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Apoptotic cells are opsonized by complement components
such as C1q and C3b, which increases their susceptibility to
phagocytosis. Soluble complement inhibitors such as factor H
(fH) also recognize apoptotic cells to minimize the pro-inflam-
matory effects of downstream complement activation. We used
four radiolabeled protein constructs that span different regions
of the 20 complement control protein (CCP)modules thatmake
up fH and found that fragments comprising CCPs 6–8, CCPs
8–15, and CCPs 19–20 but not CCPs 1–4, bound to apoptotic
Jurkat T cells. There are four possible ligand types on apoptotic
cells that could recruit fH: proteins, carbohydrates, lipids, and
DNA.We found that CCPs 6–8 of fH bind to annexin-II, a tryp-
sin-insensitive protein that becomes exposedon surfaces of apo-
ptotic cells. The second ligand of fH, which interacts with CCPs
6–8 and 19–20, is DNA. Confocalmicroscopy showed co-local-
ization of fH with antibodies specific for DNA. fH also binds to
histones devoid ofDNA, andCCPs 1–4, 6–8, and 8–15mediate
this interaction. Treatment of apoptotic cells with neuramini-
dase, chondroitinase, heparitinase, and heparinase did not
change fH binding. Treatment of apoptotic cells with phospho-
lipase A2 dramatically increased both binding of fH and cell-
surface DNA.We also excluded the possibility that fH interacts
with lysophospholipids using surface plasmon resonance
and flow cytometry with lipid-coated beads. Identification of
annexin-II as one of the fH ligands on apoptotic cells together
with the fact that autoantibodies against annexin-II are found in
systemic lupus erythematosus provides further insight into
understanding the pathogenesis of this disease.

Programmed cell death, or apoptosis, is an essential con-
stituent of immune system homeostasis assuring “silent” and
non-inflammatory clearance of cells. It is characterized by
cell shrinkage, cytoplasmic and nuclear chromatin conden-
sation, intranucleosomal “ladder-type” DNA fragmentation,

and membrane blebbing (1). Furthermore the asymmetric
distribution of membrane lipids changes: phosphatidylserine
(PS)2 that is normally exclusively present in the inner leaflet of
the plasma membrane translocates to the outside (2) and car-
diolipin, which is mostly confined to the mitochondrial mem-
brane, appears on the surface (3). The hydrolysis of sphingomy-
elin to ceramide in the plasma membrane also accompanies
apoptosis (4). During apoptosis the profile of cell-surface mol-
ecules changes in that molecules normally absent on the cell
surface become exposed, whereas others disappear. Some of
these changes induce phagocytosis of apoptotic cells either
directly or via extracellular bridging molecules.
Complement is a central part of the innate immune system.

Besides its classic functions such as opsonization of pathogens,
generation of inflammatory mediators, and cell lysis (5), its role
in the recognition and removal of apoptotic and necrotic cells is
of significant importance (6). C1q, the initiator molecule of
the classic complement pathway, and mannose-binding lectin
(MBL) that activates the lectin pathway, both bind to dying
(apoptotic and necrotic) cells (7–9). Binding of C1q and MBL
leads to opsonization and facilitation of phagocytosis (10). The
alternative complement pathway is activated directly by pro-
perdin bound to dying cells (11, 12), and it also acts as the
amplification loop for the classic and lectin pathways. Abalance
between activation and inhibition of complement is essential,
because both erroneous/excessive as well as missing/decreased
complement activation contribute significantly to the pathol-
ogy of many diseases (13). Therefore, it is no surprise that a
whole set of fluid-phase and membrane-bound inhibitors exist
that tightly regulate the system. We showed previously that
bothmajor fluid-phase complement inhibitors, factor H (fH) of
the alternative pathway and C4b-binding protein (C4BP) of the
classic and lectin pathways, bind to apoptotic and necrotic cells,
and limit complement activation by these cells (14, 15). This
allows the binding of C1q/MBL and a certain degree of comple-
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ment activation but prevents overt inflammation. C4BP binds
to dying cells mainly via protein S with which it forms a tight
complex and thus binds to the PS that appears on the surface of
dying cells (15). The one or more ligands for fH on apoptotic
cells on the other hand are, as yet, unknown.
fH, a 155-kDa glycoprotein, is one of the most abundant

human plasma proteins (�550 �g/ml). It is composed of 20
complement control protein (CCP) domains, of which the four
N-terminal CCPs contain the complement regulatory activity
(9) and the C-terminal two CCPs mediate surface binding and
target recognition (16). The facts that fH does not bind to live
Jurkat T cells and its binding increases with the degree of apo-
ptosis (14) indicate that the fH ligand becomes exposed on the
cell surface during the apoptotic process. Apoptotic cells that
are not removed efficiently undergo secondary necrosis, a pro-
inflammatory and pro-immunogenic event that can lead to the
development of autoimmune diseases. It is therefore of great
importance to understand which surface changes result in fH
binding with the concomitant prevention of the generation of
anaphylatoxins and membrane attack complexes but retention
of opsonization and phagocytosis.
In this study we searched for fH ligands on apoptotic cells.

We found at least three ligands for fH on apoptotic cells: DNA,
histones, and the phospholipid-binding protein annexin-II,
which has recently been suggested as a fH-binding partner in a
mouse ischemia/reperfusion model (17).

EXPERIMENTAL PROCEDURES

Cells and Induction of Cell Death—Jurkat T cells (ATCC)
were grown in RPMI media containing glutamine and 10%
heat-inactivated fetal calf serum (all from Invitrogen). Apopto-
sis was induced using 1 �M staurosporine (Sigma) for 4 h (if not
stated otherwise) in RPMI media without fetal calf serum at
37 °C and 5% CO2. Necrosis was induced by 30-min incubation
at 56 °C (15).
Proteins, Antibodies, and Sera—fH (18), C4BP (19), and pro-

thrombin (obtained as a side fraction during purification of
C4BP) were purified from human plasma as described; the
purity was at least 95%, as judged by Coomassie Brilliant Blue
staining of proteins separated by SDS-PAGE. fH fragments
were produced in Pichia pastoris as previously described
(20, 21). Histones were isolated from Jurkat T-cells using a his-
tone isolation kit (Active Motif) following the manufacturer’s
instructions. Eluted fractions were separated by 15% SDS-
PAGE and stained with Coomassie Brilliant Blue. Fraction IV
from theH2A/H2B plus H1 elution and fraction II fromH3/H4
elution were considered most suitable for binding assays. For
flow cytometric analysis and confocal microscopy, the proteins
were labeled either with Alexa Fluor 488 (AF488, Molecular
Probes) or with DyLight 488 and 633 (DL488/DL633, Pierce),
respectively, according to the manufacturer’s instructions.
fH and its fragments were also labeled with 125I using the
chloramine T method. The specific activity was 0.4–0.5
MBq/�g of protein.

The following antibodies were used: mouse anti-human
dsDNA (Immunotools), goat anti-human fH (Quidel), goat
anti-human fH (Calbiochem), rabbit anti-human annexin-II
(Abcam), mouse anti-human CD45, mouse anti-human CD4

(Immunotools), fluorescein isothiocyanate (FITC)-labeled
swine anti-rabbit, FITC-labeled rabbit anti-human C3c
(Dako) Alexa Fluor 647 (AF647)-labeled goat anti-mouse,
AF647-labeled rabbit anti-goat (Invitrogen), horseradish
peroxidase (HRP)-labeled rabbit anti-goat and swine anti-rab-
bit secondary antibodies (Dako), and IgG1 and IgG2a isotype
controls (Immunotools).Normal human serum (NHS)was pre-
pared from blood of six healthy volunteers as described previ-
ously (22).
Binding of fH Fragments to Dying Cells—Jurkat T cells were

rendered apoptotic and washed twice with 10 mM HEPES, 150
mM NaCl, 5 mM KCl, 1 mM MgCl2, 2 mM CaCl2 (binding buffer
(BB)), and 1.5 � 106 cells were incubated with 106 cpm of dif-
ferent fH fragments labeled with 125I for 1 h at 37 °C. The cells
were spun down through 20% sucrose in PBS and immediately
frozen at �80 °C for 30 min. The pellet (cells) was cut off, and
the radioactivity of pellet and supernatant were measured in a
1277 GammaMaster (LKBWallac).
Protein-Protein Binding Assay—Proteins (annexin-II, his-

tones H2A/H2B plus H1 and H3/H4, osteoadherin (OSAD) as
positive control and bovine serum albumin (BSA) as negative
control) were coated overnight at 4 °C onto Maxisorp microti-
ter plates (Nunc) at a concentration of 5 �g/ml for annexin-II
and OSAD and 4 �g/ml for histones in 75 mM sodium carbon-
ate buffer, pH 9.6 (coating buffer, 50 �l/well). Between each
step, the wells were washed extensively with 50 mM Tris-HCl,
150 mM NaCl, 0.1% (v/v) Tween 20, pH 7.5 (immunowash). All
wells were blocked with 100 �l/well immunowash plus 3% fish
gelatin (quenching solution, Nordic) for 2 h at room tempera-
ture or for 1 h at 37 °C for histone assay. fH, fH fragments,
biotinylated fH, or radiolabeled full-length fH aswell as fH frag-
ments were added at increasing concentrations in 50 mM

HEPES, pH 7.4, 100 mM NaCl for annexin-II or 150 mM NaCl
for histone assay, 2 mM CaCl2, and incubated overnight or for
2–3 h at room temperature, respectively. For binding studies
from NHS, 0.5% heat-inactivated NHS in BB was used. The
amount of bound protein was assessed using 100 �l/well
StreptABComplex/HRP for biotinylated fH or 50 �l/well goat
anti-fH followed by rabbit anti-goat-HRP for unlabeled fH, fH
fragments, and serum. Both were developed with OPD devel-
opment kit (Dako), according to the manufacturer’s instruc-
tions. Absorbance at 490 nm was measured to quantify protein
binding in a Cary50 Bio UV spectrometer connected to a
50MPR microplate reader (Varian). Radiolabeled bound pro-
teins were measured using a 1277 GammaMaster.
Flow Cytometry—For the determination of fH binding, the

cells were washed twice with BB and incubated with Alexa
Fluor- or DyLight-labeled proteins for 30 min at 37 °C with
gentle shaking. After washing twice with BB supplemented
with 1% BSA and 30 mM NaN3, the cells were re-suspended in
the same buffer and analyzed in a CyFlow space (Partec). To
discriminate between live, apoptotic, and necrotic populations,
cells were stained with annexin V-PE (AV) and Via-probe,
according to the manufacturer’s instructions (BD Biosciences)
after the protein incubation. For the determination of extracel-
lular annexin-II expression, cells incubatedwithAF488-labeled
fH were washed twice with ice-cold PBS, fixed for 10 min at
room temperature with 1:100-dilutedCellFix (BDBiosciences),
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washed twice with PBS supplemented with 1% BSA and 30 mM

NaN3 (PBS��), and incubated for 30 min on ice with rabbit
anti-human annexin-II polyclonal antibody diluted 1:500. After
incubation with secondary goat anti-rabbit AF647, the cells
werewashed in PBS�� and analyzed using flow cytometry. For
DNA analysis, apoptotic cells were treated with 0–50 units of
DNase-1 (Roche Applied Science) in 10 mM Tris-HCl, pH 7.5,
50mMNaCl, 10mMMgCl2, and 2mMCaCl2 for 30min at 37 °C,
washed twice in BB, and incubated with 20 �g/ml AF488-la-
beled fH. For DNA staining cells were washed once in BB and
once in PBS�� and incubated with 1:500 mouse anti-dsDNA
in PBS�� for 30 min at 4 °C, washed twice and incubated with
AF647-labeled goat anti-mouse for 30 min at 4 °C in PBS��,
washed in PBS��, and analyzed by flow cytometry. For fH-
DNA interaction in the presence of serum, linearized pcDNA3
vector (Invitrogen) was biotinylated with Biotin-
LC-Hydrazide (Pierce) dissolved in imidazole. The vector was
added to 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hy-
drochloride (Pierce) followed by addition of the biotin solution
and incubated for 1.5 h at 50 °C. Unbound biotin was removed
using Zeba desalting spin columns (Pierce) according to the
manufacturer’s instruction. AF488-labeled fH was incubated
with 2% heat-inactivated NHS with or without biotinylated
DNA in BB for 45 min at 37 °C. M-280 streptavidin-coated
Dynabeads (Invitrogen), blocked for 30 min at 37 °C in BB with
1% BSA were added to the samples, incubated for 30 min,
washed, and analyzed by flow cytometry.
Immunoprecipitation—Apoptosis was induced and 4 � 106

cells were incubatedwith orwithout 150�g/ml fH at 37 °C for 1 h
in BB. The cells were washed once and suspended in 200 �l of 1%
Triton X-100, 20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 5 mM

EDTA, 1% Trasylol (solubilization buffer) containing 2mM phen-
ylmethylsulfonyl fluoride added immediately before use, incu-
bated 30 min on ice and spun down at 15,000 rpm for 10 min at
4 °C. The supernatant was incubated with 20 �g of rabbit anti-
factor I 9205 (homemade) at 4 °C overnight. Then, 4 �l of protein
A-Sepharose (Sigma)waspre-mixedwith16�l of Sephacryl S-100
(GE Healthcare) and incubated for 1 h at 4 °C. The formed anti-
body-proteinAcomplexwas spundown, and the supernatantwas
incubated with 10 �g of rabbit anti-annexin-II at 4 °C overnight.
Protein A-Sepharose was pre-mixed with Sephacryl S-100 and
incubatedwith the samples at 4 °C for 1 h. The samples were then
spun down and washed three times with solubilization buffer,
resuspended in 40 �l of SDS-PAGE loading buffer, and samples
wereheated at 95 °C for 5minbefore loadingon a10%SDS-PAGE
gel. The gel was subsequently blotted onto a polyvinylidene diflu-
oride membrane, blocked in quenching solution, and incubated
with goat anti-human fH (Calbiochem)diluted in quenching solu-
tion, washed four times with immunowash, incubated with HRP-
conjugated rabbit anti-goat antibodies diluted in quenching solu-
tion, washed four times with immunowash, and developed with 5
mg of 3,3�-diaminobenzidine, 0.06 mM NiCl2, in 50 ml of Tris-
buffered saline supplementedwith 5�l of 30%H2O2 immediately
before use.
Trypsinization of the PlasmaMembrane—Jurkat T cells were

rendered apoptotic (3.5 h), washed twice with PBS and 1 � 106
cells were incubated for 30 min on ice with 15 �g of trypsin-L-
1-tosylamido-2-phenylethyl chloromethyl ketone (Worthing-

ton) in a total volume of 150 �l. Control cells were treated with
PBS. All cells were washed with ice-cold PBS and incubated for
30 min on ice with 4 mM Pefabloc (Roche Applied Science) to
inhibit remaining trypsin. After washing twice with BB, 2.5 �
105 cells were incubated for 30min either on ice or at 37 °Cwith
AF488-labeled fH or AF488-labeled C4BP in addition to BB
alone as a control. Protein binding was determined using flow
cytometry.
To confirm successful trypsinization, cells were analyzed in

parallel for CD45 (trypsin-insensitive) (23) and CD4 (trypsin-
sensitive) (24) surface expression using staining with the spe-
cific monoclonal antibodies and isotype controls. Expression of
annexin-II was analyzed in parallel with CD4 and CD45 to
ensure expected trypsin activity. FITC-labeled goat anti-mouse
or swine anti-rabbit secondary antibody were used for detec-
tion. Cells were washed twice with PBS�� after each antibody
staining and finally suspended in PBS�� and analyzed by flow
cytometry.
Deglycosylation of the Cell Surface—Apoptotic Jurkat T cells

were washed twice with BB and incubated at 37 °C with a com-
bination or with the single enzyme of 0.04–0.34 unit/ml neura-
minidase-F, 0.003–0.025 unit/ml heparitinase, 0.003–0.02
unit/ml heparinase, and 0.08–0.6 unit/ml chondroitinase ABC
(all from Seikagaku) diluted in BB or PBS. After 1 h, samples in
PBSwere washedwith BB before fH-AF488was added to a final
concentration of 25 �g/ml, for samples in BB fH-AF488 was
added straight to samples and incubated for another 30min. As
a control, sialic acid-binding, FITC-labeled Sambucus nigra
lectin (Vector Laboratories) was added to neuraminidase-
treated cells, and the mixture was incubated for 30 min at 4 °C
in PBS��. For fH-binding and C3b-deposition experiments,
3-h apoptosis-induced cells were deglycosylated, washed twice
in 0.1% gelatin, 144 mM NaCl, and 5 mM veronal buffer, and
incubated at 37 °C for 45 min with 10% NHS. After incubation,
samples were washed twice in PBS��, incubated with FITC-
labeled rabbit anti-C3c, goat anti-fH followedbyAF647-labeled
rabbit anti-goat, washed, and analyzed by flow cytometry.
Gel Shift Analysis—fH, fH fragments, or prothrombin (5 �g

of each) were incubated with 0.2 �g of linearized pSEC TagA
vector (Invitrogen) in BB (20 �l of total volume) at 37 °C for 30
min. The samples were mixed with loading buffer (0.6 mM

bromphenol blue, 0.8 mM xylene cyanol, and 5% glycerol) and
loaded onto a 0.5% agarose gel with 30 mM Tris-HCl, 0.1% ace-
tic acid, and 1 mM EDTA pH 8.0 (TAE buffer) supplemented
with 0.3 �g/ml ethidium bromide and subjected to electro-
phoresis at 80 V for 30 min in TAE buffer. DNA was visualized
using UV, and the intensities of the bands were analyzed using
the ImageGauge software (Fujifilm).
Confocal Microscopy—Apoptosis was directly induced on

SuperFrostPlus object slides (Menzel). 8 � 104 cells diluted in
RPMI media without fetal calf serum containing 1 �M stauros-
porine were pipetted in a DakoPen circle and incubated for 4 h
at 37 °C in 5% CO2. After washing twice with BB, 25–30 �g/ml
AF488 or DL488-labeled fH was added in a final volume of 30
�l, and the mixture was incubated for 5 min at 37 °C. After
washing three times for 5 min in PBS, the cells were fixed with
3.7% paraformaldehyde, washed again, and centrifuged for 1
min at 500 rpm in a Cellspin (Tharmac). After blockingwith 1%
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BSA for 30 min, the cells were incubated with mouse anti-
dsDNA overnight at 4 °C. After washing, the cells were incu-
bated with the goat anti-mouse-AF647 for 1 h at room temper-
ature. Then, 100 ng/ml propidium iodide (PI) was added
for 15 min at room temperature. After the final wash, the
slides were very briefly immersed in 99% ethanol and, after
drying, mounted with DakoCytomation Fluorescent Mount-
ing Medium. After sealing the glass plates with nail polish, the
slides were analyzed in a Zeiss LSM 510 microscope. Co-local-
ization was calculated using CoLocalizer Express (CoLocaliza-
tion Research Software).
Enzymatic Hydrolysis of the Plasma Membrane Lipids—

Apoptotic Jurkat T cells were incubated with 0.1–1 unit of secreted
Phospholipase A2 (PLA2) from bee venom and 0.1–5 units of
phospholipase D (PLD) from cabbage, both from Sigma, for 30
min at 37 °C. PLA2-treated cells were also stained for dsDNA as
described above.
10–20�Mof the iPLA2-specific inhibitor, bromoenol lactone

(BEL), 10–20 �M of the general PLA2 inhibitor methyl arachi-
donyl fluorophosphonate (MAFP, both from Sigma) and the
apoptosis-inducing agent were applied simultaneously. To
investigate potential solvent effects, DMSO, the solvent of the
inhibitors, was applied alone at the same concentrations.
Oxidation of the Plasma Membrane—Apoptotic Jurkat T

cells (2� 105 cells/sample)were treated for 30min at 37 °Cwith
2 �g/ml myeloperoxidase (Sigma) in 100 �l of PBS supple-
mented with 0.5 mM H2O2. Cells were washed with BB, incu-
bated with 25 �g/ml fH-AF488 in 50 �l of BB for 30 min at
37 °C, washed with BB, and analyzed by flow cytometry.
Binding of fH to Liposome-coated Dynabeads—All lipids

were purchased from Avanti Polar Lipids and suspended in
chloroform with 10% methanol. Synthentic lipids were:
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, 1-palmi-
toyl-2-oleoyl-sn-glycero-3-phospho-L-serine, 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoethanolamine, 1-oleoyl-2-hy-
droxy-sn-glycero-3-phosphocholine, 1-oleoyl-2-hydroxy-sn-
glycero-3-phospho-L-serine, and 1-oleoyl-2-hydroxy-sn-
glycero-3-phosphoethanolamine. Natural lipids were: L-�-
phosphatidylcholine (egg, chicken), L-�-phosphatidylserine
(brain, porcine), L-�-phosphatidylethanolamine (egg, chicken),
L-�-lysophosphatidylcholine (egg, chicken), L-�-lysophos-
phatidylserine (brain, porcine), L-�-lysophosphatidylethanol-
amine (egg, chicken), ceramide (brain, porcine), sphingomyelin
(brain, porcine), and cardiolipin (heart, bovine). For liposome
preparation, 1 �mol of lipids was mixed with 10 nmol of N-
(biotinoyl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanol-
amine, triethylammonium (Invitrogen), and 6.4 nmol of
2-(3-(diphenylhexatrienyl)propanoyl)-1-hexadecanoyl-sn-glycero-
3-phosphocholine (Invitrogen). Lipids were desiccated under
N2 followed by vacuum until they were completely dry. Lipids
were re-suspended in 25mMHEPES, 150mMNaCl, pH 7.7 (HN
buffer) and sonicated for 10 min at grade 3 in an Ultrasonic
processor XL (Misonix). The lipids were mixed with 100 �l of
10 mg/ml M-280 streptavidin-coated Dynabeads. The beads
were preincubated in 1ml ofHNbuffer plus 1%BSAat 37 °C for
2 h. Beads and lipids were incubated for another 2 h at 37 °C in
HN buffer plus 1% BSA followed by two washing steps in HN
buffer plus 1% BSA and re-suspension in 1ml of HN buffer plus

1% BSA. Liposome-coated beads (50 �l/sample) were washed
twice and re-suspended inBB. Liposomeswere, for some exper-
iments, preincubated with 10 �g/ml annexin-II or 10 �g/ml
purified histones before another 30-min incubation at 37 °C
with fH-AF488 at a final concentration of 25–50 �g/ml; the
beads were washed once and re-suspended in HN buffer plus
1% BSA or BB and analyzed by flow cytometry. To explicitly
analyze the liposomes, only the 2-(3-(diphenylhexatrienyl)pro-
panoyl)-1-hexadecanoyl-sn-glycero-3-phosphocholine-posi-
tive population was analyzed.

RESULTS

Localization of the fH Region Responsible for Binding Apo-
ptotic and Necrotic Cells—To determine which domains of fH
are involved in binding to dying cells we used recombinantly
expressed fragments of fH representing the CCPs 1–4, 6–8,
8–15, and 19–20. The 125I-labeled fH fragments were incu-
bated with dying cells, and we found that the full-length fH
bound to both apoptotic and necrotic cells and the binding to
necrotic cells was 4-fold higher in comparison to apoptotic cells
(Fig. 1, A and B). For CCPs 1–4, binding to neither apoptotic
nor necrotic cells could be detected. CCPs 6–8 and CCPs
19–20 bound well to both types of cells. CCPs 8–15 showed no
significant binding to necrotic cells but bound to apoptotic
cells. Taken together, these results show that several regions of

FIGURE 1. Localization of binding sites for dying cells in fH. Apoptotic
(A) and necrotic (B) cells were incubated with radiolabeled full-length fH as
well as its recombinantly expressed fragments. Cell-bound fH fraction was
separated from free fH in solution by centrifugation over 20% sucrose, and
the binding is expressed as % of total radioactivity added. Negative control
represents sample with full-length fH but no cells. Data are presented as
mean values of three separate experiments performed in doublets � S.D.
Significance of the observed binding in comparison to control was assessed
using ANOVA: ns, not significant; *, p � 0.05; **, p � 0.01; and ***, p � 0.001.
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fH bind to dying cells, which may be related to the presence of
several fH ligands on the surfaces of these cells.
fH Binds to Annexin-II—A direct binding assay in which

annexin-II was immobilized in microtiter plates was used to
assess interactions of fH with annexin-II. fH bound specifically
and in a dose-dependent and saturable manner to annexin-II
(Fig. 2A). The small-leucine rich repeat proteoglycan OSAD
was used as a positive control for fH binding (25). To investigate
which region of fH mediates the binding to annexin-II,
annexin-II was immobilized on microtiter plates and tested for
its ability to interact with 125I-labeled full-length, and frag-
ments of, fH. Binding to full-length fH and to CCPs 6–8 was
detected, whereas the other tested fragments showed no signif-
icant binding (Fig. 2B). Substitution of tyrosine to histidine, as
in the common polymorphism Y402H, resulted in an increase
of binding for CCPs 6–8. These results indicate that annexin-II
is one of possiblymultiple fH ligands on apoptotic cells and that
it binds to the CCPs 6–8 region of fH.
fH Interacts with Annexin-II Exposed on the Surface of Apo-

ptotic Cells—Because fH does not bind to live Jurkat T cells, but
its binding increases with the degree of apoptosis (14), we next
investigated if annexin-II is expressed on the surface of these

cells. No surface expression of
annexin-II could be detected on live
cells (Fig. 2C), but significant quan-
tities of the protein appeared on
the cell surface 2 h after apopto-
sis induction. The expression
increased during the first 6 h of apo-
ptosis induction; during this time fH
binding also increased (Fig. 2C). To
confirm that fH in fact interacts
with annexin-II on apoptotic cells,
we performed an immunoprecipita-
tion using lysates of apoptotic cells
incubated with fH.We used a rabbit
anti-annexin-II antibody to pull
down the potential fH-annexin-II
complex, and we detected fH on a
Western blot (Fig. 2D), confirming
that fH interacts with annexin-II on
apoptotic cells.
fH Does Not Bind to Trypsin-

sensitive Proteins Present on the
Surface of Apoptotic Cells—Be-
cause fH binding to apoptotic cells
is not only mediated via annexin-II,
we wanted to systematically investi-
gate whether proteins, carbohy-
drates, DNA, or lipids comprise
other potential ligands. To analyze
whether the additional ligands are
proteins, we treated cells with tryp-
sin. Trypsin cleaves peptide chains
at the carboxyl side of the amino
acid residues lysine and arginine,
but these are not accessible in all
surface proteins. Hence some pro-

teins are not removed from the plasma membrane after
trypsinization. CD45 is one example of a trypsin-insensitive
protein (23) (Fig. 3B), whereas CD4 is a trypsin-sensitive sur-
face protein (24) (Fig. 3C). Jurkat T cells were rendered apopto-
tic, trypsinized on ice, and binding of fH and C4BP was deter-
mined by flow cytometry. C4BP interacts with PS on apoptotic
cells (26) and to a minor degree also with DNA exposed on the
surface of necrotic cells (15). The live, early, and late apoptotic/
necrotic cell populations were differentiated using staining
with AV and Via-probe. No binding of fH or C4BP occurred to
live cells, whereas significant binding of fH and C4BP was
detected to both the early and the late apoptotic cell popula-
tions (data not shown) in agreement with published data (14).
Trypsinization had, as expected, no effect on binding of C4BP
and, interestingly, no effect on binding of fH to both cell popu-
lations (Fig. 3A). These observations lead to the conclusion that
fH does not bind to any trypsin-sensitive protein that is
expressed on the surface of apoptotic cells.We also verified that
annexin-II is a trypsin-insensitive protein (Fig. 3D).
fH Does Not Bind to GAGs and Sialic Acid Present on the

Surface of Apoptotic Cells—With the intention of clarifying
whether fH binds to carbohydrate ligands that are covalently

FIGURE 2. fH binds to annexin-II. A, annexin-II, OSAD (positive control), and BSA (negative control) were
immobilized in microtiter plates, and increasing concentrations of biotinylated fH were added. Bound protein
was detected with a streptavidin peroxidase kit. Background signal obtained with streptavidin-HRP alone was
subtracted from the original values. Data are presented as mean values (n � 3) � S.D. B, radiolabeled full-length
fH and its fragments were incubated with immobilized annexin-II and BSA (negative control). After washing,
the amount of bound protein was determined in a �-counter. Data are presented as mean values (n � 3) � S.D.
The significance of observed differences between annexin-II or BSA-coated wells for each construct was
assessed using unpaired t test: ns, not significant; *, p � 0.05; **, p � 0.01; and ***, p � 0.001. C, annexin-II was
detected with specific antibodies on surface of live cells, and cells were rendered apoptotic for increasing
periods of time. Significance of observed differences in binding of annexin-II to cells in comparison with signal
obtained with secondary antibody only (2nd Ab) or compared with signal from fH incubated with live cells was
assessed using ANOVA. D, immunoprecipitation using lysates of apoptotic cells preincubated with and without
fH. Annexin-II was pulled down from apoptotic cell lysate using specific antibodies, and fH was detected on
Western blot using goat anti-fH antibody; arrows mark the position of fH; lad, molecular weight marker.
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linked to proteins or lipids that are expressed on the surface
of dying cells, cells were rendered apoptotic and treated with
enzymes degrading specific carbohydrates. Because fH is
known to bind polyanionic structures such as GAGs as well
as glycoproteins containing sialic acid (27–29), a treatment
with a combination of neuraminidase-F, chrondroitinase
ABC, heparitinase, and heparinase was chosen. The deglyco-
sylated cells were incubated with AF488-labeled fH, and we
found that neither separate treatments with the individual
deglycosylation enzymes nor combined treatment with all
four enzymes affected the binding of fH to apoptotic cells
(data not shown). Binding of fH to apoptotic cells after
neuraminidase treatment, which removes sialic acid, was not
affected (Fig. 4A), whereas the same treatment caused a
dramatic decrease in binding of the sialic acid-binding lectin
S. nigra (Fig. 4B). Deglycosylation neither affected C3b dep-
osition nor fH binding to apoptotic cells from NHS (Fig. 4, C
and D).
fH Binds DNA—Because binding of fH to DNA has been

reported previously (30) and because DNA becomes exposed
on the cell surface during apoptosis (31) we investigated
whether fH also interacts with DNA on apoptotic cells. To
decrease the amount of DNA on apoptotic cells we treated cells
with DNase. This intriguingly resulted in an increase of the
fH-binding cells (Fig. 5A). When measuring the amount of
DNA on the surface of DNase-treated cells using an antibody
against dsDNA, we found, unexpectedly, an increase of cells
with detectableDNA (Fig. 5B). It appears that DNase treatment
renders exposed DNAmore accessible rather then removing it

by degradation and that fH interactswith thisDNA.To confirm
that fH co-localizes with DNA on apoptotic cells, we used con-
focal microscopy (Fig. 5C), and we calculated the co-localiza-
tion for different areas on three microscope slides from sepa-
rate experiments by using the overlap coefficient (R) according
to Manders (32). fH and DNA displayed a mean coefficient of
0.7 � 0.1, which indicates co-localization. To determine the
binding site for DNA on fH, we performed a gel-shift assay
using the different fH fragments and a linearized plasmid. Full-
length fH showed binding, as did CCPs 6–8 and CCPs 19–20
(Fig. 5, D and E). The negative control prothrombin did not
interact with DNA. Using flow cytometry, fH-AF488 was
shown to bind biotinylated DNA attached to beads, both in
the absence and in the presence of 2% heat-inactivated NHS
(Fig. 5F). The signal obtained in the presence of serum was
presumably lower because of the competition between added
fH-AF488 and fH as well as other DNA-binding molecules
present in NHS. fH-AF488 was added in 2-fold molar excess
over NHS fH.
fH Binds to Histones—Because DNA becomes exposed on

apoptotic cells in nucleosomes containing histones, we
tested whether fH can interact directly with histones. His-

FIGURE 3. fH does not interact with trypsin-sensitive proteins but with
the trypsin-insensitive annexin-II expressed on the surface of apoptotic
cells. A, apoptotic Jurkat T cells were treated with trypsin, which was then
stopped with Pefabloc. Binding of AF488-labeled fH and C4BP was deter-
mined using flow cytometry. Control cells were incubated in binding buffer
alone. The results are presented as mean AF488-positive cells (n � 3) � S.D.
Histograms showing surface expression of trypsin-insensitive CD45 (B) and
trypsin-sensitive CD4 (C) are shown to confirm that trypsin had expected
effect. D, amount of annexin-II found on the cell surface did not change upon
incubation of cells with trypsin. In B and C background signals obtained with
isotype-matched control antibodies with and without trypsin treatment are
also shown. Experiments shown in B–D were repeated three times, and rep-
resentative histograms are shown. FIGURE 4. fH does not bind to glycosaminoglycans and sialic acid on the

surface of apoptotic cells. Binding of fH-AF488 (A) or S. nigra lectin-FITC (B)
to apoptotic cells after treatment with 0.17 unit/ml neuraminidase-F (N,
dashed line) or PBS (solid line) as a control. No difference in binding was
detected for fH, whereas a decrease in binding was detected for S. nigra lectin.
C, deposition of C3b and fH (D) from NHS after deglycosylation with a combi-
nation of 0.17 unit/ml neuraminidase-F, 0.0125 unit/ml heparitinase, 0.01
unit/ml heparinase, and 0.3 unit/ml chondroitinase ABC or in PBS as a control.
Deposited C3b- and bound-fH were detected with specific antibodies. No
difference in deposition could be detected. All graphs show representative
results of three independent experiments.
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tones from Jurkat cells were isolated and collected in frac-
tions containing either H2A/H2B and H1 (the latter not vis-
ible upon Coomassie staining) or H3/H4 (Fig. 6A). Binding of
fH to the different histones was investigated in a direct bind-
ing assay. fH and fH fragments were detected using a goat
anti-fH antibody; the antibody showed similar binding to all
fH fragments (data not shown). Binding was observed in a
concentration-dependent manner mainly to H3/H4 com-
plexes but also to H2A/H2B plus H1 (Fig. 6B). Binding of fH
to the histones could also be observed from heat-inactivated
NHS (Fig. 6C). All fH fragments except CCPs 19 and 20 could
bind to the histone complexes (Fig. 6D). The H version of the
common polymorphism Y402H displayed increased binding
to both histone complexes (Fig. 6D, inset). To rule out the
possibility that fH was interacting with traces of DNA still
bound to histones, the histones were treated with DNase

prior to fH incubation; no differ-
ence in fH binding was detected
(data not shown).
fH Does Not Interact with Lipids

on the Surface of Apoptotic Cells—
Next we investigated whether fH
interacts with specific lipids that
appear on the surface of apoptotic
cells. Specific phospholipases are
activated during cell death and
cause changes in the surface lipid
pattern in addition to the exposure
of PS (33). We treated apoptotic
cells with secreted PLA2 (sPLA2)
and PLD. sPLA2 catalyzes the hy-
drolysis of the sn-2 fatty acyl bond to
form lysophospholipids. Exposure
of apoptotic cells to sPLA2 in-
creased fH binding dramatically
(Fig. 7A). However, the treatment
with PLD, which catalyzes the re-
moval of phospholipid head groups,
had no effect on fH binding (Fig.
7B). To exclude the possibility that
the concentration of PLD was too
low, 2.5 and 5 units were also tested,
but this had no influence on the
binding of fH (data not shown).
These results indicated that fH
might interact with lysophospholip-
ids that appear on the cell surface
during the course of apoptosis but
that the binding is not confined to
the lipid head group.
PLA2 has been implicated inmem-

brane remodeling during apopto-
sis (34, 35). To further determine
whether endogenous phospholipases
were responsible for inducing the
cell membrane changes that lead to
the binding of fH, inhibitors of PLA2
were used to attenuate PLA2 hydro-

lysis. Neither BEL (an inhibitor of the Ca2�-independent type
VI PLA2, iPLA2), nor MAFP (a general PLA2 inhibitor) signifi-
cantly decreased the binding of fH to apoptotic cells (Fig. 7C).
In Fig. 5 we show that fH interacts with DNA on the apoptotic
cell surface. Therefore, we investigated whether PLA2 treat-
ment renders more DNA-positive cells by staining for surface
DNA with an antibody against dsDNA. A dramatic increase
of DNA-positive cells was observed after the PLA2 treatment
(Fig. 7D).
To also explore the putative interaction of fH and lysophos-

pholipids, we used liposome-coated Dynabeads, flow cytom-
etry, and surface plasmon resonance (SPR, Biacore). For both
methods liposomes containing distinctive compositions of
phospholipids and/or lysophospholipids were analyzed (100%
PC, 10% PS, 10% LysoPS, and 3, 10, and 20% LysoPC), and no
binding of fH to any of the tested liposomes was detected, using

FIGURE 5. fH binds DNA and co-localizes with DNA on surface of apoptotic cells. Apoptotic cells were
incubated with DNase (10 or 50 units), and binding of fH (A) as well as DNA-specific antibodies (B) was assessed
using flow cytometry. Binding of secondary antibody alone is also shown (2nd Ab). C, confocal microscopy
images of apoptotic cells incubated with AF488-labeled fH (top left panel) and anti-DNA antibodies (top right
panel) and propidium iodide (bottom left panel). The bottom right panel shows an overlay of the three signals
indicating co-localization. Experiments shown in A–C were repeated three times, and representative results are
shown. D and E, plasmid DNA was incubated with fH fragments and separated using agarose electrophoresis.
Full-length fH, CCPs 6 – 8, and CCPs 19 and 20 bound DNA, which affected their migration. Prothrombin was
used as negative control. Graphs (D) show % of DNA retained in the wells (n � 3) � S.D. The significance of
observed differences between sample containing only DNA and those also including fH fragments was
assessed using ANOVA: ns, not significant; ***, p � 0.001. F, binding of fH-AF488 to biotinylated DNA attached
to streptavidin-coated beads. Binding of purified fH was detected in the presence or absence of 2% heat-
inactivated NHS. Graphs show means (n � 3) � S.D. Significance was calculated using unpaired t test: *, p �
0.05; ***, p � 0.001.
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neither liposome-coatedDynabeads in flow cytometry (Fig. 8A)
nor SPR (data not shown). For the SPR experiments an L1 chip
was coated with PC-based liposomes of varying composition
(100% PC, 10% PE, 10% PS, 30% PE and PS, 3–60% LysoPC,
60% LysoPE, and 10–60% LysoPS), and fH was injected over
the lipid surface as previously described (36). Under the
same conditions C4BP bound strongly to a chip surface con-
taining 10% PS (data not shown). By flow cytometry we also
investigated binding of fH to PC liposomes containing 10%
(data not shown) and 30% ceramide, sphingomyelin, and car-
diolipin without detecting any interaction (Fig. 8B). A liposome
was constructed to resemble a plasma membrane of apoptotic
neutrophils (24:27:13:20:8:8 molar ratio of PC/PE/PS/sphingo-
myelin/ceramide/cardiolipin), with small adjustments from
previous studies (37, 38), but fH binding was not detected. The
slight increase in fH binding to all tested compositions of lipo-
some-coated Dynabeads was caused by the use of strongly
labeled fH. When the liposome resembling apoptotic neutro-
phils was preincubated with annexin-II or histones, a clear
binding of fH could be detected to the liposome (Fig. 8, C
and D). Taken together, these data suggest that sPLA2 causes
changes in membrane structure or morphology resulting in an

increased number of DNA-express-
ing cells. This resulted in an
increased fH binding; furthermore
this binding did not seem to be
mediated by lysophospholipids.
Addition of annexin-II or histones
was, however, enough to associate
fH to an apoptotic plasma mem-
brane-like liposome.

DISCUSSION

Opsonization with complement
components such as C1q and C3b
is fundamental to ensure rapid and
silent removal of apoptotic cells.
We showed previously that fH,
one of the main fluid-phase com-
plement inhibitors, binds to apo-
ptotic cells to protect them from
excessive complement activation
(14). Blocking of fH binding to apo-
ptotic cells resulted in increased
opsonization with C3b and C9 as
well as an increase in lysis by
human serum (14), suggesting that
fH retains its complement inhibi-
tory activity when bound to apopto-
tic cells. Interactions between fH
and C3b, heparin, C-reactive pro-
tein, cell surface glycosaminogly-
cans, and microbial virulence fac-
tors have been extensively studied
(39), but the ligand for fH on the
surface of apoptotic cells has not yet
been discovered. Here we further
characterize the binding of fH to

apoptotic cells and describe for the first time three of the
ligands expressed on the surface of dying cells that interact with
fH.
We first investigated which of the 20 CCP domains of fH are

involved in the interaction with apoptotic cells. CCPs 1–4 are
known to contain the site responsible for both decay accelera-
tion and factor I cofactor activities. CCPs 1–4 also contain one
of the major binding sites for C3b, the other being located in
CCPs 19 and 20 (21). We revealed that CCPs 1–4 do not medi-
ate binding to apoptotic cells, which is in agreement with our
previous observation that fH binds equally well to apoptotic
cells in the presence and absence of serum and hence is not
C3b-mediated (14). We found that CCPs 6–8, 8–15, and
19–20 of fH all contain sites involved in interaction with apo-
ptotic cells, suggesting that more than one cell-surface ligand is
involved. Interestingly we found that sites within CCPs 6–8
and 19–20 are also involved in binding of fH to necrotic cells,
whereas CCPs 8–15 do not appear to participate in this inter-
action. Therefore it seems that the ligand on apoptotic cells
recognized by a site within CCPs 8–15 is either absent or
obscured on the surface of necrotic cells. In general, we found
binding of fH to necrotic cells is stronger than to apoptotic cells,

FIGURE 6. fH binds histones. A, histones were purified from Jurkat T cells in two fractions containing H2A/H2B
plus H1 or H3/H4 and separated on 15% SDS-PAGE followed by staining with Coomassie Brilliant Blue. B, his-
tones or BSA were immobilized in microtiter plates and incubated with increasing concentrations of fH, bind-
ing of which was detected with goat anti-fH followed by HRP-conjugated rabbit anti-goat. Background signal
obtained with rabbit anti-goat-HRP alone was subtracted from the original values. Data are presented as mean
values (n � 3) � S.D. C, binding of fH from heat-inactivated NHS to immobilized histones was detected using
polyclonal antibodies against fH, and the significance was calculated using ANOVA (n � 3) � S.D. D, binding of
fH fragments to immobilized histones was also detected (n � 3) � S.D. using polyclonal antibodies against fH.
Background binding to BSA was subtracted for each fH construct. D (inset): the two versions of CCPs 6 – 8
(Tyr-402 and His-402) were compared in binding to histones. The significance of observed differences between
signals obtained for wells coated with histones or BSA as negative control was assessed using ANOVA: ns, not
significant; **, p � 0.01; and *** p � 0.001.
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as has been observed previously (14). We used double staining
with AV and Via-probe to discriminate between apoptotic cells
(AV� Via-probe�) and those entering post-apoptotic necrosis
(AV� Via-probe�) to exclude the possibility that the binding
observed in a heterogeneous apoptotic cell population is medi-
ated exclusively through the small population of late apoptotic/
necrotic cells (data no shown).
We found that the calcium-dependent phospholipid-binding

protein annexin-II is one of the fH ligands on apoptotic cells.
Annexin-II is expressed in many different cell types and exists
both in the cytosol and in the plasma membrane (40).
Annexin-II is responsible for communication between cellular
membranes and the cytoplasmic environment. It also plays a
role in membrane trafficking and remodeling of the membrane
cytoskeleton (41). The serum protein, �2 globulin, has been
proposed to bind endothelial cells through annexin-II (42). Like
apoptotic cells, mature macrophages also express PS on their
surface, which is a prerequisite for adequate phagocytosis.
Interestingly, annexins I and II are thought to function as bridg-
ing molecules serving both as ligands and receptors in promot-
ing phagocytosis through their interactions with PS (43). The

relevance of the role of annexin-II in pathology is unclear, but
autoantibodies against annexin-II have been found in patients
with systemic lupus erythematosus and other autoimmune dis-
eases (44). Annexin-II has recently been identified as an fH
binding partner in a mouse ischemia/reperfusion model (17).
The authors hypothesized that annexin-II directs fH to ische-
mic renal cells and mediates their protection. In ischemia/
reperfusion many cells die, and therefore this study is in good
accordance with our observation that annexin-II becomes
expressed on the surface of human apoptotic cells and func-
tions there as a ligand for fH. We established that annexin-II is
translocated to the surface of Jurkat T cells upon induction of
apoptosis. We also showed that annexin-II is insensitive to
digestion of cells with trypsin, which is in accordance with our
current observation that incubation of apoptotic cells with
trypsin does not affect binding of fH. We also revealed that
annexin-II alone is capable of recruiting fH to an apoptotic
plasma membrane-like structure. Thus, annexin-II appears to
be an important fH ligand on surfaces of apoptotic cells due in
part to its interactionwith a binding sitewithinCCPs 6–8.CCP
7 harbors the common single-nucleotide polymorphism
Y402H, which affected the affinity of CCPs 6–8 for annexin-II.
Because the binding of CCPs 6–8 to annexin-II was lower than
that of full length fH, it remains possible that there are addi-
tional binding sites for annexin-II in fH that are not covered by
the recombinant fragments tested in the current study.
The site of interaction with annexin-II lies within CCPs 6–8

of fH, and therefore we searched for additional ligands that
could bind to sites within CCPs 15–18 and 19 and 20. Glyco-
saminoglycans, represented by heparin, are known to bind sev-
eral of the fH CCPs that we identified as interacting with dying
cells in this study (45). On the other hand, we found that diges-
tion of apoptotic cells with specific enzymes that degrade vari-
ous classes of GAGs or remove sialic acid had no effect on
binding of fH even though we could detect a 70% decrease of
sialic acid recognized by S. nigra lectin. Moreover the removal
of GAGs and sialic acid did not seem to affect complement
activity on the apoptotic cells. Interestingly, heparan sulfate has
been reported to be down-regulated during the course of apo-
ptosis in Jurkat T cells (46), which supports the hypothesis that
heparan sulfate is unlikely to be an fH ligand on apoptotic cells.
This does not, however, contradict the important role played by
fH interactions with negatively charged carbohydrates on liv-
ing, normal cells that do not display the high affinity surface
ligands found on apoptotic cells.
We have observed previously that CCPs 6–8 of fH interact

with DNA (30). In the current study we confirmed this result
and extended it with the observation that DNA also binds to
CCPs 19 and 20. Surprisingly, CCPs 1–4, which bind C3b, did
not interact with DNA despite the fact that they display a large
patch of positively charged amino acid (47). The fHDNA inter-
action could also be detected in the presence of NHS. In a
hemolytic assay adopted from Józsi et al. (48), we did not
observe any effect of DNA at physiological concentrations (49)
on fH regulatory functions or binding of fH to sheep erythro-
cyteswhile these cellswere lysed in the presence ofCCPs 19 and
20 (which competes with full-length fH) as expected (data not
shown). Apoptotic cells paradoxically expressed stronger bind-

FIGURE 7. fH does not interact with lipids. Apoptotic Jurkat T cells were
treated with phospholipases PLA2 (A) or PLD (B) for 30 min at 37 °C and there-
after incubated with buffer AF488-labeled fH. fH binding was analyzed by
flow cytometry. Results are presented as mean fluorescent intensity (n � 3) �
S.D. and show that treatment with PLA2 increased binding of fH while PLD
had no effect. Statistical differences were calculated in comparison to cells
incubated with buffer only and those fH-incubated (Tukey test); ns, not sig-
nificant; **, p � 0.01; and ***, p � 0.001. C, Jurkat T cells were rendered apo-
ptotic in the presence of phospholipase inhibitors BEL or MAFP. fH binding to
the cells was analyzed in a flow cytometer using AF488-labeled protein.
Annexin-V and Via-Probe were used to define apoptotic stages, because BEL
itself, when applied in higher concentrations, exhibits pro-apoptotic features.
None of the added PLA2 inhibitors affected fH binding in a statistically signif-
icant manner (n � 3). D, apoptotic cells were treated with PLA2 as above and
stained with specific antibodies against dsDNA. Treatment of PLA2 resulted in
an increase in dsDNA-positive cells compared with no treatment. The figure
shows representative histogram for three experiments.
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ing of fH after treatment with DNase. This could imply that
DNase treatment does not in fact remove DNAmolecules from
the surface of apoptotic cells but rather makes the DNA more
accessible, perhaps by exposing more DNA fragments through
their partial release from histones. This is supported by the
observation that DNase treatment also enhances binding of
anti-DNA antibodies. Confocal microscopy provided evidence
for co-localization of fH andDNA on apoptotic cells. It appears
that DNA translocated to the surface of apoptotic cells is still
wound around nucleosomes on the basis that DNA, individual
core histones, histone-DNA complexes, and the native nucleo-
some core particles can all be detected on the surface of apo-
ptotic cells (31). Therefore we also hypothesized that the
increased fH binding that we observed upon DNase treat-
ment could be due in part to interaction of fH with histones.
In support of this, we showed that DNA-free histones iso-
lated from Jurkat cells bound fH. Interestingly, all fH ligands
identified on apoptotic cells so far, annexin-II, DNA, and
histones bind with differential affinities to two common
polymorphic variants of fH (Tyr-402 and His-402) located in
CCPs 6–8 and associated with a propensity to develop age-
related macular degeneration.
Phospholipids, particularly those found specifically on apo-

ptotic cells, represented another potential ligand class for fH.
Treatment of cells with PLA2 caused a significant increase of fH
binding, implying that lysophospholipids may bind fH. A simi-
lar observation was previously reported for IgM (50), but, in
that case, the binding was also sensitive to treatment with PLD,
whichwas not observed in the case of fH.We used two different
methods to investigate whether there is direct interaction

between fH and lysophospholipids:
liposome-coated beads from soni-
cated liposomes for flow cytometric
analysis and sensor-chip L1 covered
with extruded liposomes for SPR
analysis. In both systems we found
no significant interaction of fH with
PS, PC, and PE or with their lyso-
phospholipid form in various com-
binations and concentrations. We
used both synthetic lipids as well as
those isolated from natural sources
with the same negative results. If
lysophospholipids were involved in
binding of fH to apoptotic cells,
binding should be decreased by
treatment with the intracellular
phospholipase inhibitors MAFP
and BEL. These inhibitors also have
pro-apoptotic properties. We ana-
lyzed cells in which apoptosis had
been induced in the presence of
MAFP, and BEL, but detected no
significantly reduced fH binding.
Therefore, we suggest that lyso-
phospholipids are not involved in
binding of fH. The great increase in
fH binding caused by PLA2 could be

explained by the increase in DNA-expressing cells after such
treatment. Creation of lysophospholipids also disrupts the
membrane. This may give the cell a more necrotic profile,
which might explain the increase of cell-surface DNA.
Oxidation of liposomes withmyeloperoxidase in SPR did not

result in binding to any of the tested phospholipids and lyso-
phospholipids (data not shown).General oxidation of apoptotic
cell surfaces has been reported as an important step for recog-
nition by phagocytes. However, no increase in fH binding could
be observed after oxidation of live and apoptotic cells with
myeloperoxidase (data not shown). Finally, we could not detect
any interaction of fH with cardiolipin, sphingomyelin, and cer-
amide that are known to be exposed on apoptotic cells (4, 51).
Despite the extensive repertoire of lipids used in this study, we
cannot completely rule out all phospholipids or lysophospho-
lipids as potential ligands to fH. However, the evidence so far
suggests that lipids are unlikely to be ligands for fHon apoptotic
cells.
Taken together, we have identified annexin-II, DNA, and

histones as three fH ligands found on cell surfaces during the
course of apoptosis. Additional fH ligands may exist on apo-
ptotic cells, but it is unlikely that these are lipids, trypsin-sensi-
tive proteins, or GAGs. Furthermore, involvement of fH and
annexin-II in the clearance of apoptotic cells and their role in
autoimmune diseases such as systemic lupus erythematosus
should be a subject of further studies.
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9. Rodriguez de Córdoba, S., Esparza-Gordillo, J., Goicoechea de Jorge, E.,
Lopez-Trascasa, M., and Sanchez-Corral, P. (2004) Mol. Immunol. 41,
355–367

10. Ogden, C. A., deCathelineau, A., Hoffmann, P. R., Bratton, D., Ghebrehi-
wet, B., Fadok, V. A., and Henson, P. M. (2001) J. Exp. Med. 194, 781–795

11. Kemper, C., Mitchell, L. M., Zhang, L., and Hourcade, D. E. (2008) Proc.
Natl. Acad. Sci. U.S.A. 105, 9023–9028

12. Xu, W., Berger, S. P., Trouw, L. A., de Boer, H. C., Schlagwein, N., Mut-
saers, C., Daha, M. R., and van Kooten, C. (2008) J. Immunol. 180,
7613–7621
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30. Sjöberg, A. P., Trouw, L. A., Clark, S. J., Sjölander, J., Heinegård, D., Sim,
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Ducroix, J. P. (2008) J. Clin. Immunol. 28, 291–297
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