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Pure Hemozoin Is Inflammatory In Vivo and Activates the

NALP3 Inflammasome via Release of Uric Acid1

Jason W. Griffith, Tiffany Sun, Michael T. McIntosh, and Richard Bucala2

The role of proinflammatory cytokine production in the pathogenesis of malaria is well established, but the identification of the

parasite products that initiate inflammation is not complete. Hemozoin is a crystalline metabolite of hemoglobin digestion that is

released during malaria infection. In the present study, we characterized the immunostimulatory activity of pure synthetic

hemozoin (sHz) in vitro and in vivo. Stimulation of naive murine macrophages with sHz results in the MyD88-independent

activation of NF-�B and ERK, as well as the release of the chemokine MCP-1; these responses are augmented by IFN-�. In

macrophages prestimulated with IFN-�, sHz also results in a MyD88-dependent release of TNF-�. Endothelial cells, which

encounter hemozoin after schizont rupture, respond to sHz by releasing IL-6 and the chemokines MCP-1 and IL-8. In vivo, the

introduction of sHz into the peritoneal cavity produces an inflammatory response characterized by neutrophil recruitment and the

production of MCP-1, KC, IL-6, IL-1�, and IL-1�. MCP-1 and KC are produced independently of MyD88, TLR2/4 and TLR9,

and components of the inflammasome; however, neutrophil recruitment, the localized production of IL-1�, and the increase in

circulating IL-6 require MyD88 signaling, the IL-1R pathway, and the inflammasome components ICE (IL-1�-converting en-

zyme), ASC (apoptosis-associated, speck-like protein containing CARD), and NALP3. Of note, inflammasome activation by sHz

is reduced by allopurinol, which is an inhibitor of uric acid synthesis. These data suggest that uric acid is released during malaria

infection and may serve to augment the initial host response to hemozoin via activation of the NALP3 inflammasome. The Journal

of Immunology, 2009, 183: 5208–5220.

M
alaria has profound worldwide impact, infecting mil-

lions of people annually and resulting in at least 2

million deaths per year (1, 2). The highest mortality

rates occur in the children of sub-Saharan Africa infected with

Plasmodium falciparum, where severe anemia and cerebral ma-

laria are common sequelae of infection (3). Unifying the disparate

sequelae of P. falciparum infection is the understanding that the

host immune response is important not only for parasite control,

but also much of the pathology of malaria (4, 5). Indeed, the ex-

cessive production of proinflammatory cytokines such as TNF-�

(6), IFN-� (7), lymphotoxin (8), and macrophage migration inhib-

itory factor (MIF) (9) have been implicated in many manifestations

of the disease, including the neurologic dysfunction of cerebral

malaria and the dyserythropoiesis of severe malarial anemia.

Despite progress in understanding disease pathogenesis using

mouse models of malarial infection, the host and parasite factors

that mediate early cytokine production are still poorly understood

(10). As much of the parasite life cycle occurs within infected

erythrocytes and symptoms of proinflammatory excess such as fe-

ver and rigors accompany schizont rupture, investigators have fo-

cused on parasite products released during schizogeny (4). One

such product is hemozoin, a polymer of heme that is produced as

a result of the parasite’s digestion of host hemoglobin within the

erythrocyte (11, 12). Hemozoin is released by the rupture of par-

asitized red cells, reaches high concentrations in the circulation,

and is actively phagocytized by circulating monocytes and neutro-

phils as well as by tissue-resident macrophages of the liver and

spleen (13, 14).

The role of hemozoin in the activation of cytokine responses by

the innate immune system is controversial. Several investigators

have found that both parasite-derived hemozoin and synthetically

produced hemozoin (sHz)3 activate the release of various proin-

flammatory mediators including TNF-�, IL-1�, and the chemo-

kines MIP-1� and MIP-1� by monocytes/macrophages (15, 16).

Other investigators, however, have suggested that hemozoin plays

an inhibitory role on the maturation and function of immature den-

dritic cells (DCs) and may be responsible for certain features of the

immune suppression that is characteristic of malarial infection (17,

18). The injection of hemozoin into mice nevertheless results in an

acute proinflammatory response with the strong recruitment of leu-

kocytes and the release of proinflammatory chemokines and cyto-

kines (19).

Innate immune receptors mediate many aspects of the proin-

flammatory response to parasite invasion (20), and the TLR system

is considered to be a likely candidate for mediating the host re-

sponse to hemozoin. Indeed, the TLR pathway has been shown to

be essential for the inflammatory response to parasite lysates (21,

22). A specific role for TLRs in the host response to hemozoin was
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first defined by Coban et al., who demonstrated that recognition of

both parasite-purified and synthetic hemozoin required TLR9 (23),

which has also previously been shown to recognize the unmeth-

ylated CpG motifs in microbial DNA (24).

A recent study by Parroche et al. has questioned the immuno-

modulatory activity of hemozoin via TLR9 (25). The authors uti-

lized a highly pure preparation of synthetic hemozoin and showed

that it had negligible proinflammatory activity on FLT-3 ligand-

derived DCs (FL-DCs). It was proposed instead that hemozoin

binds and loads malarial DNA into the endosome for recognition

via TLR9. A role for hemozoin in modulating the responses of

other innate immune cells nevertheless remains to be clarified, and

the importance of this issue was highlighted by deWalick et al.,

who found that deletion of plasmacytoid DCs had no effect on the

development of cerebral malaria, but that conventional DCs were

important mediators of this disease (26). Furthermore, both murine

and human studies suggest that macrophages are essential media-

tors of cerebral malaria and key cells in the production of the

inflammatory cytokines such as TNF-� and lymphotoxin that are

important in cerebral malaria pathogenesis (27).

In this study, we produced sHz from FPLC-purified hemin to

eliminate possible contamination with proinflammatory molecules.

We noted that while stimulation with sHz did not result in the

production of IL-6 and TNF-� by naive DCs or macrophages,

chemokines, most notably MCP-1, are produced in vitro by mac-

rophages stimulated with sHz. More importantly, in vivo, the peri-

toneal injection of sHz results in a strong inflammatory response

characterized by recruitment of neutrophils and the production of

inflammatory cytokines and chemokines including KC, MCP-1,

IL-1�, and IL-6. This inflammatory response appears dependent

on intact IL-1R signaling through MyD88 and is augmented by the

inflammasome components ASC (apoptosis-associated, speck-like

protein containing CARD), ICE (IL-1�-converting enzyme), and

NALP3 via the release of uric acid.

Materials and Methods
Reagents and mice

The TLR agonists CpG DNA oligodeoxynucleotide (ODN) 1826 and
poly(I:C) were purchased from InvivoGen. Recombinant IFN-� and FLT-3
ligand GM-CSF were from PeproTech, and uric acid, uricase, and allo-
purinol were from Sigma-Aldrich. Monosodium urate crystals were pre-
pared as described previously (28). ELISA kits for the mouse cytokines
TNF-�, MCP-1, IL-1�, and IL-6 were purchased from eBioscience, and
the ELISA kit for mouse KC was purchased from R&D Systems. C57BL/6
mice were obtained from The Jackson Laboratory. MyD88�/�, Toll/IL-1R
domain-containing adaptor-inducing IFN-� (TRIF)�/�, TLR2/4�/�, and
TLR9�/� mice were generated previously (29–31) and backcrossed with
C57BL/6 mice for 9, 7, 9, and 9 generations respectively. The ICE�/� and
the IL-1�-converting enzyme protease activating factor (IPAF)�/� mice
were provided by R. Flavell (Yale University), and the ASC�/� and the
NALP3�/� mice were from Lexicon Genetics. These mice were housed in
pathogen-free conditions according to institutional protocols of Yale
University.

Synthesis of pure hemozoin

sHz was prepared as previously described (15) except that FPLC-purified
hemin chloride (Fluka) was used for synthesis instead of the less pure
porcine hematin from Sigma-Aldrich. Briefly, 40 mg of hemin was solu-
bilized in 8 ml of 0.1 M NaOH and then treated with 49 mmol of acetic
acid. This suspension was heated overnight at 70°C and then washed with
0.1 M NaHCO3, double-distilled H2O, and 70% EtOH. The hemozoin was
resuspended at the indicated concentrations in appropriate medium and
sonicated in a bath sonicator for 1 min before use. The final preparation of
hemozoin contained �0.005 EU/ml LPS as measured by the Limulus ame-
bocyte assay.

Purification of malarial DNA

P. falciparum strain FCR3 was cultivated in leukocyte-free erythrocytes of
blood group A� (American Red Cross) at 5% hematocrit in RPMI 1640

medium (Invitrogen) at 37°C in a humidified gas mixture of 90% N2, 5%
CO2, and 5% O2. Culture medium was supplemented with 25 mM HEPES,
sodium bicarbonate (2 g/L), gentamicin (1 �g/ml), hypoxanthine (92 �M),
and human serum (10%), type AB. Mixed late-stage cultures (trophozoites
and schizonts at 2–10% parasitemia) were incubated with 0.05% saponin
for 5 min at 25°C followed by centrifugation at 2500 � g for 10 min. The
resulting parasite pellet was washed twice by centrifugation in 1� PBS and
stored at �70°C until DNA purification by an Easy-DNA kit (Invitrogen)
according to the manufacturer’s instructions.

Cells

FL-DCs were generated by culturing bone marrow in 100 ng/ml FLT-3
ligand for 8 days in DMEM/10% FCS and penicillin/streptomycin (23).
Conventional DCs were generated by culturing bone marrow in 10 ng/ml
GM-CSF for 8 days in DMEM/10% FCS. Bone marrow macrophages were
generated by culturing bone marrow in 30% L929 supernatant and 20%
FCS for 5 days. Peritoneal macrophages were isolated 5 days after injection
of 2 ml of 4% thioglycolate after washing the peritoneal cavity with 10 ml
of cold PBS. Cells were plated in 24-well plates in DMEM/10% FCS with
penicillin/streptomycin. HUVECs were cultured on gelatin-coated plates in
M199 media supplemented with 20% FCS, L-glutamine, penicillin/strep-
tomycin, and endothelial cell growth factor. THP-1 cells were stimulated
with 0.5 �M PMA in RPMI 1640/10% FCS overnight before use (32).

In vivo cell recruitment and cytokine production

sHz (2.5 mg) in 200 �l of PBS or PBS alone was injected i.p. into mice.
After 12 h, the peritoneal cavity was washed with 10 ml of cold PBS and
cells were counted. Cells (100,000) were cytospun and stained with the
Diff-Quick staining reagent according to the manufacturer’s instructions
(Sigma). The percentage of neutrophils was determined by enumeration of
cells with the characteristic multilobed nuclei of neutrophils using a Nikon
Microphot FXA microscope at �40. For cytokine analysis, 2.5 mg of sHz
was injected and the peritoneal cavity was washed with 1 ml of cold PBS
at the indicated time. Systemic cytokine analysis was performed on serum
obtained by cardiac puncture. The concentration of multiple cytokines was
analyzed using the Beadlyte cytokine multiplex technology (Upstate Bio-
technology) analyzed on the Luminex platform (Bio-Rad). In subsequent
experiments, the concentrations of MCP-1, IL-1�, IL-6, and KC in the
lavage fluid were quantified by ELISA (eBioscience for MCP-1, IL-6, and
IL-1�, and R&D Systems for KC).

Flow cytometry analysis

At determined time points after hemozoin injection, peritoneal lavage was
performed with 1 ml of PBS. The total recovered cells were counted and
1 � 106 cells were stained with FITC-conjugated Gr-1 neutrophil surface
marker (eBioscience). Flow cytometry with a FACSCalibur was used to
determine the percentage of Gr-1� cells.

Western blotting

Mice were injected i.p. with 2 ml of 4% sterile thioglycolate. Five days
after injection, peritoneal lavage cells were plated at 2.5 � 106 cells per
well in 6-well plates in DMEM media supplemented with 10% FCS. After
4 h, the adherent macrophages were washed three times with PBS and the
media were replaced with DMEM/low glucose and 0.1% FCS for 16 h.
Cells then were stimulated with 100 �g/ml sHz at the indicated times and
harvested in RIPA lysis buffer. Equal amounts of protein were electropho-
resed on SDS-PAGE gels and Western blotted with anti-phospho-ERK Ab
(Santa Cruz Biotechnology) or anti-phospho p38, anti-phospho JNK, or
anti-I�-B Abs (Cell Signaling Technology). The specific bands were visu-
alized using the ECL chemiluminescence reagent kit (Amersham Bio-
sciences). Membranes were stripped using Blot Restore (Chemicon Inter-
national) according to the manufacturer’s instructions and reprobed for
total ERK (Santa Cruz Biotechnology), p38, JNK (Cell Signaling Tech-
nology) and �-actin (Sigma-Aldrich) using the above protocol.

Luciferase assays

RAW 264.7 murine monocytes were stably transfected with a plasmid
containing the luciferase gene linked to three tandem NF-�B promoters.
Cells were stimulated for 12 h and then harvested in passive lysis buffer
(Promega) according to the manufacturer’s instructions. Lysates were
mixed with the luciferase substrate LAR (Promega) and analyzed with a
luminometer according to the manufacturer’s instructions.

5209The Journal of Immunology

 b
y
 g

u
est o

n
 A

u
g
u
st 9

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/


Results
sHz does not activate naive DCs or macrophages, but it

enhances the response to malarial DNA

To study the role of hemozoin free of possible contaminants, we em-

ployed for these studies only sHz produced from FPLC-purified he-

min chloride. To ensure that our preparation of sHz was comparable

in activity to that used by Parroche et al. (25), we first stimulated

FL-DCs with either sHz or unmethylated CpG DNA following their

published procedure. In agreement with their report, sHz did not in-

duce the production of either IL-6 or TNF-� from FL-DCs when

studied under the same experimental conditions in which stimulation

with CpG DNA induced a strong cytokine response (Fig. 1A). Be-

cause this observation may have been specific to FLT-3 ligand DCs,

we also stimulated bone marrow-derived, GM-CSF-matured conven-

tional DCs (Fig. 1B), bone marrow-derived macrophages (Fig. 1C),

and thioglycolate-elicited peritoneal macrophages (Fig. 1D) with he-

mozoin and measured the IL-6 and TNF-� responses by these cells.

As can be seen in the corresponding figures, pure hemozoin does not

result in the production of either IL-6 or TNF-� by any of these cells

types, while control stimulation with various TLR ligands did result in

production of these cytokines by all cell types tested. Parroche et al.

suggested that the stimulatory activity of nonsynthetic preparations of

hemozoin (i.e., purified from Plasmodium) was due to the presence of

malarial DNA. In support of this hypothesis, we found that the addi-

tion of malarial DNA together with sHz to peritoneal exudates cells

results in a TNF-� response that is augmented over that seen with

either malarial DNA or hemozoin alone (Fig. 2A). Of note, we also

stimulated peritoneal-derived macrophages by adding sHz together

with the synthetic TLR ligands CpG DNA and poly(I:C). We tested

these model ligands instead of malarial DNA to ensure a lack of

contamination by parasite products, which may occur with malarial

DNA preparations (25). In accordance with the results observed with

malarial DNA (Fig. 2A), sHz significantly augments the release of

TNF-� by macrophages when added together with the nucleic acid

TLR ligands CpG DNA (Fig. 2B) and poly(I:C) (Fig. 2C).

Macrophages produce the chemokine MCP-1 when stimulated

with hemozoin in vitro

Although stimulation of various DCs and macrophages did not

result in production of IL-6 and TNF-�, we did observe the release

FIGURE 1. Naive DCs or macro-

phages are not stimulated by pure

sHz. FL-DCs (A), bone marrow-de-

rived conventional DCs (B), bone

marrow-derived macrophages (C),

or peritoneal-derived macrophages

(D) were stimulated with either con-

trol media, the indicated amount of

sHz, ranging from 50 to 400 �g/ml,

or 2.5 �M CpG, or 10 ng/ml LPS as

labeled for 24 h, and the production

of IL-6 and TNF-� was assessed by

ELISA. In all cell types tested sHz

did not significantly increase the

production of IL-6 or TNF-� above

unstimulated controls. �, p � 0.05;

��, p � 0.01; ���, p � 0.001. Each

figure is representative of three in-

dependent experiments.

5210 INFLAMMATORY PROPERTIES OF MALARIAL HEMOZOIN
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of the chemokine MCP-1 when macrophages were stimulated with

sHz. RAW 264.7 macrophages stimulated with sHz released a

large quantity of MCP-1 (Fig. 3A). Because both IL-6 and TNF-�

are typically released by activation of the TLR system, while the

chemokine MCP-1 may be released under a large variety of stimuli

besides TLR activation (33), we hypothesized that sHz may acti-

vate MCP-1 production by non-TLR pathways. To test this hy-

pothesis, we isolated peritoneal macrophages from wild-type (WT)

and MyD88�/� mice, stimulated them with sHz, and observed a

significant, MyD88-independent production of the chemokine

MCP-1 from these cells (Fig. 3B). This increase in MCP-1 pro-

duction was augmented when macrophages were activated with

IFN-� and still occurred in WT and MyD88�/� macrophages. Of

note, while naive macrophages stimulated with sHz did not release

TNF-�, we did find that sHz did result in a small but significant

TNF-� release that occurred only when macrophages were acti-

vated with IFN-� (1 ng/ml) (Fig. 3C). This TNF-� release oc-

curred in a TLR9-independent but MyD88-dependent manner.

Hemozoin activates proinflammatory responses by endothelial

cells

To further delineate the innate cells that may contribute to the

inflammatory response to hemozoin, we assessed the in vitro re-

sponses of endothelial cells to sHz because these cells are among

the first to be exposed to hemozoin after schizont rupture (34). We

found that in vitro cultures of HUVECs significantly up-regulated

expression of the proinflammatory cytokines IL-6, IL-8, and

MCP-1 in response to sHz (Fig. 4). These data further support the

concept that while FL-DCs may not participate in hemozoin rec-

ognition, innate immune cells such as macrophages and endothe-

lial cells nevertheless contribute to the host inflammatory response

induced by this malarial product.

Macrophages activate ERK and NF-�B signaling independently

of MyD88

To determine whether MyD88 is important in the initial recogni-

tion of hemozoin, or if it is more important in modulating down-

stream stimuli such as IL-1� and IFN-� signaling, we studied the

early response of the MAPK and NF-�B pathways in sHz-treated

macrophages. We stimulated peritoneal-elicited macrophages from

WT mice with sHz and assessed activation of the MAPK (ERK,

JNK, p38) and NF-�B signaling pathways. As assessed by West-

ern blotting for specific downstream MAPK phosphorylated prod-

ucts, the ERK1/2 MAPK was activated within 15 min of sHz ad-

dition, with the response peaking at 30 min and then decaying after

60 min (Fig. 5A). We did not observe an activation effect on the

p38 MAPK in WT macrophages and did note that the phosphor-

ylation of JNK was decreased but still observable after sHz stim-

ulation (Fig. 5A). Supporting the hypothesis that hemozoin recog-

nition occurs independently of MyD88 and TLR9, we noted that

ERK1/2 phosphorylation is up-regulated in MyD88�/� and

TLR9�/� macrophages in response to sHz with exactly the same

kinetics as in WT macrophages (Fig. 5B).

As a sensitive assay for NF-�B activation, we used a RAW

264.7 macrophage cell line that had been stably transfected with a

NF-�B-sensitive luciferase reporter (35). The addition of sHz to

these cells produced an activation of the NF-�B promoter, and this

response was further enhanced by IFN-� (Fig. 5C). We also as-

sessed the activation of the NF-�B pathway in MyD88-deficient

cells. WT or MyD88�/� peritoneal macrophages were stimulated

with sHz, and the degradation of I�-B, which is an essential step

for canonical NF-�B activation (36), was assessed by Western

blotting. Both WT and MyD88�/� macrophages rapidly degraded

I�-B in response to sHz, indicating that the initial steps of NF-�B

signaling occur independently of MyD88 (Fig. 5D).

Synthetic hemozoin is an inflammatory stimulus in vivo

Given the diversity of cell types that participate in innate immune

responses and the chemokine response observed in vitro, we rea-

soned that sHz will initiate inflammation in vivo. To test this hy-

pothesis, we examined the recruitment of inflammatory cells into

the peritoneal cavity of mice after the direct injection of sHz. The

i.p. injection into WT C57BL/6 mice of 2.5 mg of sHz, which is an

amount comparable to that released in malaria-infected hosts (13),

results in the recruitment of 3-fold more cells than after a control

injection of PBS alone (Fig. 6A). Most recruited cells after visu-

alization were neutrophils, which increased in percentage from

�5% to �60% after sHz injection (Fig. 6B). This observation was

confirmed by FACs analysis of peritoneal cells, which demon-

strated that the percentage of neutrophils identified as being Gr-1�

increased with sHz injection from �14% to �60% (Fig. 6C).

When the resultant increase in neutrophils was quantified directly

FIGURE 2. sHz augments the inflammatory response to malarial DNA

or TLR ligands. Peritoneal exudate cells (A) were stimulated with either

control media, 100 �g/ml sHz, 5 �g/ml malarial DNA (mDNA) alone, or

both sHz and mDNA for 24 h and the production of TNF-� was assessed

by ELISA. Peritoneal macrophages (B) from WT mice were stimulated

with either 100 �g/ml sHz, 2.5 �M CpG DNA, or both together for 24 h

and the production of TNF-� was measured by ELISA. Peritoneal macro-

phages (C) from WT mice were stimulated with either 100 �g/ml sHz, 25

�g/ml poly(I:C), or both together for 24 h and the production of TNF-�

was measured by ELISA. �, p � 0.05; ��, p � 0.01; ���, p � 0.001. Each

figure is representative of three independent experiments.

5211The Journal of Immunology
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using the visualization method, we noted a large and statistically

significant increase in the number of neutrophils 6 h after the in-

jection of sHz (Fig. 6D).

Intraperitoneal injection of synthetic hemozoin results in local

and systemic inflammatory responses

Neutrophil recruitment upon the i.p. injection of sHz suggests that

hemozoin activates inflammatory signaling. To better identify the

inflammatory pathways activated, we injected sHz into the perito-

neal cavities of WT C57/BL6 mice and harvested both serum and

peritoneal fluid for cytokine analysis. Fig. 7A demonstrates the

serum cytokine response of eight selected cytokines and chemo-

kines 2 h after the peritoneal injection of sHz (gray bars) compared

with mock-injected mice (black bars). At this early time point, we

noted a statistically significant increase in the serum levels of the

chemokine KC and the cytokines IL-1� and IL-6, with no change

FIGURE 3. Peritoneal macro-

phages release the chemokine MCP-1

upon sHz stimulation and TNF-�

upon stimulation with both IFN-� and

sHz. RAW 264.7 macrophages were

stimulated with increasing concentra-

tions of sHz for 24 h and the levels of

MCP-1 released in the supernatant

were measured by ELISA (A). Naive

or IFN-�-stimulated peritoneal mac-

rophages from WT or MyD88�/�

C57BL/6 mice were stimulated with

either 50 �g/ml sHz or control media

(control) and the levels of MCP-1 in

the supernatant was analyzed by

ELISA (B). Peritoneal macrophages

from WT, MyD88�/�, or TLR9�/�

C57BL/6 mice were stimulated with

increasing concentrations of sHz in

the presence (black line) or absence

(gray dotted line) of IFN-� and the

levels of TNF-� in the supernatant af-

ter 12 h were assessed by ELISA (C).

All values are compared with control

media: �, p � 0.05; ��, p � 0.01;

���, p � 0.001. Each figure is repre-

sentative of at least three independent

experiments.

FIGURE 4. Human endothelial cells produce cytokines in response to sHz stimulation. HUVECs were stimulated for 24 h with increasing concentrations

of sHz and the levels of IL-6 (A), IL-8 (B), and MCP-1 (C) in the supernatant were measured by ELISA. �, p � 0.05; ��, p � 0.01; ���, p � 0.001 for

control vs sHz stimulation. Each figure is representative of at least four separate experiments.
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in the levels of RANTES, MCP-1, IL-1�, TNF-�, and IL-12. At

the same time point of 2 h, the local concentrations of chemokines

and cytokines in the peritoneal cavity were significantly increased

not only for KC, IL-1�, and IL-6, but also for MCP-1 and IL-1�

(Fig. 7B). Four hours after injection of sHz (gray bars) both serum

(Fig. 7C) and peritoneal (Fig. 7D) levels of KC, MCP-1, IL-1�,

IL-1�, and IL-6 were significantly increased compared with mock

PBS injection (black bars), while there was no increase in the

levels of the chemokine RANTES or the cytokines IL-12 or

TNF-�.

Neutrophil recruitment in response to hemozoin requires MyD88

but not TLR9 or TLR2/4

TLRs are innate immune pattern recognition receptors that rec-

ognize microbial products and orchestrate the early inflamma-

tory responses to infection (37), and thus they are likely can-

didates for mediating the inflammatory response to hemozoin.

As all known TLRs use either MyD88 or TRIF as essential

intracellular adaptors for downstream signaling (38), we in-

jected mice genetically deficient in either MyD88 or TRIF with

sHz and reassessed the subsequent recruitment of inflammatory

cells. Neutrophil recruitment into the peritoneal cavity was

markedly reduced in MyD88�/� mice when compared with WT

mice, while TRIF�/� mice showed levels of recruitment that

were not significantly different than those of WT mice (Fig.

8A). These data suggest that hemozoin may mediate inflamma-

tion via the TLR receptor system. Thus, we tested likely TLR

receptors for inflammatory responses. TLR9 has previously

been implicated in the inflammatory response to hemozoin;

however, as can be seen in Fig. 8B, the recruitment of neutro-

phils in response to sHz injection remains intact in TLR9�/�

mice. Similarly, Fig. 8C demonstrates that mice deficient in

both TLR2 and TLR4 also are able to mount a statistically

significant neutrophil recruitment response to i.p. sHz injection.

These data suggest that likely TLR receptors do not influence

sHz-mediated inflammation.

FIGURE 5. sHz activates ERK and NF-�B signaling pathways inde-

pendent of MyD88. Thioglycolate-elicited peritoneal macrophages from

WT C57BL/6 mice were stimulated with 100 �g of sHz and the activation

of the ERK1/2 (A), JNK, and p38 MAPK pathways was assessed by West-

ern blotting for phosphorylation of ERK1/2, JNK, and p38 (upper panels)

compared with total protein controls (lower panels). Thioglycolate-elicited

peritoneal macrophages from MyD88�/� and TLR9�/� C57BL/6 mice

were stimulated with 100 �g of sHz and the activation of the ERK1/2

pathway was assessed by Western blotting for phosphorylation of ERK1/2

(upper panels) compared with total ERK protein (lower panels) (B). RAW

264.7 cells with a stable NF-�B luciferase promoter were stimulated with

100 �g/ml sHz in the presence or absence of IFN-� for 12 h (C). For

control vs sHz stimulation: ��, p � 0.01 and ���, p � 0.001. WT or

MyD88�/� peritoneal macrophages were stimulated for the indicated times

and I�-B degradation, a marker for NF-�B activation, was assessed by

Western blotting (D). Each blot was stripped and restained with �-actin as

a loading control. Each figure is representative of at least three independent

experiments.

FIGURE 6. Intraperitoneal injection of sHz mediates inflammatory re-

cruitment of neutrophils. sHz (2.5 mg) in PBS or PBS alone was injected

i.p. into WT C57BL/6 mice. Twelve hours later, peritoneal cells were har-

vested in 10 ml of cold PBS and counted (A). For PBS vs sHz injection:

���, p � 0.001. Twelve hours after injection of PBS or 2.5 mg of sHz in

PBS into WT mice, peritoneal cells were harvested, stained, and visualized

at �40 magnification (B). FACS analysis of the recruited cells demon-

strates an increase in the percentage of GR-1� cells (a marker for neutro-

phils) from 13% to �60% at 6 and 12 h after the injection of sHz into the

peritoneal cavity of mice (C). Total number of recruited neutrophils de-

termined after sHz i.p. injection into WT mice (n � 5). For sHz injection

into WT mice vs MyD88�/� mice: ���, p � 0.001 (D). Each figure is

representative of at least three independent experiments.
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Hemozoin results in MyD88-independent chemokine release

To further examine the possibility of TLR-mediated recruitment of

inflammatory cells into the peritoneal cavity by sHz, we compared

the local production of inflammatory mediators by WT and

MyD88�/� after peritoneal sHz injection. We examined the peri-

toneal production of MCP-1, KC, IL-6, and IL-1� by ELISA 6 h

after injection of sHz. In accord with the results shown in Fig. 7,

WT mice injected with hemozoin produced elevated amounts of

the chemokines MCP-1 (Fig. 9A) and KC (Fig. 9B) and the cyto-

kines IL-6 (Fig. 9C) and IL-1� (Fig. 9D) when compared with

mice that received PBS alone. Additionally, when sHz was in-

jected into mice deficient in MyD88 or TRIF, these mice produced

comparable amounts of MCP-1 and KC as did WT mice (Fig. 9, A

and B). The levels of IL-6 and IL-1�, however, were reduced in

MyD88�/� compared with WT and TRIF�/� mice (Fig. 9, C and

D). These data indicate that sHz is recognized in vivo by a

MyD88- and TRIF-independent pathway resulting in chemokine

production, but that the IL-1� and IL-6 response requires MyD88-

dependent signaling.

These data, taken together, support the conclusion that with the

exception of IL-1�, hemozoin activates chemokine production in-

dependently of TLR-initiated pathways. Indeed, it is known that

the production of IL-1� requires two signals. One signal is pro-

vided by activation of the TLR system, which initiates the tran-

scription of pro-IL-1� mRNA, and a second signal is provided by

activation of the inflammasome, which leads to the proteolytic

processing and release of mature IL-1� (39). We therefore hypoth-

esized that hemozoin activates the inflammasome-mediated stage

of IL-1� release. The noted decrease of secreted IL-1� in MyD88-

deficient mice compared with WT mice likely results from de-

creased levels of basal pro-IL-1� levels in MyD88�/� mice and

not in a defect in activation of the inflammasome.

Neutrophil recruitment in response to sHz requires IL-1R and

components of the inflammasome

To determine the role of IL-1� release in the host response to sHz,

we compared neutrophil recruitment in WT and IL-1R�/� mice.

As shown in Fig. 10A, the recruitment of neutrophils in response

to sHz is abrogated in IL-1R�/� mice, while there was no signif-

icant difference detected in IL-18�/� mice. These data support the

hypothesis that the role of MyD88 in the neutrophil recruitment

response to sHz is not via direct TLR signaling but by increasing

basal levels of pro-IL-1� and, perhaps more importantly, signaling

through the IL-1R pathway.

The dependence of sHz-induced neutrophil recruitment on

IL-1R and MyD88 signaling, as well on as the production of

IL-1�, suggested to us that sHz activates the inflammasome.

Crystalline materials that have been identified to activate the

FIGURE 7. Injection of sHz into the peritoneal cavity results in the local

and systemic production of the chemokines KC and MCP-1 and cytokines

IL-1�, IL-1�, and IL-6. sHz (2.5 mg in PBS, gray bars) or PBS alone (black

bars) was injected i.p. into three to six WT C57BL/6 mice per group. At 2 (A

and B) and 4 h (C and D) after injection, serum (A and C) and peritoneal fluid

(B and D) were harvested from the mice and analyzed for the production of

multiple cytokines as indicated using the Luminex platform. �, p � 0.05; ��,

p � 0.01; ���, p � 0.001 for control vs sHz stimulation.

FIGURE 8. MyD88 but not TRIF, TLR9, or TLR2/4 is required for

neutrophil recruitment in response to sHz. Total number of recruited neu-

trophils determined after sHz i.p. injection into WT (n � 5), MyD88�/�

(n � 5), and TRIF�/� (n � 3) mice (A). For sHz injection into WT mice

vs MyD88�/� mice: ���, p � 0.001. sHz (2.5 mg in PBS) or PBS alone

was injected into either WT (n � 3) or TLR9�/� (n � 4) C57BL/6 mice

and the recruitment of neutrophils was determined 12 h after injection (B).

sHz (2.5 mg in PBS) or PBS alone was injected i.p into either WT (n � 4)

or TLR2/4 double knockout mice (n � 5) and the recruitment of neutro-

phils was determined 12 h after injection (C). Each figure is representative

of at least three independent experiments.
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inflammasome include monosodium urate and calcium pyro-

phosphate, which cause gout and pseudogout, respectively (32).

Accordingly, we studied the recruitment of neutrophils in mice

lacking components of the inflammasome. We used mice ge-

netically deficient in either the IL-1-converting enzyme

(ICE�/�) or the apoptosis-associated, speck-like protein con-

taining CARD (ASC�/�) gene. Both of these genes are essen-

tial for the processing of the inactive pro-form of IL-1� into its

biologically active form (40). When ICE�/� and ASC�/� mice

were injected with sHz, the recruitment of neutrophils to the

peritoneal cavity was significantly reduced in comparison with

WT mice (Fig. 10B), but it was not totally abrogated as seen in

MyD88 and IL-1R�/� mice. This reduced response in ICE�/�

and ASC�/� mice indicates that activated IL-1� signaling via

MyD88 is essential for a complete hemozoin-mediated, inflam-

matory cell recruitment response. Furthermore, the defect in

neutrophil recruitment in ICE�/� mice occurred despite intact

production of the chemokines MCP-1 (Fig. 10C) and KC (Fig.

10D), which is a finding that occurred in MyD88�/� mice as

well (Fig. 9, A and B). While ASC and ICE are key components

of the inflammasome processing machinery, another group of

proteins of the nucleotide-binding domain leucine-rich repeat-

containing (NLR) family are the proposed cytoplasmic sensors

of pathogen-associated molecular patterns (39, 41). Thus, we

reasoned that sHz signaling may be mediated by one of these

receptors. Two of the best studied NLR family members are

IPAF and NALP3, and these have been shown to be indispens-

able for the production of IL-1� in response to a large number

of pathogens and endogenous molecules (41). Interestingly,

NALP3 has been shown to mediate the recognition of a large

number of crystals, including uric acid (32), silica (42), and

aluminum adjuvants (43). Thus, we reasoned that NALP3 may

be important in recognition of sHz crystals. As can be seen in

Fig. 10E, NALP3�/� mice showed a significant reduction in

neutrophil recruitment in response to sHz when compared with

WT mice. No defects in neutrophil recruitment were observed

in the case of IPAF�/� mice (Fig. 10F). These data, taken to-

gether, support the view that sHz activates IL-1� release by the

NALP3 inflammasome, leading to the inflammatory recruitment

of neutrophils.

Serum chemokine expression in response to sHz is independent

of TLR and inflammasome signaling, while systemic IL-6 release

depends on inflammasome and IL-1R signaling

As demonstrated in Fig. 7, the chemokines MCP-1 and KC and the

cytokines IL-6 and IL-1� are released into the circulation after the

peritoneal injection of sHz. These data are in accord with that of

Coban et al., who demonstrated that both MCP-1 and IL-6 are

expressed in the serum after the injection of sHz, and that this

response was dependent on intact MyD88 and TLR9 signaling

(23). However, the interpretation of these data is complicated by

the possible contamination of the sHz preparation with DNA that

activates TLR9 (25). We measured the production of serum che-

mokines and cytokines after the injection of pure sHz preparation

into the peritoneal cavity of mice with genetic deletions of either

MyD88, TLR9, or components of the inflammasome pathway that

are important for sHz signaling. The injection of sHz into

MyD88�/�, TLR9�/�, ASC�/�, or NALP3�/� mice resulted in

no significant changes in the serum levels of the chemokines

MCP-1 and KC (Fig. 11, A–C), although a small increase in KC

production was detected in the NALP3�/� mice. These data, taken

together, are in accord with those of Figs. 9 and 10, which dem-

onstrated that the local production of these cytokines occurred in-

dependently of MyD88 and ICE.

Of note, when we measured the serum concentration of IL-6

after sHz injection, we did observe a statistically significant re-

duction in IL-6 levels in MyD88-, ASC-, and NALP3-deficient

mice but not in TLR9�/� mice. This suggested to us that systemic

IL-6 production relies upon systemic IL-1� signaling. We next

measured systemic IL-1� production in mice with these genetic

deletions and observed a significant decrease in the systemic pro-

duction of IL-1� in all three strains (Fig. 11D). These data support

the hypothesis that systemic IL-1� production is important for an

optimal serum IL-6 response to sHz. We confirmed this possibility

by studying the serum IL-6 response of IL-1R�/� mice after sHz

injection. As shown in Fig. 11E, mice deficient in IL-1R�/� had

decreased circulating levels of IL-6 when compared with WT

mice. These data indicate that the systemic production of the

chemokines MCP-1 and KC occurs independently of TLR and

inflammasome signaling but that IL-6 production relies on IL-1�

FIGURE 9. sHz mediates MyD88-independent local

production of KC and MCP-1, but MyD88-deficient

mice release decreased amounts of IL-1� and IL-6 in

vivo. sHz (2.5 mg in PBS) or PBS alone was injected

i.p. into WT (n � 6), MyD88�/� (n � 8), and TRIF�/�

(n � 4) C57BL/6 mice and the concentration of MCP-1

(A), KC (B), IL-6 (C), and IL-1� (D) in the peritoneal

fluid was determined by ELISA. �, p � 0.05; ��, p �

0.01; ���, p � 0.001. Each figure represents one of four

independent experiments.
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signaling mediated by the inflammasome components ASC and

NALP3.

sHz activates the NALP3 inflammasome via release of uric acid

A commonly used cellular model for examining inflammasome

activation and IL-1� release is the PMA-matured, human THP-1

monocyte (32). We added increasing amounts of sHz to these cells

in vitro together with monosodium urate crystals as a positive con-

trol. Interestingly, as shown in Fig. 12A, we were able to detect

significant IL-1� release in response to an increasing dose of urate

crystals (gray bars), but no release in response to sHz despite using

high concentrations (black bars). This result suggested to us that

sHz mediates inflammasome activation by an intermediary present

in vivo but not in vitro. Of note, when we measured the concen-

tration of uric acid in the peritoneal cavity of mice that had been

injected with sHz, a significantly increased level was observed

(Fig. 12B). To test the possibility that uric acid contributes to sHz

signaling in vivo, we pretreated mice with allopurinol and uricase,

which deplete uric acid, before the injection of sHz. As shown in

Fig. 12C, treatment with allopurinol or allopurinol plus uricase

decreased neutrophil recruitment to a level that was comparable to

that observed with ASC-, ICE-, or NALP3-deficient mice. Thus,

sHz likely activates two pathways, one that mediates the release of

chemokines MCP-1 and KC, and another that leads to the release

of uric acid and the activation of the NALP3 inflammasome.

Discussion
Hemozoin is a by-product of parasite hemoglobin digestion that

has been studied in malaria for many years. Although hemozoin

has been considered a benign by-product of parasite metabolism

(14), its pathogenic role has been suggested by clinical data show-

ing that the intraleukocytic hemozoin content correlates more

closely with mortality than peripheral parasitemia (44, 45), and by

the observation that tissue hemozoin correlates both with malarial

anemia (46) and with survival from cerebral malaria (47). Subse-

quent in vitro studies documented an inflammatory response to

hemozoin (15), suggesting that this parasite product may contrib-

ute to the excessive inflammation of severe malaria. The molecular

mechanism by which hemozoin activates the inflammatory re-

sponse was unknown until Coban et al. reported that hemozoin’s

proinflammatory actions required TLR9 and the TLR adaptor mol-

ecule MyD88 (23). Subseqently, Parroche et al. (25) suggested that

hemozoin preparations were contaminated by DNA and that the

structure of hemozoin acts to bind and load DNA complexes into

plasmacytoid DCs so that they are recognized by TLR9.

Several lines of evidence nevertheless suggest that pure hemo-

zoin may exhibit additional inflammatory properties. The data of

Parroche et al. suggest that pure hemozoin does not activate plas-

macytoid DCs (25), and recent studies in mouse models of malaria

have found that cerebral disease occurs despite the in vivo deple-

tion of these cells (26). These data support the importance of other

inflammatory cell types in the mediation of malarial disease. Like-

wise, a recent report by Akman-Anderson et al. demonstrates that

pure hemozoin activates cell signaling and the expression of NO

synthetase in the Anopheles mosquito (48). Thus, we attempted to

broadly characterize in vitro and in vivo the inflammatory response

to FPLC pure synthetic hemozoin.

In accord with Parroche et al., we found that sHz does not activate

naive FL-DCs to produce IL-6 or TNF-� in vitro (25). Furthermore,

when conventional bone marrow-derived DCs and bone marrow and

peritoneal derived macrophages were stimulated with sHz, no in-

crease in the production of either IL-6 or TNF-� over unstimulated

cells was detected. Supporting the conclusions of Parroche et al. that

hemozoin loads nucleic acid complexes for increased recognition by

TLRs, we did observe a significant increase in the production of

TNF-� when sHz was combined with either malarial DNA or pure

CpG DNA, and we also observed an augmentation of cytokine pro-

duction when sHz was added to poly(I:C), a TLR3 ligand. Recent

evidence suggests that both TLR3 and TLR9 reside in the same in-

tracellular compartment (49, 50). Thus, sHz may serve to load nucleic

acid TLR ligands into specific cellular compartments for the augmen-

tation of recognition by different intracellular TLRs.

Previous studies of the inflammatory properties of hemozoin in

vitro have reported that the stimulation of macrophages with this

product results in increased mRNA production for various chemo-

kines (16). In accord with these prior results, we found that sHz in-

duces significant MCP-1 production by peritoneal and RAW 264.7

macrophages; moreover, the production of MCP-1 was augmented by

IFN-�. Surprisingly, the release of MCP-1 in response to sHz was

independent of MyD88 in both naive and IFN-�-stimulated cells.

These data suggest that sHz is recognized by an as yet unknown

pathway that is independent of MyD88, and they support the study by

FIGURE 10. The recruitment of neutrophils in response to sHz injection

requires intact IL-1R signaling and the components of the NALP3 inflam-

masome. A, sHz (2.5 mg in PBS) was injected into either WT (n � 4) or

IL-1R�/� (n � 4) or IL-18�/� (n � 4) B6/129 mice and the recruitment of

neutrophils was determined 12 h after injection. ���, p � 0.001 for the

difference in recruitment from WT to IL-1R�/� mice. B, sHz (2.5 mg in

PBS) or PBS alone was injected into either WT (n � 5), ICE�/� (n � 6),

or ASC�/� (n � 3) C57BL/6 mice and the recruitment of neutrophils 12 h

after injection was assessed as previously described. ��, p � 0.01; ���, p �

0.001 compared with WT. C and D, sHz (2.5 mg in PBS) or PBS alone was

injected into either WT or ICE�/� C57BL/6 mice and the concentration of

the chemokines MCP-1 (C) and KC (D) in the peritoneal fluid was assessed

by ELISA. E and F, sHz (2.5 mg in PBS) was injected into either WT or

NALP3�/� (E) or IPAF�/� mice (F) and the number of neutrophils re-

cruited was determined 12 h after injection. ��, p � 0.01 for the difference

in recruitment from WT to IL-1R�/� mice. Each figure is representative of

two or three separate experiments.
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Jaramillo et al., which has suggested that IFN-� stimulation is essen-

tial for the generation of NO in response to sHz (51).

While naive macrophages stimulated with sHz only produced

MCP-1, IFN-�-stimulated macrophages also produced detectable

levels of TNF-�. Interestingly, unlike the production of MCP-1,

which was independent of MyD88, the production of TNF-� by

IFN-�-stimulated macrophages required MyD88 but not TLR9.

The reason for this discrepancy in MCP-1 vs TNF-� production is

unclear; however, recent studies have indicated that MyD88 plays

a role in mediating the activation effects of IFN-� and may spe-

cifically stabilize TNF-� mRNA transcripts (52–54). In one study,

the IFN-�-mediated up-regulation of TNF and NO synthase was com-

promised in MyD88 mice during infection with Mycobacterium tu-

berculosis (53). This phenomenon occurred independently of known

TLR signaling. In another study, MyD88 was found to interact with

the IFN-�R and to stabilize the mRNA of various inflammatory

genes, including TNF via p38 signaling (54). Therefore, the observed

effect of MyD88 in our study may represent the effects of MyD88 on

the up-regulation of TNF-� production by IFN-� and not a direct

effect of MyD88-mediated TLR signaling.

While macrophages are important cellular mediators of the

response to malarial infection (55), other cell types also en-

counter parasite products during the intravascular lysis of par-

asitized RBCs (5). We observed increased production of IL-6,

IL-8, and MCP-1 by sHz-stimulated human endothelial cells;

thus, multiple cell types may recognize and respond to sHz in

vivo. The cellular receptors in endothelial cells that recognize

sHz are unknown, although endothelial cells are known to

express innate immune receptors, including TLR2/4, TLR9 (56,

57), and scavenger receptors (58).

FIGURE 11. Peritoneal injection of sHz results in

systemic chemokine production independent of TLR or

inflammasome signaling while systemic IL-6 produc-

tion relies upon IL-1� production and signaling. sHz

(2.5 mg in PBS) was injected into the peritoneal cavity

of either WT (n � 5) or MyD88�/� (n � 5), TLR9�/�

(n � 4), ASC�/� (n � 4), or NALP3�/� (n � 3) mice

and the levels of MCP-1 (A), KC (B), IL-6 (C), and

IL-1� (D) were measured in the serum by multiplex

cytokine analysis 4–5 h after injection. sHz (2.5 mg) in

PBS was injection into the peritoneal cavity of either

WT or IL-1R�/� mice and the serum levels of the cy-

tokine IL-6 was measured (E). �, p � 0.1; ��, p � 0.01;

���, p � 0.001 for the difference from WT and the

indicated mouse strain. Each figure is representative of

three separate experiments.

FIGURE 12. sHz stimulation does not result in IL-1� release by THP-1 cells in vitro, but it may activate the inflammasome in vivo by increasing local

concentrations of uric acid. THP-1 cells were stimulated overnight with PMA (A). Adherent cells then were incubated for 6 h with increasing concentrations

of sHz or MSU crystals and the levels of IL-1� released into the supernatant were determined by ELISA. sHz (2.5 mg in PBS) or PBS alone was injected

into the peritoneal cavity of WT C57/BL6 mice (B). Four hours after injection, the peritoneal cavity was lavaged with 500 �l of PBS and the concentration

of uric acid in the lavage fluid was determined. �, p � 0.05. WT C57/BL6 mice were treated i.p. with either PBS, 500 �g of allopurinol, or 500 �g of

allopurinol plus 10 �g of uricase on day �1 and day 0 before injection with sHz (C). Twelve hours after sHz administration, the recruitment of neutrophils

to the peritoneal cavity was determined. �, p � 0.05; ��, p � 0.01. Each experiment was conducted two to three times.
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Analysis of the downstream signaling events induced by hemo-

zoin stimulation of macrophages showed an up-regulation of the

ERK MAP kinase cascade and NF-�B signaling, no significant

effect on p38 signaling, and a minor down-regulation of JNK phos-

phorylation. Furthermore, we found that both the ERK and NF-�B

activation was independent of MyD88 and TLR9, which supports

the conclusion that sHz does not initiate TLR signaling.

To better clarify the inflammatory action of sHz, we also studied

the in vivo response to sHz. We observed that the injection of pure

sHz into the peritoneal cavity of mice resulted in a strong inflam-

matory response characterized by the influx of neutrophils. Clin-

ical studies of malaria infection have noted that neutrophils ingest

large amounts of hemozoin (59), and in murine studies, neutrophil

depletion was found to protect from the development of cerebral

disease (60). Analysis of the mediators induced by sHz injection

into the peritoneal cavity showed a significant increase in the local

and systemic production of the chemokines KC and MCP-1 and

the proinflammatory cytokines IL-1�, IL-1�, and IL-6.

Given the early cytokine production and neutrophil-predomi-

nant inflammation, we reasoned that innate immune receptors were

likely critical for initiation of these responses. Because two of the

best characterized innate immune system receptors are the TLRs

and inflammasomes, we injected sHz into mice with genetic dele-

tions of components of both of these pathways. We found that

MyD88 was required for neutrophil influx in response to sHz,

while neither the adaptor molecule TRIF nor the cellular receptors

TLR2/4 or TLR9 were necessary. The local production of MCP-1

and KC was intact in MyD88�/� mice, while the release of IL-1�

and to a lesser extent IL-6 was reduced in MyD88�/� mice. These

results support the conclusion that chemokine production in re-

sponse to sHz occurs independently of MyD88, while production

of other inflammatory mediators essential to neutrophil influx re-

quire MyD88. Because TLR2/4 and TLR9 were not involved in

neutrophil recruitment, we suspected that the MyD88 dependence

observed was related to IL-1 signaling instead of TLR signaling.

Indeed, the importance of IL-1 signaling for the recruitment of

neutrophils in response to sHz was demonstrated by examining

IL-1R�/� mice, which showed a complete abrogation of neutro-

phil recruitment that was comparable to that observed in

MyD88�/� mice. These data thus led to hypothesis that an essen-

tial component of sHz-induced neutrophil recruitment is the re-

lease of IL-1� via activation of the inflammasome.

The processing and release of IL-1� is regulated at multiple

cellular levels (39). The production of IL-1� mRNA and the trans-

lation of the inactive pro-form of the protein can be induced by

TNF-� or the activation of TLR signaling. A second signal then is

provided by intracellular pattern recognition receptors of the NLR

family that associate with molecules such as CARD, ASC, and

ICE to form a signaling complex called the inflammasome, which

leads to the cleavage of the inactive pro-IL-1� into its active form

(39). This complex is activated by a large number of signals, in-

cluding bacterial components such as muranyl dipeptide (61), en-

vironmental products such as silica and asbestos (62), and endog-

enous stimuli such as ATP and uric acid (63). The best studied

NLR is NALP3, which has been shown to recognize a variety of

substances including monosodium urate crystals, alum, silica, and

asbestos (32, 42, 62). Given that many of these ligands are crys-

talline or insoluble, we reasoned that sHz also activates the NALP3

inflammasome, and we tested this hypothesis by assessing the neu-

trophil recruitment response in mice lacking different components

of the inflammasome. Mice genetically deficient in either ASC or

ICE showed impaired neutrophil recruitment upon sHz stimulation

despite intact MCP-1 and KC production. The reduction in neu-

trophil recruitment in the ASC- or ICE-deficient mice was not as

complete as that observed in the absence of IL-1R or MyD88; the

reason for this is unclear but suggests that other inflammatory

pathways may become activated to produce a low level of inflam-

matory cell recruitment.

To identify the particular NLR responsible for inflammasome

activation, we studied both NALP3�/� and IPAF�/� mice. Mice

lacking NALP3 showed a significant reduction in the recruitment

of neutrophils in response to sHz when compared with WT or

IPAF�/� mice. These data suggest that NALP3 either recognizes

sHz or that sHz leads to the release of a secondary mediator that

then activates this NLR. To address this question, we stimulated

THP-1 monocytes directly with either sHz or monosodium urate

crystals using an experimental protocol that was developed to ex-

amine inflammasome activation (32, 43). No detectable release of

IL-1� was observed in response to sHz; however, in noting the

study of Orengo et al., which showed the release of uric acid dur-

ing malaria infection (64), as well as the recent report that the

adjuvant activity of alum is augmented by uric acid-mediated ac-

tivation of NALP3 (65), we reasoned that hemozoin leads to the

release of uric acid and the inflammasome-dependent production

of IL-1�. Indeed, the injection of sHz into the peritoneal cavity of

mice resulted in a 3-fold increase in uric acid concentration, and

mice pretreated with allopurinol or allopurinol and uricase showed

a significant reduction in the recruitment of neutrophils in response

to sHz.

We also examined systemic cytokine production after peritoneal

injection of sHz into mice deficient in inflammasome and TLR

components. We found that the systemic production of MCP-1 and

KC were intact despite deletion of various TLR and inflammasome

signaling pathways, including MyD88, TLR9, ICE, ASC, and

NALP3. This observation is in accord with our in vivo data and

with the local peritoneal cytokine profiles noted in the peritoneum

after sHz injection. On the other hand, systemic IL-6 levels were

significantly decreased in mice deficient in MyD88, ASC, or

NALP but not TLR9. While local, peritoneal production of IL-6

was reduced in MyD88�/� mice, the effect of MyD88 deletion was

much more significant on systemic IL-6 production. These data

suggest that IL-6 is strongly up-regulated in the circulation as a

consequence of inflammasome activation and IL-1 signaling. We

confirmed this observation with IL-1R�/� mice, which also

showed a significant reduction in the systemic IL-6 response when

compared with WT mice.

In conclusion, the present findings indicate that hemozoin is an

inflammatory molecule with multiple effects on the host response

(Fig. 13). Our data support the results of Parroche et al. (25) that

hemozoin can load malarial DNA into the appropriate cellular

compartment for recognition by TLR9. Moreover, hemozoin acti-

vates macrophages and endothelial cells directly by an unknown

mechanism to induce production of the chemokines MCP-1 and

KC. Finally, hemozoin stimulation leads to the release of uric acid,

which then activates IL-1� production via the NALP3 inflamma-

some. IL-1� up-regulates inflammatory responses via IL-1R acti-

vation of MyD88, resulting in IL-6 production and neutrophil

recruitment.

The role of MyD88 in the host response to malaria infection has

been suggested previously (66–68); however, the relative contri-

butions of TLR and IL-1R signaling are still controversial. Al-

though various studies have suggested an important role for TLR

signaling in response to Plasmodium berghei (66, 67), a recent

study by Cramer et al. determined that MyD88 signaling via IL-1R

is important for control of Plasmodium yoelii infection, while de-

letion of TLR2/4/9 did not influence parasite numbers (68). We

have previously demonstrated that mice genetically deficient in the
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inflammasome component caspase-1 do not have statistically sig-

nificant protection from cerebral malaria mediated by P. berghei,

although a trend toward increased survival was observed (67).

However, these observations do not necessarily exclude an impor-

tant role for the inflammasome or IL-1 signaling in the pathogen-

esis of malaria. The P. berghei model of cerebral malaria is highly

lethal, with a mortality approaching 80–100% over a period of �2

wk, and such acute lethality suggests that multiple and overlapping

inflammatory cascades become activated so that genetic deletion

of one component may not be sufficient to effect survival. Of note,

a recent study has found that mice genetically deficient in the NLR

family members NOD1 and NOD2 show no difference in survival

or parasitemia during P. berghei infection but manifest a reduction

in cytokine production (69). Likewise, TLR9�/� mice infected

with P. berghei show improved survival but not complete protec-

tion when compared with WT mice (67), which suggests an im-

portant role for other inflammatory pathways besides TLR signal-

ing in severe complications. These observations indicate that in the

P. berghei model of cerebral malaria multiple inflammatory path-

ways are activated that may not be detected by genetic deletion but

that are still important mediators of the host response. Thus, fur-

ther study of the role of the inflammasome and hemozoin in ma-

laria pathogenesis is required to better delineate the hierarchy of

the inflammatory response, especially in the context of lethal com-

plications in murine models and in human disease.

While the relative contribution of these pathways to the patho-

genesis of malarial complications in humans remains to be deter-

mined, two recent studies have implicated a significant role for uric

acid in the human inflammatory response to malaria infection (64,

70). Furthermore, human genetic data have suggested that poly-

morphisms in the IL-1� promoter correlate with susceptibility of

severe malaria anemia (71). Given the high concentrations of he-

mozoin present in tissues during malaria (13, 45), we hypothesize

that the release of uric acid by hemozoin as well as the other

inflammatory effects of this molecule play a critical role in the

clinical expression of severe malaria. Whether these individual

pathways may be amenable to pharmacological intervention war-

rants additional study.
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