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Pseudomonas aeruginosa is a ubiquitous opportunistic pathogen, which causes infectious 
disease in patients with cystic fibrosis and compromised immunity. P. aeruginosa is difficult 
to eradicate because of its intrinsic resistance to most traditional antibiotics as well as 
acquired resistance mechanisms after decades of antibiotic usage. A full understanding 
of the P. aeruginosa pathogenesis mechanisms is necessary for the development of novel 
prevention and treatment strategies. To identify novel vaccine candidates, here we compre-
hensively examined the expression levels of all the known outer membrane proteins in two 
P. aeruginosa strains in a murine acute pneumonia model. OprH was one of the most highly
expressed proteins during infection. In addition, OprH is known to be highly immunogenic
and accessible by host proteins. Thus, it was chosen as a vaccine candidate. To further iden-
tify vaccine candidates, 34 genes highly expressed during infection were evaluated for their
contributions in virulence by testing individual transposon insertion mutants. Among them,
fpvA, hasR, and foxA were found essential for bacterial virulence and therefore included in
vaccine construction. Immunization with a mixture of FpvA, HasR, and FoxA rendered no
protection, however, while immunization by OprH refolded in liposomes elicited specific
opsonic antibodies and conferred protection against two lipopolysaccharide-heterologous
P. aeruginosa strains (PA14 and PA103). Overall, by studying the expression profile of the
P. aeruginosa outer membrane proteins during infection, we identified OprH as a potential
vaccine candidate for the prevention of lung infection by P. aeruginosa.
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inTrODUcTiOn

Pseudomonas aeruginosa is a Gram-negative opportunistic pathogen which can cause various human 
infections, especially in immunocompromised and cystic fibrosis patients (1, 2). P. aeruginosa is intrin-
sically highly resistant to a variety of antibiotics, and biofilm formation can further increase resistance 
by 1,000-fold (3). It is often difficult to eradicate P. aeruginosa despite intense antibiotic treatment (4).
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TaBle 1 | Strains and plasmids used in this study.

strain or 
plasmid

Description reference or 
origin

Pseudomonas aeruginosa
PAO1 Wild type (23)
PA14 Wild type (24)
PA103 Wild type (23)
PA14ΔoprH PA14 with oprH deletion This study
PA14/
pUCP20-GFP

PA14 with GFP expression This study

PA14ΔoprH/
pUCP20-GFP

PA14ΔoprH with GFP expression This study

E. coli
E1447 pE926 transferred into BL21(DE3) This study
E1414 pE1409 transferred into BL21(DE3) This study
E1386 pE1328 transferred into BL21(DE3) This study
E1787 pE1787 transferred into BL21(DE3) This study

Plasmids
pE926 fpvA gene of PA14 were cloned into pET28b This study
pE1409 hasR gene of PA14 were cloned into pET28b This study
pE1382 foxA gene of PA14 were cloned into pET28b This study
pE1724 oprH gene of PA14 were cloned into pET28b This study
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Vaccination is an effective strategy to fight against infectious 
diseases. In the past several decades, enormous efforts have been 
put into the development of effective vaccines against P. aerugi-
nosa (5). In several acute and chronic infection models, animals 
were protected by immunization with various surface exposed 
immunogens, including lipopolysaccharide (LPS) O antigen 
(6), the type III secretion system (T3SS) component PcrV (7), 
outer membrane protein F (OprF) (8), flagellin (9), and pillin 
(10). Immunization with these immunogens elicits protective 
antibodies which mediate opsonophagocytic killing and/or 
virulence inhibition. Although LPS O antigen-based vaccines 
confer high levels of protection, the clinical application is limited 
due to O antigen diversity among P. aeruginosa isolates (11, 12). 
Accordingly, recent studies have been focused on antigens with 
conserved epitopes.

Multivalent vaccines based on the above antigens showed 
promising protective efficacy. Immunization with a fusion protein 
containing OprF-OprI or OprF epitope 8 (OprF311-341), OprI, 
and type A and B flagellins induced high level of protective IgG 
and conferred effective protection (13–15). Recently, a bispecific 
antibody against PcrV and the extrapolysaccharide Psl conferred 
protection in several murine infection models (16).

Although several vaccines against P. aeruginosa infection have 
entered clinical trials (15, 17–19), no vaccine is currently available 
for use in humans. Identification of novel candidate immuno-
gens might contribute to the development of effective single- or 
multi-valent vaccines. Many successful vaccines are based on 
immunogens with at least one of the following characteristics: 
high immunogenicity, surface exposure, high abundance, and 
involvement in virulence (20, 21). P. aeruginosa encodes 158 
outer membrane proteins (22), of which the expression patterns 
and functions during infection remain largely unknown. Studies 
on these genes might provide valuable clues to the understanding 
of the pathogenesis of P. aeruginosa and allow identification of 
novel vaccine candidates.

Here, we assessed the expression level of each individual outer 
membrane protein of P. aeruginosa in a murine acute pneumonia 
model. The porin protein OprH was found to be highly expressed 
during infection and chosen for vaccine construction. Iron 
uptake proteins, including FpvA, FoxA, and HasR, also showed 
significantly increase during infection, and can affect the coloni-
zation ability of P. aeruginosa PA14 in lungs of mice. Vaccination 
with FpvA, FoxA, and HasR separately or their mixture did not 
show protective efficacy in murine acute lung infection model. 
While purified His-OprH also did not have protective efficacy. 
Vaccination with OprH refolded in liposomes conferred protec-
tion against lung infection by two serotype-distinct P. aeruginosa 
strains PA14 and PA103. Together, our study indicates that 
OprH is a potential candidate for vaccine development against  
P. aeruginosa infection.

MaTerials anD MeThODs

ethics statement
All animal studies complied with National and Nankai University 
guidelines regarding the use of animals in research. All animal 

experiment protocols have been approved by the institutional 
animal care and use committee of the College of Life Sciences of 
Nankai University (permit number NK-04-2012).

Bacterial strains and Plasmids
The bacterial strains and plasmids used in this study are listed in 
Table 1, along with their description and sources.

Preparation of Bacterial inocula  
for In Vivo challenge experiments
Bacteria were grown overnight at 37°C in LB. The bacteria were 
diluted 1:100 in fresh medium and grown to an OD600 of 1.0. For 
intranasal challenge experiments, bacteria were washed with 
phosphate-buffered saline (PBS) and diluted to the indicated 
concentrations. The concentrations of bacteria were confirmed 
by plating and enumeration.

Murine acute Pneumonia Model
Six-week-old female BALB/c mice were purchased from Vital 
River (Beijing, China). Mice were anesthetized with an intra-
peritoneal injection of 7.5% chloral hydrate (100 µL per mouse) 
and then inoculated intranasally with 20 µL P. aeruginosa strain 
PAO1, PA14, or PA103 at the indicated bacterial concentrations.

For colonization assays, 12  h postinfection, mice were 
sacrificed CO2, lungs were isolated and then homogenized in 
1% peptone, and bacterial numbers were determined by serial 
dilution and plating. For survival assays, mice were monitored 
for 5 days after infection.

Quantitative real-Time Pcr assay
To examine bacterial gene expression levels during infection, mice 
were sacrificed by CO2 at 3 or 6 h postinfection. Bronchoalveolar 
lavage fluid (BALF) was obtained by cannulation of the trachea 
followed by two instillations of 1  mL sterile PBS with 0.5  mM 
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EDTA. 50 µL of the BALF was used for bacterial enumeration, 
while the remaining BALF was centrifuged and the pellets were 
immediately resuspended in 200 µL TRIzol reagent (Invitrogen). 
Total RNA was isolated as instructed by the manufacturer and 
further purified with an RNA cleanup kit (Tiangen Biotech). For 
in vitro-grown bacteria, overnight cultures of bacterial cells were 
diluted 1:100 into fresh LB medium and grown to an OD600 of 
1.0. Total RNA was isolated with an RNeasy Minikit (Tiangen 
Biotech).
cDNA was synthesized by a PrimeScript Reverse Transcriptase 
(TaKaRa) with random primers. The cDNA was mixed with 
5 pmol of forward and reverse primers (Table S1 in Supplementary 
Material) and iQSYBR green Supermix (Bio-Rad). Quantitative 
real-time PCR was conducted using a CFX Connect Real-Time 
system (Bio-Rad). The 30S ribosomal protein gene rpsL was used 
as an internal control (25).

expression and Purification of Proteins 
From E. coli
fpvA, foxA, hasR, and oprH were cloned from genome of  
P. aeruginosa strain PA14 by PCR. His-tagged fusion proteins 
were constructed in pET28a and the resulting plasmids were 
introduced into E. coli BL21(DE3). Expression of the proteins 
were induced by IPTG (1 mM). Bacteria were harvested by cen-
trifugation at 4,000 × g for 20 min and lysed by sonication on ice 
in buffer B (100 mM NaH2PO4, 500 mM NaCl, 8 M urea, 10 mM 
imidazole, pH 7.2). The lysate was centrifuged at 10,000 × g for 
30 min at room temperature. The supernatant was mixed with 
Ni-NTA agarose (Qiagen) and incubated at room temperature for 
1 h. The lysate-resin mixture was loaded into an empty column 
and washed twice with buffer B containing 25 mM imidazole. The 
protein was eluted by buffer B containing 500 mM imidazole, fol-
lowed by further purification by molecular sieve (GE). To remove 
urea and imidazole, proteins were extensively dialyzed in PBS 
with reducing concentrations of urea (4, 2, and 1 M) and finally 
in PBS. Protein concentration was measured with the Bradford 
method (Bio-Rad).

Preparation of Fpva, Foxa, and hasr
After dialyzed into PBS, the concentration of FpvA, FoxA, and 
HasR were 0.2, 0.5, and 0.2 mg/mL, respectively. These proteins 
were mixed with same volume of curdlan (20 mg/mL) and used 
for mice immunization. To construct the Fe receptor mix, equal 
amount of His-FpvA, His-HasR, and His-FoxA were mixed 
together and dialyzed into PBS. The final concentration of super-
natant was 0.9 mg/mL. The proteins were mixed with the same 
volume of curdlan (20 mg/mL) before immunization.

Oprh refolding
Refolding of OprH in 1, 2-dihexanoyl-sn-glycero-3-phospho-
choline (DHPC) micelles was performed as described previously 
(26). Briefly, 0.4  mM OprH in buffer B containing 500  mM 
imidazole was diluted 10-fold into the refolding buffer (20 mM 
Tris–HCl, 5 mM EDTA, and 0.6 M l-arginine, pH 8.5) with 3% 
DHPC (Avanti Polar Lipids Inc.). The mixture was incubated at 
37°C for 72 h and then dialyzed against 2.5 L of 20 mM Tris–HCl, 

5  mM EDTA, and 50  mM KCl at pH 8.5 for 20  min at room 
temperature. The solution was concentrated by an ultrafiltra-
tion device (Millipore), and the buffer was exchanged with an 
exchange solution (25 mM Na3PO4 and 50 mM KCl at pH 6.0) by 
ultrafiltration. The final concentration of the refolded OprH was 
approximately 7 mg/mL.

immunization of Mice
Mice were immunized three times with refolded OprH plus cur-
dlan (10 mg/mL) in PBS intranasally at weekly intervals. Three 
weeks after immunization, the sera of mice were obtained or the 
survival assay was conducted.

enzyme linked immunosorbent  
assay (elisa)
96-well plates were coated with purified OprH at 0.1 mg/mL in 
coating buffer (15 mM Na2CO3 and 35 mM NaHCO3, pH 9.6) 
overnight at 4°C. For the whole cell ELISA, PA14 and the ΔoprH 
mutant were grown overnight at 37°C in LB. The bacteria were 
diluted 1:100 in fresh medium and grown to an OD600 of 1.0. 
1 × 108 bacteria were washed once by PBS and resuspended in 
1 mL PBS. 50 µL bacteria suspension were added in each well of 
96-well ELISA plate and dried at 56°C. 200 µL cold methanol were 
added to incubate at room temperature for 15 min. The plates were 
washed three times with PBST (PBS containing 0.05% Tween 20) 
and blocked with 1% BSA for 2 h at 37°C. Then 100 µL of serially 
diluted serum from immunized mouse was added into each well 
of the plate and incubated for 1 h at 37°C. Each well was washed 
three times with PBST, followed by addition of 100  µL diluted 
HRP-conjugated goat anti-mouse IgG antibody and incubation 
at 37°C for 1  h. Then, each well was washed three times with 
PBST. 200 µL horseradish peroxidase color development solution 
(Beyotime) was then added into each well and incubated at room 
temperature. 50 µL 2 M H2SO4 was added to end the reaction, and 
OD450 were measured using spectrophotometer.

Phagocytosis assay
The phagocytic uptake by bone marrow-derived macrophage 
(BMDM) was performed as previously described (27–30). BMDMs  
were differentiated as previously described (31). 2 × 105 BMDMs 
were seeded into each well of a 24-well plate 24 h before incuba-
tion with bacteria. Wild-type PA14 or the ΔoprH mutant was 
grown to an OD600 of 0.6–1.0. The bacteria were collected and 
washed once with HBSS. 5  ×  107 bacterial cells suspended in 
50 µL HBSS were incubated with 20 µL heat-inactivated (56°C 
for 20 min) mouse serum for 30 min at 25°C. Then the bacteria 
were washed twice with HBSS and resuspended in 1 mL HBSS, 
of which 50  µL were added into each well and incubated for 
40 min at 37°C. Gentamicin was added to each well at 250 µg/mL  
and incubated for 10 min to kill the extracellular bacteria. The 
cells were then washed three times with pre-warmed HBSS and 
lysed in 1 mL cold sterile water. The intracellular bacteria were 
numerated by serial dilution and plating.

To observe the phagocytosis of bacteria, BMDMs were seeded 
on poly-d-lysine coated cover slips. The cells were incubated with 
PA14 or ΔoprH containing a green fluorescent protein (GFP) 
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overexpression plasmid (pUCP20-GFP). After treatment with 
gentamicin for 10  min, cells were washed twice with PBS and 
fixed with 4% paraformaldehyde for 20 min at room temperature. 
Microscopy slides were covered with cover slips using mounting 
medium and observed with a fluorescence microscope.

statistical analyses
All analyses were performed using Prism software (GraphPad 
Software, La Jolla, CA, USA). Survival data were analyzed with the 
log-rank test and the Gehan–Breslow–Wilcoxon test. Parametric 
data were analyzed by Student’s t-test (for two-group compari-
sons) or ANOVA with Dunnett’s multiple comparison test.

resUlTs

expression Profile of P. aeruginosa Outer 
Membrane Proteins During lung infection
To determine the expression levels of outer membrane proteins 
during infection, we designed quantitative real-time PCR prim-
ers for the 158 outer membrane protein genes in the P. aeruginosa 
PAO1 genome (Table S1 in Supplementary Material). Previously, 
Howell et al. (32) demonstrated that timely expression of T3SS 
genes at early stages of infection is essential for bacterial patho-
genesis in the acute pneumonia model. And in this model, mice 
can die as early as 12 h postinfection. Therefore, we focused on 
early time points in our study. Each mouse was infected with 
1 × 109 CFU of PAO1 intranasally. 3 or 6 h postinfection, BALF 
was obtained from at least six mice and pooled together. Bacteria 
from BALF were isolated, followed by RNA isolation and quan-
titative real-time PCR with the 16S RNA protein gene rpsL as 
an internal control. In order to identify proteins with common 
expression patterns in different P. aeruginosa strain backgrounds, 
we performed the infection experiment with another widely used 
wild-type strain PA14 (5 × 108 CFU per mouse), which belongs 
to a different serogroup and is more virulent than PAO1 (23). The 
relative expression level of each protein is shown in Figure 1 as a 
heatmap and also presented as percentage of the internal control 
in Table S2 in Supplementary Material.

To identify genes highly expressed during infection (fold 
change ≥ 2.0), we performed pair-wise comparisons to determine 
the relative gene expression levels during infection. Four com-
parisons, PAO1 or PA14 grown in vitro versus the isogenic strain 
isolated from BALF 3 or 6 h postinfection, were each designated 
as PAO1 3 h, PAO1 6 h, PA14 3 h, and PA14 6 h, respectively. This 
led to the identification of 53, 54, 55, and 80 upregulated genes 
for the PAO1 3 h, PAO1 6 h, PA14 3 h, and PA14 6 h, respectively.  
To identify genes that were highly expressed commonly in both 
PAO1 and PA14 during infection, the data of the pair-wise compari-
sons were plotted using a four-way Venn diagram (Figure 2). Of 
all the genes tested, 46 were found highly expressed in both PAO1 
and PA14 during infection, i.e., in all the four conditions (Table 
S2 in Supplementary Material, highlighted in yellow). Besides, 13 
genes were upregulated more than 10-fold at least in one of the 
four conditions (Table S2 in Supplementary Material, highlighted 
in red). In combination, 59 genes were selected for further test-
ing in samples from individual mice rather than pooled samples.  
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FigUre 2 | Venn diagram of upregulated outer membrane genes during lung 
infection. Distribution of induced genes (fold change ≥ 2.0 relative to in vitro 
grown bacteria) in PAO1 and PA14 at 3 and 6 h postinfection. Genes in the 
red frame were selected for further screening.

FigUre 3 | Bacterial colonization in the murine acute pneumonia model. 
Each mouse was infected by 2 × 107 CFU of the indicated strain intranasally. 
12 h after infection, mice were sacrificed and bacterial loads in the lungs 
were determined. Bacterial loads in mice infected with wild-type PA14 and 
the oprH:Tn, foxA:Tn, hasR:Tn, and fpvA:Tn. Bars represent medians, and 
error bars represent SEM. *p < 0.05; **p < 0.01 compared to wild-type PA14 
by the Kruskal–Wallis with Dunn’s multiple comparison test. NS, not 
significant.

FigUre 1 | Expression levels of the outer membrane proteins relative to 
RpsL (ribosomal protein, serves as the internal control). The heatmap analysis 
was performed to illustrate the expression profile of the 158 outer membrane 
protein genes of PAO1 and PA14. The values are log base 10 of the relative 
expression levels. The black color represents genes undetected in 
quantitative real-time PCR.
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To confirm the expression levels of the selected genes in individual 
mice, we performed the infection again and purified the bacterial 
RNA from BALF from each infected mouse. The expression levels 
of the 59 genes are listed in Table S3 in Supplementary Material. 
Of these, 34 genes consistently show high-level expression during 
infection (Table S4 in Supplementary Material).

After the three round of screening, we found that oprH is one 
of the most highly expressed genes at all the conditions (Table 
S4 in Supplementary Material). Previously, it was reported 
that oprH is highly induced when P. aeruginosa interacts with 
epithelia cells (33). Recent studies demonstrated that OprH is 
a binding target of mammalian surfactant protein A (34) and 
C3 complement (35), indicating accessibility by host factors.  
In addition, high levels of antibodies against OprH were identi-
fied in young children with cystic fibrosis (36), indicating its high 
immunogenicity. These results suggest that immunization with 
OprH might elicit opsonic antibodies. Therefore, based on its 
expression level, accessibility, and immunogenicity, we selected 
OprH as a vaccine candidate.

Further identification of Potential Vaccine 
candidates by studying the roles  
of highly expressed Outer Membrane 
Proteins in P. aeruginosa Virulence
As antibodies that block the function of critical virulence factors 
might confer protection against bacterial pathogens (37), we 

evaluated the roles of the 34 highly expressed genes in bacterial 
virulence to identify more vaccine candidates. Transposon (Tn) 
mutants for each of the genes were picked from a nonredundant 
Tn insertion mutant library in the PA14 background (24). Among 
the 34 selected genes, three were associated with the T3SS, 
including popN, pscC, and pscJ. It has been well established 
that the T3SS plays an essential role in P. aeruginosa virulence 
in the acute pneumonia model (38–41). Thus, we utilized a 
pscC:Tn mutant as a control for attenuated virulence. Since 
OprF has been shown to contribute to bacterial virulence (42) 
and used in vaccine construction, we did not include it in our 
further testing. The algE mutant was not available in the library. 
In total, 30 Tn insertion mutants were tested for colonization in 
the murine acute pneumonia model. Consistent with previous 
studies (43), the pscC:Tn mutant was highly attenuated (Figure S1 
in Supplementary Material). Mutation in the iron acquisition 
receptor genes (44), including fpvA, foxA, and hasR, significantly 
reduced bacterial loads (Figure  3). No drastic reductions in 
bacterial loads were observed in the other Tn insertion mutants 
(Figure S1 in Supplementary Material). Based on these observa-
tions, we suspected that antibodies against FpvA, FoxA, and 
HasR might block the functions of these proteins, thus reducing 
bacterial virulence. Overall, FpvA, FoxA, HasR, and OprH were 
chosen for vaccine construction.

Protective efficacy of the Vaccine Based 
on iron Uptake Proteins
Previously, we found that FpvA could elicite Th17 response in 
mice (31). To examine the protective efficacies of vaccines based 
on the iron acquisition receptor proteins, 6× His-tagged FpvA, 
HasR, or FoxA was individually overexpressed in E. coli and 
purified under denatured condition with Ni-NTA (Figure S2A 
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FigUre 4 | Survival rates of immunized mice. Mice were immunized with FpvA, HasR, and FoxA individually (a), the mixture of purified FpvA, HasR, and FoxA (B), 
or purified OprH (c). Curdlan was used as the adjuvant. The immunized mice were challenged with wild-type PA14 (2 × 107 CFU per mouse) intranasally. (D) Mice 
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in Supplementary Material). Each protein was further purified 
by molecular sieve. Each of the purified FpvA, HasR, and FoxA 
was mixed with curdlan (20 mg/mL), which has been shown to 
increase IgG titers (45, 46). The final concentrations of FpvA, 
HasR, and FoxA were 0.1, 0.1, and 0.25 mg/mL, respectively. Each 
mouse was immunized intranasally with 20 µL of the individual 
proteins. Compared with curdlan along, FpvA, HasR, and FoxA 
immunization did not show protective efficacy in the murine 
acute pneumonia model (Figure 4A).

We suspected that the individual protein might not elicit suffi-
cient antibodies. Therefore, we constructed a trivalent vaccine by 
combining FpvA, HasR, and FoxA. Equal amount of His-FpvA, 
His-HasR, and His-FoxA were mixed together and dialyzed into 
PBS, resulting in a final concentration of 0.9 mg/mL. The pro-
teins were mixed with same volume of curdlan. Each mouse was 
immunized intranasally with 20  µL of the mixture. Compared 

with curdlan along, the trivalent vaccine did not protect mice in 
the acute pneumonia model (Figure 4B).

Protective efficacy of Oprh Vaccination
The His-OprH was purified under denatured condition with 
Ni-NTA (Figure S2B in Supplementary Material), followed by 
sequential dialysis in PBS with reducing concentrations of urea. 
Afterward, OprH at 1 mg/mL was mixed with equal volume of 
curdlan (20 mg/mL) and each mouse was immunized intranasally 
with 20 µL of the mixture, resulting in 10 µg of OprH per mouse. 
Compared with curdlan alone, the OprH vaccine did not show 
significantly protective efficacy in the acute pneumonia model 
(Figure 4C).

Previously, Edrington et  al. (26) revealed the structure of 
OprH by refolding the purified protein in DHPC micelles. 
Refolding of OprH greatly increased its solubility. More 
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importantly, outer membrane proteins with their natural con-
formation, as would be expected in DHPC micelles, may be more 
likely to elicit opsonic antibodies. Therefore, we utilized refolded 
His-OprH in DHPC micelles with curdlan in vaccination.  
As reported previously, the efficiency of OprH refolding could 
be monitored by SDS-PAGE (26). The apparent molecular mass 
of OprH on the SDS-PAGE gel would change when the pro-
teins were transferred from an unfolded to a folded form. The 
refolded protein runs at 18 kDa but shifts to 21 kDa after boil-
ing in SDS-PAGE loading buffer (Figure S3 in Supplementary 
Material). This reversible “heat modifiability” indicated that the 
OprH was refolded successfully.

The highest soluble concentration of the refolded OprH was 
7 mg/mL. The protein suspension was mixed with equal volume 
of curdlan and 20 µL of the mixture was used to immunize each 
mouse, resulting in 70 µg refolded OprH per mouse. Vaccination 
with OprH resulted in 40% survival after lung challenge with 
PA14 (serogroup O19), whereas vaccination with DHPC resulted 
in 10% survival (Figure 4D). PA103 (serogroup O11) is a highly 
virulent clinical isolate. As shown in Figure 4E, mice immunized 
with OprH had more than 40% survival after challenge with 
PA103, compared with 10% survival of those immunized with 
DHPC alone. To confirm that the protection was due to OprH-
specific antibodies, the immunized mice were challenged with an 
oprH deletion mutant of PA14. As shown in Figure 4F, immuni-
zation with the refolded OprH was unable to confer protection 
against the ΔoprH mutant.

subtype of induced immunoglobulin  
in lungs of Oprh immunized Mice
To the subtype of immunoglobulin induced by the OprH 
immunization in the lungs, BALF was obtained from mice 
3 weeks after the final immunization, followed by ELISAs. The 
plates were coated with purified His-OprH fusion protein. 
BALF from immunized mice was used as the primary anti-
body, and goat anti-mouse IgG antibody or goat anti-mouse 
IgA antibody was used as the secondary antibody (Figure S5 in 
Supplementary Material). OprH-specific IgG was detected in 
the BALFs of OprH immunized mice, whereas no IgA antibody 
was detected.

antigen-specific serum antibodies  
From iron Uptake Proteins and  
Oprh immunized Mice
To test the humoral immune responses elicited by immuniza-
tion with iron uptake proteins and OprH, sera from immunized 
mice were collected 3  weeks after the third immunization and 
the antigen-specific IgG titers were determined by ELISA. Plates 
were coated with the purified FpvA, FoxA, and HasR, the mixture 
of these three proteins or the OprH without refolding. Then 
sera from immunized mice were used as the primary antibody. 
Immunization with FpvA, FoxA, HasR, and the combination 
of the three proteins elicited minimal antigen-specific IgG 
(Figures 5A–D), whereas immunization with the refolded OprH 
elicited a high level of antigen-specific IgG (Figure 5E). ELISA 

of whole bacterial cells was also conducted to investigate if the 
elicited antibodies toward OprH can bind with the OprH on the 
bacterial surface. As shown in Figure  5F, the antibodies from 
OprH immunized mice bound with wild-type PA14, but not the 
ΔoprH mutant. These results indicate that immunization with 
the refolded OprH elicited antibodies that recognize the OprH 
exposed on the bacterial surface.

antibody-Mediated Phagocytosis  
of Bacteria by BMDM
We next performed phagocytosis assay with BMDM in the 
presence of sera from mice immunized with refolded His-
OprH, DHPC, uninfected mice, and those infected with PA14. 
The highest capture of PA14 cells was observed in the presence 
of sera from PA14 infected mice. The sera from His-OprH 
immunized mice enabled more uptake than those from DHPC-
immunized mice (Figure  6A). The difference was abolished 
when a ΔoprH mutant was used in the assay, indicating a 
specificity of the antibodies from His-OprH immunized mice 
(Figure 6A).

To visualize the phagocytic uptake, BMDMs were incubated 
with PA14 and the ΔoprH mutant overexpressing GFP. The 
presence of sera from His-OprH-immunized mice induced 
more phagocytosis of PA14 than those from DHPC-immunized 
mice, whereas no difference was observed on the ΔoprH mutant 
(Figures 6B,C). However, the sera from mice immunized with 
the mixture of FpvA, FoxA, and HasR were unable to promote 
phagocytosis (Figure S4 in Supplementary Material). Overall, 
these results indicate that immunization with the refolded His-
OprH induced phagocytic antibodies that specifically targeting 
bacterial surface OprH.

DiscUssiOn

Lipopolysaccharide O antigen-based vaccines have been found to 
confer effective protection against P. aeruginosa in animal models 
(6), which might be due to the high abundance and accessibility 
by antibodies. However, the narrow protection spectrum (same 
LPS serogroup) impedes the application of this type of vaccine 
(47, 48). Compared to the highly variable O antigens, outer mem-
brane proteins are relatively more conserved. Therefore, vaccines 
based on these proteins may induce antibodies against a broad 
range of P. aeruginosa serotypes.

Antibodies recognizing the surface protein or structures might 
promote opsonophagocytic killing by phagocytes, which plays an 
important role in the protection against bacterial infection (49). 
In addition, it has been demonstrated that antibodies against the 
T3SS needle protein PcrV were able to protect cells from T3SS-
mediated cytotoxicity (37). And the F(ab′)2 fragment of the 
PcrV antibody was able to neutralized the T3SS and protect mice 
against P. aeruginosa infection in an Fc fragment-independent 
manner (50). These results demonstrate that an antibody target-
ing a virulence factor might confer protection by blocking the 
function of the virulence factor independent of the Fc-mediated 
phagocytosis.
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FigUre 5 | Enzyme linked immunosorbent assay (ELISA) of iron uptake proteins or OprH. (a–D) FpvA, FoxA, HasR, or mixture of iron uptake proteins were used to 
coat plates. The ELISAs were conducted using sera from mice immunized with each of the iron uptake proteins or the combination of these proteins with curdlan or 
curdlan alone. (e) Sera from mice immunized with the refolded OprH or DHPC alone with curdlan were tested for antigen-specific IgG levels by ELISA with plates 
coated with OprH. (F) ELISA of the whole bacterial cells. The cells of PA14 or the ΔoprH mutant were coated on an ELISA plate. Sera from mice immunized with 
refolded OprH or DHPC alone with curdlan were tested for the levels IgG that can bind to the cells by ELISA. Each point is the average of duplicates using pooled 
sera from five to seven mice, and error bars are SDs.
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Besides humoral immune responses, Th17 responses have 
been shown to play an important role in host defense against a 
variety of pathogens (51). Previously, we found that immuniza-
tion with the T3SS component PopB conferred protection in mice 
in a Th17-dependent manner (31). However, the elicited antibod-
ies could not mediate opsonophagocytic killing or block T3SS-
mediated cytotoxicity. Ideally, a combination of Th17 responses 
and protective antibodies will likely confer the broadest and most 
potent protection.

In order to identify novel antigens to construct mono- or 
multi-valent vaccines, here we examined the expression profiles 
of all the P. aeruginosa outer membrane proteins during infection. 
We found that the expression of OprH was highly induced during 

infection (Table S4 in Supplementary Material). Initially, purified 
OprH was directly used in immunization. However, no significant 
protection was observed in the murine acute pneumonia model. 
We suspected that one of the major causes is that the membrane 
localized OprH without its natural conformation might not be 
able to elicit effective opsonic antibody. To regain the natural 
conformation of OprH on bacterial surface, we took advantage 
of the DHPC refolding method, which had been used to solve 
the structure of OprH (26). In addition, the refolding increased 
the concentration of soluble OprH, enabling higher amount 
of protein used in immunization. Antibodies elicited by the 
refolded OprH induced phagocytic uptake by BMDM (Figure 6), 
indicating recognition of the surface exposed domains of OprH, 
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FigUre 6 | Opsonophagocytic uptake by BMDM in the presence of sera from immunized mice. (a) Opsonophagocytic uptake assays with wild-type PA14 and the 
ΔoprH mutant. Bacteria were premixed with sera from immunized mice and then incubated with BMDM. Values represent the mean total viable colonies captured 
by BMDM from three assay replicates for each sample. (B) Fluorescent bacteria (PA14/pUCP20-gfp and ΔoprH/pUCP20-gfp) were subjected to the 
opsonophagocytic uptake assay. The uptaken bacteria were observed by fluorescent microscope. (c) The uptake ratio of bacteria by BMDM cells was calculated by 
counting cells in at least three fields of each sample. Abbreviations: BF, bright field; BMDM, bone marrow-derived macrophage.
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which was further confirmed by ELISA with whole bacterial cells 
(Figure 5F). In our study, intranasal immunization might elicit 
specific IgA, which might protect the mucosal surface. However, 
the IgA level was low in the OprH immunized mice (Figure S5 
in Supplementary Material). Since the elicited IgG binds to the 
bacterial surface OprH and promote phagocytosis of the bacteria, 

the refolded OprH might be a potential vaccine candidate. Other 
adjuvants and immunization routes, such as aluminum adjuvant 
and subcutaneous injection might increase the antibody titer 
and protective efficacy. Further studies are needed to evaluate 
the effects. In addition, vaccination with multiple P. aeruginosa 
proteins has been demonstrated to confer protection in various 
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mouse infection models (9, 31, 49, 52, 53), including OprF, OprI, 
flagellin, PcrV, PopB, etc. OprF, OprI, and flagellin elicit opsonic 
antibodies. And antibodies against PcrV protect cells from T3SS-
mediated cytotoxicity. Therefore, fusion proteins of OprH with 
these above proteins might induce antibodies against multiple 
targets thus increase the protective efficacy. Since immunization 
with PopB elicits Th17 response, which has been shown to be 
important in the protection against P. aeruginosa (31), an OprH 
and PopB fusion protein might also increase the protective 
efficacy.

Previous studies and our results here demonstrated that 
FpvA was highly upregulated during infection (Table S4 in 
Supplementary Material) (54). FpvA is the receptor of pyover-
dine, which is a major iron acquisition molecule secreted by 
P. aeruginosa under iron-limiting conditions (54). In addition, 
FpvA is involved in the regulation of multiple virulence fac-
tors, such as pyoverdine, exotoxin A, and PrpL endoprotease 
(55). Another two iron acquisition proteins HasR and FoxA 
are also required for the bacterial virulence [(56) and our study 
here]. Therefore, antibodies against FpvA, HasR, and FoxA 
might promote opsonic phagocytosis, block iron acquisition, 
and repress bacterial virulence, which makes them promising 
vaccine candidates. However, immunization with FpvA, HasR, 
and FoxA did not confer protection against lung infection. 
After immunization of mice, iron uptake proteins did not 
elicit protective antibodies (Figures  5A–D), which might be 
due to the poor immunogenicity of the denatured proteins 
or insufficient amount of antigens. Refolding these proteins 
in liposomes might elicit antibodies recognizing the exposed 
portion of them. Numerous detergents and lipids have been 
used in protein refolding, such as dodecylphoshocholine, 
1-myristoyl-2-hydroxy-sn-glycero-3-phosphocholine, N,N-
dime thyldodecylamine-N-oxide, DHPC, etc. Further studies are 
required to find out the optimum in vitro refolding conditions 
and biochemical analysis and NMR examinations are required 
to test whether the proteins are folded in the natural structure 
(26). Another option is to overexpress the proteins in attenuated 
P. aeruginosa or Salmonella.

Overall, we developed a strategy to identify potential vaccine 
candidates and demonstrated protection against P. aeruginosa 
lung infection by intranasal immunization with refolded OprH. 
Combination of OprH with other antigens might further increase 
the protective efficacy and thus warrants further study.

eThics sTaTeMenT

All animal studies complied with National and Nankai University 
guidelines regarding the use of animals in research. All animal 
experiment protocols have been approved by the institutional 
animal care and use committee of the College of Life Sciences of 
Nankai University (permit number NK-04-2012).

aUThOr cOnTriBUTiOns

Conceived and designed the experiments: WW, CL, SJ, and GP. 
Performed the experiments: CL, XP, BX, and FC. Analyzed the 

data: CL, WW, SJ, YJ, FB, ZC, and GP. Wrote the paper: CL, WW, 
and SJ.

FUnDing

This work was supported by National Science Foundation of 
China (31670130, 31370168, 31370167, and 31600110), Program 
of international S&T cooperation (2015DFG32500), Science 
and Technology Committee of Tianjin (15JCYBJC53900 and 
15JCZDJC33000), and the State Key Laboratory of Medicinal 
Chemical Biology (2017005). The funders had no role in study 
design, data collection and interpretation, or the decision to 
submit the work for publication.

sUPPleMenTarY MaTerial

The Supplementary Material for this article can be found online at 
https://www.frontiersin.org/articles/10.3389/fimmu.2018.01737/
full#supplementary-material.

FigUre s1 | Colonization of indicated strains in the murine acute pneumonia 
model. Mice were infected by the bacteria intranasally. 12 h postinfection, the 
bacterial loads in the lungs were determined by plating. Bars represent medians, 
and error bars represent SEM.

FigUre s2 | Coomassie brilliant blue staining after SDS-PAGE of purified 
proteins. (a) SDS-PAGE of the purified His-HasR, His-FoxA, and His-FpvA.  
(B) SDS-PAGE of the purified N-terminal 6× His-tagged OprH.

FigUre s3 | SDS-PAGE analysis of the refolded OprH with or without boiling in 
the SDS-PAGE loading buffer.

FigUre s4 | Opsonophagocytic uptake assays with wild-type PA14. Bacteria 
were premixed with sera from mice immunized with the mixture of the iron 
acquisition proteins and then incubated with bone marrow-derived macrophage 
(BMDM). Values represent the mean total viable colonies captured by BMDM 
from three replicates for each sample.

FigUre s5 | Enzyme linked immunosorbent assay (ELISA) of OprH to determine 
the subtype of immunoglobulin induced by OprH in lungs of immunized mice. 
Three weeks after the last immunization, bronchoalveolar lavage fluids (BALFs) 
were collected from the immunized mice and the antibodies against OprH were 
examined by ELISA. Each point is the average of duplicates using pooled BALFs 
from five mice, and error bars are SDs.

FigUre s6 | Binding of C3 to OprH in the presence of antibodies against OprH. 
(a) The purified OprH was run on SDS-PAGE gel and transferred to a PVDF 
membrane. The membrane was incubated with heat-inactivated sera (1:2,000) 
from mice immunized by DHPC or OprH for 1 h at room temperature. After 
washing with PBST for four times, the membrane was incubated with human 
serum (1:500 dilution) for 30 min. Then the membrane was incubated with a 
rabbit anti-C3 antibody. (B) Western blotting was conducted with the same 
amount of OprH samples with an anti-His antibody. After exposure, the average 
intensity of each band was calculated by ImageJ. The value of the sample 
incubated with human sera was divided by the value of that probed with the 
anti-His antibody (c).

TaBle s1 | RT-PCR primers.

TaBle s2 | Relative expression levels of outer membrane proteins.

TaBle s3 | Relative gene expression levels in individual mouse.

TaBle s4 | Expression levels of selected genes relative to rpsL (internal control).
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