 3E). Histological changes in the
lungs, such as congestion, edema, inflammatory cell infiltration, and
alveolar cell rupture, were observed in the PBS control group,
indicating severe pneumonia. However, these changes were
significantly weaker in rePO-FN-immunized mice (Figure 3F).
Taken together, immunization with adjuvant-free rePO-FN
reduced bacterial colonization, inflammation, and damage in the
lungs and subsequently protected mice against PA challenge.
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Intramuscular immunization of adjuvant-free rePO-FN induced quick and efficient immunity. (A) The intramuscularly immunized mice were
challenged by an intratracheal injection of PA XN-1. The survival rates of the mice immunized with rePO-FN, adjuvant-free rePO and FN, Al(OH)s
formulated rePO (n = 10). (B) The global disease score of immunized mice after challenge with a sublethal dose of PA XN-1 (n = 5). The score was
recorded every 12 h for 7 days. (C) Weight loss in immunized mice after challenge with a sublethal dose of PA XN-1 (n = 5); the weight was recorded
every 12 h for 7 days. (D) Assessment of the bacterial load in the spleen of immunized mice 18 h after the challenge with a sublethal dose of PA XN-
1. The bar represents the log CFU per mg of the spleen (n = 5). (E) Semi-quantitative measurement of the pro-inflammatory cytokines TNF-a, IL-6,
IL-12p, and IL-1B in mice lungs (n = 3). (F) HE staining of lungs. The immunized mice were challenged with a sublethal dose of PA XN-1. 18 hours
later, the lung was collected and stained with hematoxylin and eosin. Images were captured at 100X magnification and 400X magnification.

Statistical significance was set at P < 0.05.
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3.4 Intranasal immunization of rePO-FN
enhances mucosal immunity

These findings led us to test whether intranasal immunization
with rePO-FN induced mucosal immunity in the lungs where PA
was colonized. First, we tested anti-rePO IgGs in the sera of mice
after intranasal immunization. Surprisingly, the titer of anti-rePO
IgGs of rePO-FN was the highest among the three groups on days
7,21, and 28 (Figure 4A). Similar to intramuscular immunization,
IgG1l accounted for the main subtypes of IgGs after intranasal
immunization with both rePO and rePO-FN (Figure 4B). More
importantly, the titer of serum IgAs in the rePO and rePO-FN
groups increased as early as 7 days after the first immunization.

10.3389/fimmu.2023.1184863

Compared to the rePO group, a dramatic increase in anti-rePO
serum IgA levels was observed in the rePO-FN group on days 21
and 28 (Figure 4C). Likewise, anti-rePO IgAs in the NAL and
BALF were found only in the rePO-FN group (Figure 4D).
Meanwhile, the ELISPOT assay showed that the number of IFN-
Y-secreting lymphocytes in the spleen dramatically increased only
in the rePO-FN- group. Surprisingly, the number of IL-17A-
secreting lymphocytes also significantly increased after
intranasal immunization, which was different from that seen
after intramuscular immunization (Figure 4E). In addition, the
titers of anti-ferritin antibodies in SC-FN and rePO-FN
immunized mice increased significantly on day 7, day 14 and
day 28 (Figure S2B).
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FIGURE 4

Intranasal immunization of rePO-FN enhances mucosal immunity. (A) The bar represents the titer of anti-rePO IgGs in the sera of immunized mice
(n = 5). Sera were collected on day7, 21, and 28. (B) Subtypes of anti-rePO IgGs in the sera of immunized mice. The bar represents titers of anti-
rePO IgGl, 1gG2a, and 1gG2b (n = 5). (C) The bar represents the titer of anti-rePO IgAs in the sera of immunized mice (n = 5). Sera were collected on
day7, 21, and 28. (D) The bar represents the titer of anti-rePO IgAs in the bronchoalveolar lavage fluid (BALF) and nasal lavage fluid (NLF) of
immunized mice (n = 5). (E) Cellular immune response in spleen cells. The number of IFN-y- and IL-17A-secreting cells in the spleen was
determined by ELISPOT (n = 5). Statistical significance was set at P < 0.05. %, the potency of the antibody in the lavage solution was too low to
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3.5 Intranasal immunization of adjuvant-
free rePO-FN conferred protection against
pneumonia in mice

These findings led us to evaluate the protective effects of rePO-FN
intranasal immunization. As expected, the survival rate of the rePO-FN
group was 100%, which was significantly higher than that of the rePO
group. However, no survival was observed 24 hours post the challenge in
SC-FN immunized mice (Figure 5A). When the immunized mice were
challenged with a sub-lethal dose of PA XN-1, the global disease score
and body weight suggested that intranasal immunization with rePO-FN
significantly reduced PA infection (Figure 5B, C). In addition, the
number of colonized bacteria in the lungs decreased significantly in
the rePO-FN-immunized mice (Figure 5D). Consistently, the
concentrations of the pro-inflammatory cytokine TNE-o,, IL-6, IL-12p,

and IL-1B in the lungs of rePO-FN-immunized mice were significantly
lower than those of the other two groups (Figure 5E). Observations of
histological changes confirmed this trend (Figure 5F). Taken together,
these data demonstrated that intranasal immunization with adjuvant-

10.3389/fimmu.2023.1184863

free rePO-EN conferred protection against pneumonia in mice.

3.6 rePO-FN is of good biocompatibility

and safety

First, we performed an in vitro cytolytic assay to evaluate the
biocompatibility of rePO-FN. As shown in Figure 6A, the hemolysis
rate did not increase significantly compared to the PBS control,
even at concentrations of rePO-FN and rePO as high as 100 pg/mL.
The results from the CCK8 assay showed that rePO-FN and rePO
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(B) The global disease score of immunized mice after challenge with a sublethal dose of PA XN-1 (n = 5). The score was recorded every 12 h for 7
days. (C) Weight loss in immunized mice after challenge with a sublethal dose of PA XN-1 (n = 5); the weight was recorded every 12 h for 7 days.

(D) Assessment of the bacterial load in the spleen of immunized mice 18 h after challenge with a sublethal dose of PA XN-1. The bar represents the
log number of CFU per mg of the spleen (n = 5). (E) Semi-quantitative measurement of the pro-inflammatory cytokines TNF-a, IL-6, IL-12p, and IL-
1B in mice lungs (n = 3). (F) Hematoxylin and eosin staining of lungs. The immunized mice were challenged with a sublethal dose of PA XN-1. 18 h
later, the lungs were collected and stained with hematoxylin and eosin. Images were captured at 100x and 400X magnification. Statistical

significance was set at P < 0.05.

Frontiers in Immunology

08

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1184863
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Li et al. 10.3389/fimmu.2023.1184863
A B P=0.2596 P=0.9091
0.2 0.2 P=0.2849 P=0.8287
120 p-g 4558 P=0.9091
j P=0.9848 P=0.9996
v P=0.6047 - P=0.5099 R 9 g
2 @ —_——e S
014 g F0.1- g 3 £
2 P=0.4265 8 P=0.9996 = @ £
3 =
P=0.9606 P=0.9996 S =
| === —_ = =
8 30 S
0.0- 0.0-
C e S e SO
é»\(\mb/\&b& SRR S &S ST S
& $ 6@4’ D LRSI S & H»
)
< rePO (ug/ml) & rePO-FN (pg/ml) rePO(ug/ml) rePO-FN(ug/ml)
c Heart Liver Spleen Lung Kidney
[}
[as]
o
o
o
[
=
-
o
o
[
FIGURE 6

The rePO-FN is of good biocompatibility and safety. (A) Hemolytic activity of rePO-FN protein. (B) The bar represents the cell viability as determined
by the CCK-8 assay. (C) Representative images of sections of the heart, liver, spleen, lung, and kidney after HE staining.

did not significantly affect cell viability (Figure 6B). In addition,
rePO-FN immunization of mice did not cause any significant
damage to the heart, liver, spleen, lung, and kidney organs, as
detected by histological analysis (Figure 6C). Thus, rePO-FN
exhibited good biocompatibility and safety.

4 Discussion

Several years have passed since PA was first identified as a
causative pathogen. Many protective antigens, including PcrV,
OprF, Oprl, and FIgE have been tested in recent years (4). In
particular, vaccines targeting lipopolysaccharide, flagellin, and the
outer membrane protein OprF/I have been evaluated in clinical
trials (11). However, no PA vaccine has been approved to date. One
of the main reasons for this is the insufficient speed and efficacy of
the immune response induced by the existing vaccines. In this
study, we chose the key component proteins of the T3SS secretion
system, PcrV, and the outer membrane protein, Oprl, as antigens.
To enhance immunogenicity, the two antigens were attached to the
surface of the ferritin particles, generating the nanoparticle vaccine

Frontiers in Immunology

rePO-FN. Adjuvant-free rePO-FN significantly enhanced the speed
and protective efficiency of the immune response when immunized
via either the intramuscular or intranasal route. In addition,
molecular epidemiological studies have revealed that PcrV and
OprlI are highly conserved in clinical PA strains. Collectively,
these results suggest that rePO-FN is a promising vaccine candidate.

The selection of protective antigens is critical in the
development of bacterial vaccines. PcrV is located at the end of
the bacterial pinpoint type III secretion system and is responsible
for the delivery of bacterial toxins to host cells (19). Previous studies
have shown that anti-PcrV antibodies block the secretion of toxins
(20). In addition, they enhance the phagocytic activity of
macrophages and promote the internalization of PA, facilitating
bacterial clearance (21). Notably, Oprl is a conserved outer
membrane protein. It enhances the immunogenicity of fused
antigens by promoting the production of IL-4, IL-6, IL-10, IFN-y,
TNFo, and IgGs (8). Therefore, it is not surprising that rePO-FN
was highly protective.

Currently, there are two major strategies for connecting
antigens to nanoparticle vectors. One is direct fusion at the gene
level and the expression of the recombinant nanoparticle vaccine
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(22). The fusion of antigens and vectors usually affects protein
folding, which limits the production of recombinant vaccines.
Another strategy is to produce the antigen and nano-vector
separately and then covalently or non-covalently connect them.
SpyTag/SpyCatcher is a popular covalent coupling method owing to
its high efficiency (22). Using the SpyTag/SpyCatcher system, the
RBD of SARS-CoV-2 was coupled to virus-like particles. This
nanoparticle vaccine induced a strong neutralizing antibody
response, which was superior to that of the recovered patient sera
(15). In the present study, Spy-tagged rePO was also efficiently
coupled to ferritin protein nanoparticles, providing additional
evidence that SpyTag/SpyCatcher is an efficient antigen-
conjugation system for nanovaccines.

The immunostimulatory effects of aluminum adjuvants are
widely accepted; however, there is still a safety concern because
aluminum adjuvants are associated with the activation of the
NLRP3 inflammatory vesicle and Syk-PI3 kinase pathways (21, 22).
One possible solution to improve the immunogenicity of protein
antigens without aluminum adjuvants is the application of soluble
control peptide (SCP) tags. The immunogenicity of SCP-tagged ED3
(dengue envelope protein structural domain 3) was significantly
higher than that of the monomeric form (23). The immune
response of adjuvant-free HSV-1 (24) (herpes simplex virus type 1)
1 and HPV16 (25) (human papillomavirus 16) was enhanced after
fusion with T4 phage nanoparticles. 3MCD-ferritin is also a
nanoparticle carrying M2e and CD helix. Subcutaneous
immunization with adjuvant-free 3MCD-ferritin induced Thl and
Th2 immune responses and provided complete protection against the
H3N2 virus (26). In our study, without any adjuvant, the level of
immune response induced by rePO-FN was as high as that induced
by rePO formulated with Al(OH);. Taken together, the delivery of
antigens using ferritin or other nanoparticles is one of the strategies to
avoid the use of aluminum adjuvants to address its safety concerns.

Traditionally, aluminum adjuvants facilitate the induction of a
Th2-based immune response (26, 27). However, recent findings
indicate that it can also induce a Th17 response. For example, a
recombinant yeast protein with aluminum hydroxide (AH) induced
protection against Staphylococcus aureus and Candida albicans.
This protection depends on IL-17A and the induction of Th17
cells in the draining lymph nodes (27). Our previous study also
found that PcrVyyy and POH formulated with aluminum adjuvant-
induced Thl, Th2, and Th17 responses (17). In the present study,
we found that compared to adjuvant-free rePO, AH-adsorbed rePO
significantly increased the number of IL- 17A-secreting cells in
splenocytes. These findings reinforce that aluminum adjuvants can
induce a Th17 response. A possible explanation for this is the
presence of inflammasome-derived IL-1 and IL-18 in response to
aluminum adjuvants (28). However, the detailed mechanism
requires further investigation.

The local mucosal immune response is a key barrier against
lung infection. Thus, vaccines that induce lung mucosal immunity
usually achieve significantly enhanced protection. The approved
influenza vaccine Flumist is a good example of the induction of
mucosal immunity and has shown a rapid and broad protective
capacity (29). In the case of PA vaccines, intranasal immunization
with recombinant PopB-PcrH and OprL induced a strong
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pulmonary mucosal Th17 response and protected against several
clinical isolates of PA strains (30, 31). In addition, PcrV and AmpC-
based multi-epitope vaccine PVAC mixed with the mucosal
adjuvant Curdlan significantly enhanced protection against
pulmonary pathogens by inducing pulmonary tissue-resident
memory T cells (7). This explains why the protection achieved by
rePO-FN via the intranasal route was significantly greater than that
obtained via the intramuscular pathway. Future studies will focus
on the mechanism of rePO-FN-induced mucosal immunity and its
contribution to vaccine-induced protection.

One limitation of our study is that the conjugation between
rePO-ST and SC-FN is not entirely effective. The proportion of
conjugated ferritin remain about 70% and unchanged even excessive
rePO was introduced. The reason could be fusion of SpyTag to rePO
affects its structure, and subsequently reduces the conjugating
efficiency. One possible solution is to optimize the reaction to
produced more conjugated products or to purify the products
using size-exclusion or other chromatography methods.

In conclusion, we successfully constructed a promising
nanoparticle vaccine, rePO-FN. Adjuvant-free rePO-FN
significantly enhanced the speed and protective efficiency of the
immune response when immunized by either the intramuscular or
intranasal route.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.

Ethics statement

All the experiments were performed in compliance with the
Laboratory Animal Management Rules of the People’s Republic of
China. All animal care and experiments were approved by the
Animal Ethics and Experimental Committee of the Army Military
Medical University, China (No. AMUWEC20223337).

Author contributions

YL: Data curation, Writing - original draft. RP: Data curation.
YZ: Data curation. YWZ: Data curation. YJW: Data curation. SZ:
Data curation. CG: Methodology, Software. YW: Methodology,
Software. YYZ: Methodology, Software. JW: Methodology,
Software. QZ: analyzed the data and revised the manuscript. JG:
designed the experiments and got the grants. All authors
contributed to the article and approved the submitted version.

Funding

This work was supported by the National Key Research and
Development Program of China (2021YFC2301405), National

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1184863
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Li et al.

Natural Science Foundation of China (82271870) and PLA Youth
Nurturing Project (21QNPY023).

Acknowledgments

We are grateful to Prof. Yi Shi from the Institute of
Microbiology, Chinese Academy of Sciences for his kind help on
the electronic microscopy analysis.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

1. Jurado-Martin I, Sainz-Mejias M, Mcclean S. Pseudomonas aeruginosa: an
audacious pathogen with an adaptable arsenal of virulence factors. Int J Mol Sci
(2021) 22:1-35. doi: 10.3390/ijms22063128

2. Messadi AA, Lamia T, Kamel B, Salima O, Monia M, Saida BR. Association
between antibiotic use and changes in susceptibility patterns of pseudomonas
aeruginosa in an intensive care burn unit: a 5-year study, 2000-2004. Burns (2008)
34:1098-102. doi: 10.1016/j.burns.2008.03.014

3. Zinner SH. Antibiotic use: present and future. New Microbiol (2007) 30:321-5.

4. Qin S, Xiao W, Zhou C, Pu Q, Deng X, Lan L, et al. Pseudomonas aeruginosa:
pathogenesis, virulence factors, antibiotic resistance, interaction with host, technology
advances and emerging therapeutics. Signal Transduct Target Ther (2022) 7:199.
doi: 10.1038/s41392-022-01056-1

5. Galan JE, Lara-Tejero M, Marlovits TC, Wagner S. Bacterial type III secretion
systems: specialized nanomachines for protein delivery into target cells. Annu Rev
Microbiol (2014) 68:415-38. doi: 10.1146/annurev-micro-092412-155725

6. Feltman H, Schulert G, Khan S, Jain M, Peterson L, Hauser AR. Prevalence of type
III secretion genes in clinical and environmental isolates of pseudomonas aeruginosa.
Microbiol (Reading) (2001) 147:2659-69. doi: 10.1099/00221287-147-10-2659

7. Wang Y, Cheng X, Wan C, Wei J, Gao C, Zhang Y, et al. Development of a chimeric
vaccine against pseudomonas aeruginosa based on the Th17-stimulating epitopes of PcrV’
and AmpC. Front Immunol (2020) 11:601601. doi: 10.3389/fimmu.2020.601601

8. YangF, Gu]J, Yang L, Gao C, Jing H, Wang Y, et al. Protective efficacy of the trivalent
pseudomonas aeruginosa vaccine candidate PcrV-OprI-Hepl in murine pneumonia and
burn models. Sci Rep (2017) 7:3957. doi: 10.1038/s41598-017-04029-5

9. Jain R, Beckett VV, Konstan MW, Accurso FJ, Burns JL, Mayer-Hamblett N, et al.
KB0O1-a, a novel anti-inflammatory, found to be safe and well-tolerated in cystic
fibrosis patients infected with pseudomonas aeruginosa. J Cystic Fibrosis (2018) 17:484-
91. doi: 10.1016/j.jcf.2017.12.006

10. Matthijs S, Coorevits A, Gebrekidan TT, Tricot C, Wauven CV, Pirnay JP, et al.
Evaluation of oprl and oprL genes as molecular markers for the genus pseudomonas
and their use in studying the biodiversity of a small Belgian river. Res Microbiol (2013)
164:254-61. doi: 10.1016/j.resmic.2012.12.001

11. Adlbrecht C, Wurm R, Depuydt P, Spapen H, Lorente JA, Staudinger T, et al.
Efficacy, immunogenicity, and safety of IC43 recombinant pseudomonas aeruginosa
vaccine in mechanically ventilated intensive care patients-a randomized clinical trial.
Crit Care (2020) 24:74. doi: 10.1186/s13054-020-2792-z

12. Rau H, Revets H, Cornelis P, Titzmann A, Ruggli N, Mccullough KC, et al.
Efficacy and functionality of lipoprotein Oprl from pseudomonas aeruginosa as
adjuvant for a subunit vaccine against classical swine fever. Vaccine (2006) 24:4757-
68. doi: 10.1016/j.vaccine.2006.03.028

13. Lung P, Yang J, Li Q. Nanoparticle formulated vaccines: opportunities and
challenges. Nanoscale (2020) 12:5746-63. doi: 10.1039/CINR08958F

14. Kanekiyo M, Wei C-J, Yassine Hadi M, Mctamney Patrick M, Boyington Jeffrey C,
Whittle James RR, et al. Self-assembling influenza nanoparticle vaccines elicit broadly
neutralizing HIN1 antibodies. Nature (2013) 499:102-6. doi: 10.1038/nature12202

15. Wang W, Huang B, Zhu Y, Tan W, Zhu M. Ferritin nanoparticle-based SARS-
CoV-2 RBD vaccine induces a persistent antibody response and long-term memory in
mice. Cell Mol Immunol (2021) 18:749-51. doi: 10.1038/s41423-021-00643-6

Frontiers in Immunology

11

10.3389/fimmu.2023.1184863

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1184863/
full#supplementary-material

16. Zakeri B, Fierer JO, Celik E, Chittock EC, Schwarz-Linek U, Moy VT, et al.
Peptide tag forming a rapid covalent bond to a protein, through engineering a bacterial
adhesin. Proc Natl Acad Sci U.S.A. (2012) 109:E690-7. doi: 10.1073/pnas.1115485109

17. Wan C, Zhang ], Zhao L, Cheng X, Gao C, Wang Y, et al. Rational design of a
chimeric derivative of PcrV as a subunit vaccine against pseudomonas aeruginosa.
Front Immunol (2019) 10:781. doi: 10.3389/fimmu.2019.00781

18. Chen X, Zhang T, Zhai X, Wan Z, Ge M, Liu C, et al. Identifying tumor antigens
and immune subtypes of renal cell carcinoma for immunotherapy development. Front
Immunol (2022) 13:1037808. doi: 10.3389/fimmu.2022.1037808

19. Lee PC, Stopford CM, Svenson AG, Rietsch A. Control of effector export by the
pseudomonas aeruginosa type III secretion proteins PcrG and PerV. Mol Microbiol
(2010) 75:924-41. doi: 10.1111/j.1365-2958.2009.07027.x

20. Timmler B. Emerging therapies against infections with pseudomonas
aeruginosa. F1000Res (2019) 8:1-14. doi: 10.12688/f1000research.19509.1

21. Thanabalasuriar A, Surewaard BG, Willson ME, Neupane AS, Stover CK, Warrener
P, et al. Bispecific antibody targets multiple pseudomonas aeruginosa evasion mechanisms
in the lung vasculature. J Clin Invest (2017) 127:2249-61. doi: 10.1172/jci89652

22. Nguyen B, Tolia NH. Protein-based antigen presentation platforms for
nanoparticle vaccines. NPJ Vaccines (2021) 6:70. doi: 10.1038/s41541-021-00330-7

23. Rahman N, Miura S, Okawa M, Kibria MG, Islam MM, Kuroda Y. Solubility
controlling peptide tags of opposite charges generate a bivalent immune response
against dengue ED3 serotypes 3 and 4. Front Immunol (2021) 12:671590. doi: 10.3389/
fimmu.2021.671590

24. Hashemi H, Bamdad T, Jamali A, Pouyanfard S, Mohammadi MG. Evaluation
of humoral and cellular immune responses against HSV-1 using genetic immunization
by filamentous phage particles: a comparative approach to conventional DNA vaccine.
J Virol Methods (2010) 163:440-4. doi: 10.1016/j.jviromet.2009.11.008

25. Tumban E, Peabody J, Peabody DS, Chackerian B. A pan-HPV vaccine based on
bacteriophage PP7 VLPs displaying broadly cross-neutralizing epitopes from the HPV
minor capsid protein, L2. PloS One (2011) 6:23310. doi: 10.1371/journal.pone.0023310

26. Qiao Y, Zhang Y, Chen J, Jin S, Shan Y. A biepitope, adjuvant-free, self-
assembled influenza nanovaccine provides cross-protection against H3N2 and HIN1
viruses in mice. Nano Res (2022) 15:8304-14. doi: 10.1007/s12274-022-4482-4

27. Lin L, Ibrahim AS, Xu X, Farber JM, Avanesian V, Baquir B, et al. Th1-Th17 cells
mediate protective adaptive immunity against staphylococcus aureus and candida albicans
infection in mice. PloS Pathog (2009) 5:¢1000703. doi: 10.1371/journal.ppat.1000703

28. Conforti-Andreoni C, Spreafico R, Qian HL, Riteau N, Ryffel B, Ricciardi-Castagnoli
P, et al. Uric acid-driven Th17 differentiation requires inflammasome-derived IL-1 and IL-
18. ] Immunol (2011) 187:5842-50. doi: 10.4049/jimmunol.1101408

29. Zens KD, Chen JK, Farber DL. Vaccine-generated lung tissue-resident memory
T cells provide heterosubtypic protection to influenza infection. JCI Insight (2016) 1:1-12.
doi: 10.1172/jciinsight.85832

30. Wu W, Huang J, Duan B, Traficante DC, Hong H, Risech M, et al. Th17-stimulating
protein vaccines confer protection against Pseudomonas aeruginosa pneumonia. Am |
Respir Crit Care Med. (2012) 186(5):420-7. doi: 10.1164/rccm.201202-01820C

31. Gao C, Yang F, Wang Y, Liao Y, Zhang ], Zeng H, et al. Vaccination with a
recombinant OprL fragment induces a Thl7 response and confers serotype-

independent protection against Pseudomonas aeruginosa infection in mice.
Clin Immunol. (2017) 183:354-363. doi: 10.1016/j.clim.2017.09.022

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1184863/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1184863/full#supplementary-material
https://doi.org/10.3390/ijms22063128
https://doi.org/10.1016/j.burns.2008.03.014
https://doi.org/10.1038/s41392-022-01056-1
https://doi.org/10.1146/annurev-micro-092412-155725
https://doi.org/10.1099/00221287-147-10-2659
https://doi.org/10.3389/fimmu.2020.601601
https://doi.org/10.1038/s41598-017-04029-5
https://doi.org/10.1016/j.jcf.2017.12.006
https://doi.org/10.1016/j.resmic.2012.12.001
https://doi.org/10.1186/s13054-020-2792-z
https://doi.org/10.1016/j.vaccine.2006.03.028
https://doi.org/10.1039/C9NR08958F
https://doi.org/10.1038/nature12202
https://doi.org/10.1038/s41423-021-00643-6
https://doi.org/10.1073/pnas.1115485109
https://doi.org/10.3389/fimmu.2019.00781
https://doi.org/10.3389/fimmu.2022.1037808
https://doi.org/10.1111/j.1365-2958.2009.07027.x
https://doi.org/10.12688/f1000research.19509.1
https://doi.org/10.1172/jci89652
https://doi.org/10.1038/s41541-021-00330-7
https://doi.org/10.3389/fimmu.2021.671590
https://doi.org/10.3389/fimmu.2021.671590
https://doi.org/10.1016/j.jviromet.2009.11.008
https://doi.org/10.1371/journal.pone.0023310
https://doi.org/10.1007/s12274-022-4482-4
https://doi.org/10.1371/journal.ppat.1000703
https://doi.org/10.4049/jimmunol.1101408
https://doi.org/10.1172/jci.insight.85832
https://doi.org/10.1164/rccm.201202-0182OC
https://doi.org/10.1016/j.clim.2017.09.022
https://doi.org/10.3389/fimmu.2023.1184863
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Self-assembled ferritin nanoparticles displaying PcrV and OprI as an adjuvant-free Pseudomonas aeruginosa vaccine
	1 Introduction
	2 Materials and methods
	2.1 Ethics statement
	2.2 Bacterial strains and animals
	2.3 Cloning, expression, and purification of recombinant proteins
	2.4 Gel-filtration and dynamic light scattering assay
	2.5 Electron microscopy
	2.6 Immunization of mice
	2.7 Murine pneumonia model
	2.8 Enzyme-linked immunosorbent assay
	2.9 Enzyme-linked immunospot assay
	2.10 Bacterial burden
	2.11 Histological analysis
	2.12 Evaluation of inflammation
	2.13 Cytolytic assay
	2.14 CCK8 assay
	2.15 In vivo safety evaluation
	2.16 Statistical analysis

	3 Results
	3.1 Production and characterization of rePO-Ferritin
	3.2 Intramuscular immunization of adjuvant-free rePO-FN induced quick and efficient immunity
	3.3 Intramuscular immunization of adjuvant-free rePO-FN conferred protection against pneumonia in mice
	3.4 Intranasal immunization of rePO-FN enhances mucosal immunity
	3.5 Intranasal immunization of adjuvant-free rePO-FN conferred protection against pneumonia in mice
	3.6 rePO-FN is of good biocompatibility and safety

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


