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Abstract 

Background: Plasmodium falciparum malaria increases plasma levels of the cytokine Fms-like tyrosine kinase 3 ligand 
(Flt3L), a haematopoietic factor associated with dendritic cell (DC) expansion. It is unknown if the zoonotic parasite 
Plasmodium knowlesi impacts Flt3L or DC in human malaria. This study investigated circulating DC and Flt3L associa-
tions in adult malaria and in submicroscopic experimental infection.

Methods: Plasma Flt3L concentration and blood  CD141+ DC,  CD1c+ DC and plasmacytoid DC (pDC) numbers were 
assessed in (i) volunteers experimentally infected with P. falciparum and in Malaysian patients with uncomplicated (ii) 
P. falciparum or (iii) P. knowlesi malaria.

Results: Plasmodium knowlesi caused a decline in all circulating DC subsets in adults with malaria. Plasma Flt3L was 
elevated in acute P. falciparum and P. knowlesi malaria with no increase in a subclinical experimental infection. Circu-
lating  CD141+ DCs,  CD1c+ DCs and pDCs declined in all adults tested, for the first time extending the finding of DC 
subset decline in acute malaria to the zoonotic parasite P. knowlesi.

Conclusions: In adults, submicroscopic Plasmodium infection causes no change in plasma Flt3L but does reduce 
circulating DCs. Plasma Flt3L concentrations increase in acute malaria, yet this increase is insufficient to restore or 
expand circulating  CD141+ DCs,  CD1c+ DCs or pDCs. These data imply that haematopoietic factors, yet to be identi-
fied and not Flt3L, involved in the sensing/maintenance of circulating DC are impacted by malaria and a submicro-
scopic infection. The zoonotic P. knowlesi is similar to other Plasmodium spp in compromising DC in adult malaria.
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Background
Human blood dendritic cells (DCs) are a heterogeneous 
population of antigen presenting cells, comprising sev-
eral subsets with distinct phenotypes and functions [1]. 
Peripheral blood DCs can be divided into myeloid DCs 
(mDCs or classical DCs) and plasmacytoid DCs (pDCs), 
and are identified by their surface expression of CD11c 
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and CD123, respectively [2]. There are three phenotypi-
cally distinct subpopulations of mDCs based on expres-
sion of CD1c  (BDCA1+, DC2),  CD16+ (FcγRIII) and 
 CD141+  (BDCA3+, DC1) [1, 3]. DCs are key activa-
tors of the adaptive immune response to pathogens [4], 
including the malaria causing parasite Plasmodium [5]. 
Previous studies have shown that during experimen-
tal blood-stage Plasmodium infection [6–10], and in 
adults with uncomplicated Plasmodium falciparum and 
Plasmodium vivax malaria [11–13] numbers of all DC 
subsets are reduced in the periphery. The effect of the 
zoonotic parasite Plasmodium knowlesi on circulating 
DC subsets in human malaria is yet to be determined.

DC homeostasis is in part regulated by the haemat-
opoietic cytokine FMS-like tyrosine kinase 3 ligand 
(Flt3L) [14–16]. A role for Flt3L in DC development 
was uncovered when mice and humans were adminis-
tered Flt3L and DC numbers subsequently expanded 
[14, 17]. Further, bone marrow progenitors treated 
with FLT3L, preferentially support the development of 
mature DCs in vitro [18]. In murine malaria, Flt3L pref-
erentially stimulates the expansion of CD8α+  CD103+ 
DCs which activate  CD8+ T cells [19]. In humanized 
mice, Flt3L is associated with  CD141+ DC expansion, 
and the maintenance and expansion of other DC sub-
sets including  CD1c+ DCs and pDC [15].

In children with severe P. falciparum malaria, Plas-
modium-induced Flt3L is reported to selectively stim-
ulate the expansion of blood  CD141+ DCs, but not 
other DC subsets [19]. Increased Flt3L is observed in 
adults with uncomplicated P. falciparum malaria [20], 
yet associations with DCs have not been investigated in 
adults. Here, plasma Flt3L and circulating DC numbers 
were quantified in adults experimentally infected with 
P. falciparum, and adults with clinical P. falciparum or 
P. knowlesi malaria to better understand the impact of a 
Plasmodium infection on circulating DC numbers and 
their association with plasma Flt3L levels.

Methods
Ethics statement
Written and informed consent was obtained from all 
participants. The clinical malaria study in Malaysia was 
approved by the ethics committees of Menzies School 
of Health Research (HREC 10/1431) and the Malaysian 
Ministry of Health (NMRR 10-754-6684). Volunteer 
infection studies were approved by the Human Research 
Ethics Committees of QIMR Berghofer Medical Research 
Institute (P1479) and Menzies School of Health Research 
(HREC 10/1431).

Cohorts
Clinical malaria
DC number were assessed in cryopreserved PBMCs and 
Flt3L in plasma collected from patients with uncom-
plicated P. falciparum (n = 11) or P. knowlesi malaria 
(n = 14) participating in a pathophysiology study at 
Queen Elizabeth and Kudat District Hospitals in Sabah, 
Malaysia [21, 22]. Post treatment PBMC and plasma were 
collected 28 days after anti-malarial treatment (Table 1). 
PBMC and plasma samples from PCR Plasmodium-neg-
ative adult visitors on the infectious disease ward were 
evaluated as controls (n = 15).

Induced blood‑stage malaria (IBSM) studies
For participants in experimental infection studies 
(n = 33), inoculum preparation, recruitment, infection 
and monitoring was performed as described previously 
[6, 23]. For assessment of  CD141+ DCs, anticoagulated 
blood was collected prior to infection, 24 h prior to treat-
ment, at the time of treatment and 24 h post treatment. 
Anti-malarial drugs were administered when volun-
teers reached a pre-determined parasitaemia threshold, 
median parasitaemia 5284 [IQR 1349–11,058] parasites/
mL (day 7 or 8). Plasma samples were collected from vol-
unteers before infection and at peak infection, plasma 
was cryopreserved within 30 min of blood collection. For 
 CD141+ DCs characterization and function fresh whole 
blood was processed within 2 h of collection. Volunteers 

Table 1 Acute malaria patients and induced blood-stage malaria (IBSM) cohort information

No significant difference in parasite density or age between P. falciparum and P. knowlesi patients

IQR interquartile range, IBSM induced blood-stage malaria
a Determined by PCR for IBSM and by microscopy for all other groups

P. falciparum P. knowlesi IBSM Healthy controls

Number 11 14 33 15

Median age in years [IQR] 42 [23–53] 42 [23–58] 24 [22–27] 44 [20–53]

Female, number (%) 6 (55) 3 (21) 17 (51) 8 (53)

Median parasite  densitya (parasites/
µl) [IQR]

15,503 [3264–36,977] 2158 [644–14,800] 5.3 [1.3–11.1] NA
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were recruited from clinical trials registered with US NIH 
ClinicalTrails.gov (ACTRN12611001203943, registered 
November 23, 2011; ACTRN12612000323820, registered 
March 21, 2012; ACTRN12612000814875, registered 
August 3, 2012; ACTRN12613000565741, registered May 
17, 2013; ACTRN12613001040752, registered September 
18, 2013; NCT02281344, registered October 3, 2014).

Flt3L detection by ELISA
Plasma Flt3L levels were detected using human Flt-3 
Ligand Quantikine ELISA kit (DFK00, R&D Systems), as 
per manufacturer’s instructions. Heparin plasma samples 
for each individual participant were tested in duplicate. 
Absorbance was measured at 450  nm and plasma Flt3L 
concentration was calculated using standards provided 
in the kit (minimum sensitivity less than 7 pg/mL). Mean 
concentration of duplicates tested is reported.

DC subset enumeration
200 µL of fresh whole blood or 3  million PBMCs were 
stained at RT with surface antibodies, CD3 (HIT3a), 
CD14 (HCD14), CD19 (HIB19), CD56 (HCD56), HLA-
DR (L243), CD11c (B-Ly6), CD123 (6H6), CD303 (201A), 
CD1c (L161), CD141 (M80), all antibodies were pur-
chased from BD biosciences or Biolegend. For whole 
blood, RBCs were lysed with FACS lysing solution 
(BD) and cells fixed with 1% (w/v) paraformaldehyde in 
phosphate-buffered saline. Absolute numbers of DCs 
were determined by adding automated lymphocyte and 
monocyte counts  (109 cells/L), dividing the sum by 100, 
multiplying the percentage of DCs, and multiplying the 
product by 1000 to give the cell count/µL.

FACS data was acquired using a FACSCanto™ II (BD, 
USA) or Gallios™ (Beckman Coulter, USA) and data ana-
lysed using  Kaluza® 1.3 (Beckman Coulter, USA) and 
Flowjo V10.6 (BD, USA).

Statistics
Statistical analyses used GraphPad Prism 6 (Graph-
pad Software Inc., USA). To compare within patient 
changes, the Wilcoxon matched-pairs sign rank test was 
used and the Mann–Whitney test was used to compare 
between patient changes (healthy controls versus malaria 
patients). Tests were two-tailed and considered signifi-
cant with p-values < 0.05.

Results
CD141+ numbers significantly decline during primary 
subpatent P. falciparum infection without detectable 
changes in plasma FLT3L
CD1c+ DC and pDC numbers decline during experi-
mental P. falciparum infection [6, 7]. Here,  CD141+ 
DCs were measured in fresh whole blood collected from 

volunteers participating in experimental infection studies 
(Fig.  1a). Following primary experimental P. falciparum 
blood-stage infection,  CD141+ DC numbers significantly 
decreased by day 6/7 (24 h before reaching the predefined 
threshold “peak” for treatment), and remained decreased 
for at least 24 h post treatment (Fig. 1b).

Plasma Flt3L was measured before infection (day 0) 
and at peak-infection. There was no change in plasma 
Flt3L levels (Fig.  1c). There was no correlation between 
plasma Flt3L and  CD141+ DCs before infection, at 
treatment nor between pre-infection and the treatment 
time point (Fig.  1d). Similarly, there was no correlation 
between plasma Flt3L and other pDC or  CD1c+ DC sub-
sets analysed previously [6, 7] (Additional file 1: Fig. S1A, 
1B).

DC subsets decline in adults with acute uncomplicated P. 
falciparum or P. knowlesi malaria
DC subset numbers in cryopreserved PBMCs were meas-
ured from patients with acute falciparum or knowlesi 
malaria as well as in-country uninfected healthy con-
trols (Fig. 2a). During clinical malaria, plasmacytoid DCs 
(pDCs),  CD1c+ DCs (BDCA1, DC2) and  CD141+ DCs 
(BDCA3, DC1) numbers significantly decreased in both 
P. falciparum and P. knowlesi infection when compared 
to healthy uninfected controls (Fig.  2b–d). At convales-
cence (28 days post treatment), patient DC subset num-
bers recovered to comparable levels to healthy uninfected 
controls (Fig. 2b–d).

Plasma Flt3L increased in adults with uncomplicated 
falciparum or knowlesi malaria
Plasma Flt3L was measured in adult patients with 
acute falciparum or knowlesi malaria and healthy unin-
fected controls. Plasma Flt3L was significantly increased 
in adults with falciparum (p = 0.0003) or knowlesi 
(p < 0.0001) malaria, compared to healthy uninfected 
local controls (Fig.  3a). At convalescence (28  days post 
treatment), patient Flt3L levels were comparable to 
healthy uninfected controls (Fig. 3a). There was no signif-
icant correlation between plasma Flt3L and parasitaemia 
in patients with falciparum or knowlesi malaria (Addi-
tional file 1: Fig. S2). There was no significant correlation 
between plasma Flt3L levels during acute infection and 
DC subset numbers at convalescence (Fig. 3b, c).

Discussion
The relationship between DCs and Flt3L during malaria 
is incompletely understood. Here we show that similar to 
 CD1c+ DCs and pDC subsets, circulating  CD141+ DCs 
decline in numbers during experimental P. falciparum 
infection. Despite this decline, there was no detectable 
perturbation of plasma Flt3L in a first sub-microscopic 
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infection in adults. Furthermore, the previously reported 
loss of pDC,  CD1c+ DC and  CD141+ DC subsets was 
confirmed in adults with acute falciparum malaria; and 
for the first time a significant decline in pDC,  CD1c+ 
DC and  CD141+ DC subsets in acute uncomplicated 
knowlesi malaria is reported. Previous reports show that 
plasma Flt3L is elevated in falciparum malaria, and here, 
for the first time elevated plasma Flt3L in patients with 
knowlesi malaria is reported, suggesting a pan Plasmo-
dium effect of increased Flt3L in malaria. However, there 
was no association between plasma Flt3L and  CD141+ 

DCs, in either adults with uncomplicated malaria or sub-
microscopic infection. These data may imply that other 
haematopoetic factors such as GM-CSF, M-CSF and/or 
IL-4 may be involved individually or in combination with 
Flt3L for the maintenance of circulating DC [24] and 
highlight the complicated relationship between DC sub-
sets and Flt3L during malaria.

Early dysfunction of DCs during experimental 
malaria has been reported previously [6, 10]. Here, 
 CD141+ DCs are also lost from peripheral circulation 
during experimental P. falciparum infection. Loss of 
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Fig. 1 CD141+ DCs decline in malaria-naive volunteers experimentally infected with P. falciparum. a  CD141+ DC gating.  CD141+ DCs were 
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reached (peak), n = 7. d Correlation of  CD141+ DC number and Flt3L concentration on day 0 (left plot), correlation of  CD141+ DC number and Flt3L 
concentration at peak infection (middle plot) and correlation of  CD141+ DC number at peak infection and Flt3L concentration at day 0 (right plot) 
in volunteer infection studies. Box plots show the 10–90th percentile, median and interquartile range for data from all participants. The Wilcoxon 
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 CD141+ DCs during experimental P. vivax infection in 
healthy adult volunteers [25], in clinical P. vivax [12, 13] 
and now also clinical knowlesi malaria suggests a clear 
pan Plasmodium effect on  CD141+ DCs in adults with 
subpatent or clinical malaria. Indeed, all DC subsets 
are reduced in both falciparum and knowlesi malaria. 
Changes in peripheral DC numbers during malaria may 
be explained by DC migration [26], DC apoptosis [13] 
or the failure to re-populate DCs from the bone mar-
row [27]. Increased expression of apoptotic markers 
annexin V [10] and caspase-3 [6] on DC subsets has 
been shown, suggesting, early apoptosis may contribute 
to premature loss of DCs. Future studies are required to 
establish whether the marked loss of  CD141+ DCs from 
the circulation during Plasmodium infection is due to 
migration to organs such as the spleen and to identify 
haematopoietic factors that may be impaired by Plas-
modium infection.

The plasma Flt3L increase observed in acute, uncom-
plicated falciparum or knowlesi malaria, are consistent 
with previous studies that found plasma Flt3L levels to 
be increased in clinical disease [19, 20]. In children, Flt3L 
levels are significantly higher in severe malaria patients 
compared to uncomplicated malaria patients [19], how-
ever, Flt3L concentrations reported in uncomplicated 
malaria in children are lower than those recorded in 
adults in this study and by others [20]. In adults with 
uncomplicated malaria, higher Flt3L levels are positively 
correlated with parasitaemia [20] yet, here there was no 
correlation with parasitaemia during clinical malaria. A 
parasite density threshold may trigger Flt3L release, via 
sensing of uric acid crystal accumulation by mast cells 
as demonstrated in Plasmodium chabaudi infection [19, 
30]. In mice, release of Flt3L by mast cells was reported to 
drive the expansion of splenic CD8α+ DCs [19]. Only one 
study has assessed mast cell function in human malaria, 
with increased activation of mast cells in patients with 
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severe malaria when compared to uncomplicated malaria 
patients [29]. In contrast to clinical malaria, no increase 
in Flt3L during experimental infection was observed. 
These data suggest a parasite threshold and/or symp-
tomatic disease are associated with Flt3L elevation in 
malaria.

In the current study, no association between plasma 
Flt3L and  CD141+ DC,  CD1c+ DC or pDC periph-
eral cell numbers, in adults with clinical malaria, nor 

subpatent infection. Rather, despite increased Flt3L 
in clinical malaria, circulating  CD141+ DCs and other 
DC subsets were significantly reduced. Further, Flt3L 
plasma levels and DC subset numbers were compara-
ble between convalescent patients and healthy controls. 
However, the recovery of DC subsets was not corre-
lated with Flt3L. These observations may be explained 
by the role of other haematopoietic cytokines including 
GM-CSF, M-CSF and IL-4 in DC development [30, 31]. 
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In mice, the lack of Flt3L is compensated by increased 
production of M-CSF and IL-4, which results in con-
tinued expansion of DCs from progenitor cells [24]. 
Paradoxically, DC numbers significantly expand from 
progenitor cells when Flt3L receptor is deleted, sug-
gesting multiple cytokines can induce DC development 
[24]. Future studies are required to assess M-CSF and 
other DC generating cytokines longitudinally in clini-
cal malaria cohorts and the associations of these factors 
with DC subsets. The lack of an observed correlation 
between Flt3L and parasitaemia or DC subsets during 
clinical malaria could also be impacted by the limited 
longitudinal sampling within our cohorts and restricted 
sample numbers.

Conclusions
In summary, similar to classical  CD1c+ DCs (6), and 
pDCs (7)  CD141+ DCs are reduced during experimental 
P. falciparum infection. Similarly, this study shows that 
pDC,  CD1c+ DC and  CD141+ DCs subsets are signifi-
cantly reduced during clinical falciparum and for the first 
time, also in knowlesi malaria. These data suggest that 
Flt3L released in adults with uncomplicated malaria may 
not be sufficient to expand or restore circulating DC sub-
sets during acute infection. Rather, multiple signals, not 
just Flt3L, may be required to expand  CD141+ DCs and 
other DC subsets [30, 31].
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Additional file 1: Figure S1. No significant correlation between plasma 
Flt3L and peripheral blood pDC or CD1c+ DC in induced blood-stage 
malaria. Correlations of DC subset numbers and Flt3L concentration on 
day 0 (left plot), correlation of DC subset numbers and Flt3L concentra-
tion at peak infection (middle plot) and correlation of DC subset numbers 
at peak infection and Flt3L concentration at day 0 (right plot) for A. pDC 
(red) and B. CD1c+ DCs (green) in volunteer infection studies. Spearman 
correlation was used and tests were two-tailed and considered significant 
if p-values <0.05. Figure S2. No significant correlation between plasma 
Flt3L and parasitemia in acute clinical malaria. Correlations between 
Flt3L concentration at acute infection and parasitemia (left plots), and 
correlations between Flt3L concentration at convalescence and para-
sitemia (right plots), for A. P. falciparum malaria and B. P. knowlesi malaria. 
Spearman correlation was used and tests were two-tailed and considered 
significant if p-values <0.05.
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