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The quantitative role of alternative pathway amplification in classical pathway

induced terminal complement activation

M. HARBOE#*, G. ULVUND#*, L. VIENT, M. FUNG+t & T. E. MOLLNES* *[Institute of Immunology, Rikshospitalet University

Hospital, NO-0027 Oslo, Norway and 1 Tanox Inc, Houston, Texas 77025, USA

(Accepted for publication 20 August 2004)

SUMMARY

Complement activation with formation of biologically potent mediators like C5a and the terminal C5b-
9 complex (TCC) contributes essentially to development of inflammation and tissue damage in a num-
ber of autoimmune and inflammatory conditions. A particular role for complement in the ischaemia/
reperfusion injury of the heart, skeletal muscle, central nervous system, intestine and kidney has been
suggested from animal studies. Previous experiments in C3 and C4 knockout mice suggested an impor-
tant role of the classical or lectin pathway in initiation of complement activation during intestinal
ischaemia/reperfusion injury while later use of factor D knockout mice showed the alternative pathway
to be critically involved. We hypothesized that alternative pathway amplification might play a more crit-
ical role in classical pathway-induced C5 activation than previously recognized and used pathway-
selective inhibitory mAbs to further elucidate the role of the alternative pathway. Here we demonstrate
that selective blockade of the alternative pathway by neutralizing factor D in human serum diluted
1:2 with mAb 166-32 inhibited more than 80% of C5a and TCC formation induced by solid phase IgM
and solid- and fluid-phase human aggregated IgG via the classical pathway. The findings emphasize the
influence of alternative pathway amplification on the effect of initial classical pathway activation and
the therapeutic potential of inhibiting the alternative pathway in clinical conditions with excessive and
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uncontrolled complement activation.
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INTRODUCTION

The complement system with its central position in innate and
adaptive immunity mediates a variety of effector functions. Dur-
ing the past decades it has become evident that it is also an impor-
tant mediator of tissue damage in disease [1,2], in particular in
ischaemia/reperfusion (I/R) injury [3,4]. Clinical evidence points
to complement and immune complexes as critical players in medi-
ating reperfusion injury [5]. Intestinal I/R injury can also be ini-
tiated by clonally specific natural IgM antibodies via the classical
pathway [6].

Results from earlier studies using C3 and C4 knockout (-/-)
mice suggested an important role of the classical or lectin pathway
in inducing complement activation during intestinal I/R injury.
However, in a separate study in the same model using factor D
—/— mice the alternative pathway was shown to be critically
involved in the I/R injury [7]. We hypothesized that absence of
amplification via the alternative pathway in factor D —/- mice
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could reduce the inflammatory response and tissue injury trig-
gered by initial activation of the classical pathway and used
pathway-selective inhibitory monoclonal antibodies (mAbs) to
further elucidate the role of the alternative pathway in the acti-
vation of the complement system. Selective blockade of the alter-
native pathway was induced by neutralizing factor D with mAb
166-32 [8,9] and the classical pathway was blocked by anti-
C2 mAb 175-62 after initial activation of the classical pathway
induced by solid phase IgM and solid- and fluid phase human
aggregated IgG.

MATERIALS AND METHODS

Monoclonal antibodies

Mouse mAbs against human factor D (clone 166-32, IgG1), C2
(clone 175-62, IgG1), and an isotype-matched control mAb
(clone G3-519, anti-HIV gp120, IgG1) were generated and puri-
fied under identical conditions as described previously [8,9].

Normal human serum
Complement-sufficient normal human serum (NHS) was col-
lected from five healthy volunteers and stored as aliquots at
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—70°C. To approach physiological conditions NHS was tested at a
final dilution as low as 1:2 and in further two-fold dilutions. In
activation and inhibition experiments, the amounts of activating
substance or purified antibody in the well are recorded as trans-
formed to amount/ml of undiluted serum.

Complement reagents

Clq depleted (C1gD) human serum and purified human Clq
were obtained from Quidel (San Diego, CA, USA), C2-
depleted (C2D) human serum and factor B-depleted (fBD)
human serum from Advanced Research Technologies (San
Diego, CA, USA).

Assay of classical pathway complement activation by human
IgM on solid phase

The assay was performed according to Roos et al. [10] with slight
modifications. Purified polyclonal human IgM (Sigma-Aldrich,
St. Louis, MO, USA) in phosphate-buffered saline (PBS) pH 74,
at 40 ug/ml NHS and in further two-fold dilutions, were coated
on Costar 3590 flat-bottomed polystyrene 96-well plates (Corn-
ing Inc, Corning, NY, USA) overnight at 20°C, washed thor-
oughly in PBS with 0-1% Tween 20 (Sigma-Aldrich). The
remaining binding sites in the wells were then saturated with a
blocking buffer (PBS containing 1% bovine serum albumin
(BSA) and 0-1% Tween 20) for 1 h at 37°C. Following washing,
NHS (diluted 1:2) in veronal buffer pH 7-5 (100 ul) containing
0-5 mM MgCl, 2 mM CaCl,, 0-05% Tween 20 and 0-1% gelatin
was added to each well for complement activation for 60 min at
37°C. To stop further activation the microtitre plate was incu-
bated on ice and ethylenediaminetetraacetic acid (EDTA) was
immediately added to each well to a final concentration of
20 mM. Terminal complement complex (TCC) in fluid phase was
measured by an ELISA based on reaction with mAb aE11 spe-
cific for a neoepitope exposed when C9 is incorporated in the
complex, as described previously [11]. An aliquot of the superna-
tant fluid was pipetted off from each well for quantification based
on comparison with a standard curve prepared by dilutions of
Zymosan (Sigma-Aldrich) activated human serum defined to
contain 1000 AU TCC/ml. The supernatant fluid was tested in dif-
ferent dilutions to ensure that the O.D. values fell on the steep
part of the standard curve, the deduced TCC value being multi-
plied with the dilution to calculate the TCC value in each well
transformed as AU/ml of undiluted NHS. To measure the amount
of TCC deposited on the surface of the washed wells, mAb aE11
diluted 1 :5000 was added to the wells. The bound antibody was
detected with HRP conjugated sheep antimouse immunoglobulin
(Amersham Biosciences, Little Chalfont, UK) using 2,2’-azino-
di-[3-ethylbenzthiazoline-sulphonate] (ABTS) (Sigma-Aldrich)
as substrate. OD values were used to represent the relative
amount of deposited TCC in the wells.

Assay of classical pathway activation by aggregated human IgG
on solid phase

Soluble human aggregated IgG (HAIGG) was prepared by heat-
ing human IgG (Gammaglobulin Pharmacia & Upjohn, Stock-
holm, Sweden) 10 mg/ml in PBS pH 74 for 10 min at 63°C,
immediately followed by cooling on ice. The protein was then
stored in aliquots at 4°C. Activation of NHS 1 : 2 for 30 min at
37°C and assay for generation of TCC in fluid phase and deposi-
tion of TCC on solid phase were identical to the procedures for
human IgM on solid phase described above.

Assay of classical pathway activation by aggregated human IgG
in fluid phase

Serially diluted HAIGG (from 200 pg/ml) was added to 100 ul
NHS 1 :2 for complement activation for 30 min at 37°C. TCC was
measured in fluid phase as for the solid phase IgM experiment
described above.

Assay of classical pathway activation by aggregated human IgG
in whole blood

Whole blood from a complement-sufficient healthy individual
was collected using the thrombin-specific hirudin analogue lepi-
rudin (Refludan, batch 18261611C, Hoechst, Frankfurt am Main,
Germany, 50 ug/ml blood) as anticoagulant [12]. In contrast to
heparin, lepirudin does not interfere with complement activation.
The procedure for complement activation was identical to that for
NHS. Plasma TCC levels were then measured.

Assay of other activation products

C3bc, C5a and C3bBbP complex were measured by ELISA as
described by Garred et al. [13], Bergh et al. [14] and Mollnes et al.
[12].

Haemolytic assay of classical pathway complement activation
Serially diluted NHS (from 1 :2) in veronal buffer pH 7-2 con-
taining 0-5 mM MgCl, and 0-2 mM CaCl, was mixed with sheep red
blood cells (RBCs) sensitized with rabbit antisheep RBC anti-
body (Institut Virion\Serion GmbH, Wiirzburg, Germany) in a V-
bottomed Sero-Wel96-well microtitre plate (Bibby Sterilin Ltd,
Stone, Staffordshire, UK) for incubation at 37°C for 1 h. Then the
microtitre plate was centrifuged at 300 x g and supernatant from
each well was collected to a flat-bottomed 96-well Costar microti-
tre plate (Corning) for reading of OD at 405 nm. Percent haemol-
ysis was calculated according to Fung ez al. [8].

Haemolytic assay of alternative pathway complement activation
Serially diluted NHS (from 1 :2) in veronal buffer pH 7-2 con-
taining 7 mM EGTA and 3-5 mM MgCl, and 3 mg BSA/ml were
mixed with washed unsensitized rabbit RBCs in a V-bottomed
microtitre plate (Bibby Sterilin) for incubation at 37°C for 1 h fol-
lowed by centrifugation and quantification of haemolysis as in the
classical pathway assay.

Inhibition assays

mAbs were added to serum followed by incubation for 5 min at
room temperature prior to activation and assay. Percentage
remaining activity after inhibition was calculated as follows:

TCC after inhib. in HAIGG
sample — TCC after inhib. in T;, buffer control
TCC without inhib. in HAIGG sample - TCC
without inhib. in Ty, buffer control

x 100

RESULTS

Inhibition of alternative pathway activation by antifactor D
mAb 166-32

Factor D is a rate-limiting serine protease in the amplification
loop of the alternative pathway [15]. Therefore it is a target of
choice for effective inhibition of the alternative pathway. Anti-
factor D mAb 166-32 was generated by immunizing mice with
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human factor D and was shown to be effective in inhibiting com-
plement activation [8,9]. Component C2 is specific for the classi-
cal and lectin pathways in the complement cascade. Anti-C2 mAb
175-62 was generated by immunizing mice with purified human
C2a obtained by digesting human C2 with human Cls. The anti-
body binds both C2 and C2a (Fung ef al. unpublished observa-
tions). To characterize the specificity of the antifactor D mAb
166-32 and anti-C2 mAb 175-62 used in this study, haemolytic
assays were conducted using normal human serum (NHS), C2-
depleted (C2D) and factor B-depleted (fBD) human sera.

Anti-factor D, anti-C2 or isotype-matched control mAbs were
added to NHS at 100 ug/ml and the serum was serially diluted for
haemolytic alternative pathway and classical pathway assays. The
antifactor D mAb inhibited alternative pathway in NHS very
effectively while the anti-C2 mAb had no effect on alternative
pathway haemolytic activity (Fig. 1a). The antifactor D mAb had
no effect on classical pathway haemolytic activity while the anti-
C2mAb inhibited classical pathway efficiently from serum
dilution 1: 8 (Fig. 1b). The marginal effect of anti-C2 in serum
dilutions 1: 2 and 1: 4 is consistent with the high sensitivity of
RBCs to complement lysis by the classical pathway. Normal alter-
native pathway haemolytic activity was lost at serum dilution
1:16 while classical pathway haemolysis in NHS was lost at
serum dilution 1 : 1024, consistent with the well-known difference
in the sensitivity of haemolysis in the two assay systems.

To further characterize the specificity of the antifactor D and
anti-C2 mAbs, haemolytic assays were conducted with C2D and
fBD human sera. First, the pathway specificity of the sera was
tested. The C2D serum showed normal alternative pathway
haemolytic activity but no classical pathway haemolytic activity
(Fig. 1c). Conversely, the fBD serum had no alternative pathway
haemolytic activity but normal classical pathway haemolytic
activity (Fig. 1d). In inhibition experiments, the antifactor D, the
anti-C2, or the isotype-matched control mAb at 100 ug/ml was
added to the C2D and fBD sera which were then two fold serially
diluted from 1 : 2 for haemolytic assays. The antifactor D mAb
completely inhibited alternative pathway haemolytic activity in
C2D serum while the anti-C2 mAb had no effect on the alterna-
tive pathway (Fig.1le). The anti-C2 mAb completely inhibited
classical pathway haemolytic activity in fBD serum while the anti-
factor D mADb had no effect on the classical pathway (Fig. 1f).

Alternative pathway haemolysis was used to determine the
concentration of antifactor D mAb required to completely neu-
tralize factor D in NHS at 1 : 2 dilution. Complete inhibition of
haemolysis was achieved at 5 ug/ml of the antibody. Thus, 10 ug/
ml was chosen to ensure complete inhibition of the alternative
pathway in NHS at 1 :2 dilution in the subsequent experiments by
ELISAs. Based on similar experiments to ensure complete inhi-
bition of the classical pathway, the anti-C2 mAb was used at
50 pug/ml serum.

Localization of the mAb 166-32 reactive epitope in the

factor D molecule

Inasmuch as the antifactor D mAb 166-32 binds human factor D
but not pig factor D, we used pig/human hybrid constructs of fac-
tor D to map the binding epitope of the antibody which is located
in the ‘methionine loop’ of factor D (-CNRRTHHDGAITER
LMC-) between Cys154 and Cys170. Argl56, His159 and Leul68
are critical for the antibody binding. This antibody binding
epitope is distant from the catalytic site of the trypsin-like domain
of factor D in which there is extensive homology with other serine

proteases of the complement system (Clr, Cls, MASP1, MASP2)
(Fung et al. unpublished observations). This antibody binding site
may be responsible for the interaction between factor D and fac-
tor B. Extensive search in the gene bank revealed no significant
homology of this epitope sequence with other known proteins.
This is consistent with the observations in the haemolytic assays
that mAb 166-32 reacts specifically with factor D and inhibits the
alternative pathway, but does not interfere with classical pathway
components.

Inhibition of solid-phase classical pathway activation of normal
human serum

Classical pathway activation was induced by purified human IgM
adsorbed on the solid phase of microtitre plates in the presence of
NHS at 1: 2 dilution. Deposition of TCC, expressed as OD,
increased with increasing amounts of immobilized IgM (Fig. 2a).
Similar results were observed for TCC in fluid phase (Fig.2b).
TCC formation was abolished by the antifactor D mAb as indi-
cated in both assays. Classical pathway activation was also
induced with human aggregated IgG (HAIGG) on the solid
phase. Similar results were obtained as with IgM. The amount of
TCC on solid phase and in fluid phase was proportional to the
amount of immobilized HAIGG. A reduction of 87% of TCC for-
mation in the fluid phase by the antifactor D mAb was attained at
10 ug HAIGG/ml NHS.

Inhibition of fluid-phase classical pathway activation of normal
human serum

Fluid phase classical pathway complement activation was induced
by adding HAIGG directly into NHS. TCC formed in the fluid
phase increased with increasing amounts of HAIGG. Inhibition
by the antifactor D mAb was obtained with a reduction of 80% of
TCC formation at 20 ug HAIGG/ml NHS and >80% at 10 ug
HAIGG/ml NHS (Fig. 2c). Inhibition of HAIGG-induced activa-
tion in the fluid phase is illustrated in Fig. 3. To ensure optimal
conditions for these inhibition experiments, an increased amount
of HAIGG was used to induce stronger classical pathway activa-
tion in the control without any antibody added. In this control
200 ug HAIGG/ml NHS induced formation of 66:0 AU (arbitrary
units) TCC/ml NHS (Fig. 3a). No inhibition was induced by the
isotype-matched control mAb with 66-4 AU TCC/ml being gen-
erated. The anti-C2 mAb blocked activation with generation of
only 1-2 AU TCC/ml NHS. Over 90% of TCC generation was
inhibited by antifactor D with formation of 5-2 AU TCC/ml, while
inhibition by a combination of the anti-C2 and antifactor D mAbs
was even more profound, with a reduction in TCC to 0-8 AU/ml
which is identical to the baseline level. Similar findings were
obtained for the intermediary activation products C3bc and C5a
(Fig. 3b,c).

The results of assay for the fluid phase alternative pathway
convertase C3bBbP were of central importance for evaluating the
effect of HAIGG on the alternative pathway. From a baseline
value of 28 AU C3bBbP/ml NHS a marked increase to 954 AU/ml
was observed after addition of 200 ug HAIGG/ml NHS (Fig. 3d).
After addition of the anti-C2 mAb to block the classical pathway,
formation of C3bBbP was markedly reduced to 108 AU/ml NHS.
Anti-factor D reduced the C3bBbP value to 235 AU/ml NHS. The
combination of the anti-C2 and antifactor D mAbs completely
blocked C3bBbP formation giving a value similar to when the
antifactor D mADb was added to serum without any HAIGG (21
and 26 AU/ml NHS, respectively), indicating that the antifactor D
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Fig. 1. Specificity of inhibition by antifactor D and anti-C2 mAbs in haemolytic assays. Anti-factor D mAb 166-32 (@) completely inhibited
alternative pathway haemolytic activity in normal human serum (NHS) while anti-C2 mAb 175-62 (A) and the control mAb (O) had no
effect (a). Anti-factor D showed no inhibition of classical pathway haemolysis in NHS in contrast to anti-C2 (b). Normal alternative pathway
haemolysis ([J) and no classical pathway haemolysis (W) were found in C2-depleted (C2D) serum (c), while the opposite pattern was
obtained in factor B depleted serum (d). Anti-factor D inhibited alternative pathway haemolysis in C2D serum completely while anti-C2
had no effect (e). The opposite pattern was obtained in factor B depleted serum (f).
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mAb also blocks the spontaneous self-activation of the alterna-
tive pathway during the 30 min incubation at 37°C.

To confirm the general notion that HAIGG induces selective
activation through the classical pathway in the present set-up and
to exclude any direct alternative pathway activation by HAIGG,
experiments were performed with Clg-depleted (ClgD) serum.
Assay of the alternative pathway specific C3bBbP convertase is
shown in Fig. 4. The baseline value in NHS was 28 AU/ml. The
increased baseline value in C1qD serum (176 AU/ml) is consistent
with in vitro complement activation during immunoadsorption
when the ClgD serum was prepared. Addition of HAIGG to
NHS induced activation and marked C3bBbP formation in a
dose-response manner. By contrast, addition of 2 and 20 ug
HAIGG/ml to ClgD serum induced no C3bBbP formation,
showing that HAIGG had no direct effect on the alternative path-
way. After reconstituting C1qD serum with 200 ug purified Clq/
ml, C3bBbP was again generated in a dose-response manner with
increasing amounts of HAIGG added, consistent with a restored
classical pathway activity leading to alternative pathway amplifi-
cation. The results of TCC assay corroborated with those on
C3bBbP (data not shown).

Inhibition of fluid-phase classical pathway activation in

whole blood

To study whether similar activation was obtained under more
physiological conditions, experiments were repeated with whole
blood from a complement-sufficient healthy individual in the
model using the thrombin-specific hirudin analogue lepirudin as
anticoagulant. In contrast to heparin, lepirudin does not interfere
with complement activation (12). Addition of 100 ug HAIGG/ml
blood induced a substantial TCC formation in plasma which was
inhibited by the anti-C2 and antifactor D mAbs similar to what
was found in the serum experiments (data not shown).

DISCUSSION

Interaction between the classical and alternative pathways may
have different effects depending on the conditions. Antibodies
may, e.g. mask cell-surface controls to facilitate C3b deposition
and alternative pathway activation [16]. Furthermore during clas-
sical pathway activation, C4b deposition may recruit C3b directly
forming a C2 independent classical pathway convertase [17]. Con-
versely, alternative pathway activation may increase the effect of
initial classical pathway activation, consistent with the well-
known amplification loop of the alternative pathway [18]. How-
ever, surprisingly few observations have been reported on the
quantitative effect of the alternative pathway on classical path-
way-induced activation [19]. Taking into account the important
biological role of CS5 activation, our data support a more crucial
role for the alternative pathway in C5a and TCC formation than
previously recognized. The main reason probably influencing the
earlier observations is that classical pathway haemolytic assays

Fig. 2. Anti-factor D inhibition of classical pathway activation in NHS.
Anti-factor D mAb 166-32 (@) abolished solid phase (a) and fluid phase
(b) formation of TCC induced by human IgM on the solid phase (A; no
antibody added). Similarly, antifactor D (@) profoundly inhibited fluid
phase formation of TCC induced by human aggregated IgG (HAIGG) in
the fluid phase (A; no antibody added) (c). The points and error bars
indicate mean values and range from two independent experiments.
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Fig. 3. Effect of antifactor D, anti-C2 and control antibody on HAIGG-induced activation in NHS. Anti-factor D mAb 166-32 inhibited
more than 90% of fluid phase TCC formation induced by human HAIGG whereas anti-C2 and a combination of anti-C2 and antifactor
D completely blocked TCC formation (a). The control antibody had no effect on TCC formation. Similar results were obtained for the
activation products C3bc (b), C5a (c) and C3bBbP (d). The data and error bars as for Fig. 2.

were unsuitable to demonstrate the involvement of alternative
pathway amplification when carried out at serum dilutions with
undetectable alternative pathway activity (>1:16, Fig.la,c.e).
We used high serum concentration (dilution 1 : 2 in the final reac-
tion mixture) to approach physiological conditions and to ensure
a fully active alternative pathway. In addition, a substantial
amount of the earlier work used complement-depleted serum
with a potential loss of bystander complement components during
immunoadsorption. The reported effects of alternative pathway
amplification on the effect of classical pathway induced activation
vary with different methods, and the results are mostly qualitative
or semiquantitative.

Our observations on the influence of alternative pathway
amplification on the effect of initial classical pathway complement
activation can be explained based on the known mechanisms of
C3 and C5 convertase formation. The classical pathway C3 con-
vertase C4b2a splits C3 into C3a and C3b resulting in formation
of the classical pathway C5 convertase C4b2a3b which splits C5
into C5a and C5b. C5a induces reactions with potent pathophys-
iologic effects [20], and formation of C5b is the first step in assem-
bly of the later components into the inflammatory and lytic TCC.
In the alternative pathway low amounts of spontaneously formed
C3(H,0) binds factor B which is cleaved into Ba and Bb by factor
D. C3(H,0)BD splits more C3, resulting in self-amplification with
formation of the alternative pathway C5 convertase C3bBb3b.
Incorporation of additional C3b molecules in this complex results
in markedly increased C5 convertase activity [21]. C3b initially
formed from C3 cleavage by the classical pathway C3 convertase
augments the formation of alternative pathway C5 convertase.
Thereby C3b deposition becomes independent of the initial trig-
ger by the classical and lectin pathways and is a main component
of the alternative pathway convertase. Studies on the formation of
classical pathway CS convertase on antibody-coated sheep RBCs

indicate that one in every four C4b molecule is bound with a cat-
alytic C2a molecule [22]. On the other hand, every molecule of
C3b deposited on unsensitized rabbit RBCs binds a catalytic Bb
molecule [21]. Therefore every molecule of C3b has the potential
to form an alternative pathway C5 convertase complex. In gen-
eral, fewer classical pathway C5 convertase sites are generated
than alternative pathway C5 convertase sites once the comple-
ment system is activated, explaining the amplification of the clas-
sical pathway by the alternative pathway.

The complement system is strictly regulated both at the sur-
face and in the fluid phase [23]. C3b is rapidly inactivated to iC3b
by factors I and H in the fluid phase. Sine C5 binds only to C3b
and not to iC3b, the classical pathway CS convertase tends to gen-
erate only small amounts of TCC when regulation is kept under
control. Extensive consumption of the terminal components with
formation of substantial amounts of TCC requires C3b to be
bound on a ‘protected surface’, facilitating factor B instead of fac-
tor H binding to C3b, thereby generating an alternative pathway
CS5 convertase. Evidence for this effect was provided by Reiter
and Fishelson [24] showing that when C3b is coupled to IgG it
becomes highly resistant to inactivation by Factors I and H, i.e.
that IgG provides a protected surface.

The physiological benefit of alternative pathway amplification
is particularly important when the classical and lectin pathways
are not functioning at their full capacity. For example in new-
borns, maternal IgG decreases while their immune system is still
not fully developed. A broad array of antibodies in limited
amounts may still be essential in defense against bacterial infec-
tion when assisted by local alternative pathway amplification. On
the other hand, alternative pathway activation can cause serious
inflammation and tissue damage in various clinical conditions if
complement is inappropriately activated or if activation occurs
systemically with breakdown of the control mechanisms. These
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Fig. 4. Fluid phase C3bBbP formation after HAIGG-induced activation
in NHS, Clq depleted serum (ClgD) and C1gD reconstituted withpurified
Clq.Addition of HAIGG to NHS induced activation and marked C3bBbP
formation in a dose-response manner. By contrast, addition of HAIGG
to ClgD serum induced no C3bBbP formation, showing that HAIGG had
no direct effect on the alternative pathway. After reconstituting C1qD
serum with purified Clq, C3bBbP was again generated in a dose-response
manner with increasing amounts of HAIGG, consistent with a restored
classical pathway activity leading to alternative pathway amplification.
T,, baseline value in NHS (left), C1qD (middle) and C1gD + Clq (right).
The data and error bars as for Fig. 2.

‘dual roles’ of the complement system represent a double-edge
sword of innate immunity.

Therapeutic intervention of the complement system is cur-
rently of great interest. The key issue is to select optimal steps or
pathways for safe and effective inhibition. Our findings indicate a
crucial role of factor D in the activation of the complement cas-
cade since antifactor D mAb 166-32 in addition to inhibiting the
alternative pathway per se, inhibited >80% of classical pathway
induced C5a and TCC formation. The therapeutic benefits of tar-
geting the alternative pathway should be validated in experimen-
tal models of various human diseases, including I/R injury,
immune-complex diseases and sepsis. HAIGG was used in our
studies as a prototype model similar to previous studies of
immune complex deposition [25] and lupus nephritis [26]. MRL/
Ipr mice develop a spontaneous lupus-like disease characterized
by immune complex glomerulonephritis. Decreased tissue dam-
age has been demonstrated in factor B-deficient [27] as well as
factor D-deficient [28] MRL/Ipr mice. In a mouse model of arthri-
tis triggered by immune complex deposition, manifestation of
clinical disease was shown to be dependent of alternative pathway
activation [29]. In the antiphospholipid syndrome [APS]
antiphospholipid autoantibodies react with lipid-binding proteins
on endothelial cells to trigger complement activation which
causes cell damage, a procoagulant state, thrombosis, and fetal

death secondary to placental insufficiency [30]. In an experimen-
tal model of APS it was recently shown that both the classical and
alternative pathways are required to generate sufficient C5 cleav-
age to cause fetal loss [31]. In all these in vivo models the striking
common feature is an increased effect of initial classical pathway
activation induced by the alternative pathway.

Terminal complement activation is closely associated with the
development of experimental lethal sepsis [20]. Excessive alter-
native pathway activation has also been documented in patients
with Neisseria infection with poor outcome [32]. It seems appro-
priate to suggest that uncontrolled alternative pathway activation
during sepsis is a main cause of the homeostatic breakdown and
lethal outcome in the most severe form of the disease. Our com-
bined data indicate that uncontrolled alternative pathway activa-
tion is responsible for systemic ‘explosive’ complement activation.
Therefore, selective inhibition of the alternative pathway with
preserved function of the initial classical and lectin pathway acti-
vation could attenuate severe inflammation and tissue injury and
be an attractive therapeutic approach for these clinical indications.

Together, our studies provide for the first time quantitative
evidence to explain the previous observations and highlight the
predominant role of the alternative pathway in amplification of
effector functions in the complement system.
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