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Abstract

Liposomes are becoming increasingly important as drug delivery systems, to target a drug to
specific cells and tissues and thereby protecting the recipient from toxic effects of the contained
drug. Liposome preparations have been described to activate complement. In this study, we have
investigated complement activation triggered by neutral dimyristoyl-phosphocholine (DMPC)
liposomes in human plasma and whole-blood systems. Incubation in plasma led to the generation
of complement activation products (C3a and sC5b-9). Unexpectedly, investigations of surface-
bound C3 revealed contact activated, conformationally changed C3 molecules on the liposomes.
These changes were characterized by Western blotting with C3 monoclonal antibodies, and by
incubating liposomes with purified native C3 and factors I and H. Quartz crystal microbalance
analysis confirmed binding of C3 to planar DMPC surfaces. In addition, we demonstrated that
DMPC liposomes bound to or were phagocytized by granulocytes in a complement-dependent
manner, as evidenced by the use of complement inhibitors. In summary, we have shown that C3 is
activated both by convertase-dependent cleavage, preferentially in the fluid phase, by mechanisms

© 2013 Elsevier Ltd. All rights reserved.
"Corresponding author. Tel.: +46 18 6113977; fax: +46 18 553149. bo.nilsson@igp.uu.se (B. Nilsson). .



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Klapper et al.

Page 2

which are not well elucidated, and also by contact activation into C3(H,0) on the DMPC surface.
In particular, this contact activation has implications for the therapeutic regulation of complement
activation during liposome treatment.
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1. Introduction

Liposomes are widely used as tailor-made delivery vehicles, acting as carriers of peptides,
proteins, and other active substances for pharmaceutical, cosmetic, and biochemical
purposes [1,2]. In addition, liposomes are commonly studied as biomimetic models for
complex biological systems, since amphiphilic phospholipid molecules are major
components of biological membranes [3]. Although phospholipids are natural components
of the human body, it is well known that they initiate immune responses in vitro [4] and in
vivo [5-7]. A crucial factor in these detrimental reactions is the complement system.

The complement system is part of the innate immune system and one of the main effector
mechanisms of antibody-mediated immunity. There are three different activation pathways
for complement activation: the classical, alternative, and lectin pathways. All complement
pathways converge at the major complement protein C3 [8]. The native C3 molecule is
composed of an a-chain (110 kDa) and a 3-chain (75 kDa), connected by a disulfide bond
and non-covalent forces. C3 is activated by distinct C3 convertases of the classical/lectin
pathway and the alternative pathway. These convertases cleave C3 between residues 726
and 727 (Arg-Ser) of the a-chain [9,10], generating two fragments: C3a (9 kDa), an
anaphylatoxin [11]; and C3b (175 kDa), which binds covalently to the surface when a
thioester is cleaved [12] and opsonize artificial and target (e.g., bacterial) surfaces for
phagocytosis and cytotoxicity.

Formation of the alternative pathway convertases (C3bBb) depends on an initial deposition
of C3b molecules. These molecules can be provided by either of the three activation
pathways or by so-called “tick-over” [13]. Tick-over is suggested to be caused by a non-
proteolytic activation of C3 as the result of a nucleophilic attack of the internal thioester
bond hidden in the a-chain of the native C3 by water or by other nucleophilic substances
(e.g., NH3 and methylamine) [14]. This mechanism generates a C3b-like molecule known as
C3(H,0) [15,16], which is able to form fluid-phase convertases (C3(H,0)Bb) that deposit
initial C3b molecules on the surface.

Unlike native C3, C3b and C3(H,0) can be cleaved by factor I, together with a co-factor,
into the inactivated forms iC3b and iC3(H,0), respectively. It is also well established that
like C3b, both C3(H,0) and iC3(H,0) interact with C3 receptors, including CR1 (CD35)
[8], CR2 (CD21) [17], and a CR3 (CD11b/CD18)-like molecule from Candida albicans
[18].

Biomaterials. Author manuscript; available in PMC 2014 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Klapper et al.

Page 3

The interaction between liposomes and the complement system has previously been
described [2,4,6,7,19], and interactions between liposomes and C3 have been demonstrated
[20]. The capacity of liposomes to activate the complement system has been studied, and the
degree of activation has been found in these reports to correlate with the lipid composition,
i.e., the degree of lipid saturation [4,21], cholesterol content [4,22], and/or the presence of
charged phospholipids [4]. The composition of the liposomes with regard to cholesterol
content drastically influences complement activation, in a strong dose-dependent manner
[4]. In addition to their net charge and cholesterol content, the size and curvature of the
liposomes affect their ability to activate the complement system [23] with larger liposomes
being more efficient activators than smaller liposomes [24].

Modification of liposomes with PEG, metals, artificial lipids, drugs, and homing ligands has
resulted in distinctive surface chemistries that can provoke activation of both the
complement and coagulation systems [25]. These blood-contact issues are well known
clinically, and several in vivo studies have attempted to prevent liposome-driven
complement activation by pre-treatment with complement inhibitors [26,27]. The effects on
phagocytosis mediated by charged liposomes have also been investigated and shown to be
dependent on complement activation [28].

In the present study, we investigated the activation of the complement system on artificial
phospholipid bilayer membranes. Here we focused on the phosphocholine (PC) surface
because PC is one of the main components of cellular membranes. Dimyristoyl-
phosphocholine (DMPC) liposomes were used to mimic biological membranes, which are
exposed to human blood. Generation of fluid-phase complement activation products (C3a
and sC5b-9) by DMPC liposomes was observed in human blood plasma. Unexpectedly, the
C3 bound to the liposome surface was not the result of convertase (proteolytic)-mediated
complement activation. By using various monoclonal antibodies, we characterized the
bound C3 molecules as C3(H,0), which has similar functional properties as C3b and that
can be cleaved by factor | and co-factor H. Flow cytometry analysis showed complement-
dependent binding or uptake of liposomes by polymorphonuclear monocytes (PMNSs). The
discovery of C3(H,0) generation on the surface of liposomes has implications for the
regulation of complement-mediated binding or uptake and destruction of therapeutic
liposomes.

2. Materials and methods

2.1. Purified proteins and antibodies

C3 and factor H were purified according to Hammer et al. from human plasma and serum,
respectively [29]. The first step of the factor H purification involved a euglobulin
precipitation, as described by Nilsson and Miiller-Eberhard [30]. Factor | was prepared from
human plasma according to Fearon [31]. C3b was generated by incubating C3 with trypsin,
which produces C3a and C3b fragments. The C3a was removed by gel filtration. Incubating
C3 with factor | and factor H as a co-factor leads to formation of iC3b. The anti-C3
monoclonal antibodies (mAbs) 4SD17.3, 7D.236.2, 7D.398.1, and 7D.9.2 were produced
according to Nilsson et al. [32] and were affinity-purified on protein A-Sepharose. Culture
supernatants containing mAbs were adjusted to 1.5 » glycine/3 M NaCl, pH 8.9, and applied
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to a 4-ml protein A-Sepharose column. After the column was washed, the antibodies were
eluted with 0.1 v glycine, pH 2.8, and then dialyzed against PBS. Both
ethylenediaminetetraacetic acid (EDTA) and ethylene glycol tetraacetic acid (EGTA) were
purchased from Merck (Merck KGaA, Darmstadt, Germany). Compstatin analog (Ac-
ICV(1MeW) QDWGAHRCT-NH2) and C5a receptor antagonist (C5aRA) PMx53 were
provided by Prof. John D. Lambris. APC-conjugated monoclonal mouse anti-human CD11b
(ICRF44), Pacific Blue-conjugated mouse anti-human CD16 (3G8), APC-conjugated mouse
IgG1 isotype control (MOPC-21), and Pacific blue-conjugates IgG1 isotype control
(MOPC-21) were all purchased from BD Pharmingen (BD Biosciences, San Jose, CA,
USA).

2.2. Blood, plasma, and serum preparation

Blood samples were obtained from healthy volunteers who had not received any medication
for at least 10 days prior to donation. Blood was drawn into 6 ml vacutainer tubes (BD
Vacutainer Z, Plymouth, UK) containing the specific thrombin inhibitor lepirudin (70 pwv;
Refludan; Schering AG, Berlin, Germany). To prepare plasma, whole blood was centrifuged
twice at 2000 g for 15 min at room temperature (RT); the plasma samples will be referred to
as lepirudin plasma. In other experiments, blood was drawn into 5 ml vacutainer tubes. To
prepare normal human serum, whole blood was allowed to clot for 1 h and then centrifuged
at 2500 g for 15 min at RT.

2.3. Liposome preparation

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) phospholipids (Lipoid,
Ludwigshafen, Germany) dissolved in ethanol (99% purity, AppliChem GmbH, Darmstadt,
Germany), either pure or containing 2 mol% Atto 590-1,2-dihexdecanoyl-sn-glycero-3-
phosphatidyl-ethanolamin (DPPE-Atto 590; Atto-Tec, Siegen, Germany), were evaporated
and resuspended in PBS buffer (pH 7.4) to a final lipid concentration of 20 mw. The
suspension was extruded with a hand extruder through two 200 nm or 50 nm polycarbonate
track etch membranes (Whatman, Maidstone, UK) at 40-50 °C to a mean diameter of 169 *
4 nm or 75 = 5 nm (polydispersity index <0.1), as measured by dynamic light scattering
(DLS; Zetasizer ZS90, Malvern, Herrenberg, Germany). Zetapotential was determined as
well (Zetasizer ZS90) in PBS to an average of —=5.5 + 2.7 mV. Liposomes were frozen at
—24 °C. Before use, liposomes were ultrasonicated, and the size and monodispersity of
several batches were checked after freezing. The size of liposome was unaffected by
freezing (169 £ 4 nm before freezing and 167 £ 4 nm after freezing). An endotoxin assay
(Pierce LAL Chromogenic Endotoxin Quantitation Kit, Thermo Scientific, Rockford, USA)
showed an endotoxin content below the lowest point of the standard curve. In a liposome
preparation with a concentration of 12 mw, an endotoxin concentration of 0.04 EU/ml in
PBS was obtained.

2.4. Measuring complement activation — sample preparation

To study the DMPC liposomes-mediated complement activation, liposomes were incubated
in lepirudin-anticoagulated plasma or normal human serum. Treatment with lepirudin, a
specific thrombin inhibitor, ensures that no activation of the clotting system has occurred,
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but it does not influence the complement system and its convertases [33]. DMPC liposomes
(1.5 mg/ml) were incubated in the lepirudin plasma or normal human serum for up to 60 min
at 37 °C.

In other experiments, lepirudin plasma was preincubated with either 10 UM of the specific
C3 inhibitor Compstatin [34], 10 mw EDTA, or 10 mM EGTA with 2.5 mw Mg2* prior to the
addition of 1.5 mg/ml liposomes. The reaction was stopped immediately or after 15, 30, or
60 min of incubation at 37 °C by the addition of 10 mw EDTA.

2.5. Enzyme-linked immunosorbent assays (ELISAS)

The liposome-mediated complement activation in the fluid phase was measured by ELISA.
C3a and sC5b-9 levels in lepirudin plasma and normal human serum were analyzed. PBS
with 0.05% Tween20 (Sigma—Aldrich Inc, St. Louis, MO, USA) was used as a washing
buffer; the washing buffer also containing 1% (w/v) bovine serum albumin (BSA,; Sigma—
Aldrich), and 10 mv EDTA was used as a working buffer. Zymosan-activated serum was
used as calibration standard. As a substrate, 3,3’,5,5'-tetramethylbenzidine (TMB;
Invitrogen) was used for all assays.

C3a Anti-C3a monoclonal antibody 4SD17.3 [35] was used as the capture anti-body. Bound
C3a was detected with a biotinylated anti-C3a antibody, followed by horseradish peroxidase
(HRP)-conjugated streptavidin (Amersham, Little Chalfont, UK).

sC5b-9 Anti-human C5b-9 (Diatec, Oslo, Norway) was used as the capture antibody. Bound
sC5b-9 complexes were detected with the 1g fraction of a polyclonal antibody recognizing
complement C5 (Acris, Herford, Germany), followed by HRP-conjugated polyclonal anti-
sheep immunoglobulin antibody (Dako, Glostrup, Denmark). DeltaSoft (BioMetallics Inc,
Princeton NJ, USA) software was used to determine the concentrations of C3a and sC5b-9
in each sample.

2.6. SDS-PAGE and Western blot analysis

Western blot analysis was performed to study binding of complement proteins, to the
liposomes. Liposomes (7.5 mg/ml) were incubated in lepirudin plasma in the absence or
presence of 10 um Compstatin for up to 30 min at 37 °C, which gave a liposome:C3 ratio of
5:1, assuming that normal human plasma has a C3 concentration of 1.5 mg/ml. Compstatin
was added to investigate whether the binding of the complement proteins was mediated by
complement activation or not. The reaction was stopped immediately or after 30 min by
adding 10 mm EDTA. The samples were centrifuged at 20,000 g for 45 min at 4 °C, and the
supernatants were carefully removed. Samples were then washed three times with 1 mw
phenyl-methylsulfonylfluoride (PMSF; Sigma—Aldrich) in PBS, to inhibit putative proteases
that could cleave C3.

In other experiments, liposomes at 1 mg/ml were incubated in 0.2 mg/ml purified C3 for 15
min at 37 °C. (In order to facilitate comparison of Western blots performed after incubation
of liposomes in plasma and purified C3, respectively, the same liposome:C3 ratio (5:1) was
chosen for both sets of experiments.) Either buffer or factor | (8 ug/ml) and factor H (32
pg/ml) were added and incubated for a further 10 min at 37 °C. The samples were boiled
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under reducing conditions and subjected to 7.5% or 10% SDS-PAGE. Proteins were
transferred to a PVDF membrane (polyvinylidene fluoride; Bio-Rad, Hercules, CA, USA).
After blocking with 1% BSA, the membranes were incubated in biotinylated anti-human
C3c polyclonal antibody (Dako). To further investigate the proteolytic forms of the bound
C3 molecules, individual biotinylated mouse anti-human C3 monoclonal antibodies (anti-C3
mADbs) were used to detect different C3 molecule epitopes: 4SD17.3 to detect C3a (a1),
mAb 7D.398.1 to detect the 20 kDa polypeptide of C3c (ay), mAb 7D.9.2 to detect C3d (ay4)
and mAb 7D.236.2 to detect the 40 kDa polypeptide of C3c (as), as designated in Fig. 4B
[35,36]. After washing, the bound antibodies were detected with HRP-conjugated
streptavidin followed by diaminobenzidine (DAB; Sigma—Aldrich) for color development.
C3, C3h, and iC3b were used as controls at a concentration of 0.5 ug/ml each.

2.7. Flow cytometry

Flow cytometry was used to monitor the activation of PMNs and the binding or uptake of
liposomes by PMNs. Atto 590 fluorescence-labeled liposomes (1.5 mg/ml) were incubated
in whole blood for 30 min at 37 °C in the absence or presence of either 50 uM Compstatin
or 10 uM of C5aRA [37]. The reaction was stopped with EDTA, followed by incubation
with the following antibodies for 30 min at RT: Pacific Blue-labeled mouse anti-human
CD16 (BD Pharmingen) was used to identify PMNs, APC-conjugated monoclonal mouse
anti-human CD11b (BD Pharmingen) to measure the degree of activation of PMNs, APC-
conjugated mouse 1gG1, and Pacific blue-conjugates 1gG1 were both used as isotype
controls according to the instructions of the manufacturer (BD Pharmingen). The
erythrocytes were then lysed in FACS lysis buffer (Becton Dickinson, Franklin Lakes, NJ,
USA) according to the manufacturer’s instructions. The cells were washed twice with buffer
containing PBS with 2% fetal calf serum (Invitrogen) and 0.1% sodium azide (NaNs;
Sigma—Aldrich). After the last wash, the cells were resuspended in 1% paraformaldehyde
(PFA; Apoteket, Gothenburg, Sweden) in PBS. The bound fluorochrome-labeled antibodies
were monitored in a LSR 11 flow cytometer (Becton Dickinson, San Jose, CA, USA) using
BD FACSDiva software. A total of 7500 CD16-positive counts were acquired, and the data
are presented as double-positivity between Pacific Blue CD16-labeled PMNs and Atto 590-
labeled liposomes. (In some experiments, the blood was incubated with FITC-labeled
liposomes and the experiment was done as described above. However, those samples were
analyzed by flow cytometry prior to and after incubation with 7.5% trypan blue (Sigma—
Aldrich) for 5 min at RT.)

2.8. Confocal microscopy

To confirm uptake or binding of fluorescence-labeled liposomes by monocytes and PMNs,
samples prepared for flow cytometry were fixed on a microscope slide, and the
fluorochrome-labeled PMNs and liposomes were monitored using confocal microscopy
(Zeiss LSM 510; Carl Zeiss, Jena, Germany).

2.9. Quartz crystal microbalance with dissipation (QCM-D)

Quartz crystal microbalance experiments with dissipation monitoring (QCM-D 300; Q-
Sense, Gothenburg, Sweden) were carried out to observe the binding of C3 to DMPC
surfaces in real-time. The underlying technique is based on an oscillating quartz crystal as a
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sensor chip. Frequency and dissipation are monitored and are proportional to the mass
adsorption on the sensor chip due to the amount of coupled mass [38,39]. The relationship is
described by the Sauerbrey relation with the overtone number n, the frequency shift Af and
the mass sensitivity constant C (= 17.7 ng Hz =1 cm ~2 at f = 5 MHz sensor chip):
C-A
Am=— / @)

n

In these measurements, a SiO, sensor chip (Q-Sense, Gothenburg, Sweden) was mounted,
and exchange of the solution was performed perpendicular to the surface. All experiments
were carried out at a temperature of 37 + 0.05 °C. A solution containing 0.1 mg/ml of 75 £ 5
nm DMPC liposomes in PBS was added. This low concentration of lipids is necessary to
guarantee, that a bilayer forms [40]. After a rinse with PBS, C3 (200 ug/ml) was added, and
the surface was again washed with 1.2 ml PBS to demonstrate binding to the lipid surface.
In order to study the conformation of the C3 molecules bound to the lipid surface, factor H
(32 pg/ml) was added to the surface and after two washing cycles with PBS, factor | (8
ug/ml) was added in sequence followed by another washing cycle using PBS. Changes in the
frequency Af and the dissipation AD were measured at the fundamental frequency (n=1,
i.e.,, f~5MHz), third (n=3, i.e., f ~ 15 MHz), fifth (n =5, i.e., f ~ 5 MHZz) and seventh (n=
7, i.e., f~35 MHz) overtone. To analyze the data, Af was normalized to the fundamental
resonance:

A
ap=2 g

for simplicity and consistency. QSoft 301 (Q-Sense) was used for analyzing the data.

2.10. Statistical analysis

3. Results

Results are presented as means = SEM. Origin 8.7 was used for statistical analysis. Here, n
refers to n independent experiments using plasma from n different donors. In all our
experiments, we used 6 different donors. Flow cytometry data were analyzed using Prism 6
for Macintosh software (GraphPad, San Diego, CA, USA). One-way ANOVA and
Bonferroni’s multiple comparison test was applied for calculating differences in data
containing more than two variables.

3.1. Detection of complement activation

Complement activation initiated by DMPC liposomes of 170-nm diameter was studied by
incubating liposomes in lepirudin plasma for up to 60 min, in the absence and presence of
various complement inhibitors. The generation of complement activation products, C3a and
sC5h-9, was assessed by ELISA. A significant increase in C3a (Fig 1A) and sC5b-9 (Fig
1B) levels was observed in lepirudin plasma that had been incubated with DMPC liposomes.
Both C3a and sC5b-9 were inhibited to background levels by Compstatin, EDTA, and
MgZ*/EGTA. Lepirudin plasma without the addition of liposomes was used as a control and
showed only background level activation of C3a and sC5b-9.
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3.2. Binding of C3 on the liposome surface

The binding of C3 to the liposome surface was investigated by SDS-PAGE and Western
blotting. Liposomes were incubated in lepirudin plasma in the absence and presence of 10
UM Compstatin for up to 30 min at 37 °C (Fig. 2). Western blot analysis using a polyclonal
antibody, which recognizes the C-terminal C3c-derived part of the a-chain (a) and the entire
-chain of C3 (b) and activation/degradation fragments (C3b, iC3b; lanes 1-3) as controls,
revealed rapid binding of substantial amounts of C3 to the liposome surface immediately
after incubation (lane 4). No o’ chain was observed in this sample, thereby indicating that
the deposition has not been driven by convertase-mediated activation. The occurrence of a
40-kDa band after 30 min of incubation (lane 5) suggested a partial proteolytic processing,
most likely by factor I-mediated degradation. The lack of significant effect of Compstatin
supports the interpretation of an independence of convertase-mediated activation and
advocated the hypothesis that C3 adheres to liposomes in a C3(H,0)-type conformation.

The binding of C3 to liposomes was confirmed using a system, where liposomes were
incubated with purified C3 for 15 min (Fig. 3). After 15 min of incubation, either PBS (lane
4) or factor | together with co-factor H (lane 5) were added to the sample and incubated for
another 10 min. Cleavage of the C3 molecule similar to the effects seen in lepirudin plasma
was demonstrated when factor | and factor H were added to the sample.

To further characterize the bound C3 on the liposome surfaces after incubation in lepirudin
plasma (i.e., to ascertain that it was not C3b generated by proteolytic cleavage), we used a
range of a-chain-specific mAbs (Fig. 4A). The binding specificity of the various antibodies
is shown in Fig. 4B. As expected, the whole a-chain was intact at 0 min. After 30 min of
incubation at 37 °C, a substantial amount of cleavage had occurred. Antibodies against a
C3a epitope, a 20 kDa C3c epitope, and a C3d epitope all showed the same pattern,
demonstrating that the 20 kDa polypeptide of C3c always was accompanied by the C3a
fragment, confirming that the convertase site was not cleaved into C3a and C3b. The
reactivity of the mAb against the 40 kDa epitope of C3c suggested that the initial cleavages
occurred at or close to the first and second factor | cleavage sites.

3.3. Activation of cells and phagocytosis

The physiological relevance of the liposome-driven complement activation was examined
by flow cytometry analysis, measuring activation of PMNSs as expression of CD11b, as well
as binding or uptake of the complement protein-bearing liposomes by the PMNSs. Incubation
of DMPC liposomes in whole blood for 30 min led to an upregulation of CD11b on PMNS,
which was inhibited by both Compstatin and C5aRA (Fig 5A). Compstatin or C5aRA added
to blood, in the absence of liposomes did not affect the expression of CD11b on PMNs (not
shown). In addition, flow cytometry analysis showed a significant double-positivity between
PMNs and fluorescent-labeled liposomes, demonstrating a binding or phagocytosis of the
liposomes by the PMNs. This phenomenon was also dependent on the fluid-phase liposome-
driven complement activation and was therefore inhibited significantly by the addition of
either Compstatin or C5aRA (Fig. 5B).
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The binding to or the uptake of liposomes by PMNs was confirmed using confocal
microscopy. Samples prepared for flow cytometry were fixed on microscope slides and
analyzed for double-positivity between CD16-labeled PMNs and Atto 590-labeled
liposomes. The results demonstrate an equal distribution of the liposomes between those
phagocytosed by the cells and those bound to the cell membrane (Fig. 5C-E). The
distribution of the cell surface-bound liposomes and those which were phagocytosed was
confirmed using trypan blue, which quenches FITC-signal from liposomes that are bound to
cell surface. In some experiments, blood was incubated with FITC-conjugated DMPC
liposomes. These samples were then analyzed by flow cytometry prior to and after
incubation with trypan blue. The FITC-signal from CD16-positive PMNs was reduced by
approximately 40-50% due to incubation with trypan blue, which confirmed the results from
the confocal microscopy (data not shown).

3.4. Real-time monitoring of C3 adsorption to lipid surface

QCM-D measurements (Fig. 6) indicated the binding of C3 to the lipid surface and a more
quantitative investigation was possible. By SDS-PAGE and Western Blot analysis, a binding
and a conformational change was measurable but no quantitative analysis of the bound
proteins neither using a system of liposomes and human plasma nor liposomes and pure C3.
Assuming, that a liposome surface with a diameter of 170 nm resembles a planar surface for
the protein due to its small dimensions given in Ref. [9], i.e., 117 x 156 x 271 A, the QCM-
D experiments should lead to equal binding behavior compared to the investigations done by
Western Blot studies using liposome surfaces and pure C3. A stable DMPC lipid bilayer was
formed. Subsequently, the adsorption of C3 was studied, by monitoring the frequency shift
and the dissipation, which were both stable after rinsing with buffer and equilibration. C3
bound to the lipid surface at a density of 22 ng/cm? which corresponds to a total number of
7.1 x 1010 molecules C3/cm?2, assuming a molecular weight of 185 kDa. Using the
dimensions of C3 given in Ref. [9], i.e., 117 x 156 x 271 A, we estimated that each
molecule covers a maximum area of 4.22 x 10-12 cm?, leading to a theoretical maximal
binding of 23.7 x 1010 molecules C3/cm2. Consequently, under these experimental
conditions, up to 30% of the area (7.1 x 1010/23.7 x 1010) was covered by C3 molecules.

In other experiments, we added factor H and factor | in sequence, in order to ascertain that
the C3 was in the form of C3(H,0) on the surface. We found a decrease in frequency and an
increase in dissipation, which confirmed that factor H bound to C3. After the addition of
factor |, the frequency increased which is equivalent to a loss in mass. This loss is due to the
fact that factor H has a lower affinity for the factor I-cleaved product (iC3(H,0)). The
dissipation on the other hand decreased, which means that the more elastic surface after the
factor H binding, was reduced by factor I.

4. Discussion

In this study, we have demonstrated that neutral DMPC liposomes activate complement in
lepirudin-anticoagulated human plasma. Usually, poly(ethylene glycol) (PEG) modified
liposomes made of dipalmitoylphosphatidylcholine (DPPC) and cholesterol are used for
drug delivery. Cholesterol is added to lower the transition temperature from gel-to-liquid
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crystal phase. The transition temperature (Tc) of DPPC alone is 41 °C which leads to a low
membrane fluidity for a lipid bilayer membrane and further on to poor biological properties
at physiological 37 °C. However, the addition of cholesterol complicates the studies of
complement activation since cholesterol also affects the complement system[4,22]. We
therefore used pure DMPC liposomes as model liposomes and cellular membranes since
DMPC has a lower Tc (24-25 °C) and shows a high membrane fluidity at 37 °C. With this
compromise liposome, we get a biologically relevant membrane which gives us a deeper
understanding into how complement activation is activated and bound to liposomes, drug
delivery systems and biological membranes.

The generation of the complement activation products C3a and sC5b-9 in the fluid phase,
showed a dependence on both time and dose (number of liposomes). The activation was
inhibited by the C3 blocking peptide Compstatin [41,42], and by the chelators EDTA and
EGTA. The mechanism of recognition and activation of the complement system by lipids
used in different drug delivery systems are not fully understood and still needs to be
elucidated. Previous studies have shown that negatively charged phospholipids activate the
complement system via the classical pathway and through direct interactions of C1q with
anionic phospholipids [43], but it has been suggested that the activation mechanism is
different from direct immunoglobulin-dependent C1q activation and may involve CRP [46].
By contrast, the presence of positively charged phospholipids activates the alternative
pathway [21].

Liposomes consisting of neutral phospholipids as in this study, are generally considered to
be poor complement activators[4,7,21,44], but prolonged incubation of neutral liposomes in
human serum or plasma leads to the binding of complement proteins to the liposomes [45].
In the present study, MgZ*/EGTA inhibited complement activation, demonstrating that the
activation was dependent on Ca%* and therefore both the classical and the lectin pathway
activation may be involved. Preliminary studies showed this in that C1q was present on the
liposomes (data not shown).

In our study and studies by others [47,48], SDS-PAGE of liposomes incubated in serum
show a broad variety of bound proteins. Sabin et al. [49] showed the interaction between
fibrinogen and 1gG with DMPC liposomes. Deposition of C3 on the surface of liposomes
has previously been reported [19,50]. In the present study, SDS-PAGE, followed by
Western blotting with a polyclonal antibody directed against the 40 kDa ag C-terminal
fragment of the a-chain and the entire B-chain was used. Using the mentioned antibodies, we
demonstrated that the bound C3 a-chain was not cleaved into the C3 a’-chain, as in the
activated form of C3b. In addition, we saw the generation of polypeptides similar to those
generated during factor I-mediated cleavage, corroborating the hypothesis that C3(H,0) was
deposited on the liposomes. In order to demonstrate the binding of C3(H,0) to the
liposomes, we performed further studies in which we used a set of mAbs directed against a,
ay, ag4, and ag, This analysis confirmed that the C3 a-chain was initially cleaved at the first
and second factor | cleavage sites and also in the C3d region and in ag. We cannot rule out
the possibility that the cleavage in the C3d region results from a spontaneous cleavage at the
thiol ester site in native C3, which has been described to occur during heating in preparation
for SDS-PAGE [51]. However, all N-terminal polypeptides contained C3a (ay), clearly
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demonstrating that they were generated as a result of cleavages of C3(H,0) and not from
C3b, which does not contain a4 (i.e., C3a). In addition, SDS-PAGE/Western blotting showed
that C3 deposition was not inhibited by complement inhibitors, further supporting our view
that C3 was not bound to the liposomes as a result of proteolytic (convertase) activation.

The question is how the transition from native C3 to C3(H,0) is brought about. In this
study, the generation of C3(H,0) was detected by its conformational changes
(conformational epitopes), the remaining C3a, and its susceptibility to factor | cleavages (in
the presence of co-factors e.g. factor H). It has previously been demonstrated that by this
definition, C3(H,0) occurs on polystyrene surfaces [52], on human platelets [53], and at
blood-gas [54] and plasmae—gas interfaces [8]. The polystyrene surface and the platelet
membrane are solid surfaces when compared to the variable surfaces formed by gas bubbles.
In the latter case, C3(H,0) can be assessed by ELISA in the fluid phase, since the gas
obviously disappears from the fluid after release. All these examples demonstrates that
native C3 upon contact with a surface is prone to transform into C3(H,0).

We have recently shown that the phospholipid surfaces of activated platelets (and platelet-
derived microparticles) in whole blood bind C3 in the form of C3(H»0) [53]. A similar
interaction of C3 with the DMPC liposomes may explain the generation of C3(H,0) in the
present study. In order to quantify the binding, we performed QCM-D experiments in which
purified native C3 was allowed to deposit onto DMPC bilayers. These experiments
confirmed that native C3 formed a stable coat on the phospholipid bilayer and it could be
estimated that the deposited C3 covered up to 30% of the lipid surface, under the
experimental conditions used (Fig. 6, calculations in 3.4). We have previously demonstrated
that C3 adsorbed on artificial polymer surfaces is completely unfolded at such low density
[55]. Thus, the low packing density per se corroborates that C3 is bound in the form of
C3(H,0). Sequential addition of factors H and I, showed that the C3 was affected by the
interaction with factor I and H which confirmed the transition of C3 to C3(H,0).

The conformational changes that occur during activation of C3 to surface-bound C3b, iC3b
and C3dg are reflected in the exposure of neoepitopes on the surface of the C3 molecule. We
have also shown that native C3 changes its conformation in a similar fashion after coming
into contact with a surface [52], suggesting that it may possess biological properties similar
to bound C3 fragments and activation products. In order to investigate whether the
complement activation and the binding of C3(H»0) have any functional impact on liposome
turnover in whole blood, we tested these liposome preparations in whole-blood
phagocytosis. We found that the particles were both integrated with the membrane and
found in the cytoplasm as a result of ingestion. Both Compstatin and the C5aR antagonist
inhibited the binding to and the uptake of liposomes into PMNs, demonstrating that the
fluid-phase complement activation which occurs in the fluid phase and generates C5a was
crucial for the activation of PMNs and for the upregulation of CD11b on PMNs so that the
C3(H,0)-bearing liposomes can be bound or ingested (Fig. 7).
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5. Conclusion

In the present study, we demonstrate that neutral DMPC liposomes activate complement in
two ways: 1) in the fluid phase tentatively due to binding of C1q and 2) by binding C3 in the
form of C3(H,0). The generation of C3(H,0) represents a new activation mechanism
leading to a non-proteolytic activation of C3 into a functionally active C3b-like molecule.
These actions are likely to have an impact on the turnover of liposomes in vivo.
Complement activation in the fluid phase, with the generation of anaphylatoxins such as C3a
and C5a, will activate phagocytosing cells and, since C3(H,0) acts as a ligand to C3
receptors, it will affect the fate of the liposomes (Fig. 7). Attempts to increase the half-life of
blood-borne liposomes by using complement inhibitors may be partially thwarted because
the binding of C3(H,0) is not dependent on proteolytic complement activation. In certain
cases, additional measures such as receptor blockade will therefore be necessary in order to
comprehensively prevent liposome-induced complement activation. In sum, these findings
are consistent with binding of the C3b-like molecule, C3(H,0), to the liposomes with the
implications for the fate of liposomes and the analysis and treatment of complement-
mediated adverse effects during treatment with liposome formulations.
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Fig. 1.
Liposome-induced complement activation, measured as generation of C3a (A) and sC5b-9

(B). Lepirudin plasma incubated with DMPC liposomes for up to 60 min in the absence or
presence of EDTA, EGTA, or 10 uv Compstatin. Lepirudin plasma without liposomes was
used as a control.
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Binding of C3 to DMPC liposomes was investigated by SDS-PAGE and Western blotting
with a polyclonal anti-C3c antibody. Liposomes were incubated in lepirudin plasma in the
absence (lane 4-5) or presence of 10 uu Compstatin (CMP; lane 6). After incubation in
lepirudin plasma for 0 min (lane 4) or 30 min (lane 5-6), the liposomes were washed and
subjected to SDS-PAGE under reducing conditions and blotted to a PVDF membrane. C3,
C3b, and iC3b (lane 1-3) were used as controls. Addition of Compstatin did not attenuate

the binding of C3 to liposomes.
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Fig. 3.
Adsorption and cleavage of C3 on the liposome surface was further confirmed using DMPC

liposomes and purified native C3 (200 pg/ml). Liposomes were incubated with native C3 in
the absence (lane 4) or presence of factor H (32 pg/ml) and factor 1 (8 pg/ml) (lane 5) for 10
min. After washing, the liposomes were analyzed by SDS-PAGE and Western blotting with
a polyclonal anti-C3c. C3, C3b, and iC3b (lane 1-3) were used as controls.
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Characterization of liposome-bound C3 was further investigated by the use of different
mADbs. (A): 4SD17.3 (lane 3) against the C3a epitope (a1), 7D.398.1 (lane 4) against the 20
kDa C3c epitope (ap), 7D.9.2 (lane 5) against C3d (a4), and 7D.236.2 (lane 6) against the 40
kDa C3c epitope (as). The binding was compared to that of a polyclonal anti-C3c (lane 2)
and a C3 control (lane 1). Liposomes were incubated in lepirudin plasma for 30 min. After
boiling, the samples were subjected to SDS-PAGE under reducing conditions and blotted to
a PVDF membrane. Epitope locations for the anti-C3 mAbs is shown in panel (B).
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The physiological relevance of the liposome-driven complement activation was investigated
by flow cytometry as expression of CD11b (A) and uptake of liposomes by the same type of
cells (B). Liposomes where incubated in whole blood for 30 min in the absence (black) and
presence of 50 um Compstatin (CMP, white) or 10 u» C5aRA (gray). Incubation of Atto 590-
labeled liposomes for 30 min in whole blood increased both activation of PMNs and led to
uptake of liposomes by the activated PMNs. Binding of DMPC liposomes to PMNs was
confirmed using confocal microscopy (C-E). In (C) PMNSs labeled with Pacific blue anti-
CD16 and in (D) Atto 590-labeled liposomes are shown. In (E) both markers are
superimposed. Data are expressed mean £ SEM; n= 6 (**P < 0.01; ***P < 0.001; ****P <
0.0001). Binding of DMPC liposomes to PMNs was con firmed using confocal microscopy
(C-E). (C) PMNs labeled with Pacific blue anti-CD16. (D) Atto 590-labeled liposomes and
(E) shows an overlay of both markers. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 6.
Adsorption of C3 on a DMPC lipid bilayer as monitored by QCM-D. Bilayer formation took
place after 15 min at 37 °C (A). (B) shows the binding of C3 (200 ug/ml) to the surface. C3
binding to the surface was confirmed after rinsing with buffer (black arrows). (C) In order to
ascertain that the C3 on the DMPC lipid bilayer was in the form of C3(H,0), factor H (32
ug/ml) and factor 1 (8 pg/ml) were added in sequence. Binding of factor H to C3 was
confirmed by a decrease in frequency and an increase in dissipation. After the addition of
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factor I, the frequency increased as a result of a loss of mass due to a lower affinity between
factor H and the factor I-generated iC3(H50).
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Complement C3a, C5a, sC5b-9
activation

Fig. 7.
Model for how DMPC liposomes activate complement in the fluid phase leading to

generation of C3a, C5a and sC5b-9. The formed C5a will activate nearby PMNs via the C5a
receptor. In addition, C3 binds to the liposomes in the form of C3(H,0), which, when
digested to iC3(H,0) will bind to CD11b on PMNSs, promoting phagocytosis of the
opsonized liposomes. For comparison, complement activation by a bacterium leading to
deposition of C3b on the surface, as well as generation of C3a, C5a and sC5b-9, is shown.
The bound C3b is digested to iC3b, promoting phagocytosis of the opsonized bacteria, via
CD11b on the PMNs.
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