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Recruitment of Human C1 Esterase Inhibitor Controls
Complement Activation on Blood Stage Plasmodium
falciparum Merozoites
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The complement system is a front-line defense system that opsonizes and lyses invading pathogens. To survive, microbes exposed to

serummust evade the complement response. To achieve this, many pathogens recruit soluble human complement regulators to their

surfaces and hijack their regulatory function for protection from complement activation. C1 esterase inhibitor (C1-INH) is a soluble

regulator of complement activation that negatively regulates the classical and lectin pathways of complement to protect human

tissue from aberrant activation. In this article, we show that Plasmodium falciparum merozoites, the invasive form of blood stage

malaria parasites, actively recruit C1-INH to their surfaces when exposed to human serum. We identified PfMSP3.1, a member of

the merozoite surface protein 3 family of merozoite surface proteins, as the direct interaction partner. When bound to the

merozoite surface, C1-INH retains its ability to complex with and inhibit C1s, MASP1, and MASP2, the activating proteases

of the complement cascade. P. falciparum merozoites that lack PfMSP3.1 showed a marked reduction in C1-INH recruitment and

increased C3b deposition on their surfaces. However, these DPfMSP3.1 merozoites exhibit enhanced invasion of RBCs in the

presence of active complement. This study characterizes an immune-evasion strategy used by malaria parasites and highlights the

complex relationship between merozoites and the complement system. The Journal of Immunology, 2017, 198: 4728–4737.

A
n estimated 214 million cases of malaria occur annually,
resulting in 438,000 deaths worldwide (1). Plasmodium
falciparum, the etiological agent of the most lethal

malaria infections, establishes an asexual blood stage cycle that is
responsible for the clinical symptoms of malaria. The blood stage
cycle commences when a parasite first enters a RBC, where it then
grows as a trophozoite before dividing via schizogeny to produce
16–32 merozoites, which are the invasive form for this stage of the
life cycle. Merozoites egress from the infected RBC and find a
healthy RBC to invade to continue the next cycle of growth and
expansion. Upon egress, merozoites remain invasion competent
for 10–30 min (2). The invasion process involves interactions
between parasite invasion ligands and RBC surface proteins that
initiate a cascade of molecular events that ultimately results in
penetration into RBCs (3). This process normally takes 2 min from

initial contact of the merozoite with the RBC (4). Prior to invasion
and being safely enclosed in the RBC, merozoites are directly ex-
posed to the human immune system, including complement (2).
Complement is a key frontline immune defense system against

invading pathogens. The complement system is composed of a
cascade of sequentially activated zymogens that lead to opsono-
phagocytosis or membrane lysis of the foreign particle. Complement
can be activated via the classical pathway, the lectin pathway, or the
alternative pathway (5). The classical pathway is triggered by Ag–Ab
complex recognition by C1q, activating proteases C1r and C1s (6).
Although the lectin pathway is activated by mannose binding lectin,
ficolins, and collectins that recognize carbohydrate motifs on the
pathogen causing activation of the MASP1 and MASP2 proteases
(7), the alternative pathway is activated by domain flexibility,
causing low levels of constitutive zymogen activation, and it attacks
any surface lacking negative regulators of complement activation (8).
All three pathways induce C3 convertase formation. These

convertases cleave C3 to C3b, exposing a concealed thioester
domain that subsequently links covalently to hydroxyl and amine
groups on pathogen surfaces (9, 10). C3b is a target for opsono-
phagocytosis and may also associate with factor B to produce the
C3 convertase of the alternative pathway, leading to a positive
feedback loop. As C3b density increases, it leads to creation of C5
convertases that ultimately drive formation of the membrane at-
tack complex on pathogen surfaces causing direct lysis (6).
Complement regulatory proteins prevent aberrant activation of

complement on self-surfaces. These regulatory proteins can be di-
vided into membrane zone and fluid-phase regulators. The membrane
zone regulators, which are expressed by cells on their plasma
membrane, include complement receptor (CR)1, CR2, CR3, and
CR4, membrane cofactor protein, decay accelerating factor, and
CD59 (11). The fluid-phase regulators, which circulate in plasma
and are recruited onto self-cell surfaces to enhance their protection,
include factor H (FH), FH-like 1 (FHL-1), FH related protein 1, C4b
binding protein, vitronectin, and C1 esterase inhibitor (C1-INH)
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(11). Complement regulatory proteins can control complement by
facilitating cleavage of C3b to less active iC3b that cannot partici-
pate in the alternative pathway convertase, accelerating the decay of
convertases, directly inhibiting formation of the membrane attack
complex, or by inhibiting protease function (12).
The fluid-phase regulator C1-INH controls the lectin and clas-

sical pathways by inactivating the initiating proteases C1r, C1s,
MASP1, and MASP2 (13–17). C1-INH has an N-terminal domain
with O- and N-linked glycans attached and a C-terminal serpin
domain (18). Protease inhibition occurs by proteases recognizing
and cleaving the reactive center loop within the C1-INH serpin
domain; this causes molecular rearrangements that trap the pro-
tease in a covalent linkage between C1-INH and the active site,
inactivating the protease and inhibitor in the process (19). Rapid
inhibition of these proteases by C1-INH limits downstream zy-
mogen cleavage, thus preventing complement activation. The
serpin domain also regulates the contact system of coagulation,
the fibrinolytic system, and the kallikrein–kinin system by binding
and inhibiting the serine proteases FXIIa, plasma kallikrein,
plasmin, and tissue plasminogen activator (19).
Many pathogens are able to thrive in serum as a result of the

evolution of complement-evasion strategies. One strategy involves
pathogens recruiting human complement regulators onto their
own surface for protection. Pathogens commonly use their surface
proteins to bind to the fluid-phase regulators FH, FHL-1, C4b
binding protein, and C1-INH (20). Neisseria meningitidis achieves
this through its FH binding protein that recruits FH and FHL-1 by
mimicry of self-carbohydrate motifs, whereas the flaviviruses
dengue virus, West Nile virus, and yellow fever virus use their
nonstructural protein 1 to bind C4b binding protein (21–23). In
addition, Bordetella pertussis, the causative agent of whooping
cough, recruits C1-INH with its surface protein Vag8 (24). Dis-
ruption of complement regulator recruitment can increase com-
plement deposition, leading to increased phagocytosis or lysis that
ultimately results in pathogen destruction; alternatively, a lack of
regulator recruitment may also result in an organism being avir-
ulent (20, 23–26). Hence, complement regulator–recruiting pro-
teins are important virulence factors.
P. falciparum merozoites are covered in a densely packed pro-

teinaceous surface coat made of merozoite surface proteins (MSPs)
that are anchored to the merozoite surface by GPI or are periph-
erally associated with other MSPs (27). MSPs have been catego-
rized into multiple families that include the MSP1, MSP2, six-cysteine,
MSP7, serine repeat Ag, and MSP3 family. The MSP3 family is
composed of eight members (PfMSP3.1 to PfMSP3.8) that as-
sociate peripherally with the merozoite surface through protein–
protein interactions (28, 29). All eight MSP3 members have a
conserved N-terminal NLRNA/G motif followed by a polymor-
phic N terminus that may contain heptad repeats, a proline-rich
domain, or a Duffy binding-like domain, whereas six of the eight
members share a conserved C terminus that contains a glutamic
acid–rich region followed by a leucine-like zipper region (28).
Members of the MSP3 family have been implicated in RBC
binding, free heme binding, and recruitment of IgM to shield
proteins from the IgG response (29–32).
Recent studies have highlighted how P. falciparum cells protect

themselves from complement-mediated assault. In the blood stages,
schizonts and merozoites recruit the human complement regulators
FH and FHL-1 to their surface (33, 34). For merozoites, an MSP
from the six-cysteine family, Pf92, binds to FH and FHL-1 (34).
Deletion of the Pf92 gene led to significantly increased complement-
mediated destruction of merozoites, highlighting how important
these complement-evasion strategies are for parasite survival (34).
Merozoites have also been reported to bind C1-INH to their surface

through an interaction with P. falciparum GPI (PfGPI) (35). Supra-
physiological levels of C1-INH restricted the ability of merozoites to
invade; however, no challenge with complement was undertaken to
test whether this recruitment provided protection from complement
(35). In the mosquito stages, the parasite protein GAP50 recruits FH
and FHL-1 to the surface of gametocytes (the sexual forms of the
malaria parasite) to provide protection from active human comple-
ment in the mosquito blood meal (36). Disruption of FH and FHL-1
recruitment blocked gametocyte progression to downstream stages of
the life cycle in a complement-dependent manner, indicating that
complement-evasion strategies are critical for parasite survival
throughout the life cycle (36).
In this article, we show that P. falciparum merozoites recruit

C1-INH from human serum through an interaction with one of the
MSPs. By disrupting this interaction, we demonstrate the complex
nature of the relationship among merozoites, the complement
system, and invasion.

Materials and Methods
Parasite culturing

Parasites were maintained by serial passage in RPMI 1640–HEPES con-
taining 0.5% AlbuMAX II (Life Technologies) or 10% human O+ serum
(Australian Red Cross Blood Bank) with 2% hematocrit of O+ blood
(Australian Red Cross Blood Bank). We used the D10-PHG strain (37) for
the majority of our initial assays. We also used the 3D7 and FCR3 strains,
as well as transgenic knockouts of PfMSP3.1 (DPfMSP3.1) and PfMSP3.4
(DPfMSP3.4), which were both made on a 3D7 background (29, 30).

Merozoite purification

Merozoites were obtained as previously described (2). Briefly, strains were
tightly synchronized, and 36–40-h schizonts were magnet enriched
(MACS, Miltenyi Biotec). Parasites were returned to culture in the pres-
ence of 10 mM E-64. After approximately 6 h of development, para-
sitophorous vacuole–enclosed merozoites were washed once in PBS or
RPMI 1640–HEPES prior to merozoite release via passage over a 1.2-mm
filter (Sartorius). Flow cytometry assays required hemozoin and digestive
vacuole removal, which was achieved by flowing the merozoite filtrate
through a magnetic column twice (MACS, Miltenyi Biotec).

Complement deposition of merozoites

Purified merozoites were spun at 8000 3 g for 3 min, and supernatant was
removed. Merozoites were resuspended in relevant buffer, spun again, and
incubated in human serum treatments or purified complement components
at 37˚C for between 1 and 10 min. If required, merozoites were opsonized
with Abs for 10 min at 37˚C and washed once prior to incubation in human
serum or purified components. Complement deposition with human serum
was stopped by the addition of protease inhibitor mixture with EDTA
(Roche) and incubation on ice, whereas all other depositions were stopped
with incubation on ice alone. The suspension was centrifuged and washed
three times with PBS containing 1% BSA. These complement-deposited
merozoite samples were used for Western blot analyses, immunofluores-
cence assay, and flow cytometry, as described below.

Western blotting analyses

Complement-deposited merozoites were resuspended in reducing or non-
reducing protein sample buffer and fractionated by SDS-PAGE before
transfer onto nitrocellulose membranes (GE Healthcare Life Sciences).
After blocking in 0.1% v/v PBS–Tween 20 containing 10% g/v skim milk,
membranes were incubated with Abs against C1-INH, C3 (both from
Complement Technologies), PfMSP3.1, Pf92, or apical membrane Ag 1
(AMA1) (Walter and Eliza Hall Institute Antibody Facility) Abs at 1/1000
dilution in 0.1% v/v PBS–Tween 20 containing 1% g/v skim milk, washed
with 0.1% v/v PBS–Tween 20, and incubated with 1/1000 dilution of
secondary Abs conjugated to HRP in 0.1% v/v PBS–Tween 20 containing
1% skim milk. Development was with ECL (Amersham), as per the
manufacturer’s instructions, and visualization was on film (FUJI) or
via a ChemiDoc One-Touch using Image Lab Touch v1.2.0.12 (Bio-Rad).
Membranes were stripped, as required, using 25 mM Tris-glycine (pH 2)
containing 1% SDS. For immunoprecipitation assays, replicate blots
loaded with one eighth of the sample were used to detect immunopre-
cipitation of the target Ag.
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Immunofluorescence assay

Immunofluorescence assays were performed as previously described (38).
Briefly, merozoites were dried onto coverslips prior to incubation with
1/500 anti–C1-INH (Complement Technologies) and anti-AMA1 (Walter
and Eliza Hall Institute Antibody Facility) primary Abs. After three washes
in PBS, coverslips were probed with 1/500 dilution of secondary Abs
(Alexa Fluor 555 and Alexa Fluor 647). After washing, coverslips (Zeiss)
were mounted on glass slides in VECTASHIELD (Vector Labs) containing
0.1 ng/ml DAPI (Sigma) and imaged using a DeltaVision Elite widefield
fluorescence microscope (DeltaVision Technologies) with a 1003 Olym-
pus oil objective (NA 1.40) on a CoolSNAP HQ2 camera (Photometrics) at
ambient temperature. Data were collected and underwent enhanced ratio
deconvolution using Softworx (v6.1; DeltaVision Technologies). Maxi-
mum intensity projection, pseudocoloring, and image merging were per-
formed with Fiji (v2.0; ImageJ).

Flow cytometry of C1-INH binding

Merozoites were purified as described above with hemozoin removal.
Complement-deposited merozoites were incubated with 1/1000 dilution of
anti–C1-INH Abs (Complement Technologies) for 30 min at room tem-
perature in the dark to prevent quenching of GFP. After washing in 1%
BSA, they were incubated for 30 min at room temperature with 1/2000
ethidium bromide (Bio-Rad) and 1/1000 dilution of anti-goat conjugated to
Alexa Fluor 633. Samples were washed, and .50,000 events were col-
lected using a FACSCalibur (BD) with CellQuest Pro v5.2.1. Analyses
were performed with FlowJo v8.8.7 (TreeStar) to determine the mean
fluorescence intensity (MFI) of 633+ merozoites. Background subtraction
was performed using the MFI of merozoites stained with secondary Abs
and ethidium bromide only.

Immunoprecipitation assays

Saponin-treated parasitophorous vacuole–enclosed merozoites were solu-
bilized at 4˚C overnight using TNET buffer (1% v/v Triton X-100,
150 mM NaCl, 10 mM EDTA, 50 mM Tris [pH 7.4]), and the resultant
supernatant was precleared overnight at 4˚C with protein G Sepharose
beads. Purified C1-INH, recombinant serpin domain, or deglycosylated
C1-INH was added to a final concentration of 5 mg/ml or an equivalent
volume of PBS. Anti–C1-INH, anti-Pf92, or anti-MSP3 Abs were cross-
linked to protein G Sepharose beads, as per the manufacturer’s instructions
(Thermo Scientific), and were used in immunoprecipitation mixtures prior
to washing with TNET and elution. For Western blotting, beads were
eluted with glycine (Thermo Scientific); however, for liquid chromatog-
raphy–tandem mass spectrometry protein identification applications, we
eluted the beads with 125 mM TCEP, 25% v/v TFE in 0.025% formic acid
at 40˚C with shaking for 10 min. Mass spectrometry samples were neu-
tralized by addition of TEAB and then digested with 5 mg/ml trypsin
overnight prior to liquid chromatography–tandem mass spectrometry.

Deglycosylation of C1-INH

Deglycosylation was performed by incubating 100 mg/ml C1-INH at 37˚C
overnight with PBS or with 10,000 U/ml PNGase F, 800,000 U/ml
O-glycosidase, 1000 U/ml neuraminidase (all from NEB), or a combina-
tion of these glycosidases. SDS-PAGE of deglycosylated proteins was
conducted on 4–12% Bis-Tris gels and visualized with Simply Blue stain
(Life Technologies) or via Western blotting, as described above.

Recombinant complement protease expression

Recombinant human C1s (G282-D688), MASP1(G289-N699), and MASP2
(G288-F686) were expressed in Escherichia coli as insoluble proteins in the
inclusion bodies, as described previously (39). The enzymes were dena-
tured and refolded, followed by purification using a combination of anion-
exchange and gel-filtration chromatography, all as previously described
(39). All proteins were obtained in good yield and purity. The zymogen
form of C1s (zC1s) was activated using immobilized C1r, as previously
described (39). MASP1 and MASP2 were autoactivated during anion-
exchange chromatography. The activated proteases were titrated using
human plasma–purified C1 inhibitor (CSL, Melbourne, Australia) to yield
the final active concentrations of each enzyme form.

Recombinant human C1-INH (T111-A500) was expressed in SG130009
E. coli cells. Following sonication and centrifugation (18,000 rpm for 45
min), the supernatant was filtered and loaded onto a 5-ml HisTrap column.
C1-INH was eluted with 250 mM imidazole, 25 mM sodium phosphate
(pH 8). The eluant was checked for inhibitory activity against C1s, pooled,
and gel filtered. Inhibitory-activity assays, including stoichiometry of in-
hibition and kass, were performed as previously described (40).

Complex formation assay

For in-solution assays, 0.5 mM purified C1-INH (CSL) was incubated with
1 mM recombinant C1s, zC1s, MASP1, or MASP2 proteases in GPBS++

buffer for 10 and 30 min at 37˚C. For merozoite assays, isolated mero-
zoites were incubated with a 0.5 mM solution of purified C1-INH (CSL) in
GPBS++ buffer prior to incubation with 1 mM solutions of recombinant
C1s, zC1s, MASP1, or MASP2 in GPBS++ for 10 and 30 min at 37˚C.
Reactions were stopped on ice and washed three times with PBS con-
taining 1% w/v BSA. In-solution assays and deposited merozoites were
resuspended in reducing protein sample buffer, and proteins were separated
by SDS-PAGE on 3–8% Tris-Acetate gels (Life Technologies), followed
by Western blotting.

Invasion assay

Isolated merozoites were added to 0.5% hematocrit O+ blood suspended in
25% normal human serum (NHS), 25% heat-inactivated NHS (NHS-HI),
or media in a final volume of 50 ml. Ninety-six–well plates were then
incubated on a plate shaker (500 rpm; 37˚C) for 10 min and for an addi-
tional 20 min at 37˚C in a gassed culture box. Plates were washed three
times and resuspended with 50 ml of media. After 24 h, parasites were
fixed with 0.25% glutaraldehyde (Sigma) and stained with 103 SYBR
Green (Life Technologies). Parasitemia was determined by collecting
.50,000 events with a FACSCalibur flow cytometer (BD) using CellQuest
Pro v5.2.1. Analyses were performed with FlowJo v8.8.7 (TreeStar).

Statistical analyses

Statistical analyses were conducted using Prism for Mac version 6.0f
(GraphPad). For our flow cytometry analyses of C1-INH binding, we
performed one-way ANOVA with multiple comparisons from three inde-
pendent experiments to test whether a significant difference in anti–C1-INH
binding was present (Fig. 1C). For our initial invasion assay (Fig. 6C, 6D),
we used a paired repeated-measures two-way ANOVA to account for
randomized block effects from five independent experiments. As expected,
we observed a significant interaction effect (p = 0.0002 and 0.0033 for
Fig. 6C and 6D, respectively), so we applied the Sidak multiple-
comparison test to examine whether the difference between NHS and
NHS-HI invasion was significant within each individual additive condition.
To compare wild-type PfMSP3.1 with DPfMSP3.1 (Fig. 6E, 6F), we used a
two-way ANOVA on data from at least three independent experiments to
determine whether the difference in relative invasion was significant. We
did not observe any interaction effects.

Results
Merozoites recruit human complement regulator C1-INH to
their surfaces

Abs and lectins target merozoites upon their release from infected
RBCs, activating the classical and lectin pathways of complement.
We investigated whether C1-INH, a major regulator of these
pathways, is recruited to the merozoite surface as a mechanism of
complement evasion. Purified merozoites were exposed to NHS
and washed to remove nonspecific binders prior to analysis of
tightly bound proteins in nonreducing protein sample buffer.
C1-INH has a predicted molecular mass of 75 kDa; however, it
migrates atypically on many gel systems, resulting in an apparent
molecular mass of between 90 and 115 kDa. In our assays, we
observed that C1-INH present in NHS or purified from serum
migrates at 100 kDa in nonreducing conditions (Fig. 1A, left
panel). Furthermore, we found that free merozoites recruited
C1-INH in NHS and in NHS inactivated by addition of EDTA
(NHS-E) (Fig. 1A, right panel). We observed a marked reduction
in C1-INH recruitment when we used NHS-HI (Fig. 1A). This is
likely due to C1-INH polymerization occurring at elevated tem-
peratures (41). These results show that C1-INH is recruited to
merozoites, regardless of whether complement activation occurs.
To further examine whether C1-INH was recruited to the mer-

ozoite surface, an immunofluorescence assay was used. The
merozoite surface was demarcated by staining with anti-AMA1
Abs, whereas C1-INH was detected using anti–C1-INH Abs. In
NHS, NHS-HI, and NHS-E conditions, we observed colocaliza-
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tion of C1-INH and AMA1 on the surface of merozoites (Fig. 1B).
The staining was specific, because C1-INH signal was absent in
buffer control. These results demonstrate that C1-INH is recruited

to the merozoite surface, as opposed to being present on residual
digestive vacuoles or RBC membranes.
To observe the recruitment of C1-INH in merozoite populations,

we used a flow cytometry–based assay. C1-INH binding to mer-
ozoites was detected using an anti–C1-INH Ab. The results show
that merozoites incubated in NHS or NHS-E have an MFI of 51 or
53, respectively, which is significantly elevated compared with
buffer and NHS-HI, which display an MFI of 2 or 7, respectively
(p , 0.0001, one-way ANOVA, Fig. 1C). No significant differ-
ence was observed between NHS-HI and buffer (Fig. 1C). Col-
lectively, our results show that P. falciparum merozoites actively
recruit the human complement regulator C1-INH to their surfaces.

PfMSP3.1 binds C1-INH

To identify the MSP that recruits C1-INH, immunoprecipitation
assays were performed using anti–C1-INH Abs in the presence or
absence of serum-purified C1-INH and solubilized merozoite ly-
sate as a source of MSPs. Mass spectrometry analyses of eluates
identified PfMSP3.1 as a potential candidate that was only de-
tected in the presence of C1-INH (data not shown). To confirm
these results, we used the same immunoprecipitation strategy as
above and analyzed eluates by Western blotting using anti-
PfMSP3.1 Abs (Fig. 2A). Anti–C1-INH Abs immunoprecipitated
C1-INH in a complex with PfMSP3.1, which migrates at 40 kDa
when processed and on the merozoite surface (Fig. 2A). Fur-
thermore, immunoprecipitation of C1-INH did not pull down the
known complement regulator, binding protein Pf92, which binds
FH, or the related family member PfMSP3.2, indicating that
PfMSP3.1’s interaction with C1-INH is specific (Fig. 2A, 2B) (34)
Reciprocal immunoprecipitation assays were conducted using
anti-PfMSP3.1 and anti-Pf92 Abs in the presence of purified C1-INH
and solubilized merozoite lysate (Fig. 2C). Although PfMSP3.1 and
Pf92 were successfully immunoprecipitated by their respective Abs,
only anti-PfMSP3.1 immunoprecipitated C1-INH in a complex
(Fig. 2C).

PfMSP3.1 is essential for C1-INH recruitment to merozoites

There are two major allelic variants of PfMSP3.1: the K1-like allele
and the 3D7-like allele (42). To determine whether C1-INH re-
cruitment was conserved between PfMSP3.1 allelic variants, mer-
ozoites from the 3D7-like 3D7 strain and the K1-like FCR3 strain
were incubated in buffer, NHS, NHS-HI, or NHS-E to examine
C1-INH recruitment (42). We observed that 3D7 and FCR3 mer-
ozoites were able to bind C1-INH in NHS, NHS-HI, and NHS-E,
albeit with reduced signal in the NHS-HI condition (Fig. 3A, upper
panels).

To determine whether PfMSP3.1 is solely responsible for
C1-INH binding, we examined whether C1-INH recruitment was
affected in transgenic PfMSP3.1-knockout parasites (DPfMSP3.1)
(29). As expected, DPfMSP3.1 merozoites lacked PfMSP3.1 ex-
pression, whereas 3D7 merozoites showed PfMSP3.1 expression,
represented by a band migrating at 40 kDa (Fig. 3B, bottom panel).
3D7 and DPfMSP3.1 merozoites were incubated in buffer, NHS,
NHS-HI, or NHS-E to examine C1-INH recruitment. Although 3D7
merozoites recruited C1-INH in NHS, NHS-HI, and NHS-E,
DPfMSP3.1 merozoites were deficient in the ability to recruit
C1-INH in NHS and NHS-E (Fig. 3B, top panel). A faint band
consistent with C1-INH was observed binding to DPfMSP3.1
merozoites in the NHS-HI condition. However, given the lack of
recruitment in NHS and NHS-E, this product may represent
binding of heat-denatured C1-INH rather than native C1-INH.
Using anti-AMA1 Abs as a loading control, we detected slightly
more parasite protein in the DPfMSP3.1 lysates (Fig. 3B, middle
panel). We also examined C1-INH recruitment in transgenic-knockout

FIGURE 1. C1-INH from human serum binds to merozoite surfaces. (A)

To examine C1-INH deposition, merozoites deposited with NHS, NHS-HI,

NHS-E, or buffer only (B) for the indicated times were analyzed by Western

blot with anti–C1-INH Abs. Loading controls were probed with anti-AMA1

Abs. Migration of C1-INH from NHS and purified human C1-INH

(pC1-INH) is shown (left panel), and molecular mass marker (in kDa) is

indicated to the left. (B) Merozoites were deposited with buffer, NHS, NHS-

HI, or NHS-E. C1-INH was detected using a polyclonal anti–C1-INH Ab,

followed by an anti-goat secondary Ab conjugated to Alexa Fluor 647 (ma-

genta). AMA1 was detected with polyclonal anti-AMA1 Abs, followed by

anti-rabbit secondary Ab conjugated to Alexa Fluor 555 (green). DAPI (cyan)

and the differential interference contrast (DIC) channel are shown. Scale bars,

2 mm. (C) Binding of C1-INH to merozoites deposited with buffer, NHS,

NHS-HI, or NHS-E was measured by flow cytometry. Data represent the

background subtracted mean MFI of three independent experiments 6 SEM.

*p , 0.05 versus buffer, one-way ANOVA. n.s., not significant.
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parasites of another MSP3 family member, PfMSP3.4 (DPfMSP3.4),
and observed that C1-INH binding was not affected on merozoites
incubated with NHS, NHS-HI, and NHS-E (Fig. 3C). This result
indicates that the loss of C1-INH recruitment is specific to the
DPfMSP3.1 strain (Fig. 3B).

PfMSP3.1 binds to the C1-INH serpin domain independently of
glycosylation

To examine whether C1-INH glycosyl groups were required for
PfMSP3.1 binding, we treated C1-INH with a series of glycosi-
dases and monitored complex formation with PfMSP3.1. Removal
of N-linked glycans from purified C1-INH using PNGase F led to
a reduction to 72 kDa, whereas removal of O-linked glycans with

neuraminidase and O-glycosidase reduced the molecular mass to 70
kDa (Supplemental Fig. 1, upper panel). Removal of both N- and
O-linked glycans using PNGase F, neuraminidase, and O-glycosidase
altered the molecular mass to 63 kDa (Supplemental Fig. 1).
These differences are consistent with previous reports (43). Anti–
C1-INH Abs were still able to detect deglycosylated C1-INH,
albeit with reduced sensitivity after treatment with O-glyco-
sidase and neuraminidase (Supplemental Fig. 1, lower panel).
Western blotting analyses of eluates from anti-PfMSP3.1 im-

munoprecipitation assays containing deglycosylated C1-INH and
solubilized parasite proteins showed that removal of N- and
O-linked glycosyl groups did not affect the ability of C1-INH to
complex with PfMSP3.1 (Fig. 4A). As expected, reciprocal im-

FIGURE 2. MSP PfMSP3.1 binds C1 inhibitor. (A) Western blots of anti–C1-INH coimmunoprecipitation eluates from parasite lysate containing PBS

(2C1-INH) or purified C1-INH (+C1-INH). Membranes were probed with anti-PfMSP3.1 (top panel), anti-Pf92 (middle panel), and anti-C1-INH (bottom

panel) Ab. Asterisk (*) indicates a cross-reactive band. (B) Western blots of anti–C1-INH coimmunoprecipitation eluates from parasite lysate containing

PBS (2C1-INH) or purified C1-INH (+C1-INH). Membranes were probed with anti-PfMSP3.2 and anti-C1-INH Abs. Asterisk (*) indicates a cross-reactive

band, and arrows indicate the expected migration of unprocessed (upper) and processed (lower) PfMSP3.2. (C) Western blots of anti-Pf92 (a-Pf92 IP) and anti-

PfMSP3.1 (a-PfMSP3.1 IP) coimmunoprecipitation eluates of parasite lysate containing purified C1-INH. The membrane was probed with anti–C1-INH Abs

(top panel), anti-PfMSP3.1 Abs (bottom panel), and polyclonal anti-Pf92 (middle panel) Ab. Molecular mass markers are indicated (in kDa) to the left.

FIGURE 3. DPfMSP3.1 merozoites are unable to recruit C1-INH. (A) C1-INH deposition on 3D7 (left panel) and FCR3 (middle panel) merozoites

deposited with buffer, NHS, NHS-HI, or NHS-E was examined by Western blot with anti–C1-INH Abs, and anti-AMA1 Abs as a loading control. The

migration of purified C1-INH is shown (right panel). (B) Deposition of C1-INH on 3D7 (WT) and DPfMSP3.1 merozoites that were deposited with buffer,

NHS, NHS-HI, or NHS-E was examined by Western blot with anti–C1-INH Abs, anti-PfMSP3.1 Abs, and with anti-AMA1 Abs as a loading control. Bands

marked with an asterisk (*) represent cross-reactive protein species. (C) C1-INH deposition on DPfMSP3.4 merozoites deposited with buffer, NHS, NHS-HI, or

NHS-E was examined byWestern blot with anti–C1-INH Abs and anti-AMA1 Abs as a loading control. Molecular mass markers are indicated (in kDa) to the left.
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munoprecipitation assays with anti–C1-INH Abs revealed that
PfMSP3.1 is still able to complex with all forms of deglycosylated
C1-INH (Fig. 4B). These results suggest that PfMSP3.1 recruits
C1-INH by recognition of the polypeptide chain and not its ex-
tensive glycosyl groups.
To map whether the C1-INHN-terminal domain or serpin domain

contains the PfMSP3.1 interaction site, we used a recombinant
fragment of C1-INH that contains only the serpin domain, which
encompasses amino acid residues 111–500. Analyses of immuno-
precipitation eluates using anti-PfMSP3.1 Abs revealed PfMSP3.1 in
a complex with the serpin domain (Fig. 4C). A reciprocal immu-
noprecipitation assay with anti–C1-INH Abs precipitated C1-INH
serpin domain in a complex with PfMSP3.1 (Fig. 4D). Together,
these data illustrate that the PfMSP3.1 binding site resides within the
C1-INH serpin domain and is not reliant on C1-INH glycosylation.

C1-INH retains its protease inhibitory activity while bound to
PfMSP3.1

C1-INH inhibits C1s, C1r, MASP1, and MASP2 by forming a
covalent ester bond with the proteases to create a C1-INH–protease
complex. To determine whether C1-INH was still active when
bound to the merozoite surface, we examined whether C1-INH–
protease complex was present on merozoites. Using an in-solution
complex-formation assay, we showed that 100-kDa purified
C1-INH formed an ∼125-kDa complex when incubated with
recombinant C1s, MASP1, and MASP2 but not when C1-INH was

incubated in buffer alone or with the proteolytically inactive zC1s
(Fig. 5A). This result is consistent with attachment of the 26-kDa
recombinant protease to form the C1-INH–protease complex.
MASP2 additionally produced a 110-kDa product that is likely
“cleaved” C1-INH–protease complex created by exposure of MASP2
cleavage sites during conformational rearrangements upon complex
formation (Fig. 5A).
Western blotting analyses of merozoites that were incubated with

C1-INH, followed by C1s or zC1s, showed that C1-INH formed a
C1-INH–protease complex only with C1s, and not with zC1s as
expected (Fig. 5B). Furthermore, similar experiments using MASP1
or MASP2 revealed the presence of C1-INH and the C1-INH–pro-
tease complex for these two proteases (Fig. 5C). In addition, after 30
min, cleaved C1-INH–protease complex was detected in the MASP2
condition (Fig. 5C). Furthermore, C1-INH–protease complexes
could not be detected on merozoites that were incubated with
C1-INH, followed by buffer or zC1s, despite the presence of C1-INH
on these cells (Fig. 5B, 5C). Together, these results show that C1-INH
retains its protease-inhibitory functions against C1s, MASP1, and
MASP2 when bound to the merozoite surface by PfMSP3.1.

Deletion of PfMSP3.1 leads to increased complement
deposition on the merozoite surface and an enhancement of
invasion in the presence of human serum

C1-INH regulates the lectin and classical pathways of complement
activation, and both lead to pathogen lysis. We first determined

FIGURE 4. PfMSP3.1 binds to the C1-INH

serpin domain and is not dependent on C1-INH

glycosylation. (A) Western blots of anti-

PfMSP3.1 coimmunoprecipitation eluates from

parasite lysate containing C1-INH (+C1-INH),

PNGase F (PNGF)-treated C1-INH, O-glycosi-

dase (Oglc) and neuraminidase (Nm)-treated

C1-INH, C1-INH treated with all three enzymes,

or an equivalent volume of PBS (2C1-INH).

Membranes were probed with anti–C1-INH Abs

(upper panel) and anti-PfMSP3.1 Abs (lower

panel). (B) Western blots of anti–C1-INH coim-

munoprecipitation eluates from parasite lysate

containing C1-INH (+C1-INH), PNGF-treated

C1-INH, Oglc and Nm-treated C1-INH, C1-INH

treated with all three enzymes, or an equivalent

volume of PBS (2C1-INH). Membranes were

probed with anti-PfMSP3.1 Abs (upper panel)

and anti–C1-INH Abs (lower panel). Arrows in-

dicate unprocessed (upper) and processed (lower)

PfMSP3.1. (C) Western blots of anti-PfMSP3.1

coimmunoprecipitation eluates from parasite ly-

sate containing purified C1-INH (+pC1-INH),

recombinant C1-INH serpin domain (+serpin), or

an equivalent volume of PBS (2C1-INH).

Membranes were probed with anti–C1-INH Abs

(upper panels) and anti-PfMSP3.1 Abs (lower

panel). (D) Parasite lysate was incubated with

5 mg/ml purified C1-INH (+pC1-INH), recombi-

nant C1-INH serpin domain (+serpin), or an

equivalent volume of PBS (2C1-INH). Immuno-

precipitation eluates anti–C1-INH Abs were ana-

lyzed by Western blotting with anti-PfMSP3.1

Abs (upper panel) and anti–C1-INH Abs (lower

panel). Arrow indicates PfMSP3.1. Asterisk (*) in-

dicates an unknown band. Molecular mass markers

are indicated (in kDa) to the left.
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whether rabbit Abs to MSPs were able to activate the classical
pathway on the merozoite surface. Merozoites were incubated with
PBS or opsonized with anti-PfMSP3.4 Abs prior to incubation
with NHS for 1, 2.5, 5, or 10 min or with NHS-HI for 10 min.
Within 1 min, DPfMSP3.1 (Fig. 6A) and wild-type (data not
shown) merozoites opsonized with anti-PfMSP3.4 had a higher
C3b density than did those incubated in PBS, which is consistent
with classical pathway activation. Minimal C3b deposition was
observed in NHS-HI, indicating that C3b deposition in the NHS
conditions was derived from complement activation (Fig. 6A).
We next examined whether C1-INH could regulate lectin and

classical pathway complement activation on the merozoite surface
by comparing C3b deposition on wild-type and DPfMSP3.1
merozoites that had been incubated with PBS (data not shown) or
opsonized with anti-PfMSP3.4 Abs (Fig. 6B). In both conditions,
C3b density was higher on DPfMSP3.1 merozoites compared with
wild-type merozoites (Fig. 6B).
We conducted invasion assays to determine whether increased

C3b density on DPfMSP3.1 merozoites led to greater complement-
mediated destruction. These assays were conducted with alterna-
tive and lectin pathway activation via the addition of PBS, BSA, or
prebleed IgG or with activation of the alternative, lectin, and
classical pathways through the addition of anti-PfMSP3.2, anti-
MSP1, or anti-PfMSP3.4 Abs. We found that wild-type merozoite
invasion in the presence of NHS containing anti-MSP1 or anti-
PfMSP3.4 Abs was 26 and 30% lower, respectively, than invasion
in the presence of NHS-HI containing the same Abs (Fig. 6C).
DPfMSP3.1 merozoite invasion was not significantly reduced in
NHS containing anti-MSP1 Abs, and invasion was only reduced
by 13.8% in the presence of NHS containing anti-PfMSP3.4 Abs
compared with in the presence of NHS-HI containing anti-PfMSP3.4
Abs (Fig. 6D). Together, these results indicate that, under certain
conditions of complement activation, wild-type and, to a lesser
extent, DPfMSP3.1 merozoites undergo complement-mediated
destruction during invasion.
To further examine whether C1-INH recruitment affected

complement-mediated destruction, we compared wild-type and
DPfMSP3.1 merozoite invasion by determining the percentage of
merozoite invasion in both cell lines for each NHS condition
normalized to merozoite invasion in the matched NHS-HI con-
dition. Our results show that DPfMSP30.1 merozoites exhibited a

moderate, but significant, increase in invasion compared with wild-
type merozoites (p , 0.0001, two-way ANOVA, Fig. 6E, 6F). This
difference increased moderately after two cycles of parasite growth
and invasion in active serum, because the mean difference for anti-
PfMSP3.2, anti-MSP1, and anti-PfMSP3.4 conditions increased
from 6.62, 3.97 and 12.1 to 18.6, 28.8, and 22.7, respectively
(Fig. 6E, 6F).

Discussion
Pathogens exposed to serum require strategies to overcome the
onslaught of complement, which can lead to clearance through the
classical, lectin, or alternative pathway. In this article, we show
that P. falciparum blood stage merozoites recruit the human
complement regulator C1-INH to their surfaces to downregulate
complement deposition. Merozoite-bound C1-INH retained the
ability to form protease inhibitor complexes with C1s, MASP1,
and MASP2. PfMSP3.1, a member of the MSP3 family of surface
proteins, recruited C1-INH via an interaction with the C1-INH
serpin domain and did not depend on C1-INH glycosylation for
binding. Genetic deletion of PfMSP3.1 abolished C1-INH re-
cruitment and increased deposition of the complement component
C3b on the merozoite surface. This resulted in enhanced invasion
of DPfMSP3.1 merozoites in active complement, supporting a
complex relationship between P. falciparum and the complement
system.
PfMSP3.1 is a component of two vaccines currently in trials

against blood stage malaria (44–47). Previous studies show that
anti-PfMSP3.1 Abs inhibit parasite growth when cocultured with
monocytes and that anti-PfMSP3.1 Abs are associated with pro-
tection from severe malaria (46–50). We found that PfMSP3.1
interacts with the immune system by recruiting C1-INH to the
merozoite surface (Figs. 1–3). PfMSP3.1 is a member of the
MSP3 family and is composed of three major domains: N-terminal
heptad repeats, a glutamic acid–rich region, and a C-terminal
leucine-like zipper region. It lacks a GPI anchor and instead as-
sociates peripherally with the merozoite surface via interactions
with the MSP1 complex (29). The C-terminal region of PfMSP3.1
is conserved, whereas the N-terminal region is polymorphic,
containing deletions and substitutions in sequences flanking and
within nonrepeat regions of the heptad repeats that can be broken
into 3D7-like and K1-like alleles (42, 51). C1-INH binding is a

FIGURE 5. C1-INH retains the ability to form complexes with proteases when bound to the merozoite surface. C1-INH–protease complex formation was

determined by Western blotting with anti-C1-INH Abs (A–C; upper panels) and was probed with anti-AMA1 Abs for a loading control (B and C; lower

panels). Arrows indicate C1-INH–protease complex (upper) and cleaved complex (lower). Molecular mass markers are indicated (in kDa) to the left. (A)

Purified C1-INH (0.5 mM) was incubated with 1 mM recombinant C1s, zC1s, MASP1, MASP2, or an equivalent volume of buffer (GPBS++) for 10 and

30 min. (B) Wild-type merozoites were deposited with purified C1-INH for 10 min prior to incubation with C1s, zC1s, or buffer for 10 and 30 min. (C)

Wild-type merozoites were deposited with purified C1-INH for 10 min prior to incubation with MASP1, MASP2, or buffer for 10 and 30 min.
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conserved feature of PfMSP3.1 variants, with 3D7 (3D7-like) and
FCR3 (K1-like) merozoites recruiting C1-INH (Fig. 3A). In ad-
dition, we showed that D10 strain merozoites, which represent a
recombination between K1 and 3D7-like PfMSP3.1, also recruit
C1-INH (Fig. 1). It will be interesting to determine which region
of PfMSP3.1 recruits C1-INH and how this corresponds with re-
gions targeted by protective and vaccine-induced Abs.
C1-INH has been shown to bind to the surface of P. falciparum

merozoites through an interaction with PfGPI (35). This previous
report used a far Western blotting and GPI microarray approach
with a plasma-purified form of C1-INH that is pasteurized and
lyophilized for use as a therapeutic (35). In contrast, our experi-
ments with donor serum and free merozoites show that deletion of
PfMSP3.1 was sufficient to ablate C1-INH binding on merozoites,

suggesting no requirement for PfGPI in our experiments (Fig. 3B).
However, we did observe low-level C1-INH recruitment to
DPfMSP3.1 merozoites in NHS-HI conditions, suggesting that
another ligand, such as PfGPI, may bind C1-INH to merozoites
under certain conditions (Fig. 3B). Because PfMSP3.1-independent
binding of C1-INH was only observed in NHS-HI, we hypothesize
that it may occur in response to temperature. At temperatures above
55˚C, C1-INH undergoes conformational changes due to insertion
of the reactive center loop that produces polymeric C1-INH and a
small amount of latent monomeric C1-INH (41). Thus, in our heat-
inactivated serum, there may be no native C1-INH available for
PfMSP3.1 to bind, explaining the reduced signal. Meanwhile, an
alternate ligand may bind to the latent monomeric or polymeric
C1-INH present in NHS-HI, thus explaining the C1-INH signal on

FIGURE 6. DPfMSP3.1 merozoite invasion is increased in the presence of active classical pathway complement activity. (A and B) C3b deposition was

determined by Western blotting with anti-C3 Abs (upper panels) and with anti-AMA1 Abs (lower panels) as a loading control. Molecular mass markers are

indicated (in kDa) to the left. (A) DPfMSP3.1 merozoites were incubated with PBS or opsonized with anti-PfMSP3.4 (a-MSP3.4) Abs and then incubated

for the indicated times in 5% NHS or NHS-HI. Purified C3 as a b-chain migration control is shown (left panel). (B) 3D7 (WT) and DPfMSP3.1 merozoites

were opsonized with anti-PfMSP3.4 Abs and then incubated for the indicated times in NHS or NHS-HI. (C) 3D7 (WT) merozoites were allowed to invade

RBCs in the presence of active serum (NHS) or NHS-HI in the presence of PBS, BSA, rabbit preimmune IgG (Prebleed), or rabbit IgG targeting PfMSP3.2

(a-MSP3.2), MSP1 (a-MSP1), or PfMSP3.4 (a-MSP3.4). (D) DPfMSP3.1 merozoites were allowed to invade RBCs in the presence of active serum (NHS)

or NHS-HI in the presence of PBS, BSA, rabbit preimmune IgG (Prebleed), or rabbit IgG targeting PfMSP3.2 (a-MSP3.2), MSP1 (a-MSP1), or PfMSP3.4

(a-MSP3.4). For (C) and (D), invasion events were normalized to invasion in media alone, and error bars indicate SEM from five independent experiments,

**p , 0.01, ****p , 0.0001, Sidak multiple-comparison test. (E) Wild-type (3D7) and DPfMSP3.1 growth for one cycle of invasion in active serum,

expressed as a percentage of one cycle of invasion in NHS-HI within each above condition. (F) Wild-type (3D7) and DPfMSP3.1 growth for two cycles of

invasion in active serum, expressed as a percentage of two cycles of invasion in NHS-HI within each above condition. (E and F) Error bars indicate SEM for

at least three independent experiments. The p values were determined using two-way ANOVA.
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wild-type and DPfMSP3.1 merozoites incubated in that condition
(Figs. 1, 3B). Clearly, further studies will be required to validate this
hypothesis and characterize its significance. Because PfMSP3.1 also
binds to free heme, future studies will also be needed to determine
whether PfMSP3.1 bound to C1-INH binds to heme as well (31).
Recruitment of C1-INH to the surface of B. pertussis by its

surface protein Vag8 is the only other reported example of a
pathogen hijacking C1-INH for complement protection (24).
However, the Vag8 binding site within C1-INH has not been
identified. Pathogens often exploit self-binding regions within host
complement regulators for recruitment. C1-INH binds to the
surface of macrophages, neutrophils, and endothelial cells using
its glycosyl groups; however, our results demonstrate that C1-INH
glycosylation is not essential for binding to PfMSP3.1 (Fig. 4A,
4B) (52–55). Our results show that PfMSP3.1 binds to the C1-INH
serpin domain (Fig. 4C, 4D). Further studies will be required to
determine which region of the C1-INH serpin domain PfMSP3.1
binds to and whether this overlaps with C1-INH’s extracellular
matrix protein binding region (56).
Recruited C1-INH retained the ability to form protease inhibitor

complexes with C1s, MASP1, and MASP2 on the merozoite
surface (Fig. 5). This allowed C1-INH to control complement
deposition on the merozoite surface, with a loss of C1-INH re-
cruitment on DPfMSP3.1 coinciding with increased C3b deposi-
tion (Fig. 6B). Surprisingly, the loss of complement regulation did
not result in increased complement-mediated destruction. Instead,
DPfMSP3.1 merozoites invaded RBCs more readily in active
complement, with the difference potentially compounding over
multiple cycles of parasite growth in active complement (Fig. 6E,
6F). Although surprising, this result is supported by the current
understanding that merozoites use one of their invasion ligands,
PfRh4, to engage CR1 as an entry portal (57). CR1 is a comple-
ment regulator found on the RBC surface, which has C3b and
iC3b binding properties. It was recently shown that engagement of
CR1 by C3b and iC3b deposited on the merozoite surface leads to
enhanced merozoite invasion (58). These findings suggest that
DPfMSP3.1 merozoites are invading more readily than wild-type,
because the lack of C1-INH recruitment results in increased C3b
deposition and, thus, increased CR1 engagement. In contrast,
disruption of other merozoite complement-evasion strategies in-
creased complement-mediated destruction of merozoites (34). We
propose that DPfMSP3.1 merozoites do not undergo this signifi-
cant complement-mediated destruction, because they are still able
to recruit FH and FHL-1 through Pf92 (34). FH and FHL-1 con-
vert C3b to less active iC3b on the merozoite surface and accel-
erate decay of positive-feedback loop C3 convertases, which
collectively prevent strong complement amplification from the
alternative pathway on the merozoite surface that may otherwise drive
membrane attack complex formation and complement-mediated de-
struction (34, 59). Thus, merozoite complement-evasion strategies
may provide overlapping protection. In addition, P. falciparum may
strike a fine balance of allowing complement deposition to en-
hance RBC invasion while avoiding complement-mediated de-
struction. Future studies should examine whether merozoite
C1-INH recruitment also influences the other systems that C1-INH
regulates, which include the coagulation, kallikrein–kinin, and fi-
brinolytic systems.
P. falciparum merozoites clearly exploit human complement

regulators, actively recruiting them to their surfaces or engaging
them as cognate receptors during the RBC-invasion process (33, 34,
57, 60). We hypothesize that there are many more complement-
evasion strategies involving host–pathogen interactions among the
human immune system, parasite MSPs, and parasite invasion li-
gands. Because some of these proteins are putative vaccine candi-

dates, elucidating their immune-evasion functions will be an important
consideration during vaccine development.
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