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Decay-accelerating factor is a component of
subendothelial extracellular matrix in vitro, and is
augmented by activation of endothelial protein
kinase C

Elizabeth J. Hindmarsh and Rory M. Marks

Department of Internal Medicine, University of Michigan Medical Center, Ann Arbor, USA

The vasculature is protected from complement activation by regulatory molecules
expressed on endothelial cells. However, complement fixation also occurs on subendothelial
extracellular matrix (ECM) in vitro, and is initiated simply by retraction or removal of overlying
cells. To investigate mechanisms controlling vascular complement activation, we examined
subendothelial ECM for the presence of complement regulatory proteins. Decay-
accelerating factor (DAF) was found on both human umbilical vein endothelial cells (HUVEC)
and in their ECM; in contrast, membrane cofactor protein was found only on cells. ECM and
HUVEC DAF were distinguishable based on several properties. While HUVEC DAF is
anchored to cell membranes by a phospholipase C-sensitive glycosylphosphatidylinositol
linkage, DAF was removed from ECM only by proteolytic digestion. Cytokines (TNF- § , IL-1 g ,
IL-4) increased HUVEC DAF expression, but had minimal effect on ECM DAF; in contrast,
phorbol 12-myristate 13-acetate (PMA) and wheat germ agglutinin markedly increased DAF
on both HUVEC and ECM. The effect of PMA was mediated by activation of protein kinase
C. The complement regulatory potential of ECM DAF was assessed by evaluating the effect
of DAF-neutralizing antibodies on C3 deposition on HUVEC ECM, as well as on HeLa cell
ECM, which had a considerably higher DAF content. DAF blockade enhanced C3 deposition
on HeLa ECM, but had no effect on HUVEC ECM. As ECM DAF is likely to be immobile, i.e.
able to interact only with C3 convertases forming in the immediate vicinity, its ability to regu-
late complement activation may be particularly density dependent, and contingent on
endothelial-dependent up-regulation.
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1 Introduction

Normal cells are protected from the deleterious effects of
complement activation on their surface by an array of
regulatory proteins, both cell surface associated and cir-
culating in the plasma. The majority of these regulators
act to prevent amplification of C3b deposition, by dis-
sociating C3 convertase complexes or by cleaving

covalently bound C3b to a convertase-inactive form. Cell
surface regulators include decay-accelerating factor
(DAF, CD55), which accelerates the dissociation of both
classical and alternative pathway C3 convertases [1];
membrane cofactor protein (MCP, CD46), which is a
cofactor for factor I-mediated cleavage of C3b to the
convertase-inactive form, iC3b [2]; and CR1 (CD35),
which has both decay-accelerating and cofactor activity
[3]. Plasma proteins factor H and C4 binding protein
(C4bp) express decay-accelerating activity towards the
alternative and classical pathway C3 convertases,
respectively, and also serve as cofactors for the cleavage
of C3b and C4b [4].

In a recent study, we found that subendothelial extracel-
lular matrix (ECM) generated by human umbilical vein
endothelial cells (HUVEC) is a target for spontaneous
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Figure 1. Comparison of complement regulatory molecules
in subendothelial matrix and on the endothelial cell surface.
HUVEC were cultured for 6 days past confluence, and matri-
ces isolated as described in Sect. 4.3. Levels of MCP, DAF,
CD59, C4bp and factors H and I were assessed by fluoroim-
munoassay, and results expressed as the mean fluores-
cence intensity ± SEM of triplicate samples. Results are cor-
rected for non-specific antibody binding.

Figure 2. Time course of DAF, MCP and type IV collagen
accumulation in subendothelial matrix. HUVEC were cul-
tured for up to 11 days, with matrices isolated on days 3, 5,
7, 9 and 11. ECM components were assessed by fluoroim-
munoassay. Results are expressed as the average ± range
of duplicate samples, and are corrected for non-specific
antibody binding.

complement activation, and supports formation of a
stable alternative pathway C3 convertase*

* E. J. Hindmarsh and R. M. Marks, Complement activation
occurs on subendothelial extracellular matrix in vitro, and
is initiated by retraction or removal of overlying endothelial
cells. Submitted for publication.

. This mecha-
nism may provide a basis for antibody-independent
complement activation in conditions characterized by
endothelial disruption. HUVEC express DAF [5], MCP [6]
and CD59 [7] on their surface, and secrete factors H and
I [8, 9]; however, it is not known whether any of these
molecules are also incorporated into the subendothelial
ECM. To investigate mechanisms controlling comple-
ment activation on ECM, we assessed ECM for the pres-
ence of complement regulatory proteins, with particular
emphasis on those involved in regulation of C3 con-
vertase activity. We found that of the C3 convertase
regulators, only DAF is a component of the HUVEC sub-
cellular matrix. In addition, treatment of overlying endo-
thelial cells with activators of PKC stimulated DAF incor-
poration into ECM, indicating a link between endothelial
phenotype and properties of its underlying matrix.

2 Results

2.1 DAF is a component of cell-free
subendothelial matrix

HUVEC monolayers and cell-free ECM were examined
for surface expression of known regulators of C3 con-
vertase activity (Fig. 1). As expected, MCP and DAF [5, 6]
were found on the HUVEC surface, but CR1 (not shown),
and the soluble regulators C4bp, factor H and factor I
were not detected. When ECM was examined, DAF was
the only C3 convertase regulator identified. We also
assayed CD59, a complement regulator that inhibits
formation of the lytic membrane attack complex, as it
shares with the DAF the property of being tethered to cell
membranes by a glycosylphosphatidylinositol (GPI)
anchor [10]. CD59 was found on both HUVEC and ECM
(Fig. 1).

The DAF content of the ECM increased linearly over a
culture time of 3–11 days (Fig. 2). Type IV collagen was
also measured to gauge cumulative ECM generation by
HUVEC; there was a strong linear correlation (r2

j 0.99;
three separate experiments) between increasing DAF
and collagen levels over this time period. The MCP con-
tent of ECM was negligible and did not increase over
time, verifying that the DAF signal was specific to iso-
lated ECM, and not derived from any residual cellular
material.
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Figure 3. Effect of endothelial cell activators on HUVEC and
ECM DAF. HUVEC were cultured for a total of 7 days past
confluence, ending with exposure to (A) 10 nM PMA or
50 ? g/ml WGA. HUVEC were treated for 24 h and 36 h for
cellular and matrix measurements, respectively, to corre-
spond with maximum DAF expression on each surface. (B)
Represents a separate experiment in which HUVEC were
treated with 10 ng/ml IL-1, 500 U/ml TNF- § , 100 ng/ml IL-4,
1000 U/ml IFN- + or 10 nM PMA for 60 h. Matrices were iso-
lated as described in Sect. 4.3, and HUVEC and ECM DAF
assessed by fluoroimmunoassay. Results are expressed as
the average ± range of duplicate samples, and are corrected
for non-specific antibody binding.

Figure 4. Dose dependence of PMA-induced DAF increase
on (A) HUVEC and (B) ECM. (A) HUVEC were cultured for 5
days past confluence, then exposed to PMA for 24 h. Cell
surface DAF was assessed by fluoroimmunoassay, and the
results expressed as the mean ± SEM of triplicate samples.
(B) In a separate experiment, HUVEC were cultured for 5
days post confluence, then exposed to the indicated con-
centrations of PMA for 43 h. Matrices were isolated, and
DAF assessed by fluoroimmunoassay. Results are
expressed as the average ± range of duplicate samples. All
values are corrected for non-specific antibody binding.

2.2 Effect of HUVEC agonists on ECM DAF
content

Several endothelial agonists up-regulate DAF expression
on HUVEC: phorbol esters, wheat germ agglutinin
(WGA), IL-1 g , TNF- § and IL-4 [11–13]. Accordingly, we
examined the effect of these mediators on incorporation
of DAF into ECM. Treatment with PMA and WGA
increased both ECM and HUVEC DAF (Fig. 3A). In con-
trast, IL-1 g , TNF- § and IL-4 all stimulated DAF expres-
sion on the cell surface, but had only a slight effect on
ECM DAF (Fig. 3B); this trend was similar in two addi-
tional experiments (data not shown).

PMA increased both HUVEC and ECM DAF in a dose-
dependent manner, with a decrease observed at con-
centrations of PMA G 100 nM (Fig. 4). When PMA was
present for the entire incubation period, cell surface DAF
reached a maximum at 20–30 h (three separate experi-
ments), and subsequently decreased towards basal
levels over the next 48 h (Fig. 5A). In contrast, ECM DAF
increased over a similar period, but then remained at
peak levels for the duration of the assay (Fig. 5B). Con-
tinuous stimulation with PMA was not required to induce
ECM and HUVEC DAF. When HUVEC were exposed to
PMA for varying periods up to 24 h, PMA withdrawn and
the cells maintained in medium for the balance of the

24 h period, we found that 2 h exposure to PMA was suf-
ficient to invoke maximum DAF expression on HUVEC
(Fig. 5C), and a substantial increase in ECM DAF
(Fig. 5D).

PMA is a potent activator of PKC, previously shown to
be responsible for DAF induction on HUVEC [11]. To
assess the involvement of PKC in increasing ECM DAF,
we evaluated the effects of phorbol 12, 13-dibutyrate, an
analogue of PMA [14], and (−)-indolactam V, a structur-
ally distinct, synthetic PKC activator [15, 16]. Both
increased ECM DAF to a level comparable with PMA
(Fig. 6). Furthermore, bisindolylmaleimide I, a selective
PKC antagonist [17], inhibited the action of all three acti-
vators by approximately 80 %. These data are consistent
with the PMA-induced accumulation of DAF in the ECM
being mediated by activation of PKC.
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Figure 5. Time course of PMA-stimulated DAF increase on
HUVEC and ECM. HUVEC were cultured for a total of 7 days
post confluence, ending with exposure to 10 nM PMA for
the indicated times. DAF levels on (A) HUVEC and (B) iso-
lated matrices were assessed by fluoroimmunoassay.
Results are expressed as the average ± range of duplicate
samples. (C), (D) PMA exposure time required for increase in
ECM and HUVEC DAF. HUVEC were cultured for 6 days past
confluence, then exposed to 10 nM PMA. At the indicated
times, PMA-containing medium was replaced with fresh
medium (without PMA) and cells maintained for the balance
of the 24-h period. DAF was then measured on (C) HUVEC
monolayers and (D) isolated matrices by fluoroimmunoas-
say, and results expressed as the average ± range of dupli-
cate samples. All values are corrected for non-specific anti-
body binding.

Figure 6. Effect of PKC activation/inhibition on ECM DAF.
HUVEC were cultured for a total of 6 days past confluence,
ending with 34 h exposure to PKC agonists PMA (20 nM),
phorbol 12, 13-dibutyrate (PDB; 100 nM) or (−)-indolactam V
(IL-V; 1 ? M), ± the PKC inhibitor bisindolylmaleimide I (1 ? M).
Matrices were isolated and DAF assessed by fluoroimmu-
noassay. Results are expressed as the mean ± SEM of
triplicate samples, and are corrected for non-specific anti-
body binding.

Figure 7. Effect of PI-PLC on HUVEC and ECM DAF.
HUVEC were cultured for a total of 6 days post confluence,
ending with or without stimulation with 10 nM PMA for 29 h
(HUVEC) or 24 h (ECM). HUVEC and isolated matrices were
treated with 2 U/ml PI-PLC for 1 h at 37 °C, or left untreated.
DAF was assessed by fluoroimmunoassay, and results
expressed as the mean ± SEM of triplicate samples, cor-
rected for non-specific antibody binding.

2.3 Association of DAF with ECM

DAF is attached to cell membranes via a GPI linkage,
which on HUVEC can be cleaved by bacterial
phosphatidylinositol-specific phospholipase C (PI-PLC)
[11, 18]. As expected, exposure to PI-PLC released DAF
from the HUVEC surface; however, identical treatment
failed to release DAF from ECM (Fig. 7). Disruption of the
ECM by digestion with collagenase completely removed
type IV collagen (data not shown), but did not release
DAF (Fig. 8). Similarly, the DAF content of ECM was
unaffected by high ionic strength (2 M NaCl), ionic deter-
gents (NP40, sodium deoxycholate), non-ionic detergent
(Triton X-100), extremes of pH (triethylamine pH 11.5,
glycine pH 2.5) or denaturants (4 M urea, 4 M guanidine
chloride, 2 M potassium thiocyanate) (Fig. 8). Further,
pretreating ECM with collagenase did not enhance the
effect of these treatments (data not shown). DAF was,
however, degraded by digestion with L-1-tosylamide-2-
phenylethylchloromethyl ketone (TPCK)-trypsin and
papain. Fig. 8 illustrates the effects of these agents on
ECM derived from PMA-treated HUVEC; similar results
were obtained using ECM prepared from untreated cells
(data not shown).
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Figure 8. Effect of treatments used to remove DAF from
ECM. HUVEC were cultured for 7 days past confluence,
ending with 38 h exposure to 20 nM PMA. Matrices were
isolated and treated with the indicated reagents: PBS, 50 U/
ml collagenase, 50 ? g/ml TPCK-trypsin, 25 U/ml papain, all
for 90 min at 37 °C; 2 M NaCl, 1 % NP40, 0.5 % sodium
deoxycholate, 1 % Triton X-100, 100 mM triethylamine
(pH 11.5), 100 mM glycine (pH 2.5), 4 M urea, 4 M guanidine
chloride (Gu Cl), 2 M KSCN, all for 3 h at 4 °C. Matrices were
washed and DAF assessed by fluoroimmunoassay. Results
expressed as the mean ± SEM of triplicate samples, cor-
rected for non-specific antibody binding.

Figure 9. Effect of anti-DAF mAb 1H4 on C3 fixation by
HUVEC, HUVEC-derived ECM and HeLa-derived ECM. (A)
HUVEC were preincubated for 1 h at 4 °C with diluent alone
(Nil), mAb 1H4, anti-HUVEC antiserum, or anti-HUVEC anti-
serum + mAb 1H4. (B) ECM was prepared from HUVEC cul-
tured for 6 days past confluence, and preincubated with
diluent (Nil) or mAb 1H4. (C) ECM was prepared from HeLa
cells cultured for 19 days, and treated as in (B). HUVEC and
ECM were washed and incubated with 50 %, 30 % or 10 %
normal human serum, or equivalent dilutions containing
20 mM EDTA (serum/EDTA), at 37 °C for 15 min (HUVEC) or
45 min (ECM). Bound C3 was assessed by fluoroimmunoas-
say. (D) Comparison of DAF content of HUVEC, HUVEC-
derived ECM (± 20 nM PMA) and HeLa-derived ECM. DAF
was assessed by fluoroimmunoassay using mAb IA10. All
results are expressed as the mean ± range of duplicate sam-
ples (HUVEC) or mean ± SEM of triplicate samples (ECM),
and corrected for non-specific antibody binding.

2.4 Functional activity of ECM-associated DAF

To determine whether ECM-associated DAF regulates
complement activation, we examined the effect of a
DAF-neutralizing antibody, 1H4 [19], on C3 fixation by
ECM. In initial experiments, the effectiveness of 1H4 was
demonstrated using HUVEC opsonized with comple-
ment-fixing rabbit antiserum. Cells were treated with
1H4, incubated with normal human serum as a source of
complement, and the effect on total C3 deposition deter-
mined. Fig. 9A shows that C3 deposition was enhanced
on opsonized HUVEC pretreated with mAb 1H4. 1H4
itself did not activate complement, as unopsonized
HUVEC treated with 1H4 bound no more C3 than did
untreated cells.

To assess the role of DAF in regulating spontaneous
complement activation on ECM, ECM were pretreated
with mAb 1H4, then incubated with normal human
serum. 1H4 had no effect on C3 deposition on ECM
derived from untreated HUVEC (Fig. 9B), nor was there a
discernible effect on PMA-treated ECM (data not
shown), despite the increase in ECM DAF induced by
PMA (Fig. 9D). We then examined the effect of mAb 1H4
on complement fixation by the ECM generated by HeLa
cells, an epithelioid carcinoma cell line with a high ECM

DAF content; Fig. 9D indicates the relative DAF content
of ECM prepared from HUVEC and HeLa cells. Pretreat-
ment of HeLa ECM with mAb 1H4, followed by incuba-
tion with normal human serum, did enhance C3 deposi-
tion compared with the untreated matrix, consistent with
HeLa-ECM DAF possessing complement regulatory
activity (Fig. 9C). Serum with EDTA added was not
associated with C3 deposition, indicating that C3 bind-
ing to HeLa ECM was specific and due to complement
activation.

To examine whether the lack of functional activity associ-
ated with HUVEC-derived ECM DAF could be attribut-
able to a less favorable conformation (i.e. inaccessible
functional regions) compared with cellular DAF, we com-
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Figure 10. Comparison of anti-DAF mAb binding to HUVEC
and HUVEC-derived ECM. HUVEC were cultured for 6–9
days post confluence, and ECM prepared as described in
Sect. 4.3. Binding of saturating concentrations of anti-DAF
mAb to intact HUVEC monolayers and ECM was assessed
by fluoroimmunoassay. mAb used were: 2D7, 1H4, 8D11,
12G6 (culture supernatants, diluted 1/5) and IA10, VIIIA7,
IIH6 (4 ? g/ml). Results were corrected for non-specific anti-
body binding and expressed as percentage binding to ECM
relative to HUVEC. Data shown represent the mean ± SEM
of four separate experiments.

Figure 11. Binding of anti-DAF mAb to ECM derived from
(A) HUVEC and (B) HeLa cells. HUVEC-derived ECM were as
described in Fig. 10. HeLa cells were cultured for 7–10 days
before preparation of ECM. Binding of anti-DAF mAb was
assessed as indicated in Fig. 10. Results were corrected for
non-specific antibody binding, and expressed as the
mean ± SEM of (A) four and (B) three separate experiments.

pared the binding of a panel of anti-DAF antibodies,
encompassing a range of epitope specificities, to
HUVEC and HUVEC-derived ECM. Results are ex-
pressed as the ratio of antibody binding to ECM and
cells (Fig. 10). Epitopes from the short consensus repeat
(SCR) 1, 3, 4 and the serine/threonine-rich region [19]
were detected on both surfaces; however, there was
marked variation (reproducible in four experiments) in the
antibody binding ratios, suggesting differences in epi-
tope expression/accessibility between the cellular and
matrix forms. ECM binding of mAb VIIIA7, recognizing an
epitope encompassing SCR regions 2 and 3 [19], was
particularly low relative to its binding to cells. We then
compared binding of the same antibodies to ECM
derived from HUVEC and HeLa cells. The absolute
amounts of antibody bound were substantially higher on
HeLa ECM, but the binding profiles were very similar
(Fig. 11). As HeLa ECM DAF did display complement
regulatory activity, this suggested that reduced acces-
sibility of the binding region was unlikely to account for
the difference in regulatory activity associated with the
two types of matrix.

3 Discussion

DAF is expressed on many cell types, including periph-
eral blood, endothelial and other epithelial cells, and has
been found in soluble form in extracellular fluids [20]. Our
data demonstrate that DAF is also a component of the
subendothelial extracellular matrix generated by cultured
HUVEC, and is the sole representative of known regula-
tors of C3 convertase activity present in ECM. Matrix-
associated DAF was not unique to endothelial cells, as
DAF was also found in HeLa cell ECM, correlating with
an earlier immunohistological observation that DAF was
associated with the intercellular region in a variety of tis-
sues [21].

DAF binding within subendothelial ECM was distinct
from its binding to the HUVEC surface. Release from
HUVEC by PI-PLC indicated attachment via the
expected GPI linkage [11]. Resistance of ECM DAF to PI-
PLC does not fully exclude GPI attachment, as some
modified forms of the GPI anchor are not susceptible to
PI-PLC [22]; such modification in ECM-associated DAF
would, however, indicate expression of a distinct ECM
isoform. A non-GPI mode of attachment seems more
likely, as GPI linkages anchor proteins within the lipid
bilayer of cell membranes [11], a structure not character-
istic of ECM, which consists of a hydrated meshwork of
proteins and polysaccharides [23]. DAF was removed
from ECM only by proteolysis, and was not extracted by
detergents, high ionic strength solutions, or relatively
harsh dissociating conditions (extremes of pH, denatur-
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ants). These treatments did not release DAF even after
disruption of the matrix with collagenase, which com-
pletely removed type IV collagen, an important structural
component of basement membrane [23, 24]. Thus, DAF
is not superficially associated with the ECM, but rather is
strongly bound, possibly by a covalent linkage, or
embedded within it.

DAF accumulated in the ECM in a linear fashion over
time, correlating closely with accumulation of type IV col-
lagen. This progressive increase suggested its constant
transfer from HUVEC into the ECM, along with other se-
creted matrix proteins. ECM DAF was further increased
by stimulating the overlying endothelial cells with PMA
and WGA, agonists which up-regulate DAF expression
on HUVEC [11, 12]. The PMA-induced increase in cell
surface DAF was short-lived, consistent with the con-
stant shedding of DAF from HUVEC reported by Tsuji et
al. [18]. In contrast, PMA-induced ECM DAF was main-
tained at peak levels for at least the 3 day duration of the
experiment, consistent with its strong association with
the matrix. HUVEC activation thus imprints a lasting phe-
notype on the underlying matrix. Despite the similarity in
initial response to PMA by both HUVEC and ECM DAF,
regulation of ECM DAF content was not simply second-
ary to DAF expression on the cell surface. While HUVEC
DAF was up-regulated by PMA, WGA and cytokines, the
ECM content was increased only by PMA and WGA,
indicating that elevation of ECM DAF did not necessarily
accompany enhanced cell surface expression.

The mechanism for transfer of DAF from cells to ECM is
not yet clear. ECM DAF could represent a cleavage prod-
uct of the GPI-linked cell surface protein [18, 25] that is
then incorporated into the ECM. The presence of both
DAF and CD59, but not MCP, in the ECM is consistent
with a mechanism involving cleavage of the GPI anchor.
However, since ECM DAF did not increase under all
conditions that increased cell surface DAF, this could not
be occurring without a further level of regulatory speci-
ficity. Alternatively, ECM DAF may represent a distinct
molecular variant. A number of DAF variants, differing in
their C-terminal attachment region, have been identified
[26–28]. ECM DAF may represent the hydrophilic form of
DAF described by Caras et al. [26], or an as yet unidenti-
fied variant, which is released from the cell and interacts
with ECM. Notably, acetylcholinesterase exists as multi-
ple isoforms, including a globular GPI-linked form, and
an asymmetric form with a collagen-like tail which non-
covalently anchors the molecule within the synaptic
basal lamina [29].

The wide distribution of DAF, particularly on cells associ-
ated with the vasculature, reflects its significance in pro-
tecting normal cells and tissues from attack by autolo-

gous complement. We recently found that ECM gener-
ated by HUVEC was a target for spontaneous comple-
ment fixation (E. J. Hindmarsh and R. M. Marks, submit-
ted), raising the possibility that subendothelial matrix
exposed by endothelial cell retraction or loss is vulner-
able to plasma complement. Since DAF was the only
known C3 convertase regulatory molecule associated
with ECM, we hypothesized that it would modulate com-
plement fixation on this surface; however, we were
unable to demonstrate such an effect on HUVEC-derived
ECM. We considered several possible explanations for
this lack of function. DAF bound within the ECM could be
partially concealed or have different conformational con-
straints compared with the GPI-linked cellular form, with
reduced accessibility to critical functional regions. How-
ever, ECM DAF was recognized by mAb specific for SCR
1, 3 and 4, indicating that epitopes from the full-length
SCR region, which includes the proposed C3 convertase
recognition sites [30, 31], were present. Likewise, bind-
ing of mAb 12G6 indicated accessibility of the serine/
threonine-rich region, which is also necessary for func-
tion [19]. Comparison of mAb binding to HUVEC versus
HUVEC ECM indicated that epitope accessibility on the
two surfaces was very different; however, the mAb bind-
ing profiles for HUVEC-ECM and HeLa-ECM were very
similar to one another. As ECM DAF produced by HeLa
cells did regulate complement activation, this indicated
that the pattern of epitope expression associated with
ECM DAF did not preclude functional activity, and that
DAF can function in the context of the ECM. The major
difference between ECM DAF derived from the two cell
types was the DAF concentration; based on binding of
mAb 1A10 (Fig. 9D), HeLa ECM contained over ten times
more DAF than the basal HUVEC level in this group of
experiments. The ability of DAF to dissociate C3bBb and
C4b2a necessitates direct interaction with the compon-
ents of these complexes. Unlike membrane-associated
DAF, which is mobile within the plasma membrane, ECM
DAF is likely to be fixed in position, and thus able to inter-
act only with convertase complexes formed in its
immediate vicinity. Thus, the density of DAF within the
matrix could be an important determinant of whether it
significantly affects C3 convertase stability.

We have demonstrated that cultured HUVEC incorporate
DAF into their subcellular ECM, and that PKC activators
augment this process. A recent report identifying DAF in
the basement membrane of dermal microvessels indi-
cates that subendothelial ECM found in vivo also contain
DAF [32]; our data suggest that this is derived at least in
part from the overlying endothelium. It remains to be
determined whether ECM DAF is also produced by other
vascular cell types (e.g. smooth muscle cells). Whether
the local microenvironment influences the ability of cells
to incorporate DAF into ECM is also an important ques-
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tion. Finding that PKC activation increased ECM DAF in
cultured HUVEC suggests that physiological activators
of PKC [33–38] may have a similar effect in vivo. Based
on the ability of DAF to reduce C3 fixation when present
at a high density in HeLa ECM, we speculate that endo-
thelial activation by such stimuli could release sufficient
DAF into the underlying matrix to have a significant
complement-inhibitory effect. In vitro, the composition of
subendothelial ECM is greatly influenced by perturbation
of overlying endothelial cells, which in turn influences its
function, e.g. its ability to support coagulation and plate-
let adhesion [39–42]. Our data suggest that the suscep-
tibility of ECM to complement activation may likewise
reflect the recent state of activation of the overlying
endothelium.

4 Materials and methods

4.1 Reagents

Endothelial cell growth supplement was obtained from Col-
laborative Research (Bedford, MA). Heparin (porcine intesti-
nal) and tissue culture-grade gelatin (2 %) were from Sigma
Chemical Co. (St. Louis, MO). All other tissue culture re-
agents, and human recombinant cytokines IFN- + (7 × 106 U/
mg), IL-4 (5 × 106 U/mg) and IL-1 g (1.6 × 108 U/mg) were from
Gibco BRL (Gaithersburg, MD). Human recombinant TNF- §
(6.27 × 107 U/mg) was a gift from Genentech Inc. (South San
Francisco, CA). PMA, phorbol 12, 13-dibutyrate and WGA
were purchased from Sigma. (−)-Indolactam V and bisindolyl-
maleimide I were from Calbiochem (San Diego, CA). PI-PLC
was the gift of Dr. M. Low (Columbia University, NY). Collage-
nase and TPCK-trypsin were from Worthington Biochemical
Corporation (Freehold, NJ), and papain was from Sigma. All
other chemicals used were reagent grade.

Rabbit antiserum specific for HUVEC was prepared by
immunizing rabbits with a series of three intramuscular injec-
tions of 1 × 107 HUVEC over 6 weeks. Serum was isolated
and pooled 3 weeks after the last injection. mAb to human
DAF (clones IA10, IIH6, VIIIA7) were provided by Dr. T. Kino-
shita (Osaka University, Osaka, Japan), and clones 1H4,
8D11, 11D7 and 12G6 by Dr. W. Rosse (Duke University,
NC). mAb to human MCP (clone GB24) was a gift from Dr. J.
Atkinson (Washington University, MO). mAb to human CD59
[clone p282 (H19)] was from Pharmingen (San Diego, CA),
and goat antisera to factor H and factor I were from Quidel
(San Diego, CA). Rabbit anti-human C4bp, goat anti-human
C3 and murine mAb to human fibronectin were from Calbio-
chem. Normal goat serum was from Gibco BRL, and goat
anti-human von Willebrand Factor (vWF) from Atlantic Anti-
bodies (Scarborough, ME). mAb to human type IV collagen
(clone COL-94), mouse IgG1 and IgG2a, and fluorescein-
conjugated sheep anti-rabbit IgG were from Sigma. B-PE-
conjugated goat F(ab')2 anti-mouse IgG and donkey F(ab’)2

anti-goat IgG were from Jackson ImmunoResearch Labora-
tories (West Grove, PA).

4.2 Cell culture

HUVEC were isolated from human umbilical cords [43] and
cultured on gelatin-coated tissue culture dishes (0.2 % gela-
tin, 30 min) in medium 199 supplemented with 20 % heat-
inactivated FCS, 2 mM L-glutamine, 100 U/ml penicillin,
100 ? g/ml streptomycin, 50 ? g/ml endothelial cell growth
supplement and 50 ? g/ml heparin, at 37 °C under 5 % CO2.
Cells were confirmed as endothelial by typical cobblestone
morphology at confluence, and binding of antibody to vWF.
Experiments were performed using cells transferred to
gelatin-coated 96-well flat-bottom plates at a density of 104

cells/well; cells were typically confluent 24 h after subcul-
ture, and were maintained for up to 10 days before use, with
culture medium replaced every third day. In some experi-
ments, cells were treated with PMA, WGA or cytokines in tis-
sue culture medium for up to 72 h before use.

HeLa cells were obtained from the American Type Culture
Collection (CCL-2) and cultured in DMEM supplemented
with 10 % heat-inactivated FCS, 2 mM glutamine, 100 U/ml
penicillin and 100 ? g/ml streptomycin. Experiments were
performed using cells transferred to 96-well flat-bottom
plates at a density of 7.5 × 104 cells/well; cells were main-
tained in culture for up to 20 days before use.

4.3 Preparation of extracellular matrix

Postconfluent HUVEC were washed with cation-free PBS,
and released from the culture surface by incubation with
0.02 % EDTA in cation-free PBS at 37 °C, combined with
gentle trituration. Treated wells were confirmed free of cells
by phase-contrast microscopy, and shown by fluoroimmu-
noassay to contain ECM components type IV collagen, fi-
bronectin and vWF. ECM were washed three times with PBS
and used immediately. ECM were prepared from HeLa cells
in the same manner.

4.4 Detection of complement regulatory proteins and
matrix components

Complement regulatory proteins and ECM components
were detected by fluoroimmunoassay. HUVEC or cell-free
ECM were incubated for 1 h at 4 °C with 50 ? l of primary
antibody diluted in HBSS containing 5 % newborn calf
serum or 0.5 % HSA. Antibodies used were: murine mAb
specific for DAF (clone IA10, unless otherwise specified;
500 ng/ml), MCP (ascites, 1/200) and CD59 (10 ? g/ml); rab-
bit antiserum to C4bp (1/200); goat antisera to factor H (1/
200), factor I (1/200) and C3 (1/500); murine mAb specific for
type IV collagen (10 ? g/ml) and fibronectin (ascites, 1/500);
goat antiserum to vWF (1/500). Control wells were incubated
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with equivalent dilutions of species- and isotype-matched
preparations. Wells were washed three times with HBSS/
5 % newborn calf serum, incubated for 1 h at 4 °C with 50 ? l
of B-PE-conjugated goat F(ab')2 anti-mouse IgG (10 ? g/ml),
donkey F(ab')2 anti-goat IgG (10 ? g/ml), or FITC-conjugated
goat anti-rabbit IgG (10 ? g/ml), then washed three times
with HBSS/5 % newborn calf serum and twice with PBS.
Cells were lysed with 100 ? l 0.1 % SDS in 10 mM Tris-HCl.
Fluorescence was quantitated using a Cytofluor 2300 flu-
orometer (Millipore, Bedford, MA). 530 nm excitation and
595 nm emission filters were used for B-PE detection, and
485 nm excitation and 530 nm emission filters for fluores-
cein. Results for control wells were subtracted from wells
incubated with specific antisera.

4.5 DAF release from HUVEC and ECM

DAF was released from HUVEC by incubation for 1 h at
37 °C with PI-PLC (2 U/ml) in medium 199/1 % HSA. ECM
were incubated with 50 ? l of: PI-PLC (2 U/ml) for 1 h at
37 °C; collagenase (50 U/ml), TPCK-trypsin (50 ? g/ml) or
papain (25 U/ml), all for 90 min at 37 °C. Other treatments
used were 2 M NaCl, 1 % NP40, 0.5 % sodium deoxychol-
ate, 1 % Triton X-100, 100 mM triethylamine (pH 11.5),
100 mM glycine (pH 2.5), 4 M urea, 4 M guanidine chloride
and 2 M potassium thiocyanate, all for 3 h at 4 °C. Wells
were washed with PBS, and DAF quantified as described
above.

4.6 Complement activation on ECM

Human serum was prepared from blood taken from healthy
laboratory personnel under a protocol approved by the Uni-
versity of Michigan Institutional Review Board. Blood was
drawn directly into glass tubes, allowed to clot for 30 min at
37 °C, the clot retracted for 30 min at 4 °C, and serum sepa-
rated by centrifugation at 1800 × g for 10 min at 4 °C. Serum
was used immediately or stored in single-use aliquots at
−80 °C.

Activation of complement on HUVEC was induced by pre-
treating cells with rabbit antiserum specific for HUVEC (1/
40). Opsonized HUVEC and untreated ECM were then
incubated at 37 °C for varying times with 50 ? l of human
serum diluted with PBS. Serum containing 20 mM EDTA
was used as a control. Wells were washed with HBSS/5 %
newborn calf serum, and C3 deposition assessed by fluo-
roimmunoassay, as described above. The effect of anti-DAF
mAb 1H4 on C3 deposition was assessed by preincubating
HUVEC or ECM with 1H4 culture supernatant (diluted 1/5
with 0.5 % HSA) or with diluent for 1 h at 4 °C. Wells were
washed with PBS, then incubated with serum as described
above.
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