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Abstract

Complement activation contributes to the systemic inflam-
matory response induced by cardiopulmonary bypass. At
the cellular level, cardiopulmonary bypass activates leuko-
cytes and platelets; however the contribution of early (C3a)
versus late (C5a, soluble C5b-9) complement components
to this activation is unclear. We used a model of simulated
extracorporeal circulation that activates complement (C3a,
C5a, and C5b-9 formation), platelets (increased percent-
ages of P-selectin—positive platelets and leukocyte-platelet
conjugates), and neutrophils (upregulated CD11b expres-
sion). To specifically target complement activation in this
model, we added a blocking mAb directed at the human C5
complement component and assessed its effect on comple-
ment and cellular activation. Compared with a control mAb,
the anti—-human C5 mAb profoundly inhibited C5a and sol-
uble C5b-9 generation and serum complement hemolytic
activity but had no effect on C3a generation. Additionally,
the anti—-human C5 mAb significantly inhibited neutrophil
CD11b upregulation and abolished the increase in P-selec-
tin—positive platelets and leukocyte-platelet conjugate for-
mation compared to experiments performed with the con-
trol mAb. This suggests that the terminal components C5a
and C5b-9, but not C3a, directly contribute to platelet and
neutrophil activation during extracorporeal circulation.
Furthermore, these data identify the C5 component as a site
for therapeutic intervention in cardiopulmonary bypass. (J.
Clin. Invest. 1995. 96:1564—-1572.) Key words: cardiopulmo-
nary bypass ¢« complement activation ¢ receptors, leukocyte
adhesion ¢ platelet activation « antibodies, monoclonal

Introduction

Cardiopulmonary bypass (CPB)' is associated with an inflam-
matory response consisting of humoral and cellular changes that
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may contribute to both tissue injury and impaired hemostasis.
Activation of complement during CPB has been implicated as
one important contributor to this systemic inflammatory reaction
(1-4). However, the correlation between the generation of spe-
cific activated complement components and the inflammation
induced by CPB has not been defined. Primary inflammatory
mediators are generated after activation of the complement cas-
cade, including the anaphylatoxins complement component 3a
(C3a) and C5a, the opsonin C3b, and the membrane attack
complex C5b-9. In vitro, C5a has been shown to upregulate
PMN CD11b and CD18 through mobilization of intracellular
granules (5-8) and to induce lysosomal enzyme release by
PMN (9). In vitro, C5b-9 is capable of inducing P-selectin
expression on platelets (10), and both C5a and C5b-9 induce
surface expression of P-selectin on endothelial cells (11, 12).
The ability of C5a and C5b-9 to directly activate leukocytes,
platelets, and endothelial cells indicates that inhibition of C5
cleavage may be a useful strategy for ameliorating the inflam-
matory response to CPB.

Our previous studies on leukocyte and platelet adhesion
molecules have demonstrated that both PMN and monocyte
CD11b are upregulated during clinical CPB (13). Additionally,
CPB induces platelet a-granule release (14, 15) and surface
expression of platelet P-selectin (16) which mediates the bind-
ing of activated platelets to leukocytes (17). We have also
demonstrated an increase in leukocyte—platelet conjugate for-
mation during CPB which parallels the increase in circulating
P-selectin—positive platelets (13, 18). Concomitant with these
effects, CPB leads to decreases in other platelet adhesion recep-
tors, specifically GPIb and GPIIb/IIla but not GPIV (19-23).

In vitro recirculation of whole blood in an extracorporeal
bypass circuit has been used extensively as a model to simulate
platelet (24, 25) and leukocyte (26, 27) changes and comple-
ment activation (28) induced by CPB. In the present study, we
have used this in vitro model of extracorporeal circulation to
determine the role of early versus late complement components
in the cellular activation induced by CPB. Our results demon-
strate that blockade of C5a and C5b-9 membrane attack complex
formation during extracorporeal circulation with an mAb di-
rected against human C5 effectively inhibits platelet and PMN
activation.

Methods

Monoclonal antibodies. All mAbs were used as purified whole Ig. Anti-
CD42b and anti-CD41 (SZ2 (29) and P2 (30); AMAC, Inc., West-
brook, ME) recognize platelet GPIb and GPIIb/IlIa, respectively. Anti-
CD62P (AC1.2 (31); Becton-Dickinson Immunocytometry Systems,
San Jose, CA) is directed against P-selectin, an a-granule membrane
protein expressed on activated platelets. For leukocyte labeling, anti-
CD45 (2D1 (32); Becton-Dickinson) and anti-CD11b (33) (F6.2; Ex-
alpha, Boston, MA) were used; these mAbs recognize the CD45 back-



bone present on all leukocytes and the leukocyte complement receptor
3 (CR3), respectively. The anti-human C5 mAb N19/8 (34) and the
isotype-matched anti—-mouse C5 control mAb BBS5.1 (35) are of the
IgG1 subtype and were purified from mouse ascites fluid by protein A
chromatography. The anti—human C5a mAb, clone C17/5 (34) recog-
nizes an epitope expressed on C5a but not on intact C5. Rabbit anti—
human C5a polyclonal antibody was obtained from Calbiochem Corp.,
La Jolla, CA.

Hemolytic assays. For in vitro experiments, both the anti—human
C5 mAb and the anti—mouse C5 mAb were serially diluted 1:2 (100-
0 pg/ml) in gelatin veronal-buffered saline (GVB 2+ buffer: 0.1%
gelatin, 141 mM NaCl, 0.5 mM MgCl,, 0.15 mM CaCl,, 1.8 mM
sodium barbital [Sigma Chemical Co., St. Louis, MO]) and added
in triplicate (50 pl/well) to a 96-well microtiter plate (NUNC, Inc.,
Naperville, IL). Human serum was diluted to 20% vol/vol with GVB
2+ buffer and added (50 ul/well) to the rows of the same 96-well plate
such that the final concentration of human serum in each well was 10%.
The plate was then incubated at room temperature for ~ 30 min while
chicken erythrocytes (Lampire Biological Laboratories, Piperville, PA)
were washed five times with 1 ml of GVB 2+ buffer and resuspended
to a final concentration of 5 X 107/ml in GVB 2+ buffer. 4 ml of the
chicken erythrocytes were sensitized by the addition of an anti—chicken
red blood cell polyclonal antibody (0.1% vol/vol, Intercell Technolog-
ies, Hopewell, NJ), and the cells were incubated at 4°C for 15 min with
frequent vortexing. The cells were then washed twice with 1 ml of GVB
2+ buffer and resuspended to a final vol of 2.4 ml in GVB 2+ buffer.
30-p1 aliquots of chicken erythrocytes (2.5 X 10° cells) were added to
the plate containing human serum and anti-C5 mAb as described above,
mixed well, and incubated at 37°C for 30 min. Each plate contained
two additional wells of 30 ul of identically prepared chicken erythro-
cytes, one incubated with GVB 2+ buffer alone (negative control) as
a control for spontaneous hemolysis and the other containing 0.1% NP-
40 (Sigma) serving as a control for 100% lysis. The plate was then
centrifuged at 1,000 g for 2 min and 85 ul of the supernatant transferred
to a new 96-well plate. Hemoglobin release was determined at OD 415
nm using a microplate reader (Bio-Rad Laboratories, Richmond, CA),
and the percent hemolysis was determined using the following formula:

percent hemolysis

= 100X (OD sample — OD negative control )/
(OD 100% lysis — OD negative control)

Hemolytic assays to determine the complement activity in samples ob-
tained from extracorporeal circuits were performed as described above
on frozen serum samples that were rapidly thawed at 37 °C immediately
before the assay. Hemolytic assays performed to rule out the consump-
tive depletion of complement due to the addition of anti—human C5
mAb were also performed as described above except that purified rat
CS5 (Alexion Pharmaceuticals, Inc.) was added to human serum samples
(50 pl/well, 10 ug/ml final concentration ) immediately before the addi-
tion of sensitized chicken erythrocytes.

Complement activation assays (C5a, C3a, sC5b-9). The ability of
the anti—human C5 mAb to block the generation of C5a in vitro as well
as in the extracorporeal circulation experiments was determined using
a modification of the methods of Wurzner et al. (34). A 96-well microti-
ter plate was coated with 50 u1/well of the anti—human C5a mAb (clone
C17/5) at a final concentration of 5 ug/ml in ELISA coating buffer
(150 mM Na,CO;, 348 mM NaHCO;, pH 9.6) and incubated overnight
at 4°C. The plates were then washed three times with ELISA solution
(200 pl/well; 20 mM Tris, 150 mM NaCl, 0.05% Tween-20, pH 7.5)
and blocked with Tris-buffered saline (TBS)-BSA (200 ul/well) for 1
h at 37°C. The plates were washed three times, and serum samples
derived from hemolytic assays as described above or from human serum
samples obtained from extracorporeal circuits were added (50 pl/well,
diluted 1:21 in TBS-BSA). As a positive control for C5a release, a
standard curve was generated using twofold serial dilutions of recombi-
nant human C5a (Sigma) in TBS-BSA (0-25 ng/ml, 50 ul/well). All
samples were incubated at 37°C for 1 h. The plate was then washed
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three times, and rabbit anti—human C5a polyclonal antibody (1:200
dilution in TBS-BSA) was added to each well and incubated for 1 h at
37°C. The plate was then washed three times, and horseradish peroxi-
dase—conjugated goat anti—rabbit IgG was added (1:5,000 dilution in
TBS-BSA), and the plate was incubated at 37°C for 1 h. After three
final washes, the plate was developed with 50 pl/well ELISA substrate
buffer (10 mg/ml O-phenylenediamine dihydrochloride; Sigma). The
plate was read at OD 490 nm and C5a release quantified relative to the
C5a standard curve.

For the measurements of fluid-phase C3a and sC5b-9, blood samples
were drawn at various time points from the extracorporeal circuit, spun
at 4°C, and the serum immediately frozen at —70°C. Samples were
thawed at 37°C immediately before the assay, and C3a and soluble C5b-
9 (sC5b-9) generation were measured in triplicate using C3a and sC5b-
9 ELISA kits (Quidel, San Diego, CA). C3a and sC5b-9 values were
expressed as absorbance values (OD 450 nm) after subtraction of back-
ground absorbance from normal human serum control samples.

Extracorporeal circuit preparation. Extracorporeal circuits were as-
sembled using a hollow-fiber pediatric membrane oxygenator with a
1.25 m? surface area (VP CML Plus; Cobe Cardiovascular, Arvada,
CO), polyvinyl chloride tubing (Tygon Class VI; Norton Performance
and Plastics, Akron, OH), polycarbonate connectors, and a minimally
occlusive roller pump (Cardiovascular Instruments Corp., Wakefield,
MA). Oxygenator and circuitry were primed with 600 ml of lactated
ringers containing dextrose (4.0 g/liter), porcine heparin (5,000 U/liter
final concentration; Elkins-Sinn, Cherry Hill, NJ), and mannitol (4.0
g/liter). The prime was warmed to 37°C with a cooler-heater (Sarns;
3M Health Care, Ann Arbor, MI) and circulated at 1.5 liters/min, while
the sweep gas flow was maintained at 0.25 liters per min using 100%
O,. The sweep gas was changed to a mixture of oxygen (95%) and
carbon dioxide (5%) at 0.25 liters per min for 10 min before addition
of blood to the circuit. The pH, Pco,, Po,, and perfusate temperature
were continuously monitored throughout the recirculation period using
an in-line blood gas monitor (CDI TM4000; 3M Health Care, Tustin,
CA), and sodium bicarbonate was added as required to maintain pH in
the range of 7.25-7.40.

Extracorporeal circuit operation and sampling. After approval by
the Human Investigation Committee, blood (500 ml) was drawn over
5 min from healthy volunteers on no medications into a transfer pack
(Baxter Healthcare, Corp., Deerfield, IL) containing porcine heparin
(5,000 U/liter final concentration ) and then added to the extracorporeal
circuit. For studies of complement inhibition during extracorporeal cir-
culation, the anti—human CS5 mAb N19/8, 30 mg in sterile PBS, was
added to the transfer pack immediately before addition of blood to the
extracorporeal circuit. This dose of the N19/8 mAb had been shown in
preliminary studies to completely block complement hemolytic activity
and C5a generation in whole blood. In control runs, the anti—mouse C5
mAb BB5.1 was similarly added to the transfer pack before its addition
to the circuit. As blood was introduced to the reservoir via the prime
port, 200 ml of prime fluid was simultaneously withdrawn distal to the
oxygenator outlet to yield a final circuit volume of 900 ml and a final
hematocrit of 24%+3% (mean*+SD). Blood was circulated with prime,
and complete mixing was accomplished within 2 min; a baseline sample
was drawn and designated as time 0. The circuit was then cooled to
27°C over 5 min and maintained at that temperature for 60 min, after
which it was rewarmed to 37°C for an additional 30 min (a total of 90
min of recirculation).

Blood samples were drawn at 5, 15, 30, 45, 60, 75, and 90 min of
recirculation. Serum samples were prepared by immediate centrifuga-
tion, snap frozen in liquid nitrogen, and stored at —70°C until they
were assayed for complement studies. For measurement of CH50, a
pretreatment sample was drawn from the whole blood immediately be-
fore its addition to the extracorporeal circuit, or in the case of runs
including mAb, before addition of either the N19/8 mAb or the BB5.1
mAb. For measurement of fluid phase C3a and sC5b-9, 200 xl of serum
was diluted 1:1 in sample preservative solution (Quidel) immediately
before freezing. Whole-blood samples were immediately fixed in 1%
(final concentration ) paraformaldehyde in PBS for flow cytometric stud-
ies. An additional whole blood sample (1 ml) was drawn into EDTA
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(5 mM final concentration) at 0, 30, and 90 min for a complete blood
count and leukocyte differential using an automated counter (STKS;
Coulter Electronics, Hialeah, FL).

Fluorescence labeling. Whole-blood samples were fixed for 60 min
at 4°C followed by addition of 1:8 vol/vol of Tris-glycine as previously
described (36). Samples were washed twice and resuspended in Ty-
rode’s-Hepes buffer (Hepes 5 mmol/liter, NaCl 140 mmol/liter, KCl
2.7 mmol/liter, dextrose 5.5 mmol/liter, NaH,PO, 0.42 mmol/liter, and
NaHCO; 12 mmol/liter, pH 7.4) and divided into aliquots for labeling.
All samples were incubated with saturating concentrations of mAb at
4°C for 20 min, then washed and resuspended in Tyrode’s-Hepes buffer
for FACS® analysis as previously detailed (37). For determination of
the percentage of leukocytes with bound platelets and leukocyte activa-
tion, samples were labeled with: (a) FITC-anti-CD45 and phycoerythrin
(PE)-anti-GPIIb/Illa and (b) FITC-anti-CD45 and PE-anti-CD11b. For
determination of platelet glycoprotein expression and activation, sam-
ples were labeled with: (c¢) FITC-anti-GPIb; and (d) FITC-anti-GPIIb/
Illa and PE-anti-CD62P.

Flow cytometry. Samples were analyzed on a FACScan® flow cyto-
meter (Becton-Dickinson). Leukocyte measurements [(a) & (b)] were
carried out by live-gating on FITC-positive, leukocyte-sized events us-
ing forward- versus side-scatter parameters to differentiate between
monocyte and neutrophil subsets and to exclude unbound platelets.
Mean CDI1b fluorescence and the percentage of leukocyte—platelet
conjugates were determined as previously described (13, 38). Platelet
analysis [(c) & (d)] was accomplished by acquisition of 10,000 FITC-
positive, platelet-size events. Mean single platelet GPIb and GPIIb/IIIa
fluorescence and the percentage of platelets expressing CD62P were
determined as previously described (39, 40). An isotype-matched (PE-
conjugated) control mAb was used to set a threshold (99% of events
below threshold) for P-selectin expression and quantitation of leukocyte-
platelet conjugates.

Statistics. All results were normalized to the time O value to mini-
mize the effects of interdonor variability. Statistical analysis was per-
formed using a multivariatt ANOVA for repeated measurements over
time. Statistical significance was taken at a P value < 0.05.

Results

Inhibition of C5b-9 and C5a generation by the anti—human C5
mAb. The primary goal of this study was to use a functionally
blocking mAb directed against the human C5 complement com-
ponent in order to determine the contribution of the activated
terminal components C5a and C5b-9 to platelet and leukocyte
activation during extracorporeal circulation. To this end, in vitro
assays were performed to confirm the complement-inhibitory
activity of the mAb and to establish the dose required to block
CS5 activation during extracorporeal circulation. Assays per-
formed in 20% human serum established that the anti-C5 mAb,
N19/8, completely blocked C5b-9—mediated hemolytic activity
at a concentration of 25 pg/ml (Fig. 1 A). Similarly, the N19/
8 mAb completely blocked the generation of C5a at 25 ug/ml,
thereby confirming that this mAb blocks the cleavage of CS5 to
C5a and C5b by the C5 convertase enzyme complex (Fig. 1
B). By contrast, an isotype-matched control mAb, BBS5.1, which
is directed against the mouse C5 complement component but
does not bind human CS, did not block C5a or C5b-9 generation
in these assays. Given that the concentration of C5 in human
serum is ~ 70 pg/ml, these data suggest that a dose of 125 ug/
ml (a 2:1 molar ratio of mAb to C5) would be sufficient to
completely block complement activation in whole human
serum.

Complement activation during extracorporeal circulation.
In order to determine the effect of the anti—human C5 mAb on
complement activation during simulated extracorporeal circula-
tion, experiments were performed in the presence of the anti—
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Figure 1. A mAb directed against human CS5 blocks in vitro human
complement—mediated hemolytic activity and C5a generation. Human
complement—mediated hemolysis (A) and C5a generation (B) were
determined as a function of the input of an anti—human C5 mAb (clone
N19/8, ¢) and a control anti—mouse C5 mAb (clone BB5.1, o). The
assay was performed in 20% vol/vol human serum as described in
Methods. Data are expressed as the mean+SD (n = 3) from triplicate
determinations from a single experiment and are representative of three
experiments.

human C5 mAb, N19/8 (n = 5), the isotype-matched control
mAb, BB5.1 (n = 4), and in the absence of any added mAb,
i.e.,a “‘no-mAb’’ control (n = 5). Recirculation of blood on the
extracorporeal circuit resulted in significant early complement
activation in all experiments as measured by the generation of
C3a (P < .01 for N19/8 mAb, BBS5.1 control mAb, and no-
mADb control). Furthermore, C3a generation increased rapidly
during the first 30 min and continued to rise throughout the 90-
min time course in all experiments, with no significant differ-
ence in the level of C3a achieved in the presence of the anti—
human C5 mAb as compared to the anti—mouse C5 mAb con-
trol (P > .05, Fig. 2 A) and compared to the no-mAb control
(P > .05). By contrast, the anti—human C5 mAb completely
inhibited the generation of sC5b-9 when compared to the anti—
mouse C5 control mAb (P < .05, Fig. 2 B) or the no-mAb
control (P < .001). These data were supported by hemolytic
assays, which demonstrated that addition of the anti—human
C5 mAb blocked functional complement hemolytic activity by
> 95% throughout the time course of the extracorporeal circula-
tion experiments, while hemolytic activity remained relatively
unchanged in samples taken from extracorporeal circulation ex-
periments with the anti—mouse C5 control mAb (Fig. 2 C) and
the no-mAb control (P < .001, for both controls relative to the
N19/8 mAb). Addition of purified rat C5 to serum samples
derived from experiments performed in the presence of the
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Figure 2. Activation of complement during extracorporeal circulation.
Levels of C3a (A), sC5b-9 (B), and hemolytic activity (C) were mea-
sured in serum samples taken at the time points on the abscissa. The
circuit was kept at 37°C until time 0, then cooled to 27°C over 3 min
and maintained at 27°C until after the 60-min sample, then rewarmed
to 37°C for the remaining 30 min. The mean+SEM from five experi-
ments performed after addition of the N19/8 anti-C5 mAb ( ¢ ) and four
experiments performed after addition of the anti—mouse C5 control
mAb (e) are shown. The anti—human C5 mAb significantly blocked
generation of sC5b-9 (B) and hemolytic activity (C), (P < 0.001 for
both) but not the increase in C3a (A). As a control to insure that
complement inhibition was specific to the C5 component, purified rat
C5 (10 pg/ml) was added to human serum samples containing the N19/
8 anti—human C5 mAb (@). The addition of rat CS fully reconstituted
hemolytic activity in these assays.

anti—human C5 mAb resulted in complete restoration of total
hemolytic activity (Fig. 2 C), indicating that complement inhi-
bition observed in the presence of the anti—-human C5 mAb
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Figure 3. C5a generation during extracorporeal circulation. Levels of
C5a were measured in serum samples taken at the time points indicated
on the abscissa. The mean+SEM from five experiments performed after
addition of the N19/8 anti-C5 mAb (3 ) and four experiments performed
after addition of the anti—mouse C5 mAb (m) are shown. The anti—
human C5 mAb significantly blocked generation of C5a (P < 0.01).

was specific for C5 and not due to generalized consumption of
complement components.

To further confirm that the anti—-human C5 mAb retained
the capacity to block the conversion of C5 to C5a and C5b
during simulated extracorporeal circulation, as demonstrated in
the static in vitro model (Fig. 1), C5a generation was measured
in serum samples obtained from simulated extracorporeal cir-
cuits in the presence of the anti—-human C5 MAb or control
mAb. As was demonstrated for sC5b-9 generation, addition of
the anti—human C5 mAb significantly inhibited (P < .001) the
generation of C5a during simulated extracorporeal circulation
when compared to control mAb (Fig. 3).

Leukocyte adhesion receptors. In control circuits to which
the anti—mouse C5 mAb was added, PMN CD11b (Fig. 4) rose
modestly (1.4-fold) during recirculation at 27°C then increased
dramatically with rewarming to 37°C, peaking at over 2.5 times
baseline at 90 min of recirculation (P < 0.01). No-mAb con-
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Figure 4. Neutrophil CD11b during extracorporeal circulation. Fluores-
cence labeling of CD11b was measured on PMN in whole blood taken
at the time points shown on the abscissa and expressed as a percentage
of the baseline fluorescence value. The circuit was kept at 37°C until
time O, then cooled to 27°C over 3 min and maintained at 27°C until
after the 60-min sample, then rewarmed to 37°C for the remaining 30
min. The mean+SEM from five experiments performed after addition
of the N19/8 anti—human C5 mAb (¢ ) and four control experiments
using the anti—mouse C5 control mAb (e) are shown. N19/8 signifi-
cantly inhibited the increase in PMN CD11b (P < 0.01).
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trols demonstrated a similar increase in PMN CD11b (P
< 0.01). Addition of the anti—human C5 mAb N19/8 to the
extracorporeal circuit significantly inhibited the increase in
PMN CD11b when compared to the control mAb and no-mAb
(P < 0.01 for both); surface expression peaked at only 1.4
times baseline at 45 min of recirculation (Fig. 4). Monocyte
CD11b was upregulated after addition of the anti—human C5
mAb, but the peak CD11b expression was significantly blunted
compared to the no-mAb control (P < 0.05). However, there
was no significant difference in monocyte CD11b upregulation
between the mAb control and the anti—-human C5 mAb (P
> 0.05).

Platelet activation. The percentage of circulating platelets
expressing P-selectin increased significantly over time during
recirculation in the presence of the control mAb, peaking at 1.5
times baseline levels after 90 min (Fig. 5 A), and the no-mAb
controls demonstrated a similar increase (P < .05 for both).
Addition of the anti—human C5 mAb completely abrogated this
increase, with a peak value of only 1.03 times baseline at 30
min of recirculation (P < 0.01 compared to both the mAb
control [Fig. 5 A] and the no-mAb control).

Platelet membrane P-selectin acts as a ligand for adhesion
to monocytes and PMN; thus, leukocyte—platelet conjugate for-
mation may represent an even more sensitive measure of platelet
a-granule release in whole blood (38, 41), as well as a func-
tional measure of P-selectin activity. During extracorporeal cir-
culation in the presence of control mAb, the percentage of
monocytes with bound platelets increased significantly (P
< 0.01) by twofold at 45 min (Fig. 5 B), with an absolute
average value of 74% of monocytes having bound platelets.
PMN-platelet conjugate formation also significantly increased
to three times baseline (P < 0.05, Fig. 5 C), with an absolute
average of 57% of PMN binding platelets. No-mAb controls
showed similar increases in monocyte-platelet (P < 0.05) and
PMN-platelet (P < 0.05) adhesion. Concomitant with the abro-
gation of platelet P-selectin expression, addition of the mAb
N19/8 completely inhibited the increase in both monocyte-
platelet and PMN-platelet binding during extracorporeal circu-
lation (Fig. 5, B and C, P < 0.01 compared to both the mAb
control and the no-mAb control ). The peak percentage of mono-
cyte-platelet and PMN-platelet conjugates never exceeded the
baseline values of 54 and 41%, respectively, in the N19/8-
treated experiments.

Platelet adhesion receptors. Surface expression of platelet
GPIb did not change significantly during the control runs (P
> (.05 for both mAb control and no-mAb control). Addition of
mAb N19/8 did not significantly alter this pattern (P = 0.91).
Likewise, in runs using the control mAb, platelet GPIIb/IIla
did not change significantly over time (P > 0.05) and in the
no-mAb controls decreased only marginally to 86% of control
(P < 0.05). Addition of mAb N19/8 was associated with pres-
ervation of the surface expression of GPIIb/IIla when compared
to the no-mAb control (P < 0.05).

Cell counts. The absolute PMN, monocyte, and platelet
counts were determined serially during extracorporeal circula-
tion. After the initial hemodilution, normalized PMN counts
significantly decreased on simulated extracorporeal circulation
in the presence of the control mAb to 55% of baseline after 90
min of recirculation (P < 0.05, Fig. 6 A). Platelet counts in
the mAb control runs also significantly decreased to 55% of
baseline in the first 30 min, but rebounded at 90 min to 68% of
baseline (P < 0.05, Fig. 6 B). No-mAb controls demonstrated
similar decreases in both PMN and platelet counts (P < 0.05
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Figure 5. P-selectin—positive platelets and platelet—leukocyte adhesion
during extracorporeal circulation. The percentage of circulating platelets
expressing P-selectin (A) and the percentage of monocytes binding
platelets (B) and PMN binding platelets (C) were measured at the time
points shown on the abscissa and normalized to the baseline value. The
mean*SEM from five experiments performed after addition of the N19/
8 anti—human C5 mAb (¢ ) and four control experiments using the
anti—mouse C5 mAb (e) are shown. The N19/8 mAb significantly
inhibited the increase in the percentage of circulating P-selectin—posi-
tive platelets and the increase in formation of monocyte-platelet and
PMN-platelet conjugates (P < 0.01 for all).

for both). Addition of the anti-C5 mAb N19/8 resulted in sig-
nificant (P < 0.05) preservation of both PMN and platelet
counts, with an average decrease to only 81 and 91% of base-
line, respectively. Monocyte counts also decreased during con-
trol extracorporeal circulation experiments, although the de-
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Figure 6. Normalized PMN and platelet counts during extracorporeal
circulation. The absolute number of PMN (A) and platelets (B) was
measured at the time points shown on the abscissa and normalized to
the baseline value. The hatched bars (O) represent the mean+SEM for
the five runs to which N19/8 was added, and the solid bars (m) represent
the mean+SEM for the four runs using the anti—mouse C5 control
mAb. Compared to control mAb, addition of the mAb N19/8 signifi-
cantly inhibited the decrease in PMN counts at 90 min and the decrease
in platelet counts at 30 min on the extracorporeal circuit (P < 0.05 for
both).

crease did not reach statistical significance in the case of the
no-mAb control. Addition of the N19/8 mAb significantly pre-
served the monocyte count when compared to the control mAb
(P < 0.05).

Discussion

In this study, we have demonstrated that blockade of the termi-
nal complement cascade using an mAb directed at human CS5
effectively inhibits the activation of platelets and neutrophils
associated with an in vitro model of extracorporeal circulation.
Previous studies have demonstrated that complement activation
occurs during CPB (1-4). Additionally, the role of complement
in the associated morbidity and mortality has been indirectly
demonstrated in a number of studies (42—44), where indices
of cardiac and pulmonary dysfunction in adults and multisystem
organ failure in infants and children correlated significantly with
complement activation. However, the exact role of the various
activated complement products such as C3a, C3b, C5a, and
C5b-9 in the induction of many of the specific cellular changes
associated with CPB is ill-defined because of the paucity of
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effective complement inhibitors. Cleavage of C3 as a marker
of complement activation has been shown to correlate with
patient morbidity in some studies (42—45) but not in others (4,
46). The failure of C3 activation products to correlate with
levels of sC5b-9 during in vivo CPB (47) indicates that in
this setting C3a may not be an adequate surrogate marker for
morbidity related to the terminal complement components.
These data underscore the importance of determining whether
activated terminal complement components C5a and C5b-9 are
important in the pathophysiology of CPB.

Blockade of complement activation could be undertaken at
any one of the steps of the final common pathway. Although
both C3a and C5a are classified as anaphylatoxins, C5a has
additional pro-inflammatory properties (48). Its ability to acti-
vate both neutrophils and endothelial cells (5-9, 12) suggests
a greater role for C5a in the inflammatory response to CPB,
making it an important focus for designing complement inhibi-
tor therapeutics. The ability of the membrane attack complex,
(C5b-9), to cause vesiculation of platelets (10) and endothelial
cells (11, 49) and formation of prothrombotic microparticles
(10, 50) also suggests a role for this mediator in some of the
thrombotic complications after CPB. C3b is a by-product of C3
cleavage and promotes opsonization of bacteria by leukocytes.
Congenital deficiencies in C3 are associated with recurring,
life-threatening bacterial infections (51). By contrast, complete
deficiency of the more terminal complement components C5—
C9 leads to an increased susceptibility principally to uncommon
infections with Neisseria species, but a strikingly lower mortal-
ity rate when infections do develop compared with Neisseria
infections resulting from other underlying causes (48). Thus,
the development of complement inhibitors that block the gener-
ation of both C5a and C5b-9 might significantly attenuate the
inflammatory response to CPB, while preserving the more vital
immunoregulatory functions associated with continued produc-
tion of C3b.

As demonstrated in the in vitro experiments measuring C5b-
9-mediated hemolysis, the anti—human C5 mAb potently in-
hibits the cleavage of CS by C5 convertase, where the anti—
mouse C5 mAb has no detectable reactivity for human CS.
Similarly, the anti—human mAb but not the anti—mouse CS5
mAb was able to prevent generation of C5a, a fragment that
possesses potent anaphylatoxin activity and stimulates neutro-
phil chemotaxis (52). In the present study, the effect of the
anti—human C5 mAb on complement activation was studied in
a model of simulated extracorporeal circulation (53) in which
human blood was recirculated through a membrane oxygenator.
Complement activation by the extracorporeal circuit is thought
to occur via both the classical and the alternative complement
pathways (28). In these experiments, levels of C3a rose pro-
gressively with recirculation in the presence of either the anti—
mouse C5 mAb or the anti—human C5 mAb, or in the absence
of any mAb. Moreover, the peak levels of C3a were comparable
in all three groups, confirming the previous findings (34) that
the anti—-human C5 mAb does not inhibit formation of C3a.
These data also suggest that the anti—human C5 mAb does not
form an immune complex that results in consumptive depletion
of complement, as this would produce significantly higher levels
of C3a generation. By contrast, complement hemolytic activity,
sC5b-9 complex formation, and C5a generation were all sig-
nificantly inhibited by addition of the anti—human C5 mAb
when compared to control experiments. Addition of purified rat
C5 to serum samples taken from runs employing the anti—
human C5 mAb completely reconstituted serum hemolytic ac-
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tivity, further supporting the selective inhibition of human C5
cleavage by this mAb, as opposed to consumptive depletion of
complement components.

We have previously reported that in vivo CPB results in .

significant upregulation of CD11b on both PMN and monocytes
in the circulation (13). CD11b/CD18 is a member of the inte-
grin family of receptors and mediates PMN adhesion to and
diapedesis through endothelial cells (33, 54, 55). PMN CD11b/
CD18-mediated adhesion is also necessary for H,O, secretion
in response to the PMN agonists N-formyl-methionyl-leucyl-
phenylalanine and platelet activating factor (56, 57). In animal
models, antibodies to CD11b have been shown to attenuate the
myocardial and pulmonary injury associated with infarction and
reperfusion (58, 59) and the injury associated with activation
of complement by cobra venom factor (60). In humans, CD11b
has been shown to be upregulated on PMN and monocytes
across the coronary circulation in patients with unstable angina
(61). Thus, CD11b/CD18 upregulation may result from, as
well as contribute to, tissue damage induced by ischemia. Al-
though the precise mechanism of CD11b/CD18 upregulation
in vivo remains uncertain, activated complement components
(5-8) and contact activation with kallikrein formation (28)
have been implicated as agonists for CD11b upregulation. Func-
tionally, CD11b/CD18 on leukocytes also plays a procoagulant
role, acting as a receptor for (62) and coordinator of the activa-
tion of coagulation Factor X (63).

In this study, both PMN and monocyte CD11b levels in-
creased significantly with recirculation of blood on the extracor-
poreal circuit, to a level comparable to that which has been
previously noted in vivo (13, 18). Again, the mechanism(s)
responsible for upregulation of CD11b in this and other models
of CPB are unclear. Moat et al. (27) have previously reported
increases in sC5b-9 generation and PMN CD11b in a temporally
parallel fashion on an extracorporeal circuit, but they were un-
able to demonstrate a direct link between the two events, nor
were they able to distinguish the contributions of early comple-
ment components, such as C3a, versus later components. In one
model comparing C3-deficient dogs and control dogs undergo-
ing CPB (64), C3-deficient dogs had significantly less upregu-
lation of PMN CD18 when compared to control dogs. In a piglet
model of CPB in which soluble complement receptor type 1
was used to block complement activation (65), complement-
inhibited piglets showed better postoperative pulmonary vascu-
lar resistance but a comparable impairment in post-CPB oxy-
genation and lung histology as control piglets. Leukocyte
CD11b/CD18 was not measured in the latter study, and terminal
complement products were not measured in either of these mod-
els, making the role of specific complement products in the
upregulation of leukocyte CD11b difficult to ascertain.

The present study suggests that C5a and/or C5b-9 formation
during extracorporeal circulation plays a major role in human
PMN CD11b upregulation. The greater quantitative loss of
PMN total counts in control runs of the extracorporeal circuit
compared with anti—human C5 mAb-treated runs suggests that
upregulation of PMN CD11b may also be associated with func-
tional changes in PMN adhesion as well. In vitro C5a has pre-
viously been shown to mobilize CD11b from intracellular com-
partments in PMN (6-8), making C5a a likely contributor
to CD11b upregulation during extracorporeal circulation. By
contrast, the contribution of the early complement anaphyla-
toxin C3a to PMN activation appears to be less important in this
model of CPB in the absence of terminal complement activation.
However, monocyte CD11b upregulation during simulated ex-
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tracorporeal circulation was not affected by inhibition of termi-
nal complement components when compared to the control
mAb, and only blunted compared to the no-mAb control, sug-
gesting that although C5a is also capable of stimulating granule
release in this cell type (66), its role in monocyte CD11b upreg-
ulation during extracorporeal circulation may be less significant
than its role in PMN CD11b upregulation.

Recirculation during control-simulated extracorporeal circu-
lation also resulted in an increase in the percentage of circulat-
ing-activated platelets and a decrease in total platelet numbers,
as reported in vivo (13, 18) and in other extracorporeal circula-
tion models (67). In parallel with platelet activation, simulated
extracorporeal circulation resulted in the formation of platelet-
monocyte and platelet-PMN conjugates, which has also been
reported in vivo (13, 18). Although the consequences of leuko-
cyte-platelet adhesion in the setting of CPB are not well defined,
evidence points toward a prothrombotic role for these conju-
gates (68—70). Addition of the anti—human C5 mAbD to the
extracorporeal circuit abolished the increases in circulating P-
selectin—positive platelets, monocyte-platelet and PMN-platelet
conjugates, and attenuated platelet sequestration. This blunting
of platelet activation and activation-dependent conjugate forma-
tion by the anti-C5 mAb may be due to its inhibition of C5b-
9 formation, which has been shown to induce a-granule release
and P-selectin expression (10), although inhibition of C5a,
which induces P-selectin expression in endothelial cells (12),
may also play a role.

Decreases in the vWf receptor, GPIb, and the fibrinogen
receptor GPIIb/Illa during in vivo CPB have been postulated
to be due to several mechanisms including (a) the actions of
plasmin (71), (b) binding of the GPIIb/IIIa complex to fibrin-
ogen adsorbed to the perfusion circuit during extracorporeal
circulation, (c) fragmentation/vesiculation of the platelet, and
(d) internalization of either GPIb or GPIIb/IIla (72, 73). The
absence of major changes in both platelet receptors GPIb and
GPIIb/1Ia in the extracorporeal model in the presence of the
control mAb and clinically inconsequential decreases in the
absence of mAb support the hypothesis that decreases noted in
vivo (19, 21, 22) reflect the actions of plasmin (70) which is
not generated in this in vitro model of extracorporeal ctircula-
tion (28). '

In summary, the changes in neutrophil and platelet activa-
tion receptors and in leukocyte—platelet conjugate formation
induced by recirculation of whole blood during simulated extra-
corporeal circulation are similar to those observed during in
vivo CPB. Addition of a blocking mAb to the human C5 com-
plement component during simulated extracorporeal circulation
significantly abrogated the upregulation of PMN CD11b, the
increase in platelet P-selectin, and the formation of P-selectin—
dependent PMN-platelet and monocyte-platelet conjugates. We
conclude that C5a and C5b-9 generation may play a major role
in cellular activation during CPB and suggest that a C5 inhibitor
may represent a potent therapeutic intervention for blocking the
CPB-induced inflammatory response.
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