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Francisco Venegas Solis,

Hannah-Lena Obermann, ...,

Stefan Baumeister, Klaus Lingelbach,

Stefan Bauer

Correspondence
stefan.bauer@staff.uni-marburg.de

In brief
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SUMMARY
The innate immune recognition of the malaria-causing pathogen Plasmodium falciparum (P. falciparum) is
not fully explored. Here, we identify the nucleoside 5ʹ-methylthioinosine (MTI), a Plasmodium-specific
intermediate of the purine salvage pathway, as a pathogen-derived Toll-like receptor 8 (TLR8) agonist. Co-
incubation of MTI with the TLR8 enhancer poly(dT) as well as synthetic orP. falciparum-derived RNA strongly
increase its stimulatory activity. Of note, MTI generated frommethylthioadenosine (MTA) by P. falciparum ly-
sates activates TLR8 when MTI metabolism is inhibited by immucillin targeting the purine nucleoside phos-
phorylase (PfPNP). Importantly, P. falciparum-infected red blood cells incubated with MTI or cultivated with
MTA and immucillin lead to TLR8-dependent interleukin-6 (IL-6) production in human monocytes. Our data
demonstrate that the nucleosideMTI is a natural human TLR8 ligand with possible in vivo relevance for innate
sensing of P. falciparum.
INTRODUCTION

Malaria is caused by four species of Plasmodium: P. vivax,

P. ovale, P. malariae, and P. falciparum, with P. falciparum

causing the severe malaria tropica with high mortality. With 228

million cases of malaria and estimated 627,000 deaths world-

wide in 2020 (World Health Organization, World malaria report,

2021), malaria poses a serious health problem.

In the past, significant research has increased our understand-

ing of acquired immunity in malaria; however, the innate immune

response to Plasmodium has not been studied extensively. In

general, the innate immune system senses different classes of

pathogen-associated molecular patterns (PAMPs) via germ-

line-encoded pattern recognition receptors (PRRs), leading to

immune activation and cytokine production (Takeuchi and Akira,

2010). Since this activation is a prerequisite for the initiation of

the adaptive immune response, more insight in Plasmodium-

derived structures that activate the innate immune system is

desirable (Kalantari, 2018). Different classes of PRR, such as
This is an open access article und
Toll-like receptors, C-type lectins, nucleotide-binding oligomer-

ization domain (NOD)-like receptors (consisting of NOD and

NLRP proteins), AIM2, cGAS, and RIG-I-like helicases, sensemi-

crobial structures on the cell surface, in the endosome and lyso-

some, or in the cytoplasm, respectively (Brubaker et al., 2015;

Dolasia et al., 2018). Some of these sensors, such as NOD-like

receptors and AIM2, can initiate the formation of the inflamma-

some, a cytosolic multiprotein complex that is required for pro-

cessing of pro-interleukin-1b (IL-1b) and consists of the sensor,

the adaptor protein apoptosis associated speck-like protein

containing a CARD (ASC), and the effector caspase-1 (Bauern-

feind and Hornung, 2013).

Plasmodium-derived PAMPs are the heme detoxification

product hemozoin and glycosylphosphatidylinositol (GPI) an-

chors that trigger the NLRP3/NLRP12 inflammasome (Ataide

et al., 2014) and TLR2–TLR1 heterodimer (Zhu et al., 2011),

respectively. Innate recognition of Plasmodium DNA is mediated

by nucleic acid sensors, such as TLR9, cGAS (Sharma et al.,

2011; Sisquella et al., 2017; Gallego-Marin et al., 2018; Hahn
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Figure 1. MTI activates human, but not murine immune cells

(A) MTI was purified via RP-HPLC, and corresponding UV detection is depicted.

(B) Mass spectrometry analysis of MTI.

(C) hPBMCswere stimulated with the TLR ligand R848 as positive control as well as MTI and inosine at 2mg/mL, 1mg/mL, or 0.5 mg/mL. After 24 h of incubation,

the supernatants were analyzed for IL-6 (biological replicates: 3; technical replicates: 1–3), IL-1b (biological replicates: 4; technical replicates: 2–3), and TNF-a

(biological replicates: 2; technical replicates: 3) by ELISA.

(D) Primary mouse bone marrow cells were differentiated with FLT3 ligand, macrophage colony stimulating factor (M-CSF), or granulocyte-macrophage

colony-stimulating factor (GM-CSF) to Flt3L-DC (biological replicates: 3; technical replicates: 3); BMDM (biological replicates: 2; technical replicates: 2–3); or

mDC (biological replicates: 2; technical replicates 2–3), respectively and stimulated with control stimuli (R848, P3Cys, and LPS) as well as MTI and inosine at

3 mg/mL and 1.5 mg/mL. IL-6 levels were quantified by ELISA.

(C and D) Bars indicate mean + SEM. Statistical significance was determined by one-way ANOVA with Dunnett’s post-hoc test. *p < 0.05, **p < 0.01, and

****p < 0.0001.
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et al., 2018), and AIM2 (Kalantari et al., 2014). In addition, Plas-

modium-derived RNA is recognized by TLR7 and TLR8 (Baccar-

ella et al., 2013; Coch et al., 2019), which are single-stranded

RNA sensors (Diebold et al., 2004; Heil et al., 2004; Lund et al.,

2004).

In general, activation of TLR7 is mediated by guanosine- and

uridine-rich single-stranded RNA (ssRNA) or polyuridine (Diebold
2 Cell Reports 39, 110691, April 12, 2022
et al., 2004; Heil et al., 2004). Guanosine- and uridine-rich ssRNA

also activates TLR8, but adenosine can replace guanosine

without affecting the immunostimulatory potential (Heil et al.,

2004; Forsbach et al., 2008; Kr€uger et al., 2015). Structural anal-

ysis further provided insight into RNA receptor interaction by

demonstrating that actually degradation products, such as nu-

cleosides and oligoribonucleotides, bind to TLR7 and TLR8



Table 1. LPS content of the MTI and inosine preparation

Substance LPS (pg/mL)

MTI 0

Inosine 0

LPL (Burkholderia sp.) >2,000

LPS (as positive control) 50 pg/mL 41.9

The amount of LPS was quantified with the limulus amebocyte lysate

(LAL) test for MTI, inosine (3 mg/mL), and lipoprotein lipase (LPL) from

Burkholderia sp. (250 mg/mL) and LPS (50 pg/mL). Commercially avail-

able LPL from gram� bacteria served as an additional positive control

since it is usually heavily contaminated with LPS.
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(Tanji et al., 2015; Zhang et al., 2016, 2018b). Recently, the

RNase T2 and RNase 2 have been identified as essential RNases

for the generation of oligoribonucleotides and uridine from bac-

terial, plasmodial, or synthetic RNAs to activate TLR8 (Greulich

et al., 2019; Ostendorf et al., 2020).

For activation of TLR7 and TLR8, two distinct binding sites

have to be occupied: nucleosides (guanosine for TLR7 and uri-

dine for TLR8) bind to the conserved site 1, whereas oligoribonu-

cleotides interact with site 2. Since site 2 is not as conserved,

different sequence requirements for oligoribonucleotide binding

to TLR7 and TLR8 are observed. In general, interactionwith site 2

enhances binding affinities of site 1 and supports receptor

dimerization. Guanosine, guanosine analogs (Heil et al., 2003,

2004; Lee et al., 2003; Shibata et al., 2016), and imidazoquino-

lines (e.g., imiquimod or resiquimod) have been described to

activate TLR7 and/or TLR8 (Hemmi et al., 2002; Jurk et al.,

2002). This activation is mediated by interaction with site 1 and

subsequent receptor dimerization (Tanji et al., 2013; Zhang

et al., 2018b). TLR8 activation can also be strongly enhanced

by T-rich phosphorothioate oligodeoxynucleotides (Jurk et al.,

2006); however, the mechanism is currently unknown. In addi-

tion, inosine incorporation into RNA mediated by ADAR1 editing

can also modulate TLR7 and TLR8 activation (Sarvestani et al.,

2014).

TLR7 and TLR8 dimerization leads to recruitment of the

adaptor protein myeloid differentiation primary response 88

(MyD88), culminating in activation of different kinases and tran-

scription factors nuclear factor kB (NF-kB) and/or IRF5 and

IRF7, leading to proinflammatory cytokine and/or type I inter-

feron production (O’Neill, 2006). The signaling cascade triggered

by TLR8 differs in some respect to TLR7, since only TLR8 can

activate the NLRP3 inflammasome and induce IL-1b production

in human monocytes (Vierbuchen et al., 2017).

In the quest for new Plasmodium-derived PAMPs, we focused

on purine metabolisms. In contrast to the human host, Plasmo-

dium falciparum lacks de novo purine synthesis, and therefore,

purines formed as products of polyamine synthesis are recycled

in a novel pathway in which 50-methylthioinosine (MTI) is

generated by P. falciparum adenosine deaminase (PfADA) and

converted to hypoxanthine by P. falciparum purine nucleoside

phosphorylase (PfPNP) (Ting et al., 2005). The conversion of

5ʹ-methylthioadenosine (MTA) to MTI has also been reported

for other Plasmodium species (e.g., P. vivax and P. berghei; Ho

et al., 2009). Immucillins, such as 50-methylthio-immucillin-H,

are specific PfADA inhibitors that lead to parasite death and
therefore may have clinical potential as anti-malarials (Evans

et al., 2018).

Here, we demonstrate that MTI is a naturally occurring purine

that activates human immune cells. Using genetic reconstitution,

CRISPR-Cas9 knockout cells, the TLR8 inhibitor CU-CPT9a (Hu

et al., 2018; Zhang et al., 2018b), and molecular modeling, we

demonstrate that MTI is a TLR8-specific agonist presumably

binding to site 1 of TLR8. The activity of MTI can be enhanced

by low concentrations of Plasmodium-derived RNA, synthetic

ssRNA, or poly(dT). Furthermore, inhibition of PfPNP by immucil-

lins leads to accumulation of MTI, driving immune activation of

Plasmodium-infected monocytes, suggesting that use of immu-

cillins may boost TLR8-mediated immunity against Plasmodium.

RESULTS

MTI activates human PBMC
For the analysis of immunostimulation by pathogen-specific nu-

cleosides, we selected the purine MTI as a suitable candidate.

MTI is part of the purine salvage pathway in Plasmodium ssp.

(Ting et al., 2005) and few bacterial species, such as Pseudo-

monas aeruginosa (Guan et al., 2011) and Methanocaldococcus

jannaschii (Miller et al., 2018). As MTI is commercially not avail-

able, we generated this nucleoside by deaminating MTA using

NaNO2 (Kotra et al., 1996). MTI was purified by reversed-phase

high-performance liquid chromatography (RP-HPLC) and the

identity confirmed by mass spectrometry (Figures 1A and 1B).

Inosine was generated with the identical procedure by deamina-

tion of adenosine and served as negative control in stimulation

experiments. When human peripheral blood mononuclear cells

(PBMCs) were incubated with MTI or inosine at 2, 1, and

0.5 mg/mL, only MTI induced cytokines, such as IL-6 and IL-

1b (Figure 1C). In contrast, the proinflammatory cytokine tumor

necrosis factor alpha (TNF-a) was not induced (Figure 1C). Of

note, murine plasmacytoid dendritic cells (Flt3L-DCs), murine

bone-marrow-derived macrophages (BMDMs), and myeloid

dendritic cells (mDCs) (Figure 1D) did not respond to MTI stimu-

lation with IL-6 production, indicating murine immune cells as

being non-responsive to MTI.

To exclude that the stimulating effect of MTI is due to possible

contamination with TLR4 ligands, the lipopolysaccharide (LPS)

content of MTI was tested by the Limulus assay and found to

be below the detection limit of the assay (Table 1).

MTI is recognized in a TLR8-dependent manner
Utilizing genetic complementation assays, stimulation of TLR-

deficient cells, and inhibitory studies,we investigatedwhether nu-

cleic-acid-sensing TLRs were involved in MTI-driven immune

activation. Of note, TLR8 (and NF-kB reporter)-transfected

HEK-293 cells were activated byMTI, whereas TLR7-transfected

cells didnot respond to thisstimulus (Figure2A). Inosineservedas

negative control and activated neither TLR7 nor TLR8. However,

TLR7- andTLR8-transfected cellswere stimulatedby the positive

control resiquimod (R848; Figure 2A). MTA was not used as an

additional specificity control, as MTA is toxic to cells (Riscoe

et al., 1984; Lee and Cho, 1998). The MTI concentrations used

resemble immunostimulatory concentrations observed for other

stimulatory nucleosides, such as loxoribine (Heil et al., 2003;
Cell Reports 39, 110691, April 12, 2022 3



Figure 2. MTI activation is TLR8-dependent

(A) HEK-293 hTLR8+Nf+ or hTLR7+Nf+ transfected cells were incubated with medium, R848, MTI, and inosine (3 mg/mL and 1.5 mg/mL). Cells were lysed after

24 h of incubation, and luciferase activity was determined (biological replicates: 3; technical replicates: 2–3).

(B) Stimulation of HEK-293 TLR8+Nf+ cells was performed by co-incubation of MTI and inosine (3 mg/mL and 1.5 mg/mL) with or without 3 mM of poly(dT) or

150–300 ng/mL ORN06S. After 24 h of stimulation, cells were lysed and the luciferase activity was measured (biological replicates: 3; technical replicates for

poly(dT) co-stimulation and biological replicates: 4; technical replicates: 3 for ORN06S co-stimulation).

(C) HEK-blue hTLR8 cells were incubated with different concentrations of CU-CPT9a as indicated and 0.5 mg/mLMTI or 1 mMR848 or 10 ng/mL IL-1b and 1 mM

poly(dT) (biological replicates: 3; technical replicates: 3).

(D) BLaER1 WT, TLR7�/�, and TLR8�/� cells were stimulated with R848, MTI, and inosine (0.5 mg/mL, 0.25 mg/mL, and 0.125 mg/mL) in co-incubation with

50 ng/mL ORN06S. hIL-6 was measured by ELISA (biological replicates: 4; technical replicates: 3).

Bars indicate mean + SEM. Statistical significance was determined by two-way ANOVA with Sidak’s post-hoc test (A, B, and D) or one-way ANOVA with

Dunnett’s post-hoc test (C). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. ns, not significant.
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Leeet al., 2003) but arepresumably non-physiological. Therefore,

we investigated whether co-administration of the TLR8-co-acti-

vator poly(dT) (Jurk et al., 2006) or synthetic RNA, such as the

phosphorothioate-modifiedORN06S (Forsbach et al., 2008; Tanji

et al., 2015), augments the response to lowerMTI concentrations.
4 Cell Reports 39, 110691, April 12, 2022
Of note, TLR8-transfected HEK-293 cells demonstrated strongly

enhanced induction of TLR8-mediated NF-kB activation when

stimulated with MTI and poly(dT) (Figure 2B).

Similarly, the synthetic oligoribonucleotide ORN06S led to

increased MTI-mediated TLR8 activation when co-transfected



Figure 3. Modeling of MTI-TLR8 interaction

(A) Visualization of the docking scores for the best ranked docking poses of each ligand in each of the putative binding pockets of TLR8 (PDB: 3W3J). Deep red

indicates favorable interactions.

(B) The binding mode of 50-methylthioinosine and possible interactions with TLR8 predicted by GOLD.

Article
ll

OPEN ACCESS
with the cationic lipid reagent DOTAP or pLA (Figure 2B). To

obtain further evidence that MTI activates TLR8, we stimulated

TLR8-expressing HEK-293 cells with MTI and poly(dT) and

increasing concentrations of the TLR8 antagonist CU-CPT9a

(Hu et al., 2018; Zhang et al., 2018b). Supporting the notion of

a TLR8-specific agonist, MTI-driven activation was inhibited by

CU-CPT9a in a dose-dependent manner similar to the inhibition

of R848 activity (Figure 2C). In contrast, IL-1b-driven NF-kB acti-

vation of HEK-293 cells was not influenced by the antagonist

(Figure 2C).

We further explored the TLR8-dependent activity of MTI in

human immortalized immune cells and utilized wild-type

(WT) as well as TLR7- or TLR8-deficient BLaER1 cells differ-

entiated to macrophages (Guan et al., 2011; Vierbuchen

et al., 2017; Gaidt et al., 2018). Stimulation with MTI and the

TLR8 enhancer ORN06S revealed that WT and TLR7-deficient

macrophages responded with IL-6 production, whereas

TLR8-deficient cells were not activated (Figure 2D). Inosine
Table 2. Volume and the hosted ligand of the cavities of TLR8

detected by LIGSITE

Cavity ID Volume [Å3] Ligand

3w3j.1 300.5 -

3w3j.2 397.5 -

3w3j.3 395.0 -

3w3j.4 477.1 -

3w3j.5 505.8 -

3w3j.6 534.4 -

3w3j.7 621.6 C09

3w3j.8 689.6 C09

3w3j.9 1172.0 -
showed no activity in general with or without RNA co-stimula-

tion. In summary, MTI specifically activates TLR8 and activity

can be strongly enhanced by poly(dT) or single-stranded GU-

rich RNA.

3D modeling and docking analysis with programs GOLD and

FlexX further supported the direct interaction of MTI with TLR8.

Assuming that MTI binds site 1, the same binding pocket as

the other agonists (e.g., RX8, C09, L07, and D87; Tanji et al.,

2013), and sinceGOLDwas able to reproduce correctly the bind-

ing mode of the known ligand C09 (data not shown), we assume

that GOLD predicted a reasonable docking solution for MTI (Fig-

ure 3A, Table 2). MTI (shown in green) adopts a similar binding

mode as C09 (shown in blue) in its crystal structure. The hypo-

xanthine moiety is able to form pi-pi interactions to Tyr353 and

Phe405. The ribofuranose is involved in polar interactions.

Furthermore, the hydrophobic part at the bottom of the pocket

is addressed, which appears to be crucial for agonistic activity

(Figure 3B).

Plasmodium falciparum-derived MTI synergizes with
RNA to stimulate human immune cells
To analyze the immunostimulatory role of MTI in a more physio-

logical setting, we investigated whether P. falciparum lysates

would support MTI synthesis. Of note, in P. falciparum, MTA is

converted to MTI by PfADA and further metabolized to hypoxan-

thine by PfPNP releasing 5-(methylthio)ribose-1-P (Figure 4A).

Enzymatic function ofPfADA andPfPNP can be inhibited by pen-

tostatin (20-deoxycoformycin; Webster et al., 1984) and immucil-

lins (Evans et al., 2018), respectively. Interestingly, when MTA

was added to Pf lysates and PfPNPwas inhibited by the addition

of DADMe-immucillin-H, MTI accumulated in the lysates as de-

tected by HPLC analysis (Figure 4B). In contrast, pentostatin-

treated lysates did not produce any MTI as PfADA was inhibited

(Figure 4B).
Cell Reports 39, 110691, April 12, 2022 5



Figure 4. Plasmodium falciparum-derived

MTI synergizes with RNA to stimulate human

immune cells

(A) Pathway description of MTA conversion to MTI

and hypoxanthine with corresponding enzymes and

inhibitors.

(B) Lysates from iRBCs and RBCs were incubated

with MTA and immucillin (10 mM) or pentostatin

(10 mM), and the conversion to MTI was monitored

by RP-HPLC.

(C) hPBMCs were incubated with iRBC lysate or

RBC lysate, ctrl (medium only), MTA + I (MTA 1 mg/

mL; immucillin), and MTA + P (MTA 1 mg/mL; pen-

tostatin). Twenty-four hours after stimulation, hIL-6

in the supernatant was quantified by ELISA (biolog-

ical replicates: 3; technical replicates: 2–3).

(D) Human monocytes were stimulated with control

stimuli, MTI, or inosine (1.0 mg/mL, 0.5 mg/mL,

and 0.25 mg/mL) without RNA (ctrl) and each in

co-incubation with 150 ng/mL RNA from Plasmo-

dium falciparum (PfRNA) or THP-1-derived RNA

(THP1RNA). IL-6 was analyzed by ELISA (biological

replicates: 4; technical replicates: 2–3).

(E) hPBMCs were stimulated with R848, MTI, or ino-

sine without RBCs (ctrl) or co-incubated with opson-

ized iRBCs or RBCs. After 24 h of incubation, the

supernatant was analyzed for hIL-6 by ELISA (bio-

logical replicates: 2; technical replicates: 2–3).

(C–E) Bars indicate mean + SEM. Statistical signifi-

cance was determined by one-way ANOVA with

Dunnett’s post-hoc test (C) or two-way ANOVA

with Tukey’s post-hoc test (D and E). *p < 0.05,

**p < 0.01, and ****p < 0.0001.
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Subsequently, hPBMCs were incubated with lysates of either

infected red blood cells (iRBCs) or non-infected RBCs that were

untreated or incubated with MTA and DADMe-immucillin-H

(MTA + I) or MTA and pentostatin (MTA + P) (Figure 4C). The

iRBC lysate alone as well as the RBC lysate did not stimulate

hPBMCs. If MTA was converted to MTI by the iRBC lysate and

accumulated by use of DADMe-immucillin-H, immune stimula-

tionwas prominent. In contrast, pentostatin abolished this effect,

as MTA was not converted to MTI. RBC lysates incubated with

MTA and immucillin or pentostatin had no immunostimulatory ef-

fects (Figure 4C).

During P. falciparum infection, monocytes can phagocytose

P. falciparum-infectedRBCsandare immuneactivated (Gazzinelli

et al., 2014). We hypothesized that MTI reaches the endosomal

TLR8 via this route and P. falciparum-derived RNA may act as

co-factor andTLR8enhancer asdescribed for poly(dT) or the syn-

thetic ORN06S. To test this hypothesis, we co-incubated primary

human monocytes or human PBMCs with MTI and either PfRNA

or P. falciparum-infected iRBCs, respectively (Figures 4D and

4E). The PfRNA concentration used for stimulation was selected

to be non- or weakly stimulative. Co-incubation of PfRNA with

MTI strongly increased IL-6 production at higher nucleoside con-
6 Cell Reports 39, 110691, April 12, 2022
centrations in human monocytes (Fig-

ure 4D). In contrast, the same amount of

THP-1-derived RNA did not increase MTI-

driven cytokine production and even
demonstrated some inhibitory effect (Figure 4D). For inosine stim-

ulation, a small enhancement of IL-6 production with PfRNA was

detectable at high concentrations, although in general, the back-

ground of immune stimulation of PfRNA in the context of either

nucleoside was increased compared with RNA stimulation

without nucleosides (Figure 4D). Similarly, in PBMCs, MTI stimu-

lation and concurrent phagocytosis of P. falciparum-infected

RBCs led to an IL-6 production in an MTI-concentration-depen-

dent manner (Figure 4E). In contrast, uninfected RBCs did not

enhance MTI-mediated immune stimulation (Figure 4E). These

observations strengthen the hypothesis that MTI and

P. falciparum RNA as cofactor mediate immune recognition of

this parasite via TLR8 in human immune cells.

To demonstrate a more physiological role of endogenous MTI

during P. falciparum innate immune sensing, we stimulated hu-

man PBMC with P. falciparum-infected RBCs or uninfected

RBCs under conditions where MTI is produced and measured

the induction of IL-6. With low hypoxanthine concentrations

(Hx) (20 mM) as sole purine source, iRBCs only induced minor

amounts of IL-6. Under this condition, the addition of immucillin

had no modulating effect, suggesting that the levels of MTI were

not sufficient to induce high levels of IL-6. However, when MTA



Figure 5. Plasmodium falciparum-produced MTI activates TLR8 during in vitro infection of PBMCs

PBMCs from eight different donors adjusted to 100,000monocytes/well were incubated (A) with highly enrichedP. falciparum-infected RBCs (>90%parasitemia)

and non-infected RBCs at a multiplicity of infection (MOI) of 3 in relation to monocytes or (B) with TLR8 ligand TL8-506 (120 nM) or LPS (1 ng/mL). Cell culture was

performed without (black dot) or with (green dot) the TLR8 inhibitor CU-CPT9a in RPMI-2% AB-serum and, for RBC/iRBC stimulation, contained additionally

hypoxanthine (Hx), hypoxanthine (100 mM) plus immucillin (10 mM) (Hx + I), hypoxanthine (100 mM) plus MTA (100 mM) (Hx + MTA), or hypoxanthine (100 mM)

plus MTA (100 mM) and immucillin (10 mM) (Hx + MTA + I) as indicated (biological replicates: 8; technical replicates: 2). Bars indicate mean + SEM. Statistical

significance was determined with ANOVA followed by Bonferroni’s multiple comparison test. **p < 0.01 and ***p < 0.001. ns, not significant.
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was added as an additional purine source, iRBCs strongly

induced IL-6. Importantly, the addition of the TLR8 inhibitor

CU-CPT9a significantly reduced IL-6 production, supporting

the notion that TLR8 is an important innate sensor for

P. falciparum metabolites. The addition of immucillin had only

minor effects in enhancing IL-6 production, which is probably

because the threshold of TLR8-activating MTI concentrations

was already reached without the addition of immucillin (Fig-

ure 5A). As specificity control, LPS-induced IL-6 production

was not inhibited by the TLR8 inhibitor CU-CPT9a, whereas

the stimulatory activity of TL8-506, a synthetic TLR8 ligand,

was blunted (Figure 5B).

In further experiments, we analyzed the metabolic conversion

of nucleosides in the purine salvage pathway of iRBCs and RBCs

utilizing HPLC. Under control conditions with only hypoxanthine

in the culture medium, iRBCs and RBCs produced no detectable

MTI or MTA. However, when cells were incubated withMTA and/

or immucillin for 1 h, striking differences were detectable in ino-

sine, MTI, and MTA concentrations (Table 3). MTA is efficiently

converted to MTI in the supernatant of iRBCs, whereas RBCs

hardly metabolize MTA and generate MTI. Intracellular levels of

MTI in iRBCs reached 6 mM (in infected erythrocyte) and were

enhanced 3-fold to 18 mM with the addition of immucillin. In

RBCs, no significant increase in MTI was detectable. Inosine

levels were similar to MTI levels and followed the pattern of

enhanced production due to immucillin treatment (Cassera

et al., 2011). In summary, culture of iRBCs in medium containing

MTA leads to detectable intracellular MTI levels.
DISCUSSION

The innate immune system relies on germline-encoded PRRs to

sense pathogens with subsequent initiation of an immune

response (Takeuchi and Akira, 2010). Different classes of PRR,

such as Toll-like receptors, C-type lectins, and nucleotide-bind-

ing oligomerization domain (NOD)-like receptors (consisting of

NOD and NLRP proteins), sense microbial structures (Brubaker

et al., 2015; Dolasia et al., 2018). For themalaria tropica-causing

pathogen P. falciparum, several PAMPs have been reported. For

example, the heme detoxification product hemozoin andGPI an-

chors activate the inflammasome (Ataide et al., 2014) and TLRs

(Zhu et al., 2011), respectively. In addition, nucleic acid sensors,

such as TLR9, cGAS (Sharma et al., 2011; Sisquella et al., 2017;

Gallego-Marin et al., 2018; Hahn et al., 2018), and AIM2 (Kalan-

tari et al., 2014), as well as the ssRNA sensors TLR7 and TLR8

(Baccarella et al., 2013; Coch et al., 2019), sense Plasmodium

DNA or RNA, respectively.

How TLR7 and TLR8 sense RNA fragmentation products

and/or modified nucleosides has been intensively studied (Tanji

et al., 2013, 2015; Zhang et al., 2016). RNA fragments and sin-

gle nucleosides derived fromGU-rich RNA through digestion by

RNases, such as RNase T2 or RNase 2, bind to two distinct

binding sites within each TLR and activate the corresponding

receptor. During stimulation of TLR7 and TLR8 with nucleo-

sides, transfected RNA of pathogenic origin can boost TLR

activation (Coch et al., 2019). In case of TLR8, also the addition

of T-rich phosphorothioate oligodeoxynucleotides (poly(dT))
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strongly enhance TLR8 sensitivity to nucleosides by an un-

known mechanism (Jurk et al., 2006).

Modified natural nucleosides, such as 7-methylguanosine,

8-hydroxyguanosine (8-OHG), and 8-hydroxydeoxyguanosine

(8-OHdG), activate TLR7 (Shibata et al., 2016), but for TLR8,

no active natural modified nucleoside has been described.

Here, we demonstrate by genetic analysis and using the

hTLR8 antagonist CU-CPT9a (Hu et al., 2018; Zhang et al.,

2018b) that MTI, a modified purine specific for Plasmodium

ssp. (Ting et al., 2005; Ho et al., 2009) activates TLR8 and pre-

sumably binds to binding pocket 1 as investigated bymolecular

modeling and docking. Interestingly, MTI does not occur in ver-

tebrates and is specifically part of the purine salvage pathway in

Plasmodium that utilizes unique substrates to generate hypo-

xanthine. Accordingly, MTA, a byproduct of the polyamine

metabolism, is converted to MTI by PfADA and further metab-

olized to hypoxanthine by PfPNP. Interestingly, MTI levels

(measured by mass spectrometry) naturally fluctuate in

synchronized cultures of P. falciparum periodically (between

1- and 250-fold) during the 48 h intraerythrocytic develop-

mental cycle, reaching its peak at 32 h post-infection (Olszew-

ski et al., 2009). Unfortunately, the molarity of MTI per infected

erythrocyte was not reported. Utilizing HPLC, we detected MTI

in iRBCs at low micromolar levels (6–18 mM) when the culture

medium was supplemented with MTA or MTA and immucillin.

Upon ingestion of iRBCs by macrophages, endosomal MTI

concentrations could reach a similar concentration, inducing

IL-6 in a TLR8-dependent manner. The MTI concentrations

used for in vitro TLR8 activation refer to 3 mM and are at least

250 times higher. Since it is unknown how efficiently extracel-

lular-added MTI is taken up by immune cells, we speculate

that only a minor fraction ends up in the endosome of mono-

cytes, possibly reaching a concentration in the micromolar

range.

We propose that MTI serves as a Plasmodium-derived

PAMP for TLR8-mediated innate sensing infection. Other

means of influencing MTI concentrations may be the use

of immucillins, which mimic the transition states of

N-ribosyltransferases and have been used to target disease-

related enzymes in protozoan parasites, bacteria, and viruses

(Evans et al., 2018). For example, DADMe-immucillin-H inhibits

the enzyme PfPNP that metabolizes MTI to hypoxanthine.

Blocking this pathway leads to a block in the purine salvage

pathway and to death of hypoxanthine auxotroph Plasmodium.

In addition, the block should lead to accumulation of MTI with

enhanced TLR8 activation. Since we have demonstrated that

the addition of P. falciparum RNA strongly enhances MTI-

driven TLR8 activation, we hypothesize that, during Plasmo-

dium infection, optimal sensing is mediated by MTI and oligor-

ibonucleotides derived from plasmodial RNA.

In summary, we have identified the purine MTI as a new nat-

ural human TLR8 ligand leading to proinflammatory cytokine

production. The use of immucillins may boost TLR8-mediated

immunity against Plasmodium by accumulation of MTI. Since

MTI is also found in some pathogenic bacteria, such as

Pseudomonas aeruginosa (Guan et al., 2011), it will be also

interesting to investigate MTI-TLR8 in sensing bacterial

infection.
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Limitations of the study
This study identifies MTI, a Plasmodium-derived metabolite of

the purine salvage pathway, as new TLR8 ligand.

In vitro infection experiments with human PBMCs and

P. falciparum-infected iRBCs suggest that MTI serves as

TLR8-dependent PAMP for the production of proinflammatory

cytokines, such as IL-6. It is currently not resolved whether,

during a Plasmodium infection, in vivo MTI concentrations in

the endosome would be sufficient to trigger a TLR8 response.

In addition, no infection model has been studied to address the

immunostimulatory role of MTI in sensing and initiating an im-

mune response against Plasmodium in vivo. Since murine

TLR8 does not recognize human TLR8 ligands (Hemmi et al.,

2002; Lund et al., 2004), a corresponding infection model in

non-human primates (Cassera et al., 2011) is essential for

further addressing the role of MTI sensing in Plasmodium

infection.
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Lipoprotein-Lipase aus Pseudomonas sp. Sigma-Aldrich Cat# L9656

Poly(dT) InvivoGen Cat# tlrl-pt17

Methylthioadenosin (50-MTA) Calbiochem Cat# 260585

Methylthioinosine (50-MTI) this manuscript N/A

Human IL-1b PeproTech Cat# 200-01B-2UG

Human IL-6 ImmunoTools Cat# 11340064

Murine IL-6 R&D Cat# 406-ML

Human IL-3 PeproTech Cat# 200-03

Human TNF-a PeproTech Cat# 300-01A

Human M-CSF PeproTech Cat# 300-25

DADMe-Immucillin-H Vern Schramm, New York N/A

Pentostatin Sigma-Aldrich Cat# SML0508

Adenosine Sigma-Aldrich Cat# A-4036

Inosine Sigma-Aldrich Cat# I-4125

b-estradiol Sigma-Aldrich Cat# E2758

Hypoxanthine C.C Pro GmbH Cat# Z-41-M

Gentamicin-sulfate Sigma-Aldrich Cat# G1914

Human erythrocytes and serum from

A+ or 0 + donors

Reagents were purchased from Blood Bank

Universitätsklinikum Giessen and Marburg

GmbH (UKGM), Germany

N/A

QUANTI-BlueTM Solution InvivoGen Cat# rep-qb1

Poly L-Arginine hydrochloride Sigma-Aldrich Cat# P7762

Coelenterazin PJK Cat# 102171

2xGaussia Lysis Buffer PJK Cat# 102517

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Human serum defibrinated, AB Sigma-Aldrich Cat# H4522

recombinant murine GM-CSF PeproTech Cat# 315-02

Anti-malaria (Plasmodium falciparum)

human serum

NIBSC Product number: 10/198

DOTAP Roche Cat# 11202375001

RPMI 1640 Gibco Cat# 52400-041

DMEM Life Technologies Cat# 11960-085

Pancoll PAN-Biotech Cat# P04-60500

Percoll Sigma-Aldrich Cat# GE17-0891-02

Trizol Thermofisher Cat# 15596026

Zeocin InvivoGen Cat# ant-zn-1

Blasticidin InvivoGen Cat# ant-bl-5b

Normocin InvivoGen Cat# ant-nr-1

RNeasy Mini Kit Qiagen Cat# 74104

Fetal calf serum (FCS) Sigma Cat# F7524

Flt3-L Supernatant produced within

Department for Immunology

N/A

CuCPT9a Synthesized by Wibke Diederich,

University of Marburg

N/A

L-Glutamine PAN Biotech Cat# P04-80100

Penicillin-Streptomycin PAN Biotech Cat# P06-07100

MEM non-essential amino acids solution (100x) Gibco Cat# 11,140-035

OptiMem Gibco Cat# 31,985-047

2-mercaptoethanol Gibco Cat# 31,350-010

Neomycin solution Sigma-Aldrich Cat# N1142

Formic acid Roth Cat# 4724.3

Sodium nitrite Sigma-Aldrich Cat# S2252

Acetonitrile Roth Cat# 8825.2

Ammonium acetate Roth Cat# 7869.1

Saponine Sigma-Aldrich Cat# 47036

D-Sorbit Carl Roth Cat# 6213.1

Sodium acetate Sigma-Aldrich Cat# S2889

Acetic acid Roth Cat# 3738.1

Sodium pyruvate PAN-Biotech Cat# P04-43100

Critical commercial assays

Universal Mycoplasma Detection Kit ATCC Cat# 30-1012K

Experimental models: Cell lines

HEK 293 TLR7+ Thomas Zillinger, Bonn N/A

HEK 293 TLR8+ Thomas Zillinger, Bonn N/A

HEK 293 TLR7+ NF-kB+ this manuscript N/A

HEK 293 TLR8+ NF-kB+ this manuscript N/A

THP1 cells Carsten Kirschning, Essen RRID:CVCL_0006

BLaER1 cells Holger Heine, Borstel RRID:CVCL_VQ57

HEK Blue cells TLR8+ InvivoGen Cat# kb-htlr8

Experimental models: Organisms/strains

WT C57BL/6 Harlan, Envigo N/A

Plasmodium falciparum strain 3D7 Klaus Lingelbach, Marburg N/A

(Continued on next page)

Cell Reports 39, 110691, April 12, 2022 e2

Article
ll

OPEN ACCESS



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

Poly(I:C) (HMW) InvivoGen Cat# tlrl-pic

ORN06S (50-UsUsGsUsUsGsUsUsGsUsUsGsUsUs

GsUsUsGsUsU-30); "s" depicts phosphorothioate

linkage

MWG Eurofins N/A

pGL3-Gluc Thomas Zillinger, University of Bonn N/A

pMSCVpuro Institute for Immunology, University

of Marburg

N/A

Sep-Pak Column C18 Waters Cat# WATEWAT020515

Supelco Discovery BIO Wide Pore

C18 column (250 3 10 mm, 10mm)

Sigma-Aldrich Cat# 568223-U

CS Column Miltenyi Biotech 1 Cat# 30-041-305

Supelcosil LC-18-S column (250 3 4.6 mm, 5mm) Sigma-Aldrich Cat# 58928-U

Software and algorithms

SoftMaxPro Elisa Software V 5.0.1 Molecular Devices N/A

Graph Pad Prism 8.4.2 N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Stefan

Bauer (stefan.bauer@staff.uni-marburg.de).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d Original/source data for all figures in the paper are available from the lead contact upon request

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
Female or male C57BL/6 mice were obtained from Harlan, Envigo, Germany and used at an age between 8 and 12 weeks for the

generation of murine immune cells from mouse bone marrow. These experiments were performed in accordance with the National

German welfare law x4 (3) TierSchG and x2 and Annex 2 (TierSchVerV) of the National Order for the use of animals in research and did

not need the approval by a local ethics committee. According to the regulations, the number of mice used was reported to the animal

welfare officer of the Philipps-University Marburg.

Human subjects
Human peripheral bloodmononuclear cells (hPBMC) were isolated by Pancoll (PAN Biotech) density centrifugation fromwhole blood

(buffy coats) donated by anonymous healthy volunteers. Informed consent was obtained from all blood donors. The local ethics com-

mittees of Justus-Liebig-University Gießen and Philipps-University Marburg approved the use of human blood samples for this study.

Monocytes were enriched from freshly isolated hPBMC using Percoll (Sigma-Aldrich).

Parasite Plasmodium falciparum

Plasmodium falciparum strain 3D7 was grown and maintained in continuous culture as described previously (Trager and Jensen,

1976). Parasites were grown at 37�C, 5% (v/v) CO2 and 5% (v/v) O2 in RPMI 1640 growth medium supplemented with 10% heat in-

activated plasma (human, type A+), 200 mM hypoxanthine (C.C Pro GmbH, Oberdorla, Germany) and 20mg/mL gentamicin (Sigma-

Aldrich) at a hematocrit of 4% (v/v) of human erythrocytes (type A+ or O+ in phagocytosis experiments). Human red blood cells (RBC)

and human serum were purchased from Blood Bank Universitätsklinikum Giessen and Marburg GmbH (UKGM), Germany. For ex-

periments presented in Figure 5 and Table 2, parasites were grown at 8% (v/v) CO2 without the standard gasmixture. Similar parasite
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growth and reproduction characteristics were observed when compared to standard culture conditions. Synchronization of cultures

to ring stage was achieved by using sorbitol (Carl Roth, Arlesheim, Switzerland) (Lambros and Vanderberg, 1979). Parasite cultures

were routinely checked for mycoplasma contamination with a PCR mycoplasma test kit (ATCC, Manassas, US) or with a reporter

HEK-293T cell line expressingTLR2-and a NF-kB luciferase (kind gift of Markus Schnare, Philipps University Marburg).

Cell lines
Human embryonic kidney cells (HEK-293T) stably transfected with human TLR8 (293xl-htlr8) or human TLR7 (293xl-htlr7) were ob-

tained from InvivoGen (Toulouse, France) and cultivated in Dulbecco’s modified Eagle’s medium (Life Technologies, Darmstadt, Ger-

many) supplemented with 10% FCS (Gibco), 2 mM L-glutamine, 100 U/mL penicillin G and 100 mg/mL streptomycin sulphate (PAN

Biotech, Aidenbach, Germany), 0.1% 2-mercaptoethanol (Gibco). Both cell lines were stably transfected with the NF-kB reporter

plasmid (pGL3-Gluc, Thomas Zillinger, University of Bonn, Germany) by co-transfection with the plasmid pMSCVpuro (conferring

Puromycin resistance). After selection and clonal expansion, these reporter cells named HEK TLR7+Nf+ or HEK TLR8+Nf+ were

used for stimulation. For some experiments HEK-blue hTLR8 (InvivoGen, Toulouse, France, #hkb-htlr8) were analyzed. Cells were

cultured in DMEM medium supplemented with 10% heat-inactivated FCS, 1% penicillin and streptomycin, 100 mg/mL normocin

(InvivoGen), 30 mg/mL blasticidin (InvivoGen) and 100 mg/mL zeocin (InvivoGen) in a 5% CO2 humidified atmosphere at 37�C.
The B-cell line BLaER1 (Rapino et al., 2013) and the CRISPR/Cas9 generated knock-outs BLaER1 TLR7ko and BLaER1 TLR8ko

(Vierbuchen et al., 2017) were cultured in RPMI 1640medium (PAN Biotech) supplemented with 10%FCS, 2mML-glutamine, 100 U/

mL penicillin G, 100 mg/mL streptomycin sulphate and 1 mM sodium pyruvate (PAN-Biotech) at a cell density between 1 3 105 and

23 106 cells/mL. Transdifferentiation fromB-cells tomonocyteswas induced by cultivating 33 105 cells/mL for 6–7 days in complete

medium with 10 ng/mL IL-3, 10 ng/mL M-CSF (both PeproTech), and 100 nM b–estradiol (Sigma-Aldrich) (Rapino et al., 2013; Vier-

buchen et al., 2017). Transdifferentiated BLaER1 cells were plated in complete medium without IL-3, M-CSF, or b-estradiol and the

identity of the cells was regularly checked with anti-CD19 and anti-CD14 fluorescent-labelled antibodies and subsequent flow cy-

tometry on a FACS Calibur (BD Bioscience, Heidelberg, Germany).

THP-1 cells (kind gift of Carsten Kirschning (Essen, Germany) were cultivated in RPMI medium supplemented with 2 mM

L-glutamine, 100 U/mL penicillin, 100 mg/mL streptomycin, 1 x amino acids and 10% FCS.

Primary cell cultures
Mouse bone marrow cells were cultured in OptiMEM medium (Gibco, Karlsruhe, Germany) supplemented with 100 U/mL penicillin,

100 mg/mL streptomycin, 1% FCS, 0.1% 2-mercaptoethanol and the Flt3L-supernatant at a 1:250 dilution. After 8d of culture highly

enriched differentiated plasmacytoid dendritic cells (Flt3L-DC) were obtained. To generate mouse myeloid dendritic cells (mDC),

bone marrow cells were cultured in RPMI supplemented with 2 mM L-glutamine, 100 U/mL penicillin, 100 mg/mL streptomycin,

0.5% 2-mercaptoethanol, 10% FCS and 10%GM-CSF containing cell culture supernatant. GM-CSF containing medium was added

on day three and day six and cells were used for stimulation experiments on day seven. Mouse macrophages were differentiated out

of bone marrow cells by culturing with RPMI supplemented with 2 mM L-glutamine, 100 U/mL penicillin, 100 mg/mL streptomycin,

0.1% 2-mercaptoethanol, 10% FCS and the addition of the differentiation factor M-CSF (PreproTech) at a final concentration of

20 ng/mL. On day three, M-CSF 20 ng/mL was again added to the cells. On day five, the differentiated macrophages were ready

to use for experiments.

Human PBMC and monocytes were cultivated and seeded at 3 3 105 cells/well for cytokine induction in RPMI medium supple-

mented with 2 mM L-glutamine, 100 U/mL penicillin, 100 mg/mL streptomycin, 1 x amino acids 1mM sodium pyruvate (PAN Biotech),

2% human AB serum (Biochrom AG, Berlin, Germany).

METHOD DETAILS

Reagents
R848, TL8-506, Pam3Cys (P3Cys), poly (I:C), LPS and poly(dT) were obtained from InvivoGen (Toulouse, France). ORN06S (50-sUs-
UsGsUsUsGsUsUsGsUsUsGsUsUsGsUsUsGsUsUsGsUsU-30) (Forsbach et al., 2008; Tanji et al., 2015) was synthesized by MWG

Eurofins (Ebersberg, Germany). Phosphorothioate protected positions of DNA ODNs are indicated by ‘s’. Recombinant Human

Interleukin-1 beta (rh IL-1beta/IL1F2) was obtained from PeproTech (Hamburg, Germany). 50-DADMe-Immucillin-H was a kind gift

of Vern Schramm, New York, pentostatin was purchased from Sigma-Aldrich (Taufkirchen, Germany). Inosine and adenosine

were from Sigma-Aldrich and MTA from Calbiochem (Darmstadt, Germany). CU-CPT9a was synthesized in the Core Facility Medic-

inal Chemistry, Philipps University Marburg as described (Hu et al., 2018; Zhang et al., 2018a; Venegas et al., 2019).

Generation of MTI
As MTI is not available commercially, it was produced from the nucleoside 50-methylthioadenosine (MTA) (Calbiochem, Darmstadt,

Germany) by a synthetic deamination reaction. For control experiments, adenosine (Sigma-Aldrich) was converted to inosine. MTA or

adenosine were converted to MTI or inosine 100 mg MTA or adenosine were dissolved in 1.6 mL H2O and incubated with 0.226 g

sodium acetate, 500 mL acetic acid and 1 mL 60% NaNO2 for 5 h (Kotra et al., 1996). After stopping the reaction, the samples

were purified via Sep-Pak column (Waters, Eschborn, Germany), elutedwith 40%ethanol and purified byRP-HPLC. For identification
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of MTI, HR-ESI mass spectra were acquired with a LTQ-FT Ultra mass spectrometer (ThermoFischer Scientific). The resolution was

set to 100.000.

RP-HPLC
Two different RP-HPLC systems were used throughout this study. For the purification of the converted MTI, RP-HPLC analysis was

performed on a Dionex Ultimate 3000 System (Germering, Germany) using a Supelco Discovery BIO Wide Pore C18 column

(250 3 10 mm, 10 mm) in preparative runs or a Supelcosil LC-18-S column (250 3 4.6 mm, 5 mm) in analytical runs, protected

with a C18 guard column (4 3 2 mm). All columns were obtained from Sigma-Aldrich.

The mobile phase consisted of 0.1% formic acid in water (eluent A) and 40% acetonitrile (eluent B). The separation started with

100% eluent A to 36% eluent B at 14 min and a flow rate of 5 mL/min for preparative and 1.5 mL/min for analytical runs. The eluted

nucleosides were recorded by UV spectrometry at 254 nm. In preparative runs, MTI or inosine fractions were collected manually and

afterwards lyophilized. To check the conversion from MTA to MTI by P. falciparum lysates, the analysis was performed on the same

Dionex Ultimate 3000 System and Sulpelcosil LC-18-S column (250 3 4,6 mm, 5 mm), but with a different buffer (NH4Ac as additive

instead of formic acid) and a different gradient and run length, as described in Jung et al., (2015). A set of different standard nucle-

osides (all purchased from Sigma) were used to identify the nucleoside peaks.

Cell stimulation assays
Unless otherwise stated, control stimuli were used in the following concentrations: Pam3Cys (P3Cys) 10 mg/mL, LPS 100 ng/mL,

R848 0.5 mg/mL, poly(dT) 3 mM. Cell culture medium served as negative control in all experiments. Human PBMC and monocytes

were seeded in 96-well plates at 3 3 105 cells/well, BLaER1 cells at 5 3 104 cells/well, mouse Flt3LDC at 2 3 105 cells/well,

mDC and macrophages at 1.5 3 105 cells/well and incubated with different stimuli in 100 mL/well for 24 h before cell supernatants

were subjected to ELISA. Stably transfected HEK-293 TLR8+Nf+ or TLR7+Nf+ cells were seeded at 33 104 cells/well on day 0, stim-

ulated with the different stimuli in 100 mL/well on day 1 and lysed for luciferase assay on day 2.

When ORN06S or PfRNA was used as co-stimulus, DOTAP (Roche, Penzberg, Germany or Roth, Karlsruhe, Germany) or poly

L-arginine (Sigma-Aldrich) complexation was necessary. DOTAP: for one well, 25 mL of ORN06S in OptiMEM medium and 1.5 mL

(PBMC and monocytes) or 3 mL (HEK-293) DOTAP in 25 mL OptiMEM were combined and incubated for 15 min 50 mL of complete

medium (depending on the cell type) was then added and the final volume of 100 mL/well was used for the stimulation.

Poly L-arginine (pLA): ORN or RNA in the indicated concentration was added to 7.5 mL of PBS and 0.2 mL pLA (1 mg/mL) per well.

After incubation for 10 min at RT, the volume was adjusted to 100 mL and used for stimulation experiments.

Luciferase assay
HEK-293 TLR7+Nf+ and TLR8+Nf+ cells were used for stimulation experiments and luciferase assays. After 24 h of stimulation, the

supernatant was collected and discarded. 50 mL of Lysis Juice (PJK, Kleinblittersdorf, Germany) was added to each well and cells

were lysed by freezing at �80�C for at least 20 min 10 mL of the lysate was mixed with 30 mL of Gaussia luciferase buffer (1.43 mM

coelenterazin (PJK), 2.2 mM Na2EDTA, 0.22 M K3PO4, 0.44 mg/mL BSA, 1.1 M NaCl, 1.3 mM NaN3) and measured with a luminom-

eter. The n-fold induction was obtained by dividing the value of the stimulus by the medium control.

TLR8 inhibitor and cell stimulation
HEK-blue hTLR8 cells were cultured in DMEM medium supplemented with 10% heat-inactivated FCS, 1% penicillin and strepto-

mycin, 100 mg/mL normocin (InvivoGen), 30 mg/mL blasticidin (InvivoGen) and 100 mg/mL zeocin (InvivoGen) in a 5% CO2 humidified

atmosphere at 37�C. Inhibition of MTI activity by CU-CPT9a in HEK-blue hTLR8 cells. HEK-blue hTLR8 cells were seeded with a den-

sity of 43 105 live cells/mL on a 96-well plate and incubated for 24 h at 37�C, 5% CO2. Cells were treated with different concentra-

tions of CU-CPT9a (0, 0.1, 1 and 10 mM) along with different stimulators such as MTI (0.5 mg/mL) with poly(dT) (1 mM), R848 (1 mM)

with poly(dT) (1 mM) or IL-1b (10 ng/mL) with poly(dT) (1 mM) and the plate was incubated for 16-17 h at 37�C, 5%CO2. Subsequently,

20 mL of cultured medium of every condition was added to 180 mL of Quanti-Blue (InvivoGen) and mixed in a new 96-well plate and

incubated for 1 h at 37�C, 5%CO2. The plates were then quantified in a microplate reader (LEDETECT 96, Biomed Dr. Weiser GmbH,

Salzburg, Austria) by measurement at 650 nm.

ELISA
Concentrations of murine IL-6 (R&D Wiesbaden, Germany) and human IL-6 (BD Pharmingen), human TNF-a (BD Pharmingen) and

human IL-1b (R&D) in the culture supernatants were determined by ELISA according to the manufacturer’s instructions.

P. falciparum lysates and conversion of MTA to MTI
A 500 mL cell pellet of iRBC (trophozoites, 10% parasitemia) and RBC was diluted with 700 mL of PBS and subjected to three freeze-

thaw cycles. 50 mL of this lysate was diluted in 1mLRPMImedium and varying amounts ofMTA or adenosine together with thePfPNP

inhibitor DADMe-Immucillin-H or the PfADA inhibitor pentostatin were added. After 24 h at 37�C, the solution was denatured at 75�C
for 20 min to delete enzyme activity and centrifuged. The supernatant was analyzed by RP-HPLC (see above) to check, if the con-

version from MTA or adenosine was successful and then used in cell stimulation assays.
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Intracellular nucleoside levels in RBC and P. falciparum infected RBC
1 or 23 109 RBC or synchronized iRBC (trophozoites, 5 or 10%parasitemia) in 5mL culture medium containing 100mMhypoxanthine

were incubated withMTA (100mM) and/or immucillin (10mM) for 1h at 37�C. Cells were pelleted and 1mL supernatant centrifuged with

Amicon centricon YM-10 (Millipore). iRBC or RBCs were washed 3 times in ice-cold PBS and nucleosides extracted with 5 times the

pellet volume of 1Mperchloric acid. After centrifugation, the soluble fraction was neutralized with 10%ammonium hydroxide solution

and partially concentrated by vacuum (speedvac). For one experiment, NaCl was added to 2M and the nucleosides purified with wa-

ters Sep-Pak Plus C18 cartridges. Briefly, solution was applied to a MeOH –activated and H2O-washed column. Thereafter, column

was washed with 1.4 mL H2O and nucleosides were eluted with 2 mL of MeOH/H2O (60:40 v/v) followed by evaporation (residual

volume 160mL). In general, 100mL solutions were analyzed by HPLC (see below).

RNA extraction
P. falciparum 3D7 cultures were subjected to saponin lysis (0.1% in PBS for 10 min) to release the parasites from the red blood cells.

The parasite RNA and THP-1 RNA was extracted with Trizol (Thermofisher) and an additional RNA cleanup with the RNeasy mini kit

and DNase digest (Qiagen, Venlo, Netherlands) was performed. The quality of the purified RNA was checked on an agarose gel.

Phagocytosis experiments
3D7 P. falciparum trophozoite infected red blood cells were enriched to 95–99%parasitemia on CS- or LD columns (Miltenyi Biotech,

Bergisch-Gladbach, Germany) in a magnetic VarioMACS or MidiMACS separator. In one set of experiments (Figure 4C) enriched

iRBC were opsonized in anti-malaria serum (NIBSC, South Mimms, UK) at a ratio of 1:2 (1 mL packed iRBC: 2 mL anti-malaria serum)

for 1 h at 37�C. After a final washing step, iRBCwere ready for use in the phagocytosis assay. Human PBMCwere seeded in a 96-well

plate at a density of 33 105 cells/well in PBMCmedium without serum and the opsonized iRBC or RBCwere added at a ratio of 10:1

iRBC/PBMC. MTI was substituted to the appropriate wells in different concentrations. After 24 h, the supernatants were collected

and subjected to ELISA. In another set of experiments (Figure 5) enriched parasites were opsonized with 2 mg/mL anti-D (Rh) immu-

noglobulin (Rhophlac 300, CSL Behring) and incubated with PMBCs adjusted to 100.000 monocytes/well at a ratio of 3:1 iRBC or

RBC per monocytes in RPMI containing 2% AB serum, 20 mM hypoxanthine and in some conditions also 100 mM MTA and/or

10 mM immucillin. The TLR8 inhibitor CU-CPT9a was used at 2 mM and incubated with PBMC at 37�C 30 min prior to incubation

with RBC or iRBC.

TLR8-MTI docking experiments
The LIGSITE algorithm (Hendlich et al., 1997) was applied to detect depressions on the surface of the target protein, large enough to

be a putative binding site. In case of TLR8, nine possible binding sites were detected (see Table 3).

To identify the energetically most preferred binding site of 5-methylthioinosine, the following cross-docking approach was applied:

Every ligandwas docked into each of the nine putative binding sites of TLR8. A spatial structure for the ligandswas generatedwith the

program Open Babel (O’Boyle et al., 2011), and they were subsequently minimized with the MMFF94 forcefield. The docking was

carried out with the docking program GOLD (Jones et al., 1997). In addition, another docking run was performed with the program

FlexX (Rarey et al., 1996) and a rescoring of the docking solutionswas accomplishedwith the scoring functionHYDE (Schneider et al.,

2013).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significancewas analysed using one-way or two-way ANOVA followed by post hoc tests as indicated to correct formultiple

comparisons. Data calculations were performed using Graph Pad Prism 8.4.1 software. Bars show mean + SEM of biological rep-

licates. The values of p < 0.5 were considered to be statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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