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Abstract

Malaria remains a global health burden causing significant morbidity, yet the mechanisms
underlying disease outcomes and protection are poorly understood. Herein, we analyzed
the peripheral blood of a unique cohort of Malawian children with severe malaria, and per-
formed a comprehensive overview of blood leukocytes and inflammatory mediators present
in these patients. We reveal robust immune cell activation, notably of CD14" inflammatory
monocytes, NK cells and plasmacytoid dendritic cells (pDCs) that is associated with very
high inflammation. Using the Plasmodium yoelii 17X YM surrogate mouse model of lethal
malaria, we report a comparable pattern of immune cell activation and inflammation and
found that type | IFN represents a key checkpoint for disease outcomes. Compared to wild
type mice, mice lacking the type | interferon (IFN) receptor exhibited a significant decrease
in immune cell activation and inflammatory response, ultimately surviving the infection. We
demonstrate that pDCs were the major producers of systemic type | IFN in the bone marrow
and the blood of infected mice, via TLR7/MyD88-mediated recognition of Plasmodium par-
asites. This robust type | IFN production required priming of pDCs by CD169" macro-
phages undergoing activation upon STING-mediated sensing of parasites in the bone
marrow. pDCs and macrophages displayed prolonged interactions in this compartment in
infected mice as visualized by intravital microscopy. Altogether our findings describe a
novel mechanism of pDC activation in vivo and precise stepwise cell/cell interactions taking
place during severe malaria that contribute to immune cell activation and inflammation, and
subsequent disease outcomes.
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Author Summary

The Plasmodium parasite is the number one killer among human parasitic diseases world-
wide. Protection is associated with length of exposure for people living in endemic areas,
with severe disease primarily affecting young children. Inflammation is a key component
in the pathophysiology in malaria, and disease severity has been linked to the degree of
activation of the immune system. However, the underlying mechanisms of protection and
disease outcomes remain poorly understood. We provide a comprehensive analysis of
peripheral blood immune cells obtained from a cohort of children with severe malaria.
Our results show heightened inflammation and immune cell activation, in particular for
monocytes, natural killer cells, and plasmacytoid dendritic cells (pDCs). We have also uti-
lized a mouse model of lethal malaria that recapitulates many features identified in this
cohort of severe malaria patients to examine drivers of immune cell activation and inflam-
mation. Our studies provide evidence that type I interferon (IFN) acts as an early switch in
inducing a potent inflammatory response in the infected host. Type I IFN production is
massively produced in the bone marrow and the blood of infected mice by plasmacytoid
dendritic cells (pDCs), a subset of DCs. We also demonstrate that resident macrophages in
the bone marrow, control type I IFN production by the pDCs. We define how both mye-
loid cells “sense” the parasite to initiate the host immune response and report a previously
uncharacterized physical interaction between pDCs and macrophages in the bone marrow
as visualized by intravital microscopy in vivo. Our results define cellular processes under-
lying the marked inflammation of severe malaria and could open novel therapeutic oppor-
tunities to improve outcomes in this important human infectious disease.

Introduction

Malaria still remains a significant global health problem worldwide with 214 million people
infected (range 149-303 million, WHO 2015), and half a million deaths each year [1, 2]. Death
occurs as a result of severe malaria, a multi-systemic disorder resulting from blood stage Plas-
modium infection that is associated with significant morbidity and high case fatality rates
despite antimalarial treatment [1, 3]. It primarily affects young children in endemic areas and
travelers, both lacking exposure-induced immunity. Severe malaria includes cerebral malaria
(CM), severe anemia and metabolic acidosis and is characterized by extensive parasitized
erythrocyte sequestration in CM and subsequent organ dysfunction with a heightened and dys-
regulated immune response that remains poorly understood [4]. Lack of a highly effective vac-
cines and emergence of artemisinin resistance limits malaria control measures. Thus additional
efforts to understand severe disease with the goal of improving clinical outcomes remains a
very high priority [5, 6].

Severe malaria patients exhibit high levels of serum pro-inflammatory cytokines (TNF, IL-
1B, IL-6, IL-8, IL-12, IFNY) and chemokines (CCL2, CCL5, CXCL9, CXCL10), and lower levels
of regulatory cytokines (IL-10, TGFf, PGE2) [7] compared to those with mild and asymptom-
atic malaria [8-13]. Yet the mechanisms driving the high inflammatory states in severe malaria
are not well understood. The type I interferon (IFN) cytokine is particularly interesting as it is
released very rapidly upon sensing of microbial products and exhibits broad immunomodula-
tory properties [14, 15]. Upregulation of the type I IFN pathway has been associated with mild
malaria patients compared to severe disease patients [16] and polymorphisms in the type I [FN
receptor with severe disease outcomes [17, 18]. Age-associated resistance against severe malaria
infection-both for P. falciparum and P. vivax- and asymptomatic infection, directly correlates
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with high levels of regulatory cytokines [7, 10]. In this context, a role for Foxp3* CD4" regula-
tory T cells (Tregs) as well as non-Foxp3™ activated/memory (CD45RO™) CD4" T cells in regu-
lating malaria-induced inflammation and subsequent immunopathology is supported by many
studies in human patients and in surrogate mouse models [19-24]. NK and y8 T cell activation
is increased in children suffering from CM compared to other forms of malaria, as is the pro-
portion of activated/memory T cells [25]. Inflammatory CCR2* CD14" monocytes mediate
antibody-dependent cellular inhibition, and their higher proportion was correlated to lower
blood parasitemia in acute uncomplicated malaria patients [9]. While most cited studies have
focused on one or another immune cell type, there is only relatively limited information that
exists on a global analysis of the leukocyte response taking place in the blood of patients under-
going severe malaria.

Initiation of a systemic immune response that follows the sensing of blood Plasmodium par-
asites is a poorly understood process that involves multiple pathways triggered by parasite-
derived molecules and byproducts, and a subsequent rapid inflammatory response. Major Plas-
modium parasite molecules sensed by the host immune system include glycophosphatidylino-
sitol (GPI), haemozoin crystals and nucleic acids. GPI anchors trigger TLR2/TLR1 and TLR2/
TLR6 heterodimers -and to some extent TLR4-, leading to the production of pro-inflammatory
cytokines (TNF, IL-1B) via MyD88 [26, 27], reactive nitrogen and oxygen species [28, 29], and
the upregulation of adhesion molecules (ICAM1, VCAM1)[30]. Haemozoin crystals result
from haemoglobin digestion by blood stage Plasmodium parasites which stimulate massive
secretion of IL-1B, TNF and chemokines. Haemozoin alone [31, 32] or complexed to parasite
DNA [33] triggers TLR9, ultimately leading to phago-lysosomal destabilization and cytosolic
sensing of parasite DNA via AIM2 and haemozoin via NLRP3 inflammasomes inside phago-
cytes [34]. The STING pathway has also been implicated in the recognition of AT-rich stem
loop motifs of Plasmodium DNA inside the cytosol of macrophages in vitro, driving TBK1/
IRF3-mediated secretion of type I IFN [35]. These studies were primarily conducted on macro-
phages cell lines in vitro, on ex vivo isolated or in vitro grown myeloid cells, and/or made use of
parasite-derived or synthetic ligands. Other reports analyzed the role of these pathways using
various surrogate mouse models of malaria and mice lacking the tested pathways [35-37].
Most commonly used models in these studies included non-lethal acute P. yoelii (Py) (17XNL)
or chronic P. chabaudi (Pc), as well as lethal Py (17X YM) and P berghei (ANKA) respectively
as models of high parasitemia and of CM. Along with the human reports, results from these
investigations suggested that these sensing receptors and pathways promote high inflammatory
response to the parasite and often poor outcomes. For instance, mice lacking MyD88, the com-
mon adaptor protein for many Plasmodium-stimulated TLRs, exhibited diminished blood
inflammatory cytokines (IL-6, IL-12, IFNo, IENy, TNF, CCL2) in several of the murine mod-
els, leading to improved resistance to these infections [38, 39]. Interestingly, single TLR defi-
ciencies, such as in TLR2, TLR4, TLR9 or TLR?7, only led to mild differences compared to WT
mice, suggesting that multiple sensing mechanisms converge in mediating host resistance to
the parasite. Similarly to MyD88™~ mice, mice lacking a functional cytosolic adaptor protein
STING, which controls multiple cytosolic sensing receptors driving the induction of type I
IEN, exhibited increased resistance to P. berghei infection [35]. Consistent with the potential
importance of type I IEN, lack of type I IFN production in mice deficient for the type I IFN
transcriptional regulators IRF3 and IRF7 [35], or lack of type I IFN signaling in mice disrupted
for the IFNo./f receptor, enabled the survival of P. berghei infected mice [17, 37]. Production of
type I IFN was also suggested to involve TLR9/ and TLR7/MyD88, and IRF?7 in splenic macro-
phages and pDCs, promoting enhanced early immune cell activation and pro-inflammatory
response (IL-12, IFNy, TNF) in P. chabaudi infection [36, 40, 41]. Yet none of the mice lacking
these sensors or type I IFN signaling exhibited substantial clinical phenotypes in non-lethal
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models, consistent with the idea that clinical outcomes are regulated by the nature of Plasmo-
dium infection, e.g., mouse genetic background and strain of Plasmodium.

Classical DCs and pDCs [42], macrophages [36, 43] and CCR2" monocytes [44] are impor-
tant contributors to Plasmodium-induced inflammation, through secretion of type I IFN and
other inflammatory mediators (IL-12, TNF, IL-6) and chemokines, production of antimicro-
bial effector proteins (reactive oxygen and nitrogen species) and activation of robust T cell
responses [45]. For instance, early type I IFN signaling in DCs activated following P. berghei
infection, suppressed their ability to prime strong protective "Th1" CD4" T cell responses [37,
46], preventing the control of infection and host survival.

While above referenced studies have clearly highlighted key innate sensing pathways and
cytokines, and the implication of specific subsets of cells in detecting Plasmodium parasites in
vivo, the precise initiating steps which include the tissue, the cell subsets and the cell-intrinsic
sensing mechanisms and their relative contribution remains to be further defined. The spleen
for instance, represents an essential organ in the course of blood stage malaria infections, both
in humans and mice, largely because of its central function in inducing immune responses,
monitoring blood through the removal of damaged RBCs and iron recycling, and its ability to
produce emergency extramedullary haematopoeisis [47]. Splenectomized patients, similarly to
that of non-lethal murine malaria, exhibit higher parasitemia, yet in lethal P. yoelii host resis-
tance is improved, suggesting a deleterious contribution of spleen-derived inflammation.
Whether other organs and cells play a key role during blood stage malaria has not yet been
thoroughly addressed. The systemic nature of this infection would support the hypothesis that
many organs and myeloid cells residing in these tissues are likely to contribute to shape infec-
tion outcomes. Recent reports analyzing changes in the bone marrow hematopoiesis during P.
chabaudi infection illustrated the existence of major modifications occurring in this compart-
ment, with a temporary loss of myeloid-erythroid precursors and the common lymphoid pro-
genitor, and the emergence of a new, infection-induced population of atypical progenitor cells
(IL-7Ror* c-Kit") with lymphoid and myeloid potential [48]. Whether the bone marrow plays
additional roles in initiating the immune response against the parasite requires further
investigations.

In summary, multiple cellular sources for key inflammatory factors such as type I IFN have
been proposed, and these notably include macrophages, DCs and pDCs [36, 41, 49]. However,
little is known as far as (i) which immune cells first sense infected iRBCs and/or parasite-
derived immunogens and (ii) which cell-intrinsic molecular pathways are involved. The precise
cell/cell interactions taking place during active blood stage malaria infection in vivo, the relative
contributions of the various cell subsets to these key processes, and the sequences of events that
occur and in which tissues have not been determined. Such information is acutely lacking and
is absolutely essential to gain understanding of this important global infectious disease, and to
possibly design novel therapeutic strategies.

In the current study we have made use of lethal P. yoelii 17X YM as surrogate model of
severe malaria to investigate these relevant mechanistic questions. Two major murine models
of severe malaria, P. yoelii and P. berghei, recapitulating some of the key immunological fea-
tures reported in patients experiencing severe malaria, are available, yet substantially less infor-
mation is available on Py-infected mice. We first conducted an extensive phenotypic and
functional analysis of immune cells and inflammatory factors on all peripheral blood leuko-
cytes isolated from a unique cohort of Malawian children undergoing severe malaria. A parallel
analysis conducted on the blood of Py-infected mice, largely reflected the high inflammatory
state and immune cell activation observed in the human patients. We show this broad activa-
tion of leukocytes, in particular Ly6C™ monocytes, NK cells and pDCs is accounted for by an
early systemic burst of type I IFN. Type I IFN is acting as a key initiating cytokine orchestrating
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the robust inflammatory syndrome and the lethal outcomes. We define (i) pDC as the major
producers of systemic type I IFN in the bone marrow and the blood, (ii) pDC activation
requirements by macrophages in the bone marrow and their physical interactions, and (iii) the
Plasmodium parasite sensing mechanisms that occur via TLR7/MyD88 in pDCs and STING in
macrophages.

Results

Parallel systemic inflammation and innate immune cell activation in the
blood of patients and mice with severe malaria

To gain insights into the immune response associated with severe human malaria, we analyzed
inflammatory mediators and immune cells in the peripheral blood of 37 Malawian children
with WHO defined cerebral malaria (CM), enrolled in the Blantyre Malaria Project during the
2013 transmission season (S1A Fig). The median age for the cohort was 43 months; patients
exhibited detectable parasitemia (~70x10° parasites/ul), anemia (23% hematocrit) and primar-
ily manifested retinopathy positive CM (73%). Plasma and peripheral blood mononuclear cells
(PBMC:s) were drawn for analysis upon admission and 30 day convalescent blood samples
among survivors. Plasma levels of inflammatory cytokines (IFNa, IFNy, TNF, IL-6) and che-
mokines (CCL2, CCL3, CCL4, CXCL10) were significantly higher during severe malaria com-
pared to convalescence (Fig 1A). Using as a surrogate model of severe malaria, wild type (WT)
C57BL/6 (B6) mice were inoculated with 2x10° iRBCs of the lethal Plasmodium yoelii (Py) 17X
YM strain. Mice succumbed within 5-9 days (d) post infection with very high blood parasite-
mia (~80% iRBC)(S1B Fig), and we report a comparable blood inflammatory mediator profile
and increase to that of human patients (Fig 1B and S1A Table), consistent with the develop-
ment of severe signs of malaria and subsequent death (d 4.5 and after, S1B Fig). This compara-
tive analysis underlines a common set of elevated blood inflammatory cytokines (IFNo., IFNy,
TNE, IL-6) and chemokines (CCL2, CCL3, CXCL10) in patients and mice. Yet, the use of the
mouse model further revealed an early burst (d 1.5) of blood inflammatory cytokines including
type I IEN (IFNo, IFNf) and chemokines (S1C and S1D Fig) that are likely involved in early
myeloid effector cell recruitment to the blood and the initiation of systemic inflammation.
Twelve color flow-cytometryanalysis on the PBMCs of these patients (SIE and S1F Fig)
revealed a higher proportion of inflammatory (CD14") monocytes [9, 50] and lower frequen-
cies of pDCs [51] but no significant differences for myeloid DCs or patrolling (CD14
monocytes during CM compared to follow up (S1G Fig), a trend that was also noted in the
mouse model (S1B Table). Expression of the costimulatory molecule CD86, MHC class II
(MHC-II) HLA-DR and the integrin CD11c were decreased on all blood myeloid cells except
on pDCs, yet the type I IFN responsive marker BST2 was always upregulated (Fig 1C and 1D
and S1H and S11I Fig). Cell surface levels of the CD40 costimulatory molecule and the ICAM-1
adhesin were also increased on the various monocyte subsets. NK and T cells exhibited acti-
vated phenotypes (CD69™, CD62'°, CD45RO") and actively proliferated (Ki67") (Fig 1E and
S1J Fig). In Py-infected mice too, inflammatory (Ly6C") monocytes, pDCs and NK cells under-
went robust activation compared to that of uninfected controls (Fig 1F and S1K Fig). Specifi-
cally, Ly6C" monocytes upregulated cell surface expression of CD86, MHC-II, CD11c, F4/80,
ICAM-1 and the IFN-responsive markers BST2, Sca-1 and IL-15Ra. Increased cell surface
CD86 and BST2 was also measured on pDCs, and NK cells upregulated CD69, became cyto-
lytic (granzyme B", NKG2D™), and secreted IFNy. While expression of some of these markers
(CD86, MHC-II, CD11c) on inflammatory monocytes (CD14"/Ly6C") followed a different
trend in the patients than in the mouse model at early time points (d 1.5), their expression was
significantly down-modulated at later times (d 4.5, Fig 1F) when mice exhibited severe clinical
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Fig 1. High inflammation and immune cell activation in the blood of severe malaria patients and in a surrogate mouse
model. (A) Serum cytokine and chemokine levels in patients. Each point represents an individual patient, enroliment (blue), follow-
up (black). (B) WT B6 mice were inoculated i.v. with 2x10° Py 17X YMIRBCs. Kinetics of cytokine and chemokine levels in the blood
(n = 3-15 mice/time point). (C-E) Frozen isolated human PBMCs from patients were thawed and stained with mAbs against cell-
surface lineage markers for CD14* monocytes (C), dendritic cells (myeloid or plasmacytoid) (D), or NK cells (E) including a viability
stain, as well as indicated activation markers. Gating strategies and respective frequencies are shown. Scattered plots show the
relative expression level (MFI) or percent of cell population expressing indicated marker for each individual patient at enroliment
versus follow-up. (F) The proportion of blood Ly6C* monocyte and NK cells expressing various surface markers in Py-infected WT
mice at 1.5 and 4.5 days post infection (n = 3 = 14 mice/condition). Experiments were replicated 2—3 times. P-values are indicated
when applicable.

doi:10.1371/journal.ppat.1005975.9001

symptoms, a physiological situation closely related to that of the patients at enrollment (S1C
Table). Thus, in summary, several functional markers related to cell activation, adhesion, antigen
presentation, costimulation, differentiation, proliferation, effector functions and type I IFN were
strongly upregulated on the various immune cell subsets during severe malaria in human patients
and in the surrogate mouse model. This is particularly noticeable for CD14"/Ly6C* monocytes,
NK cells and pDCs. The current results draw an interesting parallel between the high level and
the nature of the inflammatory mediators, and the activated immune cell subsets found in the
peripheral blood of patients with severe malaria and the Py YM surrogate mouse model.

Type | IFN signaling promotes lethal outcomes and immune activation in
severe murine malaria

Since type I IFN is among the first cytokines detected (Fig 1B), and represents a key mediator
of immune cell activation in human and murine malaria [16, 35-37, 41, 52], we hypothesized
that induction of type I IFN may be an essential checkpoint controlling the severity of infection
and associated inflammation and immune cell activation. We inoculated mice lacking the type
T IFN receptor (Ifnarl”") or control WT B6 mice with Py YM, and monitored survival and
blood parasitemia (Fig 2A). While WT mice succumbed 5-8 d post infection, the majority of
Ifnar1”” mice survived (~80%) and controlled parasite growth, as was also reported for
Ifnar1”” mice inoculated with the P. berghei ANKA mouse model of severe malaria [35, 37]. As
hypothesized, the levels of inflammatory mediators (IL-6, CCL2, CCL3, CXCL1, CXCL10 and
IFNa as expected) were lower in the blood and the spleen of Ifnarl” mice compared to WT
counterparts at all times post-infection, except for IFNy (Fig 2B). Consistent with these find-
ings, a significant reduction of early immune leukocyte recruitment (factor of ~1.2-3) to the
blood of infected Ifnarl™” mice was also noted, which was accounted for by direct type I IFN
signaling to the various innate immune cells subsets as shown in Ifnarl”/WT mixed chimeras
(Fig 2C and S2A Fig). The activation of inflammatory monocytes (CD86", CD11c", Sca-17, IL-
15Ra", BST2™), NK cells (CD69", NKG2D", Granzyme B*) and pDCs (CD86", BST2") was
decreased by ~20-85% in Ifnar1”~ mice (Fig 2D, filled bars and S2B Fig). These results
extended to Ifnarl”/WT chimeras, demonstrating that direct type I IFN signaling to these cell
subsets mediates their activation (Fig 2D, open bars and S2B Fig). Overall, type I IFN produc-
tion and signaling during severe blood stage malaria represents a key checkpoint of inflamma-
tion and immune cell activation, particularly for inflammatory monocytes and NK cells, a
finding that correlates to disease outcomes.

Plasmacytoid dendritic cells produce immune-activating type | IFN in the
bone marrow and blood of Py-infected mice

We next sought to define which cells produced type I TFN during Py YM infection and their tis-
sue distribution. We utilized Ifnb-Yfp*'* reporter mice expressing the yellow fluorescent
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Fig 2. Type |l interferon enhances immune blood leukocyte activation and lethal outcomes in severe murine malaria.
WT or Ifnar1”" B6 mice were inoculated i.v. with 2x10° Py 17X YMiRBCs. (A) Survival and blood parasitemia of Py-infected
mice over indicated times. (B) Serum and spleen cytokine and chemokine levels/contents 1.5 or 4.5 days post Py-infection
(n =3-8 mice). (C) 1.5 days after Py infection, blood cells were stained for the cell-surface lineage markers CD11b, CDS3,
CD19, Ly6C, Ly6G, NKp46, BST2, SiglecH and CD45. Frequencies of indicated cell subsets among all blood leukocytes
(CD45%) in Py-infected WT compared to /fnar1”” mice (upper bar graph, n = 6-10 mice) and either Py-infected or uninfected
WT CD45.1*/Ifnar1” (ratio 50:50) mixed bone marrow chimeras (lower bar graph, n = 7 mice) are shown. (D) The proportion
of blood Ly6C* monocyte and NK cells expressing various surface markers in Py-infected WT and /fnar1”-mice (n=6-10
mice) or WT CD45.1%/Ifnar1”- mixed chimeras (n = 7 mice) are reported. Experiments were replicated 2—3 times. P-values
are indicated when applicable.

doi:10.1371/journal.ppat.1005975.9002

protein YFP under the control of the IFNf promoter [53], and monitored Ifnb gene expression
(e.g., YFP" cells) by immune cells in the blood, bone marrow, spleen and liver of Py YM
infected mice (Fig 3A and 3B). Staining of YFP™ cells in infected mice with cell-surface lineage
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Fig 3. Plasmacytoid dendritic cells produce immune-activating type | IFN in the bone marrow and the blood of Py-infected mice.
(A) WT Ifnb-Yfo*"* reporter mice (n>5) were inoculated i.v. with 2x10% Py 17X YMiIRBCs and blood and bone marrow cells were stained
with the lineage markers CD11b, CD3, CD19, NK1.1, Ly6C, BST2 and Siglec-H. The phenotype of YFP* cells is shown. (B) Frequencies of
YFP* pDCs (CD11b"°BST2*SiglecH*) in bone marrow, blood, spleen, and liver of Py-infected WT Ifnb-Yfp*”* reporter mice (1.5 day,

n = 3-10 mice). (C) Kinetics of YFP expression by pDCs in the bone marrow and blood of Py-infected WT Ifnb-Yfp** reporter mice and
absolute numbers of YFP* pDCs in the indicated compartments (n = 3—11 mice/time point). (D) The bar graph shows the absolute number
of pDCs in the bone marrow, blood, and spleen 1.5 days post infection (n = 7 mice). Kinetics of total pDC frequency among CD45* cells in
the bone marrow, blood, and spleen during the first 48 hours of Py-infection (n = 5—7 mice/time point). (E) Activation profiles (CD86, BST2,
ICAM-1) of pDCs in the bone marrow of Py-infected (YFP*, YFP"9) or uninfected (YFP"®9) /fnb-Yfo*’* reporter mice (n>5 mice/condition).
(F, G) DT-treated Bdca2-Dtr*” or control WT B6 mice were inoculated with 2x10° Py 17X YMiIRBCs and 1.5 days later, levels of IFNa in
the blood and bone-marrow (F, n = 7-13 mice), and activation profiles of Ly6C* monocytes and NK cells using indicated markers were
measured (G, n = 3—-7 mice). (H) FACS histogram overlays of indicated chemokine receptor expression on pDCs from Py-infected versus
naive mice (n = 3 mice/condition). Experiments were replicated 2—4 times. P-values are indicated when applicable.

doi:10.1371/journal.ppat.1005975.9003

markers (S3A Fig) revealed that all YFP™ cells in the various tissues were BST2M SiglecHhi
CD11b"" B220™ CD11¢™, defining them as plasmacytoid DCs (pDCs). YEP* pDCs were
present predominantly in the bone marrow and blood of infected mice, with far fewer in the
spleen. At least 20 times more YFP* pDCs were detected in the bone marrow (factor of ~10 per
femur) compared to the other compartments, which was consistent with higher levels of quan-
tified IFNo and IFN (Fig 3C and S3B Fig). Thus the bone marrow contains the vast majority
of IFNo/B-producing pDCs and their kinetics of appearance suggests that production of type I
IEN occurs in this compartment as early as 24 hours post-infection, peaking at 36-42 hours
before waning. Of note, pDC frequencies increased in the blood while decreasing in the bone
marrow, consistent with the idea that following activation in the bone marrow, pDCs emigrate
to the blood (Fig 3D). In line with this possibility, YFP* pDCs underwent stronger upregula-
tion of cell-surface CD86, BST2 and ICAM-1 compared to their YFP"“® counterparts (Fig 3E).

To further confirm that pDCs are the predominant source of type I IFN in Py infection, we
next conducted loss of function experiments in BDCA2 depleter mice (. Bdca2-Dtr™"), which
express the simian diphtheria toxin receptor (DTR) under the human BDCA2 pDC-specific
promoter [54]. Diphtheria toxin (DT)-treated Bdca2-Dtr""” mice were inoculated with Py YM,
and blood and bone marrow levels of [IFNo and IFN were measured 1.5 d later (Fig 3F and
S3C Fig). Production of both IFNo and IFN in these mice was abrogated compared to WT
counterparts, further establishing pDCs as the major producers of systemic type I IFN during
severe malaria. Selective elimination of the pDCs also impaired blood recruitment and activa-
tion of inflammatory monocytes and NK cells (Fig 3G and S3D Fig), altogether supporting the
idea that pDC-derived type I IFN control immune cell activation. Yet survival of pDC-depleted
mice was only slightly enhanced (S3E Fig) suggesting pDC-derived type I IFN partially contrib-
uted to disease severity in the course of severe murine Py malaria.

In addition, both CCR5 and CXCR3 chemotactic receptors (but not CCR2), which are
expressed on mature bone marrow pDCs, and can contribute to pDC migration from the bone
marrow to the blood [55, 56], underwent cell-surface downregulation in infected mice (Fig 3H
and S3F Fig). Taken together, these results provide evidence that pDCs are the primary detect-
able cell type responsible for secretion of systemic type I IFN during severe malaria, with the
bulk of production occurring in the bone marrow (also likely the site of initial activation, See
kinetics Fig 3C) and in the blood.

MyD88 and STING control systemic type | IFN production during severe
malaria
Both the MyD88 and the STING sensing pathways may contribute to type I IFN production in

response to Plasmodium parasite-derived molecules [35, 36, 41]. To define whether and to
which extent any of these sensing pathways control systemic type I IFN secretion during severe
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Fig 4. Production of systemic type | IFN during severe murine blood stage malaria requires both MyD88 and
STING sensing pathways. WT, Myd88”" or Sting®”®! B6 mice crossed to /fnb-Yfpo*’* reporter mice were inoculated i.
v. with 2x10° Py 17X YMIRBCs. 1.5 days later, levels of IFNa (A, n = 4-10 mice/genotype) and frequencies of YFP*
cells among pDCs, as well as absolute numbers (B), in the blood and bone marrow were determined (n = 3—15 mice/
genotype). (C) Blood cells were stained for the cell-surface lineage markers CD11b, Ly6C, NKp46, BST2, Siglec-H,
CD45, and indicated activation markers. Expression of activation markers on Ly6C* monocytes, NK cells and pDCs
in the blood of Py-infected compared to uninfected mice is shown (n = 3-8 mice/genotype). Experiments were
replicated 2—-3 times. P-values are indicated when applicable.

doi:10.1371/journal.ppat.1005975.9004

malaria in vivo, we first inoculated Myd88'/ , Stinth/ Gt or control WT mice with Py YM, and

measured blood and bone marrow IFNo/f levels at its peak (d 1.5) of production (Fig 4A and
S4A Fig). While as reported earlier, a significant increase in IFNo. and IFNP was detected in the
blood of Py-infected WT mice, only levels close to that of uninfected mice, i.e., at the limit of
detection of the assay, could be measured in Myd88”" and Sting®"“"
Ifnb-Yfp*'" reporter mice crossed to either Myd88™", Sting®"’*
tored expression of the Ifub gene, e.g., YFP™ cells, by immune cells -all YFP" cells were pDCs-
in the blood, bone marrow and spleen (Fig 4B and S4B Fig). In line with IFNo/p protein levels,
YFP* pDCs were undetectable in Myd88™" Ifnb-Yfp*"* mice and reduced by over two-third in
Sting®" " Ifnb-Yfp*"* mice, compared to WT contro