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Abstract: In sepsis death follows an excessive inflammatory response involving cytokines
and complement that is activated primarily via the amplifying C3/C5 convertase.
Excessive stimulation of complement amplification requires IgG-containing or
F(ab’),-containing immune complexes (IC) that capture dimeric C3b on one of
their heavy chains or heavy chain fragments. The ability of IgG-IC to capture
dimeric C3b by the Fab portion is dependent on an affinity for C3 within the Fab
portion, but outside the antigen-binding region. This property is rare among IgG
NAbs. In contrast to this, the lack of the Fc portion renders the Fab regions of any
F(ab’),-IC accessible to nascent C3b, but dimeric C3b deposits only if F(ab’),-IC
form secondary IC with anti-hinge NAbs that rigidify the complex and thereby
promote deposition of dimeric C3b. Both types of complexes, C3b,-IgG-IC and
C3b,-F(ab’),-IC/anti-hinge NAbs, are potent precursors of alternative C3 convertases
and stimulate complement amplification along with properdin up to 750 times more
effectively than C3b and properdin. F(ab”), fragments are not normally generated,
but are formed from NAbs by enzymes from pathogens and neutrophils in sepsis.
Unlike IgG-IC F(ab’),-IC are not cleared by Fc-receptor dependent processes and
circulate long enough to form secondary IC with anti-hinge NAbs that rigidify the
complexes such that they capture dimeric C3b and gain the potency to stimulate
complement amplification.

INTRODUCTION

NAbs are a priori beneficial, but some of them can, under very unique conditions,
mediate excessive systemic complement activation and thereby promote disease without
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having mutated to auto-aggressive antibodies. This phenomenon occurs in diseases that
do not exert an evolutionary pressure like infarction or SIRS in sepsis and trauma. For
example, the acute inflammatory response as in infarction and ischemia/reperfusion
involves NAbs as was first observed by Carroll’s group in ischemic skeletal muscle.!
Ischemia is accompanied by hypoxia and pH changes, which result in sudden exposure
of normally hidden autoantigens. The liberated autoantigens get in contact with [gM and
IgG NAbs that are present in the locally available plasma. NAbs against many of the
exposed proteins exist in plasma to clear such components, when liberated in a homeostatic
process. During ischemia the release of such components is, however, massive, such
that the large number of liberated autoantigens get more and more in contact with NAbs
upon being locally replenished during reperfusion. Immune complexes formed by these
NAbs and liberated autoantigens activate complement not only by initiating the classical
complement pathway, but to a significant extent by stimulating complement amplification
via the alternative complement pathway, since damage to intestinal cells was only 1/3
in factor D knockouts subjected to ischemia/reperfusion.’? The phenomenon is reviewed
in Chapter 13 by S.D. Fleming in this volume.

In contrast to the situation in ischemia, excessive complement activation during
SIRS appears to be stimulated primarily by immune complexes generated from certain
IgG NAbs and any F(ab’), fragments.* SIRS can develop from severe sepsis, but also in
patients with trauma having no infections. Excessive complement activation in SIRS can
induce paralysis of neutrophils, the cytokine storm of macrophages, the release of tissue
factor,* and death by destructive processes. As long as nascent C3b deposits to immune
complexes that initiate complement activation via the classical complement pathway,
the number of excessively produced nascent C3b is limited. If, however, the immune
complexes stimulate complement amplification, millions of nascent C3b molecules are
generated, many of which bind covalently not only to opsonized pathogens, but also to
nearby self components without being opsonized. This destructive process accompanied by
proinflammatory cytokines will eventually result in binding, entrapment and phagocytosis
of self structures and thereby exerts a devastating role in an organism. Until recently it
has remained unclear how immune complexes stimulate excessive complement activation
via the alternative complement pathway, but the phenomenon as such is known for 30
to 40 years.’ The mechanism will be reviewed in this chapter.

STIMULATION OF COMPLEMENT AMPLIFICATION BY C3b,-1gG
CONTAINING IMMUNE COMPLEXES

Complement amplification is normally stimulated by C3b newly generated by one of
the three complement pathways. A newly generated C3b molecule nucleates an alternative
C3 convertase (C3bBb) that is stabilized by properdin (C3bBbP) and catalyzes the
cleavage of additional C3 molecules to C3a and C3b. This process is eventually limited
by factor H and I, which together will inactivate C3b to iC3b. This control is overrun if
the number of generated C3b molecules is ten to hundred times higher, implying that the
precursor of such superactive C3 convertases must be far more stable than monovalently
bound C3b and that the generated precursor or enzyme has to be far more effective
than a C3bBb complex. One such effective C3 convertase precursor is formed on IgG
immune complexes (IgG-IC) that captured dimeric C3b by one of the heavy chains.
Dimeric C3b deposits to immune complexed IgG antibodies that have an affinity for C3
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Figure 1. Binding of factor B to C3b,-IgG complexes before or after preincubation with properdin.
Labeled factor B (10-290 nM) was incubated with 1.93 nM C3b,-IgG complexes without properdin
(open squares) or with 147 nM properdin (closed squares) in veronal buffered saline at pH 7.4 with 5
mM MgCl,. Results are from triplicates and are given as means +/- SD. Reproduced with permission,
from Jelezarova et al. Biochem J 2000; 349:217-223;® ©2000 the Biochemical Society.

outside the antigen-binding sites.® An immune complexed IgG NADb having this affinity
for C3 preferentially forms C3b,-IgG complexes’ and these complexes are far more
effective C3 converase precursors than C3b. The reason for their high efficiency is that
the dimeric C3b within this complex has a longer half life than C3b” and the dimeric C3b
provides an increased affinity for properdin that exists in oligomeric form in plasma. As
a consequence a C3b,-IgG containing immune complex first binds oligomeric properdin
which in its bound state greatly increases the affinity for factor B (Fig. 1).® The prolonged
half'life of C3b,-IgG complexes and the stimulation by an increased affinity for factor B,
render such complexes about 750 times more effective in generating C3 convertases than
monovalently bound C3b. Such IgG molecules that stimulate complement amplification
appear to be rare, but have not been searched for systematically. They appear to recruit
primarily from IgG NAbs*!* and remain active in Mg?* EGTA- treated human serum.'!
While Valim and Lachmann suggested that the I[gG2 subclass predominantly activated
the alternative complement pathway,'? Banda et al. claim that IgG molecules capable
of initiating the murine alternative complement pathway require N-glycans bound to
Asp227 within the Fc portion of the heavy chains.' In none of the two cases it has been
investigated how complement amplification is stimulated and whether this stimulation
was in any way related to the formation of C3b-containing IgG-IC. In contrast to this,
generation of C3b,-IgG complexes in the course of an alternative complement pathway
stimulation is known for 30 years. In fact, Gadd and Reid were the first to notice that
IgG-IC that stimulate complement amplification, capture C3b molecules by one of their
heavy chains.!' While their finding suggested the presence of either monomeric or dimeric
C3b on one heavy chain, we could demonstrate by 2-dimensional SDS PAGE with a
hydroxylamine treatment between the dimensions that C3b-carrying IgG-IC contain



IMMUNE COMPLEXES MEDIATE EXCESSIVE COMPLEMENT ACTIVATION 189

kDa 263 208 104 71
- “a',-HC
N ! & i aIZ
O - — <N Iq— o
) *40/43
=z
a',-HC o'-o =

Figure 2. Two-dimensional SDS PAGE of C3b,-IgG complexes. Purified C3b,-IgG complexes were
reduced, alkylated and run on a 6% polyacrylamide gel. Gel strips were cut from top of the separating
gel to the B band of C3b, treated with hydroxylamine as described and loaded on an 8% gel for the
second dimension. A silver stained gel is shown. The calculated MW of complexes are given in kDa:
263 for aC3,-HC, 208 for aC3,. This figure was originally published as Figure 3B, by Jelezarova
E, et al. J Biol Chem 2003; 278:51806-51812;'* ©2003 the American Society for Biochemistry and
Molecular Biology.

exclusively ester-bonded dimeric C3b on one heavy chain, but are contaminated by
free C3b dimers (Fig. 2)."* These findings are in favor of the mechanism that we have
suggested for the stimulation of complement amplification by IgG-IC. Long known
additional findings support the mechanism further, namely that not only IgG-IC, but also
F(ab’),-IC stimulate complement amplification at least to the same extent®!!> with up to
56% of C3 being activated in 100% plasma,'® by generating C3b,-F(ab’),-IC.!""!'> These
findings demonstrate that the ability of IgG-IC to stimulate complement amplification
differed from their ability to activate the classical pathway, because stimulation of
complement amplification did not require the Fc portion. The ability of almost any type
of F(ab”),-1C to stimulate complement amplification appeared obvious, because the lack
of the Fc portion may have increased the accessibility for nascent C3b to deposit to the
CH1 domain of F(ab’),-IC complexes.

ANTI-HINGE NAbs RIGIDIFY F(ab’),-IC TO CAPTURE DIMERIC C3b
AND TO STIMULATE COMPLEMENT AMPLIFICATION

Several groups have demonstrated that not only IgG-IC, but also F(ab’),-IC stimulate
complement amplification to similar extents.'"!*! There is, however, an important
difference already discovered in 1971 by Kevin Reid,'® namely that F(ab’),-IC require
aside of the complement proteins an unknown, non-complement serum factor to stimulate
complement amplification. In our attempt to search for this serum factor we hypothesized
that “IgG anti-hinge NAbs” that had been studied more recently in quite some details
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by the group of Terness (for reviews see refs. 20, 21), may represent this serum factor.
Anti-hinge NAbs have even earlier been studied and named “pepsin agglutinators,” because
they agglutinated IgG upon its treatment with pepsin that generates F(ab’), and Fc.?>%
IgG anti-hinge antibodies are germline-encoded NAbs that bind to a conformational hinge
region epitope that becomes accessible exclusively upon cleavage of IgG1 by pepsin.?*
Anti-hinge NAbs have an importantrole in the regulation ofthe B-cell antibody production.
Their plasma concentration increases slightly when B cells start producing antibodies
and eventually anti-hinge NAbs stop B-cell antibody production by binding to the hinge
region of antigen-carrying B-cell receptor and Fc receptor of the antibody-producing B
cell.?! Thus, anti-hinge NAbs have an important regulatory function within the innate
and adaptive immune system.

Despite having this immune regulatory role, the very same IgG NADbs can exert
damaging effects. In studying the damaging role of anti-hinge NAbs, C3b,-F(ab’),-IC
formation and C3 activation induced by these complexes was studied with whole serum,
with serum absorbed on F(ab’),, and with serum absorbed on F(ab’), to which purified
anti-hinge NAbs were added. Anti-hinge NAbs had the expected effect and restored
complex formation and C3 activation in serum absorbed on F(ab”),, although at a 10
time higher concentration than expected, presumably because the purity of the material
was not yet 100%.% Interestingly, F(ab’),-IC added to serum generated complexes that
carried two and even three C3b molecules on one of the shortened heavy chains. Hence,
our data strongly suggest that anti-hinge NAbs represent Reid’s serum factor which
rigidifies F(ab”),-IC and thereby facilitates covalent binding of dimeric C3b to the Fd
region of one arm of an immune-complexed F(ab”), in generating a potent C3 convertase
precursor (Fig. 3).

Wehave also verified this hypothesis on F(ab’),-IC from affinity-purified anti-spectrin
NAbs. Since these NAbs lack a CH1-mediated affinity for C3, they stimulate complement
amplification as F(ab’),-IC, but not as IgG-IC in normal human serum. Absorption of

A B

Figure 3. Generation of potent C3 convertase precursors. A. Anti-hinge NAbs form secondary IC with
F(ab’),-IC. (B). F(ab’),-IC rigidified by anti-hinge NAbs allow nascent C3b to deposit as ester-linked
C3b dimer onto the shortened and rigidified heavy chain of a F(ab’),. Reproduced with permission
from Fumia et al. Mol Immunol 2008; 45:2951-2961.2° ©2008 Elsevier.
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normal serum on immobilized F(ab’), removed anti-hinge NAbs and abrogated the ability
of F(ab’),-IC to stimulate complement amplification, while supplementation with purified
anti-hinge NAbs restored stimulation of complement amplification.> Thus, anti-hinge
NAbs represent the serum factor that is required to rigidify F(ab”),-1C such that nascent
C3b can deposit as a dimer to one Fab portion of F(ab”),-IC. This finding may further
explain why the efficacy by which F(ab’),-IC stimulate complement amplification is
high with human serum, but decreases with serum from more primitive species that are
known to have lower concentrations of anti-hinge NAbs.?

F(ab’),-CONTAINING IMMUNE COMPLEXES FORM SECONDARY IC
WITH ANTI-HINGE NAbs IN PLASMA OF SEPTIC PATIENTS

F(ab’), fragments from IgG molecules may be dangerous, because they can form
immune complexes with autoantigens and eventually potent alternative complement
pathway C3 convertases. The reason is that F(ab’),-IC persist long enough in plasma to
form secondary immune complexes with IgG anti-hinge NAbs, because F(ab”),-1C, unlike
IgG-IC are not cleared via Fe-receptor carrying phagocytes. Eventually, anti-hinge NAbs
bindto F(ab’),-IC and stabilize antigen-bound F(ab’), to the point that the rigidified F(ab”),
captures dimeric C3b on one Fab and thereby forms an effective C3 convertase precursor.

The most specific enzyme that generates F(ab’), fragments from IgG molecules,
pepsin, is restricted to the gastrointestinal tract in higher organisms. However, a number
of other proteases that can also cleave IgG into F(ab’), and F(ab’),-like fragments (in
which only one heavy chain is cleaved) can occur in blood during inflammation and
bacterial infections. These F(ab’),-generating proteases originate from endogenous
sources, like neutrophils (elastase),?”? from pathogens like Staphylococci® (glutamyl
endopeptidase), from Streptococci (streptococcal immunoglobulin-degrading enzyme,
IdeS),’ and many others.

It was our goal to investigate whether F(ab’), fragments are generated during severe
sepsis and whether these fragments upon complexing autoantigens form secondary
F(ab’),-1C with anti-hinge NAbs and give rise to excessive complement activation. Nine
patients in intensive care with several types of bacterial infection, elevated CRP values
and neutrophil numbers have been studied for elastase, generation of F(ab”), fragments,
factor Bb concentration, and formation of secondary immune complexes comprised of
F(ab’),-IC and anti-hinge NAbs. Both the concentration of F(ab”), and that of the activated
complement factor B (Bb) increased linearly with the total concentration of elastase in
plasma (Fig. 4).>° These results provide suggestive evidence for the role of elastase in
generating F(ab’), from IgG and the ability of secondary IC to act as potent precursors of
alternative C3 convertases. Gelfiltrations on plasma proteins from these patients revealed
that the total concentration of F(ab’), was about three ug/ml plasma, but less than 10%
of this material migrated with its MW of about 100 kDa.> The majority of F(ab”), (1.7
+/-0.4 ug/ml, n = 9) was recovered in pool A with MWs in the range from 200 to 800
kDa and 0.4+/-0.1 ug/ml migrated in pool B with MWs of about 150 kDa. In contrast
to this, none of the pools from controls contained measurable concentrations of F(ab’),.
Hence, these results do not only confirm the formation of F(ab’), during severe sepsis,
but illustrate the formation of secondary immune complexes, of which the largest one
(pool A) contained aside of 1.7 ug/ml F(ab’),, unknown antigens, and 0.9 ug/ml anti-hinge
NADbs.» At first it appears that a total concentration of F(ab’), of 3ug/ml is minute, but
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Figure 4. The plasma concentration of F(ab’), and that of activated factor B (Bb) correlated with that
of elastase in plasma from septic patients. The total concentration of F(ab’), in plasma (A), data from
patients number 4—12) and that of activated factor B (B), data from patients number 1-12). Values
from control plasma are shown by open symbols. Reproduced with permission from Fumia et al. Mol
Immunol 2008; 45:2951-2961.° ©2008 Elsevier.

if all the F(ab’),-IC in pool A formed pairwise secondary immune complexes, of which
all captured dimeric C3b and each of them allowed assembly of C3 convertases, these
convertases would have generated theoretically 600 ug/ml C3b. This estimate would
mean activation of 50% of C3, a huge portion, but not unrealistic for immune complexes
that stimulate complement amplification.

HOW TO PREVENT F(ab’),-IC FROM STIMULATING
COMPLEMENT AMPLIFICATION?

Theoretically there are mainly two routes by which the massive complement
amplification induced by F(ab”),-1C could be stopped. One calls for inhibitors of elastase
and similar types of proteases, another route prevents F(ab’),-IC from being rigidified by
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anti-hinge NAbs. The latter goal is reached by injecting a sufficient amount of irrelevant
F(ab’), fragments that bind to anti-hinge NAbs and thereby prevent them from rigidifying
F(ab’),-IC. This approach has been taken by Dr. Dietrich 45 years ago in form of Gamma
Venin, a F(ab’), preparation from pooled whole human IgG.*? It turned out to be quite
effective in nine patients with severe sepsis. His explanation of why the treatment was
effective, was, however, inappropriate on the basis of what was known. He argued that the
many types of F(ab’), helped clearing pathogens, although efficient clearance normally
requires immune complex formation by IgG antibodies and their recognition by phagocytic
receptors via the Fc portion of these antibody molecules. Therefore the immunologists
may have concluded that IgG should have been used instead of F(ab’), and they convinced
the companies to isolate and pool human IgG for intravenous application (IVIG).

In the meantime the argument of Dietrich has turned out to be partially correct,
because work from Yano et al.?® and Brezski et al.** indeed suggested that anti-hinge
NAbs can aid in clearance of targets that have bound antigen-specific F(ab’),. This type
of cooperation of anti-hinge NAbs with F(ab’), is, however, highly dependent on the
relative concentrations of total F(ab’),, antigen-specific F(ab’), and anti-hinge NAbs.
For example, anti-hinge NAbs that existed in varying concentrations in nonhuman
primates induced a rapid clearance of about 75% of platelets purposely tagged with a
monoclonal anti-platelet F(ab”), in 5 of 30 animals.?® On the other hand, an injection of
F(ab’), from pooled human IgG in amounts that can complex all available anti-hinge
NAbs, as performed by Dietrich, must have prevented anti-hinge NAbs from binding
to newly generated F(ab’),-IC and thereby exerted a beneficial effect in patients with a
severe sepsis.

Intact IgG (IVIG) as a replacement of F(ab’), from pooled human IgG cannot exert
an analogous effect, because the binding site for anti-hinge NAbs is not accessible in
intact IgG. Expectedly, IVIG failed to cure patients with severe sepsis irrespective of the
brand.* Nevertheless, high concentrations of IVIG stimulate factor I and H dependent
inactivation of C3b,-containing complexes by a factor of two,* a value evidently too
small to cure from severe sepsis. IVIG has since been used successfully in an increasing
number of autoimmune diseases, where it suppresses autoaggressive antibody formation
by several means.*® Hence, it may be appropriate to repeat isolation of F(ab’), from
pooled whole human IgG (Gamma Venin) and to study its efficacy in treating patients
with sepsis and SIRS.

The other route in treating patients with massive complement overreaction calls
for inhibitors of elastase and similar proteases capable of generating F(ab’), from IgG.
This approach has been used successfully in disease models using animals.?”* Recently
elastase inhibitors have also been applied to humans. In patients with acute respiratory
distress syndrome (ARDS/SIRS) sivelestathad beneficial effects on pulmonary functions.*
Among patients with multi organ failure sivelestat reduced hospital mortality from 33
to 6 percent.*! Togo et al. studied the effect of sivelestat on survival of patients who
developed gastrointerstinal septic ARDS and found that sivelestat was most effective if
patients were well oxygenated.*? In all cases treatment with the elastase inhibitor reduced
the inflammatory process, but none of the authors has so far related the benefit of such a
treatment to the inhibition of F(ab’), generation. In general they referred to the reduced
degradation of elastin and matrix proteins resulting in reduced lung injury®® and its
inhibiting effect on NF-kappaB.* Thus, there is ample room for clinical trials in which
effective drugs like sivelestat are applied and the patients studied for IgG cleavage and
the parameters of complement amplification.
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CONCLUSION

The results summarized have revealed that in sepsis and SIRS proteases from
neutrophils and pathogens can generate F(ab’), fragments from IgG NAbs and preformed
Abs. In case these F(ab’), fragments form immune complexes (IC) with autoantigens the
F(ab”),-1C have a high probability to form secondary IC with anti-hinge NAbs. Binding
of anti-hinge NAbs to F(ab’),-IC rigidifies these complexes and thereby enables them
to capture C3b dimers. Bound C3b dimers are precursors of alternative C3 convertases,
being about 750 times more effective than bound C3b. The extent to which the generated
C3 convertases stimulate excessive complement activation via the amplification loop is
difficult to predict. Excessive complement activation is dependent on the concentration
of anti-hinge NAb-stabilized F(ab’),-1C and thus is a function of antigen-specific F(ab’),,
the concentration of immune complexes, and that of anti-hinge NAbs. The process is
inhibitable by irrelevant F(ab’), fragments that bind to anti-hinge NAbs and prevent it
from stabilizing F(ab”),-IC. The findings can explain why F(ab’), from whole human
IgG, but not IgG itself (IVIG), was effective in stopping severe sepsis.
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