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ARTICLE INFO ABSTRACT

Pseudomonas aeruginosa is a common nosocomial pathogen in burn patients, and rapidly acquires antibiotic
resistance; thus, developing an effective therapeutic approach is the most promising strategy for combating
infection. Type III secretion system (T3SS) translocates bacterial toxins into the cytosol of the targeted eu-
karyotic cells, which plays important roles in the virulence of P. aeruginosa infections in both acute pneumonia
and burn wound models. The PcrV protein, a T3SS translocating protein, is required for T3SS function and is a
well-validated target in animal models of immunoprophylactic strategies targeting P. aeruginosa. In the present
study, we evaluated the protective efficacy of chicken egg yolk antibodies (IgY) raised against recombinant PcrV
(r-PcrV) in both acute pneumonia and burn wound models. R-PcrV protein was generated by expressing the pcrV
gene (cloned in pET-28a vector) in E. coli BL-21. Anti-PcrV IgY was obtained by immunization of hen. Anti-PcrV
IgY induced greater protection in P. aeruginosamurine acute pneumonia and burn wound models than control IgY
(C-IgY) and PBS groups. Anti-PcrV IgY improved opsonophagocytic killing and inhibition of bacterial invasion of
host cells. Taken together, our data provide evidence that anti-PcrV IgY can be a promising therapeutic can-
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didate for combating P. aeruginosa infections.

1. Introduction

Patients with burn wound infection caused by P. aeruginosa often
suffer from high morbidity and mortality, which present a major
challenge to healthcare systems throughout the world (Azzopardi et al.,
2014). Multi-drug resistant (MDR) P. aeruginosa strains are pre-
dominant pathogens of burn wounds, and show remarkable ability to
survive in various hospital environments, and cause widespread noso-
comial outbreaks in hospital burn units worldwide, mainly by devel-
oping resistance to a wide spectrum of antimicrobial agents and pro-
ducing various virulence factors (Falagas and Kopterides, 2006).
Consequently, P. aeruginosa has recently been included in the World
Health Organization (WHO) list of “Critical” priority pathogenic bac-
teria that pose the greatest threat to human health (Standley et al.,
2017). Burn wounds infected with MDR-P. aeruginosa remain notor-
iously difficult to treat since P. aeruginosa can quickly disperse into
deeper tissues causing sepsis and systemic infections, leading to high
mortality (Ahmadi et al., 2017; Douglas et al., 2001; Mudau et al.,
2013). The high mortality of burn wound Pseudomonas infections,
combined with the paucity of effective antimicrobial agents (D’Avignon
et al., 2010; Douglas et al., 2001; Mudau et al., 2013), highlights the
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urgent need for designing effective therapeutic approaches, such as
vaccines, to aid the treatment and control of MDR-P. aeruginosa infec-
tions among patients and healthcare facilities worldwide.

Chicken egg yolk immunoglobulins (IgY) have been known as an
economical and excellent source of polyclonal antibodies, which typi-
cally have no immunological cross-reactivity with mammalian IgG and
the complement system; thus, IgY does not activate adverse in-
flammatory responses (Warr et al., 1995). In addition, the non-invasive,
low-cost and simple collection method of IgY from egg yolks as well as
high levels of antigen-specific production yield (up to 7 mg/ml of egg
yolk) without side effects or disease resistance highlights a number of
advantages over mammalian IgG antibodies, making it a favorable
therapeutic agent to control infectious diseases (Tini et al., 2002). IgY
has greater binding avidity to target antigens and can also be produced
against conserved mammalian proteins more easily and successfully
than IgG antibodies due to the evolutionary divergence between
mammals and birds (Gassmann et al., 1990; Ikemori et al., 1993). IgY
has been effectively eliminating infectious diseases in animals and also
oral immunotherapy by gargling with anti-P. aeruginosa IgY antibodies
decrease chronic colonization of P. aeruginosa in CF patients (Nilsson
et al., 2008). In addition, the effective IgY immunotherapy has been
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successful in preventing gastrointestinal infections (Rahman et al.,
2012), as animal models demonstrated a favorable clinical impact of
IgY therapy on influenza virus infection (Nguyen et al., 2010; Wallach
et al.,, 2011) as well as the potential benefit of anti-P. aeruginosa IgY
prophylaxis in non-chronically infected CF patients. The observed
substantial clinical efficacy of IgY immunotherapy is associated with
interference between pathogen and host epithelial cell interactions (Li
et al., 2015; Rahman et al., 2013).

Most clinical isolates of P. aeruginosa possess type III secretion
system (T3SS), which is a crucial virulence factor that contributes to the
pathogenesis of P. aeruginosa in acute pneumonia and burn wound in-
fection (Veesenmeyer et al., 2009). For instance, studies have shown
that T3SS mutants of P. aeruginosa have lower virulence in terms of
persistence in tissue as well as invasiveness, i.e. ability to directly inject
effector molecules into host cells and disrupt cellular functions (Holder
et al., 2001a). The P. aeruginosa V-antigen (PcrV) is an extracellular
translocating conserved protein of the T3SS, which is essential for
translocation of effector molecules that kill host epithelial cells (Song
et al., 2012a). PcrV is a highly conserved protein of P. aeruginosa T3SS
that stimulates innate and adaptive protective immune responses in
both animal and human (Priebe and Goldberg, 2014). Anti-PcrV anti-
bodies universally inhibit translocation of type III secretory toxins to
host cells (Frank et al., 2002). Recently, it has been demonstrated that
the phase II trial of KB0O1, a recombinant anti-PcrV Fab fragment, re-
duced airway inflammation and damage in CF patients with chronic P.
aeruginosa infection (Sawa et al., 2014). In addition, antibodies to PcrV
have been shown to exhibit potent, antibody-dependent complement-
mediated, and opsonophagocytic killing activity against P. aeruginosa
and protect infected animals from acute lung injury, bacteremia, and
sepsis (Baer et al., 2009). Furthermore, studies have shown that active
immunization with PcrV vaccine can provide enduring protection
against P. aeruginosa infections in the lungs as well as burn wounds
(Holder et al., 2001a; Nilsson et al., 2008; Sato and Frank, 2011; Sawa
et al,, 1999). In the present study, we have tested whether passive
immunization with anti-PcrV IgY will inhibit the invasion of PA strains
and induce opsonophagocytic killing to reduce mortality of infected
mice with P. aeruginosa in both acute pneumonia and burn wound
models.

2. Materials and methods
2.1. Bacterial strains and cultures

We used P. aeruginosa PAO1 strain to produce and purify PcrV
proteins. PAO1 strain was kindly provided by the Central Medical
Laboratory Services of the Burn Research Center (Tehran, Iran). Luria-
Bertani (LB) medium, MacConkey agar (MAC), trypticase soy agar
(TSA), and tryptic soy broth (TSB; all from Merck, Germany) were used
for culture of P. aeruginosa strains.

2.2. Animal experiments, human cell culture assays and ethics committee
approvals

Female 6-8-week-old BALB/C mice were purchased from the Royan
Institute (Tehran, Iran). The 25 weeks old, brown Leghorn hens were
purchased from Shahed University. All animal experiments were con-
ducted in accordance with the protocols approved by the Animal Ethics
Committee of Shahed University.

Human polymorphonuclear leukocytes (PMNs) were isolated from
heparinized venous blood of healthy laboratory workers after obtaining
consent. PMNs were purified by dextran sedimentation and Ficoll-
Hypaque gradient centrifugation, as previously described (Boyum,
1968; Hatano et al., 2009). Cell viability and purity (> 95%) were
determined using the trypan blue exclusion assay.
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2.3. Preparation of recombinant protein

Specific primers were designed for the full-length PcrV-encoded
gene (pcrV) of P. aeruginosa (GenBank Accession No: NC 002516.2),
(forward 5’-CACGGAATTCATGGAAGTCAGAAACCTTA-3’; reverse 5’-
ACCTAAGCTTCTAGATCGCGCTGAGAATG-3’). Amplifications were
carried out using Pfu DNA polymerase (Fermentas, Lithonia) and the
conditions were as: 94 °C for 5 min, followed by 30 cycles of 94 °C for
30s, 61.6 °C for 30s, 72 °C for 1 min, and a final extension at 72 °C for
5 min. The gene was inserted into an expression vector pET28a, in the
frame with a T7 promoter, kanamycin-resistant gene and the N-term-
inal six-His-tagged sequence. HindIIl and EcoRI (Fermentas, Lithonia)
restriction sites were located at the 5" end pcrV gene, respectively. The
recombinant gene construct was overexpressed, and the protein was
affinity purified by a Ni-NTA agarose-based procedure following an on-
column re-solubilization protocol, as previously described (Behrouz
et al., 2016; Goudarzi et al., 2009; Korpi et al., 2015). The purified
recombinant protein was confirmed by Western blotting with mouse
anti-His tag monoclonal antibody, as previously described (Behrouz
et al.,, 2016). The presence of the pcrV gene recombinant construct
(pET-28a/pcrV) was verified by HindIIl and EcoRI digestion (Fig. S1).
The protein expression of E. coli BL21 (DE3) carrying recombinant
vector was induced with IPTG (1 mM). The PcrV was successfully
purified by Ni-NTA affinity chromatography and 57 mg of highly pur-
ified r-PcrV was obtained from one liter of the induced culture. As il-
lustrated in Fig. S1, based on western blot analysis, anti-His monoclonal
antibody reacted specifically with a ~38 kDa protein in E. coli BL21
(DE3) lysates, corresponding to r-PcrV.

2.4. Preparation of anti-PcrV IgY antibodies

The hens were immunized intramuscularly with 150 pg of the r-PerV
in complete Freund’s adjuvant (1:1; Sigma, USA) administered sub-
cutaneously and boosted twice with 150 pg of the r-PerV in incomplete
Freund’s adjuvant (1:1) at weeks 2 and 4. Two weeks after the last
injection, the laid eggs were collected daily for 5-6 month and stored at
4 °C. The egg yolk was separated, pooled, and frozen prior to purifica-
tion of IgY. Isolation of anti-PcrV IgY antibodies was performed as
described previously (Akita and Nakai, 1993). The separated egg yolk
was mixed with distilled water (pH 5) at —70°C for 16 h and then
filtered with Whatman cellulose filter paper (Sigma-Aldrich) to remove
egg yolk fat. The suspension was mixed with 8.8% NaCl at pH 4 for 2h
and then centrifuged at 3380 g for 20 min. The pellet was dissolved in
phosphate-buffered saline (PBS, pH 7.4), subsequently dialyzed against
PBS with a molecular weight cutoff of 12kDa overnight. Purity and
yield of IgY were monitored at various stages and determined by 9%
(w/v) SDS-PAGE (Bio-Rad, USA), followed by Coomassie Brilliant Blue
G-250 staining. The total amount of IgY was quantitatively measured
using a NanoDrop 2000 spectrophotometer system (Thermo Scientific,
USA). The IgY raised against PcrV was precipitated by NaCl and 95 mg
of anit-PcrV IgY was obtained per egg (Fig. S2).

2.5. Specificity of IgY antibodies

The specificity of IgY antibodies raised against the r-PcrV was
analyzed by immunoblots using crude cell lysates prepared from PAO1
culture. Whole-cell lysate of PAO1 strain was electrophoresed by SDS-
PAGE with 12.5% polyacrylamide mini-gels, and then transferred onto
polyvinylidene fluoride (PVDF) membranes (Hi-bond Amersham
Biosciences, USA) using a semi-dry blotting apparatus at 15V/10 min
(Labconco, Kansas City, MO, USA). The protein was electro-transferred
to PVDF membranes (Invitrogen) in a semi-dry transfer cell at 15V/
10 min (Trans-Blot®SD, Bio-Rad, USA) and washed with tris-buffered
saline with Tween 20 (TBS-T) containing 20 mM Tris-HCl (pH 7.4),
0.5M NacCl, and 0.05% Tween 20 (Merck, Germany). Membrane blots
were blocked for 1h with PBS and 1% (w/v) skim milk, and then


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=NC_002516.2

M. Ranjbar, et al.

incubated with anti-PcrV IgY, with 1:10,000 diluted HRP-conjugated
rabbit anti-IgY antibody (Sigma-Aldrich). After several TBS-T washes,
the membranes were developed using a 3,3'-Diaminobenzidine sub-
strate (DAB, Sigma-Aldrich). Membrane blots were de-stained with 50%
methanol plus 7% acetic acid (5-10min RT). The images of DAB-
stained blots were captured by a digital camera.

2.6. Assessment of IgY antibody titers

Antigen-specific IgY titers against whole-cell P. aeruginosa, as well
as r-PcrV were assessed by ELISA. Antigen-specific ELISA assays were
designed by coating 96-well microtiter plates (Nunc, USA) with either
whole cell P. aeruginosa or r-PcrV, as described previously
(DiGiandomenico et al., 2004). Briefly, 100 uL of whole-cell P. aerugi-
nosa or r-PcrV (10 pug/mL in PBS) was incubated overnight at 4 °C,
washed with 0.5% Tween-PBS (T-PBS), and blocked with PBS + 3%
bovine serum albumin (Sigma-Aldrich). Different concentrations of IgY
antibodies were incubated overnight at 4 °C, washed 3X with T-PBS,
and 100 pL of 1:7000-diluted HRP-conjugated rabbit anti-IgY antibody
was incubated (1 h, RT). Plates were then washed five times with T-
PBS, and TMB substrate (Sigma-Aldrich) was added (100 pL/well;
30 min. at RT). Color development was stopped with 2M H,SO,4, and
the absorbance at 405 nm (OD4gs) was measured.

2.7. Invasion assay of P. aeruginosa strain

To determine the ability of IgY antibodies raised against r-PcrV to
inhibit invasion of the A549 cell line by P. aeruginosa, a gentamicin
protection assay was performed, as previously described (Neville et al.,
2005). Briefly, IgY antibodies were mixed with PAO1 strain (107 CFUs)
and then added to confluent A549 cells seeded in a 24-well plate
(Nunc). Gentamicin was then added to kill extracellular bacteria, and
the plates were incubated for 1h, followed by quantification of PAO1
strain released from lysed cells. IgY from non-immunized hens (C-IgY)
and PBS were used as negative controls.

2.8. Opsonophagocytic assay

The opsonophagocytic (OP) activity assay was performed, as de-
scribed previously (Laghaei et al., 2016). Briefly, bacterial cultures
were grown in TSB and incubated at 37 °C until the ODg5 reached 0.20.
PMNs concentration was adjusted to 2 x 10° cells/mL in RPMI-1640
medium (Gibco, Germany) containing 10% FBS and 25mM HEPES.
Different concentrations of anti-PcrV IgY antibodies were incubated
(90 min) with fresh infant rabbit serum [complement source; affinity-
purified at 4 °C (1 h) using target P. aeruginosa strain]. In the next step,
samples (50 uL) were lysed with Triton X-100 (Merck), and serially
diluted in 100-uL of T-PBS, and grown on TSA plates (triplicates), and
bacterial colonies were enumerated. Negative controls consisted of
100 mL of RPMI-1640 medium/fetal calf serum [instead of antibodies],
complement, and PMNs. The opsonic activities of anti-PcrV IgY anti-
bodies were compared with that of control IgY (C-IgY), and OP activity
was calculated as follows:

OP activity (%) = [1 — (bacterial CFUs of anti-PcrV IgY at 90 min/
bacterial CFUs of C-IgY at 90 min)] x 100.

2.9. Murine burn infection model

The mice were burned and challenged as depicted by Stieritz and
Holder (Neely et al., 1999). Briefly, mice were anesthetized and their
backs were shaved. A burn wound covering 12%-15% of the body
surface area was formed on their back using a 15s ethanol flame. Im-
mediately after the burn, 0.4 mL acetaminophen (0.25mg/mL) was
administered intraperitoneally as an analgesic, plus 0.5mL of sterile
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saline to replace fluids. Infection challenge experiments were carried
out using indicated P. aeruginosa strains as described previously (Neely
et al., 1999); using 9 mice /group. Briefly, approximately 5 min after
induction of burn wound, the site was subcutaneously injected with
3-5 x 107 CFUs of P. aeruginosa. Antibodies raised against PcrV were
administered intraperitoneally as follows: prophylaxis (preinfection,
1 mg at 2 h before infection), therapeutic (postinfection, 1 mg 2 h after
infection and 0.5 mg daily for 3 days), or combined (1 mg 2h before
infection and 0.5mg daily for 3 days after infection). Ceftazidime
(0.5mg) was administered intraperitoneally 4h after infection and
twice daily for 3 days. Moreover, in another experiment, the mice were
challenged subcutaneously at the burn site with P. aeruginosa that were
preincubated with 0.1 and 10 mg of anti-PcrV IgY antibodies. During
survival rate studies, all immunized and challenged mice were mon-
itored twice a day for seven days post-challenge.

2.10. P. aeruginosa acute pneumonia mouse model

Mice were challenged i.n with 2 x 10” CFU of P. aeruginosa PAO1
strain that was preincubated with 0.1 and 1 mg of anti-PcrV IgY anti-
bodies directly into each nostril (Priebe et al., 2008; Wu et al., 2012).
All mice were closely monitored for one week.

2.11. Statistical analysis

Statistical analyses were performed by GraphPad Prism 6
(GraphPad Prism version 6.00 for Windows, GraphPad Software, La
Jolla California USA). Data were analyzed by one-way analysis of var-
iance with Tukey’s multiple comparison test. Survival data for different
mouse groups were analyzed using the Mantel-Cox log-rank test.
Results were expressed as the Mean + Standard Deviation (SD), and p-
value of < 0.05 was considered statistically significant.

3. Results
3.1. Specificity of IgY raised against r-PcrV

The specificities of IgY raised against r-PcrV were further verified
using an indirect ELISA to analyze whole cell lysate. As shown in
Fig. 1A-B, the IgY antibodies levels of hen immunized with r-PcrV
against whole live cells of P. aeruginosa PAO1 strain or recombinant
protein were significantly higher than those of C-IgY (P < 0.01). Also,
the reactivity of IgY against live whole-cells of P. aeruginosa PAO1
strain or r-PcrV was significantly reduced by decreasing the con-
centration of IgY antibodies from 20 to 2.5pug (P < 0.01, Fig. 1A-B).
There was no significant difference between anti-PcrV IgY antibodies at
concentration 1.25ug and C-IgY (P > 0.05).

3.2. IgY raised against r-PcrV decrease the invasiveness of PAO1 strain

The inhibitory effects of IgY raised against r-PcrV on the invasion of
A549 cells by PAO1 strain (Fig. 2) decreased in a dose-dependent
manner. In contrast, IgY raised against r-PcrV, at 0.5 and 0.25 mg/mL
decreased the invasion efficiencies of PAO1 (30.61% invasion,
P < 0.05) more significantly than 1 and 2 mg/mL of anti-PcrV IgY and
controls (73.80% invasion, Fig. 2). In the presence of 1 and 2 mg/mL of
IgY raised against r-PcrV, invasion efficiencies of PAO1 were 25% and
38%, respectively, which was significantly higher than those of C-IgY
and PBS (P < 0.05 vs. C-IgY and PBS, Fig. 2). In addition, C-IgY at
250 pg/mL reduced the invasion efficiencies of PAO1 (60% invasion,
P < 0.05) more significantly than PBS (92% invasion, Fig. 2). In ad-
dition, in the presence of 0.05 and 0.1 mg/mL of anti-PcrV IgY, invasion
efficiencies of PAO1 were 58% and 55%, respectively, which was sig-
nificantly higher than those of PBS (P < 0.05). There was no sig-
nificant difference between 0.05 and 0.1 mg/mL of anti-PcrV IgY and C-
IgY (P > 0.05).
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Fig. 1. An indirect ELISA was used to determine the reactivity of IgY antibodies against r-PcrV with the P. aeruginosa strain PAO1 (A) and r-PcrV (B). C-IgY served as
negative controls. Values represent the mean of triplicate independent experiments + standard deviation (SD). * P < 0.05.
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Fig. 2. The effects of IgY antibodies raised against PcrV on the invasion of A549
cells by P. aeruginosa PAO1 strain. PAO1 strain was incubated with different
amounts of IgY antibodies (0.05, 0.1, 0.25, 0.5, 1 and 2 mg/mL). C-IgY and PBS
served as negative controls. Values represent the mean of triplicate independent
experiments *+ SD. * P < 0.05.

3.3. IgY raised against r-PcrV has high opsonophagocytic activity against P.
aeruginosa

Since opsonophagocytic (OP) activity is essential to eradicate local
and systemic P. aeruginosa infection, we assessed the in vitro OP activity
of anit-PcrV IgY antibodies. As shown in Fig. 3, the presence of 250 and
500 pg/mL of anti-PcrV IgY antibodies significantly promoted the op-
sonophagocytosis of PAO1 strain (58%, P < 0.05) compared with other
concentrations of anti-PcrV IgY and C-IgY. In the presence of 0.05 and
0.1 mg/mL of anti-PcrV IgY, opsonophagocytosis of PAO1 strain was
significantly promoted (~48%, P < 0.05) compared with PBS. There
was no significant difference between 0.05 and 0.1 mg/mL of anti-PcrV
IgY and C-IgY (P > 0.05). Also, no significant difference was observed
regarding in vitro OP activity between 0.25, 0.5, 1, 2mg/mL of anti-
PcrV IgY and C-IgY (P < 0.05, Fig. 3).

3.4. Anti-PcrV IgY protects P. aeruginosa-infected mice and helps them
survive

To evaluate the efficacy of anti-PcrV IgY immunotherapy to protect
mice against P. aeruginosa infection, we compared the survival rates of
C-PBS and C-IgY mice infected with PAO1 strain versus mice that were
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Fig. 3. Comparative analysis of opsonophagocytic killing activity against P.
aeruginosa strain PAO1 by different amounts of IgY raised against r-PcrV.
Opsono killing activity is measured by incubating anti-PcrV IgY antibodies with
PAOL1 strain with PMNs in the presence of rabbit complement. C-IgY and PBS
served as controls. Data represent the Mean + SD of triplicate independent
experiments *+ SD. * P < 0.05.

passively immunized with the anti-PcrV IgY (Fig. 4A-D). Moreover,
prophylactic, therapeutic and combined administration of IgY anti-
bodies against r-PcrV achieved 10% survival when mice were chal-
lenged with strain PAO1 (Fig. 4A-C). The survival rates of infected mice
with neutralized P. aeruginosa with 0.1 and 10 mg of anti-PcrV IgY were
determined 22% and 33%, respectively, while none of the C-PBS and C-
IgY mice survived P. aeruginosa wound infections. All non-infected “C-
Burn” mice survived for up to 9 weeks (data not shown).

3.5. Anti-PcrV IgY promote protection against P. aeruginosa lethal
pneumonia

The survival rates of intranasally infected mice with neutralized P.
aeruginosa with 0.1 and 1 mg of anti-PcrV IgY were determined 71.42%,
while none of the C-PBS and C-IgY mice survived P. aeruginosa acute
pneumonia (Fig. 5).

4. Discussion

The goal of this study was to evaluate the efficacy of a novel anti-
PcrV IgY antibody against P. aeruginosa acute pneumonia and burn
wound infection in murine models. P. aeruginosa commonly causes life-
threatening burn wound infections that are very difficult to treat;
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mainly due to the emergence of antimicrobial resistance and the pro-
duction of virulence factors (Aloush et al., 2006; Banadkoki et al., 2016;
Saffari et al., 2017). The remarkable ability of P. aeruginosa to survive
and spread within patients combined with the scarcity of effective an-
timicrobial agents underscores the urgent need for alternative ap-
proaches to the treatment of burn wound infection, such as therapeutic
vaccines (Holder, 2004). To date, numerous antigens have been eval-
uated as vaccine candidates against this formidable pathogen with
varied outcomes (Behrouz et al., 2017; Golpasha et al., 2015; Manafi
et al., 2009; Mansouri et al., 2003; Mousavi et al., 2016). Among P.
aeruginosa antigens that show validated vaccine potential, PcrV proteins
(individually, or in combination with antibiotic) hold the greatest
promise; because they not only evoke effective innate immune re-
sponses; but also virtually all pathogenic strains of P. aeruginosa express
this protein, which is essential in the pathogenesis of P. aeruginosa
within the host (Holder et al., 2001a; Nilsson et al., 2008; Sato and
Frank, 2011; Sawa et al., 1999).

In the present study, we have used acute pneumonia and burn
wound mouse models to show that anti-PcrV IgY antibodies provide
protection against potentially lethal P. aeruginosa infections. Our data
revealed that challenged mice in both infection models were protected
and their survival rates were higher than control groups. The results of
the burned mouse model indicated that neutralization of P. aeruginosa
by anti-PcrV IgY antibodies led to an increase of 33% in the survival
rate of mice compared to the control group. Our findings are consistent

100-
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with Holder et al (Neely et al., 2005a) who showed passive im-
munization with rabbit anti-PcrV IgG antibodies led to an increase of
33% in the survival rate of burned mice after challenge with P. aeru-
ginosa. In addition, Holder et al. showed that active immunization with
PcrV combined with anti-toxin A antibody therapy increased the sur-
vival rate of burned-infected mice to 40% (Holder et al., 2001a).
Moreover, the low efficacy of anti-PcrV IgY antibodies in prophylaxis,
treatment or combined intraperitoneal administration may be due to its
incapability to trap or neutralize P. aeruginosa to prevent colonization
in the target organ and cause a systemic lethal infection. On the other
hand, not all bacteria are affected by anti-PcrV IgY antibodies and, after
some time, they colonize in the target organ and cause lethal infection.
Thus, we only observed an extended survival time in mice of treatment
and prophylaxis group compared to the control group. Moreover, it
seems that the highest protection in the neutralization of P. aeruginosa
by anti-PcrV IgY antibodies due to it prevents bacterial colonization and
invasion in the host organ. It was previously found that high hydro-
phobicity of anti-PerV IgY antibodies aggregates bacteria, therefore,
facilitating the clearance and phagocytosis by the host immune cells
(Thomsen et al., 2015a). In addition, it was suggested that chicken IgY
antibodies have inhibitory effects in bacterial pathogenesis and can be
used as adjunct therapy to improve the antibiotic action. Furthermore,
we tested whether anti-PcrV IgY antibodies therapy is able to increase
the survival of P. aeruginosa infected mice in acute pneumonia model.
Our findings reveal that anti-PcrV IgY antibodies provide robust

Fig. 5. Protective activity IgY antibodies against PcrV lethal
pneumonia due to P. aeruginosa PAO1. Kaplan—-Meier curves
were plotted for mice (n = 7), which were challenged by
2 x 10°CFUs of P. aeruginosa PAO1 strain that was pre-
incubated with 0.1 and 1mg of anti-PcrV IgY antibodies.
Survival rates were monitored for seven days. * P < 0.05
(Mantel-Cox log-rank test).
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protection against P. aeruginosa in acute pneumonia model. In fact,
noting the survival rate (70%) among treated mice that were challenged
with P. aeruginosa, the anti-PcrV IgY antibodies efficacy surpasses the
effects of anti-PcrV IgY antibodies against P. aeruginosa burn wound
infection. Results from the survival rates indicate that neutralization of
P. aeruginosa by anti-PcrV IgY antibodies mounts a high protection level
against P. aeruginosa, leading to the eventual clearance of P. aeruginosa.
We speculate that the IgY antibodies act against PcrV virulence factor of
P. aeruginosa, and interfere with the early stages of its pathogenesis like
lung invasion, as well as the later stages such as systemic dissemination
to organs (Dacheux et al., 2001; Sawa et al., 1999). Interestingly, the
data showing the significant increase in the survival of anti-PcrV IgY
antibodies-treated mice corresponds well with the enhanced specific
opsonophagocytic activity, accompanied by the substantial reduction in
bacterial invasion.

In the murine model, we show that passive therapy with anti-PcrV
IgY antibodies led to robust protection, as elucidated by elevated op-
sonic killing and anti-invasion activities of IgY antibodies against P.
aeruginosa, which confer effective protection against lethal infection by
P. aeruginosa strains. This outcome is consistent with reports that
monoclonal or polyclonal anti-PcrV antibody has an inhibitory effect on
T3SS and increases bacterial clearance, which ultimately leads to pro-
tecting against P. aeruginosa infections and preventing sepsis and rat
death in acute pneumonia models (Frank et al., 2002; Sato and Frank,
2011). In evaluating the in vitro opsonic killing activity of IgY anti-
bodies against P. aeruginosa, we found that anti-PcrV IgY antibodies
have specific opsonic activity against P. aeruginosa. It has been recently
demonstrated that phagocytosis of IgY-opsonized P. aeruginosa is not
promoted via the surface receptors of polymorphonuclear cells, since
this antibody is not capable of binding to the FCR on the mammalian
cell surface (Schade et al., 2005). In addition, the hydrophobic nature of
IgY antibodies leads to physical alteration, immobility and formation of
P.aeruginosa aggregates, which ultimately facilitates the phagocytic
activity of polymorphonuclear cells (Thomsen et al., 2015b). Similarly,
it was revealed that some antibiotics such as Aztreonam increase hy-
drophobicity and facilitate phagocytosis via alteration of the bacterial
cell wall (Pruul et al., 1988a). This suggests that anti-PcrV IgY anti-
bodies inhibit essential P. aeruginosa virulence factor; PcrV, which fa-
cilitates bacterial colonization, invasiveness, and the eventual systemic
spread of P. aeruginosa in acute pneumonia and burn wound mouse
models (Holder et al., 2001a; Neely et al., 2005a; Sawa et al., 2014;
Shime et al., 2001a). It is worth mentioning that increasing the con-
centrations of anti-PcrV IgY antibodies lead to a decrease in opsono-
phagocytosis of P. aeruginosa. The effective concentration of IgY anti-
bodies has been varied to improve opsonophagocytic killing activity
against pathogenic bacteria (Thomsen et al., 2015b; Zhen et al., 2008).
Zhen et al demonstrated that 10 mg/mL of anti-Staphylococcus aureus
IgY antibodies improve the opsonophagocytic killing activity against
bacteria however concentration lower than 1mg/mL of the IgY S.
aureus shows no significant opsonophagocytic killing activity against
bacteria compared to control (Zhen et al., 2008). In addition, the pro-
portion of viable P. aeruginosa PAO1 at a concentration of 1:10 (anti-
bodies: media) of anti-P. aeruginosa IgY antibodies was reduced by 87%
and by 79% in comparison to C-IgY opsonized bacteria (Thomsen et al.,
2015b). It is worth mentioning that due to the hydrophobic nature of
IgY antibodies, the concentration of IgY antibodies is the critical factor
in the effective opsonic killing activity of IgY antibodies against P.
aeruginosa (Pruul et al., 1988b). Moreover, lower concentrations of anti-
PcrV IgY antibodies resulted in maximal inhibition of P. aeruginosa in-
vasion of A549 cells, which indicated a key role in reducing the local
and systemic distribution of P. aeruginosa. It seems likely that due to the
hydrophobic nature of IgY, antibodies form aggregates in higher con-
centrations; thus, fewer antibodies bind to bacteria to inhibit invasion
(Tini et al., 2002). The effective concentration of IgY antibodies has
been varied to provide optimal inhibitory effects against the invasion of
pathogenic bacteria. (Borhani et al., 2015; Pizarro-Guajardo et al.,
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2017). Borhani et al. showed that 0.5 and 1 mg/mL of anti-OipA IgY
had the optimal inhibitory effects towards the attachment and invasion
of H. pylori to AGS cells and 0.1 mg/mL of anti-OipA IgY had no sig-
nificant effects on attachment of bacteria to AGS cells compared to
control (Borhani et al., 2015). IgY Specific to Clostridium difficile
R20291 spores at a concentration of 0.6 mg/mL effectively reduced
adherence and invasion of C. jejuni to intestinal epithelial cells and by
increasing concentration of IgY to 1.2 mg/mL, the adherence and in-
vasion of C. jejuni to intestinal epithelial cells was augmented (Pizarro-
Guajardo et al., 2017). The opsonophagocytosis activity of C-IgY could
be due to the exposition of chickens with P. aeruginosa, which is a
ubiquitous environmental bacterium. The observation that IgY anti-
bodies have nonspecific impacts, as demonstrated by the effects of C-
IgY on the cell invasion and bacterial killing, may be rationalized by the
polyclonal nature of IgY encompassing cross-reactivity, which may as-
sist in controlling colonization with non-P. aeruginosa pathogens
(Thomsen et al., 2015b). Our result has underlined the importance of
dose and time of chicken antibody administration. Given the me-
chanism of protective effects of chicken antibodies, they could be more
effective in mucus and gastrointestinal tract; this could be the reason
that systematic administration of antibodies in treating bacterial in-
fection was not the focus of previous studies (Ebina et al., 1990; Ikemori
et al., 1997; Jahangiri et al., 2018; Nilsson et al., 2008; Owusu-Asiedu
et al., 2002; Schade et al., 2005; Shin et al., 2002; Vega et al., 2011;
Wiedemann et al., 1990). Thus, anti-PcrV IgY antibodies showed a great
activity against P. aeruginosa strains and interfere with the P. aeruginosa
virulence factor for improving the opsonophagocytic killing and in-
hibiting cell invasion of P. aeruginosa.

Previous studies have shown that passive immunization with rabbit
polyclonal anti-PcrV IgG, murine monoclonal anti-PcrV IgG mAb166,
and mAb166 Fab fragments raised against either full-length or partial-
length of PcrV protein provides robust protection against P. aeruginosa
in acute pneumonia model (DiGiandomenico et al., 2014; Holder et al.,
2001b; Imamura et al., 2007; Kinoshita et al., 2016; Neely et al., 2005b;
Shime et al., 2001b; Warrener et al., 2014). In another strategy, the
administration of monoclonal anti-PerV antibody in combination with
an antibiotic confers synergistic protection against large numbers of
highly virulent MDR P. aeruginosa strains, which cause airway and
systemic infections (Song et al., 2012b). More recent evidence high-
lights that targeting the P. aeruginosa PcrV with KB0O1, a recombinant,
PEGylated, engineered, human Fab’ anti-PcrV fragment, reduces airway
inflammation and damage associated with P. aeruginosa chronic pneu-
monia in cystic fibrosis patients (Jain et al., 2018). These observations
indicate that using polyclonal or monoclonal anti-PcrV antibodies can
be regarded as potential non-antibiotic immunostrategies to reduce
airway inflammation and damage in P. aeruginosa pneumonia. How-
ever, IgY antibody, as a candidate for the immunoprophylaxis and
therapy of P. aeruginosa infection, also has general advantages com-
pared to polyclonal and monoclonal IgG. Studies have demonstrated
that the levels of pro-inflammatory cytokines of human lung epithelial
cells treated with IgY were significantly lower than that of human and
goat IgG, indicating that IgYs do not cause inflammatory responses in
lung cells and can thus be safely used for prevention of airway infec-
tions (Kubickova et al., 2014; Thomsen et al., 2016a). In the same
manner, IL-13 and TNF-a, as potent mediators of inflammation, were
significantly reduced in anti-P. aeruginosa IgY-treated mice compared to
controls after 24 h of infection, suggesting a moderation of neutropoi-
esis consistent with reduced numbers of bacteria via opsonophagocytic
process, which ultimately reduced its interaction with the IgY opso-
nized pathogens. Binding of IgY to P. aeruginosa early in the course of
infection prevents the adhesion of bacteria to the oropharynx, which
can prevent bacterial colonization at the mucosal surface in lung dis-
eases (Thomsen et al., 2016a, b). Consequently, CF patients with IgA
deficiency could have a greater susceptibility to bacterial colonization;
thus, passive immunization with IgY could prophylactically augment
mucosal IgA immunity to increase the resistance rate against P.
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aeruginosa colonization (Brett et al., 1990; Thomsen et al., 2016b). As
indicated by the above-mentioned findings, IgY antibodies have great
potential therapeutic applications as compared to IgG for the preven-
tion and treatment of respiratory infections.

In conclusion, here we report that a novel anti-PcrV IgY antibody
qualifies as a therapeutic option against P. aeruginosa infections, since it
elicits robust protective effects that inhibits the invasion of P. aerugi-
nosa. In light of these findings, a thorough evaluation of anti-PcrV IgY
antibodies under controlled clinical settings against a broad spectrum of
P. aeruginosa clinical isolates seems warranted. Purportedly, anti-PcrV
IgY antibodies may work in combination with the current antimicrobial
therapies, as an alternative approach towards effective control of life-
threatening P. aeruginosa infections. Our results reinforce the promise
that, perhaps soon, clinical applications of passive immunotherapy
using a specific IgY against P. aeruginosa PcrV can be scaled-up to in-
expensively produce large amounts of antibodies under hygienic, con-
venient and humane conditions using egg yolks from immunized laying
hens. This practical approach has the potential to efficiently provide
patients with extended range of protection, and help reduce the high
morbidity and mortality associated with severe infections around the
world.
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