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Abstract

Optimal microbicidal activity of human polymorphonuclear
leukocytes (PMN) relies on the generation of toxic agents
such as hypochlorous acid (HOCI) in phagosomes. HOCI for-
mation requires H,O, produced by the NADPH oxidase, my-
eloperoxidase derived from azurophilic granules, and chlo-
ride ion. Chloride transport from cytoplasm into phago-
somes requires chloride channels which include cystic
fibrosis transmembrane conductance regulator (CFTR), a
cAMP-activated chloride channel. However, the phagosom-
al targeting of CFTR in PMN has not been defined. Using hu-
man peripheral blood PMN, we determined that 95-99% of
lysosomal-associated membrane protein 1 (LAMP-1)-posi-
tive mature phagosomes were CFTR positive, as judged by

immunostaining and flow cytometric analysis. To establish a
model cell system to evaluate CFTR phagosomal recruit-
ment, we stably expressed enhanced green fluorescent pro-
tein (EGFP) alone, EGFP-wt-CFTR and EGFP-AF508-CFTR fu-
sion proteins in promyelocytic PLB-985 cells, respectively.
After differentiation into neutrophil-like cells, CFTR presen-
tation to phagosomes was examined. EGFP-wt-CFTR was ob-
served to associate with phagosomes and colocalize with
LAMP-1. Flow cytometric analysis of the isolated phago-
somes indicated that such a phagosomal targeting was
determined by the CFTR portion of the fusion protein. In
contrast, significantly less EGFP-AF508-CFTR was found in
phagosomes, indicating a defective targeting of the mole-
cule to the organelle. Importantly, the CFTR corrector com-
pound VRT-325 facilitated the recruitment of AF508-CFTR
to phagosomes. These data demonstrate the possibility of
pharmacologic correction of impaired recruitment of mu-
tant CFTR, thereby providing a potential means to augment
chloride supply to the phagosomes of PMN in patients with
cystic fibrosis to enhance their microbicidal function.
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Introduction

Cystic fibrosis (CF), one of the most lethal inherited
diseases in Caucasians, is caused by mutations of CF
transmembrane conductance regulator (CFTR), a cAMP-
stimulated chloride channel. Such mutations compro-
mise the normal function of multiple organs and systems
including the lung, pancreas, intestines, and vas deferens
[1]. Over 90% of CF patients die of lung disease, which is
characterized by chronic bacterial infection, prominent
neutrophil infiltration and small airway obstruction [2].
Even though tremendous progress has been made to-
wards the understanding of the pathogenesis of CF and
its complications, the key link between the chloride chan-
nel defect and the host defense failure has not been de-
finitively established.

CF lung disease is virtually an infection and immunity
issue, which involves the interplay between microorgan-
isms and lung host defense. The cellular arm of innate
immunity in the lung reflects the combined activities of
resident cells, including the pulmonary epithelial cells
and macrophages, and of recruited cells, most notably
polymorphonuclear leukocytes (PMN). Association of
PMN with CF pathogenesis is recognized due to the fact
that they predominate in the patient lung and are the ma-
jor contributor to lung inflammation and damaging [3-
6]. Disturbance in innate neutrophil function in CF in-
cludes excessive recruitment [2], hyperproduction of ox-
idants [7, 8], over-release of degradation enzymes [9] and
erroneous delay of apoptosis [10]. Most importantly,
PMN are made to kill through compartmentalization of
ingested microbes in membrane-bound phagosomes,
where toxic oxidants such as hydrogen peroxide (H,0,)
and hypochlorous acid (HOCI) are generated [11-13].
The azurophilic granule protein myeloperoxidase (MPO)
catalyzes the oxidation of Cl™ to form HOC], as indicated
in the following bioreaction

H,0, + CI” + H" —°— HOCI + H,0,

and availability of this anion in PMN phagosomes is a
rate-limiting factor for HOCI production. Normal PMN
express CFTR largely in the membrane of secretory ves-
icles, and CF PMN or normal PMN pretreated with a
CFTR inhibitor or CFTR-depressed neutrophils derived
from HL-60 cells via siRNA exhibit reduced CI~ trans-
port into phagosomes and impaired killing of phagocy-
tosed bacteria [14-17]. The data suggest that CFTR
serves an important role in normal PMN antimicrobial
action. This finding is consistent with the result by reduc-
tion in CFTR expression in zebrafish CFTR morphants
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[18] and is confirmed by myeloid-specific deletion of
CFTR in mice, which leads to a compromised host de-
fense against Pseudomonas aeruginosa infection [19].
Despite the revealing role of CFTR in phagocytic host
defense, physical presentation and recruitment of this
chloride channel to neutrophil phagosomes has not been
clearly defined.

In the current study, we have examined CFTR target-
ing to the phagosomes of human peripheral blood neu-
trophils. We have also generated three PLB-985 promy-
elocytic cell lines expressing enhanced green fluorescent
protein (EGFP) alone, EGFP-wt-CFTR or EGFP-AF508-
CFTR fusion proteins to evaluate the CFTR phagosomal
recruitment. Taking advantage of the established cell
model, the effect of VRT-325, an agent that repairs the
misfolding of AF508 CFTR, on phagosomal recruitment
of mutant CFTR has been investigated.

Materials and M§ethods

Ethics Statement

The human subject protocol for human peripheral blood with-
drawal was approved by the Institutional Review Boards of Loui-
siana State University Health Sciences Center (New Orleans, La.,
USA). Written informed consent was obtained from all partici-
pants involved in this study.

Chemicals, Reagents and Solutions

Chloride Ringer’s buffer was composed of 122 mM NaCl, 20
mM Hepes, 1.2 mM MgCl,, 1.2 mM CaCly, 2.4 mM K,HPO,, 0.6 mM
KH,PO4, 10 mM dextrose, pH 7.4. Gluconate chloride-free Ring-
er’s buffer was made by substitution of the above chloride salts
with equal molar concentration of gluconate salts, except 4 mm
calcium gluconate was used to compensate for the mild calcium
chelating effect of gluconate. The KCl relaxation buffer contained
50 mM KCl, 3 mM NaCl, 3.5 mMm MgCl,, 0.5 mM EGTA, 1 mM ATP,
20 mM PIPES (pH 7.0), 1 mM PMSF and Sigma protease inhibitor
cocktail. Mouse monoclonal anti-human CFTR antibodies 24.1
and 13.1 were obtained from R&D Systems (Minneapolis, Minn.,
USA). Alexa Fluor-488-conjugated goat anti-mouse IgG (Fab'),
fragments were purchased from Invitrogen (Carlsbad, Calif.,
USA). Cy3-conjugated rabbit anti-human lysosomal-associated
membrane protein 1 (LAMP-1) antibody was obtained from Sig-
ma-Aldrich (St. Louis, Mo., USA). The CFTR corrector compound
VRT-325 was obtained from the Cystic Fibrosis Foundation. Gen-
eral chemicals were obtained from Sigma-Aldrich.

Lentiviral Vector Construction and Virus Production

The EGFP-wt-CFTR and EGFP-AF508-CFTR cassettes were
released from the original pS65T-EGFP-wt-CFTR and pS65T-
EGFP-AF508-CFTR plasmids and were subcloned into the pNL-
EGFP/CMV/WPREAUS3 lentiviral transgene plasmid. The resul-
tant constructs (HIV-CMV-EGFP-wt-CFTR and HIV-CMV-
EGFP-AF508-CFTR) were used to produce the corresponding
lentiviral vectors by calcium phosphate triple-plasmid transfection
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using the previously described procedure [20]. The control HIV-
hUbC-EGEFP lentiviral vector, expressing the EGFP transgene un-
der control of the human ubiquitin C promoter, was similarly pro-
duced. All viral vectors were pseudotyped with the VSV-G enve-
lope.

Culture and Differentiation of PLB-985 Cells and Lentiviral

Transduction

The human promyelocytic cell line PLB-985, originally from
Dr. Timothy Ley (Washington University, St. Louis, Mo., USA)
[21], was cultured in advanced RPMI-1640 (Invitrogen) with 2 mm
GlutaMax (Gibco), 10% heat-inactivated bovine growth serum
(Hyclone), 100 U/ml penicillin, 100 ug/ml streptomycin and 0.25
pg/ml amphotericin B. For lentiviral transduction, cells in suspen-
sion were exposed to HIV-hUbC-EGFP, HIV-CMV-EGFP-wt-
CFTR and HIV-CMV-EGFP-AF508-CFTR viruses, respectively,
at a multiplicity of infection of 20. After stable expression was
achieved, the cells were sorted consecutively three times by FACS
to obtain the pure population of PLB-985-EGFP, PLB-985-EGFP-
wt-CFTR or PLB-985-EGFP-AF508-CFTR cells, which stably ex-
pressed the corresponding transgene proteins. Where indicated,
the cells were terminally differentiated into neutrophil-like cells by
induction with 1.25% DMSO for 5 days.

Flow Cytometric Evaluation of PLB-985 Cell Differentiation

After treated with 1.25% DMSO for 5 days, the differentiated
PLB cells were fixed in 4% paraformaldehyde for 10 min, washed
twice with cold PBS and then resuspended in PBS with 5% goat
serum at a concentration of 1 x 10° cells/ml. The cells (1 x 10°, 100
ul) were transferred to a 5-ml culture tube and mixed with the
phycoerythrin-conjugated mouse anti-human CDI11b antibody
(BD Biosciences, San Jose, Calif., USA) at a 1:100 dilution. After
incubation for 1 h in the dark at room temperature, 400 ul of PBS
was added and cells were analyzed by flow cytometry.

Neutrophil Isolation
Peripheral blood neutrophils were isolated from freshly drawn
human venous blood. The procedure was published previously [16].

Opsonization of Latex Beads

Latex beads were suspended in PBS with 10 mg/ml BSA and
slowly rotated overnight at 4°C. After centrifugation at 5,000 g, the
beads were washed 3 times with PBS and resuspended in 0.5 ml
PBS plus 0.1 ml rabbit anti-BSA serum (Sigma-Aldrich) and incu-
bated overnight with rotation. After three washes with PBS, the
coated beads were resuspended in 0.5 ml PBS containing 5 mM
azide and stored at 4°C. The beads were opsonized with C3b by
mixing with 10% fresh male AB serum at 37°C for 30 min, washed
3 times and then resuspended in gluconate Ringer’s buffer just
prior to use.

Immunofluorescent Staining of Phagosomes from Human

Peripheral Blood Neutrophils and Flow Cytometry Analysis of

CFTR Expression

For this experiment, 2-pm latex microspheres were used. The
beads (3.1 x 10%) in 3 ml of PBS were coated similarly as above.
Human peripheral blood neutrophils (1 x 107 cells) were mixed
with 1 x 10® of the opsonized particles in chloride Ringer’s solution
with 5 mM azide and incubated for 10 min at 37°C with shaking.
Azide inclusion here and hereafter was used to prevent the poten-
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tial MPO-mediated oxidant production that could bleach GFP
fluorescence. The cell-bead mixture, resuspended in 5 ml pre-
warmed Ringer’s solution, was plated into a 35-mm tissue culture
dish and incubated for an additional 10 min to allow cell attach-
ment to the surface. After 3 vigorous washes to remove free cells
and particles, diisopropylfluorophosphate was added at 5 mm and
the dish held on ice for 10 min to inactivate serine proteases. After
washing with cold Ringer’s buffer, the plate was rinsed with 5 ml
of the chloride relaxation buffer with 1 mM ATP. Finally, 1 ml of
the same relaxation buffer containing 10 pl of Sigma protease in-
hibitor cocktail was added. The cells were then harvested by scrap-
ing and immediately subjected to nitrogen cavitation (400 psi, 10
min on ice). The cavitate was collected and centrifuged (400 g) at
4°C for 5 min to remove intact cells and nuclei. The bead-rich su-
pernatant was recovered for immunostaining. Aliquots (20 ul) of
the supernatant were incubated with the primary antibody to
CFTR (anti-CFTR Ab-24.1 or anti-CFTR Ab-13.1) at 10 pg/ml
(R&D Systems), or with the corresponding isotype control, 1gG,,
or IgG, (Southern Biologicals, Birmingham, Ala., USA), respec-
tively, in the presence of 5% normal goat serum for 1 h at ambient
temperature. If the particles were to be labeled for LAMP-1, Cy3-
conjugated rabbit anti-human LAMP-1 was added at a 1:100 dilu-
tion at this step also. After washing, the particles were resuspend-
ed in 20 pl of a 1:500 dilution of F(ab'), fragments of the Alexa
Fluor-488 conjugate of goat anti-mouse IgG. Preliminary experi-
ments showed that this conjugate did not label beads coated with
rabbit IgG, and thus, did not cross-react with rabbit IgG. The par-
ticles were washed as above and resuspended in 1 ml of PBS and
analyzed immediately by flow cytometry using a BD FACSCalibur
fluorescence-activated flow cytometer. The instrument was elec-
tronically gated on the clearly distinguishable 2-pum bead/phago-
some population.

Confocal and Conventional Microscopy

DMSO-differentiated PLB-EGFP-wt-CFTR cells were resus-
pended in chloride Ringer’s buffer, mixed with serum-opsonized
3-um latex beads at a ratio of 1:10 and placed onto 12-mm cover-
slips in a 24-well dish. After phagocytosis at 37°C for 30 min, the
cells were fixed in 4% paraformaldehyde for 10 min and washed
three times with PBS. Then, the coverslips with attached cells were
stained with 4'-6-diamidino-2-phenylindole at 10 ug/ml for 30
min, washed three times with PBS, and mounted on microscopic
slides with Prolong Gold antifade mounting reagent (Invitrogen).
The cells were examined by confocal microscopy. For LAMP-1
immunostaining, the fixed cells were permeabilized with 0.5%
Triton X-100 in PBS for 10 min, followed by incubation overnight
with anti-LAMP-1-Cy3 antibody (Sigma-Aldrich) at a 1:300 dilu-
tion. The cells were then washed three times with 0.1% Triton
X-100 PBS for 30 min and mounted similarly for observation. The
samples, where indicated, were also observed by conventional
light and fluorescence microscopy. Micrographs were taken and
quantitatively analyzed using Metamorph image acquisition and
analysis software. Fluorescent intensities of various phagosomes
were quantitated by analyzing their pixel profiles across the center
lines of the ingested beads that were drawn by using the software.
More than 20 phagosomes were measured and the average net
peak fluorescence of either rim (left and right) of the phagosomes
was obtained after subtracting the background fluorescence sig-
nal.
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Fig. 1. CFTR expression on phagosomes isolated from peripheral
blood human neutrophils. Opsonized 2-um latex microspheres
were fed to isolated human neutrophils for 15 min. After nitrogen
cavitation, the cell cavitates were immunostained for CFTR ex-
pression using two mouse monoclonal antibodies (Ab): anti-
CFTR-24.1 or anti-CFTR-13.1. Where indicated, Cy3 rabbit anti-
human LAMP-1 was used to identify late phagosomes. The 2-pm
monomeric bead/phagosome population was gated by its precise
light scattering properties (a, e, arrows). Immunostaining with an-

Flow Cytometric Analysis of CFTR Mobilization to

Phagosomes Subsequent to Treatment with the CFTR

Corrector Compound VRT-325

PLB-985 parental cells, PLB-985-EGFP-wt-CFTR cells and
PLB-985-EGFP-AF508-CFTR cells were differentiated by induc-
tion with 1.25% DMSO for 5 days. For drug treatment, VRT-325
at 10 or 25 uM was applied for 10 h and replenished for another
10 h. Then the cells were spun down at 100 g for 5 min and the
pellet was resuspended in chloride Ringer’s buffer at 1 x 107 cells
per milliliter. After diisopropylfluorophosphate (1 mg/ml) treat-
ment for 10 min, the cells were washed, mixed with preopsonized
3-um latex beads (1 x 10%) and incubated on ice for 10 min, fol-
lowed by phagocytosis in a 100-mm tissue culture dish for 30 min
at 37°C. After washing away the free beads and nonattached cells
with chloride Ringer’s buffer, the cells were lysed with 1 ml of the
KCI relaxation buffer and harvested with a policeman rubber.
Then, the cells were homogenized by passing through a 25-gauge
syringe needle 15 times followed by a 30-gauge needle for 5 times.
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ti-CFTR antibodies 24.1 or 13.1 alone was performed (c, g) and
compared to their corresponding isotype (Iso) antibody-negative
controls (b, f). Two-color staining with anti-CFTR-24.1 and Cy3-
LAMP-1 (d) or anti-CFTR-13.1 and Cy3-LAMP-1 (h) shows that
most of the CFTR-positive staining was associated with LAMP-
1-positive phagosomes. The percentages of particles in each quad-
rant of the dot plots are shown as indicated. LB-PS = Latex bead-
laden phagosomes.

The samples were centrifuged at 100 g for 5 min to remove the
unbroken cells and nuclei. The supernatants were analyzed by
flow cytometry.

Results

CFTR Expression in Neutrophil Phagosomes

To establish and validate a quantitative method for the
measurement of CFTR expression in phagosomes, we fed
peripheral blood neutrophils serum-opsonized 2-pm la-
tex beads and immunostained the N,-cavitated cells with
either CFTR-specific monoclonal antibody Ab-24.1 or
Ab-13.1, in combination with an antibody specific for
LAMP-1. The three antibodies recognize cytoplasmic
epitopes of the corresponding proteins. Thus, when
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phagosomes were isolated, the recognizable C-terminal
domains were exposed and no permeabilization proce-
dure was required. Following immunostaining, the sam-
ples were subjected to flow cytometric analysis. Because
the phagocytosed latex beads were uniformly spherical in
shape with a 2-um diameter, we gated the 2-um bead/
phagosome population (fig. 1a, e, arrows). About 43% of
the phagosomes were LAMP-1 positive (fig. 1b, ). The
CFTR immunostaining showed that approximately 50%
of the phagosomes were positive by using the CFTR-
Ab-24.1 antibody (fig. 1c) and approximately 41% were
positive by using the CFTR Ab-13.1 antibody (fig. 1g).
The CFTR and LAMP-1 double-positive phagosomes ac-
counted for 44-48% of the total phagosome population
(fig. 1d, h). Thus, almost all the LAMP-1-positive phago-
somes were also CFTR positive. Because LAMP-1 is a
protein marker for late and mature phagosomes, these
results strongly suggest that CFTR was present on the ma-
ture phagosomal membrane which could be quantified by
a simple flow cytometric analysis.

PLB-985-Derived Neutrophils Expressing

EGFP-wt-CFTR or EGFP-AF508-CFTR

Neutrophils are terminally differentiated cells and are
not amenable to genetic manipulation. This property lim-
its the possibility of investigating CFTR phagosomal tar-
geting in vitro. To circumvent this limitation, we used the
human promyelocytic cell line PLB-985 cells as our ex-
perimental model. PLB-985 cells can be readily differen-
tiated into neutrophil-like cells upon treatment with
DMSO, yielding cells that mimic the properties of normal
neutrophils, including the ability to ingest opsonized par-
ticles and activate the NADPH oxidase. To obtain the
PLB cells with stable expression of EGFP-wt-CFTR or
EGFP-AF508-CFTR protein, two lentiviral vectors were
generated and produced. The structures of the two trans-
gene constructs are displayed (fig. 2a, b). The GFP was
fused to the N-terminus of wild-type or mutant CFTR.
Such CFTR fusion proteins were previously shown to re-
tain the same subcellular localization and function in ep-
ithelial cells as does untagged CFTR [22-24]. High-titer
lentiviral vectors expressing either the wild-type or mu-
tant CFTR fusion protein were produced and used to
transduce PLB-985 cells. After stable expression was
achieved, the cultures were sorted multiple times to ob-
tain a pure population of the EGFP-positive cells for each
by FACS. Before DMSO differentiation, the PLB-985-
EGFP-wt-CFTR and the PLB-985-EGFP-AF508-CFTR
cells were round and nonadherent in chloride Ringer’s
buffer (fig. 2¢, e). In spite of varying fluorescent intensity,
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about 100% of the transduced cells expressed the corre-
sponding EGFP fusion proteins (fig. 2d, f). Flow cytomet-
ric analysis demonstrated that the two established cell
lines had comparable mean channel fluorescent intensity
(fig. 2g). Five days after exposure to 1.25% DMSO, a large
portion of the cells had differentiated into neutrophil-like
cells, which was reflected by adherence to the plastic sub-
stratum in chloride Ringer’s buffer (fig. 2h, j) and were
able to phagocytose serum-opsonized latex particles
(fig. 3). The fluorescent intensities for the wild-type and
mutant CFTR-expressing cell lines after differentiation
remained comparable (fig. 21). To evaluate the differen-
tiation efficacy, we immunostained the parental and the
two derived cell lines before and after DMSO induction
with the antibody against CD11b, a surface marker for
neutrophil maturation. Flow cytometry data indicate that
the differentiation protocol can give rise to 52-65% of
mature neutrophil-like cells (fig. 2m-r).

Wild-Type CFTR Localizes to Phagosomes

To study CFTR subcellular localization during phago-
cytosis, differentiated PLB-985-EGFP-wt-CFTR cells
were fed serum-opsonized 3-um latex beads and observed
using confocal microscopy. The rationale of using the
3-um latex beads here was that phagosomes bearing the
larger beads are far more distinct from cell debris and
other membrane organelles. Further, the larger phago-
somal membrane area produces a higher EGFP signal,
improving the signal to noise ratio. Rings of EGFP fluo-
rescence surrounded the phagocytosed beads, indicating
the association of EGFP-wt-CFTR with the phagosomes
(fig. 3b, ¢, f, arrows), and the late phagosome marker
LAMP-1 colocalized with EGFP-wt-CFTR (fig. 3e, ar-
rows). To further assess recruitment of CFTR to phago-
somes, we directly isolated the phagosomes followed by
examination. A significant number of phagosomes were
fluorescent by fluorescence microscopy (fig. 3k, 1, arrows)
and by flow cytometry (fig. 3m, n), indicating the pres-
ence of EGFP-wt-CFTR on the phagosomes. To be cer-
tain that the phagosomal presentation of the EGFP fluo-
rescence required CFTR and was not a consequence of
direct GFP association with latex beads, we generated an
EGFP-expression-only PLB cell line with the lentiviral
vector HIV-hUbC-EGFP. Phagosomes isolated from dif-
ferentiated EGFP-PLB-985 cell-fed latex beads lacked flu-
orescence, as judged by confocal microscopy (fig. 3g, h)
and flow cytometry (fig. 3i, j). These data demonstrate
that CFTR was responsible for the localization of the
EGFP-wt-CFTR fusion protein at the phagosome.
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Fig. 2. PLB-985 cells and their derived
neutrophils expressing EGFP-wt-CFTR
and EGFP-AF508-CFTR fusion proteins.
a, b Structures of lentiviral vectors bearing
the EGFP-wt-CFTR or EGFP-AF508-
CFTR fusion gene. Schematic drawing
shows the structures of the two transgene
constructs expressing either EGFP-wt-
CFTR or EGFP-AF508-CFTR. LTR = Long
terminal repeat; CMV = cytomegalovirus
promoter. ¢l Undifferentiated PLB-985-
EGFP-wt-CFTR cells (¢, d) and PLB-985-
EGFP-AF508-CFTR cells (e, f) stably ex-
pressed the corresponding CFTR fusion
proteins (d, f). Five days after DMSO in-
duction, the cells differentiated into neu-
trophil-like cells as evidenced in part by
their ability to adhere to, and spread on, the
substratum (h, j) compared to the undif-
ferentiated cells (c, ). The relative expres-
sion levels of the EGFP-CFTR fusion pro-
teins were profiled by flow cytometry for
the undifferentiated (g) and differentiated
cells (I). DIC = Differential interference
contrast. The red shaded area is the flow
cytometric histogram for PLB-985 parental
cells. The black solid line represents the flu-
orescent profile of the EGFP-wt-CFTR
cells and the green solid line that of the
EGFP-AF508-CFTR cells. m-r Flow cyto-
metric analysis of differentiation of the
parental PLB-985 cells and the EGFP-
CFTR-derived neutrophils. PLB-985, PLB-
985-EGFP-wt-CFTR and PLB-985-EGFP-
AF508-CFTR cells were treated with (n, p,
r) or without (m, o, q) 1.25% DMSO for 5
days. Then the cells were subjected to im-
munofluorescence staining with the anti-
body against human CD11b, a mature neu-
trophil surface marker. Flow cytometry
demonstrates that >50% of the cells became
mature neutrophils using the differentia-
tion protocol. PE = Phycoerythrin. The col-
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Fig. 3. EGFP-wt-CFTR localizes to phagosomes. PLB-985-EGFP-
wt-CFTR cells were differentiated into neutrophil-like cells with
DMSO for 5 days. After phagocytosis of 3-um opsonized latex
beads, the cells were examined by confocal microscopy. The dif-
ferential interference contrast image (a) of a cell with an internal-
ized bead and the two X-Y section images from the top to the bot-
tom of the same cell (b, ¢) are shown. Arrows point to the bead. To
confirm the CFTR-phagosome association, a bead-phagocytosed
cell (d) was immunostained for LAMP-1. The result demonstrates
a typical phagosomal localization of LAMP-1, a late phagosome
marker (e), which colocalized with the EGFP-wt-CFTR (f). Dif-
ferentiated PLB-985-EGFP and PLB-985-EGFP-wt-CFTR cells
were fed serum-opsonized 3-um latex beads. Phagosomes were
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isolated and examined by fluorescence microscopy and flow cy-
tometry. EGFP protein alone was not enriched in or targeted to the
phagosomes isolated from the PLB-985-EGFP cells. Differential
interference contrast (DIC) image (g), fluorescence image (h) and
flow cytometry dot plot figures (i, j) are shown. Arrowheads point
to the phagosomes which are negative for EGFP expression. In
contrast, EGFP-wt-CFTR was associated with the phagosomes
from the PLB-985-EGFP-wt-CFTR cells. Displayed are the differ-
ential interference contrast image (k), fluorescence image (I) and
the flow cytometry dot plot figures (m, n). Arrows point to the
phagosomes positive for EGFP-wt-CFTR (k, I). Arrowheads point
to the phagosomes negative for EGFP-wt-CFTR.
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Fig. 4. Significantly less AF508-CFTR fusion protein is associated
with phagosomes. The fluorescent (a) and phase-contrast (b) mi-
crographs show EGFP-wt-CFTR association with phagosomes by
microscopy. Distinct fluorescent rings are noticeable (a, arrows).
Identically prepared cells expressing EGFP-AF508-CFTR had little
EGFP fluorescence associated with phagosomes (c, arrows). Quan-
tification of the pixel intensity across the phagosomes was profiled.

AF508-CFTR Targets Phagosomes Inefficiently

In epithelial cells, AF508-CFTR misfoldsand is trapped
in the endoplasmic reticulum, thus failing to reach the
cytoplasmic membrane efficiently. We next examined if
this mutation likewise compromised normal targeting of
CFTR to the phagosomal membrane. Differentiated PLB-
985-EGFP-wt-CFTR and PLB-985-EGFP-AF508-CFTR
cells were fed serum-opsonized latex beads and were ana-
lyzed by fluorescence microscopy. The wild-type EGFP-
CFTR protein formed a pronounced ring of fluorescence
around the particles (fig. 4a, b, arrows), while little mu-
tant CFTR was observed to target the phagosomes in the
PLB-985-EGFP-AF508-CFTR cells (fig. 4c, arrows). To
compare the relative amounts of wild-type and mutant
CFTR on mature phagosomes, we scanned the pixel pro-
file across the center line of individual phagosomes in the
wild-type and mutant CFTR-expressing cells and mea-
sured the fluorescence intensities of the two phagososmal
rims (fig. 4e). As shown, significantly less EGFP-AF508-
CFTR was presented to the phagosomes than EGFP-wt-
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The peak fluorescence intensity of either side of the rim of each
phagosome was obtained. After subtraction of the background, the
mean net peak fluorescence is displayed and compared between
the differentiated EGFP-wt-CFTR and EGFP-AF508-CFTR PLB-
985 cells (e). Statistical analyses show significant differences, as
marked with asterisks, by Student’s t test (n = 21; p < 0.01).

CFTR fusion protein (fig. 4e). This result was confirmed
by flow cytometric analysis of the isolated phagosomes
(fig. 5b, e).

Enhancement of AF508-CFTR Targeting to Neutrophil

Phagosomes in Response to Treatment with the CFTR

Corrector Compound VTR-325

The CFTR corrector compound VRT-325 rescues the
misfolding defect of AF508-CFTR and facilitates the
translocation of AF508-CFTR to the surface of epithe-
lial cells [25]. We hypothesized that VRT-325 would en-
hance the mutant CFTR phagosome targeting in neutro-
phils. To test the hypothesis, differentiated PLB-985
cells, both expressing EGFP-wt-CFTR and EGFP-
AF508-CFTR, were incubated with varied concentra-
tions of VRT-325 (0, 10 and 25 pMm) for 20 h prior to
phagocytosis of the opsonized 3-um latex beads. Asso-
ciation of wild-type and mutant CFTR was assessed by
flow cytometry of GFP-positive phagosomes (fig. 5).
There was no inherent fluorescence of latex bead-con-
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Fig. 5. Enhancement of AF508-CFTR targeting to phagosomes by
the CFTR corrector drug VRT-325. Differentiated PLB-985-
EGFP-wt-CFTR and PLB-985-EGFP-AF508-CFTR cells were
treated with 10 or 25 uM VRT-325 for 20 h and were fed the opso-
nized 3-pm latex beads. After homogenization, the samples were
analyzed by flow cytometry to examine the EGFP fluorescence on
phagosomes. The representative gating for 3-um phagosomes is

taining phagosomes, as phagosomes from nontransfect-
ed differentiated PLB-985 cells had no EGFP fluores-
cence, regardless of VRT-325 drug treatment (data not
shown). Without VRT-325 treatment, approximately
36% of the phagosomes isolated from the EGFP-wt-
CFTR-differentiated PLB-985 cells were positive for
EGFP-wt-CFTR (fig. 5b), whereas only about 8% of the
phagosomes from the EGFP-AF508-CFTR PLB-985
cells were positive for EGFP-AF508-CFTR (fig. 5e).
VRT-325 at the concentrations of 10 and 25 puM signifi-

CFTR Targeting in Neutrophils

displayed (a). VRT-325 treatment did not significantly alter the
percent of phagosomes positive for EGFP-wt-CFTR (b-d). How-
ever, similar drug treatment significantly increased the presenta-
tion of EGFP-AF508-CFTR to the phagosomes (e-g). Statistical
data are displayed (h). Asterisks indicate significant differences by
Student’s t test (n = 5; p < 0.01).

cantly promoted AF508-CFTR targeting to phagosomes
with approximately 1.5- to 3.5-fold enhancement as
compared to the no-drug control under identical exper-
imental condition (fig. 5e-h). In contrast to its effects on
mutant CFTR, VT-325 treatment had a negligible effect
on the behavior of wild-type CFTR (fig. 5b-d, h). Fur-
thermore, the mean channel fluorescence intensity for
EGFP-AF508-CFTR increased from 20.9 to 43.9, when
treated with 10 uM VRT-325. The data suggest that
VRT-325 enhanced AF508-CFTR targeting to phago-
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somes. Taken together, these results suggest that the
CFTR modulator VRT-325 facilitated the trafficking of
AF508-CFTR to neutrophil phagosomes, thereby pro-
viding the potential to enhance chloride supply to
phagosomes of CF neutrophils.

Discussion

Neutrophils are responsible for the earliest innate im-
mune response to infection, and most of their antimicro-
bial activity against ingested microbes is confined within
phagosomes. However, exuberant neutrophil activation
can culminate in extracellular release of oxidants and
granule contents that can lead to local damage to normal
tissue. Lung infections cause significant morbidity and
mortality in patients with CF even in the presence of neu-
trophil infiltration into infected lungs. Yet despite a suc-
cessful inflammatory response, neutrophils fail to eradi-
cate invading microbes in the CF lung. Thus, the quality,
not the quantity, of the host response to infection appears
to be defective in patients with CF. In normal neutrophils,
efficient microbicidal action requires HOCI production,
the result of oxidation of chloride anion by MPO in the
presence of hydrogen peroxide [26]. Such an HOCI bio-
synthesis is pivotal to phagocytic host defense, which is
reflected by MPO-deficient humans and mice who are
susceptible to certain fungal and bacterial infections [27-
30]. CF lung disease is characterized by opportunistic
bacterial infection such as P. aeruginosa and Staphylococ-
cus aureus. These pathogens do not typically cause infec-
tions in healthy subjects. Neutrophils have been demon-
strated to be indispensable in cellular innate immunity to
eradicate P. aeruginosa infection. Neutropenic mice suc-
cumb to lung inoculation as few as 100 colony-forming
units [31]. We have previously demonstrated that P. ge-
ruginosa is more resistant to HOCI than to other organ-
isms but can be killed by sufficient concentrations of the
oxidant in vitro, and CF neutrophils produce less HOCI
[14, 15, 32]. Thus, it is possible that a fully functioning
phagosome would efficiently kill P. aeruginosa by achiev-
ing lethal doses of HOCI, but a chloride-deficient phago-
some such as seen in CF patient neutrophils would not
produce enough HOCI to effectively kill this organism.
These data altogether suggest that the CFTR chloride
channel plays an important role in phagocyte innate im-
munity, including the normal inflammatory response to
pulmonary infections.

Nearly 90% of the oxygen consumed by the phagocyte
NADPH oxidase during phagocytosis, which is approxi-
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mately 3-4 nmol O, per min per million cells [33, 34],
is converted ultimately to HOCI [34]. Accordingly, an
equivalent amount of chloride must be transported into
phagosomes to support HOCI production. We have mea-
sured the rate of chloride uptake directly by living normal
neutrophil phagosomes to be in the order of 0.31 mM per
second under the condition of a maximallyactive NADPH
oxidase and complete inhibition of MPO with azide [14].
The corresponding luminal concentration of chloride is
approximately 70 mM under steady-state conditions [35].
However, in CF neutrophil phagosomes, the chloride in-
flux rate is about 0.043 + 0.012 mM per second and the
steady-state chloride concentration is about 25.5 + 3.3
mM [14]. If we assume that the zymason particles were
perfectly round and solid and the gap between the particle
surface and the phagosomal membrane was 0.25 um, then
the steady-state chloride amount in each phagosome
within the normal neutrophils would be 0.582 pmol and
the initial chloride influx rate 2.576 fmol per second. In
contrast, the steady-state chloride amount in each phago-
some within the CF neutrophils would be 0.212 pmol and
the initial chloride influx rate 0.357 fmol per second.
Therefore, CFTR is a major contributor to the chloride
influx into phagosomes, especially at the acute phase of
chloride supply. Thus, the recruitment of CFTR to phago-
somes in their formation is consistent with its importance
in phagosome-associated functions.

In this report, we have used flow cytometry to study
protein targeting to phagosomes in their isolated state.
It was because phagosomes assume the shape of their
phagocytosed particulates that we could control and gate
the phagosomal population for experimental investiga-
tion. The criteria for our judging the gated population to
be phagosomes were the following: (1) the bare beads
without phagocytosis had the identical light scatter prop-
erties, which were distinct from the remaining cell debris
and membrane organelles; (2) LAMP-1, a well-recog-
nized marker for mature neutrophil phagosomes, was as-
sociated with the gated population; (3) the similarly gated
phagosomes could actively produce hydrogen peroxide
and HOCI acid, as reported [36]. Thus, the data suggest
that direct flow cytometry of neutrophil homogenates
without further phagosome isolation could be developed
into a relatively simple and reliable method to study
phagosomal properties.

An unexpected finding in the current study is that the
CFTR corrector compound VRT-325 significantly en-
hanced the level of AF508-CFTR on phagosomes. In epi-
thelial cells, AF508-CFTR is not processed correctly and
<5% of normal levels reach the cell surface membrane

Zhou/Song/Painter/Aiken/Reiser/
Stanton/Nauseef/Wang



[37, 38]. However, once mutant CFTR reaches the cell
membrane, it retains some channel function, thereby
providing the rationale for searching for pharmaceuticals
to correct the defect for therapy [37, 39, 40]. Our data sug-
gest that VRT-325 had analogous effects on biosynthesis
and targeting of AF508-CFTR in PLB-985 cells, presum-
ably correcting the folding defect during biosynthesis and
thereby promoting proper trafficking of AF508-CFTR
to secretory vesicles. Once stored in secretory vesicles,
AF508-CFTR was incorporated into phagosomes as se-
cretory vesicles fused with nascent phagosomes during
ingestion of particles. Our finding that AF508-CFTR was
present at the phagosomal membrane has important clin-
ical implications, as VRT-325 or other effective CFTR
corrector drugs may chaperone more AF508-CFTR to
the secretory vesicle, eventually providing more CFTR to
phagosomes and thereby facilitating more chloride trans-
port and HOCI production. As the data indicate, VRT-
325 shows promise in facilitating translocation of the mu-
tant CFTR to neutrophil phagosomes.

In conclusion, we have demonstrated that the CFTR
chloride channel was recruited to neutrophil phago-
somes. AF508-CFTR failed to target the organelle. Fur-
thermore, the pharmacological CFTR chaperone VRT-
325 significantly increased AF508-CFTR trafficking to
the phagosomes. These findings confirm the importance
of CFTR in phagosomal chloride transport, HOCI pro-
duction and antimicrobial activity and provide the ratio-
nale of pharmacological rescue of the CFTR misfolding
in CF PMN.
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