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SUMMARY

Reperfusion of ischaemic tissue initiates an in¯ammatory reaction that increases tissue injury.

Complement activation at the endothelium contributes to this in¯ammation. This study invest-

igated the mechanism of complement activation following reoxygenation of hypoxic human

umbilical vein endothelial cells (HUVEC) as a model for complement activation observed

on endothelium in reperfused ischaemic tissue. HUVEC cultured in 1% oxygen followed by

reoxygenation activated the classical complement pathway resulting in C3 deposition. There was an

increase in apoptotic cells in these cultures that was demonstrated by binding of ¯uorescein

isothiocyanate-Annexin V and staining for hypodiploid nuclei. To determine if apoptotic HUVEC

activate complement, uniformly apoptotic cells were produced by serum and growth factor

deprivation. These cells, but not the control HUVEC, activated the classical complement path-

way in the absence of antibody or other serum factors. To determine if apoptotic cells in the

reoxygenated cultures were activating complement, ¯uorescent analysis was done. Annexin V

binding and C3d deposition on cells from reoxygenated cultures showed complete concordance

on the subpopulation of apoptotic cells. In addition, complement activation following reoxygena-

tion of HUVEC was eliminated by treatment of the cultures with a caspase inhibitor during

reoxygenation. These results suggest that oxidative damage to endothelial cells during

reoxygenation initiates apoptosis with exposure of phosphatidylserine. Apoptotic cells directly

activate the classical pathway of complement by binding C1. Activation of complement at the

endothelium may contribute to the in¯ammatory response as well as clearance and repair.

INTRODUCTION

Reperfusion of ischaemic tissue induces an in¯ammatory

response that results in damage to vascular endothelium and

underlying tissue. Reperfusion injury can increase the extent of

vascular and tissue damage beyond that created by the initial

ischaemia and is an important factor in the pathogenesis of

tissue injury following myocardial infarction, stroke and other

acute ischaemic events.

Experimental evidence indicates that complement activa-

tion is critically involved in neutrophil in®ltration and vascular

leakage in many types of reperfusion injury. During myocar-

dial infarction, complement fragments can be identi®ed bound

to infarcted tissue and levels of complement split products

are elevated in serum.1,2 The injury observed in experimental

ischaemia/reperfusion is decreased by prior depletion of

complement or neutrophils.3 Complement inhibition prior to

coronary artery ligation signi®cantly reduced the extent of

myocardial injury and neutrophil in®ltration following reper-

fusion.1,4,5 In a hindlimb ischaemia/reperfusion model, 50%

less vascular leakage was seen in mice de®cient in C3 or C4

compared to controls.6 In a model of intestinal ischaemia/

reperfusion injury, administration of a C5a receptor antagonist

reduced both local and remote tissue injury.7

Complement proteins are deposited on endothelium early

in the course of skeletal muscle and myocardial reperfu-

sion injury.4,6 The stimulus for this complement activation is

unknown. However, Collard et al. showed complement acti-

vation by endothelial cells in vitro in response to hypoxia/

reoxygenation.8 In this model, human umbilical vein endo-

thelial cells (HUVEC) cultured in 1% oxygen for 12±24 hr

then reoxygenated for 3 hr in the presence of human serum
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activated complement. Further studies showed that comple-

ment activation in these cultures was inhibited by compounds

that inhibit reactive oxygen species.9

The present study was undertaken to determine the

stimulus for complement activation in HUVEC cultures

exposed to low oxygen and reoxygenation as a model for

endothelial cells in reperfused ischaemic tissue. The results

show that complement activation by endothelial cells exposed

to hypoxia/reoxygenation is induced by a subpopulation of

apoptotic cells in these cultures. Complement activation by

apoptotic endothelial cells is associated with exposure of

phosphatidylserine, is mediated by the classical pathway, does

not require antibody or other serum proteins, and is prevented

by treatment with a caspase inhibitor.

MATERIALS AND METHODS

Reagents

The following buffers were used: GVB (0.1% gelatin, 5 mM

Veronal-buffered saline, pH 7.4), GVB++ (GVB, 0.5 mM

MgCl2, 0.15 mM CaCl2), DGVB++ (GVB diluted 1 : 1 with

5% dextrose, 0.5 mM MgCl2, 0.15 mM CaCl2), and HBSS

(Hanks' balanced salt solution, Sigma, St Louis, MO). Normal

human serum (NHS) was stored at x70u, heat-inactivated for

30 min at 56u, or depleted of factor D and C1q (DHS) by

passage over BioRex 70 (BioRad, Richmond, CA).10 DHS was

reconstituted for the classical and alternative pathways by

addition of 100 mg/ml puri®ed C1q (Sigma) or 5 mg/ml puri®ed

factor D.11 Depletion and reconstitution of the classical and

alternative pathways was con®rmed by haemolytic assays.

Puri®ed C1 was kindly provided by Dr M. E. Medof (Case

Western Reserve University, Cleveland, OH).

The following were purchased: C2 and C4 (Advanced

Research Technologies, San Diego, CA); human immunoglo-

bulin M (IgM; Sigma); horseradish peroxidase (HRP) ±goat

anti-human C3 (Cappel, Durham, NC); mouse monoclonal

anti-C1q and C3d (Quidel, San Diego, CA); ¯uorescein iso-

thiocyanate (FITC)-Annexin V (Pharmingen, San Diego, CA);

FITC-goat anti-human IgM, FITC-goat anti-human IgG

and phycoerythrin (PE)-F(abk)2 goat anti-mouse IgG (Caltag,

Burlingame, CA); allophycocyanin (APC) -F(abk)2 goat anti-

mouse IgG (Accurate Antibodies, Westbury, NY); and cas-

pase inhibitor I, Z-Val-Ala-Asp-¯uoromethylketone (Z-VAD)

(Calbiochem, San Diego, CA).

Cell culture

HUVEC (BioWhittaker, Walkersville, MD) were grown in

complete endothelial growth medium (EGM) on 0.1% gelatin-

coated wells or ¯asks. EGM consists of basal medium sup-

plemented with 2% fetal bovine serum, 12 mg/ml bovine brain

extract, 0.01 mg/ml human epidermal growth factor, 1 mg/ml

hydrocortisone and antibiotics. Cells were used at passages

2±4. Low oxygen culture was in a humidi®ed, heated chamber

designed for hypoxia experiments and purchased from Coy

Laboratory Products Inc. (Grass Lake, MI). The chamber was

¯ushed with nitrogen until the measured oxygen levels within

the chamber were less than 1% prior to starting the hypoxic

culture which was carried out in 1% oxygen, 5% CO2 with the

balance being N2. Normal culture (21% oxygen) was in a CO2

incubator with 5% CO2.

Enzyme-linked immunosorbent assay (ELISA) for complement

activation

HUVEC were cultured overnight in 21% or 1% oxygen in

96-well plates. HUVEC were then either washed and tested for

complement activation, incubated for 1 hr in HBSS in 1% or

21% oxygen, or incubated for 1 hr in HBSS and cultured for

3 hr in EGM. Plates were washed with GVB++ and incubated

with 10% NHS in GVB++ for 30 min at 37u. Cells were

washed, ®xed with 1% paraformaldehyde (15 min, room

temperature), washed again and blocked with GVB++.

Plates were developed with HRP-anti-C3 and substrate

(0.005% H2O2, 1 mg/ml 2,2k-azino-bis(3-ethylbenzthiazoline-

6-sulphonic acid in 0.1 M Na2HPO4, 50 mM citric acid, pH 4.6).

Absorbance was read at 405 nm. Control wells used to deter-

mine background values were incubated with heat-inactivated

NHS or DHS. The background values using heat-inactivated

serum and DHS are shown in Figs 1 and 2. The background

values using buffer (GVB) were similar to these values.

Flow cytometric assay for complement activation

HUVEC were cultured overnight in gelatin-coated ¯asks in

21% or 1% oxygen or in uncoated ¯asks in the absence of serum

and growth factors (starved). HUVEC released from the ¯asks

in starved cultures were used directly. Control cells and low

oxygen cultures were released by brief trypsinization [0.05%

trypsin, 1 mM ethylenediamine tetraacetic acid (EDTA) in

phosphate-buffered saline]. Cells were washed with GVB++

and incubated with 10% serum in GVB++ for 30 min at 37u.
Cells were stained with 2 mg monoclonal antibodies (mAb)

to C1q or C3d and second antibody (PE- or APC-conjugated

goat anti-mouse IgG), and analysed on a FACSCalibur ¯ow

cytometer with Cell Quest Software (Becton-Dickinson,

Mountain View, CA). Fluorescence was measured on a log

scale and expressed as geometric mean channel ¯uorescence

(GMFI). Where indicated propidium iodide (PI, 5 mg/ml) was

added prior to analysis and cells stained with PI were excluded.

Flow cytometric assays for apoptosis

Cells were washed and resuspended in 10 mM HEPES-buffered

saline containing 2.5 mM CaCl2, then incubated with 0.5 mg/ml

FITC-Annexin V and 5 mg/ml PI for 15 min in the dark. Cells

with permeable membranes stain brightly with PI. Early

apoptotic cells exclude PI, but stain with FITC-Annexin V.12

Nuclear changes associated with apoptosis were determined

by quanti®cation of the subdiploid peak after staining per-

meabilized cells with PI.13 Cells were stained for 1 hr on ice

with 50 mg/ml PI in 0.1% sodium citrate, 0.1% Triton-X-100

prior to analysis.

Complement activation on HUVEC using puri®ed components

Cells were incubated sequentially with complement compo-

nents at 10% NHS concentrations using DGVB++ as the

dilution and washing buffer. Control or starved HUVEC were

incubated for 30 min on ice with 150 mg/ml IgM or buffer, then

washed once. Cells were incubated for 15 min at 30u with 8 mg/

ml C1, washed once, incubated for 20 min at 30u with 50 mg/ml

C4, washed once, and incubated for 5 min at 30u with 25 mg/ml

C2, followed by a 30-min incubation at 37u with C3±9 reagent

(10% NHS in GVBx40 mM EDTA). The absence of IgM or

IgG in the puri®ed C1 was con®rmed by incubating starved
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HUVEC with C1 and staining with FITC-anti-human IgM or

FITC-anti-human IgG.

Data analysis

P-values were determined by unpaired two-tailed t-tests using

GRAPHPAD PRISM v2.0 (GraphPad Software, San Diego, CA).

RESULTS

Complement activation by HUVEC following

hypoxia/reoxygenation is induced by apoptotic cells and

mediated by the classical pathway

HUVEC cultured overnight in 1% oxygen and reoxygenated

for 1 hr in buffer showed an increase in C3 deposition

following incubation in NHS, but not DHS. Low oxygen

culture and reoxygenation were both required for this increased

C3 deposition which was measured by ELISA. For one

representative experiment (of four), the mean t SEM A405

values (absorbance at 405 nm) were 0.467t0.046 for cells

cultured in normal oxygen, 0.321t0.081 for cells cultured in

1% oxygen without reoxygenation and 0.632t0.064 for cells

cultured in 1% oxygen with reoxygenation. There was no

increase in cell lysis measured using an assay for released

lactate dehydrogenase (LDH). However, a small increase

(5±10%) in the number of FITC-Annexin V-positive cells was

observed in the hypoxia/reoxygenated cultures.

To determine if the increase in apoptotic cells was associ-

ated with the increased C3 deposition, the culture conditions

were modi®ed to allow apoptosis to proceed. After overnight

culture and exposure to oxygen for 1 hr in HBSS, cells were

cultured for an additional 3 hr in 21% oxygen. This protocol

resulted in an increase in FITC-Annexin V staining, an increase

in the number of hypodiploid nuclei (Fig. 1b) and an increase

in C3 binding following incubation in NHS, but not heat-

inactivated serum (Fig. 1a). C3 binding was not increased by

overnight culture in 1% oxygen without reoxygenation.

To con®rm that the C3 binding measured by ELISA

re¯ected complement activation and to determine the pathway

of complement activation by HUVEC following hypoxia/

reoxygenation, DHS lacking C1q and factor D was recon-

stituted with puri®ed C1q, factor D, or both. C1q was required

for C3 deposition on HUVEC and no additional activation was

found with factor D, indicating that the increased C3

deposition in reoxygenated cultures was entirely dependent

on classical pathway complement activation (Fig. 2).

To determine if apoptosis and complement activation in

reoxygenated cultures were related, HUVEC were cultured

overnight in 1% or normal oxygen and reoxygenated in the

presence of the caspase inhibitor Z-VAD to block apoptosis.

C3 ELISA readings for wells incubated in NHS after

subtracting the heated serum control were 0.647t0.051 for

DHS
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Figure 2. C3 binding by HUVEC following hypoxia/reoxygenation

requires C1q. HUVEC were cultured overnight in 21% oxygen or 1%

oxygen, incubated with HBSS for 1 hr in 21% oxygen and cultured in

21% oxygen for 3 hr. Following treatment, HUVEC were incubated

with 10% serum for 30 min at 37u, washed and ®xed C3 binding was

then measured by a C3-speci®c ELISA. The serum used was NHS,

DHS, DHS reconstituted with C1q, factor D or both. The means

t SEM of triplicate wells from one of four experiments are shown.
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Figure 1. C3 binding and apoptosis in HUVEC cultures following

hypoxia/reoxygenation. HUVEC were cultured overnight in 21%

oxygen or 1% oxygen. Cells were then analysed for C3 binding and

apoptosis (O2) or incubated with HBSS for 1 hr in 21% oxygen and

cultured an additional 3 hr in 21% oxygen (O2, culture). (a) Following

treatment, cells were incubated with 10% NHS for 30 min at 37u,
washed and ®xed. C3 binding was then measured by a C3-speci®c

ELISA. The meanstSEM of six wells from one of three experiments

are shown as well as the heat-inactivated NHS control. P values were

determined by unpaired two-tailed t-tests. (b) HUVEC cultured as

described above were released by trypsinization and analysed for

apoptosis. The bars on the left indicate the percentage of cells that

stained with FITC-Annexin V and excluded PI. The bars on the right

indicate the percentage of hypodiploid nuclei. The mean results from

two experiments are shown.
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reoxygenated hypoxic cultures compared to 0.458t0.022 for

normoxic cultures (P<0.01). This increased C3 binding was

eliminated in cultures treated with Z-VAD during reoxygena-

tion (A405 0.510t0.031 for reoxygenated hypoxic cultures

compared to 0.449t0.026 for normoxic cultures, P>0.1).

The results shown are for one of three experiments with six

replicate wells.

The association between apoptosis and complement

activation was further assessed using ¯ow cytometry. Follow-

ing culture and rexogyenation, cells were incubated with 10%

NHS or DHS, stained with PI, FITC-Annexin V, mAb to C3d

and APC-goat anti-mouse IgG. Cells that stained with PI were

excluded. FITC-Annexin V-positive cells (10±15% of the total)

accounted for virtually all of the speci®c C3d binding (anti-C3d

staining after incubation in NHS compared to DHS). In three

experiments, the DGMFI for speci®c anti-C3d staining of

FITC-Annexin V-positive cells was 60.4t1.1 compared to

1.4t1.4 for FITC-Annexin V-negative cells. When NHS-

treated cells were analysed based on C3d staining, the GMFI

for FITC-Annexin V staining was 234t117 for C3d-positive

cells compared to 8t2 for C3d-negative cells. These experi-

ments demonstrate that the cells that activate complement

following culture in 1% oxygen and reoxygenation are a sub-

population with membrane changes characteristic of early

apoptosis.

Complement activation by apoptotic HUVEC occurs through

direct activation of the classical pathway

To characterize further the complement activation by apopto-

tic cells, a uniformly apoptotic population of HUVEC was

prepared by serum and growth factor deprivation. Between

60 and 80% of starved cells excluded PI and more than 80%

of the PI-negative cells stained with FITC-Annexin V. More

than 95% of normal cells excluded PI and less than 5% were

FITC-Annexin V-positive. Starved cells and normal cells were

incubated with NHS or DHS and complement activation

was determined by ¯ow cytometry. Starved HUVEC activated

complement and bound anti-C1q and anti-C3d mAb, whereas

normal cells did not (Fig. 3). In Fig. 3 the GMFI for mAb

staining and second antibody alone is shown for two experi-

ments. Figure 3(b,c) shows representative histograms compar-

ing normal and starved HUVEC incubated with NHS or

DHS and stained with anti-C3d and second antibody to cells

incubated with NHS and stained with second antibody alone.

The pathway of complement activation was determined

by testing the ability of puri®ed C1q, factor D, or both to

restore complement activation in DHS (data not shown). C1q

was required for C3d deposition on starved HUVEC and

no additional activation was found with the addition of factor

D indicating that, as in the reoxygenated cultures, complement

activation was entirely dependent on the classical pathway.

Results using RAG2±/± and C4±/± mice6 suggested that

complement activation following reperfusion injury is medi-

ated by natural antibody and the classical pathway. Therefore

we tested IgM binding to normal and starved HUVEC by

staining with FITC-anti-human IgM after incubation of cells in

NHS. IgM binding to starved cells but not normal cells was

observed (Fig. 4). Only cells that excluded PI were included

in the analysis. IgM binding to early apoptotic cells was

con®rmed using 150 mg/ml puri®ed IgM in place of NHS (not

shown).

To determine the role of IgM in classical pathway

activation by apoptotic HUVEC, starved HUVEC were

incubated with IgM or buffer, and then with puri®ed C1, C4

and C2 to form a C3 convertase. All cells were then treated

with C3±9 reagent to allow C3 deposition and C3d binding

was determined. C3d binding was similar following incubation

in 10% NHS or C142, regardless of the addition of normal

human IgM (data not shown). Normal HUVEC did not

bind anti-C3d after incubation with 10% NHS, or puri®ed

components (data not shown). These experiments demonstrate

direct classical pathway activation by apoptotic HUVEC prior

to loss of membrane integrity and are consistent with the
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Figure 3. Complement activation by apoptotic HUVEC. HUVEC

were cultured overnight in complete EGM (normal) or EGM without

serum or growth factors (starved). Cells were incubated with 10%

NHS or DHS for 30 min at 37u, washed and stained with mAb speci®c

for C1q or C3d and PE-conjugated goat anti-mouse IgG (second

antibody). (a) The GMFI values for cells treated with NHS or DHS

and of cells stained with second antibody only are shown. The results

shown are the means t SEM of two experiments. (b,c) Representative

histograms of normal and starved cells incubated with NHS (dark line)

or DHS (grey line) and stained with anti-C3d and second antibody

compared to cells incubated with NHS and stained with second

antibody alone (shaded histogram).
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complement activation observed following hypoxia/reoxygena-

tion. Direct binding of puri®ed C1q to apoptotic but not

control HUVEC was con®rmed by ¯ow cytometry (data not

shown). Together these results show that apoptotic HUVEC

directly activate C1 as well as binding IgM. IgM is not required

for C3 deposition, but could play a role in generation of

in¯ammatory mediators.

DISCUSSION

HUVEC cultured in 1% oxygen and reoxygenated were studied

as a model for the complement activation observed on

endothelium in reperfused ischaemic tissue. These ®ndings

extend previous results9,15 by demonstrating that induction of

apoptotic membrane changes in HUVEC provide the stimulus

for complement activation. Since both hypoxia and reoxygena-

tion of HUVEC were carried out prior to the addition of

serum, possible effects of oxidants on complement or other

serum proteins were eliminated. Complement activation was

restricted to the subpopulation of Annexin-binding cells in

the cultures.

It has been proposed that activation of xanthine oxidase

during ischaemia of endothelium generates reactive oxygen

metabolites upon reperfusion, which cause initial damage to

the microvascular endothelium.14 Adherence and activation

of neutrophils to the endothelium leads to a second wave of

oxidant release and tissue destruction. This adhesive interac-

tion is greatly enhanced by stimulation of neutrophils with

chemotactic factors, including C5a.16,17 In vivo inhibition of

complement activation with soluble complement regulatory

proteins or other agents signi®cantly decreases the recruitment

of neutrophils to the site of injury.1,3,4 Our results and those of

Collard et al.9 suggest that endothelial cells damaged by

oxidants directly activate the complement system, providing

a possible link between endothelial oxidant generation and

neutrophil adhesion and activation.

Both apoptotic and necrotic endothelial cells are found at

sites of reperfusion injury. Our results suggest that the changes

in HUVEC resulting from oxidant damage in culture are

characteristic of apoptosis and that these changes are suf®cient

to initiate complement activation. The same treatment that led

to complement activation by HUVEC also induced apoptosis

in 10±25% of the cells. Two ®ndings directly implicate these

apoptotic cells in the complement activation. First, addition of

Z-VAD during reoxygenation at concentrations that block

HUVEC apoptosis,18 completely prevented the increased C3

binding observed in hypoxic cultures. Second, analysis by ¯ow

cytometry indicated that C3d was bound exclusively to the

10±25% Annexin V-binding cells in the population of HUVEC

following hypoxia/reoxygenation.

A uniformly apoptotic population of HUVEC was

generated by serum and growth factor deprivation so that

the characteristics of complement activation could be com-

pared to those of reoxygenated cultures. These studies demon-

strate direct classical pathway activation by apoptotic HUVEC

consistent with the ®ndings in the reoxygenated cultures. Our

®ndings are also consistent with an earlier report of C1q

binding to apoptotic blebs on UV-irradiated keratinocytes

following incubation in serum or with puri®ed C1q.21 This

study did not assess complement activation beyond C1q

binding.

Apoptosis is characterized by the exposure of inner lea¯et

phospholipids, including phosphatidylserine, on the outer

membrane of cells. Apoptotic cells as well as erythrocytes with

similar phospholipid changes activate complement.19,20 We

hypothesize that acidic phospholipids on the surface of

apoptotic cells initiate classical pathway activation. Phospha-

tidylserine and other acidic phospholipids in liposomes have

been shown to activate the classical pathway in human serum.22

Although cardiolipin, an acidic phospholipid found in

mitochondrial membranes, is a direct activator of C1,23 it is

unlikely that release of internal cell membranes or other

cellular constituents induced complement activation, because

exclusion of PI-permeable cells from the analysis of C3d

deposition did not signi®cantly alter the results. LDH release

was not increased in cultures after hypoxia/reoxygenation.

Other serum proteins that bind damaged cells could

potentially contribute to complement activation. Collard et al.
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recently reported a possible role for the mannose-binding lectin

pathway in complement activation by oxidatively damaged

cells.8 However, our results demonstrate a loss of complement

activation following C1q and factor D depletion that could be

restored completely by puri®ed C1q, indicating that mannose-

binding lectin is not required. In addition, we have shown for

the ®rst time that serum proteins other than complement

are not required for classical pathway activation by apoptotic

cells, since C3 deposition occurred following incubation with

puri®ed C1, C4 and C2. In a mouse skeletal muscle ischaemia±

reperfusion model, IgM was found co-localized with C3 on

endothelium and it was proposed that antiphospholipid

antibodies induced complement activation.6 Our results

demonstrate IgM binding to apoptotic endothelial cells, but

show that this binding does not affect the amount of C3

binding in vitro. It is, however, possible that IgM or other

serum proteins contribute to the generation of the later in¯am-

matory complement components [C5a and membrane attack

complex (MAC)] that are critical for tissue injury. Further

studies will be needed to determine the role of antibody and

other serum proteins in activation of the terminal part of the

complement pathway and regulation of complement activation

by injured cells.

Together these studies describe a mechanism for initiation

of complement activation on endothelium following reperfu-

sion of ischaemic tissue. In this model membrane changes in

response to oxidant damage of endothelial cells are suf®cient to

induce complement activation directly. Localized complement

activation along with induction of cytokine and adhesion

molecule synthesis is likely to contribute to the recruitment

and activation of neutrophils leading to reperfusion injury.
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