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ANTIPHOSPHOLIPID SYNDROME REVISITED: A
DISORDER INITIATED BY INFLAMMATION

JANE E. SALMON, M.D. and (by invitation) GUILLERMINA GIRARDI, Ph.D.

ABSTRACT

The antiphospholipid syndrome (APS), characterized by thrombosis and
pregnancy loss that occur in the presence of antiphospholipid (aPL) antibod-
ies, is a leading cause of miscarriage and maternal and fetal morbidity. Using
a mouse model of APS induced by passive transfer of human aPL antibodies,
we have shown that complement activation plays an essential and causative
role in pregnancy loss and fetal growth restriction, and that blocking acti-
vation of the complement cascade rescues pregnancies. Given that the pri-
mary treatment for APS patients is anticoagulation throughout pregnancy,
usually with sub-anticoagulant doses of heparin, we considered the possibil-
ity that heparin prevents pregnancy loss by inhibiting complement. We
found that heparin inhibits activation of complement on trophoblasts in vivo
and in vitro and that anticoagulation, in and of itself, is not sufficient to
prevent pregnancy complications in our experimental model of APS. Our
studies underscore the importance of inflammation in fetal injury associated
with aPL antibodies and emphasize the importance of developing and testing
targeted complement inhibitory therapy for patients with APS.

Introduction

The antiphospholipid antibody syndrome (APS) is characterized by
arterial and venous thrombosis and pregnancy complications, includ-
ing fetal death and growth restriction, in association with antiphos-
pholipid (aPL) antibodies. The APS is a leading cause of miscarriage
and maternal and fetal morbidity (1–3). In addition to recurrent mis-
carriage (including fetal death), pregnancy complications in women
with APS include preeclampsia, placental insufficiency, and intrauter-
ine growth restriction (IUGR). APL antibodies are a family of autoan-
tibodies that exhibit a broad range of target specificities and affinities,
all recognizing various combinations of phospholipids, phospholipid-
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binding proteins, or both. Although the specific antigenic reactivity of
aPL antibodies is critical to their effect, the pathogenic mechanisms
that lead to injury in vivo are incompletely understood and the therapy
for pregnant women with APS, currently aimed at preventing throm-
bosis (3,4), is only partially successful in averting pregnancy loss.

Recent experimental observations suggest that altered regulation of
complement, an ancient component of the innate immune system, can
cause and may perpetuate complications of pregnancy (5,6). We have
found that aPL antibodies mediate pregnancy complications by initi-
ating activation of the complement cascade, and that the local increase
in complement activation fragments is highly deleterious to the devel-
oping fetus (6,7). Thus, the identification of this new mechanism for
pregnancy loss in women with aPL antibodies holds the promise of
new, safer and better treatments.

Complement activation and tissue injury

The complement system, composed of over 30 proteins that act in
concert to protect the host against invading organisms, initiates in-
flammation and tissue injury (Figure 1) (8,9). Complement activation
promotes chemotaxis of inflammatory cells and generates proteolytic
fragments that enhance phagocytosis by neutrophils and monocytes.
The classical pathway is activated when natural or elicited antibodies
(Ab) bind to antigen and unleash potent effectors associated with
humoral responses in immune-mediated tissue damage. Activation of
the classical pathway by natural Ab plays a major role in the response
to neoepitopes unmasked on ischemic endothelium, and thus may be
involved in reperfusion injury (10). The mannose-binding lectin (MBL)
pathway is activated by MBL recognition of carbohydrates (often on
infectious agents) and MBL-associated serine protease-2, which auto-
activates and cleaves complement component 2 (C2) and C4. Alterna-
tive pathway activation differs from classical and MBL activation
because it is initiated directly by spontaneous deposition of comple-
ment on cell surfaces. Under normal physiologic conditions, C3 under-
goes low-grade spontaneous hydrolysis and deposits on target surfaces,
allowing binding and activation of factor B, formation of the alterna-
tive pathway C3 convertase, and further amplification of C3 cleavage.
This pathway is antibody-independent and is triggered by the activity
of factor B, factor D and properdin. Properdin enhances complement
activation by binding to and stabilizing the C3 and C5 convertases.
Properdin, the only regulator of complement that amplifies its activa-
tion, is produced by T cells, monocytes/macrophages, and polymorpho-
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nuclear leukocytes (PMN). Thus, a proinflammatory amplification loop
may result from alternative pathway activation of anaphylatoxin-re-
sponsive, properdin-secreting inflammatory cells. In addition, recent
data show that oxidative stress initiates complement activation by all
three pathways (11–13). By means of these recognition and activation
mechanisms the complement system identifies and responds to “dan-
gerous” situations presented by foreign antigens, pathogens, tissue
injury, ischemia, apoptosis and necrosis (14). This capacity places the
complement system at the center of many clinically important re-
sponses to pathogens, as well as, to fetal injury mediated by cellular or
humoral immune mechanisms.

The convergence of three complement activation pathways on the C3
protein results in a common pathway of effector functions (Figure 1).
The initial step is generation of the fragments C3a and C3b. C3a, an
anaphylatoxin that binds to receptors on leukocytes and other cells,
causes activation and release of inflammatory mediators (15). C3b and
its further sequential cleavage fragments, iC3b and C3d, are ligands
for complement receptors 1 and 2 (CR1 and CR2) and the �2 integrins,

FIG. 1. Complement cascade. Schematic diagram of the three complement activation
pathways and the products they generate. From Hughes Syndrome, 2nd Edition, Kha-
mashta, MA (Ed.), 2006, page 396, chapter 31, by Girardi, G and Salmon, J, Figure 31.1.
With kind permission of Springer Science and Business Media.
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CD11b/CD18 and CD11c/CD18, present on a variety of inflammatory
and immune accessory cells (16,17). C3b attaches covalently to targets,
followed by the assembly of C5 convertase with subsequent cleavage of
C5 to C5a and C5b. C5a is a potent soluble inflammatory, anaphyla-
toxic and chemotactic molecule that promotes recruitment and activa-
tion of neutrophils and monocytes and mediates endothelial cell acti-
vation through its receptor. Expression of C5aR, initially thought to be
limited to neutrophils, monocytes and eosinophils, has recently been
shown to be more widespread and to include endothelial cells, liver
parenchymal cells, vascular smooth muscle cells, bronchial epithelium,
alveolar cells, mast cells, astrocytes and human mesangial cells (18).

Binding of C5b to the target initiates the non-enzymatic assembly of
the C5b-9 membrane attack complex (MAC). Insertion of C5b-9 MAC
into cell membranes causes erythrocyte lysis through changes in in-
tracellular osmolarity, while C5b-9 MAC damages nucleated cells pri-
marily by activating specific signaling pathways through the interac-
tion of the membrane-associated MAC proteins with heterotrimeric G
proteins (19,20). Pro-inflammatory and tissue damaging phenotypic
outcomes that follow these signaling events include the proliferation
and release of reactive oxygen intermediates, leukotrienes, thrombox-
ane, platelet-derived growth factor and procoagulant activity (21–24).
That MAC plays a major role in human disease is further supported by
the finding that MAC is present at sites of tissue damage in rheuma-
toid arthritis, and glomerulonephritis (22). Indeed, deficiency or inac-
tivation of CD59, the complement regulatory protein that restricts
MAC formation, seen in paroxysmal nocturnal hemoglobinuria and
diabetes, respectively, is associated with thrombosis and vasculopathy
(25).

Role of complement in fetal tolerance

Because activated complement fragments have the capacity to bind
and damage self-tissues, it is imperative that autologous bystander
cells be protected from the deleterious effects of complement. To this
end, most human and murine cells express soluble and membrane-
bound molecules that limit the activation of various complement com-
ponents (8,26). Studies in mice show that complement regulatory pro-
teins critically determine the sensitivity of host tissues to complement
injury in autoimmune, ischemic and inflammatory disorders (26,27).
The importance of complement regulatory proteins in humans is un-
derscored by recent reports of a strong association between mutations
in membrane cofactor protein (MCP) and factor H (causing ineffective
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C3 inactivation) with the hemolytic uremic syndrome and glomerular
endothelial injury (28,29). Though activated complement components
are present in normal placentas (30,31), it appears that in successful
pregnancy uncontrolled complement activation is prevented by three
regulatory proteins present on the trophoblast membrane: decay ac-
celerating factor (DAF), MCP and CD59 (32–34). All three proteins are
strategically positioned on the trophoblast and provide a mechanism to
protect the fetus from damage due to complement pathway activation
by alloantibodies.

Studies in mouse experimental models underscore the importance of
complement regulation in fetal control of maternal processes that
mediate tissue damage. In mice, Crry, a membrane-bound intrinsic
complement regulatory protein (like DAF and MCP) blocks C3 and C4
activation on self-membranes (35) and thereby inhibits classical and
alternative pathway C3 convertases and blocks C3, C5, and subse-
quent MAC activation. That appropriate complement inhibition is an
absolute requirement for normal pregnancy has been demonstrated by
the finding that Crry deficiency in utero leads to progressive embryonic
lethality (5). Crry�/� embryos are surrounded by activated C3 frag-
ments and PMN, primarily around the ectoplacental cone and sur-
rounding trophoectoderm. Importantly, Crry�/� embryos are com-
pletely rescued from 100% lethality and live pups are born at a normal
Mendelian frequency when C3 deficiency or factor B deficiency is
introduced to Crry�/� embryos (5,36). Defects in placental formation
were associated with pregnancy loss and were solely dependent on
alternative pathway activation and required maternal C3 (36). These
observations provide genetic proof that Crry�/� embryos die in utero
due to their inability to suppress complement activation mediated by
C3. Based on these findings, we proposed that aPL antibodies activate
complement within decidual tissue, overwhelm the normally adequate
inhibitory mechanisms described above and induce inflammation and
fetal damage.

Role of complement in fetal damage induced by aPL
antibodies in a mouse model

During trophoblast differentiation, phosphatidylserine is external-
ized on the trophoblast outer leaflet where it provides a target for aPL
antibodies (37,38). Indeed, human and mouse studies have shown that
aPL antibodies are specifically targeted to trophoblasts. Our in vivo
studies show that aPL antibodies are selectively removed from the
circulation in pregnant mice and specifically bound to decidual tissues
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(39). We hypothesized that aPL antibodies bound to trophoblasts acti-
vate complement via the classical pathway generating split products
that mediate placental injury and cause fetal loss and growth restric-
tion. Using a murine model of APS induced by passive transfer of
human aPL antibodies, we have shown that complement activation
plays an essential and causative role in pregnancy loss and fetal
growth restriction (39,40). Passive transfer of IgG from women with
recurrent miscarriage and aPL antibodies (aPL-IgG) results in a 40%
frequency of fetal resorption compared to �10% in mice treated with
IgG from healthy individuals (NH-IgG), and a 35% reduction in the
average weight of surviving fetuses (40). We observed a similar rate of
pregnancy failure using IgG from 5 different patients or using mono-
clonal human aPL antibodies. These in vivo pathogenic effects require
both recognition of relevant target antigens by aPL antibodies and Fc
domain-mediated complement activation that initiates effector func-
tions. Figure 2 shows representative uteri from mice treated with
NH-IgG (6 fetuses, no resorptions) and aPL-IgG (4 fetuses, 3 resorp-
tions).

In our initial studies to determine whether complement activation is
necessary for aPL-IgG induced fetal loss, we focused on C3 because the
three complement activation pathways converge at C3 and C3 is a
nexus for complement effector pathways. We used Crry-Ig, an inhibitor
of classical and alternative pathway complement C3 convertases, to
block complement activation in vivo (41). BALB/c mice were treated
with aPL-IgG (10 mg), control human IgG (10 mg), or saline on days 8
and 12 of pregnancy. Half the mice received Crry-Ig (3 mg) every other
day from days 8–12. On day 15, pregnant mice were sacrificed and the
uterine contents evaluated. Treatment with aPL-IgG caused a nearly
4-fold increase in the frequency of fetal resorption, while simultaneous
treatment with Crry-Ig prevented aPL antibody-induced pregnancy
losses. Crry-Ig also prevented aPL antibody-mediated growth restric-

FIG. 2. aPL antibodies cause pregnancy loss. Representative uteri from day 15 of
pregnancy mice are shown. The upper panel from a mouse treated with normal human
IgG (NH-IgG) shows 6 fetuses and no resorptions. The lower panel from a mouse treated
with aPL antibodies (aPL-IgG) shows 4 fetuses and 3 resorptions (asterisks).
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tion in surviving fetuses. As an alternate test of the hypothesis that
complement activation is required for aPL-induced pregnancy compli-
cations, we studied mice deficient in complement component C3. As
predicted by experiments with Crry-Ig, aPL-IgG did not increase fetal
resorption in C3�/� mice. The protective effects of a complete lack of
C3 were also evident in fetal weights.

To determine whether excessive complement activation occurs
within the placenta in aPL-treated mice we conducted immunohisto-
logical analyses of decidua after the first treatment with aPL-IgG or
control IgG. In aPL-treated mice, the decidua was abnormal morpho-
logically, showing focal necrosis and apoptosis with PMN infiltrates
and loss of fetal membrane elements. These findings contrasted with
relatively normal appearing deciduas of mice treated with control
human IgG or aPL-IgG and Crry-Ig. Staining with antibodies against
murine C3 revealed extensive complement deposition within the de-
cidua and on the extraembryonic membranes in mice treated with aPL-
IgG. In contrast, in mice treated with control human IgG, only small
amounts of C3 staining were detectable, mostly in extraembryonic tis-
sues; the decidua was not inflamed and had normal cellular elements.
We infer that membrane bound complement inhibitors, such as Crry, are
unable to prevent complement deposition when aPL-IgG within the
decidua triggers the activation of large amounts of complement.

We have performed studies to identify initiating pathways of com-
plement activation. That C4-deficient pregnant mice treated with aPL-
IgG were protected from fetal loss and growth restriction suggests that
aPL antibodies trigger the complement cascade through either the
classical or lectin pathways. Activation of the alternative pathway also
contributes to aPL-associated fetal loss, because mice deficient in
Factor B were protected, as were mice treated with an anti-factor B
mAb. We hypothesize that the classical (or lectin) pathway(s) gener-
ates C3 at sites of injury, initiating a positive feedback loop through
the alternative pathway to amplify complement activation and gener-
ate further complement fragments.

Complement C5 activation and C5a-C5aR interactions are
required for aPL antibody-induced fetal loss

To distinguish the importance of complement activation at the level
of C3 from that at C5, we blocked C5 activation with an anti-C5
monoclonal antibody (mAb). Inhibition at the level of C5 prevents the
formation of MAC and generation of C5a, while preserving comple-
ment-derived immunoprotective functions such as opsonization and
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immune complex clearance. Treatment with anti-C5 mAb prevented
aPL-induced pregnancy losses (fetal resorption frequency: aPL-IgG vs
aPL-IgG � anti-C5 mAb: 44 � 11% vs 5 � 3%, p � 0.001) and growth
restriction. To confirm that C5 activation is required for fetal loss, we
studied mice deficient in C5. In C5�/� mice, both aPL-IgG and human
monoclonal aPL antibodies caused a 4-fold increase in fetal resorption
frequency and a significant decrease in embryo weight and develop-
ment compared to control IgG. In contrast, C5�/� mice were protected
from aPL antibody-induced pregnancy complications (6).

Two complement effector pathways are initiated by cleavage of C5:
C5a, a potent anaphylatoxin and cell activator, and C5b, which leads to
formation of the C5b-9 membrane attack complex. We used two meth-
ods to distinguish the role of C5a and the C5a receptor (C5aR) from
that of MAC seeded by C5b. First, we treated pregnant mice that had
received aPL-IgG with a highly specific peptide antagonist of C5aR
(C5aR-AP), AcPhe[L-ornithine-Pro-D-cyclohexylalanine-Trp-Arg],
which possesses potent in vivo anti-inflammatory activities in murine
models of endotoxic shock, renal ischemia-reperfusion injury and the
Arthus reaction (42–45). Administration of C5aR-AP prevented aPL
antibody-induced pregnancy loss and growth restriction, but had no
effect on either frequency of fetal resorption or fetal size in the absence
of aPL antibodies (Figure 3a and 3b). As a second approach to test the
hypothesis that C5a-C5aR interactions mediate pregnancy complica-
tions, we performed studies in mice deficient in C5aR. In the back-
ground strain, C5aR�/�, there was a 5-fold increase in fetal resorption
after treatment with aPL-IgG (Figure 3b), while, as predicted by ex-
periments with the C5aR-AP, aPL-IgG did not increase the frequency
of fetal resorption in C5aR�/� mice (Figure 3c). The protective effects
of the total absence of C5aR were also observed when fetal weights
were examined (Figure 3d). Taken together, our experiments with
C5aR�/� mice and C5aR antagonist peptide identify the C5a-C5aR
interaction as a critical effector of aPL antibody-induced injury.

Based on the results of our murine studies, we proposed a mechanism
for pregnancy complications in APS (Figure 4): aPL antibodies preferen-
tially targeted at decidua and placenta activate complement via the
classical and, perhaps, lectin pathways, (Fc- and C4-dependent), leading
to the generation of potent anaphylatoxins (C3a and C5a) and mediators
of effector cell activation. Recruitment of inflammatory cells accelerates
local alternative pathway activation and creates a proinflammatory am-
plification loop that enhances C3 activation and deposition, generates
additional C3a and C5a, and results in further influx of inflammatory
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cells into the placenta (39). Depending on the extent of damage, either
death in utero or fetal growth restriction ensues.

Inhibition of complement activation: A novel mechanism for
the protective effects of heparin in aPL antibody-induced
pregnancy loss.

The studies described above underscore the importance of inflam-
mation, rather than thrombosis, in fetal injury associated with aPL
antibodies, yet therapy for pregnant women with APS is focused on

FIG. 3. Blockade of C5a-C5aR interaction protects pregnancies from aPL antibody-
associated injury. a and b, Pregnant BALB/c mice were given aPL-IgG or NH-IgG on
days 8 and 12, and some also received C5aR antagonist peptide (C5aR-AP) on day 8, 30
minutes before administration of aPL-IgG. Mice were sacrificed on day 15 of pregnancy,
uteri were dissected, fetuses were weighed, and frequency of fetal resorption calculated
(number of resorptions/number of fetuses � number of resorptions). Treatment with
C5aR-AP prevented fetal loss and growth inhibition (*P � 0.01, aPL vs. aPL � C5aR-
AP). c and d, The effects of aPL-IgG on pregnancy outcomes in C5aR�/� and C5aR�/�

mice were compared. Pregnant mice were treated with aPL-IgG or NH-IgG as described
above. C5aR�/� mice were protected from aPL-IgG-induced fetal resorption and growth
inhibition (*P � 0.05, aPL-IgG vs. NH-IgG). From Girardi et al., Complement C5a
receptors and neutrophils mediate fetal injury in the antiphospholipid syndrome. J Clin
Invest 2003;112:1644–1654. Republished with permission.
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preventing thrombosis, and anticoagulation is only partially successful
in averting miscarriage. Histopathologic findings in placentas from
women with APS also argue that pro-inflammatory factors may con-
tribute to tissue injury (46,47). Interestingly, as early as 1929, heparin,
the standard anticoagulant treatment used to prevent obstetric com-
plications in patients with APS, was shown to have “anti-complemen-
tary effects” (48). Given the importance of complement split products
as mediators of aPL antibody-induced fetal injury, we considered the
possibility that heparin prevents pregnancy loss by inhibiting comple-
ment activation on trophoblasts and that anticoagulation, in and of
itself, is not sufficient to prevent pregnancy complications in APS. In
experiments in our model of APS, treatment with unfractionated or
low molecular weight heparins (LMWH) protected pregnancies from

FIG. 4. Proposed mechanism for the pathogenic effects of aPL antibodies on tissue
injury. APL antibodies are preferentially targeted to the placenta where they activate
complement via the classical pathway. The complement cascade is initiated; C3 and
subsequently C5 are activated. C5a is generated and attracts and activates neutrophils,
monocytes and platelets, and stimulates the release of inflammatory mediators, includ-
ing reactive oxidants, proteolytic enzymes, chemokines, cytokines and complement fac-
tors. Complement activation is amplified by the alternative pathway. This results in
further influx of inflammatory cells and ultimately fetal injury. Depending on the extent
of damage, either death in utero or fetal growth restriction ensues. (PMN, neutrophil;
M�, monocyte-macrophage) From Girardi et al., Complement C5a receptors and neu-
trophils mediate fetal injury in the antiphospholipid syndrome. J Clin Invest 2003;
112:1644–1654. Republished with permission.
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aPL antibody-induced damage, whereas treatment with hirudin or
fondaparinux (anticoagulants without anti-complement effects) was
not protective. Mice that received unfractionated heparin (UFH) 20U,
LMWH, fondaparinux, or hirudin were anticoagulated, as demon-
strated by increased partial thromboplastin time (PTT) or decreased
factor Xa activity, while PTTs in mice receiving UFH 10U were not
different from control. Importantly, heparins did not alter binding of
aPL-IgG to decidual tissue. These findings indicate that even in the
absence of a detectable anticoagulant effect, as in mice treated with
UFH 10U, heparins protected mice from aPL-induced pregnancy loss
(Table 1).

To assess the effect of heparin on complement activation in vivo, we
focused on the products of aPL-IgG-initiated C3 cleavage: C3a in
plasma (measured as C3a desArg) and C3 activation fragments bound
to trophoblasts. Mice treated with aPL-IgG showed a marked increase
in plasma C3a desArg levels (compared to mice treated with NH-IgG)
and this increase in C3a desArg levels was completely abolished in the
presence of heparins. Neither fondaparinux nor hirudin affected C3
activation as detected by plasma C3a desArg (Table 1).

In addition, we developed an in vitro model to directly examine the
effect of heparin on aPL-IgG-initiated cleavage of C3 by measuring C3a
in supernatants and cell-bound C3b using trophoblast-like BeWo cells.
Phosphatidylserine, externalized on BeWo cells as on human villous
cytotrophoblasts, is recognized by aPL antibodies (38). BeWo cells
opsonized with aPL-IgG were incubated with mouse or human serum,
as a source of complement, in the presence or absence of UFH, LMWH,
hirudin, or fondaparinux, at concentrations comparable to those ad-
ministered in the in vivo experiments. In the presence of UFH or
LMWH, however, activation of complement was completely inhibited.
In contrast to the effects of the heparins, neither hirudin nor fondapa-
rinux blocked the generation of complement split products. The results

TABLE 1
Heparins prevent pregnancy loss and inhibit complement activation

Anticoagulation
Prevention of

pregnancy loss
Complement

inhibition

UFH (10 U) � � �

UFH (20 U) � � �

LMWH � � �

Fondaparinux � � �

Hirudin � � �

LMWH, low molecular weight heparin; UFH, unfractionated heparin.
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of these in vitro experiments confirmed the findings of our in vivo
studies.

Our data indicate that heparins prevent obstetrical complications in
women with APS by limiting aPL antibody-triggered complement ac-
tivation and the ensuing inflammatory response at the maternal-fetal
interface, rather than by inhibiting thrombosis. This work provides a
framework for understanding how sub-anticoagulant doses of heparin
exert beneficial effects in antibody-mediated tissue injury.

Conclusion

We have identified an important and previously unrecognized role
for complement as an early effector in pregnancy loss associated with
aPL antibodies and placental inflammation. Our experiments indicate
that aPL antibodies targeted to decidual tissues damage pregnancies
by engagement of the classical pathway of complement activation,
followed by amplification through the alternative pathway, and it
appears the heparins prevent obstetrical complications caused by aPL
antibodies because they block activation of complement. Because treat-
ment with heparin injections throughout pregnancy is neither safe,
well tolerated, nor completely effective, our findings emphasize the
importance of developing and testing targeted complement inhibitory
therapy for patients with APS.

We have initiated the The PROMISSE Study (Predictors of pReg-
nancy Outcome: bioMarkers In antiphospholipid antibody Syndrome
and Systemic lupus Erythematosus), a prospective, multi-center ob-
servational study to translate our findings in mice to humans and
evaluate the role of complement in aPL antibody-induced pregnancy
loss in women. The PROMISSE Study will test the hypothesis that
classical, alternative and terminal complement pathway activation
will be detected in the circulation and placentas of patients with aPL
antibodies and will be associated with poor pregnancy outcomes. Char-
acterization of surrogate markers that predict poor pregnancy outcome
will identify clinically applicable indicators that will enable us to
initiate an interventional trial of complement inhibition in patients at
risk for aPL antibody-associated fetal loss.
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DISCUSSION
Blaser, New York: Jane, that was beautiful progressive work. I wonder if you can

extend this very specific model of tissue injury in lupus and determine whether this is a
prototype for injury in other organ systems in lupus, and that C5a inhibitors might be
useful for renal disease or other manifestations.

Salmon, New York: My belief is that it will be the case. Dr. Girardi has set up a
mouse model of thrombotic microangiopathy. Again, this is an antiphospholipid anti-
body-induced injury model, but importantly, complement inhibitors effectively protect
mice from renal damage. There is extensive experience using a C5 monoclonal antibody
to treat mouse models of lupus and rheumatoid arthritis, and this intervention can limit
renal disease and joint disease. Unfortunately, the initial human trials were not effective
in rheumatoid arthritis, and the lupus studies were discontinued early. I believe there is
still hope for targeting C5 in antibody-mediated injury. There are new drugs, including
anti-C5 antibodies, anti-C5a receptor antibodies and C5a receptor antagonist peptides
that are already, or nearly, in clinical trials.

Sacher, Cincinnati: Very nice presentation. One of the strategies that is being used in
recurrent fetal loss, at least historically, is high dose polyvalent immunoglobulin therapy.
Have you thought of exploring this in your model, because, of course, we know that this
compound has pleiotrophic multiple effects, and it is beneficial in many diseases. Could
there be an anticomplementary effect, or could it be anti-idiotype, or could it be all of those?

Salmon: My sense is that meta-analysis of all of studies with IVIG for recurrent
pregnancy loss do not support its use. On the other hand, studies in mice show that IVIG
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is “anti-inflammatory”. IVIG changes the balance of stimulatory and inhibitory Fc recep-
tors to favor inhibition; it binds complement split products, and it blocks FcRn resulting in
increased catabolism of pathogenic antibodies. We have shown that IVIG treatment lowers
the titer of antiphospholipid antibodies in mice. There is rationale for using IVIG, but it
hasn’t been overwhelmingly effective in patients, and I’m not sure why.

Coggins, Boston: Very nice paper. Of course, in situations other than pregnancy,
people often benefit from long-term anticoagulation with warfarin, presumably with
very different mechanisms, but I wonder if you had any speculations about the possi-
bility of complement approaches to those people as well.

Salmon: I think complement inhibition could be an effective way to prevent throm-
bophilia associated with aPL antibodies. In a mouse model of injury-induced venous
thrombosis, a standard pinch injury to the femoral vein results in a small local clot, but
in aPL antibody-treated mice, a gigantic clot is formed. In this example of aPL antibody-
induced thombophilia, complement inhibitors prevent enhanced clot formation. To move
the field forward, we must create an inhibitor of complement for safe chronic use, one
that will not predispose patients to encapsulated microbial infection.

Key, Chapel Hill: It was a very nice presentation. Of course antiphospholipid syn-
drome is characterized by its heterogeneity. Some people get arterial thrombosis, others
venous, other women get these recurrent miscarriages. Do you have an assay to predict
this, I mean prospectively? You may have said this, do samples from all comers with
antiphospholipid antibodies have this activity, or did you select your patient samples
and consider these clinical differences?

Salmon: The samples of immunoglobulin we used in the mouse studies were from
many individuals with the antiphosphopholipid syndrome (with or without lupus). They
were very sick patients who were treated with plasmapheresis. We selected these
patients because we needed very large quantities of purified immunoglobulins with high
titers of anticardiolipin antibodies to perfume multiple mouse experiments with the
same aPL antibodies. The immunoglobulins we injected into mice were from patients
with different phenotypes. I think we’ve studied eight or nine patients, and we never
found a preparation that didn’t cause fetal loss. In addition, we’ve done studies with a
range of monoclonal human and mouse antiphospholipid antibodies. If the monoclonal
antibody is of a subclass that activates complement, we see fetal loss, but if the
monoclonal antibody does not activate, we do not see injury.

Falk, Chapel Hill: Jane, that was beautiful as usual. Two quick questions. Can you
accelerate your model by using an FcRIIb knockout? Secondly, how do you know this is
not the mannose lectin-binding pathway, because there can be direct activation of C4
and, if Mike Holers is right, additional activation through C3 that would have thera-
peutic effects downstream for the inhibitors of the mannose lectin-binding pathway that
may be different than those that you are suggesting now?

Salmon: We desperately tried to find animals with more severe pregnancy outcomes.
We studied FcRIIb knockout mice and we studied FcRIIa transgenic mice looking for a
worse phenotype, but neither had a worse phenotype. I was surprised, and can’t explain
these results. In response to your question about MBL, we’ve looked at mice that are
doubly deficient in factor D and C1q, and they are protected, arguing that MBL pathway
alone cannot mediate injury in our model. Nonetheless, we are trying to get the double
MBL knockouts to directly address the question, because I think the MBL pathway is
important, particularly in hypoxic states.

Falk: Can you rescue by adding factor B?
Salmon: We haven’t done those experiments yet, but we’ve studied factor B-deficient

mice and treated mice with anti-factor B monoclonal antibody from the Holer’s labora-
tory. These strategies rescue pregnancies.
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