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Acute and chronic Plasmodium falciparum infections alter the immune competence of the host possibly
through changes in dendritic cell (DC) functionality. DCs are the most potent activators of T cells, and
migration is integral to their function. Mature DCs express lymphoid chemokine receptors (CCRs), expression
of which enables them to migrate to the lymph nodes, where they encounter naive T cells. The present study
aimed to investigate the impact of the synthetic analog to malaria parasite pigment hemozoin, i.e., 3-hematin,
or infected erythrocytes (iRBCs) on the activation status of human monocyte-derived DCs and on their
expression of CCRs. Human monocyte-derived DCs partially matured upon incubation with 3-hematin as
indicated by an increased expression of CD80 and CD83. Both (3-hematin and iRBCs provoked the release of
proinflammatory and anti-inflammatory cytokines, such as interleukin-6 (IL-6), IL-10, and tumor necrosis
factor alpha, but not IL-12, and induced upregulation of the lymphoid chemokine receptor CXCR4, which was
coupled to an increased migration to lymphoid ligands. Taken together, these results suggest that the partial
and transient maturation of human myeloid DCs upon stimulation with malaria parasite-derived products and
the increased IL-10 but lack of IL-12 secretion may lead to suboptimal activation of T cells. This may in turn

lead to impaired adaptive immune responses and therefore insufficient clearance of the parasites.

Plasmodium falciparum malaria is one of the most severe
infectious diseases in the world, where as many as 3.3 billion
people live at risk of infection and 247 million cases were
reported in 2006. The vast majority of victims are children
below 5 years of age (49). Immunity to malaria is developed
only after repeated exposure and is not long lasting (18). Sev-
eral studies have demonstrated impairment of immune re-
sponses in P. falciparum malaria infection (46).

Previous studies indicate that an early proinflammatory cy-
tokine-mediated mechanism is crucial to control parasitemia
and for the clearance of parasites. Excessive proinflammatory
responses, however, can cause severe disease (31). The rapid
production of cytokines implies release from either preexisting
memory T cells or cells of the innate immune system, such as
antigen-presenting cells (APCs) or natural killer (NK) cells.

Among APCs, dendritic cells (DCs) are the most potent in
initiating, controlling, and regulating functionally distinct T-
cell responses (2, 3). Three signals are required from a DC to
potently activate naive T cells, and they consist of high levels of
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peptide-loaded human leukocyte antigen (HLA) class II mol-
ecules, costimulatory molecules, and cytokine secretion.

For proper stimulation of T cells, upon encountering a
pathogen in the periphery, DCs have to migrate to secondary
lymphoid organs in order to encounter T cells (24). The mi-
gratory capacities of DCs are guided by the expression of
chemokine receptors (CCRs), which in turn is regulated by DC
maturation. In the periphery, the expression of CCR1 and
CCRS enables DCs to detect inflammation and migrate toward
the causative agent. Upon maturation, those inflammatory
CCRs are downregulated and, instead, lymphoid CCRs such as
CXCR4 and CCR7, whose ligands are expressed in lymphatic
tissues, are upregulated (2).

The P. falciparum parasite has been shown to affect DC
responses through the action of the malaria parasite pigment
hemozoin (Hz) or the synthetic analog B-hematin or through
adhesion of P. falciparum-infected red blood cells (iRBCs).
However, the data obtained so far are somewhat contradictory.
Coban et al. reported activation of a proportion of human
monocyte-derived DCs (MoDCs) upon Hz stimulation, as in-
dicated by elevated expression of maturation markers and
IL-12 secretion (5). On the other hand, Hz-loaded human
monocytes do not differentiate into MoDCs, and Hz-loaded
MoDCs exhibit an impaired maturation in response to lipo-
polysaccharide (LPS), suggesting that Hz could have an inhib-
itory role in the development of inflammatory DCs (36).
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It has been shown that high doses of mature iRBCs inhibit
LPS-induced maturation of human MoDCs and alter their
immunostimulatory abilities (44). It was later suggested that
this effect could have been induced by apoptosis of DCs upon
contact with high doses of mature iRBCs (10). Another study
has demonstrated that low doses of iRBCs induce semimatu-
ration of human MoDCs and release of tumor necrosis factor
alpha (TNF-a), interleukin-6 (IL-6), and IL-10, but not IL-12,
whereas free merozoites inhibited CD40L-induced maturation
of MoDCs (27). Furthermore, P. falciparum induces incom-
plete maturation of other DC subsets, such as plasmacytoid
DCs (pDCs). Parasite schizont extracts and iRBCs stimulate
human pDCs to induce release of alpha interferon (IFN-«) but
not TNF-a and to upregulate CCR7 and costimulatory mole-
cules. Moreover, this effect was reproduced in murine pDCs
and shown to be dependent on Toll-like receptor 9 (TLR9)
(29).

In vivo, the proportion of circulating DCs is reduced in
children with P. falciparum malaria (45). Recent evidence
shows that a minor blood-myeloid-DC population, the blood-
dendritic cell antigen (BDCA)-3" DCs, is expanded in chil-
dren with severe malaria compared to healthy controls and was
associated with augmented IL-10 plasma levels and impaired
DC allostimulatory ability, indicating an immunomodulatory
function for this APC subset (43). Furthermore, analysis of the
distribution of DCs in spleens of fatal P. falciparum malaria
cases showed that interdigitating DCs are reduced in the white
pulp of the spleen, whereas prion protein-expressing DCs are
enriched in the red pulp and the marginal zone compared to
findings for fatal cases of sepsis or controls (20). Therefore,
despite contradictory in vitro results, analysis of DCs during
natural P. falciparum infection suggests that a proportion of
DCs are activated during infection and, importantly, exhibit an
immunomodulatory phenotype compared to classical type 1
DC activation, which leads to a Thl-skewed T-cell response.

In the present study, the phenotype and function of human
MoDCs were evaluated upon exposure to 3-hematin, parasite
lysates, and iRBCs. As a measure of function, the expression of
CCRs and maturation markers, cytokine release, and the ca-
pacity of human MoDCs to migrate toward chemoattractants
and to activate allogeneic T cells were investigated.

MATERIALS AND METHODS

Dendritic cell cultures. Peripheral blood mononuclear cells (PBMCs) from
anonymous blood donors (Karolinska Hospital, Stockholm, Sweden) were iso-
lated on a density gradient by centrifugation using Ficoll-Paque (GE Healthcare,
Uppsala, Sweden) and used for further cell purification. MoDCs were generated
by modification of a described method (32). Briefly, monocytes were isolated by
negative selection using MACS microbeads according to the manufacturer’s
instructions (monocyte isolation kit II; Miltenyi Biotech, Bergisch Gladbach,
Germany). Purified monocytes were resuspended in complete RPMI 1640 sup-
plemented with 10% fetal calf serum (FCS), 35 ng/ml IL-4, and 50 ng/ml gran-
ulocyte-macrophage colony-stimulating factor (R&D Systems, Minneapolis,
MN). Cell differentiation was monitored by light microscopy and flow cytometry.
At day 5, cells were harvested and 89% =+ 1% of the cells exhibited a typical
MoDC phenotype (CD14~ CD1a™). Parasite lysate, B-hematin, or iRBCs were
then added to differentiated MoDC cultures. In order to induce maturation of
MoDCs, 1 pM prostaglandin E, (PGE,) (R&D Systems) and 50 ng/ml of TNF-«
(R&D Systems) were added to the culture medium at day 5, if not stated
otherwise.

Preparation of B-hematin. 3-Hematin, also called synthetic Hz, is structurally
similar to Hz formed naturally by parasites (37, 40). It has been suggested that
the manner of preparation of B-hematin from hemin could affect the size and
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therefore the effect of the crystals. Coban et al. as well as other groups showed
recently that B-hematin prepared from an acid-catalyzed reaction had an optimal
adjuvant effect compared to that of a preparation based on an organic solution,
and we used this protocol with minor modifications (4, 9, 41). Briefly, 75 mg of
porcine hemin (Sigma-Aldrich, Steinheim, Netherlands) was dissolved in 14.5 ml
NaOH (0.1 M) and incubated at 60°C. Within 10 min, 1.45 ml HCI (1 M) and
8.825 ml sodium acetate (12.8 M) were added and the solution was incubated for
2 h at 60°C with constant stirring at a rate of ~150 rpm. The solution was then
centrifuged at 15,000 X g for 13 min, and the pellet was resuspended in Tris-HCl
buffer (100 mM, pH 8) containing 2.5% SDS (KEBO Lab, Stockholm, Sweden)
and incubated for 30 min 37°C to dissolve heme aggregates. The solution was
centrifuged at 15,000 X g for 13 min, and the pellet was resuspended in pre-
warmed NaHCOj; (100 mM, pH 9.2). After the suspension was washed twice, Hz
was dried at 37°C. The resulting pellet was weighed and resuspended to 10 mg/ml
in sterile water. In agreement with previous findings (8), the infrared (IR)
spectrum of Hz showed intense bands at 1,710, 1,660, 1,299, 1,279, and 1,209
cm ™! (see Fig. S1 in the supplemental material). Two intense bands at 1,660 and
1,209 cm ™! were present in our preparation, indicating a high grade of purity of
the sample (9). The endotoxin level in the preparation was below 0.05 endotoxin
units (EU)/ml (Bacteriology Lab, Sahlgrenska Hospital, Goteborg, Sweden) in
our highest working concentration. The highest working concentration used in
this study was 20 pg of B-hematin/ml, which corresponds to 30 pM and has been
calculated to be equivalent to the amount of hemozoin released into the blood-
stream at the burst of schizonts when parasitemia is 0.5% (12).

Parasite cultures. P. falciparum parasite strains were cultured using human
O" RBCs (Karolinska Hospital, Stockholm, Sweden) in RPMI 1640 medium
containing 25 mM HEPES, 2 mM L-glutamine, 50 wg/ml gentamicin, and 0.2%
sodium bicarbonate and supplemented with 0.5% Albumax (Gibco, Paisley,
United Kingdom). The F32 Tanzanian laboratory strain used in this study ad-
heres to CD36 but not to CD54 or chondroitin sulfate A (unpublished data). The
parasites were maintained in continuous cultures in candle jars as previously
described (14). Parasite cultures were set aside once a month and cultured
separately without antibiotics for regular testing for Mycoplasma contamination
by use of the mycoplasma detection kit Mycoalert (Lonza, Rockland ME). The
parasite cultures were kept synchronous by treatment with 5% bp-sorbitol in
distilled water as previously described (17). In order to produce parasite lysates,
late-stage parasites of the F32 strain were purified on a 60% Percoll gradient by
centrifugation, sonicated as previously described (42), and stored at —80°C until
used.

Intact iRBCs were harvested from cultures of late parasite stages (schizonts
and late trophozoites) when the parasitemia reached approximately 10% and
purified by using magnetic separation as described previously (48).

Briefly, parasite cultures were pelleted and resuspended in phosphate-buffered
saline (PBS) supplemented with 2% bovine serum albumin (BSA) and 2 mM
EDTA. Parasites were added to CS columns (Miltenyi Biotech) and incubated
for 10 min before the column was extensively washed. The column was then
removed from the magnet and parasites were rinsed out with PBS. The percent-
age of late-stage iRBCs was determined by staining an aliquot of purified late-
stage parasites with acridine orange and counting under a UV microscope.
Uninfected RBCs run in parallel under the same conditions were used as neg-
ative controls. Uninfected red blood cells and iRBCs were obtained from the
same donors in each experiment.

MoDC-parasite cocultures. In order to prevent burst of the infected erythro-
cytes during coculture, iRBCs were incubated in aphidicolin, which arrests the
parasite cell cycle in the trophozoite stage (13). Briefly, synchronous parasite
cultures at ring stage (8 to 10% parasitemia) were cultured in 15 pg/ml of
aphidicolin (Sigma-Aldrich, St. Louis, MO) for a maximum of 24 h. When the
parasites had reached the trophozoite stage, the cultures were purified, including
extensive washing to remove any aphidicolin remnants, using magnetic separa-
tion as previously described (48). Immature MoDCs were harvested and resus-
pended at 10° cells/ml in 24-well plates. Purified trophozoites (90% *+ 1% purity)
were added at ratios of iRBCs/DCs of 10:1 and 100:1, or uninfected RBCs were
added at the high ratio. On the basis of the assumption that each iRBC contains
47 femtograms of Hz (15), DCs were in contact with 4.7 wg/ml of Hz when
incubated with iRBCs at the ratio of 100:1 (iRBC/DCs). MoDCs and uninfected
or infected RBCs were cocultured for 10 h. TNF-a and PGE, were added to
separate DC cultures as a maturation control.

Immunophenotyping of MoDCs. All antibodies used were mouse monoclonal
antibodies either unconjugated or conjugated with fluorescein isothiocyanate
(FITC) or phycoerythrin (PE). Conjugated antibodies used for cell surface stain-
ing included those recognizing CD1a, CD14, CD80, CD83, CD86, and HLA-DR
(Pharmingen, San Diego, CA). Unconjugated antibodies were CCR7 and
CXCR4 (R&D Systems), which were made detectable using a secondary poly-
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clonal goat antimouse-PE conjugated antibody (Dako Cytomation, Dako A/S,
Denmark). Data acquisition and analysis were performed on a FACSCalibur
flow cytometer (Becton Dickinson, Mountain View, CA) using BD CellQuestPro
(version 5.2.1) software. Fluorescence-activated cell sorter (FACS) analysis data
are presented here as mean fluorescence intensity (MFI).

Migration assays. Migration of MoDCs was evaluated using a 48-well Boyden
chamber (Neuroprobe, Pleasanton, CA) with 5-pm-pore-size polycarbonate fil-
ters. Medium without FCS was used as a control of background migration. Cells
were allowed to migrate for 1.5 h in response to either CXCLI12-stromal cell-
derived factor la (SDF-1a) or CCL19-macrophage inflammatory protein 38
(MIP-3B) (PeproTech Inc., Rocky Hill, NJ) at a final concentration of 100 ng/ml
in RPMI 1640 medium containing 1% FCS. Thereafter, MoDCs adhering to the
membrane were stained and counted. All samples were assayed in duplicate, and
the number of cells that migrated in five visual fields (original magnification,
X100) was determined for each well, as previously described (38). The net
number of cells that migrated was calculated by subtracting the number of cells
that migrated in response to the medium alone from the number of cells that
migrated in response to chemokines.

Cytokine measurement in supernatants of cell cultures. Supernatants from
MoDCs that were cultured in the presence or absence of parasite-derived prod-
ucts were collected and subsequently stored at —80°C. Supernatants were ana-
lyzed for the concentrations of IFN-y, IL-18, IL-2, IL-5, IL-6, IL-8, IL-10,
IL-12p70, TNF-a, and tumor necrosis factor beta (TNF-B) using a human Th1/
Th2 11-plex bead assay (Bender MedSystems, Vienna, Austria) according to the
manufacturer’s instructions. Data acquisition and analysis were performed by
FACSCalibur and the FCAP Array software (Soft Flow, Hungary Ltd. Hungary).

MLR. The ability of MoDCs stimulated with either B-hematin or iRBCs to
induce T-cell proliferation was assessed in an allogeneic mixed leukocyte reac-
tion (MLR). As responder cells, we used allogeneic PBMCs that were depleted
of monocytes by CD14 negative selection (MACS microbeads; Miltenyi Biotech)
and then stained with carboxyfluorescein diacetate succinimidyl ester (CFSE)
according to the manufacturer’s instructions (Invitrogen, OR). Cells were then
resuspended in culture medium, and 10° cells/well were added to a U-bottom
96-well plate. MoDCs that were cocultured with infected or uninfected erythro-
cytes for 10 h as described above were isolated on a density gradient centrifu-
gation using Ficoll-Paque (GE Healthcare, Uppsala, Sweden), washed, and re-
suspended in culture medium. MoDCs stimulated with 20 pg B-hematin were
washed and resuspended in culture medium. Differently stimulated MoDCs were
then added to responder cells at MoDC-to-PBMC ratios of 1:10, 1:30, 1:100, and
1:300. Cells were cocultured for 5 days before being harvested and stained for
subsequent analysis. Monoclonal antibodies directed against CD3 and CD4
(Pharmingen, San Diego, CA) that were conjugated with peridinin chlorophyll
protein (PerCP) and allophycocyanin (APC), respectively, were used to stain the
cells for subsequent FACS analysis. Data acquisition and analysis were per-
formed on a FACSCalibur flow cytometer (Becton Dickinson, Mountain View,
CA) using BD CellQuestPro (version 5.2.1) software. MoDC-stimulated CD4™
CD3™" cells that expressed less CFSE than CD4" CD3™" cells in unstimulated
PBMCs were gated as proliferating lymphocytes.

Statistical analysis. Data were analyzed using the Wilcoxon rank-sum test.
Page’s trend test is a variant of the nonparametric Friedman’s test and was used
to analyze the dose-response effects of B-hematin on MoDCs by employing
increasing doses of this compound. Comparisons were considered statistically
significant at P values of =0.05.

RESULTS

B-Hematin induces partial maturation of MoDCs and in-
creases lymphoid CCR expression. In order to evaluate the
effect of B-hematin on the phenotype of MoDCs, cells were
stimulated with B-hematin or TNF-a—-PGE, overnight.
MoDCs cultured in medium alone were used as a negative
control. As expected, cells that were stimulated with TNF-a—
PGE, showed a statistically significant increased expression of
CD80, CD83, HLA-DR, CCR7, and CXCR4 (Fig. 1).

In order to examine what amount of B-hematin could affect
MoDCs, we incubated MoDCs with increasing doses of this
compound. The results indicate a clear dose-response relation
for the activation markers CD80, CD83, and HLA-DR (see

DENDRITIC CELLS, HEMOZOIN, MIGRATION, AND MALARIA 2729

Fig. S2 in the supplemental material), and the most potent
effect was observed for the highest dose of 20 pg/ml.

After stimulation with B-hematin, we observed increased
expression of CD80 on MoDCs (P = 0.046 and P = 0.018 for
10 and 20 pg/ml B-hematin, respectively). Unstimulated cells
expressed low levels of CD83, and expression of CD83 on
MoDCs increased significantly in the presence of 10 pg/ml
B-hematin (P = 0.043) but not 20 pg/ml B-hematin. TNF-a—
PGE, strongly increased the expression of HLA-DR and
CCR7 molecules, whereas the expression levels of these mark-
ers were only slightly, but not significantly, increased upon
B-hematin stimulation (Fig. 1). Conversely, B-hematin induced
significantly increased expression of CXCR4 compared to un-
stimulated MoDCs when it was added at the concentration of
20 pg/ml (P = 0.028), and this increased expression was com-
parable to the upregulation of CXCR4 induced by TNF-a—
PGE, (Fig. 1), A similar increase in CXCR4 expression on
MoDCs was observed in the presence of 10 pwg/ml B-hematin,
although this was not significant (P = 0.079). Thus, B-hematin
induces partial maturation of MoDCs and increases the ex-
pression of the lymphoid chemokine receptor CXCR4 on the
cell surface.

To evaluate the kinetics of MoDC activation upon B-hema-
tin or TNF-a-PGE, stimulation, we performed a phenotypic
analysis at 12, 36, and 60 h after incubation with these stimuli.
Given our initial results, the kinetics of expression of activation
markers on MoDCs was analyzed only after stimulation with
20 pg/ml of B-hematin. At first, we evaluated the data without
taking into consideration the time points, thus confirming the
partial activation described above. The baseline expression of
CD80 was 56 = 3 MFI (mean value = standard error), and
expression increased to 85 = 4 MFI and to 96 = 4 MFI when
cells were stimulated with B-hematin and TNF-a-PGE,, re-
spectively. For CD83, the background expression was 21 = 4
MFI, and expression increased to 35 = 6 MFI and to 68 * 6
MFI when cells were stimulated with B-hematin and TNF-a—
PGE,, respectively. HLA-DR expression increased from 75 =
3 to 91 = 2 MFI upon B-hematin stimulation and to 100 = 1
MFI using TNF-a-PGE.,.

When we examined the kinetics of cell activation, increased
expression of CD80 and HLA-DR on MoDCs was maintained
after 60 h of stimulation regardless of the type of stimulus
(data not shown). For CD83, maximum expression was ob-
served 36 h after addition of the stimulus, but expression levels
dropped close to baseline over the 60-h period in response to
B-hematin (Fig. 2). Statistical analysis showed that the de-
crease in CD83 expression on MoDCs was significant for un-
stimulated cells (P = 0.021) and cells stimulated with 8-hema-
tin between the 12- and 60-h time points (P = 0.043) (Fig. 2).
When the cells were stimulated with TNF-a—PGE,, however,
no statistically significant difference was observed for CD83
expression levels (P = 0.19) between the same time points.
Thus, the partial activation of MoDCs by B-hematin resulted in
stably increased expression of CD80 and HLA-DR, while ex-
pression of CD83 was transient, as the levels were not main-
tained after 60 h of incubation.

B-Hematin impairs the upregulation of CCR7 induced by
maturation stimuli on MoDCs. In addition to the transient
maturation of MoDCs with B-hematin, we investigated
whether B-hematin could interfere with their maturation in-
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FIG. 1. B-Hematin induces partial maturation of MoDCs and causes upregulation of lymphoid CCR expression. MoDCs were incubated with
or without B-hematin (10 or 20 pg/ml), and TNF-a—PGE, was added or not as a maturation stimulus in designated wells. After 18 h of incubation,
cells were harvested, stained for surface markers, and analyzed by FACS analysis. The y axis reports MFIs for CD80, CD83, HLA-DR, CXCR4,
and CCR7. The box plots illustrate the medians and the 25th and 75th quartiles, and the whiskers represent minimum and maximum values for
5 donors. Data were analyzed using Wilcoxon’s rank sum test. *, P < 0.05; *%; P < 0.01.

duced by TNF-a—PGE,. As shown in Fig. 3, addition of B-he-
matin to the cultures prior to TNF-a-PGE, stimulation signif-
icantly impaired the upregulation of CCR7 (P = 0.042 and P =
0.017 for 10 pg and 20 pg of B-hematin, respectively). No
differences were observed for the expression levels of CD80,
CD83, HLA-DR, and CXCR4 on MoDCs matured with TNF-
a—PGE, in the presence or absence of B-hematin (data not
shown). Thus, B-hematin selectively blocks CCR7 upregulation
induced by TNF-o—PGE, on MoDCs.

Contact with iRBCs induces upregulation of the lymphoid
chemokine receptor CXCR4. Next, we examined whether par-
asite lysates or intact iRBCs could induce transient maturation
of MoDCs. MoDCs from four donors were incubated for 18 h
with 15 or 75 pg/ml of parasite lysate. The cells were subse-
quently harvested and stained for surface expression of CDS80,
CDS83, HLA-DR, CXCR4, and CCR7 and analyzed by FACS
analysis. No significant differences in the investigated markers
were observed upon contact with parasite lysates compared to
medium (data not shown).

To evaluate whether P. falciparum antigens expressed on
iRBCs could have an effect on MoDCs, cells were incubated
with aphidicolin-treated iRBCs, (F32 laboratory strain) or un-
infected RBCs for 10 h and then stained for CD83, HLA-DR,

CCR?7, and CXCR4. Aphidicolin arrests parasite development
at the trophozoite stage, and therefore, we were able to analyze
the effect of intact iRBCs on MoDC maturation independent
of the effect of free merozoites (12).

The expression levels of the investigated markers did not
differ significantly among MoDCs cultured in medium alone or
with uninfected RBCs. In addition, no signs of maturation
were observed by incubating MoDCs with low ratios of in-
fected RBCs (1:1, 5:1, or 10:1 iRBC/MoDCs; data not shown).
Nevertheless, we observed marginal upregulation of CDS§3,
HLA-DR, and CCR7 from MFIs of 17 = 4 (mean value =
standard error), 81 = 5, and 49 = 6, respectively, in the un-
stimulated cultures to MFIs of 24 = 5, 91 + 6, and 60 * 11,
respectively, upon coincubation with a high ratio of iRBCs to
MoDCs (100:1), although the differences were not statistically
significant (Fig. 4). Interestingly, the expression of CXCR4 was
significantly increased from 78 = 7 MFI in unstimulated cells
to 93 = 7 MFI when MoDCs were stimulated with high doses
of iRBCs (P = 0.043) and to 106 = 11 MFI when they were
stimulated with TNF-a—PGE, (P = 0.028).

A separate experiment was performed to assess the impact
of aphidicolin-treated RBCs on MoDCs. No significant differ-
ence in the expression of the maturation markers CD80, CDS83,
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FIG. 2. Kinetics of CD83 expression levels on MoDCs upon B-hematin stimulation. MoDCs (1 X 10° cells/ml) were left unstimulated or were
stimulated with B-hematin (20 pg/ml) or the maturation stimulus (TNF-a—PGE,) and harvested after 12, 36, or 60 h of incubation. Cells were
stained for the maturation marker CD83 (n = 4 donors) and analyzed by FACS analysis. Data were analyzed using Wilcoxon’s rank sum test. *,

P < 0.05; NS, not significant.

and HLA-DR was observed in MoDCs incubated with either
untreated RBCs and aphidicolin-treated RBCs (data not
shown), indicating that aphidicolin does not affect maturation
of MoDCs.

Thus, high doses of iRBCs seem to induce marginal upregu-
lation of HLA-DR and costimulatory molecules on MoDCs
but a significant increase in expression of the lymphoid-chemo-
kine receptor CXCR4. Importantly, intact parasitized erythro-
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FIG. 3. B-Hematin impairs upregulation of CCR7 upon DC matu-
ration. MoDCs were incubated with or without B-hematin (10 or 20
pg/ml; n =5 and n = 8 donors examined, respectively) for 4 h and then
treated with maturation stimuli (TNF-a—PGE,). Cells were incubated
for an additional 18 h, harvested, stained for surface markers, and
analyzed by FACS analysis. The y axis indicates MFI for CCR7. The
box plots illustrate the medians and the 25th and 75th quartiles, and
the whiskers represent the minimum and maximum values. Data were
analyzed using Wilcoxon’s rank sum test. *, P < 0.05.

cytes are required to induce this effect, since parasite lysates
did not induce any maturation of DCs.

B-Hematin-induced maturation of MoDC:s is coupled to in-
creased migratory capacity in response to lymphoid chemo-
kines. Upon maturation, MoDCs acquire the ability to migrate
in response to lymphoid chemokines by upregulating the ex-
pression of CXCR4 and CCR7 molecules (47). Since we ob-
served that B-hematin induced significant upregulation of
CXCR4 and marginally increased levels of CCR7, the capacity
of B-hematin-treated MoDCs to migrate in response to lym-
phoid chemokines was assessed.

MoDCs treated with TNF-a—PGE, exhibited a significantly
increased migratory capacity in response to the CXCR4 ligand
CXCL12/SDF-1a (P = 0.03) and the CCR7 ligand CCL19/
MIP-3B (P = 0.04) compared to untreated cells (Fig. 5). Sig-
nificantly increased migration toward CXCL12/SDF-1a (P =
0.03) as well as CCL19/MIP-3p (P = 0.04) was also observed in
B-hematin-treated MoDCs compared to untreated cells, indi-
cating that the increased expression of CXCR4 and CCR7 on
B-hematin-treated MoDC:s is functional.

MoDCs exhibit increased secretion of pro- and anti-inflam-
matory cytokines after stimulation with -hematin or high
concentrations of iRBCs. To investigate whether malaria par-
asite-derived stimuli could induce the production of soluble
mediators in MoDCs, the concentration of selected cytokines
was measured in the cell culture supernatant obtained from
B-hematin-treated, iRBC-treated, and untreated MoDCs.
Baseline production of all inflammatory cytokines except IL-8
in unstimulated MoDCs was negligible, as shown in Fig. 6A
and B. In agreement with published data (21), the concentra-
tion of all examined cytokines was unaffected upon stimulation
with TNF-a-PGE, (data not shown). In contrast, MoDCs
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iRBCs at a ratio of 100:1 (RBCs/DCs). Maturation stimulus (TNF-a—PGE,) was added in separate wells as a positive control for maturation. Cells
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are presented. The box plots illustrate the medians and the 25th and 75th quartiles, and the whiskers represent the minimum and maximum values
of five donors. Data were analyzed using Wilcoxon’s rank sum test. *, P < 0.05.

stimulated with 20 pg/ml of B-hematin released significantly
higher levels of IL-6 (P = 0.009) and IL-10 (P = 0.021) than
unstimulated cells (Fig. 6A). The secretion of IL-6 was also
increased when MoDCs were stimulated with 10 wg/ml of
B-hematin (P = 0.05). We noted a slight increase in TNF-«
secretion in B-hematin-stimulated cultures compared to un-
stimulated controls, but this did not reach statistical signifi-
cance (P = 0.174). No differences in IL-1B, IL-8, or IL-12p70
secretion were found between unstimulated cultures and B-he-
matin-stimulated cultures.

Next, we analyzed cytokine release by MoDCs after stimu-
lation with iRBCs. At the low iRBC/MoDC (10:1) ratio, no
significant increment in the release of IL-1pB, IL-6, IL-8, IL-10,
IL-12p70, or TNF-a was observed (Fig. 6B). However, using a
high iRBC/MoDC (100:1) ratio, there was a significantly in-
creased secretion of IL-13 (P = 0.021), IL-6 (P = 0.021), IL-10
(P = 0.021), and TNF-a (P = 0.043) by MoDCs. Of note, the
secretion of IL-12p70 was very low upon iRBC stimulation in
all donors examined.

When the levels of cytokines secreted by DCs upon stimu-
lation with B-hematin and iRBCs were compared, the same
cytokines except for IL-1B8 were elevated with both stimuli;
IL-1B was not increased upon B-hematin stimulation. The lev-
els of IL-6, IL-10, and TNF-a were considerably higher when
MoDCs were stimulated with iRBCs than with B-hematin.
Thus, both B-hematin and iRBCs induce secretion of a number
of pro- and anti-inflammatory cytokines in MoDCs but not
IL-12 secretion.

iRBC-treated but not -hematin-treated MoDCs induce in-
creased T-cell proliferation. To investigate whether P. falci-
parum-stimulated MoDCs could induce T-cell proliferation at
early time points, we measured proliferation of allogeneic T
cells in response to different doses of DCs cocultured with
either 20 pg of B-hematin or a high number of iRBCs (1:100).
MoDCs cocultured with B-hematin induced T-cell prolifera-
tion comparable to that induced by MoDCs that were unstimu-
lated or cocultured with uninfected RBCs, in line with their
only partial phenotypic maturation (Fig. 7). In contrast,
MoDCs that had been cocultured with a high dose of intact
iRBCs activated allogeneic T cells to a similar degree as TNF-
a—PGE,-treated MoDCs, despite their partial phenotypic mat-
uration, suggesting a difference in the mode of action between
MoDCs cocultured with B-hematin and iRBCs.

DISCUSSION

In this study, we show that B-hematin treatment of human
MoDCs induces a significant upregulation of CXCR4 as well
as a slight upregulation of CCR7. The increased levels of
expression of lymphoid CCRs on MoDCs upon B-hematin
stimulation were coupled with significantly increased migration
toward the ligands for CXCR4 and CCR7, CXCL12/SDF-1q,
and CCL19/MIP-38. In addition, exposure of MoDCs to high
doses of iRBCs resulted in a similar pattern of upregulation of
these lymphoid CCRs.

Both CXCR4 and CCR7 have been found to be upregulated
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FIG. 5. Partial maturation of MoDCs induced by B-hematin is cou-
pled to increased migration in response to lymphoid chemokines.
MoDCs were stimulated with B-hematin (20 wg/ml) or the maturation
stimulus (TNF-a—PGE,) and incubated for 18 h. Cells were then
harvested and seeded in the upper compartments of a Boyden cham-
ber, and 100 ng/ml of CXCL12/SDF-1a or CCL19/MIP-383 was added
to the lower compartments. Culture medium alone was used as a
control for background migration. Cells were incubated for 90 min to
allow migration, after which the cells that had migrated to the lower
compartment were counted in 5 representative fields for each well. The
net number of cells that migrated was calculated by subtracting the
number of cells that migrated in response to medium alone from
the number of cells that migrated in response to chemokines. The
diagram represents mean values * standard error of the mean of cells
that migrated in response to CXCL12/SDF-1a (n = 6 donors) and to
CCL19/MIP-3B (n = 5 donors). Data were analyzed using Wilcoxon’s
rank sum test. *, P < 0.05.

in association with maturation of MoDCs (33). Upregulation
of these receptors enables DCs to migrate to T-cell-rich areas
in secondary lymphoid organs and screen massive numbers of
naive T cells (31). Therefore, our findings suggest that B-he-
matin increases migration of DCs to lymphoid organs. In con-
trast, current evidence from rodent models of malaria shows
that the time of interaction between T cells and DCs is short-
ened, both in vitro and in vivo, when DCs had been exposed to
Hz (26). Together these results suggest that increased migra-
tion of DCs toward lymphoid-chemokine gradients upon stim-
ulation with Hz may be coupled to an improper DC-T cell
interaction.

We also detected a significant upregulation of some but not
all costimulatory markers when MoDCs were stimulated with
B-hematin. It is unlikely that this effect is mediated by TLR9
since recent evidence suggests that neither B-hematin (28) nor
parasite-derived Hz (50) activates murine myeloid DCs via
TLR9 and TLROY is not expressed on human myeloid DCs (35).
Conversely, B-hematin activation of myeloid DCs may act
through the Nalp3 inflammasome, in accordance with previous
findings in murine macrophages (7, 11). In this context, it
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should be noted that our study was not designed to assess such
aspects.

A kinetic study revealed that increased expression of CD80
and HLA-DR was maintained on MoDCs after 60 h of stim-
ulation with B-hematin or TNF-a—PGE,. However, although
the expression of CD83 was maintained for 60 h upon stimu-
lation with TNF-a—PGE,, this was not true for MoDCs acti-
vated by B-hematin. Other studies have shown that CD83 has
a profound effect on DC maturation (16) and that modulation
of CD83 can interfere with DC-T cell interactions (19). Thus,
our data indicate that B-hematin-induced DC maturation, re-
flected by CD83 expression, appears to be transient and not as
potent as the one induced by TNF-a-PGE,.

In contrast, exposure to iRBCs resulted only in upregulation
of chemokine receptor expression, whereas upregulation of
HLA-DR and costimulatory molecules was only marginal and
did not reach statistical significance. We (B. C. Urban and
colleagues) and others have shown that iRBCs alone did not
induce upregulation of HLA-DR and costimulatory molecules
on MoDCs (10, 44), but the expression levels of chemokine
receptors were not investigated. These results are therefore in
agreement, particularly when taking into account the fact that
the marginal upregulation of HLA-DR and CD83 that we
report here was observed after 10 h of coculture, as opposed to
the 48 to 68 h coculture of MoDCs and iRBCs in earlier studies
(10, 44).

In addition, we observed increased secretion of pro- and anti-
inflammatory cytokines by MoDCs incubated with P. falciparum-
derived stimuli within 24 h of incubation and increased immuno-
stimulatory abilities of MoDC:s after 10 h coculture with iRBCs,
whereas others found reduced allostimulation and no cytokine
release by MoDCs upon stimulation with iRBCs for a longer time
(10). However, consistent in all reports is the lack of IL-12
secretion by MoDCs stimulated with any P. falciparum-derived
product.

Of note, production of proinflammatory cytokines was much
higher in MoDC:s cocultured with iRBCs than those cocultured
with B-hematin, suggesting that iRBCs contain additional fac-
tors that drive secretion of inflammatory cytokines such as P.
falciparum glycosylphosphatidylinositol (6). The high concen-
trations of IL-1B, IL-6, and TNF-a secreted within 10 h by
MoDCs cocultured with iRBCs could contribute to their ability
to induce proliferation of allogeneic T cells.

Together, our results suggest that parasite products can in-
duce partial and transient phenotypic maturation of DCs at
early time points but not IL-12 release. This is coupled to
increased DC immunostimulatory ability upon contact with
intact iRBCs but not with B-hematin. How these phenomena
can influence adaptive immune responses to the parasite can
only be speculated. Partial and possibly transient DC matura-
tion associated with a lack of IL-12 secretion and high levels of
IL-10 is a phenomenon that could support a blunted adaptive
immune response.

Importantly, we report here the sustained upregulation of
chemokine receptors resulting in migration of MoDCs toward
lymphokine gradients. These observations are in line with find-
ings by Millington et al. (25, 26), who observed a significant
decrease of mature DCs in vivo by day 12 in mice infected with
the parasite P. chabaudi chabaudi and no or only marginal
maturation of rodent DCs in response to iRBCs or Hz. Nev-
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ertheless, an increased migration of myeloid DCs into the
spleen was observed during P. chabaudii chabaudi infection
(39), and in particular, migration from the marginal zone of the
spleen into the CD4™ T-cell area was observed within 5 days
after parasites entered the bloodstream (20). In this context,

—+ TNF-a/PGE,
30 —=- iRBC

25 —— B-hematin
201 —~- Ctrl RBCs
—— Ctrl DCs

% Proliferating CD4* Tcells

1:10 1:30 1:100 1:300
Dendritic cell to T cell Ratio

FIG. 7. iRBC- but not B-hematin-treated MoDCs induce increased
T-cell proliferation. MoDCs were cocultured with medium alone (Ctrl
DCs), 100:1 uninfected RBCs (Ctrl RBCs), 20 pg B-hematin (B-he-
matin), 100:1 iRBCs, or maturation stimulus (TNF-a—PGE,). MoDCs
where then put in cocultures with CFSE-stained, allogeneic PBMCs
for 5 days. After incubation, the percentage of CD4* CD3" cells that
had proliferated were gated and are presented on the y axis, while the
different ratios of MoDC/T cells are presented on the x axis. The graph
illustrates mean values of separate experiments from a minimum of 6
donors. Error bars depict the standard error of the mean.

DCs induce activation of T cells but fail to sustain the pro-
longed contact necessary for T-cell proliferation and differen-
tiation (26).

Our in vitro observations of the effect of B-hematin and to a
lesser extent iRBCs on human DCs suggest that a similar
mechanism may apply in humans; accumulation of malaria
parasite pigment in myeloid DCs could induce migration of
DCs into T-cell areas of secondary lymphoid organs due to
increased expression of lymphoid chemokine receptors, fol-
lowed by increased stimulation of T-cell proliferation at early
time points. However, these phenomena are coupled with a
lack of sustained upregulation of CD83 and a lack of IL-12
secretion but high levels of IL-10, which may result in altered
T-cell differentiation.

We also observed that B-hematin selectively impaired the
upregulation of CCR7 induced by TNF-a—-PGE, stimulation.
Recent evidence indicates that, apart from chemotaxis, CCR7
controls the cytoarchitecture, the migratory speed, and the
maturation rate of DCs (34). Therefore, impairing the CCR7
upregulation on maturing MoDCs may be an effective tactic
for the malaria parasite to block DC functionality, thus ham-
pering the initiation of the T-cell responses, as seen in other
parasitic infections (1).

It is well established that malaria parasites induce a large
inflammatory response during acute infection, and a correla-
tion between high levels of certain cytokines and severe com-
plications during malaria parasite infection has been found
(22, 23, 30). Our findings of rapid release of pro- and anti-
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inflammatory mediators upon short-term stimulation with P.
falciparum-derived stimuli imply that myeloid DCs may make a
significant contribution to the large inflammatory response
that is observed during acute P. falciparum infection.

In conclusion, we found that contact of MoDCs with B-he-
matin or iRBCs induced partial and transient maturation of
these cells, provoked the release of pro- and anti-inflammatory
cytokines other than IL-12, and upregulated lymphoid CCR on
the cell surface. This was coupled to increased migration to
lymphoid ligands when cells were stimulated with B-hematin
and increased proliferation of allogeneic T cells upon stimu-
lation with iRBCs but not B-hematin.

We therefore believe that myeloid DCs become activated at
least early on during P. falciparum infection. However, the
complex nature of the parasite may lead to a transient and
suboptimal maturation process but increased migration to sec-
ondary lymphoid organs and subsequently impaired activation
of lymphocytes. Once careful studies with different parasite
strains and their products have established how DCs are af-
fected by the parasite, it may become feasible to manipulate
DCs during malaria parasite infection to induce more potent
adaptive immunity.
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