Chapter 2

The Regulation of C1 Activation
and Its Role in Disease

C. Erik Hack

Introduction

Inflammatory reactions contribute to the pathogenesis of
numerous diseases. These reactionsresult from the rel ease and acti-
vation of endogenous inflammatory mediators, such as cytokines
and the major plasma cascade systems. The latter include the coagu-
lation, fibrinolytic, contact, and complement systems. Proinflamma-
tory activity of the complement system is mainly attributable to the
rel ease of peptidefragments, such asthe anaphylatoxin, and the gen-
eration of macromolecular protein complexes, such as the C5b-9
complexes, during activation. Modul ation of thebiological effectsof
these complement activation products constitutes a therapeutic
option in human disease.

Pathol ogical activation of the complement system often occurs
viatheclassical pathway. Activation of thefirst complement compo-
nent, C1, isthe earliest step in classical pathway activation. Hence,
inhibition of this activation is an attractive approach to reduce the
inflammatory activities of complement in vivo, the especially
because this inhibition does not affect the alternative pathway, and
hence does not compl etely abrogate the antibacterial activitiesof the
system. Inthischapter wewill discusstheactivation of C1, thenature
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of the activators in vivo, the biochemistry and biology of the main
inhibitor of activated C1, C1 esteraseinhibitor (C1-Inh), and clinical
and experimental studies evaluating C1-1nh therapy.

Activation of C1

Binding of the first component of complement, C1, isthefirst
event during activation of the classical complement. C1 isamacro-
molecular protein complex consisting of one C1lg molecule and a
Ca?*-dependent tetramer of two C1r and two Cl1s molecules (1,2).
C1r and C1s are homologous serine proteases, which are inactive
zymogensinthetetramer. Activation of C1 startswith the binding of
Cl1qtoan activator. Subsequently autoactivation of C1ristriggered.
Activated C1r, in turn, activates C1s (3). C1qg has an unusual struc-
tureinthat it consists of three polypeptide chains—A, B, and C—of
which six copiesare present in each C1q molecule. The C-termini of
A, B, and C chains together form a globular structure (the “head”),
whereas the N-termini are arranged as a collagenous strand (the
“stalk”). Overall the structure of C1q resembles a bouquet of six
flowers, with the heads constituting the flowers. The globules and
part of the collagenousstalksof C1garearranged asacone. The Clr-
Clstetramer isintertwined between the stalks. In unbound C1, the
tetramer isarrangedinsuch away that thetwo C1smoleculesprevent
close contact between the catalytic sites of the C1r molecules, and
hence prevent autoactivation of pro-C1r (2). On binding to an acti-
vator the conformation of the C1q cone changes, resultingin aspatial
rearrangement of the C1r,C1s, tetramer in such away that the cata-
lytic sitesof pro-C1r comein close contact. Thischanged conforma-
tionof C1gfacilitatesautoactivation of C1r and subsequent activation
of Cls (2). The inhibitory action of Cls on Clr autoactivation in
unbound C1 is not complete, and in time C1 will become auto-
activated, even in the absence of an activator (“spontaneous
autoactivation”). At physiological concentrations, C1-Inh (whichis
present at about sevenfold molar excess) also can interact with the
catalytic sites of nonactivated C1r, and prevent autoactivation of C1
(4). Thereisno evidencethat C1-Inh caninhibit autoactivation of C1
induced by an activator. During activation both C1r and C1s are
cleaved into two-chain proteins. Under physiological conditionsthe
active moleculesareinactivated within seconds by C1-1nh, resulting
in the release of stable complexes consisting of C1rC1s(C1-1nh),
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from the activator (5). Plasma levels of these complexes reflect
activation of Clinvivo (6). C1q remaining bound to the activator may
performother functions, for example, interactionwith C1qreceptors.

Activators of C1

C1q binds to immunoglobulins in immune complexes via spe-
cific binding sites in the Fc portion of immunoglobulin G (IgG) or
IgM. Activation of C1 requiresthe binding of at least two globular
heads of the C1g molecule to the immune complex. The affinity of
C1q for the IgG subclasses varies, that for IgG3 being the highest,
that for IgG4 thelowest, whereasthat for IgG1 or IgG2isin between.
Clgdoesnotinteract withIgA, IgE, or IgD. Owingto thislow affin-
ity 1gG4 is not able to induce activation of C1. The potential of 1gG
or |gM-containing immune complexesto activate C1 in vivo issup-
ported by numerous studies showing codepositions of immunoglo-
bulins and C1q in inflamed tissues.

In some diseases activation of the classical pathway occurs
without apparent involvement of immune complexes, for example,
during therapy with high doses of interleukin-2 (IL-2) (7-9). At a
tissuelevel, classical pathway activation has been observed in acute
myocardial infarction and in Alzheimer’ s disease, without apparent
involvement of immunoglobulins (10,11). Thus, classical pathway
activation may be induced in vivo by activators other than immune
complexes. These activators may include viral proteins, Ap-protein
in Alzheimer’ sdisease (12), mitochondrial constituents released by
damaged cells (13,14), serum amyloid P (15), and probably others.
Severd invitro studies have demonstrated that the acute phase C-reac-
tive protein (CRP), bound to a ligand, can activate the classical
complement pathway (16-18). We have recently shown that CRP-
induced activation of complement also occursin vivo, for example,
following surgery (19,20), during sepsis (21) and during immuno-
therapy with IL-2 (G. J. Wolbink, C. E. Hack, et al., unpublished
observations). We have also found codepositions of CRP and acti-
vated complement fragmentsin infarcted human myocardium (22).
Theligandfor CRPintheseconditionsisnot known. We have specu-
lated (23) that phospholipid microparticlesor cellswith flip-flopped
membranes (in these cells or microparticles phospholipids of the
inner and outer |eaflets of the membrane have exchanged [24,25])
may be involved. Notably, the sites on C1q mediating binding to
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CRP, serumamyloid P, or the BA-protein may bedifferent than those
involved in binding to immune complexes (15,26-28).

C1 Inhibitor

C1-Inh belongs to the superfamily of serine proteinase inhibi-
tors(serpins) (29-32). Itisamajor inhibitor of factor X11a, kallikrein,
and factor Xlaof the contact system, and the only known inhibitor of
activated Cls and C1r from the classical pathway of complement
(1,32-38). C1-Inh is therefore an important regulator of inflam-
matory reactions, and to a lesser extent of (factor XI-dependent)
clotting activation.

The molecular mass of C1-Inh is approx 105 kDa, its plasma
concentration isapprox 270 mg/L, or 1 unit (U)/mL (32,39). C1-Inh
inhibitsproteinasesby bindingtotheactivesiteof theproteinasesvia
itsreactivecenter (33,36,37), yielding stablecomplexes. Thesecom-
plexesareremoved from the circulation with an apparent half-life of
clearance ranging from 20 to 47 min (40-43), viareceptors specific
for complexed serpins on hepatocytes (44,45). C1-Inh is an acute
phase protein, plasma levels of which may increase up to twofold
during uncomplicated infections (46). Woo et al. (47) reported that
the synthetic rate of C1-Inhincreasesup to 2.5 timesthe normal rate
in patients with rheumatoid arthritis. This increased synthesis, pre-
sumably by the liver, is induced by various cytokines, including
interferon-y (48).

C1-Inh, like most other serpins, can be inactivated by elastase
released from activated neutrophils to yield so-called modified
C1-1nh(49-51). Thiscleavagelikely occursbetweentheaminoacids
at the P4 and P5 positions and between those at the P2 and P3 posi-
tions (52). Proteolytic inactivation of C1-1nh may occur ininflamed
tissuesand contributetolocal complement activation. Plasmalevels
of modified C1-Inhareincreased in sepsis(39). C1-Inh mutantswith
a decreased susceptibility for inactivation by elastase have been
developed (52), but their therapeutic efficacy remainsto be established.

In normal volunteersthefractional catabolic rate (FCR) of C1-Inh
is 2.5% of the plasma pool per hour, yielding an apparent plasma
half-lifeof clearanceof about 28 h (47,53). Thehalf-lifeof clearance
of human C1-Inhinrabbitsiscomparable, thatis, 26 h (54), whereas
inratsitisconsiderably shorter, that is, about 4.5 h (40). Theapparent
half-life of clearancein patients with hereditary angioedema (HAE)
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has been reported to be considerably longer, that is, move than 48 h
(55,56). However, clearance of C1-Inh in these patients is often
determined by assessing the course of plasma levels following the
intravenous administration of exogenous C1-Inh. This may not be
correct, as at lower plasma levels of C1-Inh (as occurs in untreated
HAE patients) autoactivation of C1ispoorly controlled (seeearlier)
(4), which causes consumption of functional C1-Inh. At higher con-
centrations of C1-Inh (as occur after administration of C1-Inh) this
autoactivation is inhibited, leading to a decreased consumption of
C1-Inh. Hence, following atherapeutic dose of C1-1nh, plasmacon-
centrations of C1-Inh increase as a result of the administration of
exogenous C1-Inh as well as because of a reduced consumption of
endogenous C1-Inh.

Cl-Inhisheavily glycosylated, the protein portion of the mol-
ecule constituting only 51% of its molecular mass (57). It probably
contains 20 carbohydrategroups, that is, six glucosamine-based, five
galactosamine-based, and the others linked to threonine residues.
Most carbohydrate groups arelocated at the N-terminal region (57).
Their functionisunknown. Removal of siaic acidsgreatly enhances
the clearance of C1-Inh from the circulation, yielding an apparent
half-life of 3-5 min (54), presumably via binding to asialo-
glycoproteinreceptorsintheliver. Theenhanced clearanceof asial o-
C1-Inhisdueto exposure of penultimate galactosyl residues, asthe
subseguent removal of the latter prolongs the clearance rate up to a
value similar to that of normal C1-Inh (54). Removal of sialic acid
or galactose groups does not impair the functional activity of C1-Inh
invitro (54).

We have administered high dosesof C1-Inh (upto 12,000 U for
2-5d; 1 U is the amount present in pooled normal plasma) to 12
patients with severe septic shock (58,59), and measured plasma
C1-Inh concentration at varioustime points during the study period.
Therecovery of C1-Inhin these patientswas cal cul ated according to
apharmacokinetic model. Inthismodel it wasassumed that (a) the FCR
of C1-Inhis 2.5% that of the plasma pool per hour; (b) the endog-
enous production of C1-Inhisconstant; (c) each C1-Inh doseisdis-
tributed immediately in one central plasma compartment and is
constantly eliminated therefrom following afirst-order process; and
(d) the plasmavolumein patients with sepsisis approx 45 mL/kg of
body weight. The overall correlation between the course of C1-Inh
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Fig. 1. Relation between observed (x-axis) and predicted C1-Inh con-
centration (y-axis) in septic shock patients receiving C1-Inh therapy.

levels after the various doses of C1-1nh calculated according to this
model with those actually measured in the patients was very good
(R=0.7807, p < 0.001; see Fig. 1), although occasionally recovery
was less then expected, possibly owing to a higher FCR (58). These
results indicate that the clearance data observed with radiolabeled
C1-Inhin human volunteers (47,53), may be used to estimate the dose
of C1-Inh to be administered to patients. Also the course of human
C1-Inh following intravenous administration in septic baboons was
as predicted by the pharmacokinetic model described earlier (60),
again demonstrating the validity of this model.

The function of C1-Inh is potentiated by glycosaminoglycans
such asheparin (61,62), which enhancetheinactivation of factor Xla
and C1s by C1-Inh up to more than 100-fold, but have no effect on
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the inactivation of factor Xlla or kallikrein (63,64). In particular,
dextran sulfate species are promising as drugs to enhance C1-Inh
function (63). Recent studies (I. Bos et al., manuscript submitted)
indicate that this enhancing effect of dextran sulfate also can be
achieved in vivo, although noncovalently linked complexes of dex-
tran sulphate and C1-Inh slowly dissociate in vivo. These findings
not only demonstrate the feasibility to develop a C1-Inh preparation
with strongly enhanced inhibitory activity, but also show that the
inhibitory spectrum of C1-Inh can be shifted, that is, toward astrong
inhibitor of complement and of clotting (viainhibition of factor Xla),
and apoor inhibitor of contact system proteinases and possibly also
of fibrinolytic proteinases.

C1-Inhibitor Therapy in Animal Models
and in Clinical Disease

Hereditary Angioedema

HAE may be caused by a heterozygous deficiency of C1-Inh,
and is characterized by occurrence of painlesslocal swelling of soft
tissuesresultingfromalocal increaseof vasopermeability. Anexces-
siverel ease of vasoacti ve peptidesowing to unbal anced activation of
the contact and complement systems likely is the pathogenic expla-
nation for these phenomena. Attacks of HAE may be precipitated by
minor trauma, and can be treated by intravenous administration of
C1-Inh purified from pooled plasma(55,56,65,66). Usually adose of
1000 U of C1-Inh will be sufficient. Thistherapy in general iswell
tolerated. Alternatively, patientsmay betreated with antifibrinolytic
agents such as e-aminocaproic acid and related drugs. The efficacy of
antifibrinolytics as a treatment for HAE shows that the generation of
plasmin, which occursduring attacks(67), contributesto the pathogen-
esis of the angioedema, presumably by generating the C2-derived
vasoactive peptide (68). Attacks of HAE can be prevented by attenu-
ated androgenic steroids, whichincreasethesynthesisof C1-Inh by the
normal gene. However, long-term use of thesedrugsmay have severa
disadvantagessuch asmildvirilization and production of liver tumors.

Sepsis

Sepsis is often induced by bacterial infections and is a major
cause of mortality in intensive care units. Sepsis results from the
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excessive release and activation of endogenous inflammatory
mediators, which include the complement and contact systems.
Activation of the contact system during sepsis was convincingly
demonstrated by studiesin primatesshowinglevel sof variouscontact
system proteins decrease during sepsis, whereas levels of activation
products of the contact system increase (69). Treatment (before
the bacterial challenge) with a monoclonal antibody that blocks
activationof factor X 11 had no effect onclotting activation but largely
prevented the irreversible hypotension and slightly improved
survival of baboons challenged intravenously with alethal dose
of E. coli (70). Moreover, this treatment also reduced classical
pathway activation, suggesting involvement of factor XII inthis
activation (71).

The role of complement activation during sepsis seems to be
dual. Some activation is necessary for an efficient clearance of bac-
teriaor their products. Dogs with a genetic C3 deficiency are more
susceptible to endotoxin than healthy littermates owing to an
impaired clearance of endotoxin (72). Similarly, mice totally defi-
cient in C3 or C4 also have an increased susceptibility to endotoxin
(73). Ontheother hand, inhibition of the biological effectsof Cain
baboons suffering from sepsis attenuates lethal complications (74),
illustrating that the proinflammatory effects of complement activa-
tion, in particular those of Cba, may contribute to the complications
of sepsis. This proinflammatory effect of complement during sepsis
is supported by observations that C5-deficient mice tolerate endo-
toxin better than their C5-sufficient littermates (75). The proinflam-
matory effectsof C5amay include enhancement of cytokine-rel ease:
C5-deficient mice exhibited a twofold lower tumor necrosis factor
(TNF) responseand aslower increaseof pulmonary vasopermeability
than C5-sufficient animals (76). Administration of human soluble
complement receptor-1 did not affect circulating TNF levels,
although this treatment improved pulmonary responses during
endotoxemia(77). Thus, athough complementisrequiredfor arapid
clearance of bacteria or their products during sepsis, it also may
enhance inflammatory reactions viathe release of C5a and possibly
other phlogistic fragments.

C1-Inh does not interfere with alternative pathway activation
and does not completely block activation of the classical pathway.
Hence, C1-1nh administration may allow opsonization of theinfect-
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ing microorganisms or their products. In baboonswith lethal E. coli
sepsis, the administration of C1-1nh at a dose that increased plasma
levels 5- to 10-fold reduced activation of C4, and to a lesser extent
that of C3 (60). This treatment had some beneficial effect: three of
seven animals challenged with alethal dose survived 64 hours, two
of them were long-term survivors. Though studies in C4-deficient
mice have indicated that an intact classical pathway isrequired for
efficient clearance of endotoxin (73), C1-Inh treatment did not inter-
fere with the clearance of the bacteria in the baboon model (60).
Similarly, afavorable, though mild, effect of C1-Inh has been found
in several endotoxin modelsin rats, dogs, rabbits, and in mice defi-
cient in C4 and C3 (73,78-80). Whether these beneficial effects of
Cl1-Inhinsepsisaredueto itseffect on complement or on the contact
system, or on both, is not known.

Limited experience exists with C1-1nh therapy in septic shock
patients (58,81). Initially, five patientstreated with mechanical ven-
tilatory support, volume substitution, vasopressor medication, and
positiveinotropic drugsreceived C1-Inh for 5 d, starting with adose
of 2000 U, subsequently followed by 1000 U every 12 h. No patient
died during the study period of 5 d. Four of the patients needed less
and one patient needed more vasopressor therapy during this period.
No side effects of C1-Inh treatment were observed. Both comple-
ment and contact activation decreased in four of these five patients.
Later, six other patients with severe septic shock were treated with
C1-Inh: Three received a starting dose of 4000 U followed by two
doses of 2000 U and four doses of 1000 U, each given at 12-h inter-
vals. Three other patients received 6000 U of C1-Inh followed by
3000, 2000, and 1000 U (all doses given at 12-h intervals). Effects
comparabl eto those obtai ned with the other dose regimen were seen,
that is, notoxic side effectsand aslight reduction of complement and
contact activation. These results (no toxic side effects; no sepsis-
related mortality during the study period; attenuation of complement
and contact activation; beneficial effect on hypotension) were con-
firmed by several open uncontrolled studies, each performed in a
limited number of septic shock patients. These patients received
C1-1nh according to the schemes outlined earlier (second workshop
on C1 esteraseinhibitor, Dusseldorf, Germany, 24—26 April, 1997).
Therefore, double-blind controlled studies in a larger number of
patients are warranted to confirm these promising effects.
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Vascular Leak Syndrome

A vascular or capillary leak syndrome (VLS) may complicate
sepsis (82), or occur independently of this disease, for example,
during therapy with cytokines, or following a bone marrow trans-
plantation or open heart surgery (83-86). Occasionally it developsin
theabsenceof any known precipitating event. The pathogenic mecha-
nisms underlying the VLS are increased vasopermeability and
vasodilation. The molecular mechanisms causing these phenomena
are poorly understood, although endothelial damage resulting from
interactions with activated neutrophils and/or natural killer cellsis
likely at their basis (9,87,88). Studies of the VLS induced by IL-2
suggest that other mediators, including cytokines (89,90), comple-
ment (7-9,91) and coagul ation and fibrinolysis(92,93), areinvolved
aswell. Activation of theclassical pathway of complement correlates
with the devel opment of side effects (7—9,86). As discussed earlier,
complement activation during VLSlikely isinduced by CRP, which
isconfirmed by observationsthat thisacute phase protein bindsto
IL-2-activated lymphocytes that subsequently activate and fix
complement (91). The effects of C1-Inh administration on patients
receiving high dosesof IL-2 (94) have been evaluated in six patients
who received 72 x 10° IU of recombinant IL-2 (Chiron Corp.,
Amsterdam, the Netherlands) during treatment of either metastatic
melanomaor renal cell carcinoma. These patientsreceived C1-Inhat
adoseof 2000 U initially, subsequently followed by 1000 U every 12
h, for 4 d (treatment cycle). As controls, the same patients received
fourfold lower doses of IL-2 given four wk after the first cycle. In
addition, four other patients who received escalating doses of |L-2,
starting with 18 x 106 U and increasing by 18 x 10° |U every 2-3d
were studied (8). Theclinical toxicity of IL-2 was comparablein all
patients, despitethefact that the C1-Inhtreatment group had received
considerably morelL-2 (atleast 2.7 timesgreater) (94). ThusC1-Inh
therapy may reduce IL-2 toxicity, probably via inhibition of IL-2-
induced complement activation. C1-Inh may attenuate other forms
of VLS aswell: A newborn baby with sepsis-associated VLS was
treated with C1-Inh for 3d (300, 100, and 50 U per kilogramond 1,
2, and 3, respectively) (82). Although the patient died 15 d later from
liver failure, the effect of C1-1nh administration was judged to be
beneficial asthe patient had been ableto stop vasopressor medication
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and his body weight had normalized. VLS following bone marrow
transplantation was treated with C1-Inh therapy initially in two
patients who received 60 U/kg as aloading dose, then two doses of
30 U/kg given at 12-h intervals, and finally, four doses of 15 U/kg
of C1-Inh (95). Body weight normalized in each patient, asdid the
increased levels of C4d. In alater report, the same authors describe 15
patients treated with C1-Inh because of VLS induced by bone
marrow transplantation (96). The 1-yr-survival rate was 57% in
the treated patients vs 14% in a control group consisting of seven
patients (the study was not randomized placebo-controlled). Treat-
ment was accompanied by normalization of circulating C4d and C5a
levels. These effects suggest abeneficial effect of C1-1nh therapy in
thissevere complication of bone marrow transplantation, but need to
be confirmed by a double-blinded placebo controlled study.

Twenty-ninechildrenwithmildto severeVL Sinduced by open
heart surgery wereal so treated with C1-Inh (starting dose of 300 U/kg,
followed by two doses of 150 U/kg, three doses of 100 U/kg, and
finally three of 50 U/kg, each dose given at 8- h intervals). In most
children the effect of C1-Inh therapy was judged to be favorable in
that hemodynamic, respiratory, and laboratory parametersimproved.
However, in eleven patients arterial blood pressure did not respond,
in three leakage continued, and in six children diuresis did not
improve (85). Notably, in two patients possible adverse side effects
were recorded: superior vena cavathrombosisin one patient with a
transposition of thegreat vessel s, and extended renal veinthrombosis
in a neonate.

Together these studies indicate that C1 inhibitor therapy is a
promising approach for the management of patients with VLS, but
double-blinded placebo-controlled studiesareneeded to confirmthis.

Acute Myocardial Infarction

Acutemyocardial infarction(AMI) isamajor causeof mortality
and morbidity intheWesternworld. Mortality isoftenduetoarrhyth-
mia, cardiac rupture, and acute heart failure, whereasmorbidity often
resultsfrom chronic heart failure. Thelatter ismainly determined by
theamount of necrotictissueinthejeopardized myocardium. Studies
inanimalsindicatethat irreversiblemyocardial cell injury startsabout
30 min after occlusion of coronary vessels and proceeds for hours.
Thelater phase of myocardial cell injury likely resultsfrom an acute
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inflammatory reaction ensuing in the ischemic myocardium, asit can
be effectively reduced by antiinflammatory agents. For example, cor-
ticosteroidsgiven aslateas6 h after coronary occlusion reduceinfarc-
tion size by about 35% as compared to untreated control animals(97).
Thelocal inflammatory responseensuingintheinfarcted myocardium
is characterized by the local production of chemotactic factors and
cytokines; theinfiltration and activation of neutrophils; theexpression
of adhesion molecules, which enhance adherence of neutrophils to
cardiac myocytes; andlocal activation of thecomplement system (98).

Hill and Ward were the first to show that complement is acti-
vated by ischemic myocardium. They demonstrated that comple-
ment activation productsgeneratedintheinfarcted myocardiumwere
responsible for the infiltration of neutrophils (99). Later studiesin
animalsaswell asin patients showed that several complement com-
ponents become localized in the infarcted myocardium, either
reperfused or not, whereas membrane-bound complement inhibitors
decrease (22,100-108). Furthermore, plasma levels of activated
complement components are increased in patients with AMI and
correlatewithmyocardial damage (109,110). Although somestudies
claim that the activation of complement in ischemic myocardium
occursviathealternativepathway (111), theinvolvement of C1qand
C4, and hence the classical pathway, has been repeatedly demon-
strated (22,102—-104,107). Themol ecul ar mechanism of theobserved
activation of complement during AMI is not clear, although mito-
chondrial constituentsin particular have been implied as activators
(13,14,112,113). Our own studies in humans suggest a contribution
of the acute phase protein CRP (see below).

Complement activation products such as the anaphylatoxins
and the terminal complement complexes have del eterious effects on
the myocardium via mechanisms dependent and independent of
neutrophils, which result in vasoconstriction, impaired microcircu-
lation, anincreasein coronary perfusion pressure, ischemia, contrac-
tile failure of the myocardium, tachycardia, and impairment of
atrioventricular conduction (98,114-116). These del eterious effects
of complement on the myocardium presumably explain the observa-
tionsthat in animal models complement depletion by administration
of cobravenom factor prior to or shortly after permanent occlusion
of acoronary vessel significantly reduces the amount of myocardial
necrosis (101,107,117).
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Early reperfusion of ischemic myocardium is a main goal in
treatment of AMI. However, reperfusion of ischemic myocardium
itself may induce an inflammatory reaction, which among others
involves activation of complement (98,103,118). This ischemia/
reperfusion injury may damage the cardiac tissue and limit the ben-
eficial effects of a restored circulation. Inhibition of complement
activation induced by reperfusion of ischemic myocardium or inhi-
bition of C5a activity reduces the extent of myocardial infarction
considerably in animals (111,119). Taken together these studies
provide convincing evidence that ischemic myocardium induces
activation of complement and that inhibition of this activation may
reduce the inflammatory damage to ischemic myocardium, either
reperfused or not.

C1-Inh administration has been shown to reduce the extent of
infarctioninischemia/reperfusionmodelsof AMI inanimals. Inacat
model (90 min of ischemia, 270 min of reperfusion) C1-1nh admin-
istered intravenously shortly before reperfusion at a dose of 15 mg
per kg of body weight (about 60—100 U/kQ), reduced infarction size
by 65% as compared to cats receiving vehicle (120). Part of this
cardioprotective effect of C1-1nh occurred viaadiminished infiltra-
tion of neutrophils. A similar doseof C1-Inhwasshowntoreducethe
extent of infarction in a rat model (20 min of ischemia, 24 h of
reperfusion) by 60—70%, and to prevent the influx of neutrophilsin
the ischemic myocardium (121). The effect of C1-Inh was slightly
better than that of soluble complement receptor-1 (SCR-1) given at
adoseof 15 mg/kg of body weight. Intracoronary application of C1-Inh
at amuch lower dose (20 U/kg of body weight) reduced infarction
size by about 33% in a pig model (60 min of ischemia, 120 min of
reperfusion) (122). Increasesof circulating C3a, andto alesser extent
Cb5a, were attenuated by C1-Inh treatment (122). In cooperation
withDr.A.Kleineand Dr. W. Th. Hermens, Cardiovascul ar Research
I nsitute M aastricht, the Netherlands) we eval uated the effect of C1-Inh
in adog model of AMI induced by permanent occlusion of amain
coronary vessel. Theintravenousadministration of human C1-Inh at
adose of 500-1000 U per dog (weighing approx 25 kg) at 2 hand 8
hafter permanent coronary artery occlusionsignificantly (upto 50%)
reduces infarct size as assessed at 48 h after the occlusion. These
studies thus show an important cardioprotective effect of C1-Inhin
various experimental models of AMI. Whether asimilar effect may
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occur inhumanswith AMI iscurrently under study. Finally, although
thereis no doubt that complement is activated by ischemic myocar-
dium, it remainsto be established that inhibition of thisactivationis
at the basis of the beneficial effects of C1-Inh.

Other Diseases

C1-Inh has been explored as a therapy in anima models of
various other diseases as well. Four studies have evaluated the
efficacy of C1-Inh in pancretitis. In a short-term pig model (6-h
observation period) pancreatitiswasinduced by retrogradeinjection
of sodium taurocholate in the pancreatic duct. C1-Inh reduced
mortality and improved hemodynamic performance in this model,
presumably because of improved inhibition of kallikrein and trypsin
(123). In another model using rats C1-1nh decreased mortality and
reduced massive necrosis (124). A mild beneficial effect of C1-Inh
(250 U/kg) was aso shown in rats with hemorrhagic pancreatitis
(125). Combined treatment with antithrombin 111 (also 250 U/kg)
further improved survival inthismodel of severe acute experimental
pancreatitis (125). Beneficial effects were, however, not found in
three other models, two in mice and one in rats, although relatively
high doses of C1-Inh were administered (about 400 U/kg of body
weight) at varioustimeintervals (124). Thus, the efficacy of C1-Inh
inexperimental pancreatitisisinconsistent, and it isthereforedifficult
tojudge whether therapy with thisinhibitor may be of clinical benefit.

C1-Inhadministrationto the donors (500 U/20-32-kg dog) 30 min
before cardiac inflow in the lungs was arrested, as well as to the
recipients (500 U per animal) 30 minutes beforereperfusion, largely
prevented adeterioration of respiratory and hemodymic parameters
in dogs after orthotopic allogenic lung transplantation. In addition,
C1-Inh prevented a fall in circulating contact and complement
parameters(126). Hence, it wasconcluded that by inhibiting comple-
ment and contact system activation, C1-Inh prevented early, ischemia
reperfus on-induced dysfunctionof transplantedlungs. Notably, C1-1nh
may al so beauseful drugfor themanagement of xenotransplantation,
asinaninvitromodel relevant to hyperacute xenograft rejection,
C1-Inh is capable of protecting endothelial cells against comple-
ment-mediated destruction (127,128).

In aporcine model of thermal injury C1-Inh (given at adose of
100 U/kginitially, followed by threelower dosesgiven at 12-hinter-



C1 Activation and Inhibition in Disease 47

vals) reduced organ alterations, improved microcirculation, and
largely prevented bacterial translocation in the gastrointestinal tract
(129,130). Favorable effects of C1-Inh administration to patients
with burns have been reported in a preliminary communication
(A. Jansen et al., presented at the second Workshop on C1-esterase
inhibitor, 24-26 April 1997, Dusseldorf, Germany).

Finally, one study reported on the effect of C1-Inhinamurine
model of traumatic shock (131). Treatment with 15 mg/kg intrave-
nously 10 min posttraumareduced mortality from 83%to 33%. This
was accompanied by reduced activation of neutrophils.

Summary

The classical pathway of complement is activated in various
(patho)physiological conditions. A maininhibitor of thispathway is
theserpin C1-Inh, whichregulatesclassical pathway activation at the
level of C1. C1-Inh also inhibits the mannan binding lectin associ-
ated serine proteases 1 and 2. C1-Inh purified from plasma has been
used for 25 yr as areplacement therapy for patients with hereditary
angioedema caused by aheterozygousdeficiency of C1-Inh. Animal
studiesand preliminary clinical studiessuggest that C1-Inhmay also
be used for the treatment of various other diseases, such as sepsis,
cytokine-induced vascular leak syndrome, or acute myocardial infarc-
tion, aswell. In thischapter wewill discussthe activation process of
C1, the nature of possible activators in vivo, the biochemistry and
biology of C1-Inh, and experimental and clinical studiesevauating the
therapeutic efficacy of C1-Inh therapy in disease have been discussed.

Conclusions

C1-Inh therapy is well tolerated and may be beneficial in a
number of clinical disease states. We suggest that CRP-mediated
activation of complement is abasic pathogenic mechanism in these
diseases, and constitutes a major target for C1-Inh therapy. Future
studies should definitely show the clinical benefit of thisnovel anti-
inflammatory therapy.
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