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Abstract
Cigarette smoke and hemodynamic stress both contribute to vascular inflammation and associated
atherosclerosis. We recently demonstrated direct activation of complement components C4 and C3
on human endothelial cells (EC). The present study was designed to explore complement activation
on bone marrow microvascular endothelial cells (BMEC) and human umbilical vein endothelial cells
(HUVEC) in response to endothelial cell injury by tobacco smoke extract, shear stress, or other known
inflammatory and atherogenic mediators, lipopolysaccharide (LPS) and INF-γ. Following treatment,
confluent EC monolayers were exposed to plasma (60 min, 37 °C), and cell surface deposition of
stable complement derivatives C4d, iC3b and SC5b-9 was measured in situ using an ELISA approach.
Consistent with previous results, moderate levels of C4d, iC3b and SC5b-9 deposition were observed
on native EC monolayers exposed to human plasma. Tobacco smoke and shear stress enhanced EC
C4d deposition. In contrast, LPS and INF-γ failed to affect EC mediated complement activation,
despite evidence of EC activation illustrated by ICAM-1 expression. The combination of tobacco
smoke and shear stress nearly doubled EC C4d expression. No increases in iC3b or SC5b-9 were
noted, suggesting inhibition of classical and alternative pathway C3 convertase assembly or activity.
Indeed, concomitantly increased surface expression of complement regulatory proteins CD35 (CR1)
and CD55 was observed following EC exposure to tobacco smoke and shear stress. These results
suggest that a balance between complement activation and regulation exists at the EC surface, and
may impact vascular injury leading to thrombosis, arteriosclerosis, and atherogenesis.
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Introduction
Vascular pathology leading to thrombosis, arteriosclerosis and atherogenesis is influenced by
several recognized risk factors including dyslipidemia, arterial injury including cigarette smoke
and hypertension, inflammation, and activation of the adaptive immune response. Among
these, cigarette smoke and altered hemodynamic stress are major risk factors related to vascular
inflammation and disease [1-6]. In vitro effects of cigarette smoke on vascular endothelial cells
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include impaired endothelial cell survival [7], induction of apoptosis [8], increased expression
of vascular cell adhesion molecule-1 (VCAM-1), enhanced leukocyte adhesion [9], and
increased endothelial cell inflammation [10]. Hemodynamic shear stress can inhibit
inflammatory gene expression by vascular endothelial cells [11] under physiologic blood flow
conditions, and induce endothelial cell activation and apoptosis [12], as well as platelet
activation [13] under altered blood flow conditions.

Complement activation is an important component of the local and systemic inflammatory
response and participates in instructing adaptive immunity. Complement activation is affected
directly by cigarette smoke. Cigarette smoke has been described to induce plasma chemotaxins
and anaphylatoxins, C3a and C5a [14]. Moreover, Kew et al. [15] reported that tobacco smoke
extract modifies C3 in vitro, leading to activation of the alternative complement pathway. We
postulate that complement activation on altered vascular endothelial cells serves both
protective and pathologic functions. Complement activation under physiologic conditions may
contribute to the clearance of apoptotic cells and cellular debris to prevent local necrosis and
associated vascular damage. In a pathologic setting, complement activation may enhance
inflammation and influence the adaptive immune response in the arterial wall, leading to
atherosclerosis and arteriosclerosis associated with organ transplant rejection.

Complement components have been identified within atherosclerotic lesions, and complement-
derived inflammatory mediators likely play a role in vascular injury [16-18]. Endothelial cells
express several complement receptors, including gC1qR/p33 (gC1qR) [19], which recognizes
the globular domain of the first component of the classical complement pathway, C1q. gC1qR
has the capacity to directly activate the classical complement pathway [20]. We recently
demonstrated classical pathway complement activation on human umbilical vein endothelial
cells and on immortalized endothelial cell lines including human bone marrow microvascular
endothelial cells. We also observed that elevated shear stress enhanced classical pathway
complement activation on vascular endothelial cells in vitro [21].

The present study was designed to explore the effects of several known inflammatory and
atherosclerotic risk factors, tobacco smoke and shear stress, as well as lipopolysaccharide
(LPS) and INF-γ, on complement activation on endothelial cells. In addition, the expression
of endothelial cell surface complement regulatory proteins, complement receptor 1 (CR1,
CD35), decay-accelerating factor (DAF, CD55), and protectin (CD59) [22-24] was measured.
CR1 regulates both classical and alternative pathway complement activation, and functions in
the clearance of opsonized particles or cellular debris. DAF inhibits activation of complement
components C3 and C5 by accelerating the decay of C3 and C5 convertases. CD59 prevents
the assembly of cytolytic membrane attack complexes (MAC, C5b-9).

Materials and methods
Cell culture

Studies were performed using the human bone marrow microvascular endothelial cell line
(BMEC) described previously [25]. BMEC were maintained in Dulbecco's Modified Eagle
Media (DMEM) containing 5% fetal bovine serum (FBS) at 37°C in a normal atmospheric
environment with 5% CO2 (Invitrogen Corp, Carlsbad, CA). Cells were used between passage
14 and 30. Results were confirmed using primary human umbilical vein endothelial cells
(HUVEC) (ScienCell Research Laboratory, San Diego, CA). These were maintained in
endothelial cell medium (ECM) (ScienCell Research Laboratory) supplemented with 5% FBS
and used between passages 2 and 3. All cells were grown to confluence on type I collagen
(0.1895 mg/ml) (Rat tail collagen type I, Becton Dickinson, Lincoln Park, NJ).
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Antibodies
74.5.2 [26], a murine monoclonal antibody against gC1qR, was used at a concentration of 50
μg/ml. A murine monoclonal anti-human ICAM-1 (CD54) antibody (Sigma-Aldrich Corp., St.
Louis, MO) was used at a dilution of 1:100 (~20 μg/ml). Biotinylated monoclonal anti-human
C4d, iC3b and SC5b-9 antibodies were obtained from Quidel Corporation (San Diego, CA),
and diluted 1:200 (~1-5 μg/ml). Murine monoclonal anti-human CD35, CD55, and CD59
antibodies were obtained from Ancell Corporation (Bayport, MN), and used at concentrations
of 1 μg/ml, 10 μg/ml, and 5 μg/ml, respectively. MOPC21 (mouse IgGκ) (Sigma-Aldrich) was
used as a nonimmune primary control antibody. All antibodies were diluted in 0.01 M HEPES
(hydroxyethyl piperazine ethanesulfonic acid) buffered modified Tyrode's solution (HBMT)
[21].

Platelet poor plasma
Anticoagulated (0.32% sodium citrate) normal human platelet poor plasma (PPP) was prepared
as previously described [26].

Tobacco smoke extract
Tobacco smoke extract (TS) was made from 2R4F research cigarettes [27]. Mainstream smoke
was generated in a Borgwaldt smoking machine and bubbled through sterile phosphate buffered
saline (PBS) at 1.6 puffs/ml for each cigarette (8 puffs in 5 ml PBS) according to a standard
Federal Trade Commission (FTC) protocol. This protocol mimics a standardized human
smoking pattern (puff duration, 2 s; frequency, 1 puff/min; volume 25 ml/puff). The final
concentration of tobacco smoke in cell culture medium was expressed as puffs/ml medium.

Tobacco smoke treatment of EC
Confluent EC monolayers were washed twice with PBS, and incubated overnight (37 °C) with
medium containing 0.5% FBS. This medium was replaced with fresh medium containing 0.5%
FBS and TS at a final concentration of 0.03 puffs/ml. Although there is no standardized way
to express cigarette smoke extract, this level of TS is similar to concentrations used in other
studies examining TS effects on endothelial cells [28-30]. EC were incubated for 24 h before
characterization of TS effects. Control monolayers were incubated in the absence of TS.

Shear stress treatment of EC
Following treatment with TS extract, control or TS-treated EC monolayers were exposed to
1/10 volume of normal human platelet poor plasma (PPP) and 40 μg/ml PPACK (D-
phenylalany-L-prolyl-L-arginine chloromethyl ketone, Calbiochem, San Diego, CA). EC were
submitted to constant shear stress for one hour at 18 dynes/cm2 in a cone and plate shearing
device (courtesy of Dr. David Varon, BDR Technologies Ltd., Israel) at room temperature.
Arteries can usually adjust to maintain a wall shear stress at this level [31].

Stimulation of EC with LPS and INF-γ
Confluent endothelial cell monolayers were treated with 1 μg/ml LPS or 100 U/ml INF-γ for
24 h in culture with 0.5% FBS.

Complement activation and deposition on EC
C4d, C3b and C5b-9 deposition were measured on control and EC monolayers treated with
LPS, INF-γ, TS, and/or shear stress. Complement activation was measured after incubation
with 1/10 PPP for 60 min at 37 °C. After washing with PBS, EC were fixed with 0.5%
glutaraldehyde (15 min, 37 °C) (Sigma-Aldrich Corp., St. Louis, MO). Glutaraldehyde was
neutralized subsequently with 100 mM glycine-0.1% BSA. Deposition of complement
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components was detected using biotinylated anti C4d, anti iC3b, and anti SC5b-9 antibodies.
Primary antibody binding was detected using either alkaline phosphatase conjugated
streptavidin (Immunopure Streptavidin, Pierce Biotechnology Inc.) or an alkaline phosphatase
conjugated goat anti mouse antibody, followed by addition of 1 mg/ml p-nitrophenyl phosphate
substrate (pNPP) (Pierce Biotechnology, Inc.). Color development was quantified at 405 nm
(reference at 490 nm) using a Thermomax microplate reader (Molecular Devices Corp, Palo,
Alto, CA). Baseline complement deposition was assessed on control EC monolayers.

Expression of ICAM-1, gC1qR and complement inhibitors on activated EC monolayers
Expression of the EC activation marker, ICAM-1 (intracellular adhesion molecule 1), was
measured using a monoclonal anti-human ICAM-1 antibody. Monoclonal antibody 74.5.2 was
used to measure changes in gC1qR expression. The expression of EC surface complement
regulatory proteins was quantified using monoclonal murine anti-human CD35, CD55 and
CD59 antibodies.

Statistics
Statistical analysis was performed by paired t-test or ANOVA analysis, as specified below.
Data from experiments repeated on 4 to 8 separate occasions were evaluated.

Results
Complement activation and deposition

Complement activation was observed on unstimulated, confluent BMEC monolayers
following exposure to diluted PPP (1/10). The data are summarized in Fig. 1. Compared to
nonspecific, background antibody binding in the absence of plasma, statistically significant
(paired t-test) deposition of C4d (n = 9, P<0.05), C3b (n = 9, P<0.05), and C5b-9 (n = 9,
P<0.05) was noted by ELISA using monoclonal antibodies directed against stable complement
fragments C4d, iC3b, and SC5b-9. Although increases in C4d and SC5b-9 antibody binding
over background were modest, anti C3b antibody binding increased by greater than 2-fold.

Modest increases in anti C4d antibody binding of approximately 25% were observed (Table
1) following BMEC treatment with TS (0.03 puffs/ml) (n = 4, P<0.05). Lower doses of TS
(0.015 puffs/ml) were ineffective. Higher doses (0.06 puffs/ml) resulted in cell death (data not
shown).

Shear stress (18 dynes/cm2 for 1 h) also enhanced C4d expression (Table 1) (n = 6, P<0.05)
on BMEC monolayers. Notably, exposure of BMEC to combined stimulation with TS and
shear stress produced a more marked effect (Table 1) (n = 4, P<0.05), approximately doubling
C4 deposition. These results were confirmed using primary HUVEC (Fig. 2). Again, the
combined exposure to TS (0.03 puffs/ml) and shear stress (18 dynes/cm2 for 1 hour) produced
the greatest enhancement in C4d expression (4.1 ± 2.2 fold) compared to unstimulated EC
monolayers (n = 4, P<0.05).

To determine if the observed deposition of C4 on EC monolayers reflected enhanced
complement activation on the EC surface as compared to complement activation in fluid phase
with subsequent cell surface C4b deposition, similar studies were performed with immobilized
and glutaraldehyde fixed [21] RBC exposed to autologous plasma. C4d expression on RBC
increased minimally in the presence of plasma: approximately 1.2 fold over background. In
contrast, as reported previously [21], C4d expression on immobilized, glutaraldehyde fixed
EC increased 3-5-fold over background.
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Interestingly, no detectable downstream activation of the complement cascade, as measured
by iC3b and SC5b-9 expression, was discerned on EC in response to BMEC treatment with
TS and/or shear stress (Table 1). Moreover, no amplification in EC surface complement
activation occurred following BMEC stimulation with LPS (1 μg/ml) or INF-γ (100 U/ml)
(Table 1). These inflammatory mediators did, however, produce expected increases in ICAM-1
expression (Table 2).

Increased ICAM-1 expression of approximately 30% (n = 6, P<0.05) over baseline was
observed following BMEC exposure to shear stress. TS (0.03 puffs/ml) did not alter ICAM-1
expression. Moreover, no additional increase in ICAM-1 expression occurred when BMEC
were exposed to the combination of TS and shear stress. The data are summarized in Table 2.

A similar pattern of EC gC1qR expression was observed in response to TS and/or shear stress
(Table 2). gC1qR is present on the EC surface and was recently shown to participate in classical
complement pathway activation [20,21]. Compared to baseline, gC1qR expression increased
by approximately 60% (n = 6, P<0.05) in response to shear stress, but was unaffected by TS
(0.03 puffs/ml).

Expression of complement regulatory proteins
Fig. 3 compares the expression of cell surface complement regulatory proteins, CD35, CD55,
and CD59 on unstimulated and activated BMEC. TS alone had no significant effect on BMEC
surface complement regulatory protein expression. Shear stress modestly enhanced CD35,
CD55, and CD59 expression, although these increases did not reach statistical significance.
The combination of TS and shear stress markedly enhanced CD35 and CD55 expression. CD
59 expression also increased, but this change did not reach statistical significance
(0.05<P<0.1).

Discussion
We recently demonstrated activation of the classical complement pathway on EC exposed to
plasma or purified complement components, C1 and C4 [21]. This activation occurred
independently of cell surface IgG or IgM, and may reflect an intrinsic capacity of EC to
contribute to the inflammatory response. These observations were made using either
glutaraldehyde fixed EC monolayers or unfixed EC in suspension. Complement activation was
assessed using specific antibodies to stable activated complement fragments in either ELISA
or flow cytometry assays, respectively [21]. The present study examined evidence for
complement activation under more physiologic in vitro conditions using unfixed EC
monolayers. Consistent with previous findings, the data demonstrate in situ activation of C4
and C3, as well as assembly of the cytolytic membrane attack complex, C5b-9 on EC.
Comparatively greater C3b deposition was seen on BMEC monolayers than C4d deposition,
suggesting the potential activation of both classical and alternative pathway C3 convertases.
Moreover, C5b-9 levels on BMEC were low in comparison to C3b, consistent with active cell
surface regulation of C5b-9 formation to prevent cell lysis. In general, complement activation
on undisturbed EC monolayers in the present study was less than that previously observed on
immobilized, glutaraldehyde fixed EC [21], suggesting that immobilization on poly-L lysine
and fixation may have activated EC or otherwise altered the expression of complement
activators and regulators on the EC surface.

We postulate that under physiologic conditions, in situ complement activation contributes to
the clearance of apoptotic cells from vascular lesions to prevent necrosis and associated
vascular damage associated with thrombosis and atherosclerosis. Under pathologic conditions,
complement activation may contribute to tissue damage via generation of lytic C5b-9
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complexes, fuel the inflammatory response via generation of C3a and C5a peptides [32], and
impact the local adaptive immune response via C3d generation [33].

To further investigate conditions associated with EC mediated complement activation,
additional studies evaluated effects of chemical and physical stimuli associated with vascular
damage and predisposition to atherosclerosis. We compared the effects of tobacco smoke,
elevated shear stress, LPS, and INFγ on in situ complement activation and expression of
complement regulatory proteins on EC. BMEC monolayers were studied primarily. Results
were confirmed using primary HUVEC.

As an atherogenic risk factor, tobacco smoke can activate the vascular endothelium, and induce
thrombosis [34]. In the lung, tobacco smoke also damages epithelial cells and triggers local
inflammation [35]. The present data provide evidence that tobacco smoke extract additionally
enhances vascular endothelial cell surface C4 deposition. Thus, complement activation may
be involved in vascular responses to cigarette smoking. Interestingly, combined exposure of
EC to tobacco smoke extract and elevated shear stress resulted in a markedly increased C4
deposition, suggesting that the combination of shear stress and tobacco smoke may magnify
complement activation in the vasculature. Under physiologic conditions, this may contribute
to clearance of apoptotic cellular debris in responses to vascular injury, via recognition of C1q
by macrophages [36] and C3b by macrophages and CR1 bearing cells [37].

Several investigators have reported that oxidant reactions induced by cigarette smoke are
related to the development of cardiovascular disease [38-40]. The present study did not
investigate if the observed complement activation was due to tobacco smoke-induced oxidant
damage to EC. In addition, given the short half life of the reactive thioester bond in C4b [41],
it has not been possible to determine whether the observed increase in EC surface C4d reflects
TS induced fluid phase complement activation [14,15] with subsequent binding of C4b to EC
surfaces, or enhanced classical pathway complement activation by EC affected by TS. In either
case, complement activation on or near EC will contribute to vascular inflammation.

In contrast to TS, neither LPS nor INF-γ increased C4 activation on EC over baseline. These
agents also had no effect on EC surface expression of complement regulatory proteins. Thus,
EC injury by shear stress and/or tobacco smoke appears to trigger specific signaling pathways
that lead to changes in the expression of surface membrane constituents involved in
complement activation and regulation. Interestingly, EC mediated complement activation did
not correlate with ICAM-1 or gC1qR expression in the present study.

Previous studies demonstrated upregulation of both ICAM-1 and gC1qR in response to
inflammatory mediators, including LPS and INF-γ [42]. Similar observations were made in
the present study with BMEC responding to shear stress but not tobacco smoke. gC1qR is
thought to be involved in inflammation via its ability to activate the kinin system on EC [43,
44]. More recently, in vitro evidence has been obtained to suggest that gC1qR can directly
activate the classical complement cascade by recognizing C1q [20]. Despite the ability of
purified gC1qR to activate the classical complement pathway, enhanced C4 activation on EC
in the present study did not correlate with changes in gC1qR expression. These data are
consistent with previous findings that blockade of EC gC1qR by monoclonal antibodies had
only minimal impact on EC mediated complement activation [21]. Additional studies are
required to understand the ligand binding selectivity of gC1qR under different conditions and
in different cellular microenvironments.

Interestingly, in the present study, C4 deposition on EC monolayers stimulated by tobacco
smoke and/or shear stress did not lead to increased activation or deposition of downstream
complement components. This is expected to significantly limit the inflammatory effects of
complement activation, since C3a and C5a are important in local inflammation and immune
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responses [45]. Compared to C3a and C5a, C4a, is a much weaker anaphylatoxin, and has
comparatively little chemotactic activity [46]. Moreover, limited C5b-9 formation on EC may
prevent cell lysis and tissue damage [47].

To investigate the limited deposition of complement components on EC injured by tobacco
smoke and/or shear stress, we examined changes in the expression of EC surface complement
regulatory proteins. Modest increases in the surface expression of CR1 (CD35), DAF (CD55),
and CD59 were appreciated following EC exposure to shear stress, but these did not reach
statistical significance. In contrast, statistically significant increases in CR1 (CD35) and DAF
(CD55) were noted when EC were exposed to the combination of tobacco smoke and shear
stress, a condition that was associated with the greatest increased in situ C4 activation. Tobacco
smoke alone, however, did not enhance the expression of complement regulatory proteins.

CR1 (CD35) and DAF (CD55) are involved in regulating classical and alternative pathway C3
convertases [48]. Regulation of enhanced EC surface complement activation may be an
important protective mechanism to prevent complement mediated cell injury and death, as well
as to modulate the inflammatory response by regulating in situ C3a and C5a generation. In
addition, C3d, a stable degradation product of C3b, plays a major role in instructing the adaptive
immune response [33], associated particularly with graft rejection and thrombosis.

In conclusion, the present study provides novel insight into potential atherogenic effects of
tobacco smoke and elevated shear stress. The data suggest that both stimuli lead to enhanced
C4 deposition on endothelial cell surfaces. Regulation of complement activation at the cell
surface by complement regulatory proteins likely modulates the inflammatory response and
attendant pathologic sequelae. These data set the stage for further investigations into the impact
of dysregulated in situ complement activation on EC in vascular pathogenesis.
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Figure 1.
Complement activation on resting BMEC monolayers. Confluent EC monolayers were
incubated in growth medium supplemented with 0.5% FBS in presence of 1/10 PPP (60 min,
37°C). Complement activation/deposition was assessed by ELISA using monoclonal
antibodies against stable complement activation fragments, C4d, iC3b, and SC5b-9. Primary
antibody binding was detected with an alkaline phosphatase conjugated reporter and p-NPP
substrate, as described in Materials and methods. Color development was quantified at 405 nm
(reference at 490 nm). Compared to cells treated with buffer (HBMT), statistically significant
(paired t-test) deposition of C4d (n = 9, P<0.05), iC3b (n = 9, P<0.05) and SC5b-9 (n = 9,
P<0.05) is shown following exposure of cells to plasma (PPP). Values represent mean
+Standard deviation (Std).
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Figure 2.
Effect of tobacco smoke or/and shear stress on C4 deposition on HUVEC. Shear stress (18
dynes/cm2 for 1 h) enhanced C4d expression on the surface of HUVEC monolayers (n = 4,
P = 0.08). Tobacco smoke (0.03 puffs/ml for 24 h) also enhanced C4d expression (n = 4, P =
0.06). Notably, C4d expression was significantly enhanced following exposure of HUVEC to
combined stimulation with TS and shear stress (n = 4, P<0.05).
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Figure 3.
Changes in cell surface expression of complement regulators (Mean ± S.D.), CR1 (CD35) (n
= 3), DAF (CD55) (n = 4), and Protectin (CD59) (n = 4) in response to BMEC exposure to TS
(0.03 puffs/ml), chemical (LPS at 1 μg/ml or INF-γ at 100 U/ml), or mechanical shear stress
(18 dyne/cm2). Results were normalized to baseline CD35, CD59 and Cd59 expression
observed on untreated BMEC monolayers. The data were analyzed by single factor ANOVA.
(*) Denotes a statistically significant increase (P<0.05).
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