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Abstract

Background: The activation of innate immune responses by Plasmodium vivax results in activation of effector cells and an
excessive production of pro-inflammatory cytokines that may culminate in deleterious effects. Here, we examined the
activation and function of neutrophils during acute episodes of malaria.

Materials and Methods: Blood samples were collected from P. vivax-infected patients at admission (day 0) and 30-45 days
after treatment with chloroguine and primaquine. Expression of activation markers and cytokine levels produced by highly
purified monocytes and neutrophils were measured by the Cytometric Bead Assay. Phagocytic activity, superoxide
production, chemotaxis and the presence of G protein-coupled receptor (GRK2) were also evaluated in neutrophils from
malaria patients.

Principal Findings: Both monocytes and neutrophils from P. vivax-infected patients were highly activated. While monocytes
were found to be the main source of cytokines in response to TLR ligands, neutrophils showed enhanced phagocytic
activity and superoxide production. Interestingly, neutrophils from the malaria patients expressed high levels of GRK2, low
levels of CXCR2, and displayed impaired chemotaxis towards IL-8 (CXCL8).

Conclusion: Activated neutrophils from malaria patients are a poor source of pro-inflammatory cytokines and display
reduced chemotactic activity, suggesting a possible mechanism for an enhanced susceptibility to secondary bacterial
infection during malaria.
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Introduction levels of circulating pro-inflammatory cytokines. The outcome of

infection depends on a balance between pro- and ant-infllamma-
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Malaria is a complex discase that allects approximately 300 tory responses allowing the formation of an eflective immune
I :
i

million people every vear. Among the diflerent Pla n species

response, while limiting its pathogenic potential [5.6,7].

that infect humans, P jal wni 18 the main cause ol deaths in sub-

Saharan Alrica. On the other hand, £ weav is responsible lor
approximately 60-80% of the malaria cases in the world [1.2], and
contributes to significant political, social and economic instability

in the developing countries ol Latin America and Asia [1].

The nnate immune system recognizes £ mosp. In
dilferent  pattern-recognition receptors and initiates a broad
spectrum ol delense mechanisms that mediate host resistance to
infection [3,4]. However, the innate immune response is the classic
“two-edged sword”, and clinical malaria is associated with high
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s (TLR) play an important role in recognition ol
pathogens through distinct pathogen-associated molecular pat-
terns [PAMPs). Activaton ol TLR on monocyvtes, dendritic cells
and neutrophils can induce changes in the expression ol surlace

proteins and release inflammatory mediators such as eytokines and
chemokines. The production of cvtokines amplifies innate immune
responses and shapes the development of acquired immunity. In
addition, activated myveloid cells release high levels ol reactive
oxvgen species (ROS) and antimicrobial peptides that elliciently

]

Kill invading pathogens [8.9].
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Author Summary

Plasmodium vivax is responsible for approximately 60-80%
of the malaria cases in the world, and contributes to
significant social and economic instability in the develop-
ing countries of Latin America and Asia. The pathogenesis
of P. vivax malaria is a consequence of host derived
inflammatory mediators. Hence, a better understanding of
the mechanisms involved in induction of systemic inflam-
mation during P. vivax malaria is critical for the clinical
management and prevention of severe disease. The innate
immune receptors recognize Plasmodium sp. and initiate a
broad spectrum of host defense mechanisms that mediate
resistance to infection. However, the innate immune
response is the classic “two-edged sword”, and clinical
malaria is associated with high levels of circulating pro-
inflammatory cytokines. Our findings show that both
monocytes and neutrophils are highly activated during
malaria. Monocytes produced high levels of IL-1f, IL-6 and
TNF-a during acute malaria. On the other hand, neutro-
phils were a poor source of cytokines, but displayed an
enhanced phagocytic activity and superoxide production.
Unexpectedly, we noticed an impaired chemotaxis of
neutrophils towards an IL-8 (CXCL8) gradient. We pro-
posed that neutrophil paralysis is in part responsible for
the enhanced susceptibility to bacterial infection observed
in malaria patients.

[t is noteworthy that glycosylphosphatidylinositol anchors and
DNA from  Plasmodium parasites are  important PAMPs  that
activate TLR during malaria [10,11,12,13]. Some i wtro studies
show that phagocytosis of opsonized hemozoin (HZ) decreases
expression of HLA-DR in monocytes [14.15]. On the other hand,
DNA bound o HZ induces
monocytes to produce high levels of cyvtokines and contribute to

study  has  demonstrated  tha

dendritic cell matraton [16]. While other report evaluated
activation ol polvmorphonuclear cells and observed elevated levels
ol mveloperoxidase, lysozvme and lipocalin in patients with severe
malaria [17], the involvement of neutrophils in malaria patho-
genesis has been poorly investigated.

Our findings show that both monocytes and neatrophils are
highly activated during malaria. Monocvtes produced high levels
of IL-1f, IL-6 and TNF-2 in response to TLR agonists during
acute malaria and seem to be the main source ol pro-inflammatory
cvtokines in the blood. On the other hand, newrophils were a poor
source ol cytokines, but displaved an enhanced phagocytic activity
and superoxide production. Interestingly, we noticed an enhancedd

expression of G-protein receptor protein kinase (GRK2) associated

with decreased levels of CXCR2 and impaired chemotaxis of

neatrophils towards an IL-8 (CXCLE) gradient. Our findings
indicate a mechanism by which malaria patients may become
more susceptible to bacterial infection.

Methods

Ethics statement

All protocols and consent forms were approved by the
[nstitutional Research Board from University ol Massachuseus
Medical School (IRB-UMMS 10268), the Ethical Committees on
Human Experimentation from Centro de Pesquisa em Medicina
Tropical (CEP-CEPEM 095/2009) and Centro de Pesquisas René
Rachou — Fundacao Oswaldo Cruz (CEP-CPgRR 2004, as well
as by the National Ethical Committee [CONEP 15652) from
Ministry of Health, Brazil.

A signed informed consent was
obtained from each subject prior to enrollment in the study.
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Patients

Patients were recruited and examined at CEPEM in Porto
Velho, a malaria endemic area in the Amazon region of Brazil. Up
to 100 ml of peripheral blood was collected immediatelv alier
conlirmation of . oreax infection by thick blood smear film and
3045 davs alter chemotherapy (1= 26, ranging from 18 1o 66
vears old [35+9.5]). Patents were treated lor 10 days with
chloroguine and primaquine. P owav infection was conlirmed by
polvmerase chain reaction (PCR) analysis [18]. The clinical
manilestations ol malaria were fever, myalgia, chills, arthralgia,
nausea, vomiting or diarrhea, but no patient had complicated
malaria. Peripheral blood was also collected from 15 healthy
donors (HD) ranging from 21 1o 56 vears old [32+8] living Porto
Velho and negative for P viax infection by thick blood film and
PCR. All the experiments were done using Iresh cells.

Cellular immunophenotyping

Whole blood was stained with antibodies from ebioscience: anti-
CDI4-FITC (clone 61D3), anti-TLR2-PE (clone T2.5). anu-
TLR4-PE (clone HTAL25), anti-HLA-DR-PE [clone 1243), ami-
CD14-APC (clone 61D3), anti-CD62L-APC [clone DREGS6): BD
Bioscience-Pharmingen: ant-CD66L-FITC (clone GLOF5). anti-
CD88-PE [clone CH5-4124), CXCR2-PE (clone 6C6), anti-CD 16-
PerepCy5.5 [clone3G8), anti-CDLS-FITC (clone HI9E: Ré&D:
CCOR2-PE (clone 48607 Subsequently, red blood cells (RBC) were
lysed with FACS lysing solution [(BD  Biosciences) following

manulacturer’s instructions, washed with  phosphate bullered
saline (PBS) and maintained in paralormaldehyde 2% (PFA) unl
the acquisition on an FACScan upgraded with a second laser (5
colors). The sofiware used lor acquisition was CellQuest Pro [rom
BD and Rainbow [rom Cytek. Data analyzed using Flow]Jo version
9.3.2 (TreeStar)

Purification of monocytes and neutrophils

Peripheral blood mononuclear cells (PBMC) and neutrophils
were enriched on-site by gradient centrilugation over Ficoll-
plus (GE-Healtheare). Isolated PBMO were washed

twice in RPMI, ressuspended at 5x10°/ml in PBS supplemented

Pacue ™

with 2% heat- inactivated fetal bovine serum (FBS) and 1 mM
EDTA. Monocytes were purified from PBMC with the Human
Monocyte Enrichment Kit (STEMCELL-Technologies) following
manulacturer’s instructions. The cell laver containing the granu-
locvtes were collected just above the red blood cells phase and the
cell suspension was lysed with NHLCL0. 15 M with KHCO5 0.1 M
and Na,EDTA 0.1 mM. Cells were ressuspended in PBS (2% FBS,
| mM EDTA} at final concentration 5x 107/ml. Purification of
neutrophils were performed with the Human Newtrophil Enrich-
ment Kit (STEMCELL-Technologies) following manulacturer’s
instructions. Purity of monocytes and neutrophils was measured by
flow cytometry alier staining with mAbs specific for CD14, CDG66D
and CDI6. Purified monocytes were CDI4TCDL6 CD66b  and
neutrophils were CD1I4 CD16TCD66LY. Cell preparations reached

1

over 98% ol purity and viability of 90-100%.

Tissue culture assays

Purified monocytes and neutrophils were plated in 96-well cell
culture plates at a final concentration 2 x 10°/well in RPMI1640
[Sigma Aldrich R6504) (10% FBS and 100 pg/ml streptomycein/
100 U/ml penicilling in the presence or absence of Toll like receptors

Sigma-Aldrich) or 100 ng/ml Pam2CSK4 (Pam - TLR2/TLR1
agonist, InvivoGen). Supernatants were harvested alier 48 hours

of culture and kept at —2010 unil evtokine measurement.
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Figure 3. TLR agonists induce production of high IL-1p, IL-6 and TNF-u levels by monocytes from P. vivaxinfected subjects. Purified
monocytes (A) or neutrophils (B} from P. vivax-infected subjects before (closed circles; n=13) and 30-45 days after treatment (open circles; n=13)

were cultured for 48 hours in the absence or presence of LPS or Pam.

Levels of IL-1, IL-6, IL-10, TNF-%, and IL-8 (CXCL8) were measured in

supernatant of monocyte (A) and neutrophil (B) cultures. Levels of cytokines were measured employing the Cytometric Bead Array (CBA). Significant
differences are indicated p-values using paired t test or Wilcoxon signed rank test when a normality test failed.

doi:10.1 37 1/journal.pntd.0001710.g003

pro-inflammatory cyvtokines during P, veav-malaria? We lound
that in the blood. monocytes are an importam source ol cvtokine
compared with newrophils. Despite the fact that neutrophils are

an important source of cytokines [25], we found that except for IL-

8 [CXCLE)L the newtrophils from malaria patients produced none
or very small amounts of pro-inflammatory cvtokines (Le, L1,
Lmportandy,
PBMUCs from individuals experimentally or naturally infecred
with £ faleiparun: are hyperresponsive and produce high amouits
ol pro-inflammatory evtokines once activated with TLR agonists
[6.7]. Here, we observed that highly purified monocytes (but not
neutrophils) derived from £ sear malaria patients were primed
and produce high levels of IL-Lp, TL+4 and TNF-x upon TLR

stimulation. In contrast, the monocyvtes from malaria patients

produced low levels of IL-10, even when activated with TLR
agonists. Thus, we favor the hypothesis that during malaria
monocytes dillerentiate into an inflammatory stage producing high
levels of pro-inflammatory eytokines and low levels of TL-10.

On the other hand, circulatory neawophils from malaria-
patients displayed enhanced phagocytic activity and constitutively
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Figure 4. Neutrophils from P. wvaxinfected patients produce
high levels of superoxide and display enhanced phagocytic
function. Neutrophils were isolated from P. vivax-infected patients
{closed circles; n=15) or healthy donors {open circles; n=15), and the
frequencies of neutrophils reducing NBT (left panel} as well as cell
containing zymosan (right panel) were quantified. Significant differenc-
es are indicated with p-values using unpaired t test or Mann-Whitney
test when a normality test failed.

doi:10.1371/journal pntd.0001710.9004
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released high levels of superoxide. The process ol newrophil
activation could involve phagoevtosis of opsonized parasites. which
would in wrn tigger the antibody dependent respiratory burst
[26]. Alternatvely, phagocytosis of the malaria pigment (hemo-
zoin) may also activate newrophils [27]. The enhanced ellecior
function of neutrophils may account for a more eflicient up-take
and destruction ol [ree parasites and inlected ervihrocvtes [26].
On the other hand. activated newrophils have been shown 1o
cause damage of endothelial cells, in a process that is mediated by
sera ol malaria padents [28]. Therelore, enhanced  ellector
functions in neutrophils could be involved in both host resistance
and pathogenesis of 2 sipav malaria.

Unexpectedly, we lound an altered migration towards IL-3
gradient. which was associated with a decreased expression ol
CXCR2 on newtrophils from £ ideav-infected patients. Functional
stuches showed that upon phagooytosis ol bacteria by neutrophils
there is reduction in expression of CXCRIL and CXCR2 [29].
Down-regulaton of CXCR2 in severe sepsis also results in faiure
ol nentophil migraton that is associated with enhanced suscep-
tbility to bacterial infection [50]. Furthermore. expression ol
CD8S (Cha recepror) and CDO2L (L-selecting is decreased on the
surface ol newrophils from P swav-malaria patents, CDE8 s a G
protein-coupled receptor involved in recruitment [19.51]. whereas
CDG2L s a key molecule that mediates cvioadherence of
leukoeytes [32]. Thus, altogether, our data strongly sugeest that
systemic activation neatrophils, leads 1o failure ol extravasation
and chemotaxis from blood o the tssues. Since IL-8 mediates
chemotaxis and stimulate newtrophils to release specilic granules

and proteases 1o light microbial infections [33.34], the impairment
ol neutrophil migration to the site of infection would prevent from
line cells to promote an inflammation to ellectively kill infectious
pathogens allowing secondary infections.

Production of IL-8 has been assessed in several cell type upon
stimulation, several medical conditions and even constitutively
[35.56.37]. The observed high levels of circulatory IL-8 may
mediate desensitization and//or down-regulation of CXCR2 in
acutely infected malaria patients. In additdon, TNF-2 [38]. niric
oxide [30], heme-oxvgenase products [39] and TLR ligands
[20]. cause the heterologous desensitization of GXCR2 via
GREK2 induction. As previous described in wzay malaria [40.41].
we did not find a high level of TNFe in serum. the monocyte
stimulated with TLR agonists produced high amouns of TNF-o

June 2012 | Volume 6 | Issue 6 | e1710
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Figure 5. Malaria impairs neutrophils response to CXCR1 and CXCR2 ligand. Neutrophils were isolated from P. vivax-infected patients
{closed circles; n=15) or healthy donors (open circles; n=15), and chemotaxis towards IL-8 (CXCLB) and CCL2 was assessed (A). MFI of CXCR1, CXCR2
and CCR2 on neutrophils were evaluated by flow cytometry and representative histograms of CXCR2 expression are shown (B). CXCR2 message was
measured by gPCR (C). Significant differences are indicated with p-values using unpaired t test or Mann-Whitney test when a normality test failed.
doi:10.1371/journal pntd.0001710.g005

that may comribute 10 CXCR2 desensitization. In addition. GRKs constitme a group of serine/threonine protein kinases
Plasmodion can be recognized by TLR2, TLR4 and TLR9 that are key modulators ol protein-coupled receptor signaling
[1042] and induce down-regulation of CXCRZ via GRKZ. [GPCR) [HH. A major mechanism [or desensitization ol activated
Importamtly, CGDEE is also desensitized via GRK2 [43]. Thus. GPCR is their phosphornlation by GRRKs [45]. Of note both
decreased expression of CXCR2 and CD88 on neatrophils from CDES and CXCR2 are GPCRs. Delicient expression of GRK and
malaria patients mav be a consequence ol an enhanced regulation of chemokine receptors in GRK2 * mice results in
expression of GRK2. enhanced migration of lymphoevtes and chemotaxis  1oward
B Nuclei GRK2 Merge
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Figure 6. GRK2 expression is enhanced in neutrophils during acute malaria. Neutrophils isolated from P. vivax-infected patients (closed
circles; n=11) or healthy donors (closed circles; n=12) were stained for GRK2 and mean fluorescence intensity (MFI) of GRK2 was quantified (A).
Representative fluorescence microscopy illustrating GRK2 expression in neutrophils from a healthy donor and a P. vivax-infected patient (B).
Significant difference is indicated with p-values using unpaired t test.

doi:10.1371/journal.pntd.0001710.g006
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CCLAL, the CCRS ligand [46]. It was also described  tha
transcription of GRK2 and GREKD is upregulated upon LPS-
mediated activation, leading 1o reduced expression ol chemokine
receptor and neutrophils chemotaxis [47]. GRK2 and GREKS
expression are enhanced i sepsis patients [H] and in rodent
models of severe sepsis [20]. which are associated with impaired
migration of neatrophils and enhanced susceptibility to secondary
microbial infection.

For many vears. P, wieav malaria was considered a benign and

sell-limited  disease, especially when compared 10 B2 faleiparam
infection [19]. However. recent studies highlighted the association
of P owivey malaria with life-threatening manifestations, such as
respiratory distress, severe thrombocytopenia and anemia, as well
as neurological manifestations [1,22.50051.52.55.54]. A main
hypothesis of our research group is that secondary infections, in
malaria primed individuals. is a main cause ol severe disease. In
this regard. pro-inflammatory priming during malaria would result
in dramatic decrease in the threshold to initate a septic shock [7].
due to an over-reaction to secondary infections. particularly in the
case of bacteria that have extremely potent TLR agonists.
Importanty, areas ol the world with the highest incidence and
prevalence ol malaria also have a high mncidence ol bacterial

inlections, including  Salmonella,  Prewmococens and Meningocorcus

[23.55]. Furthermore. a recent study highlights that severe malaria
as indicated by respiratory distress, anemia and mortality, is 8.5
times more elevated in children with both malaria and bacteremia
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as compared to infection with P, fadeparmn alone [24]. Thus, co-
infection with bacteria is not onlv common, but as we might
predict, it is an important factor influencing outcome ol dises

"
and development of severe disease [24.56]. Here. we demonstrate
[or the first time that circulatory neutrophils from malaria patients
display a decreased expression ol chemokine receptors and
adhesion molecules. which calminates in impaired chemotaxis.
Hence, our results suggest that a failure of these PMNNs 1o migrate
to peripheral tissues is an important mechanism leading 1o
enhance susceptibility to bacterial infection during malaria.
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