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Background: Cells resist complement-dependent cytotoxicity by elimination of the membranolytic C5b-9 complex from
their surface.
Results:Modulations of caveolin-1 and dynamin-2 expression and activity affect C5b-9 endocytosis and cell death.
Conclusion: Elimintion of C5b-9 and complement resistance depend on caveolae formation, dynamin activity and lipid rafts.
Significance: Targeting of key factors in the C5b-9 elimination pathway may enable us to regulate C5b-9 homeostasis and cell
resistance to complement-dependent cytotoxicity.

The complement system, an important element of both innate
and adaptive immunity, is executing complement-dependent
cytotoxicity (CDC) with its C5b-9 protein complex that is
assembled on cell surfaces and transmits to the cell death sig-
nals. In turn, cells, and in particular cancer cells, protect them-
selves fromCDC in variousways. Thus, cells actively remove the
C5b-9 complexes from their plasma membrane by endocytosis.
Inhibition of clathrin by transfection with shRNA or of EPS-15
with a dominant negative plasmid had no effect on C5b-9 endo-
cytosis and on cell death. In contrast, inhibition of caveolin-1
(Cav-1) by transfection with an shRNA or a dominant negative
plasmid sensitized cells to CDC and inhibited C5b-9 endocyto-
sis. Similarly, both inhibition of dynamin-2 by transfection with
a dominant negative plasmid or by treatment with Dynasore
reduced C5b-9 endocytosis and enhanced CDC. C5b-9 endocy-
tosis was also disrupted by pretreatment of the cells with
methyl-�-cyclodextrin or Filipin III, hence implicating mem-
brane cholesterol in the process. Analyses by confocal micros-
copy demonstrated co-localization of Cav-1-EGFP with C5b-9
at the plasma membrane, in early endosomes, at the endocytic
recycling compartment and in secreted vesicles. Further inves-
tigation of the process of C5b-9 removal by exo-vesiculation
demonstrated that inhibitionofCav-1 and cholesterol depletion
abrogated C5b-9 exo-vesiculation, whereas, over-expression of
Cav-1 increased C5b-9 exo-vesiculation. Our results show that
Cav-1 and dynamin-2 (but not clathrin) support cell resistance
toCDC, probably by facilitating purging of theC5b-9 complexes
by endocytosis and exo-vesiculation.

The complement system is an essential effector armof innate
immunity and a regulator of adaptive immunity (1, 2). Follow-
ing activation of its classical, lectin, or alternative initiation

pathway, the common complement terminal pathway gener-
ates the membrane attack complex (MAC)2 composed of the
proteins C5b, C6, C7, C8, and C9 (C5b-9 or MAC) (3). The
assembled MAC contains a C9 homo-polymer that adheres to
and then inserts into the target cell membrane, eventually caus-
ing a massive membrane damage, leading to cell swelling and
necrotic cell death (4–6). Cell death is inflicted by various toxic
moieties activated by the MAC, including elevated concentra-
tions of calcium ions and oxygen radicals, and is amplified by
activated JNK andBid (7, 8). Opposingly, cells remove theMAC
from their plasma membrane via endocytosis or exo-vesicula-
tion (9–12) and defyMAC-induced death in various additional
ways (13–15). Elimination of theMAC by endocytosis has been
demonstrated in several normal and tumor cells (16–18). Pilzer
and Fishelson proposed a role for mortalin, the mitochondrial
heat shock protein 70, in MAC removal (19, 20).
Eukaryotic cells use the endocytotic process to internalize

segments of plasma membrane, cell-surface receptors and var-
ious soluble molecules from the extracellular mileu (21). Endo-
cytosis can be mediated by clathrin or caveolin or is independ-
ent of them. Ligand binding to membrane receptors may
accelerate their interaction with clathrin (present in clathrin-
coated pits) through adaptors, such as adaptor protein-2 (AP-2)
or epidermal growth factor receptor substrate 15 (EPS-15) (22).
Clathrin then polymerizes and enforces invagination of the pit,
which is eventually released into the cytoplasm through the
action of the large GTPase dynamin (23). Dynamin is also
involved in a clathrin-independent endocytic pathway that is
regulated by caveolin (24, 25). Caveolae are flask-shaped
50–100 nm invaginations of the plasmamembrane, enriched in
caveolins, cavins, sphingolipids, and cholesterol (26–28). Cave-
olae, which are specialized forms of lipid rafts, participate in
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diverse cellular functions, including endocytosis, calcium sig-
naling, vesicular transport, and cholesterol homeostasis (26,
27). Themajor scaffold protein of caveolae in the plasmamem-
brane is caveolin-1 (Cav-1) (29, 30). Mammalian cells express
two other isoforms of caveolin (Cav-2 and Cav-3) with Cav-3
being muscle specific (26, 27). While Cav-1 and Cav-3 are pre-
dominantly expressed in the plasma membrane, Cav-2 is local-
ized in the Golgi apparatus and is targeted to the cell surface
and caveolae only upon formation of hetero-oligomers with
Cav-1 (31). Among the proteins sequestered within caveolae
through interaction with Cav-1, are G protein receptors, G�
subunits, tyrosine kinases, GTPases, and others (26, 27).
Our earlier results demonstrated that C5b-9 is either rapidly

shed by ectocytosis directly from the plasma membrane, in
membrane vesicles, or is endocytosed, accumulates in the
endocytic recycling compartment (ERC), and is to some extent
by exocytosis (32). For an insight into the mechanism of MAC
endocytosis in K562 erythroleukemia cells, we blocked the
clathrin- or caveolin-endocytic pathways and examined MAC
removal and sensitivity to cell death. As shown here, endocyto-
sis of the C5b-9 complexes depends on caveolin-1 and
dynamin-2 activity and is essential for cell protection from
MAC-mediated cell death. Furthermore, cholesterol is indis-
pensable for MAC endocytosis and complement resistance
implicating the cholesterol-rich caveolae in these activities.

EXPERIMENTAL PROCEDURES

Sera, Antibodies, and Reagents—Normal human serum
(NHS), used as a source for complement, was prepared from
healthy individuals. Heat-inactivated NHS (HIS) was prepared
by heating NHS for 30min at 56 °C. C8-deficient human serum
(C8D) was prepared from a C8-deficient patient as described
(33). Purified human C8, C9, and complement C9-depleted
human serum (C9D-NHS) were purchased from Complement
Technology Inc (Tyler, TX). Polyclonal antiserum directed to
K562 human cells were prepared in rabbits or mice and poly-
clonal anti-human C3 antibodies were prepared in goats. The
chimeric monoclonal antibody against CD20, Rituximab, was
purchased from Roche (Basel, Switzerland). Mouse monoclo-
nal antibody directed to a neoepitope in human C5b-9 (clone
aE11)was purchased fromDiatecMonoclonals (Oslo,Norway).
Mouse monoclonal antibody directed to human C9 (clone
X197) was purchased fromHycult Biotechnology (Uden, Neth-
erlands). Anti-clathrin heavy chain (cloneX22) was fromAffin-
ity BioReagents (Golden, CO), anti-human caveolin-1 (clone
N-20) was from Santa Cruz Biotechnology (Santa Cruz, CA)
andmouse anti-actin antibodywas fromChemicon (Temecula,
CA). FITC-conjugated goat anti-mouse Fab, FITC-conjugated
donkey anti-goat Fab, Cy3-conjugated goat anti-mouse Fab,
peroxidase-conjugated goat anti-rabbit IgG and goat anti-
mouse IgG were purchased from Jackson Immunoresearch
(West Grove, PA). Methyl-�-cyclodextrin (M�CD), choles-
terol, Filipin III, Dynasore, streptolysin O (SLO), Hepes, BSA
andHBSSwere purchased fromSigma (Rehovot, Israel). Trans-
ferrin Texas Red-conjugated and Alexa Fluor protein labeling
kits were fromMolecular Probes.
Plasmids and Transient Transfections—Dynamin-2 mutant

plasmid (K44A-EGFP), epidermal growth factor receptor sub-

strate 15 mutant plasmid (DN-EPS15-GFP), shRNA (small-
hairpin RNA) against the clathrin-heavy chain (CHC) and
scrambled shRNAwere previously described (34), (35). shRNA
against Caveolin-1 and scrambled shRNAwere kindly provided
by Dr. Maria Shatz (NIEHS, North Carolina). Cav-1-EGFP and
Cav-1 mutant (Cav-1-DGI) plasmids were described (36). For
transient transfection, K562 cells (107) were transferred to a
sterile 0.4 cm electroporation cuvette (Cell Projects, Kent, UK)
and electroporated (250 V, 1500�F) in the presence of 5–30�g
of plasmid. Cells were immediately re-plated in tissue culture
dishes (Corning, NY) containing growth medium.
The clathrin heavy chain shRNA oligonucleotide sequence

was: 5�-GATCCCCTGAGCTGTTTGAAGAAGCATTCA-
AGAGATGCTTCTTCAAACAGCTCATTTTTA-3�. The
Caveolin-1 shRNA oligonucleotide sequence was: 5�-GATCC-
CCACCAGAAGGGACACACAGTTTCAAGAGAACTGT-
GTGTCCCTTCTGGTTTTTT-3�. In both cases, sequence
and vector (pSUPER retro puro) were digested with BglII and
HindIII.
Cell Culture, Cell Lysis, and Preparation of Cell Extracts—

K562, a human erythroleukemic cell line or Raji, a humanB-cell
lymphoma line, was cultured in RPMI 1640 supplemented with
10% (v/v) heat-inactivated fetal bovine serum (Invitrogen Lab-
oratories, Grand Island, NY), 2 mM glutamine, 2 mM pyruvate,
and antibiotics mixture (Bio-Lab). Cytotoxicity assays were
performed as described before (37). Briefly, K562 or Raji cells
in duplicates were incubated with different concentrations
of anti-K562 antiserum or Rituximab, respectively, for 30
min at 4 °C and then with complement (NHS, C9D-NHS or
heat-inactivated (HIS) sera, final: 50%) for 60 min at 37 °C.
Cell lysis was determined by trypan blue uptake. Each exper-
iment was performed at least 4 times. Variation in antibody
and NHS batches is leading to small variation in extent of cell
lysis between experiments. To prepare cell extracts, 40 � 106
cells were mixed with 1 ml of lysis buffer composed of 100
mM Tris, pH 7.5, 10 mM EDTA, protease inhibitor mixture
(Sigma) and 1% Triton-X100. After 3 cycles of freezing and
thawing, the cell extract was subjected to centrifugation for
15 min at 14,000 � g and the supernatant was collected and
diluted with 1 ml of HBSS.
Collection of Secreted Vesicles and Protein Analysis—For col-

lection of secreted vesicles, cells were treated with antibodies
for 30min at 4 °C and thenwithNHS orHIS (50%) for 10min at
37 °C. Then, they were extensively washed resuspended in
HBSS and incubated at 37 °C. At different time points, cells
were removed by centrifugation at 250 � g and supernatants
were sedimented first at 5,000 � g to remove cell debris. Then
they were subjected to centrifugation at 100,000� g, for collec-
tion of small membrane vesicles. Protein concentration was
determined with the BCA Protein Assay kit (Pierce). Protein
(20�g) was subjected to SDS-PAGE under reducing conditions
(50mM dithiothreitol (DTT)), on a 10% acrylamide gel, andwas
transferred onto a nitrocellulose membrane (Schleicher &
Schuell, Dassel, Germany). The membrane was blocked with
5% skimmilk (Tnuva, Rehovot, Israel) in Tris-buffered saline
containing 0.05% Tween 20 (Sigma; TBST) for 1 h at room
temperature. The membrane was then treated with the first
antibody followed by peroxidase-conjugated second anti-
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body. Bands were developed with an enhanced chemilumi-
nescence reagent (Pierce) and exposed to a SuperRX film
(Fuji, Tokyo).

Tagging C9 with Alexa Fluor 488 or 555—C9was tagged with
theAlexa Fluor 488 or 555 dyes as described before (32). Briefly,
purified human C9 (5 �g) was treated with the dye reagent

FIGURE 1. Inhibition of dynamin abrogates MAC endocytosis. K562 cells transfected with DN-K44A plasmid, Dyn-2-EGFP plasmid or with an empty vector
(EGFP) as control were cultured for 48 h (A, B, D) or for 16 h (C). K562 cells were also pretreated with 0, 60, or 80 �M Dynasore for 30 min at 37 °C (D–E). Then, the
cells were treated with a sublytic dose of anti-K562 antibodies and then with C9D-NHS supplemented with C9-AF555 (A–D) or C9-AF488 (E) for 10 min at 37 °C.
Next, the cells were washed, incubated for 20 min at 37 °C and analyzed under a confocal microscope. Representative cells (four independent experiments) are
shown. White arrows in pictures A and B point at C9-AF555 accumulating at the ERC. In picture C, arrows point to co-localized C9-AF555 and Dyn-2-EGFP at the
cell membrane (white arrows) and at the ERC (white arrowheads). Levels of intracellular C9-AF555 (D) or C9-AF488 (E) were quantified in 50 randomly selected
cell images by scanning with the Image J software (A.U.). Results are representative of four independent experiments. *, p � 0.05; **, p � 0.01.
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according to themanufacturer’s instructions. The reagentmix-
ture was stirred at room temperature for 60 min and the
unbound dye was removed by using a spin column. The level of
fluorescence of tagged C9-AF488 or 555 was analyzed in a
Microplate Reader (Spectrafluor plus, Tecan, Austria).
Analysis of C3 and C5b-9 Deposition and Complement Regu-

lators by Flow Cytometry—K562 cells were pretreated with 0, 2
or 5 mM methyl-�-cyclodextrin (M�CD), washed, and incu-
bated with anti-K562 antiserum for 30 min at 4 °C and then
with 50% C8D or HIS-C8D (for C3 deposition) or with 50%
NHS or HIS (for C5b-9 deposition) for 10 min at 37 °C. Next,
the cells were washed and fixed with 1% paraformaldehyde for
15 min at 4 °C. Next, cells were washed, labeled with goat anti-
human C3 or mouse anti-neo C5b-9 (clone aE11) antibodies
and a second FITC-labeled antibody, and analyzed in a
FACScan (BectonDickinson, San Jose). The results (7,000 cells)
were analyzed withWinMDI 2.8 and mean fluorescence inten-
sity (MFI, G-mean) values were determined. As controls, cells
were treated with the second antibody alone. To measure the
level of the complement regulatory proteins CD59 or CD55,
K562 cells treated or not with M�CD and labeled with mouse
anti-CD59 or anti-CD55 antibodies, respectively, and a second
FITC-labeled antibody.
Imaging by ConfocalMicroscopy—Transfected or non-trans-

fected cells were treated with antibody and NHS, HIS, or C9D-
NHS supplemented with C9-AF488 or C9-AF555 for 10 min at
37 °C. Next, cells were washed and incubated at 37 °C for dif-
ferent time points. In some experiments, the cells were fixed
with 1% paraformaldehyde and either permeabilized with sap-
onin or not and further immunolabeled. Cells were analyzed
under a Zeiss Laser Scanning Confocal Microscope 510
(Oberkochen, Germany). Images and merged images were
obtained with the LSM software (Carl Zeiss, Germany).
Images were processed further for display by using Image J
(NIH, Bethesda, MD). Minimal laser intensities were used
for image collection to minimize risks of photobleaching or
phototoxicity.
Analysis of Transferrin Endocytosis—Transfected or non-

transfected cells were incubated with Texas Red-conjugated
transferrin (Tfr-TR) in binding buffer (RPMI 1640, 20 mM

Hepes, pH 7.4 and 1mg/ml BSA) for 30min at 4 °C, washed and
further incubated at 37 °C for various times. After washing and
fixation, the cells were analyzed under a confocalmicroscope as
described above.
Statistical Analysis—Student’s two-sided unpaired t-tests

were used to determine the statistical significance of differences
between various data sets. Results are expressed as arithmetic
mean � S.D. Statistical significance was assumed when p �
0.05.

RESULTS

MAC Endocytosis Is Dynamin-dependent—To examine the
involvement of dynamin in MAC endocytosis, we transfected
K562 cells with a dominant-negative interfering K44A plasmid
(38) or with Dyn-2-EGFP. By replacing in human serum the
native C9 with a C9-Alexa Fluor 555 (C9-AF555) or C9-Alexa
Fluor 488 (C9-AF488) (see below), MAC endocytosis could be
tracked in cells expressing different fluorescently-labeled pro-

teins. Tagged-C9 was found to be fully cytolytic on K562 cells
(supplemental Fig. S1) (32). Cells transfected with K44A-EGFP
or Dyn-2-EGFP were washed, treated with anti-K562 antibod-
ies, and then with C9D-NHS supplemented with C9-AF555 for
10 min at 37 °C. Next, the cells were incubated for 20 min in
HBSS at 37 °C, and then analyzed under a confocal microscope.
The level of intracellular C9-AF555 was compared between
K44A-positive and negative cells and between K44A-positive
cells and control EGFP-positive cells. K44Aexpressing cells had
reduced level of intracellular MAC in comparison to negative
cells (Fig. 1A) and to pEGFP-transfected cells (Fig. 1, A, B, and
D). Cells transfected with Dyn-2-EGFP and treated with com-
plement had first (0 min) vesicles labeled with both C9-AF555
and Dyn-2-EGFP at the plasma membrane and later (20 min)
co-localized C9-AF555 andDyn-2-EGFP at the endocytic recy-
cling compartment (Fig. 1C). To further investigate the role of
dynamin in MAC endocytosis we employed Dynasore, a
dynamin inhibitor which specifically interferes with the
dynamin GTPase activity (39). K562 cells were pretreated with
0, 60, or 80 �M Dynasore for 30 min at 37 °C, washed and
treated with antibody and NHS containing C9-AF488 (or with
Tfr-TR) and analyzed under a confocal microscope. Dynasore
reduced C9 endocytosis. A 2.5-fold reduction in intracellular
MAC was observed in Dynasore treated cells in comparison to
control cells (Fig. 1E). supplemental Fig. S2D presents few cells

FIGURE 2. Dynamin protects K562 cells from complement-dependent
cytotoxicity. K562 cells were transfected with the K44A plasmid or an empty
vector control (EGFP) for 24, 48 or 72 h (A) or for 30 min at 37 °C with Dynasore
at different concentrations (B). Then, the cells were subjected to treatment
with an anti-K562 antiserum (diluted 1/18 or 1/22) followed by complement
for 60 min at 37 °C. Cell lysis was determined by measuring uptake of trypan
blue. Results are representative of four independent experiments, *, p � 0.05;
**, p � 0.01.
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treated or not with Dynasore and their level of C9-AF488 inter-
nalization. As expected, cells expressing K44A had reduced
transferrin-Texas Red (Tfr-TR) uptake (supplemental Fig. S2,
A–C) and cells treated with Dynasore also had lower uptake of
Tfr-TR in comparison to control cells (supplemental Fig. S2, E
and F).
Dynamin Is Essential for Protection Against CDC—To exam-

ine the significance of dynamin to complement resistance of
K562 cells, K562 cells were transfected with the K44A plasmid
or a control EGFP plasmid and after 24, 48, or 72 h were treated
with anti-K562 antiserum (diluted 1/18 or 1/22) and then with
complement (NHS) for 60 min at 37 °C. As shown in Fig. 2A,
cells expressing K44Awere significantlymore sensitive to CDC
in comparison to control cells. The decrease in the level of
expression of the K44A plasmid after 72 h (data not shown) was
accompanied by normalization of the cell sensitivity to CDC.
Inhibition of dynamin with Dynasore prior to treatment of the

cells with antibodies and complement sensitized the cells to
CDC in a dose-dependent manner (Fig. 2B). As shown in cells
treated withHIS, Dynasore had no toxic effect in the absence of
complement (Fig. 2B).
MAC Endocytosis Depends on Caveolin-1—K562 cells

express undetectable levels of Cav-1 and expression of recom-
binant Cav-1 in the cells was sufficient to reconstitute in them
formation of caveolae (40). We observed that expression of
Cav-1-EGFP inK562 cells resulted in amarked up-regulation of
endogenous Cav-1 expression (supplemental Fig. S3A). The
effect of Cav-1 silencing with shRNA onMAC endocytosis was
examined in K562 cells that were first transfected with Cav-1-
EGFP or with an empty vector as control. After 48 h the trans-
fectants were further transfected with Cav-1 shRNA (SC) or
scrambled shRNA (NS). First, cell lysates were prepared after
48 h and analyzed byWestern blottingwith anti-caveolin-1 and
anti-actin antibodies. Cav-1 shRNA specifically reduced

FIGURE 3. Inhibition of Caveolin-1 abrogates MAC endocytosis. A and B, K562 cells (107) were transfected for 48 h with 20 �g of Cav-1 shRNA (SC) or
scrambled shRNA (NS) both mixed with 4 �g of pGFP. C and D, K562 cells (107) were transfected for 48 h with 18 �g of Cav-1-DGI plasmid or an empty vector
as control. Transfected cells were treated with a sublytic dose of anti-K562 antibodies and then with C9D-NHS supplemented with C9-AF555 for 10 min at 37 °C.
Next, the cells were washed, incubated for 20 min at 37 °C, and analyzed under a confocal microscope. A and C, representative fields are shown (three
independent experiments). White arrows point to C9-AF555 accumulating in the ERC. Amount of endocytosed C9-AF555 was quantified in 50 randomly
selected GFP-labeled cell images (B) or 50 randomly selected cell images (D) by using the Image J software (A.U.). Results are representative of three independ-
ent experiments, *, p � 0.05; **, p � 0.01.
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expression of endogenous Cav-1 by more than 90% relative to
control shRNA (supplemental Fig. S3B). Next, cells were trans-
fected with shRNA premixed with pGFP. The GFP served as an
indicator of successful transfection. These cells were also sub-
jected to treatment with anti-K562 antibodies and complement
(C9D-NHS supplemented with C9-AF555) and were analyzed
under a confocal microscope. Fig. 3A shows in red the distribu-
tion of MAC in the cells, some of it was on the cell surface and
some in the endosomal recycling compartment (ERC). Cells
transfectedwith control shRNA showed a considerable amount
of the MAC accumulating within the cells in the ERC. In con-
trast, cells transfected with Cav-1 shRNA (labeled with GFP)
expressed most of the MAC on their cell surface. Quantifica-
tion of the amount of MAC in the ERC indicated a �2.5-fold
reduction in intracellular MAC accumulation in Cav-1 shRNA
transfectants in comparison to SC transfectants (Fig. 3B). To
further investigate the role of Cav-1 inMAC endocytosis, K562
cells were transfected with the dominant interfering Cav-1-
DGI (36). After 48 h, the cells were treated with anti-K562 anti-
bodies and then with C9D-NHS supplemented with C9-AF555
and analyzed under a confocalmicroscope. As demonstrated in
Figs. 3C, D, Cav-1-DGI expressing cells failed to endocytose the
MAC relative to control cells expressing an empty vector. Inhi-
bition of dynamin-2 with Dynasore had a similar inhibitory

effect on MAC endocytosis in Cav-1-DGI expressing and con-
trol cells (data not shown). Cav-1 silencing or inhibition had no
effect on clathrin-mediated endocytosis of Tfr-TR (supplemen-
tal Fig. S4).
Caveolin-1 Is Essential for Protection from CDC—To exam-

ine the significance of Cav-1 to cell protection against CDC, the
effects of Cav-1 up-regulation, silencing, or inhibition on lysis
of K562 or Raji cells by complement were tested. Elevated
expression of Cav-1 in K562 cells transfected with Cav-1-EGFP
led to a lower sensitivity to CDC (Fig. 4A). In contrast, cells
transfected with Cav-1 shRNA were more sensitive to CDC
than cells transfected with control shRNA (Fig. 4B). Similarly,
transfection with a Cav-1-DGI plasmid enhanced CDC of K562
and Raji cells relative to cells transfected with an empty vector
(Fig. 4, C and D). The sensitizing effects of Cav-1 shRNA and
Cav-1-DGI reached a peak at 48 h and faded away after 72 h.
The protective effect of Cav-1-EGFP transfection lasted for 3
days and disappeared on day 4.
MAC Co-localizes with Cav-1 during Endocytosis—To fur-

ther investigate the role of Cav-1 in MAC endocytosis, Cav-1-
EGFP expressing cells were treated with anti-K562 antibodies
and thenwithC9D-NHS supplementedwithC9-AF555 and the
cells were analyzed under a confocal microscope (Fig. 5, A and
B). Intracellular vesicles labeled with both C9-AF555 and Cav-

FIGURE 4. Caveolin-1 protects K562 and Raji cells from complement-dependent cytotoxicity. A and B, K562 cells (107) were transfected with 20 �g of
Cav-1-EGFP plasmid or pEGFP as control or with 20 �g of Cav-1 shRNA (SC) or scrambled shRNA (NS) both mixed with 4 �g pGFP. C and D, K562 cells (C) or Raji
cells (D) (107) were transfected with 18 �g of Cav-1-DGI or with pcDNA3.1 as control. After 24, 48, 72, or 96 h the cells were treated with anti-K562 antiserum
(diluted 1/18 or 1/22) (A–C) or with Rituximab (5 or 30 �g/ml) (D) and then with NHS, for 60 min at 37 °C. Cell lysis was determined by measuring uptake of trypan
blue. Results are representative of four independent experiments, *, p � 0.05; **, p � 0.01.
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1-EGFP, were observed at the plasma membrane (caveolae), at
the cell periphery (early endosomal compartment) and in the
ERC. Apparently, the cells transported the endocytosed MAC
complexes from the plasma membrane via endosomes to the
ERC region. Extracellular vesicles labeled with both C9-AF555
andCav-1-EGFP, were also seen (Fig. 5C) suggesting that Cav-1
may also be involved in exo-vesiculation of the MAC.
Exo-vesiculation of the MAC Is Cav-1-dependent—To fur-

ther investigate the role of Cav-1 in exo-vesiculation of the
MAC, the amount of C9 released from cells transfected with
Cav-1-EGFP or Cav-1-DGI plasmid or an empty plasmid was
compared. Transfectants were treated with antibody and NHS
and washed and at different times of incubation at 37 °C super-
natants were collected and analyzed by Western blotting with
anti-C9 antibodies. As shown in Fig. 6, Cav-1-DGI suppressed
the release of C9. In contrast, Cav-1-EGFP expressing cells
released C9 at a faster rate.

Extent of MAC Deposition on K562 Cells Is Inversely Related
to the Amount of Caveolin-1—Our earlier findings demon-
strated that at the single cell level K562 cells show a large vari-
ability in complement activation and amount of deposited
MAC (32). A correlation between the expression level of Cav-1
and the deposition of MAC was sought. Cav-1-EGFP-express-
ing cells were treated with anti-K562 antibodies and then with
C9D-NHS supplemented with C9-AF555. The cells were then
washed, fixed, and examined under a confocal microscope and
the quantity of C9-AF555 and Cav-1-EGFP on single cells was
examined. As shown in Fig. 7, A and B, cells expressing high
levels of Cav-1 deposited lower levels of MAC. This inverse
correlation was found to be statistically significant (Fig. 7C). A
similar analysiswas performed to correlate the amount of EGFP
in cells transfected with an empty vector with the level of MAC
deposition.No correlationwas found betweenMACdeposition
and EGFP content in the cells (Fig. 7D). To exclude the possi-

FIGURE 5. Co-localization of the MAC with Cav-1-EGFP. K562 cells were transfected with Cav-1-EGFP. After 48 h, the cells were treated with a sublytic dose
of anti-K562 antibodies and then with C9D-NHS supplemented with C9-AF555 for 10 min at 37 °C. Next, the cells were washed (A) or further incubated for 20
min at 37 °C (B) and analyzed under a confocal microscope. Representative cells of three independent experiments are shown. Arrows point to co-localization
of C9-AF555 and Cav-1-EGFP at the cell membrane (white arrows), the early endosome compartment (yellow arrowheads) and at the ERC (white arrowheads).
C, an extracellular vesicle containing both Cav-1-EGFP and C9-AF555 is shown.
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bility that Cav-1-EGFP expression is affecting or correlated
with the amount of surface CD59 molecules, the level of CD59
on Cav-1-EGFP expressing K562 cells was similarly analyzed.
There was no correlation at the single cells level between Cav-
1-EGFP and CD59 expression (supplemental Fig. S5).
Lipid Rafts Are Involved in Protection fromCDC and inMAC

Endocytosis—Caveolae are considered one form of membrane
lipid rafts (26). To examine the involvement of lipid rafts in
protection fromCDCand inMACendocytosis, K562 cells were
treated with two membrane cholesterol depletion agents,
methyl-�-cyclodextrin (M�CD), or filipin III, and then sub-
jected to complement-dependent cytotoxicity. As shown in Fig.
8, A and B, treatment with M�CD (more than 2 mM) or filipin
III (more than 12 �M) significantly sensitized, in a dose-depen-
dent manner, K562 cells to CDC. Using the cholesterol reple-
tion assay, cells pretreated with M�CD or untreated cells were
washed and treated with 0, 1, 2, or 4 mM cholesterol for 15 min
at 37 °C. Then, the cells were treated with anti-K562 antibodies
andNHS for 60min at 37 °C. Cholesterol repletion reversed the
sensitizing effect of M�CD on CDC (Fig. 8C). Furthermore,
enrichment of membrane cholesterol in control cells signifi-
cantly reduced lysis of K562 cells by complement (Fig. 8C).
StreptolysinO (SLO) is a pore-forming protein that uses cho-

lesterol as a receptor for its membrane insertion and activation
of cell death (41). To validate that M�CD treatment disrupted
membrane cholesterol in K562 cells, we examined the effect of
M�CD on SLO-mediated cell lysis. K562 cells were first incu-
bated with M�CD, washed and then incubated with SLO (acti-
vated with DTT) or DTT alone for 30 min at 37 °C. As shown in
Fig. 8D, pretreatment withM�CD abolished SLO-mediated lysis.

The enhancing effect ofM�CD onCDC could be the result
of increased C3 and C5b-9 deposition on the cells and/or

reduction in the level of expression of the membrane com-
plement regulators CD55 or CD59 that have a GPI-anchor.
K562 cells were treated with M�CD and then subjected to
treatment with anti-K562 antibodies and complement and
the amount of deposited C3 and C5b-9 was quantified. In
addition, the effect of M�CD treatment on expression of
CD55 and CD59 was tested. M�CD treatment had neither
effect on C3 or C5b-9 deposition nor on CD55 and CD59
expression (supplemental Fig. S6). Then, the effect of M�CD
on MAC endocytosis was tested. K562 cells treated with
M�CD lost their capacity to internalize the MAC complexes
(Fig. 8E).

FIGURE 6. Caveolin-1 contributes to MAC elimination by exo-vesiculation.
K562 cells were transfected with a Cav-1-EGFP or Cav-1-DGI plasmid or with an
empty vector as control. After 48 h the cells were treated with a sublytic dose of
anti-K562 antiserum and then with NHS for 10 min at 37 °C. The cells were exten-
sively washed with HBSS and incubated at 37 °C for 5 or 10 min. The cell super-
natant (sup) was collected and cleared by centrifugation at 5,000 � g, subjected
to SDS-PAGE and analyzed by Western blotting with anti-C9 antibodies. A, repre-
sentative C9 protein bands in sup. B, results of densitometric analyses of protein
bands from three independent experiments.

FIGURE 7. MAC deposition is inversely correlated with the level of Cav-1-
EGFP expression. A and B, K562 cells were transfected with Cav-1-EGFP plas-
mid or EGFP plasmid as control. After 48 h, the cells were treated with a
sublytic dose of anti-K562 antibodies and then with C9D-NHS supplemented
with C9-AF555 for 10 min at 37 °C. Next, the cells were washed and analyzed
under a confocal microscope. A selected image representing numerous sim-
ilar images is shown in A and B. White arrows point at 3 cells showing low
levels of Cav-1-EGFP and high levels of C9-AF555. C and D, amounts of
C9-AF555 and Cav-1-EGFP or EGFP (A.U.) were quantified with the Image J
software in 80 randomly selected cell images. C, a significant inverse correla-
tion is shown between the quantities of C9-AF555 and Cav-1-EGFP (R2 �
0.9564; p � 0.05). D, no correlation is seen between the levels of C9-AF555 and
EGFP (R2 � 0.0864).
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Clathrin Is Not Involved in CDCand inMACEndocytosis—A
possible role for clathrin in CDC and MAC endocytosis was
first examined by RNAi-mediated suppression of the clathrin
heavy chain (CHC). K562 cells were transfected with a specific
shRNA directed to CHC or a scrambled shRNA, mixed with
pGFP (served as a marker of transfectants). Transfection with
CHC shRNA reduced after 72 h the expression of endogenous
CHC by �80% relative to control (supplemental Fig. S7A).
After addition of Tfr-TR to these cells, we observed a marked
reduction in entry of Tfr-TR into cells transfected with CHC
shRNA relative to control cells transfected with scrambled
shRNA (supplemental Fig. S7, B and C).

Next, we tested whether cell sensitivity to CDC and MAC
endocytosis are affected or not by silencing of the CHC. As
presented in Fig. 9, K562 cells transfected with CHC shRNA or
scrambled shRNA showed the same sensitivity to complement-
mediated lysis (Fig. 9A) and the same amount of intracellular

C9 (Fig. 9, C and D). Another approach to inhibit clathrin-
mediated endocytosis is by using a dominant interfering epider-
mal growth factor receptor substrate 15 (DN-EPS15) (42).
EPS15, a component of the clathrin-coated pit is constitutively
associates with Adaptor Protein-2 (AP-2) and is required for its
docking onto the plasma membrane. DN-EPS15 is unable to
bindAP-2 and inhibits clathrin-coated pit formation (42). K562
cells were transfected with DN-EPS15 plasmid or control GFP
plasmid. As expected, uptake of Tfr-TR into DN-EPS15 trans-
fectants was reduced relative to control cells (supplemental Fig.
S8, A and B). In contrast, cell sensitivity to CDC and MAC
endocytosis were not affected byDN-EPS15 (Fig. 9,B and E and
supplemental Fig. S8C).

DISCUSSION

Within minutes after a sublytic complement attack, K562
cells release membrane vesicles loaded with theMAC/C5b-9

FIGURE 8. Cholesterol depletion sensitizes cells to complement-mediated lysis but protects from SLO-mediated lysis. K562 cells were pretreated with
the indicated doses of M�CD (A, C, D) for 15 min or filipin-III (B) for 30 min at 37 °C. For cholesterol repletion (C), cells were first incubated with M�CD and then
washed and treated with 0, 1, 2, or 4 mM cholesterol for 15 min at 37 °C. Cell lysis was activated by treatment with a sublytic dose of anti-K562 antibodies and
NHS (or HIS as control) for 60 min at 37 °C. D, cells were first incubated with 0, 3, or 6 mM M�CD, washed and incubated with 200 or 400 units of SLO in DTT or
DTT alone (0.4 mM) as control, for 30 min at 37 °C. Cell lysis was determined by trypan blue uptake. All results are representative of four independent
experiments. E, K562 cells were pretreated with 0, 3 or 6 mM of M�CD for 15 min at 37 °C. Then, the cells were treated with a sublytic dose of anti-K562 antibodies
and C9D-NHS supplemented with C9-AF488 for 10 min at 37 °C. Next, the cells were washed, incubated for 20 min at 37 °C, and analyzed under a confocal
microscope. The amount of intracellular C9-AF488 was quantified with the Zeiss 410 LSM software in 100 randomly selected cell images (Relative fluorescence
intensity; R.F.I.). *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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complexes and few minutes later, internalize C5b-9 com-
plexes through the endocytic machinery and accumulate it
in the ERC (32). Internalized C5b-9 complexes may be either
packed within the multivesicular bodies and transported for
exocytosis or subjected to proteolytic degradation. The
molecular mechanism controlling MAC endocytosis is still
largely unknown. The purpose of this study was to get a
deeper insight into the MAC endocytic pathway and to test
the hypothesis that it serves as a rescue mechanism against
CDC. Our findings demonstrate that specific inhibition of
clathrin-mediated endocytosis either by knocking down of
the clathrin heavy chain with shRNA or with the dominant
interfering DN-EPS15, conditions shown to abrogate trans-
ferrin endocytosis, no effect on CDC or MAC endocytosis

was observed (Fig. 9 and supplemental Figs. S7 and S8).
Hence, we conclude that the MAC endocytic mechanism is
clathrin-independent. We then examined the involvement
of the large GTPase Dynamin inMAC endocytosis. Dynamin
facilitates fission of endocytic vesicles and is essential for
endocytosis (23). Mammals express three Dynamin genes
Dyn-1, Dyn-2, and Dyn-3. Dyn-2 is expressed in most cell
types whereas Dyn-1 and Dyn-3 are tissue specific (43). To
inhibit Dynamin-2 activity we treated the cells with the dom-
inant interfering K44A dynamin (38) or with Dynasore, a
general Dynamin inhibitor which specifically interferes with
the GTPase activity of Dynamin (39). As expected, both
treatments abrogated transferrin endocytosis (supplemental
Fig. S2). More interestingly, Dynamin-2 was found to be

FIGURE 9. Inhibition of clathrin-mediated endocytosis has no effect on complement-dependent cytotoxicity and on MAC endocytosis. A, C, and D, K562
cells were transfected with specific shRNA directed to CHC (SC) or with a nonspecific shRNA (NS). B and E, K562 cells were transfected with a plasmid containing
the dominant negative epidermal growth factor receptor substrate 15 (DN-EPS15) or with an empty GFP plasmid. A and B, after 24, 48, or 72 h, the cells were
treated with anti-K562 antiserum (diluted 1/18 or 1/22) and then with NHS for 60 min at 37 °C. Cell lysis was determined by measuring uptake of trypan blue.
C–E, 72 h (C and D) or 24 h (E) post-transfection the cells were treated with a sublytic dose of anti-K562 antibodies and then with C9D-NHS supplemented with
C9-AF555 for 10 min at 37 °C. Next, the cells were washed, incubated for 20 min at 37 °C, and analyzed under a confocal microscope. Representative cells (of four
independent experiments) are shown in C; arrows point at a C9-AF555 accumulation in the ERC. D and E, amount of intracellular C9-AF555 was quantified with
the Image J software in 50 randomly selected cell images.
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important for MAC internalization and for cell protection
from CDC (Figs. 1 and 2).
Dynamin is also involved in the clathrin-independent path-

way that is mediated by caveolae (24, 25). Caveolae are plasma
membrane invaginations in which the major constituent Cav-1
functions as a principal structural component (27, 29). To
examine the possible involvement of Cav-1 in MAC endocyto-
sis we inhibited Cav-1 either by blocking Cav-1 synthesis with a
Cav-1 specific shRNA or by using the dominant interfering
Cav-1-DGI (37). Both treatments sensitized cells to CDC and
inhibitedMAC endocytosis (Figs. 3 and 4). In contrast, overex-
pression of Cav-1 protected the cells from CDC (Fig. 4). An
inverse linear correlation is seen between the level of Cav-1
overexpression and the amount of C5b-9 deposition following
complement activation (Fig. 7). Furthermore, Cav-1-EGFP co-
localized withMAC in the plasmamembrane, early endosomes
and the ERC (Fig. 5). The results indicate that Dyn-2 and Cav-1
(but not clathrin) support cell resistance to CDC, probably by
targeting the MAC to a clathrin-independent, caveolae-medi-
ated endocytic clearance pathway.
Caveolae are one form of membrane lipid rafts. Our data

suggest that lipid rafts integrity is essential for cell resistance to
CDC, thus disruption of membrane cholesterol with M�CD or
Filipin III abolished resistance to CDC and inhibited MAC
endocytosis (Fig. 8 and supplemental Fig. S7). Hayer et al. dem-
onstrated that caveolae bud from the plasma membrane carry-
ing Cav-1 to the early endosome (44). However, cholesterol
disruption causes disassembly of caveolae, endocytosis ofCav-1
as a cargo protein, caveolin ubiquitination, and accumulation of
Cav-1 in the internal membranes of late endosomes. This
results in accelerated degradation of Cav-1 (44). It is conceivable
that cholesterol disruption lead to Cav-1 degradation, dissolution
of caveolae, reduced MAC endocytosis or exo-vesiculation and
eventually increased cell sensitivity to CDC. Since the dynamin
and cholesterol inhibitors interfered with MAC elimination in
K562 cells which express lowCav-1 level, it is possible that a cave-
olae-independent, dynamin- and cholesterol-dependent endo-
cytic pathway is also involved inMAC removal (45). This possibil-
ity awaits further examination.
K562 cells eliminate the MAC by endocytosis but also by

exo-vesiculation (32). In order to examine the possible involve-
ment of Cav-1 inMAC exo-vesiculation, we inhibited Cav-1 by
using the dominant interfering Cav-1-DGI or over-expressed
Cav-1. Inhibition of Cav-1 abrogated the amount of secreted
C5b-9, whereas, overexpression of Cav-1 increased C5b-9 exo-
vesiculation (Fig. 6). In addition, cholesterol disruption by
M�CD dramatically inhibited C9 exo-vesiculation (data not
shown). These findings suggest that Cav-1 (and probably cave-
olae) is also involved in MAC exo-vesiculation. The molecular
mechanism of MAC internalization, exo-vesiculation and
resistance to CDC via a Cav-1-dependent pathway needs to be
further investigated. Interestingly, caveolae can also bypass the
sorting organelles and directly fuse back with the plasmamem-
brane in a kiss-and-run manner, a process regulated by protein
kinases (46). It is possible that this short-range traffic of cave-
olae facilitates interaction of the MAC with caveolae and its
exo-vesiculation. This could be related to our observation of
co-localization of MAC and Cav-1 in the vicinity of the plasma

membrane and on exo-vesicles (Fig. 5). Cav-1 is differentially
over-expressed in cancer cells (47–49) and it increases the
resistance of tumor cells to drug-induced apoptosis by a mech-
anism involving phosphorylation of PKC� (50). Cav-1-depen-
dent internalization is involved in PKC�-mediated inhibition of
vascular K(ATP) channels (51). PKC plays a role also in protec-
tion of K562 cells from CDC (52) and in MAC elimination (19,
32). It is suggested that Cav-1 protection from CDC involves
PKC or other protein kinases.
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