
sE responses) that a total of 50 proteins act up-
stream of or in the same pathway as these three
stress responses: more than half of the network
and most of the 77 newly discovered proteins.
Stress responses constitute the largest central
nodes of the network (Fig. 3A).

DSB-dependent stress-induced mutagenesis
produces more than half of spontaneous base
substitution and frameshift mutations in starv-
ing E. coli (2) and is thus important to evolu-
tion. It promotes genetic diversity specifically
when cells are maladapted to their environment,
that is, when they are stressed. Similar muta-
genesis pathways promote antibiotic-induced re-
sistance to ciprofloxacin (antibiotic) in E. coli
(6) and bile-induced bile resistance of pathogen-
ic Salmonella (22, 23). Mutagenic DSB repair
occurs in yeast (24) and is implicated in muta-
tion hotspots in E. coli (25) and human cancers
(26, 27), although whether it is related to stress
responses in yeast and human, such as hypoxia-
induced SIM (5), is unknown. The identification
of stress response regulators as central network
hubs suggests to us that these may provide prom-
ising candidates as targets for new drugs to in-
hibit mutagenesis that allows pathogens to adapt
in response to antibiotics and the immune system,
both stressors. Inhibiting evolution could allow con-
ventional antibiotics and cancer chemotherapies
to work without inducing resistance and, perhaps,
allow the immune system to overtake pathogens.
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Platelet Factor 4 and Duffy Antigen
Required for Platelet Killing of
Plasmodium falciparum
Brendan J. McMorran,1,2* Laura Wieczorski,2 Karen E. Drysdale,2 Jo-Anne Chan,3 Hong Ming Huang,1

Clare Smith,2 Chalachew Mitiku,2 James G. Beeson,3 Gaetan Burgio,1,2 Simon J. Foote1,2

Platelets restrict the growth of intraerythrocytic malaria parasites by binding to parasitized cells
and killing the parasite within. Here, we show that the platelet molecule platelet factor 4 (PF4
or CXCL4) and the erythrocyte Duffy-antigen receptor (Fy) are necessary for platelet-mediated
killing of Plasmodium falciparum parasites. PF4 is released by platelets on contact with parasitized
red cells, and the protein directly kills intraerythrocytic parasites. This function for PF4 is
critically dependent on Fy, which binds PF4. Genetic disruption of Fy expression inhibits binding
of PF4 to parasitized cells and concomitantly prevents parasite killing by both human platelets
and recombinant human PF4. The protective function afforded by platelets during a malarial
infection may therefore be compromised in Duffy-negative individuals, who do not express Fy.

Platelets protect the host against death
by malarial parasites. A normally resistant
mouse, deprived of platelets, will die from

a murine malarial infection as a result of high

circulating levels of viable parasites (1, 2). Plate-
let binding to the infected red cell is associated
with the death of the intraerythrocytic malarial
parasite (1, 3), and killing of parasites appears to
be species independent. Platelets from mice or
humans can kill intraerythrocytic Plasmodium
chabaudi or P. falciparum, respectively (1, 3).
Both human and mouse malarial infections are
also accompanied by thrombocytopenia (1, 4, 5),
which correlates with increased parasite density
and more severe disease (6–8). Platelets bind

both infected and noninfected red cells during a
malarial infection (9, 10), but a higher fraction
of infected red cells bind platelets (1). However,
the molecular mediators involved in the parasite-
killing phenomenon remain unknown. Evolution-
ary selection for the Duffy-antigen (Fy) negative
allele in Africa is believed to provide protection
against P. vivax infection (11). We report here
that Fy binds the platelet effector molecule PF4
and is necessary for platelet-mediated killing of
P. falciparum.

Platelet activation is accompanied by the re-
lease of molecules from intracellular a granules.
PF4 is a CXC-type chemokine and an abundant
constituent of a granules (12, 13). We found, in
agreement with others (14), that P. falciparum–
infected red blood cells (iRBCs) stimulate the
release of PF4 from purified human platelets (fig.
S1). We conducted indirect immunofluorescent
assays (IFA) to detect PF4 and observed a strik-
ing immunolocalization of PF4 on iRBCs incu-
bated with platelets. The antigen was present on
the iRBC surface and intracellularly (Fig. 1A and
fig. S2A). Notably, PF4 was not detected in un-
infected red cells (whether bound or not bound to
platelets) or in parasitized cells cultured in the
absence of platelets. The frequency of PF4-
stained iRBCs depended on the duration of plate-
let incubation and/or the parasite stage. After
addition of platelets to cultures of synchronized
immature ring stage parasites (8 to 16 hours after
invasion), approximately 20%of iRBCs contained
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PF4 after 9 hours. After 22 hours, the proportion
of PF4-stained cells had increased and reached a
plateau of 70 to 75% (Fig. 1B). The majority of
parasites were mature trophozoites by this time.
Platelet-expressed CD36 mediates the binding of
platelets to P. falciparum–infected red cells (15)
and is required for the iRBC-stimulated release of
PF4 from platelets (14). We examined the role of
CD36 in the laboratory-adapted reference strain
of P. falciparum (3D7) and two recent clinical
isolates (PF2006 and X1E) that naturally bound
to CD36 (fig. S3). In our experiments, use of a sol-
uble CD36 protein in platelet-treatedP. falciparum
cultures reduced the frequency of platelet-iRBC
binding by more than a factor of two in all the
strains and concomitantly prevented the platelets
from inhibiting parasite growth (figs. S3 and S4),
indicating that platelet binding to iRBCs (via
CD36) is necessary for platelet-mediated killing
of P. falciparum. Interestingly, the CD36 treat-
ment also reduced the frequency of PF4-stained
iRBCs by almost 50% (Fig. 1B and fig. S3). This
difference can be explained almost entirely by an
equivalent reduction in platelet-iRBC binding, in-
dicating that localization of platelet-derived PF4
on iRBCs involves contact between platelets and
parasitized cells. There are some PF4-positive cells
that have no bound platelets; we assume these have
become disassociated. A terminal deoxynucleotidyl
transferase–mediated deoxyuridine triphosphate
nick end labeling (TUNEL) assay was used to
identify dead intraerythrocytic parasites. Consist-
ent with previous studies (1), we observed more
dead intraerythrocytic parasites after platelet treat-
ment (Fig. 1D). After colabeling with TUNEL
and antibodies to PF4, we observed platelet-
bound iRBCs that were positively stained for PF4
and TUNEL (Fig. 1C and fig. S2). After 22 hours
of platelet treatment, over 90% of iRBCs that
contained dead, TUNEL-labeled parasites also
contained PF4 (Fig. 1D). Together these data sug-
gest that contact between platelets and parasitized
red cells results in the localized release of PF4
from platelets and that this release is associated
with parasite killing.

In addition to its role as a classical chemo-
kine, PF4 also possesses antimicrobial activity
and can directly kill a number of pathogenic
bacteria and fungi at submicromolar concentra-
tions (16, 17), thus prompting the hypothesis that
PF4 itself is the lethal platelet effector molecule.
The P. falciparum killing activity of whole pu-
rified platelets was partially blocked by antibodies
to PF4. Addition of equivalent numbers of lysed
platelets to cultured parasites resulted in a similar
killing effect, and this was completely blocked
by the inclusion of antibodies to PF4 (fig. S5),
indicating that the lethal effect of platelets is en-
tirely due to PF4. We further characterized this
function for PF4 by using a commercially produced
recombinant human PF4 (rhPF4) protein in
P. falciparum parasite growth assays. The protein
inhibited parasite growth in a specific and dose-
dependent manner, with an estimated median in-
hibitory concentration (IC50) of 0.5 mMand IC100

of 5 mM (Fig. 2A). This matched closely with the
levels of PF4 present in cultures treated with lysed
platelets (0.71 T 0.22 mM), and similar potency
was observed against drug-resistant falciparum
strains K1 andW2-mef. We next investigated the
intraerythrocytic developmental stage of the par-
asite most sensitive to PF4. In one approach,
rhPF4 was added to parasites synchronized at the
immature ring stage or mature trophozoite stage
for 4 hours, washed out, and then the effect on
growth was determined. Treatment of the imma-
ture parasites for 4 hours had a negligible impact
on parasite growth, whereas the same treatment
of mature parasites inhibited growth as effective-
ly as continuous rhPF4 treatment (Fig. 2B and
fig. S6). In a second approach, rhPF4 was added
to immature ring-stage parasites and rates of
parasite death were measured using the TUNEL
assay. The rhPF4 treatment resulted in a modest
but significant increase in dead parasites after
6 hours (where immature rings were still the pre-
dominant form), whereas 22- and 28-hour treat-
ments resulted in rates of death 3 to 4 times as
high as control cultures; pigmented trophozoite-
stage parasites predominated at these time points
(Fig. 2C). We then examined the ability of PF4
to directly interact with P. falciparum–infected

erythrocytes. Using antibodies to PF4 and flow
cytometry, we detected a population of PF4-
stained iRBCs after rhPF4 treatment. The num-
ber of PF4-positive iRBCs was 3 to 4 times as
great as uninfected cells. These cells were most
numerous in cultures where pigmented tropho-
zoite and schizont forms of the parasite predomi-
nated (fig. S8, A and B). Taken together, these
data strongly suggest that PF4 is a P. falciparum
killing agent. PF4 preferentially kills later stages
of parasite development, coinciding with binding
of the protein to the infected cell; however, the
exact mechanism by which PF4 exerts its toxic
effect remains to be determined.

The Duffy-antigen receptor for chemokines
(Fy/DARC) is expressed on erythrocytes and has
several chemokine ligands, including PF4 (18, 19).
We therefore tested the hypothesis that the kill-
ing effect of PF4 may be exerted via interaction
with the Fy molecule. First, addition of ligand-
blocking antibodies to Fy (20) reduced the ability
of both platelets and rhPF4 to kill 3D7 parasites
(Fig. 3A). The Pf2006 and X1E clinical isolates
were also protected from platelet killing by the
Fy6 antibody (fig. S3D). Second, inclusion of equi-
molar concentrations of chemokines with greater
affinity for Fy than PF4 [GROa/CXCL1 and
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Fig. 1. Interaction of platelets and PF4 with
P. falciparum (iRBC). (A and C) Immunofluorescent
assay images of iRBC treated with platelets for
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stained [and, in (C), TUNEL-labeled] iRBC. (B) Percentage of anti-PF4–stained iRBC, and (D) TUNEL and
anti-PF4 colabeled iRBC, after platelet treatment. Error bars represent mean proportions (TSEM) deter-
mined in three independent experiments. **P = 0.005 compared with 28-hour platelet treatment.
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RANTES/CCL5 (16, 17)] blocked the killing ac-
tivity of rhPF4, whereas a chemokine with little
affinity for Fy [SDF1/CXCL12 (21)] had no ef-
fect (Fig. 3B). None of these chemokines affected
the intraerythrocytic growth of parasites in con-
trol experiments (fig. S7). In a third set of experi-
ments, we used red cells genetically deficient in
Fy expression. A mutation in the GATA motif of
the Fy promoter prevents erythrocyte expression
of Fy, is common in African populations (22),
and protects against P. vivax infection (11). Strik-
ingly, neither platelets nor rhPF4 was able to
prevent the growth of P. falciparum parasites or
kill these parasites when they were propagated

in Fy-deficient cells (Fig. 3, A and C). The Fy
deficiency did not affect parasite growth per se
(fig. S7), and the lack of platelet-mediated killing
was not associated with any change in the ability
of platelets to bind Fy-deficient iRBCs (fig. S4B).
However, after platelet treatment of either Fy-
deficient cells infectedwith 3D7orPf2006-infected
cells treated with antibody to Fy6, we observed
an almost 50% reduction in the proportion of PF4-
bound iRBCs (Fig. 4A and fig. S4E). In addition,
treatment of Fy-deficient 3D7-infected cells with
rhPF4 resulted in reduced levels of PF4 binding
and fewer PF4-stained cells (fig. S8, C to E).
Together, these data suggest that Fy is critical

in the pathway mediating the platelet killing and
functions as a receptor for PF4 on iRBC. In agree-
ment with previous studies (23, 24), we ob-
served, using IFA, that Fy is localized within the
P. falciparum parasite (fig. S9), suggesting amech-
anismwhereby the intraerythrocytic parasite may
be directly exposed to PF4. IFA costaining for Fy
and PF4 revealed colocalization of the molecules
withinP. falciparum–infected cells that were treated
with rhPF4 (Fig. 4B). To confirm these observa-
tions, parasites from rhPF4-treated cultures were
purified using saponin and immunoblotted for
PF4. PF4 was detected in the purified parasite
extracts. Interestingly, the levels of PF4 observed
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in parasites grown in Fy-deficient cells were sig-
nificantly reduced by a factor of almost three
(Fig. 4C and D). These data suggest that infected
cells internalize PF4 and that the Fy molecule
largely mediates the phenomenon.

Our data show that the intraerythrocytic kill-
ing of falciparum parasites by platelets requires
platelet-iRBC contact, release of PF4, and bind-
ing of PF4 to the Fy receptor. Although platelets re-
lease PF4 into themediumof culturedP. falciparum,
the levels measured in our experiments were in-
sufficient to kill the parasites. Instead, our data
suggest that after binding to iRBCs, platelets re-
lease PF4, resulting in locally high concentra-
tions. The released PF4 then binds to the surface
of the infected cell. PF4 binding is greatest in red
cells with mature parasites, and these parasites
are more likely to be TUNEL positive, i.e., dead.
Not all PF4-bound cellswere colabeled byTUNEL,
suggesting that there may be a delay between the
binding of PF4, the death of parasites, and the
subsequent fragmentation. Others have reported
that the bactericidal activity of PF4 and related
platelet antimicrobial proteins is exerted via dis-
ruption of cell metabolism and membrane poten-
tial, although the exactmechanisms remain unclear
(25, 26). A similar cytocidal or cytostatic mech-
anism may also operate on the metabolically ac-
tive maturing parasite. Interestingly, depletion of
PF4 rescues otherwise susceptible mice in the

P. berghei–induced experimental cerebral malar-
ia model (ECM) (14). However, ECM is medi-
ated through an unrelated pathology and is not
associated with parasite death. Erythrocyte Fy
is essential for the killing of P. falciparum by
platelets and PF4. Our data show that Fy binds
PF4. There is more binding in Fy-positive than
Fy-negative cells. There is also more PF4 present
internally in Fy-positive erythrocytes compared
with Fy-deficient cells. We therefore deduce that
PF4 binding to Fy mediates both the increased
concentration of PF4 on the surface of the cell
and the observed intraerythrocytic accumulation
of the protein through transport from the surface
of the cell, although we have yet to demonstrate
this formally. A genetic lack of Fy renders an in-
fected cell impervious to killing by both PF4 and
platelets and is associated with less surface binding
and internalized PF4. In normally resistant mice,
platelet deficiency leads to a more severe outcome
(1, 2), but Fy deficiency has no effect (27), possibly
indicating a different effector pathway in themouse.

The vast majority of individuals living in
Western and Central equatorial Africa are Duffy-
antigen negative (22). An obvious implication
of our findings is the potential lack of platelet-
mediated protection against malaria in these in-
dividuals and the possibility that this has an
impact on disease severity and outcome. Although
the available epidemiological and clinical data are

insufficient to directly compare disease severity
and outcome in humans with different Duffy al-
leles (28–30), P. falciparum infections are most
common in equatorial Africa and result in the
highest global rates of death (31, 32).
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Fig. 4. Requirement of Duffy antigen for PF4 binding and internalization by iRBC. (A) Percentage of anti-
PF4 stained P. falciparum 3D7 iRBC grown in Fy-expressing (Fy+/+) or Fy-deficient (Fy−/−) cells after
treatment with human platelets for 24 hours. Error bars represent mean proportions (TSEM) determined
in three independent experiments. The blood from three different Fy-negative donors was tested. **P =
0.002 compared with Fy+/+ cells. (B) Immunofluorescent assay images of PF4-treated iRBC stained with
Hoechst (blue), antibody to PF4 (red), and antibody to Fy (green). rhPF4 was added to synchronized ring-
stage parasites for 24 hours. Arrowheads indicate uninfected cells, and arrows indicate iRBC (PF4 and Fy
costained). (C) Immunoblot analysis of PF4 in rhPF4-treated P. falciparum 3D7 parasites. Immunoblots
(using antibodies to PF4 or EXP2) of saponin-purified trophozoites, treated before purification with or
without rhPF4 (0.5 mM) for 2 hours. Parasites were grown in Fy-deficient (Fy−/−) or sufficient (Fy+/+) red cells.
(D) Quantification of the PF4 immunoblot analysis. Error bars represent the mean pixel intensity (TSEM) of
the PF4 immunoreactive bands relative to EXP2 [shown in (C)]. ***P < 0.001 compared with Fy+/+ cells.
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