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Reconstitution of bactericidal activity in chronic granulomatous disease cells
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Chronic granulomatous disease (CGD) is
an inherited primary immunodeficiency
characterized by phagocytes devoid of a
functioning nicotinamide adenine dinucle-
otide phosphate (NADPH) oxidase. The
failure of CGD phagocytes to produce
reactive oxygen species (ROS) results in
a marked increase in the susceptibility of
affected patients to life-threatening bacte-
rial and fungal infections. This study in-
vestigated whether loading of CGD phago-
cytes with glucose oxidase (GO)-
containing liposomes (GOLs) could
restore cellular production of bactericidal
ROS (eg, H,0, and HOCI) in vitro. Results

phagocytes to use H ,0, for the produc-
tion of highly bactericidal HOCI. The intra-
cellular colocalization of bacteria and lipo-
somes (or liposome-derived ferritin) was
demonstrated by confocal laser micros-
copy and electron microscopy. After up-
take of GOLs (approximately 0.2 U/mL at 1
mM total lipid concentration, size approxi-
mately 180 nm), CGD granulocytes pro-
duced HOCI levels comparable to those
of normal phagocytes. Remarkably, after
treatment with GOLs, CGD phagocytes
killed Staphylococcus aureus as effi-
ciently as normal granulocytes. More-
over, treated cells retained sufficient mo-

fects were evaluated by measuring the
H,0, concentrations and the production
of methemoglobin in whole blood. These
studies revealed that H ,0, produced by
GOLs was degraded immediately by the
antioxidative capacity of whole blood.
Elevated methemoglobin levels were ob-
served only after application of extremely
high amounts of GOLs (2 U/mL). In sum-
mary, the application of negatively
charged GOLs might provide a novel ef-
fective approach in the treatment of pa-
tients with CGD at high risk for life-
threatening infections. (Blood. 2001;98:
3097-3105)

indicate that GO encapsulated in lipo-
somes enabled NADPH oxidase-deficient

tility toward chemotactic stimuli as

measured by chemotaxis assay. Side ef- © 2001 by The American Society of Hematology

Introduction

Chronic granulomatous disease (CGD) is a primary immunodesieveral investigatofs The idea of restoring the 4, production of
ciency with an incidence of 1:1 000 000 to 1:250 00@.is an CGD cells with the use of GOLs was first considered by Ismail and
inherited disorder (X chromosomal or autosomal recessive) of theworkers® 20 years ago. It was not further followed up because of a
phagocyte systerhPhagocytes (granulocytes and monocytes) gfoor knowledge of liposome preparation methods at that time. How-
patients with CGD lack a functional nicotinamide adenine dinuclever, present liposome technology and research allow a wide range
otide phosphate (NADPH) oxidase and are not able to produstpossible applications. In the case of CGD, therapeutic application
reactive oxygen species (ROS), necessary for microbial kiflingof GOLSs for the restoration of ROS production could be useful because
The disease is therefore dominated by high susceptibility tophagocytes of patients with CGD have a normal myeloperoxidase
variety of bacteria and fungi, especially those with catalag®PO) activity!! The GO-derived bD, can be converted within
activity. Therapy and prevention of infections include the life-longcGD phagocytes into the strong oxidant HOCI during the MPO
administration of antibiotics and antimycotics, and in severe cas@saction:
the transfusion of allogeneic granulocytes to provide the patient
with functioning phagocytes. GO

In recent years the idea of encapsulating drugs such as antibiotics or B-D-Glucoset+ O, — D-Glucono-1,4-lactone- H,0O,
cytostatics into liposomal carriers has become more fedsiiego-
cytes tend to take up conventional liposomes very e&siys uptake is
often a disadvantage in the use of liposomes for many medical
applications and clinical trials because of rapid elimination of the
encapsulated drug. We developed glucose oxidase (GO)—containing
liposomes (GOLs) that were successfully phagocytosed either byIn the present study we demonstrate the in vitro restoration of
normal or CGD phagocytotic cells. The positive effects gbftlerived ROS production by CGD phagocytes after their treatment with
from GO or GO hound to latex beads in CGD cells were reported lbljfferent preparations of GOLs.

Myeloperoxidase
H,0, + CI" + HY ————— HOCI + H,0
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incubated with rhodamine-labeled liposomes (1 mM total lipid concentra-
tion) at 37°C for 0, 20, 40, and 60 minutes. After incubation, red blood cells
were lysed using an ammonium chloride buffer; the remaining leukocytes
Subjects and cell preparation were washed 3 times in PBS and stored on ice in the dark until

measurement.
Human blood leukocytes were obtained from 10 healthy volunteers and

from 4 patients with CGD (3 with an X-linked defect of NADPH oxidase|ntracellular location of GOL and S aureus

[gp97P"°y and one with an autosomal recessive form). Whole blood

analysis and evaluation of MPO activity was performed by the routid@tracellular location was evaluated by confocal laser microscopy (TCS4D,
blood analyser H3 and its successor ADVIA120 (Bayer/Technicon, Mikeica Microscopy, Wetzlar, Germany) and by transmission electron micros-
nich, Germany) based on the principles of flow cytometry: leukocytes wef€PY (Philips EM 208S, Eindhoven, The Netherlands). For confocal
counted and differentiated according to their size (y-axis) and peroxidz&@alyses 500 000 granulocytes were incubated in a total volume qfl500
activity (x-axis). Neutrophils with normal MPO activity range between £BS with 5x 10° S aureusparticles (cell-to-bacteria ratio 1:10) labeled
mean peroxidase index (MPXI) 610 to +10. Cells were isolated from With BODIPY (Molecular Probes, Eugene, OR) at 37°C for 15 minutes.
heparinized whole blood through centrifugation on a 2-step density gradiérlls were washed twice in ice-cold PBS and resuspended in PBS/glucose
with Histopaque 1119 and 1077 (Sigma, Deisenhofen, Germany) @&1% w/v). EPC:EPG:Chol liposomes (1 mM lipid), rhodamine-labeled,
described elsewhef&.Contaminating erythrocytes were lysed using icewere added and further incubated for 20 minutes. Cells were washed and
cold ammonium chloride buffer (0.829% wiv) for 15 minutes. Purity of théixed with 2% paraformaldehyde.

isolated granulocytes was 97% to 98%. Cells were brought to the desired For electron microscopy, 15 million granulocytes were incubated in a
concentration with phosphate-buffered saline (PBS) or Hanks balanced i@l volume of 1000uL PBS with 15X 10’ S aureusparticles (cell-to-

solution (HBSS, containing glucose) purchased from Biochroracteria ratio 1:10) and ferritin liposomes (3 mM lipid) at 37°C for 60
(Berlin, Germany). minutes. In parallel, granulocytes were incubated as described for confocal

analyses or, as negative control, only with plain liposomes. Cells were
washed and fixed with glutaraldehyde (2.5% in PBS, v/v) at 4°C for 30
minutes. Cells were further fixed with O$@2% in PBS, w/v). Block
Liposomes made up of different lipid compositions were prepared Igfaining was performed overnight in uranyl acetate (2% in aqua destillata,
extrusion (see below). Egg phosphatidylcholine (EPC), egg phosphatidy#v). Samples were dehydrated in a graded series of ethanol concentrations
glycerol (EPG), and soy phosphatidylserine (SPS) were kindly provided Byd polymerized in Epon 812 (Fluka, Buchs, Switzerland). Ultrathin
Lipoid (Ludwigshafen, Germany). Cholesterol (Chol) was obtained frogections were cut and mounted on copper grids.

Sigma. The lipid mixture (EPC:SPS:Chol or EPC:EPG:Chol, each 4:3:3

mole ratio, or EPC:Chol, 7:3 mole ratio) was dissolved in dichloromethardow cytometric analysis of GO activity in granulocytes

or methanol or both. For fluorescence-activated cell sorter (FACS) analyg
1 mol% rhodamine-B-phosphatidylethanolamine (PE; Molecular Probes

Leiden, The Netherlands) was added as fluorescent lipid label. The orga\ﬁ?(lzume of 500uL in PBS at 37°C for 15 minutes. Cells were washed 3

C . N
solvent was removed completely under reduced pressure and the lipid fﬂmes in ice-cold buffer and resuspended in 00 PBS/glucose (0.1%

) . . . . v) and incubated at 37°C for different time periods. At the end of the

was dissolved in an isotonic phosphate buffer. For encapsulation of o ] ) . )
; ) . - . incubation time cells were placed on ice, and dihydrorhodamine 123 (DHR;
(Aspergillus niger Boehringer Mannheim, Mannheim, Germany), the
: : . ) ] . - ggl mg/mL; Molecular Probes) was added and the cells were further
liposomes consisted either of EPC:SPS:Chol or EPC:EPG:Chol (each 4:3: ; . .
: S . ) . } Incubated for 15 minutes. Tubes were placed on ice, washed once with PBS,

mole ratio). The lipid film was dispersed in an isotonic phosphate buffer ; ; ; o .

L . . . and measured immediately by FACS analysis (Becton Dickinson) using
containing 6 mg/mL GO to yield a total lipid concentration of 20 mM. The.

. . . . . jve-gate for at least 10 000 cells.

dispersion was freeze-thawed 5 times before extrusion. For all liposome
preparations the dispersion was extruded 21 times through a polycarbonated . f HOCI
membrane with 0.2.m pores (Nuclepore, Pleasanton,). It ensured suff,?ro uction o
cient sizing of liposomes and achieving an average number of lipid lamellpeoduction of HOCI was measured by chlorination of taurine followed by
of 1 to 2. Unencapsulated GO was removed by gel chromatography @i oxidation of 5-thio-2-nitrobenzoic acid (TNB) to 5ithio-bis(2-
Sepharose 4B-CL. Liposomes were concentrated by ultracentrifugatigifrobenzoic) acid (DTNB, Sigma). Briefly, 8 10° granulocytes/mL were
with 150 00@ for 180 minutes (LE-80 Ultracentrifuge, Rotor 50.4 Ti,incubated in HBSS plus taurine (15 mM) with GOLs (1 mM total lipid
Beckman, Munich, Germany). The resulting lipid concentration was Zfncentration) at 37°C for 30 minutes. The reaction was stopped by adding
mM, the GO-trapping efficiency was 5%, and approximately 0.2 U/mkatalase (290 U/mL) and samples were centrifuged at 18 360 10
related to 1 mM total lipid concentration, as measured by GO liposom@inutes. Supernatant was mixed with TNB (2 mM) and immediately

H20, production’3 The particle size was measured by photon correlatiomeasured at 412 nm. The amount of HOCI was calculated using the molar
spectroscopy using a Zetamaster S (Malvern Instruments, Malvefiear absorption coefficient ef= 1410 n#/mol.

United Kingdom).

Materials and methods

Preparation of liposomes

?anulocytes (500 000) were incubated with GOLs (1 mM lipid) in a total

Killing assay

Preparation of ferritin li m - .
eparation otferritin fiposomes The killing assay was performed according to Metcalf and colleddues

The preparation of ferritin-containing liposomes, used for electron micrvith slight modifications. In brief,S aureus(American Type Culture
scopic studies, was carried out similarly to GOLs. A solution of 50 mg/mCollection 25923) was opsonized with 10% pooled human serum and then
ferritin (type I, from horse spleen, Sigma) instead of GO was added to tagded to normal and CGD granulocytes in HBSS/0.1% (w/v) gelatin at a
lipid film. Extrusion was performed without the prior freezing-thawing stepacterium-to-granulocyte ratio of 1:1 ¢ 1P bacteria and granulocytes,

to avoid damage of the freeze-sensitive ferritin. Free ferritin was removéegispectively). Granulocytes were either pretreated with GOLs (1 mM lipid,
from liposomes by gel chromatography. approximately 0.2 U/mL GO) at 37°C for 15 minutes in PBS without
glucose, then washed 3 times in PBS and mixed with bacteria, or incubated
directly with liposomes and bacteria. Tubes were rotated at 37°C and the
killing was stopped after 0, 1, and 2 hours by adding ice-cold distilled water.
The uptake of fluorescence-labeled liposomes by leukocytes in whole blobabes were mixed and diluted 1:50 and 1:250 with HBSS. Fifty microliters
was evaluated by FACS analysis (Becton Dickinson, Heidelberg, Germarf)the dilution was plated on trypticase-soy agar (Bi6ridex, Berlin,

with a total count of 10 000 cells. Data were analyzed using the Lysis Bermany). Total viable bacteria were counted as colonies after 12 hours of
program from Becton Dickinson. Heparinized whole blood (1QQ was incubation at 37°C.

Uptake analysis
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Degranulation of granulocytes by liposomes

About 3 million granulocytes were incubated with plain liposomes (1 mM -
lipid) or as positive control, with cytochalasin B and N-formyl-Meth-Leu- —*
Phe (NfMLP; 0.5p.g/mL and 10°¢ M, respectively) in dimethylsulfoxide
(DMSO) at 37°C for 0 and 30 minutes. Degranulation was followed by
measuring the samples by flow cytometry using the Bayer ADVIA120.

Chemotaxis assay

flucrescence-positive cells [3%]

Chemotaxis assay was performed by the gelatin-agarose migration assay N l
according to Clin® with slight modifications. One million granulocytes in |
HBSS were incubated in slots of prepared gelatin-agarose slides and | iﬁﬁ
migrated against 1 nmol/mL NfMLP (Sigma) and 1 nmol/mL leukotriepe B ®“Granulocyles  Monocytes Lymphocyles
(LTBy4, Sigma) at 37°C in a humidified atmosphere for 2 hours. Granulo
cytes were incubated with GOLs (1 mM total lipid) in PBS without glucose
(to prevent premature 4@, production) at 37°C for 15 minutes and then
washed 3 times in PBS. Migration was stopped by fixation of the slides in
2.5% (v/v) glutaraldehyde (Merck, Darmstadt, Germany) for 30 minutes.
Agarose was washed away and slides were stained by Pappenheim.
Spontaneous migration was subtracted from migration against chemotactic
agent by microscopic analysis.
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Methemoglobin production and glucose consumption
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Methemoglobin and glucose were determined using the blood gas analyser f/’,
ABL 700 (Radiometer, Willich, Germany). Liposomal GO was incubated in o] B
different concentrations (liposomal GO: 2, 0.2, and 0.002 U/mL; respec- i i S i
tively 10, 1, and 0.01 mM total lipid concentration) together with 0.1 mL
heparinized whole blood at 37°C for 0 to 120 minutes. Samples were Time [mie]
measured immediately after stopping the reaction on ice. Figure 1. Flow cytometric analysis of charged and uncharged liposome
formulations. (A) FACS analysis of the uptake of rhodamine-B-PE—labeled lipo-
somes by leukocytes in whole blood after 60 minutes. Shown is the percentage of
fluorescence-positive cells (mean += SD, n = 3). B indicates EPC:SPS:Chol; E,
. . EPC:EPG:Chol (both 4:3:3 mole ratio and negatively charged); [J, EPC:Chol (7:3
The concentration of ¥D, in whole blood or PBS/0.1% (W/V) mole ratio, uncharged). Results of 2-group t test are marked with asterisk; P < .001.
glucose was measured according to Thurman and coworkergs) FACS analysis of the time-dependent uptake of rhodamine-B-PE-labeled

Liposomal GO was incubated in different concentrations ("posd'y;osomes by granulocytes (5 X 10° cells/mL). Liposomal lipid concentration is 1 mM.
alues are given as percentage of the whole population, showing a single experiment

mal GO: 2_' 0'2' and 0.002 U/mL; 10_' 1, and 0.01 mM total Iipi f 3 independent experiments; B indicates EPC:SPS:Chol; ®, EPC:EPG:Chol (both
concentration) at 37°C for 0 to 120 minutes. 4:3:3 mole ratio); A, EPC:Chol (70:30 mol%).

fluorescence-positive granulocytes [%]

H,O, concentration

MPO activit
Results Y

The basic requirement for the successful application of GOLs in
CGD cells is the presence of an active MPO inside the NADPH

Flow cytometric analysis of the uptake of 2 fluorescence-label&fidase-deficient (CGD) phagocytes. The MPXI of normal and
types of negatively charged liposome formulations (EPC:SPS:CHefSD neutrophils from the patients of this study ranged between
and EPC:EPG:Chol; size: 160 10 nm and 186+ 10 nm, respec- —10 and+10, indicating normal MPO activity (Figure 3A,C). For
tively) and one uncharged liposome type (EPC:Chol, size-2am comparison, an H3-leukogram of a person with MPO deficiency
nm) revealed that negatively charged liposomes are phagocyto§¥fXI = —56) is shown where the neutrophil cloud shifted to the
preferentially by granulocytes and monocytes (Figure 1A). Ii§ft due tolack of MPO (Figure 3B).

(?ontrast, less than 10% of the Iymphocyte population showed, - -ciular GO activity after uptake of GOLs

Ilposome association. The uptake of liposomes by granulocthCGD granulocytes

was time-dependent (Figure 1B). Based on these analyses all

further experiments were performed with negatively chargethe detection of KO,-positive granulocytes with the DHR assay
liposomes (EPC:SPS:Chol and EPC:EPG:Chol). Confocal micnevealed that the amount of fluorescence-positive cells was stable
scopic analysis of subsequent incubation of granulocytes ®ithfor 180 minutes. The mean fluorescence of intracellular DHR
aureus(green) and liposomes (red, EPC:EPG:Chol) demonstratexidation began to decrease after 15 to 30 minutes (Figure 4A). The
that both are localized mainly inside the phagocyte. Color overlaxtracellular addition of catalase (50 U/mL) diminished th@©H
(yellow) indicates the colocalization of bacteria and liposomesoncentration outside the granulocytes. There was no additional
(Figure 2A). With the electron microscopic analyses we can shayecrease in DHR-detectable®} production with higher concen
that some of the bacteria are located inside the same vacuole wititions of catalase (Figure 4B). The amount and the mean
ferritin, derived from the uptake of ferritin-containing liposomedluorescence of DHR cells by catalase addition decreased over
(Figure 2C,D). The negative control with plain liposomes failed t&80 minutes. After this time no further loss was observed.
show the electron-dense structure (not shown). Both confocal lagerthermore, the DHR assay revealed that there are sill,H
microscopy and electron microscopy gave no evidence for extracgtoducing CGD granulocytes after 8 hours (75% fluorescence-
lular membrane attachment of liposomes. positive cells at 8 hours after loading the cells with GOL

Uptake of different types of liposomes
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Figure 2. Localization of liposomes and S aureus in granulocytes
by confocal laser microscopy and electron microscopy. (A)
Confocal laser microscopy. Granulocytes (1 X 109/mL) were incu-
bated at 37°C for 15 minutes with 10 X 108 BODIPY-labeled (green) S
aureus particles, followed by an incubation with 1 mM rhodamine-B-
PE-labeled (red) liposomes (EPC:EPG:Chol, 4:3:3 mole ratio) for 20
minutes. Colocalization of S aureus and liposomes is suggested in
several vacuoles appearing yellow (red-green overlay). (B) Confocal
laser microscopy. Same granulocyte visualized by differential interfer-
ence contrast (DIC) microscopy. (C) Electron microscopy. Isolated
normal granulocytes (15 X 108/mL) were incubated with 15 x 107 S
aureus particles and 3 mM ferritin-containing liposomes (EPC:EPG:
Chol, 4:3:3 mole ratio) at 37°C for 60 minutes. The arrow indicates the
ferritin particles derived from liposomes. (D) Higher magnification of
the ferritin-containing vacuole of the same cell as in panel C.

(EPC:EPG:Chol; mean, # 2). Results are shown only for EPC:Killing of S aureus

EPG:Chol liposomes, but those for EPC:SPS:Chol were comparable. . . ) )
The bactericidal activity of GOL-treated granulocytes was investi-

HOCI production gated by killing ofS aureusUntreated CGD granulocytes (without

. . liposome addition) showed no reduction of bacterial growth after 1
EZIBIS:G%CG"SC; V¥h'Ch ar((ej una:le o prodt;che HOC du? I‘:o th%‘%ur (98%=+ 22%; n= 3) compared to normal controls, and only a
oxidase defect, produced comparable amounts of HOC tfl’ght decrease after 2 hours (89%624%; n= 3; Figure 6).

those of | granulocytes when treated with GOLs (Figure &) .
Cols worts prancubated ith GOL, the unbound Iposomas wa21Ma Granocytes reduced the bacteial rowth to 75%2%
' ﬁer 1 hour and to 69% 14% after 2 hours of incubation.

washed out, and the incubation was continued in glucos%t tinalv. CGD cell . bated with GOL . ted
containing medium for 30 minutes. When the incubation wabterestingly, cells preincubated wi s (nonincorporate

carried out without removal of GOLs, the amount of producehoosqmeS were femO_Ved with the supernatant after 15 mi_nUteS by

HOCI was, of course, higher in both cell types (for SPS: 3886  Washing the cells with PBS) showed the most effective and

and 167.5+ 35.5 nmoles/30 min; for EPG: 184:526.5 and significant killing of S aureusafter 2 hours (65%: 13% for

138.5+ 55.5 nmoles/30 min, normal and CGD, respectively)FPC:SPS:Chol and 66% 7% for EPC:EPG:Chol, respectively)

Therefore at least 15% of the HOCI production within CGD cellsompared to untreated CGD control. Incubation of bacteria alone

resulted from incorporation of GOLs (Figure 5). No HOCI could b&ith GOLs showed no reduction of their growth.

detected in the presence o_f_l mMethionine, a scavenger of Effect of liposomes on degranulation

HOCI. There was no significant difference for both liposome

formulations. Granulocytes that are confronted with phagocytosable liposomes
may react with degranulation. For detection of degranulation,

B C release of MPO from azurophilic granules was measénesing

the Bayer ADVIA120. Incubation of isolated granulocytes with

cytochalasin B/NfMLP for 30 minutes resulted in a clear shift of

the granulocyte cloud to the left, indicating an intense release of

MPO. In contrast, no shift was observed after incubation with plain

liposomes and GOLs (Figure 7).

Chemotaxis after GOL treatment

F PEROX

-13 —-56.0 +23 The effect of GOL treatment of normal and CGD cells was tested
Figure 3. Demonstration of MPO activity in CGD granulocytes in whole blood by their mlgratlon toward chemotactic stimuli such as NfMLP
with the Bayer/Technicon H3 (leukogram).  (A) Whole blood of a healthy person  (Figure 8A) or LTB, (Figure 8B). The preincubation of granulo
(x-axis, peroxidase activity; y-axis, forward scattering). (B) Whole blood of a person cytes with GOLs resulted in a significant decrease of the migration
with MPO deficiency. (C) Whole blood of a person with CGD. The MPXI is marked ! . -
below; N indicates neutrophils; E, eosinophils; M, monocytes; L, lymphocytes; LUC, distance. Nevertheless, granulocytes retained mOt”'ty toward the
large unstained cells. chemotactic stimuli after ingestion of GOLs. Statistical analysis

20z aunf 80 uo 3sanb Aq ypd'260€010228U/8798.91/.60€/01/86/4Pd-8J011E/PO0|q/ABU"SUOKEDIIGNdYSE//:dBY WOy papeojumog



BLOOD, 15 NOVEMBER 2001 - VOLUME 98, NUMBER 10 BACTERICIDICITY RECONSTITUTION INCGD CELLSBY GOL 3101

Ai B0 = ao
704
25 :|_
504
e =i
g g
40+
5 \ 3
5 b : "
£ 204 H =
/ 3]
104 % 10
o
et T 5
10 20 30 60 120 180 240
e Time [min]
Aii 0 :
+Liposomes  + Mathionin + Liposomes + Mathianin
104 g - + Liposomes + Liposomes
F EPC:SPS:Chol EPC:EPG:Chol
%: ] 2 k Figure 5. HOCI production by normal and CGD granulocytes (5 x 10%/mL). Cells
£ ] were preincubated with GOLs (EPC:SPS:Chol and EPC:EPG:Chol, both 4:3:3 mole
E ratio, 1 mM) at 37°C for 15 minutes. Nonincorporated liposomes were washed out
8 4od and the incubation was followed for 30 minutes in PBS plus glucose. Negative
& controls were performed by addition of L-methionine [1 mM]. Mean + SD of 2
g 20 independent experiments in duplicate. B indicates normal; &, CGD.
- . B
e g e a time- and a dose-dependent production gbfHn PBS/glucose,
] 10 20 W 80 120 180 240 . . .
Time [min] where no HO, degradation is possible. In contrast@®{ could not
B ™ be detected in whole blood samples, even at the highest GO
wi 1 concentration (2 U/mL).
£ 1o
2 al A
g L 130
]
3 M 120
g8 T
2 40
] I » 1104
& 8
=1 % 100+
4 2
5 50 500 8 w04
catalase concentraticn [LimL) .g
Figure 4. DHR oxidation by GOL-loaded CGD granulocytes. (A) (Ai indicates * 80
mean fluorescence; Aii, fluorescence-positive cells.) Cells were preincubated with
GOLs (EPC:EPG:Chol, both 4:3:3 mole ratio, 1 mM) in PBS at 37°C for 15 minutes. o
Nonincorporated liposomes were washed out and the incubation was followed for o
different time periods (5-240 minutes) in PBS plus glucose. Subsequently, DHR was 1
added. Diffusion of extracellular H,O, was reduced by addition of catalase (50 U/mL) o 1 2
at time point 0 of the cellular incubation. Mean of 2 independent experiments with Time [h]
CGD granulocytes of 2 different patients; B indicates fluorescence without catalase;
[, fluorescence with addition of catalase. (B) Effect of different concentrations of B

catalase over 30 minutes of incubation. Values are expressed as percentage of 1304

remaining DHR oxidation of CGD cells under the influence of catalase; mean of 3

independent experiments with granulocytes of different donors, mean = SD. 1207
110 4
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revealed differences after preincubation of CGD cells with lipo- -
somes compared to normal cells (as indicated with the asterisk in
Figure 8).

90

80 ».

% of viable colonies

H,0, concentration and methemoglobin formation in whole X
blood samples after incubation with GOLs ]

60 4

Possible side effects of GOL treatment in whole blood samples ; . ;

(glucose concentration, 3.1-6.4 mM) were investigated by measur- ’ ’ j
ing the net concentration of &, (production minus degradation) -

. . Figure 6. Killing of S aureus by normal and CGD granulocytes.  Cells (5 X 10°)
and generatlon of methem09|0bln as a response parameter to \;ﬁ@incubated at 37°C with S aureus (5 X 10°) with and without liposome treatment.
potential oxidative stress. A wide range of GO concentrationsLs (EPC:SPS:Chol, panel A, and EPC:EPG:Chol, panel B, both 4:3:3 mole ratio,
(0.002, 0.2, and 2 U/mL or 0.01, 1, and 10 mM lipid) encapsulateigid concentration 1 mM) were mixed with granulocytes. Incubation was carried outin
f . . . . f ontinuous presence of GOLs or after a 15-minute preincubation and subsequent
in EPC:SPS:Chol and EP_C'EPG'ChO| Ilposomes showed gene_ra:tl oval of nonphagocytosed GOLs before bacteria were added. Values were set as
the same results concerning® occurrence. The results Shown iNyggy at the start (0 hours). Shown are the mean values of 3 independent
Figure 9 are exemplary only for EPS:SPS:Chol Iiposomes_ “Bperiments in duplicates (CV [coefficient of variation] < 0.27); B indicates normal
differentiate between i®2 production and degradation, para”elgranulocytes; ®,CGD g_ranulot?ytes (bpth With_out Iip_osometreatment); A, liposomes;
. . X . L V¥, CGD granulocytes with continuous incubation of liposomes; 4, CGD granulocytes
incubations were carried out in PBS containing 5.6 mM gluco%?eincubated with liposomes. Results of 2-group t test are marked with asterisk;
(physiologic concentration). 40, measurements (Figure 9) showed < .0s.

Time [h]
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Figure 7. Influence of liposomes on degranulation of granulocytes. Granulo-
cytes were incubated with DMSO (A), with cytochalasin B (0.5 pg/mL)/NfMLP (10-6
M) diluted in DMSO, positive control (B), and with plain liposomes (EPC:EPG:Chol, 1
mM lipid) (C) at 37°C for 30 minutes. Degranulation of MPO from azurophilic granules
of neutrophils was measured by registration of the shift of the granulocyte cloud from
right to left on the x-axis (decrease of MPO in single neutrophils). Plain EPC:SPS:
Chol liposomes and GOLs gave the same results, and incubation with DMSO for 30
minutes had no influence on the signals compared to freshly prepared granulocytes
(data not shown).
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Figure 9. Time-dependent H ,0, concentration in PBS/glucose and whole blood
during incubation with GOLs.  Whole blood and PBS/glucose, respectively, were
incubated with different concentrations of GOLs (EPC:SPS:Chol, 4:3:3 mole ratio; 2,
0.2, and 0.002 U/mL GO; 10, 1, 0.01 mM total lipid concentration). Shown are the
means of 3 unrelated experiments with different healthy donors (CV < 0.27); B
indicates whole blood with liposomes (10 mM lipid; 2 U/mL GO); o, PBS/Gluc plus
GOLs (10 mM lipid; 2 U/mL GO); @, whole blood with liposomes (1 mM lipid; 0.2 U/mL
GO); O, PBS/Gluc plus GOLs (1 mM lipid; 0.2 U/mL GO); A, whole blood with
liposomes (0.01 mM lipid; 0.002 U/mL GO); A, PBS/Gluc plus GOLs (0.01 mM lipid;
0.002 U/mL GO).

As a consequence, methemoglobin generation in whole blood
(Figure 10) was absent using 0.002 and 0.2 U/mL GO. Only

slightly elevated values were observed after incubation with tfi@le in the destruction of ingested microorganisthdn the
extremely high concentration of GO (2 U/mL). phagocytes of patients with CGD, the production of ROS is
disturbed due to a defect in NADPH oxidd§eyhereas MPO is

active in azurophilic granuled.This was demonstrated again for
the CGD granulocytes and monocytes used in this study.

Despite long-term administration of antibiotics and antimycot-
Granulocytes provide a first line of defense against invadirigs in patients with CGD, the risk of life-threatening infections is
pathogens such as bacteria and fungi. Once activated (ie, throlngh! Above all, the most difficult complications are caused by
phagocytosis), granulocytes produce ROS, which play a centfangi (eg,Aspergillusspecies), a variety of gram-negative enteric
bacilli, and catalase-positive bacteria (€3),aureu$®?° able to

Discussion

A ™ destroy endogenous,8,. This hampers CGD granulocytes in
e HOCI production using their own MPO.
T . In the late 1970s, the idea of replacing defectiv®Fproduc
oy T . tion after phagocytosis of GO encapsulated in liposomes was first
% 1000 described? Encouraging results could not be followed up because
o - . . . . . .
E o of insufficient liposome technology at that time. In this study we
z
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Figure 10. Methemoglobin formation in whole blood during incubation with
. GOLs. Values are shown for SPS liposome-types (EPC:SPS:Chol, 4:3:3 mole ratio,

cells

EPC:5P5:Chol EPCEPG:Chol

Figure 8. Chemotaxis assay of normal and CGD granulocytes. Cells (1 X 10%)
migrated with and without GOL treatment toward NfMLP, 1 uM (A), and LTBy4, 1 pM
(B). Granulocytes were preincubated at 37°C for 15 minutes with liposomes
(EPC:SPS:Chol and EPC:EPG:Chol, both 4:3:3 mole ratio, 1 mM), then washed and
assayed. Values are given as mean = SD, n = 3. B indicates normal; &, CGD.
Results of 2-group ttest are marked with asterisk; P < .05.

lipid concentration 1 mM). Whole blood and PBS/glucose, respectively, were
incubated with different concentrations of GOLs (2, 0.2, and 0.002 U/mL GO; 10, 1,
0.01 mM total lipid concentration). Shown are the means of 3 unrelated experiments
with different healthy donors (CV < 0.27); Bindicates whole blood with liposomes (10
mM lipid; 2 U/mL GO); [J, PBS/Gluc plus GOLs (10 mM lipid; 2 U/mL GO); @, whole
blood with liposomes (1 mM lipid; 0.2 U/mL GO); O, PBS/Gluc plus GOLs (1 mM lipid;
0.2 U/mL GO); A, whole blood with liposomes (0.01 mM lipid; 0.002 U/mL GO); A,
PBS/Gluc plus GOLs (0.01 mM lipid; 0.002 U/mL GO).
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asked whether GOLs could initiate HOCI production and consésSH)-peroxidasé! or proteolytic degradation. However, the
quently reconstitute the killing ability of CGD cells againSt evidence that kD,-positive cells could be detected even after 8
aureusafter their uptake by leukocytes. hours indicates that GO is rather stable. To further evaluate the
For this purpose, we tested different liposome formulations fatability of GO, enzyme activity was analyzed in HBSS at acidic
their specific uptake by phagocytic leukocytes. We demonstrgifl, in the presence of MPO, in supernatants of granulocytes after
here specific uptake of negatively charged liposomes (EPC:SRf8granulation with cytochalasin B/NfMLP, and in extracts of
Chol and EPC:EPG:Chol) by phagocytes (granulocytes and morpanulocytes. In each of these systems, GO activity was not
cytes). Only a low percentage of fluorescence-positive lymphgeduced after a 2-hour incubation period at 37°C compared to the
cytes after incubation with liposomes was observed. The chargecghtrol system (GO in HBSS, pH 7.4; data not shown). Time-
the liposome membrane proved to be important for phagocytosifspendent stability and activity of GO is certainly related to the
Uncharged liposomes (EPC:Chol) showed a significantly lowglifferent localizations of GO within the granulocytes (in phagolyso-
percentage of fluorescence-positive cells compared to the otBgmes, liposomes encapsulated in the cytoplasm or released into
liposome formulations, especially for granulocytes. The impothe cytoplasm). Therefore, although the contact is closest in
tance of surface charge, specific headgroups, and liposome sizejiRigolysosomes, a colocalization of bacteria and GO is not a
monocytes and macrophages has been demonstrated by m@RWdatory supposition for optimal activity, because degradation of
investigatorg2* Based on these results, monocytes and granulg o may be faster due to presence of proteolytic enzymes.
cytes were proven to be ideal target cells for EPC:SPS:Chol/EPC: The 1,0, produced in vacuoles after entry of glucose into the
EPG:Chol liposomes. Related to these results are reports showi\g| s or after release of GO could easily diffuse into bacteria-
rapid uptake of conveqtlonal negatlvely. charged I|pqsomes l&Sntaining phagolysosomes. Within these phagolysosomes HOCI
macrophages of the liver and the reticuloendothelial systef, pe produced for bacterial killing, provided thatd was able
(RES)!?* For many drug-targeting applications this feature of; escape degradation by catalase or GSH-peroxidase. Generally,
conventional liposomes r_nlght be dlsadv_antageous. However, in mgoz can easily penetrate through liposomal bilayers. The perme
case of CGD, formulation of conventional negatively chargegyyjin, coefficient for passive b, permeation through liposomal
liposomes now provides an excellent source for GO delivery IBembranes is very high (approximately 2@m/sf2 and is in the
the phagocytes. same order as for Oapproximately 0.5< 102 cm/s)3 There

The ‘intracellular location of (.SOLS after mcubayon Wlthfore,the liposomal and cellular membranes are negligible diffusion
granulocytes and the subsequent intracellular production,@b H_I%arriers for both agents
Ay .

and HOCI was indicated by several independent experiments. In contrast, compared to an active membrane transport, the

flow cytometry data showed a preferential uptake of GOLs b . - . .
. . assive glucose permeation through liposomal membranes is some
phagocytes. If the binding to the outside of the cell membrane were . e aa
o L orders of magnitude lower (about610-8 cm/s)34In the presence
nonspecific, a similar pattern would be expected for phagocytes

S .
well as for lymphocytes. oa% 1 mM or 5.6 mM glucose, the enzyme activity was reduced

Additional details about the localization of GOL aSdaureus through liposomal entrapment by a factor of about 80 compared

- . . with the same free GO concentration, indicating that the glucose
inside the granulocytes were obtained by confocal laser micros- tion th h the i b ‘s the rate-limiti
copy. These studies strongly suggest that GOLs are taken up E)/t?e{m?a |ono rougd t'e |p(()j$(t)me Terﬁ raneles ?hm: e-imiting
phagocytosis. After preincubation of granulocytes withaureus step for HO, production (data not shown). Nevertheless, our

and subsequent addition of liposomes, we observed an intracelILff?:ﬂQ‘UIts indicate sufficient liposomal release ofCyl from lipo-

localization of bacteria and liposomes, reflecting their close®Mes: Furthermore, granulocytes increase glucose uptake after

L e o .
intracellular contact. Some liposomes and bacteria seem to z&[lvatlon, and on Qecqmp05|t|on of liposomes followed by GO
colocalized inside the phagolysosomes (yellow spots). Previou§|9!ease' KO production is even enhanced.

Ho and Huang showed the phagocytosis of liposomes followed by OUr investigations confirmed that CGD granulocytes have
a fusion of the phagosome with lysosomes inside the cells rmal MPO activity. Therefore, CGD granulocytes treated with

electron microscop$ In our electron microscopic analyses using®©Ls demonstrated normal production of HOCI. Compared to the
ferritin-containing liposome® we found vacuoles where bacteriadirect incubation of GOLs with CGD granulocytes, the amount of
and ferritin were localized together, suggesting a fusion of lipgroduced HOCI was still 15% after removal of nonincorporated
somes with the phagosome. GOLs, indicating that a considerable part of GO is taken up by the
Uptake and intracellular activity of GOLs was further evi-granulocytes.
denced by DHR 123 oxidation through GO-derivedOpi27:28 The degranulation assay using the ADVIA120 flow cytometry
CGD granulocytes showed no detectable DHR oxidation aftéysteni® did not show evidence that MPO is degranulated under
stimulation with phorbol-myristate-acetate. However, the DHRPosomal influence. However, it cannot be completely excluded
oxidation was already detectable after only 5 minutes of incubatidiat a small amount of HOCl is produced outside the cell because of
with GOLs. Addition of catalase decreased the intracellular concesPme extracellular membrane binding of GOLs and a small
tration of HO, to some extent. This may be due to diffusion opontaneous release of MPO. HOCI is a very strong oxidant and
intracellularly produced kD, into the extracellular space, therebyuncontrolled production in the extracellular space can be harmful.
scavenged by catalase before penetrating other®Eitperiments Therefore, possible side effects are the focus of current studies.
in which normal or MPO-deficient granulocytes were mixed with We demonstrated an enhanced and effective killing atireus
CGD granulocytes showed that®, diffused through the mem by CGD cells in the presence of GOLs. The successful killin§ of
brane and could be used by CGD cells for the HOCI production aagireusby CGD granulocytes treated with GOL is the consequence
consequently for microbicidal killing®2° As shown in Figure 4, of restored HO, and HOCI production.
intracellular DHR oxidation decreased after 15 to 30 minutes under In general, CGD cells show a normal response toward chemotac-
our experimental conditions. This may be due to the antioxidativie agents’”-38We found that granulocytes treated with GOLs were
capacity within the granulocyte, namely, by catalase or glutathioséll able to migrate along NfMLP and LTRyradients. The general
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decrease in chemotactic activity of GOL-treated granulocyt€GD, a rapid elimination of conventional negatively charged

might be due to the oxidative stress mediated b} liposomes by liver and spleen could be a further advantage for
As already stated above in the context of MPO release abdctericidal activity of GOLs. In addition to interferenprophy-

potential extracellular HOCI production, an important point for #axis, which is thought to augment more oxidant-independent

potential clinical application of GOLs for in vivo treatment of CGDantimicrobial pathway4!4? the stem cell transplantati$hand

is the identification of potential side effects and the questiagene therapy#* protocols for the curative treatment of CGD

whether the antioxidative system of whole blood could cope wiilisease, the application of GOLs could support conventional

the enhanced oxidative stress. According to our investigationstherapy, because it is already used in a variety of drug applica-

whole blood samples, this is obviously the case. Using GOltins?454¢ The fact that CGD granulocytes contain normal MPO

containing up to 2 U/mL GO, the continuously generate®DH activity should allow bacterial killing even if only a small amount

could be successfully removed. Decrease of glucose under thesefitcO-generated D, reaches phagolysosomal MPO because of

vitro conditions was moderate (data not shown). Furthermore,tife strong antimicrobial effect of HO@I.This additional strategy

can be assumed that in a dynamic in vivo situation (circulatingay provide a novel therapeutic approach in treatment of CGD

blood with compensatory regulation during potential decrease étients. It will be the work of the ongoing project to perform

blood glucose) the glucose consumption is negligible. Our resuftgther in vitro and in vivo experiments for possible clinical

show that methemoglobin levels never exceeded the normal rargsplication.

between 0.8% (nonsmoker) to 2.7% (smoker) except at very high

concentrations of GO encapsulated in liposomes (approximately 2

U/mL, 10 mM total lipid). The 1 mM lipid concentration (0.2

U/mL) used in all experiments showed almost no methemoglobmcknowledgments

elevation, which can be explained by the high antioxidative

capacity of whole blood. Samoszuk and colleagu®seported a We thank Thesse Bruggmann and Dr MathiasEldi (Laboratory

higher formation of methemoglobin in mice after injection of fredor Electron Microscopy, Zurich) for the preparation of electron

GO (1 U/g body weight); its generation was strongly reduced byicroscopy and confocal laser microscopy, and Prof Reinhard

lower concentrations of free GO. Seger (University Children’s Hospital, Zurich) for critical reading
With regard to liver abscesses being a severe complicationahthe manuscript.
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