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Anti-Pseudomonas aeruginosa 1gY Antibodies Induce Specific Bacterial
Aggregation and Internalization in Human Polymorphonuclear

Neutrophils

K. Thomsen,? L. Christophersen,® T. Bjarnsholt,® P. @. Jensen,® C. Moser,? N. Hoiby®®

Department of Clinical Microbiology, Rigshospitalet, Copenhagen University Hospital, Copenhagen, Denmark?®; Department of International Health, Immunology and
Microbiology, Faculty of Health Sciences University of Copenhagen, Copenhagen, Denmark®

Polymorphonuclear neutrophils (PMNs) are essential cellular constituents in the innate host response, and their recruitment to
the lungs and subsequent ubiquitous phagocytosis controls primary respiratory infection. Cystic fibrosis pulmonary disease is
characterized by progressive pulmonary decline governed by a persistent, exaggerated inflammatory response dominated by
PMNs. The principal contributor is chronic Pseudomonas aeruginosa biofilm infection, which attracts and activates PMNs and
thereby is responsible for the continuing inflammation. Strategies to prevent initial airway colonization with P. aeruginosa by
augmenting the phagocytic competence of PMNs may postpone the deteriorating chronic biofilm infection. Anti-P. aeruginosa
IgY antibodies significantly increase the PMN-mediated respiratory burst and subsequent bacterial killing of P. aeruginosa in
vitro. The mode of action is attributed to IgY-facilitated formation of immobilized bacteria in aggregates, as visualized by fluo-
rescence microscopy and the induction of increased bacterial hydrophobicity. Thus, the present study demonstrates that avian
egg yolk immunoglobulins (IgY) targeting P. aeruginosa modify bacterial fitness, which enhances bacterial killing by PMN-me-
diated phagocytosis and thereby may facilitate a rapid bacterial clearance in airways of people with cystic fibrosis.

I nnate immunity is vital for controlling primary infection in the
respiratory tract. Activation of cellular constituents in the innate
host response promotes development and differentiation of adap-
tive host mechanisms, and the subsequent synergistic interplay
eliminates encountered pathogens and establishes long-lasting
protective immunity (1). Polymorphonuclear neutrophils (PMNs)
are essential determinants in the innate host response and are
readily recruited to the site of infection. Their immune response is
activated in part by bacterial shedding of immunostimulatory
pathogen-associated molecular patterns (PAMPs), like lipopoly-
saccharide (LPS), DNA, cell wall components, and flagella, which
are recognized by epithelial pattern recognition receptors (PRRs),
such as Toll-like receptors (TLRs), C-type lectin receptors, and the
cytoplasmic NOD-like receptors (NLRs) (2, 3, 4). The stimulation
of PRRs activates downstream pathway signaling through an
adaptor molecule, MyD88, and this leads to nuclear translocation
of the transcription factor nuclear factor kB (NF-kB) (5). NF-kB
activates gene promoters controlling a broad range of cytokines
and initiates the expression of proinflammatory effectors. The subse-
quent expression of tumor necrosis factor alpha (TNF-a) upregulates
the cellular adhesion molecule ICAM-1 on epithelial cells, which is
the ligand for B2-integrin on PMNs, priming the extravasation of
PMN:s (6) to the alveolar lumen, where the cells eventually com-
mence their bactericidal task of phagocytizing and killing pathogens.

Phagocytosis is a sequential process involving recognition of
damaging pathogens, followed by attachment, engulfment, and
degradation. The phagocytic process is greatly enhanced by bac-
terial opsonization, especially with IgG and fragments of comple-
ment effector C3 (7). The engagement of phagocyte receptors and
opsonized bacteria activates cytoskeletal contractile components,
causing invagination of the membrane and extension of pseudo-
pods around the microbe. The consecutive interplay of receptor-
opsonin pairs conducts the engulfment of bacteria within a
phagosome, leading to formation of the phagolysosome by fusion
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of the phagosome and lysosomal compartments containing bac-
tericidal products. The bactericidal mechanisms of PMNs are thus
characterized by the production of antimicrobial metabolites,
such as peptides, proteases, and reactive oxygen species (ROS),
during phagocytosis (8). Phagocytosis terminates with the degra-
dation of microbes and the apoptotic consequences for PMNs and
subsequent engulfment by macrophages, initiating the resolution
of inflammation (9).

Cystic fibrosis (CF) pulmonary disease is characterized by
prominent airway inflammation, as evidenced by PMN accumu-
lation and excessive concentrations of the neutrophil chemokine
interleukin-8 (IL-8) (10, 11, 12). The sustained PMN activation
produces tissue-destructive components, like neutrophil elastase
(13), proteases (14), and ROS, which contribute to the pulmonary
disease via tissue degradation (15). The deterioration with chronic
airway inflammation is attributed to recurring bacterial coloniza-
tion, which eventually progresses into chronic infection due to
failure of eradication of bacteria, e.g., due to biofilm formation.
The normal cessation of inflammation is annulled, and the PMNs
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are arrested in an accelerated state, aggravating the destruction of
lung tissue and further reinforcing inflammatory responses. P.
aeruginosa is the predominant bacterial pathogen in CF, and the
opportunistic pathogen readily adapts to the mucus-rich environ-
ment in the CF lung (16). Chronic infection with P. aeruginosa is
associated with a decline in lung function and frequent exacerba-
tions (17), and early colonization with P. aeruginosa is a predictor
of a poor prognosis (18). The initial colonization of planktonic P.
aeruginosa is eradicated efficiently by competent PMNs (19).
However, recurrent colonization triggers bacterial adaptation to
the airway milieu, causing a shift from the planktonic state to the
biofilm mode of growth and the selection for bacterial mutants
with abundant production of the exopolysaccharide alginate (20),
thereby establishing mucoid phenotypes which are resilient to
phagocytosis (21, 22). Thus, approaches to moderate the innate
host response at early stages of CF disease, prior to development of
chronic infection, by improving the phagocytic character of
PMNs may assist current antibiotic treatment regimens in reduc-
ing P. aeruginosa colonization in non-chronically infected pa-
tients.

Passive immunotherapy is a potent and promising adjuvant to
standard therapy against infectious diseases (23). Egg yolk immu-
noglobulins (IgY) have been used successfully to eradicate infec-
tious diseases in animals (24), and prophylaxis with egg yolk im-
munoglobulins (IgY) targeting P. aeruginosa reduces colonization
in CF patients (25). The encouraging results from clinical studies
on the efficacy of IgY immunotherapy to prevent gastrointestinal
infections (26) and animal models showing a favorable impact of
IgY therapy on influenza virus infection (27, 28) suggest the po-
tential benefit of anti-P. aeruginosa IgY prophylaxis in non-chron-
ically infected CF patients. Thus, pathogens entering the respira-
tory airways of CF patients may be readily killed by PMNs due to
moderation of the phagocytic activity mediated by IgY immuno-
therapy. In the present study, we report that IgY opsonization
induces increased hydrophobicity and aggregation of P. aerugi-
nosa, both of which facilitate augmented phagocytic activity of
PMNs and subsequent bacterial killing.

MATERIALS AND METHODS

Anti-Pseudomonas aeruginosa IgY. Solutions containing specific anti-P.
aeruginosa (S-1gY) or nonspecific (C-IgY) IgY antibodies were obtained
from ImmunSystem I.M.S. (Uppsala, Sweden). The anti-P. aeruginosa IgY
antibodies employed in these experiments were harvested from egg yolks
of White leghorn chickens immunized with six different P. aeruginosa
O-antigen strains (O1, O3, 05, 06, 09, and O11).

P. aeruginosa PAO1 vaccine strain was grown in LB broth. From a
frozen stock, an overnight culture was prepared and recultured in LB to
obtain an optical density at 600 nm (ODy,) of 0.5. The log-phase bacteria
were washed twice in phosphate-buffered saline (PBS) before application.

Neutrophil isolation. Human PMNs were harvested from healthy do-
nors and separated via density gradient centrifugation. Erythrocytes were
allowed to sediment in 5% dextran, and the leukocyte-enriched plasma
was layered on Lymphoprep (Axis-Shield, Norway) and centrifuged at
2,200 X g for 15 min at room temperature. The supernatants were dis-
carded, and the remaining erythrocytes within the pelleted PMNs were
removed by hypertonic lysis. The purified PMNs were resuspended in
Krebs-Ringer buffer supplemented with 10 mM glucose (KRB).

Respiratory burst assay. The production of ROS during the oxidative
burst was measured by luminol-enhanced chemiluminescence. PAO1 was
opsonized by S-IgY or C-IgY for 60 min at 37°C on a platform rocker to
allow aggregation prior to application. For control experiments, PAO1
was opsonized by human AB positive serum and treated similarly to IgY-
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opsonized organisms. Isolated PMNGs at a density of 5 X 10 cells/ml were
mixed with preopsonized bacteria (5 X 10”7 CFU/ml) in a 96-well micro-
titer plate (Nunc). Luminol was finally added to the wells, and the lumi-
nol-enhanced chemiluminescence detecting phagocyte-derived ROS was
recorded every second minute by using a luminometer (Wallac 1420 Vic-
tor2; PerkinElmer) at 37°C for 1 h.

Bactericidal assay. The killing of preopsonized bacteria by PMNs was
performed in polypropylene tubes with a final volume of 600 wl/tube
according to the protocol described by Green and colleagues (29). Briefly,
isolated PMNs (5 X 10° cells/ml) were mixed with PAO1 (5 X 107 CFU/
ml), resulting in a bacterium-to-PMN ratio of 10:1. The bacteria were
opsonized prior to application by using 10% S-IgY, C-IgY, or human AB
positive serum for 60 min at 37°C on a platform rocker. At time points 0
and 30 min postmixing of PMNs and PAO1, 50 pl of the reaction mixture
was removed and added to 2.45 ml H,O (pH 11), initiating cellular lysis
for 5 min before vigorously vortexing and plating onto modified Conradi-
Drigalski plates (Statens Serum Institut, Copenhagen, Denmark) and in-
cubation overnight at 37°C. Colony counting the next day determined the
PMN-mediated bacterial killing based on the loss of bacterial viability
during 30 min of phagocytosis compared to that in S-IgY-opsonized con-
trols.

Neutrophil receptor blockage. To examine the role of Fc receptor-
mediated phagocytosis, human Fc receptors (FcyRI, FcyRII, and FcyRIII)
were blocked by FcyRI monoclonal antibodies (MAbs; anti-CD64),
FcyRII MADbs (anti-CD16), and FcyRIII MAbs (anti-CD32) (R&D Sys-
tems, Minneapolis, MN, USA). Freshly isolated PMNs (5 X 10%/ml) were
pretreated with 0.5 g of anti-CD16, anti-CD32, or anti-CD64 for 15 min
at 37°C followed by the detection of ROS production in a luminol chemi-
luminescence assay as previously described, where PMNs were allowed to
phagocytize PAO1 preopsonized with S-1gY, C-IgY, or IgG.

Bacterial hydrophobicity. The partitioning of the aqueous and hy-
drocarbon phases via the microbial adhesion to hydrocarbons (MATH)
test was utilized to determine hydrophobicity. The affinity of bacteria to
hexane in a water-hexane two-phase system, as described by Rosenberg et
al. (30), was applied. Washed PAOL1 cells were preopsonized with S-IgY,
C-IgY, or IgG and suspended in 3 ml PBS to an ODy, of 1.0. A volume of
0.5 ml n-hexane was carefully layered on top of the bacterial suspension in
disposable glass tubes. The tube contents were vortexed for 60 s, and after
phase separation occurred, the OD of the aqueous phase was measured.
The relative bacterial hydrophobicity was expressed as the hydrophobicity
index (HI), calculated as follows: HI = (initial absorbance — absorbance
after phase separation)/(initial absorbance). Accordingly, hydrophobic
bacteria have lower HIs than hydrophilic organisms.

Flow cytometry. Fluorescent PAOL1 cells (tagged with green fluores-
cent protein [ GFP]) were mixed with either S-1gY or C-IgY and allowed to
aggregate at room temperature for 60 min before estimation of size ac-
cording to the forward light scatter (FSC-A), measured using a FAC-
Scanto apparatus (BD Biosciences). Bacteria were discriminated accord-
ing to green fluorescence intensity collected in the FL-1 channel, and at
least 10,000 events were recorded for each sample. Cytometer setup and
tracking beads (BD Biosciences) were used for instrument calibration,
and flow data were processed and analyzed by using Diva (BD Biosci-
ences).

Indirect immunofluorescence microscopy. PAO1 vaccine strain cells
cultured in LB medium were washed twice in PBS and mixed with 10%
S-IgY at 37°C for 1 h on a platform rocker. After washing twice with PBS,
Texas Red-conjugated rabbit anti-chicken IgG secondary antibody (Ab-
cam plc, Cambridge, United Kingdom), diluted 1:500 with PBS contain-
ing 1% bovine albumin serum (BSA), was added and the mixture was
incubated at 37°C for 1 h on a platform rocker. After washing twice with
PBS, aliquots were smeared on a microscope slide and air dried, followed
by addition of a drop of 4’,6-diamidino-2-phenylindole (DAPI) stain and
mounting on a coverslip. Immunofluorescent micrographs of specimens
were obtained using a fluorescence microscope.
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FIG 1 Respiratory burst assay results. The production of reactive oxygen was
detected by luminol-enhanced chemiluminescence during phagocytosis of
PAOL1 cells by PMNs. The chemiluminescence, given in counts per second
(CPS), was recorded using luminol and a microplate fluorescence reader (Wal-
lac 1420 Victor2; PerkinElmer) during 60 min of phagocytosis. Each panel
shows the cumulative CPS = the standard error of the mean of experiments
run in duplicate. ¥, lowest concentration of S-IgY to give a significant increase
in respiratory burst, compared to the non-IgY control (P < 0.003).

Bacterial internalization by PMNs. The uptake of bacteria in PMNs
was examined by confocal scanning laser microscopy (CSLM; Zeiss Im-
ager.Z2,LSM 710; Zeiss, Germany) and the accompanying software (Zeiss
Zen 2010v. 6.0). Overnight cultures of fluorescent PAO1 cells (GFP) were
adjusted to a density of 10* CFU/ml in PBS. Aliquots of PAOL1 cells (50 pl)
were opsonized with 10% S-IgY in a 96-well microtiter plate and kept at
room temperature for 2 h to allow aggregation. Phagocytosis was initiated
by addition of freshly isolated PMNs (107 cells/ml) in KRB to the bacterial
suspension, and bacterial internalization by PMNs was visualized after
incubation for 30 min at 37°C and 200 rpm.

RESULTS

The respiratory burst produced by PMNs phagocytizing P.
aeruginosa (PAOL1) is significantly increased by S-IgY. ROS are
produced by PMN phagocytosis of bacteria during the respiratory
burst. Via a luminol-enhanced chemiluminescence assay, we
quantified ROS production based on luminescence when acti-
vated by oxidants produced during the respiratory burst. Figure 1
shows the chemiluminescence detected during the phagocytosis
of P. aeruginosa PAO1 by PMNs. The bacteria were preopsonized
with serum and increasing concentrations of S-IgY or C-IgY, or
with PBS (non-IgY) as control. S-IgY augments the chemilumi-
nescence in a concentration-dependent manner, and the lowest
concentration of S-IgY tested (0.1%) significantly increased the
chemiluminescence compared to non-IgY (P < 0.003). Although the
chemiluminescence was increased by C-IgY opsonization compared
to that with non-IgY, the effects of the non-P. aeruginosa-specific
C-IgY remained inferior to those of S-IgY at all concentrations
tested. Blocking of Fcy receptors did not alter the respiratory burst
from PMNs phagocytizing P. aeruginosa (Fig. 2).

The PMN-facilitated bacterial killing was enhanced by IgY.
The loss of bacterial viability during PMN phagocytosis was esti-
mated by mixing non-IgY-opsonized bacteria and PMNs and
plating diluted samples overnight, followed by colony counting.
Figure 3 shows the reduction in bacterial viability after 30 min of
phagocytosis of P. aeruginosa PAO1 with respect to the initial
S-IgY-opsonized inoculum. The phagocytic killing of S-IgY-op-
sonized bacteria was augmented compared to that of C-IgY (P <
0.03) or non-IgY-opsonized bacteria. Thus, the proportion of vi-
able S-IgY-opsonized PAOL1 cells was reduced by 87% compared
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FIG 2 The consequence of Fc receptor blocking on the cumulative burst of PMNs
phagocytizing S-1gY-, C-IgY-, or IgG-opsonized PAO1 cells. Fc receptors of PMNs
were blocked with FcyRI MAb (anti-CD64), FcyRII MAb (anti-CD16), and
FcyRIII MAD (anti-CD32) prior to phagocytosis. The chemiluminescence, given
in counts per second (CPS), was determined by using luminol in a microplate
fluorescence reader (Wallac 1420 Victor2; PerkinElmer) during 60 min of phago-
cytosis. Each panel shows the cumulative CPS = the standard error of the mean of
experiments run in duplicate from three different donors. *, blocking Fc receptors
(CD16, CD32, and CD64) significantly reduced the cumulative chemilumines-
cence detected when PMNs phagocytized IgG-opsonized bacteria (P < 0.001). **,
no significant difference in chemiluminescence was detected when PMNs phago-
cytized S-IgY-opsonized PAO1 cells.

to non-IgY bacteria and by 79% in comparison to C-IgY-op-
sonized bacteria. As observed in Fig. 1, the opsonization of PAO1
with C-IgY seemed to have an effect on the phagocytic activity of
PMNs, and the bacterial viability of C-IgY-opsonized PAO1 was
subsequently reduced by 39% compared to the non-IgY control
(P < 0.05). Thus, it seems that a nonspecific effect of IgY exists.
Addition of S-IgY facilitates the formation of bacterial aggre-
gates. The visualization of S-IgY-opsonized bacteria by indirect
immunofluorescence microscopy showed the formation of bacte-
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FIG 3 PMN-mediated bacterial killing, defined as the proportion of viable
bacteria after 30 min of phagocytosis compared to S-IgY-opsonized controls.
Isolated PMNs were challenged with S-IgY- or C-IgY-opsonized or non-IgY
(-IgY) PAOI1 cells, and the number of viable bacteria was determined by colony
counting the next day. Each bar shows the percent survival * the standard
error of the mean of experiments run in duplicates. *, P < 0.05; **, P < 0.03.
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FIG 4 Different images from indirect immunofluorescence microscopy of PAO1 opsonized with S-IgY. PAO1 was opsonized with 10% S-IgY and allowed to
aggregate for 60 min at 37°C prior to addition of Texas Red-conjugated rabbit anti-chicken IgG secondary antibody. The top images show the Texas Red-
fluorescent anti-chicken IgG-detecting S-IgY antibodies. The bottom images display the corresponding DAPI-stained images.

rial aggregates (Fig. 4). Prior to addition of the Texas Red fluores-
cent anti-chicken secondary antibody, PAO1 cells suspended in
PBS were opsonized by S-IgY for 1 h. No aggregates are formed
when the bacteria were fixed on a microscope slide prior to the
addition of S-IgY and secondary antibody, because the fixation

restricted bacterial movement and clumping. In order to exclude
any implication of the secondary antibody on the formation of
aggregates, a GFP-tagged PAO1 strain was added S-IgY (Fig. 5).
The images illustrate that dispersed bacteria seem to accumulate
in nodular aggregates after the addition of S-1gY, suggesting that

FIG 5 The time-dependent development of S-IgY-mediated aggregates of PAO1 (GFP). (Upper left) Dispersed bacteria prior to addition of S-1gY. (Upper right)
Formation of bacterial aggregates 30 min after S-IgY was added. (Bottom) Close-ups of bacterial aggregates 2 h after S-IgY addition. The bottom right image

shows the non-IgY control after 2 h.
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FIG 6 The distribution of mean particle size, measured by fluorescence-acti-
vated cell sorting. PAO1 was opsonized with S-IgY or C-IgY and allowed to
aggregate for 60 min prior to determining the particle size distribution (based
on FSC-A). *, P < 0.01; **, P < 0.05.

the opsonization of PAO1 causes the bacteria to clump to each
other.

In order to assess the difference in sizes of bacterial aggregates,
we employed flow cytometry, which provides the opportunity to
determine the size distribution of constituents in a bacterial solu-
tion by recording the FSC-A of PAOLI cells selected according to
the fluorescent intensity from GFP tagging. Thus, bacteria were
opsonized by S-IgY or C-IgY and allowed to aggregate for 60 min
before the fluorescent intensity or forward scatter (FSC-A) equiv-
alent versus mean size was determined (Fig. 6). As illustrated in
Fig. 6, the mean size of S-IgY-opsonized bacteria was greater than
that for C-IgY-opsonized (P < 0.05) or non-IgY-opsonized bac-
teria due to the formation of aggregates. Additionally, the esti-
mated size of C-IgY-opsonized bacteria was significantly greater
than that of non-IgY controls (P < 0.01).

The internalization of bacterial aggregates in PMNs was exam-
ined by CLSM, enabling real-time visualization of phagocytosis
(Fig. 7). The consecutive images show the clumping of S-IgY-
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FIG 8 The MATH test was applied to evaluate bacterial hydrophobicity. After
thoroughly mixing PAO1 and the hydrocarbon n-hexane, a two-phase sepa-
ration was established and the difference in the OD pre- and postmixing is
expressed as the hydrophobicity index. Thus, a reduction of the OD in the
aqueous phase after mixing, e.g., bacteria were localized in the n-hexane phase,
increased the HI. PAO1 prior to mixing with n-hexane was opsonized by
S-1gY, C-IgY, or IgG. Results are depicted as the HI = the standard error of the
mean from experiments run in duplicate. *, P < 0.004; **, P < 0.002; ***, P <
0.02.

opsonized GFP-tagged PAO1 cells and their internalization in
PMNs. The ingestion of PAO1 cells was not hampered by bacterial
accumulation; thus, the phagocytic competence remained suffi-
cient in spite of sizeable aggregates (see Movie S1 in the supple-
mental material).

The aggregation of PAO1 cells mediated by S-IgY increases
the bacterial hydrophobicity. The impact of IgY opsonization on
bacterial hydrophobicity was examined with the MATH test (Fig.
8). Demonstrated by differences in the HI, the affinity of PAO1
cells to n-hexane varied according to opsonization. Nonopsonized
bacteria had low affinity to the hydrocarbon n-hexane; however,
alteration of the bacterial surface may moderate the hydrophilic
character of the bacteria, and immunoglobulin opsonization in-
creases the hydrophobicity of PAO1. The mean HI of nonop-

FIG 7 Still images from time-lapse microscopy of PMNs phagocytizing PAO1 cells during a time course of 20 min. S-IgY-opsonized PAO1 cells (GFP) were
allowed to aggregate for 1 h at 37°C prior to addition of PMNs. Arrows display bacterial aggregates becoming internalized by PMNS.
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sonized PAO1 cells was 2.33, which was increased to 17.26 by IgG
opsonization (P < 0.004). The HI score was further increased to
31.17 by C-1gY opsonization and was most prominent with S-1gY,
increasing the mean HI score to 46.35. The bacterial affinity to
n-hexane, and hence the hydrophobic character of PAO1, was
augmented nearly 20-fold when bacteria were opsonized by S-1gY.

DISCUSSION

The initial colonization with nonmucoid P. aeruginosa in CF pa-
tients can possibly be eradicated by early aggressive antipseudo-
monal antibiotic therapy (31, 32). Antibiotic eradication therapy
(AET) is dogmatic in the current management of CF infections
and has delayed the onset of chronic infection (33). Antibiotic
maintenance therapy is employed to control chronic infections in
CF patients and amends lung function, reduces pulmonary exac-
erbations, and improves the quality of life of CF patients (34).
Although the current antibiotic regimens have reduced morbidity
and mortality of CF patients, novel therapeutic approaches are
needed. Interventions targeting the initial colonization of P.
aeruginosa are favorable, as reducing early bacterial infections
hampers progression into the vicious chronic course of infection.
Oral prophylaxis with anti-P. aeruginosa IgY may represent a po-
tent adjuvant to AET in reducing initial colonization with P.
aeruginosa in CF patients (26). The mode of action may be a
prompt bacterial clearance by PMNs as IgY opsonization of P.
aeruginosa augments the PMN-mediated respiratory burst and
subsequent bacterial killing in current in vitro studies. Thus, viable
bacteria are reduced by 87% when anti-P. aeruginosa 1gY (S-IgY)
is allowed to opsonize the bacteria prior to phagocytosis (Fig. 3).
PMNs identify either endogenous components of the bacterial
surface or serum elements (opsonins) attached to it. The opsonins
bind to and tag the bacterial pathogens for enhanced neutraliza-
tion by PMNs. The most important opsonic receptors are the
receptors for the Fc portions of immunoglobulins (FcyRI, FcyRII,
and FcyRIII) (35) and the receptors for complement components
(complement receptor 3 [CR3]) (36). Nonopsonic receptors, such
as scavenger receptors, play a role in pathogen recognition and
phagocytosis (37), and phagocytosis of fungi is facilitated by the
nonopsonic receptor dectin-1 (38). Blocking Fcy receptors does
not alter the respiratory burst from PMNs that phagocytize P.
aeruginosa (Fig. 2), and IgY is reported not to activate the comple-
ment system. Thus, phagocytosis of IgY-opsonized bacteria is
probably not mediated through conventional receptor-mediated
phagocytosis. Altering the physical state of bacteria can influence
the phagocytic efficiency. Parameters such as size and shape affect
the amount of engaged opsonin receptors, the level opsonin ele-
ments on surfaces, and the capacity of pseudopods to surround
the bacteria; thus, target geometry is an important parameter in
phagocytosis (39). By employing microscopy, we observed that
addition of IgY antibodies to a bacterial suspension mediated the
formation of bacterial aggregates (Fig. 4). The indirect immuno-
fluorescence images showed the immobilization and clumping of
bacteria that formed within minutes of opsonization. Prior to op-
sonization with IgY antibodies, GFP-tagged P. aeruginosa (PAO1)
cells were dispersed in a single-cell fashion (Fig. 5). However, ad-
dition of anti-P. aeruginosa IgY (S-1gY) readily resulted in bacte-
rial aggregates consisting of immobilized organisms attached to
each other. The enlarged target geometry induced by IgY-medi-
ated bacterial aggregation may augment the phagocytic efficiency,
as the correlation between bacterial aggregation and enhanced
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phagocytosis has been observed previously. Increasing the chain
length of Streptococcus pneumoniae by the agglutinating effect of
F(ab'), antibody enhances bacterial clearance by PMNs, probably
due to larger amounts of opsonin deposits (40). Extracellular ves-
icles are reported to interact with bacterial surfaces, thereby pro-
moting bacterial aggregation and enhanced phagocytosis of Bifi-
dobacterium breve (41). Although bacterial killing is not observed,
the induction of Enterococcus faecalis (42) and Escherichia coli (43)
aggregates is associated with increased bacterial uptake in PMNss.
The present observation that an augmented phagocytic capacity of
PMNes is facilitated by bacterial aggregation may be plausible, and
by employing CLSM we were able to visualize the uptake of IgY-
mediated bacterial aggregates in PMNs (Fig. 7).

In addition, IgY opsonization may induce further physio-
chemical alterations of bacteria, affecting phagocytosis due to the
structure of avian immunoglobulin. Human immunoglobulins
consist of two identical light chains and two identical heavy chains
overall containing 1,320 to 1,540 amino acid residues (44). Similar
to its mammalian counterpart IgG, avian IgY is comprised of two
identical light chains and two identical heavy chains (45). Like-
wise, IgY is structurally polarized in the fragment antigen-binding
(Fab) region, containing antigen-binding sites, and the fragment
crystallizable (Fc) region responsible for opsonization. Although
structurally similar, IgY is a larger immunoglobulin than its mam-
malian counterpart due to elongated heavy chains. The subse-
quent larger IgY Fc region comprised by additional amino acid
residues renders the IgY more hydrophobic than equivalent mam-
malian IgG. Indeed, IgY-coated latex microspheres are more hy-
drophobic than corresponding IgG-coated microspheres (46),
and based on comparisons of the molecular stabilities of different
immunoglobulins by using a fluorescence technique, IgY was ob-
served to be more hydrophobic than mammalian IgG (47). When
immunoglobulins interact with recognized antigens, the hydro-
phobic Fc portion is orientated opposite the antigen and is ex-
posed to an Fc-receptor interaction; thus, IgY opsonization may
confer increased surface hydrophobicity. Bacterial hydrophobic-
ity is an important virulence factor of various pathogens, because
it facilitates adherence to epithelial cells and can be induced by
agents that increase hydrophobicity. Adhesion of Streptococcus
pyogenes to pharyngeal epithelial cells is determined by strain hy-
drophobicity, and subinhibitory concentrations of rifampin lower
the hydrophobicity and reduce cell adhesion (48). The postantibi-
otic effect of penicillin decreases the adherence of Lancefield
group B streptococci to human buccal cells by reducing the bac-
terium’s hydrophobicity (49), and diminishing the hydrophobic-
ity of uropathogenic E. coli by subinhibitory concentrations of
amikacin and ciprofloxacin reduces the adherence to uroepithelial
cells (50). Additionally, surface hydrophobicity plays a role in bac-
terial adhesion to phagocytic cells (51). Decades ago it was recog-
nized that opsonization affecting bacterial hydrophobicity alters
the phagocytic capacity, and thus the extent of complement and
IgG opsonization of Salmonella enterica serovar Typhimurium
modifies surface hydrophobicity and bacterial phagocytosis (52).
Strain-specific variations in surface hydrophobicity may influence
phagocytosis. Hydrophobic strains of Streptococcus dysgalactiae
are readily phagocytosed by macrophages compared to hydro-
philic counterparts (53), and Staphylococcus aureus fast-growing
phenotypes exhibit increased surface hydrophobicity and phago-
cytic killing compared to slow-growing hydrophilic phenotypes
(54). Various antibiotics can alter phagocytic killing by modifying
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the bacterial surface and the subsequent hydrophobicity. Prior
exposure of a subinhibitory aztreonam concentration increased
the hydrophobicity and phagocytic killing of P. aeruginosa, while
brief exposures to suprainhibitory concentrations had similar ef-
fects on other Gram negative bacteria (E. coli, Serratia marcescens,
Klebsiella pneumoniae and Salmonella Typhimurium) (55). Sub-
inhibitory cefodizime treatment of K. pneumoniae cells rendered
the cells more hydrophobic and more susceptible to phagocytic
killing than seen with untreated bacteria (56). Interestingly, bac-
terial hydrophobicity seems to counteract a lack of opsonization
and ensures competent phagocytosis without the presence of
complement or immunoglobulins. Thus, nonopsonized hydro-
phobic strains of Bacteroides buccae, Porphyromonas gingivalis,
and Fusobacterium nucleatum were readily phagocytosed by
PMNs, whereas hydrophilic strains needed human serum op-
sonization to ensure equivalent phagocytic killing (57). In the ab-
sence of opsonins, only cells of a hydrophobic strain of Staphylo-
coccus saprophyticus were ingested and killed by PMNs, while
human serum or IgG was required for efficient phagocytosis of
hydrophilic strains (58). By employing the MATH test, we dem-
onstrated that IgY increases the hydrophobicity of P. aeruginosa
(Fig. 8). The extended hydrophobic Fc fragment of IgY renders the
immunoglobulin more hydrophobic than mammalian 1gG; ac-
cordingly, opsonization with IgY antibodies modifies the bacterial
surface by enhancing hydrophobicity.

IgY induces alterations of bacteria that augment the respiratory
burst and subsequent bacterial killing by PMNSs. The IgY-induced
formation of immobilized bacteria in aggregates and the im-
proved adherence to phagocytic cells by increased surface hydro-
phobicity are possible modifications to facilitate a more rapid and
effortless phagocytic clearance. The impact of IgY on phagocytosis
is not enabled by conventional receptor-mediated phagocytosis,
but more likely attributable to non-receptor-mediated mecha-
nisms via increased hydrophobicity and aggregation of the bac-
teria.

The efficacy of IgY immunotherapy to manage infection has
been evaluated in clinical studies and animal models with encour-
aging results. Various pathogens can be targeted, and the low-cost,
simple production method renders IgY a promising therapeutic
agent to control infectious diseases. Oral prophylaxis (gargling)
with anti-P. aeruginosa IgY antibodies is beneficial in CF (25). The
presence of anti-P. aeruginosa IgY in the respiratory tract may
facilitate rapid and effortless bacterial clearance due to the IgY-
induced effects on phagocytosis. Interestingly, the nonopsonic
phagocytosis of nonmucoid P. aeruginosa clinical strains corre-
lates with bacterial hydrophobicity (59), and the essential IgG re-
ceptor Fcy RIIT (CD16) is observed to be downregulated in PMNs
isolated from CF sputum (60), implying that non-receptor-medi-
ated phagocytosis may be important in the CF setting. Thus, the
observed IgY-induced hydrophobicity and aggregation of bacteria
augment the phagocytic capability of PMNs and may facilitate a
rapid and competent host response in the airways of CF patients.
The observation that IgY antibodies have nonspecific impacts, as
demonstrated by the effects of C-IgY on the respiratory burst and
bacterial killing, may be rationalized by the polyclonal nature of
IgY encompassing cross-reactivity. Thus, oral prophylaxis with
IgY antibodies may assist in controlling colonization with non-P.
aeruginosa pathogens.
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