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(Background: The terminal complement pathway con-
tributes to cerebral malaria (CM) pathogenesis.

Results: The terminal pathway is activated in CM
through a unique mechanism independent of the C5
convertases.

Conclusion: We propose that enzymes of the coagulation
system activate C5 in CM.

Significance: Inhibition of complement at the level of C5
represents a unique therapeutic target in CM.

\_ J

Cerebral malaria (CM) is the most severe manifestation of
clinical malaria syndromes and has a high fatality rate especially
in the developing world. Recent studies demonstrated that
C57/~ mice are resistant to experimental CM (ECM) and that
protection was due to the inability to form the membrane attack
complex. Unexpectedly, we observed that C4~’~ and factor
B~/~ mice were fully susceptible to disease, indicating that acti-
vation of the classical or alternative pathways is not required for
ECM. C3~/~ mice were also susceptible to ECM, indicating that
the canonical C5 convertases are not required for ECM develop-
ment and progression. Abrogation of ECM by treatment with
anti-C9 antibody and detection of C5a in serum of C3~/~ mice
confirmed that C5 activation occurs in ECM independent of C5
convertases. Our data indicate that activation of C5 in ECM
likely occurs via coagulation enzymes of the extrinsic protease
pathway.
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Plasmodium falciparum malaria is one of the most impor-
tant public health burdens facing the global community. More
than 2.5 billion people live in areas where they are at risk from
P. falciparum infection (1), and there are between 100 and 300
million clinical cases and more than one million malaria-re-
lated deaths each year (44), with the majority of deaths occur-
ring in children in sub-Saharan Africa. The overwhelming
majority of malaria mortality is caused by P. falciparum, and
cerebral malaria (CM)? is one of the most severe clinical com-
plications of P. falciparum malaria. Cerebral malaria has a case
fatality rate of 15-30%, and more than 10% of children who
recover from CM have ongoing neurological complications
such as cognitive impairment (reviewed in Refs. 2 and 3).
Despite the importance of CM, our understanding of the
molecular causes of its pathology is limited.

A potential role for complement in the development and
progression of malaria and CM has been studied for some time;
however, the approach has largely been correlative (examining
for changes in the levels of complement proteins and activation
fragments) rather than mechanistic (reviewed in Ref. 4). These
studies demonstrate that both the classical and the alternative
complement pathways are activated in malaria, whereas the
mannose-binding protein pathway is not significantly involved
(4). Recent studies have shown that mice naturally deficient in
C5 are resistant to experimental cerebral malaria (ECM) (5, 6)
and that the terminal complement pathway contribution to
ECM immunopathology is mediated by the membrane attack
complex (MAC) and not C5a (6). However, these observations
have not clarified the role of the activation pathways and C3, the
central component of the complement system, in ECM.

The present study demonstrates that neither the classical nor
the alternative complement pathways are required for disease
development. Surprisingly, C3~/~ mice developed severe ECM,
reinforcing the observation that the early activation pathways
are not required for disease. Importantly, the inability of C37/~
mice to generate C3b indicates that severe ECM in these mice
occurs through activation of C5 independent of complement
C5 convertases. These results suggest that C5 is activated in
ECM through the extrinsic protease pathway (7-10).

EXPERIMENTAL PROCEDURES

Mice, Malaria Parasites, and ECM—C4~'~, factor B/,
C37/7, and sCrry/GFAP mice have been described previously
(11-14). All mice were backcrossed to C57BL/6 mice for eight
or more generations. Male and female mice between the ages of
8 and 12 weeks were used for all experiments. All studies were
performed with approval from the University of Alabama
(UAB) Institutional Animal Care and Use Committee.

Plasmodium berghei ANKA was maintained by passage in
BALB/c mice as described previously (15). ECM was induced by

2 The abbreviations used are: used: CM, cerebral malaria; ECM, experimental
cerebral malaria; MAC, membrane attack complex; PbA, P. berghei ANKA;
GFAP, glial fibrillary acidic protein; CVF, cobra venom factor; iRBC, infected
red blood cell; Crry, complement receptor-related protein y; sCrry, soluble
Crry.
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FIGURE 1.C4~/~ and factor B~/~ mice are fully susceptible to the development of ECM, whereas C3~/~ mice are partially resistant. Wild type, C4 ™/,
factorB~/~ (FB~/7),and C3~/~ mice were injected intraperitoneally with 5 X 10° PbA-iRBC, and clinical scores and survival were monitored twice daily for 10
days as described under “Experimental Procedures.” A, C4~/~ mice (n = 16) were fully susceptible to disease-induced mortality as compared with wild type
mice (n = 17). B, factor B~/ mice (n = 16) were fully susceptible to disease-induced mortality as compared with wild type mice (n = 19). C, (3™~ mice (n =
19) are not significantly protected from disease-induced mortality (p = 0.21, log rank test) as compared with wild type mice (n = 18). D, clinical scores for wild
type and C37/~ mice are significantly different from day 7.5 through day 10 (p < 0.05, Wilcoxon rank sum test). E, parasitemia on day 6 after infection was not
significantly different between wild type and C37/~ mice (p > 0.05, Student’s t test). F, INF-v, IL-6, and IL-1 levels were determined by ELISA (n = 3-5
mice/group). G, brain tissue was isolated from PBS-perfused wild type and C3~/~ mice at day 6 (n = 4/group) and subjected to flow cytometric analysis as
described previously (43). The number of CD8* T cells in the brains of wild type and C37/~ mice was not significantly different (p > 0.05, Student’s t test).

injecting mice intraperitoneally with 5 X 10° PbA-infected
RBCs. Parasitemia was monitored on day 6 after infection by
Giemsa-stained, thin blood smears. Mice were monitored twice
daily for clinical signs of neurologic disease, in a blinded fash-
ion, using the following scoring scale: 0, asymptomatic; 1,
symptomatic (ruffled fur); 2, mild disease (slow righting); 3,
moderate disease (difficulty righting); 4, severe disease (ataxia,
seizures, coma); 5, dead. Mice observed having seizures were
given a score of 4 regardless of other clinical signs of disease,
and moribund animals were scored 4.5 and humanely sacri-
ficed. Mice were classified as having ECM if they displayed
these symptoms between days 5 and 9 after infection and had a
corresponding drop in external body temperature or suc-
cumbed to infection.

Cytokine and C5a Serum Protein Levels and Analysis of Leu-
kocytes from Brains—Whole blood was collected via retro-or-
bital bleed on day 6 after ECM induction. Samples were assayed
for IFN-g, IL-1b, and IL-6 using Bio-Plex mouse cytokine assays
(Bio-Rad) performed according to the manufacturer’s instruc-
tions. C5a was quantitated using a solid-phase ELISA as
described previously (16). Mice were transcardially perfused
with PBS for 2 min, and brains were processed for flow cyto-
metry as described previously (17).

Anti-C9 Antibody and CR2-Crry Treatment—C3~ '~ mice
were infected as described above. Starting on day 4 after infec-
tion, mice were treated with either 400 ug of rabbit anti-mouse
C9 antibody or 400 ug of rabbit IgG isotype control antibody.
Mice were injected daily until the onset of symptoms (day 6
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after infection) as described previously (6). Wild type mice were
treated with CR2-Crry (100 mg) (18) or PBS on days 5 and 6
after infection.

Statistical Analysis—Statistical significance of ECM survival
was calculated using the log rank test using Prism 4 (GraphPad
Software, Inc.). Student’s ¢ test (one-way) and Wilcoxon rank
sum tests were used to determine significance for parametric
and nonparametric data. Data are shown as mean * S.E. A
value of p < 0.05 was considered statistically significant.

RESULTS AND DISCUSSION

Deletion of C4, Factor B, or C3 Does Not Alter Susceptibility to
ECM—Previous studies have demonstrated that C5~/~ mice
are highly resistant to ECM (5, 6, 19-21) and that terminal
pathway-mediated mechanisms contribute to inflammation
and immunopathology in this disease model (6). To determine
which complement activation pathway (classical or alternative)
leads to C5 activation in ECM, we followed the course of disease
in C4~/~ (11) and factor B/~ mice (12). We found that both
complement mutant mice were fully susceptible to ECM; how-
ever, factor B/~ mice progressed to fatal ECM a day earlier
than wild type mice (Fig. 1, A and B). The trend toward more
severe disease in factor B~/~ mice supports a protective role for
complement as expected in most infectious disease settings.
These results demonstrate that C5 activation in ECM occurs
independent of the classical and alternative pathways and
raised questions regarding the role of C5 convertases in ECM
development. To assess this latter possibility, we performed
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FIGURE 2. Terminal pathway activation occurs in C3™/~ mice in ECM. Wild type mice were injected with 5 X 10° PbA-iRBC as described under “Experimental
Procedures” A, anti-C9 antibody (Ab)-treated mice were significantly protected from ECM (p = 0.0001, log rank test) and had reduced clinical scores (B) as
compared with mice treated with isotype control antibody (p < 0.05 on days 6-9, Wilcoxon rank sum test). C, wild type (n = 8) and C3~/~ mice (n = 5) were
injected with PbA-iRBC as in A. On day 6 after infection, mice were bled, and serum C5a levels were determined by ELISA. C5a levels in C37~/~ mice were
elevated, but not significantly, as compared with wild type mice. D, treatment of wild type mice with CR2-Crry (100 g, n = 3) on days 5 and 6 did not
significantly alter the course of ECM as compared with PBS-treated mice (n = 3). E, sCrry/GFAP mice (n = 10) were fully susceptible to disease-induced mortality

as compared with wild type mice (n = 9).

ECM using C37/~ mice (13). Survival of C3~/~ mice was
greater than wild type mice (7/19 versus 0/18); however, the
difference did not reach statistical significance (p = 0.21, log
rank test, Fig. 1C). Clinical scores were very similar between the
two groups of mice throughout the course of disease but were
significantly lower in C3~/~ mice from day 7.5 onward (p <
0.05, Wilcoxon rank sum test, Fig. 1D). Wild type and C37/~
mice had similar levels of parasitemia, pro-inflammatory cyto-
kine production, and CNS infiltration of CD8" T cells at the
peak of disease (Fig. 1, E-G). Thus, despite a modest increase in
survival, ECM is markedly more severe in C3~/~ mice as com-
pared with C57/~ mice (6) and very similar to the disease
course seen in wild type mice. These data suggest that C5 cleav-
ageis occurringin C3~/~ mice in the absence of C5 convertases
leading to MAC-mediated immunopathology.

The Terminal Pathway Is Activated and Contributes to ECM
Development in C3~/~ Mice—Previous studies from our labo-
ratory have shown that inhibition of MAC formation through
treatment with anti-C9 antibody reduces mortality and disease
severity in wild type mice with ECM (6). Based on this, we
reasoned that if C5 was cleaved in C3™/~ mice with ECM, then
a similar anti-C9 antibody treatment regimen would also pro-
vide C3~/~ mice with protection from disease. Indeed we found
that treatment of C3~/~ mice with anti-C9 antibody signifi-
cantly reduced mortality (p = 0.014, log rank test) and
improved clinical scores (p < 0.05, Wilcoxon rank sum test) as
compared with isotype control IgG-treated wild type mice (Fig.
2, A and B). To directly determine whether C5 is cleaved in
ECM, we examined for the presence of C5a in serum of wild
type and C3~/~ mice at the peak of disease. We found that
serum C5a levels in C37/~ mice were elevated, although not
significantly, as compared with wild type mice (Fig. 2C). These
results demonstrate that despite the absence of C5 convertases,
C5 was cleaved and the MAC contributed to the progression
and development of ECM in C3~/"~ mice comparable with that
seen in wild type mice. We extended these observations by
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treating wild type mice with the complement inhibitor CR2-
Crry, a chimeric recombinant protein that blocks the activity of
both the C3 and the C5 convertases (18). Previous studies have
shown that CR2-Crry is efficacious in reducing inflammation
and cellular damage in a rodent model of spinal cord injury and
experimental autoimmune encephalomyelitis, the animal
model of multiple sclerosis (22).> Wild type mice treated with
CR2-Crry had an identical course of ECM as compared with
PBS-treated controls (Fig. 2D). In addition, we performed ECM
using sCrry/ GFAP mice, which produce a CNS-specific, soluble
form of the mouse complement convertase inhibitor Crry
under the control of an astrocyte promoter (14). Soluble Crry
production in these transgenic mice has been shown to be pro-
tective in numerous CNS disease settings (23-25). sCrry/GFAP
mice succumbed to ECM identically to wild type mice (Fig. 2E).
Together these data demonstrate that blocking C3 and C5 con-
vertase activity, either in the cerebral vasculature or in the brain
parenchyma, does not prevent disease development and pro-
vides additional experimental evidence for C5 convertase-inde-
pendent activation of C5 in ECM.

The host defense mechanisms of the complement system
make an as yet undefined contribution to protection against
P. falciparum infection. It is well established from numerous
animal and clinical studies that complement is activated
through the classical and alternative pathways during malaria
infection (4); however, the parasite-specific molecule or mole-
cules that activate complement remain poorly defined with the
exception of the digestive vacuole released on rupture of para-
sitized erythrocytes (26). Intracellular sequestration of the
malaria parasite throughout the majority of its life cycle
severely limits the opportunity for complement-mediated
opsonization and/or lysis. In contrast, recent studies demon-
strating that C5-deficient mice are resistant to ECM suggest

3 X.Hu, S. Tomlinson, and S. R. Barnum, manuscript in preparation.

VOLUME 287 +NUMBER 29-JULY 13,2012



that the complement system contributes to, rather than pro-
tects against, malarial pathogenesis (5, 6). The results we report
here support and extend these observations and show that
ECM develops in the absence of the early complement activa-
tion pathways and the canonical C5 convertases.

There is ample evidence showing activation of the classical
and alternative pathways in malaria infection in humans and
primate and rodent models of malaria (4, 27-32). In early ani-
mal model studies, depletion of complement in rats by cobra
venom factor (CVF), which rapidly activates the alternative
pathway, led to exacerbated disease, suggesting that comple-
ment may play a protective role in malaria infections (29). This
observation supports our findings with C4~’/~ and factor B~/
mice; however, the data need to be interpreted with caution as it
is unclear whether the reported increased mortality in CVE-
treated rats in that study was due to higher parasitemia alone or
to CVF-mediated inflammation combined with elevated para-
sitemia. Our results do not suggest that activation of comple-
ment through either pathway is irrelevant to the disease out-
come, but simply that neither pathway is critical for the
development of ECM, and therefore these pathways do not rep-
resent likely therapeutic targets for modulating the outcome of
malaria infection.

The most intriguing finding we report here is the develop-
ment of severe ECM in C3™/~ mice. In the absence of C3, the
C5 convertases (C4b2a3b for the classical pathway and C3bnBb
for the alternative pathway) cannot be formed. Therefore if C5
is required for susceptibility to ECM, an alternative mechanism
for C5 cleavage is required. Studies published almost three
decades ago by Wetsel and Kolb (7) demonstrated that cleavage
of C5 by trypsin, plasmin, thrombin, and elastase generated
Cba-like fragments and that these fragments activated neutro-
phils and were chemotactic. Recent studies have confirmed and
extended these initial observations and shown that coagulation
enzymes including factors Xa, IXa, and XIa can cleave both C3
and C5 to generate C3a and C5a (8). Furthermore, the addition
of factor Xa to serum generates the MAC, indicating that cleav-
age by what is now termed the extrinsic protease pathway pro-
vides a mechanism for activation of the terminal complement
pathway in the absence of C5 convertases (10). Our data show-
ing C5a production in C3~/~ mice during ECM suggest utiliza-
tion of this mechanism. Given that the coagulation system is
activated during malaria infection (reviewed in Refs. 33 and 34)
and that plasminogen can be activated on binding to C7 (35)
and the MAC (36), it seems possible that a self-amplifying
inflammatory complement/coagulation-based cascade con-
tributes to cerebral malaria.

These data support our previously published observations
indicating that the complement terminal pathway is an impor-
tant contributor to the pathogenesis of ECM (6). This raises the
possibility that selective pressure on terminal pathway genes
(C6 through C9) could be a mechanism for surviving malaria
and/or cerebral malaria. C6 and C9 deficiencies are common in
humans (37), but C6 deficiency is highly prevalent in African
Americans in the southeastern United States, with a frequency
of almost 1 in 1600 (38). These individuals likely originated in
West Africa and moved through the Caribbean and then into
the southeastern United States (39) based on the tracking of
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two loss-of-function mutations in C6. Individuals deficient in
terminal pathway components are susceptible to meningococ-
cal infections (37, 40), a genotype with no apparent selective
advantage. However, selective pressure in the face of malaria
infection frequently maintains genetic mutations that can be
life threatening (sickle cell anemia (41)) or are associated with
autoimmune disease (systemic lupus erythematosus (42)) but
provide a survival advantage in malaria-endemic regions. We
are currently pursuing studies to address this possibility for C6
deficiency in malaria and cerebral malaria.
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