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Complement 

Pfeiffer and Issaeff observed in 1894 that 
cholera vibrios disintegrated when injected 

into the peritoneal cavities of previously im
munized guinea pigs. Bordet demonstrated 
that the microorganisms also were lysed 
within minutes when placed in vitro in the 
presence of serum obtained from immunized 
animals; however, if the serum was heated to 
56°C for 30 min, or simply allowed to age 
for a few days, it lost its lytic activity even 
though the antibodies were preserved. The 
addition of fresh serum obtained from 
non immune animals restored the lytic activ
ity of serum. This experiment demonstrated 
that the bacteriolytic action of serum of im
munized animals depended upon two 
factors, one (the antibody) specific and ther
mostabile, and another that was thermola
bile and nonspecific, existing in immune 
serum as well as in normal serum. The latter, 
initially termed alexin, is now called comple
ment (C). Any immunologic reaction, as in 
the example cited above (Pfeiffer'S phenom
enon), is initiated by a specific combination 
of antigens and antibodies. From this point, 
a series of reactions is unleashed, humoral or 
cellular in nature, whose final expression is 
the production of tissue injury. 
The union of the antigen and antibody in it
self is an innocuous event, and antigen-anti
body complexes resulting from this union 
are capable of producing cellular lesions on
ly in collaboration with accessory systems. 
Complement is the effector system in 
reactions between antigens and humoral an
tibodies. This system may be defined as a 
group of factors (primarily enzymes) present 
in normal serum that do not increase with 
the immunization process and that are ca
pable of interacting with different antigen
antibody complexes. If the antigens make up 
part of the structure of the cellular mem-
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brane, the participation of complement in 
the antigen-antibody reaction that occurs 
there causes an irreversible cellular lesion, 
terminating in lysis of that particular cell. As 
a result of the cytotoxic effects produced by 
complement during its activation, various 
orders of consequences can occur: lysis of 
bacteria (bacteriolysis); phagocytosis of cer
tain particulate antigens that have been 
coated by antibodies (opsonization); alter
ations in the cellular membrane that lead to 
the lysis of erythrocytes (immune hemolysis) 
or of nucleated cells (cytolysis); production 
of substances capable of liberating hista
mine from mast cells or from smooth muscle 
cells (anaphylatoxins); formation of sub
stances that attract leukocytes (chemotactic 
factors), etc. Finally, by the activation of the 
complement system, factors are formed that 
are necessary for the initiation of the inflam
matory reaction that occurs in certain forms 
of immunologic tissue injury. Of the models 
of direct tissue injury mediated by comple
ment, immune hemolysis has been investi
gated most thoroughly. The advantage of 
this model, which employs sheep erythro
cytes sensitized with rabbit antibodies, and 
fresh guinea pig or human serum as a source 
of complement, lies in the precision of the in
formation obtained. 

Total Titration of Hemolytic Complement 

Immune hemolysis was described by Bordet 
in 1909, but adequate methods for the rigor
ous quantitative determination of the hemo
lytic titer of complement in the serum have 
only been available since 1945, when advan
tage was taken of the role of the divalent 
cations Ca2+ and Mg2+ in the unleashing of 
the reaction. Much appreciation is owed to 
Manfred Mayer for the clarification of 
many aspects of the kinetics of immune he
molysis. Its general reaction can be repre
sented as follows: 

E + A ..... EA; EA + C ---> Stroma + Hemoglobin 

where E represents sheep erythrocytes, A, 
antisheep erythrocyte antibodies produced 
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in rabbits, EA, sensitized erythrocytes; and 
C, complement. 
For the titration of C, a standardized quan
tity ofEA (5 x 108 ) is incubated with varying 
quantities of C, in a constant volume 
(usually 7.5 ml), with the pH of the medium 
maintained at 7.4-7.5 by an adequate 
isotonic buffer (saline veronal or 
triethanolamine buffer) containing Ca2+ 
(1.5 x 10-4 M). Incubation is performed for 
90 min at 37°C when guinea pig serum is 
used, or at 32 °C in the case of human 
serum. The degree of hemolysis is deter
mined by measuring the quantity of he
moglobin liberated in each mixture. The 
mixtures are centrifuged, and the super
natants are examined spectrophotometri
cally at 540 nm. When the percentage of he
molyzed red cells is plotted against the quan
tity of C added, a sigmoidal dose-response 
curve is obtained (Fig. 5.1). 
The graph shown in Fig. 5.1 verifies that the 
curve becomes asymptotic at the point 
where the hemolysis value approaches 
100%. For this reason, it is best to titrate the 
complement at the linear part of the curve, 
with the unit of complement (CHso) defined 
as the quantity that produces 50% hemoly
sis under the standardized conditions de
scribed previously. The relation between the 
percentage of hemolysis, y, and the quantity 
of complement, x, is given by the equation: 

from which is derived the van Krogh 
equation: 

x=K (I~Y) lin, 

in which x is the quantity of complement; y, 
the percentage of hemolysis; n, a constant 
whose reciprocal defines the inclination of 
the curve; and K, a constant expressing the 
50% unit of complement. When there is 
50% hemolysis, Y/(l-y-= I and x be
comes equal to K (CHso dose). 
The curve described by van Krogh's equa
tion is sigmoidal when 1 In > 1 and, under 
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normal conditions, the value of l in should 
vary around 0.2 (± 10%). 
When a determination is made of the CH 50 
units in a serum, it is convenient to prepare 
a graph (Fig. 5.2) plotting logx along the or
dinate against log [y/ l-y)] along the abscis
sa. With this formula, a straight line is ob
tained whose equation is 

log x= log K +~ log (1 ~y). 
The intersection of this line with the ordi
nate axis (log x = 0) gives a quantity of 
serum that corresponds to one CH50 unit, 
for log (y/l-y)=O, y=0.5. Guinea pig 
serum contains 200-300 CH50/ml and hu
man serum, 40-60 CH50/ml. 
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Fig.S.l. Dose-response curve in the assay of com
plement (arithmetic scale) 

Fig. 5.2. Dose-response curve in 
determining the concentration of 
complement: log x versus log (y/ 
l-y) 

Complement as a Multifactorial System 

The liberation of hemoglobin in immune he
molysis, or the liberation of other cellular 
constituents in other forms of cellular injury 
mediated by complement, represents the fi
nal event in a sequential reaction. The multi
plicity of components taking part in this 
reaction was verified in 1912, when Ferrata 
demonstrated that the serum fractions cor
responding to the euglobulins and to the 
pseudoglobulins, obtained by dialysis of· 
fresh guinea pig serum against water, were 
hemolytically inactive by themselves, but re
gained their original hemolytic activity upon 
reassociation. Experiments in which first 
one fraction was added to the erythrocytes 
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and then, after washing the cells, the other 
was added, revealed that the euglobulin 
fraction was fixed first, followed by the 
pseudoglobulin fraction. The former was 
thus termed the midpiece, or C 1, and the 
second was called the end piece, or C 2. Lat
er, two other components were recognized
both thermostable - through the treatment 
of human serum with cobra venom or zy
mosan (C 3) and with ammonia or hydrazine 
(C4). 
The designations R 1, R 2, R 3, and R 4 are 
given to selectively deficient serums (called 
R-reactives), which serve, respectively, for 
the demonstration of C 1, C2, C3, and C4 
(Table 5.1). 
The availability of the R-reactives also per
mits the titration of each of the components. 
F or example, the titer of a serum in C 1 is in-

Table 5.1. Separation of the classic components of 
complement 

Treatment of the serum R-Reactive Components 

Dialysis against 
pH 5.5 buffer, 1l=0.02 
Supernatant Rl 
Precipitate R2 

Zymosan (2-3 mg/ml), R3 
1 h at 37 DC 

Hydrazine 0.02-0.03 M 
1 hat 37°C R4 
30 min at 56°C Inactivated 

serum 

Present 

C2, C3, C4 
Cl, C3, C4 
Cl, C2, C4 

Cl, C2, C4 
C3, C4 
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dicated by the greatest dilution that produc
es 50% hemolysis of EA in the presence of 
a standardized concentration of R 1. 
Until 1958 only four complement com
ponents were known. The component that 
formerly was termed C 3 ("classic" C 3) is to
day recognized as a mixture of distinct pro
teins, with individual structures and func
tions, now called C 3, C 5, C 6, C 7, C 8, and 
C9. Moreover, C 1 can be divided into three 
subcomponents designated C 1 q, C 1 r, and 
CIs. These 11 proteins react sequentially in 
the fashion of a cascade. Some important 
properties of the components of comple
ment are reproduced in Table 5.2. 

Nomenclature 
In accord with the nomenclature recom
mended by a group of experts convened by 
the W orId Health Organization, comple
ment is designated by the symbol C, and the 
components are expressed by that symbol 
followed by a corresponding number (C 1, 
C4, etc.). 
The activated components are designated by 
a horizontal bar over the numeral of the re
spective symbol, e.g., C I = activated C 1. 
The small letter "i" at the end of the symbol 
indicates a component that has lost its activ
ity, e.g., C4i = inactivated C4. The products 
resulting from the cleavage of peptide link
ages are represented by the general formulas 
Cna and Cnb, e.g., C3a and C3b or C5a 
and C5b. 

Table 5.2. Properties of the components of human complement 

Components Clq Clr Cis C4 C2 C3 C5 C6 C7 C8 C9 C4bp CIR 

Synonyms Cl- PIE PIC PIF 
esterase 

Approx.mol. 388 168 79 206 117 185 185 125 120 150 79 590 205 
wt. (x 103) 

Sedimentation liS 7S 4S lOS 6S 9.5S 8.7S 6S 7S 8S 4S 7S 
constant 

Electro- Y2 P !X2 PI P2 PI PI P2 P2 YI !XI P 
phoretic 
mobility 

Concentration 100-200 - 20 430 30 ~1200 75 60 60 20 2-10 -

serum 
(Ilg/ml) 

Congenital Guinea Man Guinea Mouse Rabbit 
deficiency pig pig 

Thermolability + ++ + + + + + + 
at 56°C, 30 min 
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Sequential Reaction of Components 
in Immune Hemolysis 

Figure 5.3 shows the reaction sequence of 
the complement components as established 
for immune hemolysis. This sequence is also 
valid for the lysis of other animal cells and 
for bacteria, and it is the same in cell-free 
systems with soluble preformed antigen
antibody complexes. The hemolysis of sheep 
erythrocytes (E) produced by rabbit anti
sheep red cell antibodies (A) and human or 
guinea pig complement, proceeds in eight 
steps: 

(1) E+A---.EA 

(2) EA+Cl ~EACI 
(3) EACI +C4 ---. EAC[4b 

(4) EAC1,4b, +C2 MgH , EACI , 4b, 2a 
,...,..,.,...,,.---:;;-

(5) EAC~, +C3 ---. EACl, 4b, 2a, 3b 

(6) EACI , 4b, 2a, 3b, +C5+C6+C7---. 

EACI , 4b, 2a, 3b, 5b, 6, 7 

(7) EAC :-1,"""4b"","""2:-a,""""3'-;-b-', 5"'b-, 6',"'7 + C8 + C9 ---. E* 

(8) E* , Stroma + Hemoglobin 

0'" Aqueous phase co, __ 0 

'm '''w ~ct, / 

c:J 8 V 
\00 
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First Step 

E+A-+EA. 

In the first step, there is a specific union be
tween antibodies (A) and antigens (E) local
ized on the surfaces of erythrocytes. There is 
indirect evidence that a single molecule of 
IgM or two molecules of IgG localized near 
one another on the cell surface are sufficient 
to sensitize it, making it capable of initiating 
the activation of complement. This idea 
agrees with the finding that, if an excess 
quantity of cells is mixed with a given quan
tity ofIgM, the number of sensitized cells re
mains constant, whereas the same would not 
occur if IgG were used in place of IgM. 
Thus, antibodies of the IgM class tend to be 
much more efficient than those of the IgG 
class. 
The necessity of having a pairing of the IgG 
molecules is implied in the fact that the cor
responding groups with which they combine 
must be extremely close on the surface of the 
erythrocyte. Because the antigens of the Rh 

Fig.5.3. Cascade reaction of the complement components in specific cytolysis 
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system, and some other isoantigens, are 
widely dispersed over the erythrocyte mem
brane, the foregoing considerations explain 
the inefficiency of antibodies to such anti
gens in sensitizing erythrocytes for immune 
hemolysis. 
The antigenic determinants involved in im
mune hemolysis do not necessarily need to 
be natural constituents of the cellular mem
brane. Antigenic groups can be artificially 
linked to the membrane, and one can 
achieve hemolysis by the binding of antibod
ies specific for this group and the addition of 
complement. Immune complexes prepared 
in the zone of equivalence, or in slight anti
gen excess, activate complement more effi
ciently than do those found in regions with 
extreme antigen excess, where lattice-type 
structures do not form. Moreover, hybrid 
antibodies artificially prepared (antibodies 
synthesized from two half-molecules - one 
heavy and one light chain - from two anti
bodies with different specificities), having 
only one combining site, do not form lat
tices, nor do they activate complement. 
The initial activation appears to depend at 
least upon a pair of heavy chains properly 
arranged and spaced with respect to one an
other for exposure of the Fc fragment sites 
responsible for aggregation with C 1 q. 
F(ab')2 fragments, obtained by the cleavage 
of IgG with pepsin, form complexes with 
corresponding antigens that do not acti
vate C. This last appears decisive for the lo
calization of C 1 q combining sites in the 
parts of the heavy chains that form the 
Fc fragment. 
Not all antibodies that form complexes are 
capable of fixing guinea pig complement, 
which is usually used in routine tests. For ex
ample, the antibodies of birds do not acti
vate mammalian complement. Moreover, in 
species whose antibodies are capable of fix
ing complement, only antibodies belonging 
to specific classes of immunoglobulins are 
really efficient. Thus, IgM and some sub
types of human IgG can fix complement, 
whereas IgA and IgE cannot. 
Nonspecific aggregates of IgG, formed by 
warming at 63°C for 10 min or by chemical 
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aggregation with BDB (bis-diazobenzidine) 
also activate complement efficiently. 

Second Step 

EA+Cl~EACT. 

The reaction between complement and red 
blood cells requires Ca2+ and Mg2+ ions, 
and the velocity of the reaction is greater at 
37°C than at 0 °C. These observations sug
gest that at least some of the complement 
components are enzymes that under normal 
conditions are encountered in serum in the 
form of proenzymes. 
C I forms a macromolecular complex com
posed of three subunits, designated C I q, 
C I r, and Cis, joined together by Ca2+ 
ions. Breaking this down with chelating 
agents such as EDTA (ethylenediaminete
traacetic acid), the complex dissociates into 
its subunits, which themselves can be sepa
rated by DEAE-cellulose (diethylamino
ethyl-cellulose) column chromatography. In 
its macromolecular form, C 1 combines, 
through domaines localized in C 1 q, with 
special sites positioned on the Fc portion of 
the antibody molecule, which become ac
cessible when the antibody molecules com
bine with the antigen C I q is a macromole
cule consisting of six triple-stranded sub
units each composed of one A, one Band 
one C chain linked by S-S bond. For 78 res
idues near the N-amino acid the chains 
have a collagen-like sequence with a disac
charide gal-glu attached to many hydroxyl
lysine residues. Ultrastructural analysis in
dicates that each of six subunits has a 
globular domain at the end of its collagen
like strand. C I q has stable combining sites 
and therefore requires no activation. On 
binding to immunoglobulin C 1 q under
goes conformational changes that activate 
C 1 rand CIs. Because C 1 q possesses five 
or six valences per antibody molecule, each 
valence therefore could localize in the pe
ripheral subunits. C 1 q also is capable of in
teracting with IgG molecules and of pre
cipitating preformed antigen-antibody 
complexes. Analysis through ultracentrifu
gation of the complexes formed by IgG and 



Complement 

! 

0-~) 
AAME 

C I q molecules indicates that they have a 
15 S sedimentation coefficient; apparently 
they are composed of six IgG molecules per 
single C I q molecule. Complexes of IgM 
and C I q are formed in an analogous man
ner. 
Study of this stage of immune hemolysis has 
revealed that (I) after attachment to the 
EA membrane, C I takes on the activated 
C T form, capable of hydrolyzing certain 
synthetic amino acid esters such as A TEE 
(N-acetyl-L-tyrosine-ethyl ester); and (2) the 
hemolytic activity as well as the esterolytic 
activity ofC I is blocked by DFP (diisopro
pyl fluorophosphate) and other inhibitors of 
esterase activity. 
IfEA or an adequate antigen-antibody com
plex interacts with C I, two esterase ac
tivities, distinct in terms of specificity, 
(Fig. 5.4) occur. The first, associated with 
C I r, hydrolyzes AAME (N-acetyl-arginine
methyl ester), whereas the other, associated 
with Cis, hydrolyzes A TEE (N -acetyl-L
tyrosine-ethyl ester) or TAME (N-p
toluene sulfonyl-methyl ester). The latter is 
commonly called C I-esterase and represents 
the hemolytically active form of C I . The 
component C I treated with EDT A loses its 
macromolecular form by virtue of the re
moval of the Ca2 + ions. DEAE-cellulose 
column chromatography of C I thus treated 
permits its resolution into three subcom
ponents C I q, C I r, and Cis (Fig. 5.5). Ac
tivation of Cis only occurs, however, when 
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Fig. 5.4. Esterolytic activities of 
activated C I 

Fraction no. 

Fig.5.5. Chromatographic resolution of C 1 treated 
with EDTA. [Lepow IH, et ai., (1962) J Exp Med 
117 :983] 

the three subcomponents reassociate follow
ing the addition of Ca2 + ions. In these, the 
Ca2 + ions would be integrally part of the 
macromolecular C I complex. 
The normal serum of diverse species, includ
ing human and guinea pig, contains an in
hibitor of C I-esterase (C I-E). The inhibi
tor is an acid-labile il2 globulin with a 3 S 
sedimentation constant and a molecular 
weight of 90,000. It is destroyed by heating 
to 63 °C and by treatment with ether. 
Highly purified preparations of this inhibi
tor impede the activity of C I-esterase in the 
proportion of one unit of inhibitor for ten 
units of enzyme. Deficiency of C J inhibitor 
see Table 12.7 (p. 380). 
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Third Step 

EACI + C4 --+ EACI , 4b. 

After the formation of EACT, the ensuing 
stage of immune hemolysis involves reaction 
with C 4 to form the intermediate complex 
EAC 1,4 (see Fig. 5.3). The formation of this 
complex occurs efficiently only when C I is 
present in its enzymatically active form on 
the surface of the sensitized erythrocyte. The 
inhibitionofC I with DFP, with anti-C I-es
terase antibodies, or with purified prepara
tions of C I-esterase inhibitor impedes the 
formation of the EAC 1,4 complex. Once 
this complex is formed, C I can be inacti
vated by EDT A without affecting the activ
ity of C 4. Is not C 44 itselflinked to C I , but 
rather to binding sites located on the mem
brane of the red blood cell or on the anti
body molecule. 
Human C4 has been obtained in a highly 
purified form . It is composed of three dis
sulfide-linked polypeptide chains of 93,000 
(a), 75,000 ({3), and 32,000 (b) mo1.wt. The 
a-chain contains an internal thiolester link
age which upon activation provides a site 

a 

Control : P, E 

/3,E+Cl-esterase 
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for attachment to the surface of the target 
cell through covalent attachment and by 
hydrophobic forces. 
The treatment of a purified preparation of 
C 4 with C I-esterase results in modifications 
of its electrophoretic mobility and in a small 
but detectable reduction in its sedimentation 
constant to 9.5 S (Fig. 5.6). These modifi
cations result from the cleavage of the C 4 
molecule into a small fragment (C4a) with 
a molecular weight of approximately 15,000, 
and into a larger fragment that combines 
with the membranes of red blood cells 
(C4b), C4b activity is controlled by the 
plasma proteins C 4 bp and C 3 b/C 4 b inac
tivator (I). Cleavage of fluid-phase C 4 b by 
I requires the presence of C 4 bp. Surface
bound C4 b is, however, split by I in the ab
sence of C 4 bp, although the presence of 
this cofactor greatly accelerates the reac
tion. This larger fragment also contains the 
acceptor sites for C 2 molecules. The avail
ability of purified preparations of C 4 has 
permitted a series of studies regarding the 
biochemistry of this stage of immune hemo
lysis. It has been ascertained, for example, 
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Fig. 5.6. The-effect of purified C I-esterase on purified C 4, demonstrable by a immunoelectrophoresis, b electro
phoresis, and c through ultracentrifugation. [MUller-Eberhard JM, Lepow IH (1965) J Exp Med 121 :819] 
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that C I-esterase probably acts upon the c4 
molecules in two ways: first, in creating the 
conditions necessary for the linking of C 4 
molecules to the cellular membrane or to 
antigen-antibody complexes; later, in pre
paring them for combination with the C 2 
molecules (see Fig. 5.3). The sites of the C 4 
molecule responsible for its combination 
with C 2 molecules are different from the 
sites responsible for its fixation to the cellu
lar membrane. These last sites are unstable, 
and easily inactivated if the C 4 b molecules 
do not encounter their receptors on the cel
lular membrane. However, the sites for the 
fixation of C 2 molecules are more stable, 
remaining active long after activation by 
C I-esterase. 

Fourth Step 

EAC1,4b+C2~EAC1,4b,2a 

C2 is a P2-globulin with a molecular weight 
of approximately 117,000 daltons. Treat
ment of C 2 with iodoacetic acid or with p
chloromercuribenzoate destroys its hemo
lytic activity, whereas treatment with iodine 
increases this activity. This suggests that C 2 
molecules possess sulfhydryl groups essen
tial for their activity. The reaction proceeds 
in two stages. In the first, in a reaction that 
requires Mg2+ ions, C2 molecules are link
ed, reversibly, to the EA C m complex; in 
the second stage, depending upon tempera
ture, C 1 cleaves the C 2 molecules that have 
just joined, producing two fragments: one 
active (C2a) that binds firmly, but not irre
versibly to C4, the other inactive (C2b -
mol. wt. 34,000 daltons), which dissociates 
in the liquid phase (see Fig. 5.3). The C2a 
fragment has a molecular weight of 
83,000 daltons and contains the active sites 
for the C 4 b-C 2a complex, an enzyme pro
visionally termed C 3-convertase because of 
its action in "converting" C 3, in terms of 
electrophoretic mobility, from a protein that 
migrates to the P region into one that mi
grates to the IX-protein region. 
The complex EAC 1,4 b, 2 a is unstable, with 
a half-life of approximately 12 min at 32°C. 
If C2 loses its activity, it is liberated in the 
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aqueous phase, the complex thus reverting 
to the EAC 1,4 b stage. This last phenome
non is usually referred to as "decay". 
The C4b--C2a (C3-convertase) complex 
has a molecular weight of 305,000 daltons, 
which corresponds approximately to the 
sum of the values for C4b and C2a. Its for
mation thus involves four distinct steps: 
(l) reversible interaction between the C 4 
and C 1 molecules; (2) cleavage of C4 by 
C I-esterase into C 4a and C 4 b, whereby 
the latter carries acceptor sites for activated 
C 2; (3) by action of C I-esterase, C 2 is split 
into C2a and C2b; (4) finally C2a binds 
tightly to C41i. Although Mg2+ is necessary 
for this reaction, EDT A causes neither dis
sociation nor inhibition of activity once the 
complex is formed. C 3-convertase, formed 
from C2 oxidized with iodine (C2oxi), is a 
considerably more active and more stable 
enzyme than that formed with native C 2. 
This finding suggests that the transforma
tion of S-H groups in S-S bridges is impor
tant for the enzymatic activity as well as for 
the stability of the bimolecular complex. It 
can also be assumed that the S-S bridges on 
the C 2 molecule are close neighbors of the 
C 4 b combining region. 

Fifth Step 

EAC1,4b,2a + C3 -+ EAC1,4b,2a,3b. 

C 3 is a fJ-protein with a 9.5 S sedimentation 
constant and a molecular weight of approx
imately 185,000 daltons. It consists of two 
polypeptide chains (IX and p) with molecular 
weights of 110,000 and 80,000 daltons, re
spectively, linked by disulfide bridges. The 
IX-chain contains an intramolecular thio
lester bond which becomes the reactive 
group of the metastable binding site of pro
teolytically produced C3b (Fig.5.9, top). 
This internal thiolester linkage provides the 
covalent binding site of the C 3 b molecules 
for the surface of target cells. cDNA probes 
for mouse and human C 3 have been made 
and were sequenced; the majority of the 
genomic DNA coding for C 3 has now been 
identified. With the help of these clones 
(and by other means) it has been possible to 
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show that the C 3 gene in man is found on 
the 19th chromosome. Upon activation, the 
C 3 molecules are split, giving rise to a large 
fragment, C 3 b, which is responsible for the 
hemolytic activity of C 3, and a small frag
ment, C 3 a, with an approximate molecular 
weight of 9,000 daltons, which is liberated 
in the liquid phase and possesses pharmaco
logically important properties (see Fig. 5.3). 
This fragment (C 3 a) can be liberated by 
treatment of highly purified preparations of 
C 3 with the C 4 b, 2 a (C 3-convertase) com
plex, as well as by the action of trypsin or 
corbra venom derived enzymes. During ac
tivation, C 3 a is separated from the N-ter
minal end of the C 3 0( chain. The remaining 
part of the C3 molecule (C3b) is immedi
ately bound to the membrane and forms an 
intermediate complex EAC 1, 4 b, 2 a, 3 b 
(C 5-convertase). C 1 does not take part in 
this reaction, because the reaction also oc
curs when C i-free EAC 4 b, 2 a complex is 
used. If the C 3 b molecule does not attach 
quickly enough to the cell membrane, it 
loses its activity and is converted into the 
hemolytically inactive form, C 3 bi. 
The influence of the C 3 b inactivator (con
glutinin activating factor) together with the 
regulatory protein H on the bound C 3 b 
causes its decay into a fragment, C 3 d 
(mol.wt. ca. 25,000), which remains in the 
membrane, a small piece that represents the 
C 3 0( chain, and the remaining part of the 0( 

chain with the entire 13 chain, which passes 
into the liquid phase. The binding of C 3 b 
apparently occurs via the C 3 d fragment. 
All available findings indicate that all 
physiologically active fragments of C 3 are 
derived from cleavage of the 0( chain: C 3 a, 
C3b, C3c, and C3d. 

Sixth Step 
EAC I, 4b, 2a, 3b + C5 + C6 + C7 -+ EACT, 
4b, 2a, 3b, 5b, 6, 7. 

Little is known about the mechanisms in
volved in the reaction of C 5, C 6, and C 7. 
Analysis of the interactions of C 6 and C 7 
with C 5 through ultracentrifugation indi
cates that each of these can interact indepen
dently of the other; however, it is not clear 
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whether the two components compete for 
the same site on the C 5 molecule. C 5 is 
composed of two disulfide-linked polypep
tide chains of 105,000 (0() and 75,000 (13) 
molecular weight and is apparently evolu
tionarily related to C 4 and C 3 compo
nents. It appears that the C 5 convertase, 
comprising of C 4 b, C 2 a, C 3 b, contains 
the enzymatically active site for proteolysis 
of C5 on the C4b, C2a complex, C3b 
serving to present the substrate C 5 in ap
propriated form to be cleaved. This was 
suggested by the observation that peptides 
containing residues of aromatic amino 
acids - e.g., glycyl-L-tyrosine - that are hy
drolyzed by the intermediate complex 
EAC i, 4 b, 2a, 3 b, inhibit the conversion 
of this complex to the succeeding stage 
EAC i, 4 b, 2a, 3 b, 5 b, 6, 7. The first phase 
of this reaction would therefore be the 
cleavage of the C5 molecule into C5a and 
C 5 b, followed by the aggregation of C 5 b 
with C 6 and C." to form the trimolecular 
complex C5b, C6, C7. It has been sug
gested that C 6 is a serine-esterase enzyme 
but the role of this enzymatic site on the 
later sequence reaction has not yet envi
sioned. This aggregate attaches immedi
ately to the cellular membrane, though 
there is some evidence that activated C" 
acts upon the membrane without linking to 
it permanently. Treatment of the 
EAC 1,4 b,2a,3 b,5b,6,7 complex with anti
C 5 antibodies inhibits the combination of 
C 8 with the cell membrane, suggesting that 
C 6 and C 7 are components responsible for 
the activation of C 8 (see Fig. 5.3). 

Seventh Step 
EACI, 4b, 2a, 3b, 5b, 6, 7 + C8 + C9 .... E* .... 
Hemolysis. 

Muller-Eberhard and co-workers suggested 
that the production of lesions by comple
ment on the cell membrane was provoked by 
a decamolecular complex involving com
ponents C5-C9. After the cleavage of C5 
into C5a and C5b by the C4b,2a,3b (C5-
convertase) enzyme, C 5 b, C 6, and C 7 
could link to the membrane in the form of a 
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complex. The geometric form of this sug
gested complex is triangular, each compo
nent contributing a molecule in order to 
form a triangle. Because the molecular 
weight of C5b is 165,000 daltons and the 
molecular weights of C 6 and C 7 are 
100,000 daltons each, the complex has a 
total weight of 365,000 daltons. The central 
region of the triangle accommodates a C 8 
molecule that is linked by simple adsorption 
to each of the components of the trimolecu
lar complex. The complex, now tetramole
cular, assumes the form of a tetrahedron. 
The connected C 8 molecule is also capable 
of fixing six or more C 9 molecules. Because 
the molecular weight of C 8 is 150,000 and 
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that of C 9 is 79,000, the decamolecular 
complex C5bl-C61-C71- C8 c C96 has a 
molecular weight of 995,000. 
This molecular arrangement of the six last 
components was proposed based upon the 
following information: (l) C 50, C 6, and 
C 7 are tied to the membrane of the target 
cell in intimate proximity with one another; 
(2) the C 5 b, C 6, C 7 complex consitutes the 
combining site for C 8; and (3) C 8 possesses 
many combining sites for C9. This model is 
in accord with the possible allosteric effector 
functions of C 9, suggested by earlier ob
servations, in which C 9 can be substituted 
by chelating compounds such as 1-10-
phenanthrolene and 2,2'-bipyridine. 

Fig. 5.7. Production of holes in the 
cell membrane (sheep and human 
erythrocytes) during cytolysis by 
complement 
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The mechanism by which this decamolecu
lar complex injures the cellular membrane is 
unclear. The initial suggestion as to the acti
vation of phospholipases was not confirmed 
in experiments using artificial membranes 
containing labeled phospholipids as sub
strates for the terminal components of com
plement. These experiments suggested that 
the lesion could occur by hydrophobic inter
actions between complement and the lipids 
of the cellular membrane. 
The morphologic characteristics of the 
lesions on the surface of the cellular mem
brane (Fig. 5.7) become apparent immedi
ately after fixation of C 8. The subsequent 
interaction of the C 5-C 8 complex with C 9 
results in "functional lesions." 
These "functional lesions" are in fact pro
tein chanels, internally hydrophilic and ex
ternally hydrophobic, inserted into the 
bilay~r cell membrane. The channels are 
lined by polymers of C 9 the size of which 
being estimated as high as dodecamers. 
Besides immune complexes two other kinds 
of molecular complexes may also activate 
the classical pathway. Cells infected with 
some virus (e.g. oncornaviruses, RNA tu
mor viruses) and expressing viral proteins 
on their surface or the viral particles by 
themself are able to interact with C 1 q, acti
vate Cis, form C 4 b, C 2 a, cleave C 3 and 
form C 5 b-C 9 complex which promotes 
their lysis. On the other hand, C-reactive 
protein, a nonimmunoglobulin protein 
which sharply increases in the plasma dur
ing the onset of acute infections has also the 
capacity to activate the classical pathway. 
Although this protein forms calcium-de
pendent precipitating complexes with so
matic C-polysaccharide of pneumococcus, 
and of several other bacteria and fungi, its 
mechanism of complement activation is 
poorly understood. 

Regulation of the Classical Pathway 

Mechanism of control of activation of this 
pathway have been localized in at least 
three points of the early sequence of the 
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reactions: a) control of the activation of 
Cis and of its activity by the inhibitor of 
C 1 esterase; b) self-control of the C4 b, 
C2a convertase by the intrinsic decay of its 
enzymatic activity (half-life of 12 min at 
32°C); c) C4b- or C3b-mediated reac
tions, i.e. capability to bind membranes or 
immuneaggregates to assemble active C 4 b, 
C2a (C3 convertase) and C4b, C2a, C3b 
(C 5 convertase) are controled by the serum 
proteins C4-binding protein (C4 bp) and 
C 3 b, C 4 b inactivator (1) and the protein 
H. Cleavage of fluid-phase C4 b by I re
quires the presence of C 4 bp whereas cell 
surface bond C 4 b is, although to a lesser 
extent split by I in absence ofC4 bp. In ad
dition, membrane-associated regulatory 
proteins seem to be of major imprtance 
under in vivo conditions. 

Quantitative Determination 
of Components 

A method for the quantitative determina
tion of the individual components of com
plement based upon hemolytic activity was 
introduced by Meyer in 1961, following the 
formulation of his "one-hit theory" for im
mune hemolysis. This theory takes the posi
tion that a single molecule of any of the com
ponents of complement, at some stage in the 
sequence of reactions, is sufficient to pro
duce a lesion on the surface of the erythro
cyte that in turn is sufficient for lysis. The 
number of hemolytically active sites of each 
component could then be represented by 
[Z = -In (1- y)], the negative naturalloga
rithm of the number of cells not lysed. For 
63 % hemolysis, Z = 1, which corresponds to 
one hemolytically active site per cell. Be
cause this method does not compute the un
successful reactions, the results represent the 
estimated minimum and thus are expressed 
in terms of "effective molecules." From an 
operational point of view, the method con
sists of making a graph in which the arith
metic values of Z are plotted against the 
dilutions of serum. To obtain the number of 
effective molecules of a specific complement 
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component, it suffices to multiply the 
graphically obtained value corresponding to 
Z = 1 by the reciprocal of the dilution and by 
the number of erythrocytes in the mixture, 
and then to convert for 1 ml of serum. 

Morphological Consequences 
of the Immunocytotoxic Reactions 

Lesions produced in the cellular membrane 
by the action of antibody and complement 
have been visualized with the electron 
microscope using negative staining tech
niques. The lesions produced in the mem
branes of erythrocytes and in bacterial mem
branes are exhibited as relatively circular 
holes 80 A-lOO A in diameter (Fig. 5.7). 
Studies of the effect of complement upon the 
lipopolysaccharide Veillonella alcalescens 
suggest that the lesions produced in the 
membrane are not actual orifices, but only 
the accumulation of micelles in the lipopro
tein layer of the erythrocyte surface. 
Nucleated cells, such as those of Kreb's 
ascites tumor, after interacting with anti
bodies reveal invaginations and interdigi
tations of the cellular membrane. The addi
tion of complement to these cells produces 
swelling of the mitochondria and of the 
membranes of the endoplasmic reticulum; 
larger perinuclear pores are also noted. Dis-
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turbances in control of cellular permeability 
are manifested initially by the loss of K + , 

amino acids, and ribonucleotides. The cell 
swells and, as a consequence of osmotic ly
sis, macromolecules such as proteins and 
nucleic acids are liberated. 

Immunobiologic Activities 
of Complement 

During the sequential reaction of the com
plement system, various biologic activities 
emerge, associated alternatively with acti
vated components or with products of cleav
age. Table 5.3 shows these different ac
tivities and the component or components 
that participate in their production. 

Hemolysis 

Immune hemolysis utilizes the 11 comple
ment components for its realization. Due to 
its great reproducibility and its considerable 
ease of execution, this reaction has been fre
quently used in studies of the biochemistry 
of the activation of complement. . 

Bacteriolysis 

Gram-negative bacteria are susceptible to 
the action of antibody and complement; all 

Table 5.3. Biologic activities associated with products resulting from the sequential reaction of complement 

Biologic activity Components involved in the process of production o rigina ting 
component (s) 

Cl C2 C4 C3 C5 C6 C7 C8 C9 

Hemolysis + + + + + + + + + C8, C9 
Bacteriolysis + + + + + + + + + C8, C9 
Anaphylatoxins + + + + + C4, C3 and C5 
Chemotaxis + + + + + + + C5 
Opsonization + + + + + C3 
Immunoadherence + + + + C3 
Conglutination + + + + C3 
Immunoconglu tina tion + + + + C3 
Activation of kinin + +? - C2 
Enzymes + + + + CI r, CI s, C4-C2, C3 
Liberation of histamine + + + + +? +? - C4, C3, C5 
Production of glomerulonephritis + + + + ? ? ? ? 
Production of pulmonary edema + + + + ? ? ? C3, C5 
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11 components, apparently, are also neces
sary. The final lesion involves the cell wall, 
leading to the formation of spheroplasts (cf. 
Chap. 7, p. 201). 

Anaphylatoxins 

The term "anaphylatoxin" was employed by 
Friedburger in 1910 to describe the property 
of inducing a syndrome similar to anaphy
lactic shock that some sera acquire when 
treated with preformed antigen-antibody 
aggregates. It was later verified that sera 
treated with polysaccharide complexes such 
as agar, zymosan, dextrans, etc, also acquire 
this property. Subsequent investigations 
demonstrated that the sera containing ana
phylatoxin exhibited the following pharma
cologic properties: (1) production of spas
modic contractions in smooth muscle 
(guinea pig ileum), followed by tachyphy
laxis after administration of another dose; 
(2) capacity to liberate histamines from 
mastocytes and to produce degranulation 
(in guinea pigs) or extrusion (in rats and 
mice) of the metachromatic granulations en
countered in the cytoplasm of these cells; 
(3) inability to contract the smooth muscu
lature of the uterus of the rat in estrus; and 
(4) capacity to produce an increase in vascu
lar permeability. 
Based on the fact that sera previously heated 
to 56 DC did not form anaphylatoxin, Fried
burger suggested in 1911 that complement 
could be involved in its formation. For near
ly 50 years, this hypothesis remained unex
plored, probably because of lack of greater 
knowledge of the biochemical events related 
to the activation of the complement system. 
This hypothesis was tested only after it be
came possible to obtain components of com
plement in a highly purified form. These in
vestigations demonstrated that during the 
sequential reaction of complement, three 
products of cleavage were formed, derived 
from C 4, C 3 and the other from C 5, repre
senting the anaphylatoxins. 

Anaphylatoxin Derived from C 3. The bio
logically active fragment C 3 a originates 
from the cleavage of C 3 by C 3-convertase, 
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according to the following reaction: 

C3 c4b=2ii , C3a + CTh 

The fragment C Ja represents approximate
ly 4 % of the original C 3 molecule, has a mo
lecular weight of around 9,000, and migrates 
during electrophoresis at pH 9 toward the 
cathode. The basic character of this frag
ment was confirmed by amino-acid analysis, 
which revealed a ratio of 1.65 between the 
basic and the acid residues. The C Ja frag
ment is composed of a small carbohydrate 
portion bound to the peptide portion, which 
contains four residues of cysteine, serine as 
the N-terminal residue, and leucine as the C
terminal residue. This residue of leucine 
links C Ja to the remaining portion of the 
original C 3 molecule. 
Aside from C 3-convertase, other enzymes 
such as trypsin, plasmin, thrombin, and the 
CVF~Bb complex resulting from the combi
nation between the 7 S factor present in co
bra venom (CVF) and the Bb fragment of 
factor B also break down C 3 molecules, 
forming the same fragments. 

Anaphylatoxin derived from C4, C4a, al
though less active, posses similar activities 
as C3a. 

Anaphylatoxin Derived from C 5. The bio
logically active fragment C sa originates 
from the cleavage of C 5 by the activating 
enzyme C 4 b, 2 a, 3 b according to the reac
tion: 

C5 C4~ ,csa+c~ 

This C 5 a fragment has a molecular weight 
of 10,000-15,000. It can also be formed by 
treating purified preparations of C 5 with 
trypsin. 
The two fragments C 3 a and C sa possess all 
the properties attributed to anaphylatoxin. 
Table 5.4 shows the similarities as well as the 
differences in the pharmacologic behavior of 
these two products. 
As Table 5.4 indicates, the anaphylatoxin 
derived from C 3 (C 3 a) degranulates and 
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Table 5.4. Biologic properties of the fragments C3a and csa obtained by cleavage of components C3 and C5, 
respectively 

Fragment 

C3a 
C3a 
C3a 
C3a 

C4a 
C5a 
C5a 

Enzymes 
responsible 
for 
cleavage 

C4b-2a 
Trypsin 
Plasmin 
CVF, Bb 
complex 
CIs 
C4b-2a-3b 
Trypsin 

Contraction 
of guinea 
pig ileum 

+ 
+ 
+ 
+ 

+ 
+ 
+ 

liberates histamine from mastocytes in rats 
and guinea pigs, whereas the anaphylatoxin 
derived from C 5 (C 3"3) is active only for 
guinea pig mastocytes. These differences in 
biologic specificity suggest that the two ana
phylatoxins act upon chemically distinct re
ceptors. In these terms, guinea pig mas to
cytes would have receptors for both anaphy
latoxins, whereas rat mastocytes would only 
have receptors for C Ja. It has been deter
mined that preparations of guinea pig ileum 
desensitized to one of the anaphylatoxins, 
for example, by successive additions of C Ja, 
respond fully to the addition of the same 
dose of C sa. These results also suggest that 
the two anaphylatoxins act upon different 
receptors. 
In normal human serum there is an anaphy
latoxin inhibitor. It is a P-globulin, ther
molabile at 56°C, which inactivates C 3a as 
well as C sa. It has a molecular weight of 
300,000 and the activity of carboxypepti
dase B, and probably is identical to carboxy
peptidase N. The presence of this inhibitor 
in the serum could explain the absence of 
anaphylatoxic activity in samples of human 
serum treated with antigen-antibody com
plexes, agar, C I-esterase, or anaphylatoxin
forming agents. 
C 3 a and C 5 a seem to be involved in the 
pathogenesis of the acute respiratory dis
tress syndrom (ARDS). This syndrom is ini
tiated by massive complement activation, 

Morphologic alterations Liberation of 
of mastocytes histamine by the 

tissues 

Rat Guinea Rat Guinea 
pig pig 

+ + + + 
+ + + + 
+ + + + 
+ + + + 

+ + 
+ + 

mainly through the alternative pathway, 
and thereby generation of C 3 a and C 5 a. 
Complement activation can be induced 
through a variety of activators: In sepsis pa
tients, gram-negative bacteria induce ac
tivation. Artificial membranes, tubings and 
other materials in machines used for hemo
dialysis or bypass-operations similarlyacti
vate complement. Proteolytic enzymes re
leased from the tissue in poly trauma pa
tients or in the course of pancreatitis di
rectly cleave C 3 and C 5 and generate C ra 
and C 5 a. In each case, the anaphylatoxins 
are able to bind to granulocytes and to in
duce their aggregation. The cells accumu
late in the lung capillaries and adhere to the 
endothelium. The subsequent local release 
of lysosomal enzymes, prostaglandins and 
toxic oxygen derivatives induces tissue 
damage associated with an increased vaso
permeability resulting in massive and fre
quently fatal edema. 

Chemotactic Factors 

Also called chemotaxins, these are sub
stances that promote the migration ofleuko
cytes from an area of lesser to an area of 
greater density in a concentration gradient 
of the chemotactic substance. Studies of 
chemotaxis originally were performed in vi
vo by local injections of the chemotactic fac
tor, in order to follow histologically the 
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Fig.5.8. Schema of the technique for demonstrating chemotactic factor 

movement of leukocytes to the injected lo
cale. Experiments of this type are now car
ried out in vitro, using appropriate cham
bers formed into two equal compartments of 
nonoxidizing metal separated by a micro
porous disk. The pores of this disk measure 
650 nm and permit penetration of cells from 
the compartments. The chemotactic sub
stance to be tested is placed in one compart
ment and the leukocytes in the other. Leuko
cytes migrating to the compartment that 
contains the chemotactic substance pene
trate, by ameboid movements, into the 
membrane and are retained there (Fig. 5.8). 
Development of this in vitro method permit
ted the study of various chemotactic ac
tivities formed during the activation of the 
complement system. Chemotactic activity 
was shown for the fragment C 5 a , by pro
teolytic enzymes obtained from fJ-hemo
lytic streptococci of group A, and in the 
macromolecular complex formed by C 5-
C6-C7. 
The chemotaxis induced by any of these 
factors is related to the activation of an es-

terase linked to the leukocytes, from which 
the increased directional motility of these 
cells results. 

Opsonization 

Opsonins are substances that modify parti
cles that are to be phagocytosed so as to 
cause them to be more easily ingested by 
phagocytic cells. Experiments designed to 
verify that complement components sensi
tize particulate substances by direct opsoniz
ation were conducted by inducing the adhe
sion of these substances to the surfaces of 
red blood cells. The results of these studies 
indicated that erythrophagocytosis could 
occur only after fixation by C 3 and was not 
augmented by the addition of the other com
plement components. 

Complement-Dependent Liberation 
of Histamine 

When rat mastocytes isolated from the peri
toneal cavity are incubated at 37 °C with 
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antimastocytic sera or with antigamma 
globulin inactivated at 50°C, liberation of 
histamine occurs only with the addition of 
fresh serum. To verify that complement 
components were necessary, experiments 
were performed with purified preparations 
of complement. It was thereby possible to 
demonstrate that the liberation of histamine 
occurred only in the presence of C I, C 4, 
C 2, C 3, and C 5, with the necessity for C 6 
remaining in doubt. With the use of in
hibitors whose spectrum of inhibition is well 
defined, the activation of an esterolytic en
zyme in mastocytes was shown; it appears to 
be related to the process of liberation of his
tamine in anaphylaxis. The demonstration 
that C 5 initiates the lesion in the erythrocyte 
membranes suggests that the factor respon
sible for the liberation of histamines is re
lated to this component. 
A similar phenomenon was observed when 
mastocytes isolated from the peritoneum of 
mice were treated in vitro with 19 S fractions 
of rabbit anti-Forssman serum. The pres
ence ofheterophilic antigens on the surfaces 
of mastocytes was thus demonstrated. 

Formation of Kinins 

Numerous attempts to demonstrate the for
mation of kinins during the activation of 
complement have furnished inconclusive re
sults. The first indirect evidence that this 
could occur was encountered in sera of 
patients with hereditary angioneurotic ede
ma. In such sera, in addition to an accentu
ated increase of C I-esterase and a de
pression of the titers of C4 and C2, a pep
tide has been found that increases the vascu
lar permeability of the rat uterus,but that 
differs, in certain respects, from bradykinin 
and from lysobradykinin. Subsequent ex
periments have shown that treatment of 
purified preparations of C4 and C2 with 
C I-esterase induces an activity similar to 
that of kinins, but in the conditions under 
which the experiments were performed, it 
was not possible to determine the nature of 
its relationship to C 4 or to C 2. 
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Activation of Enzymes 

During the sequential activation of comple
ment, four enzymes were activated, each 
with an already well-characterized spectrum 
of activity. These enzymatic activities are the 
esterases associated with C I rand CIs, the 
proteolytic activity associated with the bi
molecular C 4-C 2 complex, and the dipepti
dase associated with C 3li Although the 
natural substances of these enzymes are en
countered in the complement system itself, 
the possibility cannot be excluded that struc
tural substrates also appear to be localized 
in plasma components not related to com
plement or making up a part of the compo
sition of cellular membranes. 

Immunological 
and Paraimmunological Tissue Injuries 

There is an appreciable number of tissue 
damages in which the complement system 
undoubtedly plays an important role. 
Glomerulonephritis produced by nephro
toxic sera or by deposit of circulating 
antigen-antibody complexes are mediated 
by the complement system. This syndrome 
is accompanied by fixation ofimmunoglob
ulins and complement components in vari
ous patterns on renal glomeruli. 
Complement-dependent tissue injuries are 
the pulmonary edema produced experimen
tally by injecting nephrotoxic serum in rats 
or clinically observed in the human Good
pasture's syndrome, both lesions being ini
tiated by the combination of specific anti
bodies with antigenic determinants of the 
basal membrane walls. In the first case, pre
vious decomplementation of rats with CoF 
abrogate the establishment of the lesions. In 
the second case, the onset of the pulmonary 
crises coincides with a marked complement 
consumption. 
The classical Arthus reaction, a cutaneous 
inflammation that could be elicited in rab
bits undergoing sensitization to a foreign 
serum, was described by Arthus in 1903. 
Rabbits were injected into the skin each day 
with horse serum and the local response ob-
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served. During the first 4 days no response 
to the injections occured; after the fifth in
jection edematous and finally hemorrhagic 
and necrotic reactions appeared in the site 
several hours after the injection. Sub
sequently, it was demonstrated that the in
tensity of the reaction was dependent a) of 
the amount of circulating precipitanting an
tibodies (0.12 mg N, 4.5 mg Nand 0.22 mg 
N for active, direct passive and reversed 
passive Arthus reactions in rabbits, respec
tively); b) of the antibody class (guinea pig 
IgG2 e.g.), this later exigency lying in the 
immunoglobulin capacity to activate the 
complement system by the classical path
way; and c) of a normal serum complement 
level. The events leading to the establish
ment of the final lesion, an acute vasculitis 
i.e., deposition of immunocomplexes, ac
tivation of the complement system, chemo
taxis of circulating cells and production and 
release of pharmacological mediators, are 
described in Chap. 10. 

The Complement System 
as an Effector Mechanism 
in the Host Defense Against 
Infectious Agents 

The complement system has been impli
cated as one of the first defense mechanisms 
in a nonimmune host. During its activation 
process which is initiated by the recruitment 
of C 3 b-like C 3 molecules and by the sur
face of the invader pathogens, and leading 
to the creation of C 3 b, Bb, bearing sites on 
their surface follows: conversion of C 3 into 
C 3 band C 3 a; deposition of C 3 b mole
cules on the surface of the invader particles; 
formation of sites C 3 b, Bb, P, C 3 b (n) con
taining C 5 convertase activity and there
fore capable to cleave C 5 into C 5 band 
C5a; and, finally, culminating with the for
mation and insertion of the C 5 b-C 9 com
plex into the particle membrane. Destruc
tion of the pathogen can then be accom
plished by the combined action of the in
flammatory cells attracted to the invaded 
tissue and by the lytic effect of the C 5 b-C 9 
attack complex. In the first case, the inflam-
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matory cells are attracted by chemotatic 
agents generated directly through the ac
tivation of the complement system. C 5 a 
stimulated the locomotion of all leukocytes 
except lymphocytes. Removal of carboxy 
terminal Arginine from C 5 a either by car
boxy peptidase B or the anaphylatoxin in
activator serum produces C 5 a-des-Arg. 
Because the enzymatic transformation of 
C 5 a to C 5 a-des-Arg by serum is so rapid, 
C 5 a-des-Arg has been suggested as the nat
ural chemotactic factor derived from C 5. 
C 3 fragments have been reported to be 
chemotactic for neutrophils. However, 
purified C 3 a is reported to lack chemo
tactic activity and it has been suggested that 
previous reports to the contrary arise from 
contamination of the C 3 a with highly ac
tive C 5 a or C 5 a-des-Arg. This observation 
is not however decisive in view of reports 
that tissue extracts and certain synovial 
fluids contain chemotactic activity that is 
inhibited by anti-C 3 but not by anti-C 5. 
The C 5 67 complex stimulates neutrophil 
locomotion, the relative amount of C 5 in 
the mixtures seems to determine whether 
the chemotactic activity will be in the form 
of the complex C 5 67 or C 5 a fragments. 
Experiments have also demonstrated that 
both fragments derived by cleavage of B, Ba 
and Bb, are also able to stimulate neutro
phil locomotion. Bb appears however to be 
active only when complexed with C 3 b. 
In addition to the complement derived 
chemotactic factors other chemotactic 
agents are also formed in the local environ
ment with the inflammation is ensuing. 
These include: fibrinopeptide B which stim
ulates the locomotion of neutrophils and 
monocytes; leukoaggressin, a proteolyti
cally derived product of human IgG and 
IgG4, mouse IgG and rabbit fast IgG that 
stimulates neutrophil migration; a small 
glycoprotein of 8,500 mol.wt. chemotactic 
for neutrophils is produced by neutrophils 
when they ingest urate crystals; Band T 
lymphocytes, particularly T lymphocytes 
produce lymphokines that induce the loco
motion of neutrophils, basophils, eosino
phils, monocytes and lymphocytes; hista-
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mine, released from mast cells is specifically 
chemotactic, in a narrow dose range, for 
eosinophils, an effect which is not blocked 
neither by H1 nor H2 specific blockers. Be
sides histamine, a group of preformed tetra
peptides (Valyl-glycyl-seryl-glutamic acid 
and alanyl-glycyl-seryl-glutamic acid) with 
preferential attraction for eosinophils 
(ECF-H) and a 160,000 mol.wt. chemo
tactic factor for neutrophils are also re
leased from mast cells; finally, an important 
group of metabolites of arachidonic acid 
and related unsaturated fatty acids which 
stimulate leukocyte migration are the 
HETE (12-L-hydrocy-5,8,10,14 eicosate
traenoic acid) and HHT (12-L-hydroxy-
5,8,10 heptadecatrienoic acid), products of 
the lipoxygenase or cyclooxygenase arachi
donic acid cascade, respectively. The release 
of these agents from the mast cells occurs in 
consequence of an anaphylactic reaction or 
by the action of the anaphylatoxins C 4 a, 
C 3 a or C 5 a. Once accumulated in the tis
sues the leukocytes adhere to the C 4 b, C 3 b 
or C 5 b bearing pathogen particles and ac
cording with the type of cells or their state 
of activation, the pathogen particles can be 
either phagocytosed or killed. In the first 
case the particles are internalized and sub
sequently destroyed through the synchro
nized action of the O2 metabolites and by 
enzymes present in the cell lysosomes (see 
Chap. 11). In the second case, the leuko
cytes adhere to the particle surface, for ex
ample of some larval worms, via the C 3 b 
moiety of C 3 and kill them through the re
lease of some leukocyte components. The 
most important of which appears to be the 
MBP (major basic protein). 
Although this overal picture is a simplifica
tion all these phenomena have been demon
strated to occur by both in vitro or in vivo 
experiments. It is also important to empha
size that in an immune host the onset of 
these phenomena is vertiginous and in
creasingly intensified. 
The mechanisms described above have been 
implicated, at least in some way, in the de
struction of a number of pathogenic agents. 
Thus, activation of the alternative comple-
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ment pathway leads to the lysis of the cer
cariae and of the newly transformed schis
tosomula of S. mansoni. C 3 fragments 
covering these larvae can also mediated 
both, the adherence of eosinophils to the 
parasite surface and the subsequent release 
of their cytoplasma components including 
MBP. This pathway has been also impli
cated in the lysis of the tripomastigote 
bloodstream forms of T. cruzi, the causative 
agent of the American trypanosomiasis. In 
this case, however, the activation of the 
pathway is initiated by the specific combin
ing of antibodies with antigen parasite cell 
surface, activation of C 1, formation of 
C 4 b, C 2a, cleavage of C 3 and deposition 
of C 3 b molecules on some strategically dis
posed sites of the parasite cell surface. 
Elimination of some fungi or gram negative 
bacteria is also thought to be accomplished 
through the activation of the alternative 
complement pathway. 

Activation Mechanisms 
of the Alternative Complement 
Pathways 

Alternative Pathway (properdin System) 

The alternative pathway of complement ac
tivation (APC) serves as a primary recogni
tion mechanism in the nonimmune host for 
a variety of pathogenic organisms which 
are rich on polysaccharides. Surface-as
sociatd sialic acid moieties perform a criti
cal role in determining the capacity of a par
ticle to activate the APe. Particles such as 
sheep erythrocytes, which contain an abun
dance of terminal sialic acid residues, are 
nonactivating surfaces for the alternative 
pathway, while activating particles such as 
zymosan and rabbit erythrocytes are rela
tively deficient in surface-associated sialic 
acid. 
Several virulent microorganisms have cap
sular polysaccharides that contain terminal 
sialic acid residues. For example, E. coli 
containing the K I antigen, a homopolymer 
of sialic acid, exhibit decreased alternative 
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pathway-metiated opsonization and en
hanced resistance to phagocytosis when 
compared with non-K I strains of E. coli. 
This cell surface modulatory component 
appears, however, to be not the sole mecha
nism governing the activation of the pro
perdin alternative pathway. Recently, a gly
coprotein of 205,000 mo1.wt. has been iso
lated from the membrane of human eryth
rocytes and identified as the C 3 b receptor 
(CR-l). This protein was characterized as 
an inhibitor of the alternative pathway C 3-
convertase (C 3 b, Bb) and is a cofactor for 
the cleavage of the (I.' -chain of C 3 b. 
The two membrane components, the sur
face polysaccharides, sialic acid rich moie
ties (SR) and the CR-I glycoprotein and 
probably other membrane factors are the 
modulatory components with determine 
whether or not a particle will be an activa
tor or a nonactivator of the alternative 
pathway. Consistent with this is the obser
vation that trypomastigote bloodstream 
forms of T. cruzi, which are nonactivator 
particles become activators of the comple
ment alternative pathway upon previous 
treatment with trypsin. Similarly, young 
schistosomula of S. mansoni which are ac
tivators of the complement alternative 
pathway, lose this activity few days after in 
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vitro incubation or when recovered from 
the lungs of experimentally infected mice. 
This developmental change could not how
ever be reversed by treating the old schisto
somula larvae with neuraminidase, hepari
nase, chondroitinase ABC or trypsin, en
zymes which are known to convert other 
particle substances into activators of the 
ACPP. Six plasma proteins and at least two 
cell surface components comprising this 
pathway have been identified (Table 5.5). 
It has been proposed that an internal thio
lester linkage is present in the rl-chain of 
native C 3 molecules, which can either react 
with water to form functionally C 3 b like 
C 3 (C 3*) or upon enzymatic conversion of 
C3 to C3b, allows C3b to form a bond 
with hydroxyl- or amino groups on the tar
get cell surface (Fig. 5.9). The initiating 
event of the activation of the alternative 
pathway has been envisioned by a "sponta
neous" hydrolysis of the thiolester of a cer
tain minor proportion of C 3 molecules, the 
Bb-like C 3 has the other to capacity to bind 
one molecule of B, resulting in the C 3* ,B
complex. 
The formation of an effective C 3* ,Bb-con
vertase upon cleavage of the bound B by D 
and the subsequent cleavage of C 3 depends 
on the presence or the absence on the cell 

Table 5.5. Properties of components of the alternative properdin complement pathway 

Protein Synonym Locali- Average Iso- Polypeptide Apparent Cleavage 
zation plasma electric chains mol wt of fragments 

Conc. point the chains 
(Ilg/ml) 

C3 Plasma 1,250 6.1-6.8 Two 120,000 C3b, C3a 
80,000 C3bi, C3c, C3d 

P Properdin Plasma 25 9.5 Four identical 54,000 None 
chains 

B Factor B; C3- Plasma 250 6.6-6.8 Single 93,000 Bb,Ba 
proactivator 

D C3-proactivator Plasma 2 7.2-7.5 Single 23,500 None 
convertase 

C3b-Inactivator; Plasma 50 5.8-6.1 55,000 
KAF 42,000 None 

H f31 H Plasma 500 5.8-6.2 Single 150,000 None 
ClR C3b receptor Cell surface ? ? Single 205,000 ? 
SA-P Sialic acid rich Cell surface ? ? ? ? ? 

polysaccharides 
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Fig. 5.9. Schematic representation of the alternative complement properdin pathway. Top: Formation of initial C 3 
convertase of the APC in plasma without proteolysis, by a low-rate direct hydrolysis of the thiolester bound present 
in native C 3 molecules. This nucleophilic attack occurs at the asterisk(*) indicated in the residue of the peptide 
sequence Gly-Cys-Gly-Glu-Glu*-Asn-Met of the C 3 IX-chain. The steady hydrolysis of the thiolester would yield 
functionally active C 3 b-like C 3 (C 3*) without proteolytic release of C 3 a. Failure of C-g3 b molecules to en
counter an appropriate receptive surface results in their inactivation (Left). By contrary, the highly reactive form 
of the thiolester of the C 3 molecules, once encountering activating particles, is capable to undergo transesterifi
cation with -OH groups on their carbohydrate-bearing surface components (Right). Left: Modulatory action of 
the cell surface associated components SR and CR-l upon the attached C 3* or C 3 b molecules on the SL sites 
leading to their cleavage into C 3 bi, C 3 d and small peptides by the regulatory proteins H and I. Right: In absence 
of the cell surface modulatory components SR and CR-l, the covalently bound C 3* or C 3 b molecules are func
tionally able to form stable amplification C3 convertase sites, decay accelerating factors (DAF) 
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surface of the identified modulatory com
ponents SR or CR-l. The presence of one, 
bot or even unknown modulatory compo
nents increase the affinity constant of bind
ing of H relative to B for C 3 b, thereby 
blocking formation of the alternative path
way C 3 b,Bb-convertase (Fig. 5.9, left). In 
contrast, the absence of these modulatory 
cell surface components on the activators 
particles or their artificial removal from the 
nonactivators particles increases the affin
ity constant of B to the bound C 3* or C 3 b 
molecules, thus creating new cell surface 
sites containing C 3 b,Bb-convertase in an 
amplification molecular process (Fig. 5.9, 
right). 
The lability of C 3 b,Bb (half-life of 4 min, 
at 30 QC), represents an intrinsic control 
that limits C 3 cleavage by the amplification 
reaction of ACPP. 
Two plasma proteins have been shown to 
stabilize the C 3 b, Bb-convertase prolong
ing its half-life at least tenfold. One of these 
proteins is P, a normal constituent of 
plasma first described by Pillemer and co
workers thirty years ago. The other is the 
C3 Nef, an ambigous name to design an 
IgG autoantibody directed to the C 3 b,Bb
complex which has been only detected in 
some patients with membranoproliferative 
glomerulonephrites or with partiallipodys
trophy (Fig. 5.9, right). 
The APC can also be activated in a fluid 
phase by the cobra venom factor (CVF), a 
glycoprotein isolated from the venom of co
bra Naja naja. Addition of CVF to serum 
leads to the formation of a CVF,B-complex 
that enzymatically cleaves C 3 into C 3 b 
and C 3 a. Factors D and Mg2 + are neces
sary for the formation of this complex. Be
cause CVF appears to be functionally simi
lar to C 3 b, but insensitive to the effect of I 
and H, the CVF,Bb-complex may function 
as an uncontrolled C 3-convertase, thereby 
leading to be a complete exhaustion of C 3 
and the later reacting complement compo
nents. 
The formation of a C-g5-convertase is 
essential for the generation of the C 5 b,C 9 
bivalent cytolytic membrane attack com-
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plex. Although the C 5-cleaving enzyme of 
the classical pathway is comprised of C 4 tb, 
C 2 a, and C 3 b, the bimolecular complex 
earring the enzymatic site for proteolysis of 
C 5 and C 3 b serving to present the sub
strate to permit its cleavage. Evidence has 
been accumulated that the alternative path
way C 5-convertase is P,C 3 b,Bb with addi
tional molecule(s) of C 3 b) which permits 
interaction of C 5 with the stabilized 
P,C3b,B-complex in a manner analogous 
to the role of C 3 b in the classical pathway 
reaction ofC4b, C2a, and C5. 

Thrombin-Arachidonic Acid Pathway 

Recent studies provide evidence that the 
thrombin-platelet aggregation and release 
of serotonin are significantly increased by 
the complement components C3, C5, C6, 
C 7, C 8, and C 9. The process does not re
quired any early reacting component either 
from the classical or the alternative path
way, but is initiated by the interaction of 
thrombin and C 3 on the platelet surface 
and culminates in the formation of the 
membrane attack complex (C 5b-9). As
sembly of this macromolecular complex on 
the platelet surface initiates a transmem
brane signal that modulates the arachidonic 
acid transformation pathway leading to the 
production ofthromboxane A2 as indicated 
by the inhjbition of the whole process by 
aspirin and indometacin and by the forma
tion of a significant amount of throm
boxane B2 , the stable product 6f throm
boxane A2. 
The sequence of reactions of this pathway 
could be schematically represented as fol
lowing: 
a) Thrombin (Th)+C3+platelet -t Th, 
C3b-like C3 complex-platelet surface com
ponent and formation of arachidonic acid 
from the platelet membrane phospho
lipids. 
b) Th, C3b-like C3 + C5, C9 -t C5b, C9 
complex + arachidonic acid eyelo-oxygenase ) 

PG-endoperoxides thromboxanes synthetase 

thromboxane A2 -t thromboxane B2. 
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Component Species Organ Cell 
Table 5.6. Cell and tissue synthe-
sizing complement components 

Cl Human, guinea pig Intestine, GU' Epithelial 
Clq Human Intestine, GU Epithelial 
Clr ? ? 
Cis Human Intestine, GU Epithelial 
C2 Human, guinea pig Wide distribution Macrophage 
C3 Human Liver Parenchymal cell 
C4 Human Wide distribution Macrophage 
C5 Human, mouse Wide distribution Macrophage 
C6 Rabbit Liver ? 
C7 ? ? 
C8 Pig Wide distribution ? 
C9 Rat Liver Parenchymal cell 
Cl-inhibitor Human Liver Parenchymal 

• GU, genitourinary tract, excluding kidney. (According to Lachman, 1979) 

Effect of Complement on the Solubiliza
tion of Immune Complexes 

Studies show that immunocomplexes in the 
aqueous phase or bound to the cell mem
brane can be made soluble through the addi
tion of complement. This reaction appears 
to be more effective when complement is ac
tivated via the ACP. 
Defects in the homeostatic mechanism of 
circulating immunocomplexes through in
creased use, or because of a state of genetic 
deficiency of specific components of the 
complement or properdin system, are prob
ably the basis for aggregation of im
munocomplexes in tissue, leading to sub
sequent tissue damage. 

Biosynthesis of Complement Components 
and Certain Hereditary Deficiencies 

It is not known for all complement com
ponents which cell or tissue produces them. 
Recent studies suggest that C I is synthesiz
ed in epithelial cells of the intestine and 
genitourinary tract (but not in the kidney); 
C 2, C 3, C 4, and C 5 are most probably syn
thesized in macrophages; C 3, in addition, in 
parenchymal liver cells, as probably also 
C6, C9, and C I-inhibitor (Table 5.6). 

The complement component C 3 exists in 
different allotypic forms distinguishable by 
their electrophoretic mobility. C 3 polymor
phism has been verified in patients subjected 
to liver transplantation; after engraftment, 
the C 3-allotype of the donor could be dem
onstrated. C 4 also displays a polymorphism 
detected by electrophoretic mobility and 
serological markers, known in man as Chido 
and Rodgers. 
The structural genes for the com
ponents C 2, C 4, and factor B are linked to 
the major histocompatibility complex. 
Hereditary deficiencies of each complement 
component of the classical pathway have 
been studied in man; they are described in 
more detail in Chap. 12. Among inbred 
strains of laboratory animals, several defi
ciencies have been found: C 5 in mice, C 6 in 
rabbits, and C2, C4, and C3 in guinea pig. 
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