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Itaconate impairs immune control of Plasmodium by
enhancing mtDNA-mediated PD-L1 expression in
monocyte-derived dendritic cells
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e Pc-induced IFNy boosts glycolysis in MODCs and itaconate
accumulation in vivo

e Itaconate disrupts mitochondria, leading to nucleic acid
release and MODC restraint

e mtDNA-mediated STING-IRF3/IRF7 pathway induces PD-L1
expression in MODCs

e PD-L1 expression by MODCs impairs CD8+ T cell activation
and control of parasitemia
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In brief

Ramalho et al. unveil that splenic
monocyte-derived dendritic cells
(MODCs) accumulate TCA cycle-derived
itaconate in experimental malaria.
Itaconate-induced mitochondrial
disruption releases nucleic acids, which
activate STING-IRF3/IRF7-mediated
expression of PD-L1. In such a state,
MODCs expressing PD-L1 impair imune-
mediated control of Plasmodium by
limiting the activation of CD8+
lymphocytes.
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SUMMARY

Severe forms of malaria are associated with systemic inflammation and host metabolism disorders; however,
the interplay between these outcomes is poorly understood. Using a Plasmodium chabaudi model of malaria,
we demonstrate that interferon (IFN) y boosts glycolysis in splenic monocyte-derived dendritic cells
(MODCs), leading to itaconate accumulation and disruption in the TCA cycle. Increased itaconate levels
reduce mitochondrial functionality, which associates with organellar nucleic acid release and MODC re-
straint. We hypothesize that dysfunctional mitochondria release degraded DNA into the cytosol. Once mito-
chondrial DNA is sensitized, the activation of IRF3 and IRF7 promotes the expression of IFN-stimulated
genes and checkpoint markers. Indeed, depletion of the STING-IRF3/IRF7 axis reduces PD-L1 expression,
enabling activation of CD8+ T cells that control parasite proliferation. In summary, mitochondrial disruption
caused by itaconate in MODCs leads to a suppressive effect in CD8+ T cells, which enhances parasitemia.
We provide evidence that ACOD1 and itaconate are potential targets for adjunct antimalarial therapy.

INTRODUCTION

Every year, approximately 200 million people are infected by
Plasmodium, and around 400,000 children die of infection,
contributing to social and economic instability in the developing
world." Malaria is a complex multisystemic disorder in which
multiple parasite and host factors contribute to disease
severity.” Many studies have documented the role of pro-inflam-
matory cytokines in malaria pathogenesis.” In addition, host
metabolic changes, such as hypoglycemia and lactate accumu-
lation (lactic acidosis), are often associated with severe forms of
disease.® Thus, understanding the metabolic mechanisms that
mediate host resistance or susceptibility to infection is critical
to improving the clinical management of individuals with malaria.

In the last few years, major advances have been made in asso-
ciating the metabolic stage of immune cells and their function.
Metabolites derived from the tricarboxylic acid (TCA) cycle syn-
thesized in myeloid cells have immune-modulatory properties.”
The TCA cycle consists of a series of mitochondrial enzymatic

reactions in aerobic organisms to generate ATP via oxidation
of acetyl-coenzyme A (CoA) derived from glucose/pyruvate, fatty
acid oxidation, and anaplerosis from amino acids.® In eukary-
otes, the intermediates of the TCA cycle are retained in mito-
chondria. During cell stress, the mitochondrial membranes are
destabilized, allowing the release of TCA cycle metabolites and
danger signals into the cytosol, extracellular matrix, and/or
plasma.6 When released, metabolites such as succinate, citrate,
fumarate, and itaconate activate antioxidant pathways and exert
post-translational modifications, which balances activation of
immune cells.”

Recent studies demonstrated that alterations in host carbohy-
drate, lipid, protein, and heme metabolism are features of host
susceptibility to P. vivax and P. falciparum. In the context of hy-
poglycemia, glucose intake in monocytes impairs mitochondrial
functionality and reactive oxygen species production during the
proliferative phase of P. vivax.® Yet, systemic glutaminolysis is
closely associated with impaired humoral immunity and exacer-
bated systemic inflammation in severe cases and models of
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malaria.>'® Similarly, evidence of lipid catabolism is often
observed in individuals acutely infected with P. falciparum or
P. vivax."""'® Regardless of the original carbon source, the
cellular metabolism of the malaria host contributes to an immu-
nological state that favors Plasmodium proliferation.'*'® It deter-
mining which products generated from cellular metabolism in the
hypoglycemic host support susceptibility, and understanding
this process is critical to understanding malaria pathogenesis
and developing prevention and treatment strategies.

By employing a metabolic compartmentalization approach,
we observed enhanced glycolysis and accumulation of the
TCA-cycle derivative itaconate in splenic monocyte-derived
dendritic cells (MODCs) from Plasmodium chabaudi (Pc)-in-
fected mice. During Pc infection, endogenous itaconate limits
the release of pro-inflammatory cytokines by MODCs and
shrinks lymphocyte activation, impairing parasite clearance.
We hypothesize that mitochondrial dysfunction caused by itaco-
nate in MODCs releases degraded mitochondrial DNA (mtDNA)
and possibly double-stranded RNA (mtdsRNA). Once in cytosol,
mtDNA activates cytosolic nucleic acid sensors and down-
stream transcription factors interferon regulatory factor (IRF)3
and IRF7. In addition to induction of interferon-stimulated genes
(ISGs) in MODCs, IRF3 and IRF7 induce programmed cell death
1 ligand 1 (PD-L1, also known as CD274) expression in our
model, which limits CD8+ T cell activation and impairs parasite
clearance. Thus, in this mouse model of malaria, itaconate accu-
mulation subverts MODC metabolism, which confers advanta-
geous escape of Pc from host immunity.

RESULTS

Enhanced glycolysis in differentiated MODCs from Pc-
infected mice

Studies performed in our laboratory demonstrate that in mice
acutely infected with Pc, interferon (IFN) -y drives the differentia-
tion of MODCs that produce high levels of tumor necrosis factor
(TNF). We found that TNF enhances glucose processing in the
spleen and liver, which culminates in a hypoglycemic state, con-
trol of parasite replication, and increased disease severity.'®
Herein, we characterized the metabolism of differentiated
MODCs during Pc infection and asked how their metabolic state
affects the pathophysiology of experimental malaria.

To determine the metabolic state of MODCs from Pc-infected
mice, we performed ex vivo and in vivo experiments with spleens
and splenic MODCs from wild-type (WT) C57BL/6 and LysM/
CRE-IFNYR knockout mice by employing flow cytometry, west-
ern blot, and Seahorse analysis (Figure 1A). We observed high
glucose uptake by splenocytes from Pc-infected compared
with non-infected WT mice (Figures 1B and S1A). Consistently,
the population of CD11b+ splenocytes (MODCs predominantly)
showed an increased extracellular acidification rate (ECAR)
(Figure 1C), suggesting increased glycolysis. As previously
described, we confirmed the role of IFNvy in mediating MODC dif-
ferentiation during Plasmodium infection (Figures 1D and S1B-
S1E)."”"® The absence of IFNyR in myeloid cells resulted in
decreased expression of major histocompatibility complex
(MHC) II and DCSign (Figures 1D-1F, S1C, and S1D). Impor-
tantly, we observed an IFNy-dependent increase of GLUT1
expression on MODCs from Pc-infected mice, both in vivo
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(Figures 1G, 1H, and S1E) and in vitro (Figures 1I-1K and S1F).
Together, our results indicate that once differentiated, MODCs
require glucose as a substrate for their metabolism and that
IFNy directly impacts glucose metabolism.

Differentiated MODCs from Pc-infected mice
accumulate itaconate, which branches the TCA cycle
We have previously shown that hypoglycemia is associated with
an increased expression of genes related to the TCA cycle in the
spleen and liver from Pc-infected mice.'® We hypothesized that
the enhanced glycolysis increases the synthesis of TCAs in the
mitochondria of splenic MODCs. To address this hypothesis,
we sorted splenic MODCs from acutely infected mice and quan-
tified untargeted metabolites through ultra-high-resolution mass
spectrometry. In addition, we performed a transcriptomic anal-
ysis of spleens from infected mice and monocytes from patients
with malaria (Figure 2A). Here, we report that the high expression
of the TCA-cycle-related genes in the spleen of infected mice de-
pends on IFNy (Figures 2B and 2C; Tables S1). Among the
genes, Aconitate dehydrogenase (Acod1), also known as Im-
mune-Responsive Gene 1 (Irg1), was the most induced gene
(Figures 2B and S2B). Acod1 encodes an enzyme that converts
aconitate into itaconate. As expected, MODCs of infected mice
showed increased levels of most of the TCAs derived from the
TCA cycle (Figures 2D and 2E; Table S2). Among all the metab-
olites detected in our metabolome, the dicarboxylic acid itaco-
nate was the most abundant (Figures 2D and 2E). Consistently,
in a dataset of mice infected with Pc, the signature of itaconate
was elevated during Plasmodium proliferation in the acute phase
of infection (Figure 2F). As itaconate is a potent immunoregula-
tor,"® we speculated that it may undermine innate and acquired
immunity during malaria.

ltaconate inhibits the activity of succinate dehydrogenase
(SDH),° an enzyme that converts succinate to fumarate. We
found that the expression of Acod7, but not Sdh, was
enhanced in MODCs from infected mice (Figures S2C and
S2D). As a consequence, the synthesis of fumarate in
MODCs is limited, as shown by the high itaconate/fumarate ra-
tio (Figure 2G). These findings were validated in monocytes
from patients with malaria compared with non-infected individ-
uals. The expression of genes related to mitochondrial
metabolism is increased in peripheral monocytes from patients
infected with P. vivax (Figure 2H; Table S3). Among those
genes, Acod1 showed the highest expression. Furthermore,
while evaluating human datasets, the itaconate signature was
also found in the plasma of patients infected with P. vivax
(Figure 2I). In addition, ACOD1 expression is upregulated
when human monocytes are exposed to P. falciparum-infected
red blood cells (iRBCs) in vitro (Figure 2J). Considering that
itaconate disrupts the TCA cycle while reducing SDH activity,
we next evaluated mitochondrial functionality in differentiated
MODCs from Pc-infected mice.

The branched TCA cycle in MODCs from Pc-infected
mice is associated with mitochondrial disruption

On one hand, the accumulation of TCA cycle metabolites may be
an important determinant of the new transcriptional program of
differentiated MODCs. On the other hand, the inherited
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Figure 1. IFNY enhances glucose metabolism during differentiation of monocyte-derived dendritic cells in Pc-infected mice

Schematic of techniques used to assess MODCs in the mouse spleen; created with BioRender.com (A). Glucose uptake with 2DG radioisotope in total sple-
nocytes of Pc-infected and non-infected (NI) mice (B); data are from three experiments with a pool of 3 animals per group in each experiment. Extracellular
acidification rate (ECAR) in CD11b+ splenocytes from Pc-infected mice compared with NI mice ex vivo (C); data are from a pool of two experiments withn =5 NI
mice and n = 10 infected mice. Detection of MODC frequency (D), Median fluorescence intensity (MFI) of dendritic cell (DC) markers DCSign (E), MHCII (F), and
GLUT1 (G) expression in total spleen of WT or IFNYRYSMCr® mice, Pc-infected or NI; data are from a pool of two experiments with n = 3 Nl mice and n = 5 infected
mice. GLUT1 expression in CD11b+ splenocytes from Pc-infected and NI mice (H); the uncropped image is in Data S1. Detection of DC markers DCSign and
MHCII () for determination of MODC frequency (J), and GLUT1 MFI (K) under IFNy stimuli; data are from a pool of two experiments with n = 4 uninfected mice. All
experiments were repeated 2 or 3 times yielding similar results. *p < 0.001-0.05 by Student’s t test performed between two groups; one-way ANOVA followed by
Tukey’s post hoc test was performed among three or more groups.

mitochondria from monocytes may be insufficient for the high  Table S5), which indicates lipid utilization by mitochondria in
energetic demands of newly differentiated MODCs. MODCs. Also, MODCs increase the levels of different classes

Our non-targeted lipidome shows that MODCs from Pc-in- of membrane phospholipids, which is commonly observed in
fected mice have lower levels of triglycerides (Figure 3A; newly differentiated cells (Figure 3A; Table S4). Among the
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Figure 2. Glucose oxidation disrupts the
TCA cycle in monocyte-derived dendritic
cells of Pc-infected mice

Schematic of techniques used to assess metab-
olites and transcripts in MODCs from infected
mice; illustration created with BioRender.com (A).
Fold change of differentially expressed genes
(DGEs) in Pc-infected WT mice relative to non-in-
fected (NI) WT mice (B), and fold change of DGEs
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phospholipids, the accumulation of ceramides and phosphati-
dylserines indicates cell stress and programmed cell death in
MODCs?"?? and the accumulation of phosphatidylethanolamine
and cardiolipins strongly suggests alterations in mitochondrial
structure (Figure 3A; Table S4). The composition of cardiolipins
found in our metabolome shows elongation and additional satu-
rated bonds —which are both signs of modulation of the electron
transport chain (ETC)*® (Figure 3A; Table S4). Indeed, we
observed that MODCs accumulate more ADP than ATP
(Figures 3B and 3C), indicating a disturbance in the ETC and
ATP synthesis. Furthermore, MODCs express low protein levels

ure 3D), corroborating the hypothesis of

immature ETC machinery in differentiated

MODCs. Consistently, MODCs from in-
fected (or IFNy-induced) mice have a lower frequency of func-
tional mitochondria compared with monocytes (Figure 3E).
When we enforce mitochondrial activity with galactose-derived
substrates, the frequency of functional mitochondria is even
more reduced (Figures S3A-S3C). This functional assay indi-
cates that substrates utilized by mitochondrial respiration
contribute to mitochondrial dysfunction, which reflects compro-
mised ATP synthesis and structural changes in mitochondria.
Together, these results show that differentiated MODCs are in
a metabolic state that accumulates intermediates of the TCA cy-
cle and disrupts mitochondrial functionality.
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Compromised mitochondrial functionality results inimpaired ox-
ygen consumption by the cell. Because substrates used by mito-
chondrial respiration contribute to the loss of mitochondrial func-
tionality in MODCs, we next evaluated which substrates impair
respiration and the TCA cycle in these cells (Figure 3F). Indeed,
we observed that MODCs from infected mice have impaired oxy-
gen consumption (Figure S3D). When pyruvate availability to mito-
chondria was limited using UK5099, maximal oxygen consump-
tion was improved (Figures 3G and S3E), and aconitate levels
were restored (Figure 3H). Aconitate is an intermediate metabolite
synthesized from citrate that is the substrate for itaconate synthe-
sis. Hence, when itaconate is synthesized, aconitate levels are
reduced. Importantly, we observed that etomoxir, an inhibitor of
fatty acid oxidation also improves mitochondrial maximal capacity
and partially recovers aconitate levels (Figures 3l, 3J, and S3F),
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gether, these results indicate that pyruvate
generated from glucose or fatty acids, but not amino acids,
enhanced the TCA cycle activity and contributed to itaconate
accumulation and mitochondrial maladaptation in MODCs from
Pc-infected mice. We next explored how the activation of a tran-
scription factor that classically induces lipid and glucose meta-
bolism sustains the metabolic status found in MODCs of Plasmo-
dium-infected mice.

PPARY activation sustains MODC differentiation and its
metabolic state in Plasmodium-infected mice

We previously determined that the expression of peroxisome pro-
liferator-activated receptor gamma (PPARY) follows glucose and
parasite synchronization both in the liver and spleen from Pc-in-
fected mice, suggesting the potential role of PPARYy as a mediator
of glucose metabolismin host cells.'® PPARY is a nuclear receptor
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Figure 4. PPARY activation sustains the dif-
ferentiation and metabolic state of mono-
cyte-derived dendritic cells
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commonly activated in different subsets of differentiated DCs.
PPARY is known to promote glucose uptake by different cell
types. For this reason, it is a molecular target of thiazolidinediones
that are used to normalize the levels of circulating glucose in indi-
viduals with diabetes.?* In addition to inducing glucose uptake,
PPARY induces oxidation of fatty acids and mitochondrial biogen-
esis. Thus, the PPARy pathway may be an important factor for
itaconate accumulation in MODCs from Pc-infected mice.
Various genes involved in the PPARYy pathway are upregulated
in MODCs from Plasmodium-infected mice (Figure 4A; Table S5).
Most of these PPARy-related genes are involved in fatty acid
and glucose metabolism (Table S5). An activated PPARY tran-
scriptional signature was also observed in monocytes from individ-
uals with P. falciparum malaria, and in monocytes stimulated with
infected RBCs (Figures S4A and S4B). Importantly, we determined
that IFNy signaling induced the expression of PPARy protein in
MODCs (Figures 4B and 4C). Yet, protein expression of GLUT1
(Figure 4D) and ACOD1 (Figure 4E) are increased downstream
of PPARy activation. Accordingly, GLUT1 expression is not
increased, and mitochondrial functionality is recovered in

MODCs when splenocytes are incubated ex vivo with GW9662,
an irreversible antagonist of PPARY (Figures S4C and S4D). While
GW9662 treatment also improves maximal oxygen consumption
in MODC:s of infected mice (Figure S4E). These results are consis-
tent with the hypothesis that once PPARY is activated during
MODC differentiation by IFNvy stimuli, increased glucose uptake in-
creases substrate availability for itaconate synthesis. Indeed,
ex vivo PPARY inhibition recovers aconitate levels (Figure 4F),
while reducing itaconate levels (Figure 4G).

We also found that PPARy mediates the increase of MHCII
expression, and, thus, the differentiation of MODCs (Figures 4H
and S4F-S4H), which is consistent with the decreased secretion
of CCL5 when CD11b+ splenocytes from Pc-infected mice are
treated ex vivo with GW9662 (Figure S4l). Due to PPARY effects
on MODC maturation and previously reported effects of itaconate
on macrophage activation, we evaluated whether PD-L1 expres-
sion was enhanced on MODCs. PD-L1 is a co-inhibitory ligand
often expressed by activated antigen-presenting cells. When ex-
pressed, PD-L1 promotes exhaustion in CD8+ T cell activation.”®
We found less PD-L1 secreted by MODCs from Pc-infected
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LysM-PPARy’/’ mice compared with WT (Figure 41). Not surpris-
ingly, IFNvy levels are elevated in the plasma of LysM-PPARYy
mice compared with WT mice infected with Pc (Figure 4J). Consis-
tently, LysM-PPARy ™'~ mice have better control of Plasmodium
proliferation (Figure 4K). Altogether, these results suggest that
PPARYy activation in differentiated MODCs contributes to a meta-
bolic state that leads to the accumulation of the TCA-cycle-derived
itaconate. In this scenario, PPARy-mediated PD-L1 seems to limit

the activation of lymphocytes systemically (Figure 4L).
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Figure 5. Endogenous itaconate regulates
immune responses in Pc-infected mice
CD11b+ splenocytes from WT or Acod?~/~ mice
that were Pc-infected or non-infected (NI), were
incubated ex vivo, and the supernatant harvested
after 4 h. The changes in itaconate (A), succinate
(B), and mesaconate (C) levels were assessed by
ultra-high resolution mass spectrometry from two
experiments pooled with n =5 NI mice and n =10
infected mice. The levels of TNF« (D), IL-6 (E), and
IL-10 (F) were measured by cytometric bead array
from two experiments pooled with n = 5 NI mice
and n = 10 infected mice. In the plasma of WT or
Acod1~’~ mice that were Pc-infected or NI, itac-
onate (G) and mesaconate (H) levels were as-
sessed by mass spectrometry from two experi-
ments pooled with n = 3 for the NI group and n =6
for the infected group. The IFNYy (l), IL-6 (J), and IL-
10 (K) levels were quantified by cytometric bead
array from two experiments pooled with n = 3 for
the NI group and n = 6 for the infected group. Ex-
periments were repeated 2 or 3 times yielding
similar results. *p < 0.001-0.05 by Student’s t test
performed between two groups. One-way ANOVA
followed by Tukey’s post hoc test was performed
among three or more groups.

Itaconate derived from MODCs
regulates systemic inflammation in
Plasmodium infection
Itaconate is an immune regulator induced
in myeloid cells in conditions of experi-
mental systemic inflammation, such as
tuberculosis, sepsis, psoriasis, myocar-
ditis, and gout.'® Similarly, PPARy is
considered an immune regulator because
it limits the activation of nuclear factor
kappa B (NF-«B) in macrophages.”® In
our model, PPARy activation contributes
to MODC maturation and itaconate syn-
thesis; thus, we hypothesized that itaco-
nate could regulate the immune response
in malaria by limiting MODC activation.
Our targeted metabolome showed that
when MODCs from infected mice are
incubated in vitro for 4 h, they release
high levels of itaconate and succinate
(Figures 5A and 5B). Interestingly, succi-
nate release is ACOD1 dependent (Fig-
ure 5B), corroborating the hypothesis that
itaconate reduces the processing of succi-

nate into fumarate (Figure 2E), leading to succinate accumulation
in the supernatant. Hence, we hypothesize that itaconate directly
regulates the function of MODCs and, as a consequence, the im-
mune response. We observed that MODCs of infected mice also
release mesaconate into the supernatant (Figure 5C). Mesaconate
is an immunoregulatory metabolite generated from itaconate con-
version.””?® Importantly, in an itaconate-free system, MODCs
from infected mice secrete more TNF and interleukin (IL)-6

(Figures 5D and 5E), while IL-10 secretion is reduced (Figure 5F).
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Figure 6. PD-L1 expression on MODCs is

induced by STING-IRF3/IRF7
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Furthermore, the levels of both itaconate and mesaconate are
increased in the plasma of infected mice (Figures 5G and 5H). As
the levels of itaconate are greater compared with mesaconate,
we hypothesized that the partial conversion of itaconate into me-
saconate in MODCs (Figure 5C) is reflected systemically in the pe-
ripheral plasma. Thus, the high itaconate/mesaconate ratio in the
plasma also suggests that mesaconate can act as an adjuvant to
the regulatory effects of itaconate. Consistently, in Plasmodium-in-
fected Acod?~/~ mice, the levels of circulating IFNy and IL-6 are
increased (Figures 51 and 5J), whereas the IL-10 levels in plasma
are lower (Figure 5K).

Endogenous itaconate induces the expression of PD-L1
in a STING-IRF3/IRF7-dependent pathway

Next, we evaluated the expression of co-inhibitory and co-stimula-
tory ligands on MODCs, which are important for (de)activation
of lymphocytes. We observed that MODCs of Acod?™'~ mice
have reduced expression of the co-inhibitory factor PD-L1

PD-L1 in humans (PD1L1 protein), is
increased when human monocytes are
stimulated with P.-falciparum-infected
RBCs (Figure 6C). Additionally, individuals acutely infected with
P. falciparum have increased expression of CD274 in monocytes,
which is sustained in convalescent individuals (Figure S5B). We
found no evidence that itaconate affects the expression of the
co-stimulatory receptors CD80 or CD86 (Figures S5C and S5D).
Recentin vitro studies have shown that exogenous itaconate ex-
erts mechanistic anti-inflammatory effects by promoting nuclear
factor erythroid 2-related factor 2 (NRF2) and/or activating tran-
scription factor 3 (ATF3) pathways.’® We did not observe
increased expression of NRF2 in CD11b+ cells from Pc-infected
WT mice. In addition, the itaconate derivative 4-octyl-itaconate
(4-0l) was unable to induce NRF2 by CD11b+ cells from Pc-in-
fected Acod? ™~ mice (Figure S5E). ATF3 deactivates [kBZ, which
induces the transcription of IL-6 and TNF. kB¢ is downregulated in
cells from Pc-infected WT mice, but not in the Acod? ™/~ mice, sug-
gesting that ATF3 is activated in MODCs from Pc-infected mice.
Consistently, 4-Ol treatment inhibited the expression of 1kB¢ in
CD11b+ Acod?™~ cells (Figure S5F). However, 4-Ol did not
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induce ATF3 expression in CD11b+ from Acod?~/~ cells of Pc-in-
fected mice (Figure S5E). Hence, we suggest that the lower
levels of TNFa and IL-6 secreted by CD11b+ from WT MODCs
(Figures 5D and 5E), as compared with Acod?7~'~ MODCs from
Pc-infected mice, explain the negative effects of endogenous itac-
onate on IkBg, although the ATF3 pathway was not enriched in our
omics data analysis.

To further evaluate the autocrine effect of itaconate on PD-L1
expression, we decided to investigate if other signaling pathways
that are concomitantly enriched in our omics analysis could inte-
grate the itaconate/PD-L1 axis. In MODCs from Pc-infected WT
mice, we found increased levels of products from cyclic nucleo-
tide metabolism, such as adenosine monophosphate (AMP),
guanosine monophosphate (GMP), inosine monophosphate
(IMP), xanthosine monophosphate (XMP), adenosine diphos-
phate (ADP), and guanosine diphosphate (GDP) (Figures 6D-6G
and S5G; Table S2), indicating that the metabolism of nucleoside
tri- and diphosphates is enhanced. Furthermore, the transcrip-
tome of MODCs from infected mice shows increased expression
of transcripts that promote mtDNA degradation and leakage (Fig-
ure S5H). Yet, the lower expression of transcripts related to
mtDNA synthesis was found in our analysis (Figure S5I).

Importantly, we found that retinoic acid-inducible gene | (Rigi,
also known as Ddx58), interferon-induced with helicase C domain
1 (Mdab, also known as Ifih1), TANK-binding kinase 1 (Tbk1), and
the transcription factors IRF1, IRF3, and IRF7 are differentially ex-
pressed in splenocytes from Pc-infected WT mice, but not in the
IFNy '~ mice (Figures 6H and 6l; Table S1). We hypothesize that
IFNvy induces the synthesis and accumulation of itaconate leading
to a brake in the TCA cycle and accumulation of succinate. Mito-
chondria dysfunction potentially results in leakage of mtDNA and
mtdsRNA into the MODC cytosol. We hypothesized that the cyclic
GMP-AMP synthase (cGAS) senses fragments of the mitochon-
drial genome®® and activates the stimulator of interferon response
cGAMP interactor 1 (STING),?° whereas RIG-I and MDA5 sense
mtdsRNA and activate the mitochondrial antiviral signaling protein
(MAVS).%"*? STING and MAVS activate TBK1 to induce IRF3 and
IRF7 expression and upregulate the expression of PD-L1 (Fig-
ure 6J). Indeed, our results show that in IFN-y-primed immortalized
bone marrow-derived macrophages (iIBMDMs), STING1~/~,
IRF7~/~, or IRF3/IRF7 double knockout cells express lower levels
of PD-L1 compared with WT iBMDMs cultured in similar conditions
(Figure 6K). Importantly, a study proposed that the overexpression
of Lon, a multiple-function protein that has proteolytic, chaperone,
and DNA-binding activities, promotes mtDNA leakage in tumor
cells.®® Interestingly, when we treated IFNvy-stimulated iBMDMs
with 2-cyano-3,12-dioxooleana-1,9-dien-28-oic acid (CDDO), a
specific Lon inhibitor, the expression of PD-L1 was downregulated
(Figure S5J).

Therefore, in IFNy-induced MODCs from Pc-infected mice,
accumulation of itaconate results in a Lon-dependent leakage
of mtDNA fragments to the cytosol, activating cGAS and
STING and leading to enhanced PD-L1 expression mediated
by IRF3 and IRF7. It is possible that mtdsRNA also plays a role
in this process by activating RIG-I/MDAS5, MAVS, and TBK1, as
these factors are highly induced in MODCs from infected mice
(Figures 6H and 6l; Table S5). Importantly, STING™~ mice
show an enhanced resistance to Pc infection (Figure 6L). As
we identified a close correlation between increased expression
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of ACOD1 and regulatory genes in monocytes of Plasmodium-in-
fected subjects, we suggest that the accumulation of itaconate
on MODCs in our murine model corresponds to malaria
susceptibility.

Endogenous itaconate limits the activated state of CD8+
T cells leading to Pc proliferation

Although the frequency of CD4+Tbet+ T lymphocytes was signif-
icantly increased in Acod1~~ mice (Figure 7A), the absence of
itaconate only marginally increased the expression of IFNy and
CXCR3 expression by CD4+ T cells (Figures 7B, 7C, and S6A-
S6D). Yet, the activation of CD8+ T cells is clearly downregulated
by itaconate, as we observed increased frequencies of CD8+T-
bet+CXCR3+IFNy+ T cells in itaconate-free mice (Figures 7D-
7F, S6A, and S6E-S6G). The limited activation of T cells is
consistent with limited levels of IFNy found in the plasma of
Pc-infected WT mice (Figure 5lI). We also found increased
expression of programmed cell death protein 1 (PD1) encoded
by the PDCD1 gene in lymphocytes of individuals infected with
P. falciparum (Figure 7G). Accordingly, the improved immune
response in the absence of itaconate results in lower parasitemia
in Acod?~'~ mice (Figure 7H). Lastly, to validate the relevance of
CD8+ T cell activation in host resistance to Plasmodium, we
depleted CD8+ T cells by treating Pc-infected Acod? ™'~ mice
with an anti-CD8 monoclonal antibody. Importantly, Acod? ™/~
mice treated with anti-CD8 were no longer able to control para-
sitemia (Figure 71). Altogether, our results indicate that itaconate
synthesized by MODCs limits the activation of CD8+ T cell func-
tion through STING-IRF3/IRF7-induced PD-L1 expression, im-
pairing immune control of parasitemia in the Pc malaria model.

DISCUSSION

Monocytes are highly plastic cells that differentiate and
specialize in different functions such as tissue repair, sensing
invasive microorganisms, and initiating protective immune re-
sponses. MODCs are specialized in antigen presentation and
shaping T cell-mediated immunity but also release bulk amounts
of pro-inflammatory cytokines and display phagocytic function
to destroy pathogens. We have described in experimental ma-
laria models that MODCs transiently become the main DC pop-
ulation in spleens and inflamed non-lymphoid tissues during
acute disease. When differentiated, MODCs promote inflamma-
tion and tissue damage, in experimental models of cerebral ma-
laria'” and acute respiratory distress syndrome.®* In this study,
we examined how energy metabolism affects the differentiation
and activation of MODCs. We observed that, during an acute
infection with Plasmodium, glycolysis is enhanced in MODCs.
Importantly, glucose metabolism sustains a mitochondrial
adaptation that triggers the accumulation of TCA-cycle-derived
metabolites with immunoregulatory properties. From these me-
tabolites, the dicarboxylic acid itaconate derived from aconitate
is the most abundant in MODCs and plasma of infected mice.
While limiting cytokine release, itaconate promotes PD-L1
expression by MODCs via the STING/IRF3/IRF7 pathway, mak-
ing CD8+ T cells less responsive and enhancing host susceptibil-
ity to Pc infection.

In malaria, CD4+ T and CD8+ T lymphocytes, as well as natural
killer (NK) cells, release IFNy that primes monocytic cells. Upon
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Figure 7. Endogenous itaconate limits the
activation of CD8+ T cells and enhances
susceptibility to Pc infection

Detection of T-bet (A), IFNy (B), and CXCR3 (C) in
splenic CD4+ T cells from WT or Acod1 ~/~ mice
infected or not with (Pc). The expression of the
same activation markers was also evaluated in
CD8+ T cells (D-F); data are from two experiments
pooled with n = 4 in the non-infected group and
n = 10 in the infected group. Human dataset ID
GEO: GSE174791 from the Gene Expression
Omnibus was used to evaluate the expression of
PDCD1 in T cells from P. falciparum-infected in-
dividuals (n = 10) compared with non-infected
individuals (n = 10) (G). Parasitemia levels calcu-
lated from the blood smears of Pc-infected WT
and Acod?”/~ mice (H). Parasitemia levels
calculated from the blood smears of Pc-infected
Acod1~/~ mice treated or not with anti-alpha-CD8
antibodies (l); data are from two experiments
pooled with n = 6 infected mice per group. Ex-
periments were repeated 2 or 3 times yielding
similar results. *p < 0.001-0.05 by Student’s t test
performed between two groups. One-way
ANOVA followed by Tukey’s post hoc test was
performed among three or more groups.

Acod1”

the energy state of MODCs. Although
PPARY is known for its properties in
mitochondrial biogenesis, we found that
mitochondria are disrupted in MODCs,
which may be a product of itaconate’s
effects on mitochondrial metabolism.
Thus, we hypothesize that PPARY activa-
tion contributes to the availability of
glucose/pyruvate and fatty acids that
feed the synthesis of derivatives of the
TCA cycle, as aconitate and itaconate
affect mitochondria’s viability.** In fact,
we have previously described an associ-
ation between disrupted mitochondrial
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stimulation of Toll-like receptors (TLRs) and cytosolic sensors by
parasite components (e.g., DNA, RNA, and hemozoin), primed
monocytes release high levels of pro-inflammatory cyto-
kines,** " leading to systemic inflammation and signs of dis-
ease.’® Here, we report that, while inducing the differentiation
of MODCs, IFNy promotes glycolysis, leading to a mitochondrial
state that accumulates TCA cycle-derived itaconate. IFNy
signaling also induces PPARY expression in MODCs of infected
mice. PPARy activation promotes fatty acid oxidation and
glucose uptake—both of which are relevant pathways for
MODC differentiation and maturation.®**" It is unclear whether
PPARY is directly induced by transcriptional factors of the
IFNy pathway, or if enhanced expression of PPARY is a conse-
quence of the gene signature in differentiated MODCs. Never-
theless, our results indicate an important role of PPARYy on

Days post-infection

metabolism in monocytes and symptom-
atic infection in humans and mice.®**
Accordingly, previous studies showed
that P. falciparum- and P. vivax-infected
patients have impaired DC maturation and antigen presentation
to T cells.*®**%> Consistently, He et al. demonstrated that in vitro
exogenous treatment of lipopolysaccharide (LPS)-stimulated
macrophages with itaconate limits antigen presentation and
lymphocyte activation.?”

When itaconate accumulates intra- and extracellularly, it ex-
erts different roles in the interactions between the host and path-
ogen: (1) itaconate can be an antimicrobial metabolite®®; (2) it has
stimulatory effects on host enzymes that can detrimental to the
pathogen'®“%; or (3) it has immunoregulatory properties that
can promote host susceptibility to infection.'® To our knowledge,
there is no evidence of a direct or indirect detrimental effect of
itaconate synthesis on the Plasmodium parasite.”” Importantly,
we found that the itaconate-free Acod?~'~ mice show enhanced
levels of pro-inflammatory cytokines, low levels of PD-L1

9 11 13 16 18
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expression, and enhanced resistance to Pc infection relative to
WT mice. Thus, we hypothesize that the itaconate immunoregu-
latory effects on the host are the most relevant for disease devel-
opment in this model. Recently, a report demonstrated that itac-
onate can generate secondary metabolites. Mesaconate derived
from itaconate phenocopies the immunoregulatory effects of
itaconate.?” Here, for the first time, we demonstrated that me-
saconate can be synthesized in vivo and ex vivo by myeloid cells
in a pathological context. In our analysis, we found that itaconate
and mesaconate are the only TCA cycle-derived metabolites that
accumulate in the plasma of infected mice, and they may act
together to regulate host immune responses. However, the con-
centration of mesaconate was around one fourth of the itaconate
concentration, suggesting an adjuvant immunoregulatory role.

Exogenous itaconate regulates macrophage activation
through direct engagement of the NRF2 and ATF3 regulatory
pathways that limit the production of type | IFN from LPS-stim-
ulated macrophages’+*® while promoting IL-10 release.*® In the
same in vitro model, itaconate treatment delays NLRP3 inflam-
masome activation in macrophages.*>*° Yet, in alternatively
activated macrophages (IL-4-induced), exogenous itaconate in-
hibits JAK1 phosphorylation,®' which might reduce the activation
of cytokines that signal through JAK1, such as IL-6, TNF, and
IFNy.°? We found, however, that NRF2 expression was inhibited,
whereas ATF3 expression was not altered in CD11b+ cells from
Pc-infected mice. Nevertheless, we found that IkB¢, which pro-
motes the release of IL-6 and TNF by monocytes, is inhibited by
itaconate in MODCs of infected mice. Thus, we speculate
whether suppressive effects of itaconate on MODCs could pro-
tect the host from deleterious systemic inflammation in models
of lethal malaria.

Importantly, immune suppression in malaria can be induced
by IRF7 activation and type | IFN signaling.®® The recognition
of nucleic acids by cytosolic sensors activates IRF3 and
IRF7, which sustains the expression of ISGs and type | IFN
signaling. In studies performed by our group and elsewhere,
it was shown that Plasmodium nucleic acids are sensed by
cGAS and other cytosolic receptors in macrophages.®*°*°¢
Nonetheless, recent findings show that mitochondrial damage
can release mtDNA in cytosol, which induce the expression
of checkpoint markers in IRF3/7-dependent way.***° In addi-
tion, there is an extensive literature showing the importance
of IFNy in priming monocytes during Plasmodium infec-
tion, "85 corroborating the hypothesis that IFNy signaling ini-
tiates the expression of ISGs in MODCs, which is sustained by
cytosolic sensing of mtDNA. Our data on the mitochondria’s
damage suggest that during Plasmodium infection, itaconate
accumulation induced by the IFNy/PPARYy axis disrupts the
TCA cycle in MODCs, damaging mitochondria and causing
release of mitochondrial genome fragments into the cytosol.
Once sensed by a cytosolic innate immune receptor, potentially
cGAS, the fragments of the mitochondrial genome trigger PD-
L1 expression via the STING/IRF3/IRF7 pathway. This hypoth-
esis is consistent with the findings that accumulation of fuma-
rate due to deficiency of the TCA enzyme fumarate hydratase,
as well as inhibition of de novo synthesis of nucleotides, lead to
cytosolic leakage of mtDNA and activation of cGAS-STING-
TBK1.°%°° Alternatively, we found that expression of RIG-I
and MDAS is augmented in MODCs, suggesting that mtdsRNA
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may also contribute to IRF3/IRF7-induced PD-L1 expression
via MAVS activation. Furthermore, we found that in vitro prim-
ing of MODCs with IFNy recapitulates the phenotype of
MODCs with damaged mitochondria induced during in vivo
Pc infection. We hypothesize that in our model, nucleic acid
cytosolic sensors, which ultimately trigger PD-L1 expression
on MODCs, are activated by self-mtDNA (or mtdsRNA).
Accordingly, CD8+ T cells display an exhausted phenotype
induced by PD-L1 resulting in uninhibited growth of blood-
stage malaria. Consistently, PD-L1 blockade enhances parasi-
temia clearance in rodent malaria.?® So far, most studies
indicate that itaconate’s effects on lymphocytes are due to an
indirect effect in myeloid cells.®'°° Although we did not eval-
uate the direct effect of endogenous itaconate on CD8+
T cells, ACOD1 is expressed only by myeloid cells. Thus, we
assume that the effects of itaconate on CD8+ T cells in our
model are indirect due to induction of PD-L1 in MODCs.

In summary, for the first time, we show the importance of itac-
onate in regulating the immune response and enhanced suscep-
tibility to a parasitic infection. MODCs have an important role in
the pathogenesis of both human disease and experimental
models of malaria.®®*°® We now present evidence that the status
of activation of these cells is intrinsically linked to mitochondrial
function. Consistently, our results show that itaconate promotes
host susceptibility to infection. Thus, targeting ACOD1 and
limiting itaconate availability could boost immune response
against Plasmodium, which could improve the efficacy of con-
ventional antimalarial therapies.

Limitations of the study

In our model, cGAS is a prime candidate for sensing mtDNA and
activating the STING-IRF3/IRF7 pathway. While we detected
high levels of intermediary metabolites that are part of cyclic
GMP-AMP (cGAMP) generation, our untargeted metabolomic
approach did not detect cGAMP within MODCs. This raises
the question regarding the sensitivity of our assay to detect dinu-
cleotides, in particular cGAMP. We also noticed that the proteins
RIG-I and MDAS5 that sense mtdsRNA show enhanced expres-
sion in MODCs from Pc-infected mice. Furthermore, different
studies indicate that Plasmodium infection activates various nu-
cleic acid-sensing cytosolic receptors.®® Hence, despite the
robust data generated by multiple approaches that indicate a
key role for STING, IRF3, and IRF7 in inducing PD-L1, the contri-
bution of RIG-I and MDA5 in promoting PD-L1 expression needs
further investigation.

The immune response is a double-edged sword during ma-
laria. CD8 T cells are implicated in host resistance to the blood
stage of P. vivax malaria in humans and in other malaria mouse
model.?”%® However, CD8 T cells can also be pathogenic, for
instance in the cerebral experimental malaria.®®’® Our results
show that itaconate impairs control of parasitemia by limiting
CD8 T cell function during the acute phase of infection. It re-
mains to be defined whether the immune regulatory role of itac-
onate on systemic inflammation and CD8 T cell function medi-
ates tolerance to disease in the different models of malaria.
Thus, as the host condition influences immunity and pathology,
further investigation of the effects of endogenous itaconate
in vivo may provide new insights to intervene in patients with
malaria.
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Antibodies

Anti-F480 (clone BM8) — PE-Cy5
Anti-CD11b (clone M1/70) - PE-Cy7
Anti-CD209a (clone MMD3) - eFluor660
Anti-MHCII I-A(b) PE (clone AF6-120.1) - PE

Anti-CD86 (B7-2) (clone GL1) - Super
Bright 702

Anti-CD80 (B7-1) (clone 16-10A1) - FITC

anti-CD274 (PD-L1) (clone MIH5) - Super
Bright 600

Anti-CD11c (clone N418) - Alexa Fluor 700
Anti-Tbet (clone eBio4B10) — PE

Anti-CD3 (clone 17A2) - PE-eFluor619
Anti-IFNg (clone XMG1.2) - eFluor660
Anti-CD4 (clone GK1.5) - Alexa Fluor700
Anti-CD8 mouse (clone 53-6.7) - APC-Cy7
Anti-CXCR3 (clone CXCR3-173) BV421

Anti-GLUT1 (clone EPR3915) - Alexa
Fluor 405

Anti-GLUT1 Rat (clone SPM498)
Anti-ATF3 mouse (clone 44c3a)
Anti-lIkBz mouse

Anti-NRF2 Rabbit (clone D1Z9C)

Thermo Fischer
Invitrogen
eBioscience
BD
eBioscience

eBioscience
eBioscience

Invitrogen
Thermo Fischer
eBioscience
eBioscience
eBioscience
Biolegend

BD

Abcam

Abcam
Santa Cruz
Cell signaling
Cell signaling

15-4801-82; RRID: AB_468798
25-0112-81; RRID: AB_469587
50-2094-82; RRID: AB_11219065
553552; RRID: AB_394919
67-0862-82; RRID: AB_2717155

11-0801-82; RRID: AB_465133
63-5982-82; RRID: AB_2688101

56-0114-82; RRID: AB_493992
12-5825-82; RRID: AB_925761
61-0032-82; RRID: AB_2815286
17-7311-82; RRID: AB_469504
56-0041-82; RRID: AB_493999
100714; RRID: AB_312753
566283; RRID: AB_2739657
ab210438; RRID: AB_2895210

Ab40084; RRID: AB_2190927
sc-81189; RRID: AB_2058591
93726; RRID: AB_2800211
12721; RRID: AB_2715528

Anti-PPARg mouse (E-8) Santa Cruz SC-7273; RRID: AB_628115
Anti-ACOD1 mouse (IRG1) Cell Signaling 17805; RRID: AB_3064865
Chemicals, peptides, and recombinant proteins

GW9662 Sigma M6191
Etomoxir Sigma E1905
Recombinant mouse IFNg Biolegend 575308
2-cyano-3, 12-dioxooleana-1,9-dien-28- Cayman 11883

oic acid (CDDO)

4-octyl itaconate Sigma SML2338
UK-5099 Sigma PZ0160

Cell Stimulation Cocktail 500x Thermo Fischer 00-4975-03
D-galactose Sigma G5388
6-diazo-5-oxo-L-norleucine (DON) Sigma D2141
2-deoxy-D-glucose Sigma D8375
Critical commercial assays

FIX&PERM kit Thermo Fischer GAS001S100
CBA mouse inflammation kit BD 552364
MitoStress Kit Agilent 103015100
Mouse PD-L1 DuoSet ELISA R&D DY1019
Mouse CCL5/RANTES DuoSet ELISA R&D DY478
Deposited data

RNAseq in monocytes from children during NCBI GEO Datasets GSE154317

acute malaria caused by P. falciparum
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RNAseq in human monocytes stimulated NCBI GEO Datasets GSE151116
with P. falciparum-infected red blood

cells (iRBC)

RNAseq in MODCs from non-infected and NCBI GEO Datasets GSE126381
PbA-infected mice

RNAseq in monocytes from non-infected Zenodo.org (openaire) 7683361
and P. vivax-infected individuals

Non-targeted metabolomics in plasma from Metabolomics Workbench ST001775
mice infected with P. chabaudi

Non-targeted metabolomics in plasma from MetabolLights MTBLS665
human infected with P. vivax

Non-targeted metabolomics/lipimodomics Zenodo.org (openaire) 7608255

in MODC from Pc-infected mice

Unprocessed data for graphs in This paper Data S1
main figures

Unprocessed data for graphs in This paper Data S1
Figures S1-S6

Uncropped western blot images This paper Data S1
Experimental models: Cell lines

iBMDM from WT mice Prof. Douglas Golenbock This paper
iBMDM from IRF7”~ mice Prof. Douglas Golenbock This paper
iBMDM from IRF3/7”~ mice Prof. Douglas Golenbock This paper
Experimental models: Organisms/strains

Mouse: PPARg”" LysM-cre Prof. Ricardo Gazzinelli This paper
Mouse: IFNgR™" LysM-cre Prof. Ricardo Gazzinelli This paper
Mouse: ACOD17~ The Jackson Laboratory 029340
Mouse: C57BL/6NJ WT The Jackson Laboratory 005304
Mouse: C57BL/6 WT Prof. Ricardo Gazzinelli This paper
Mouse: STING™ Prof. Katherine Fitzgerald This paper
Software and algorithms

FlowJo FlowJo LLC flowjo.com
Graphpad Prism Graphpad Software graphpad.com

Morpheus Broad Institute software.broadinstitute.org/morpheus/
R studio Posit rstudio.com

Other

MitoTracker Green FM Invitrogen M7514

MitoTracker Red FM Invitrogen M22425

Ghost Dye Violet 510 (1:250) Tonbo Biosciences 13-0870-T100

LIVE/DEAD Green fixable Invitrogen L23101

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to the lead contact, Ricardo T. Gazzinelli, and will be
fulfilled by the corresponding authors, Theresa Ramalho (theresa.ramalho@umassmed.edu) and Ricardo T. Gazinelli (ricardo.

gazzinelli@umassmed.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The metabolome and lipidome in splenic MODCs from Pc-infecetd mice generated in this study is new data and can be accessed on
zenodo.org with the code #7608255. Metabolomics data from the plasma of C57BL/6 mice infected with Pc were retrieved from the
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Metabolomics Workbench database under accession ID ST001775. Metabolomics data from the plasma of human volunteers exper-
imentally infected with P. vivax were acquired from the MetaboLights repository under accession ID MTBLS665. The RNAseq in
monocytes from individuals infected with P. vivax is new data and can be found on zenodo.org with the code #7683361. The RNAseq
in splenic MODCs from P. berghei Anka can be obtained on GEO with the code GSE126381, platform GPL19057. RNAseq in mono-
cytes isolated from children, which were later stimulated with P. falciparum-infected red blood cells (iRBC) in vitro, is GSE151116.
RNAseq in monocytes isolated from children during acute and convalescence phase of malaria caused by P. falciparum is
GSE154317. RNAseq in effector memory CD4* T cells sorted from adult volunteers experimentally infected with P. falciparum before
infection (baseline) and 6 days after drug treatment is GSE174791. Uncropped scans of all western blots and all raw data used to
generate graphs are included in Data S1. Further information and requests for resources and reagents should be directed to the cor-
responding authors.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics for animal experiments and human samples

Experiments with mice were conducted according to institutional guidelines for animal ethics and approved by the Institutional Ethics
from UMass Chan Medical School (IACUC/202100027). Experiments with human samples followed the protocol reviewed and
approved by the Ethical Committees on Human Experimentation from Instituto René Rachou, Fiocruz, and the National Ethical Coun-
cil (CAAE: 59902816.7.0000.5091).

Experimental infections

The following mouse lineages generated by our laboratory were used in this study: PPARy-SMCr® KO, IFNyRYSMCre KO, IFNy™", and
Acod1”" lineages were purchased from The Jackson Laboratory (Bar Harbor, ME). The Acod1™" lineage was backcrossed for at least
ten generations into the C57BL/6NJ, and the other lineages were backcrossed with C57BL/6J. All mouse lineages were bred and
maintained in microisolators at UMass Chan on a 12 h dark/light cycle, controlled temperature at 68 to 79 °C, and humidity between
30 and 70%. Female and male mice, between 6 and 10 weeks were used in this study. The Pc strain was utilized to induce exper-
imental malaria in mice. The strain was maintained in weekly passages between infected C57BL/6 mice. Passages and experimental
infections used 10° infected red blood cells diluted in PBS at room temperature. Parasitemia, body weight, and blood glycemia were
monitored during the acute phase of the disease. Blood and spleen samples were collected from infected mice 7 days after the infec-
tion. Samples from non-infected mice were also collected for control groups.

/-

Monocyte-derived dendritic cells (MODCs)

Spleens from infected and non-infected mice were macerated on a 100 um nylon cell strainer with cell culture media. After
centrifuging the macerated sample, erythrocytes were lysed, and total splenocytes were washed. Total splenocytes were used
for galactose assay, flow cytometry, and glucose uptake assays. A positive selection for CD11b splenocytes was performed to enrich
MODC frequency in splenocyte samples. In some experiments, CD11b+ splenocytes were incubated ex vivo for 4h for collection of
supernatants. Incubation ex vivo for 1h was also performed for real-time evaluation of extracellular parameters. In parallel, CD11b+
cells were stained for MODC sorting and were also processed for protein and RNA extraction. Alternatively, MODCs were differen-
tiated in vitro. Total splenocytes from non-infected mice were plated at a density of 4x10°. The cells were stimulated with recombinant
IFNvy (100 ng/mL) for 24h. After incubation, the cells were collected and analyzed by flow cytometry. For some ex vivo experiments,
total splenocytes from infected and non-infected mice were plated on glucose media (regular complete DMEM) or galactose media,
in which 25 mM of galactose is used in a DMEM glucose-free media. The splenocytes were incubated overnight, and then MODCs
were stained with antibodies to analyze the mitochondria’s functionality. For in vitro experiments, total splenocytes from non-infected
mice were stimulated with recombinant IFNy (100 ng/mL) in glucose or galactose media and then analyzed by flow cytometry.

Stimulation of immortalized bone marrow-derived macrophages with IFNy
Immortalized bone marrow-derived macrophages were plated at a density of 4x10°. The cells were stimulated with recombinant [FNy
(100 ng/mL) for 24h. After incubation, the cells were collected and stained for flow cytometry.

METHOD DETAILS

Glucose uptake in total splenocytes

Total splenocytes from non-infected and infected mice were aliquoted and incubated with the substrate H-2DG at room tempera-
ture. After 30 min, a stop solution was added to each sample to stop substrate uptake, cells were lysed with 3% perchloric acid, and
radioactivity was detected by scintillation counting.

Flow cytometry in total splenocytes

Total splenocytes were stained with antibodies specific for surface and intracellular markers in MODCs and lymphocytes. Four
different antibody panels were used in this work. The three panels used to localize the MODC population in the spleen had the
following antibodies: Live/Dead Ghost Aqua V510, Anti-F480 (clone BM8) PE-Cy5, -CD11b (clone M1/70) PE-Cy7, -DCSign (clone
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MMD3) APC, -MHCII (clone AF6-120.1) PE. To sort MODCs out, we added the anti-CD3 (17A2) FITC to exclude CD3+ cells. MODCs
that were CD3neg were collected from the BD FACS Aria Fusion. Sorted cells were processed for further omic analysis. To detect
mitochondrial functionality in MODCs, we added the probes Mitotracker Green (60 nM) and Mitotracker Red (70 nM). To evaluate the
expression of co-stimulatory markers in MODCs, we added the following antibodies: Anti-CD80 (clone 16-10A1) FITC, -CD86 (clone
GL1) Super Bright 702, and -PDL1 (clone MIH5) Super Bright 600. Fixation and permeabilization steps were added to the protocol for
intracellular staining with Anti-GLUT1 (clone EPR3915) Alexa Fluor 405 in MODCs. The panel to localize lymphocytes in the spleen
included the following antibodies for surface markers: Live/Dead Green, Anti-CD3 (clone 17A2) PE-eFluor610, -CD4 (clone GK1.5)
Alexa Fluor 700, -CD8 (clone 53-6.7) APC-Cy7, -CXCRS (clone 178) Brilliant Violet 421 or -PD1 (clone J43) Brilliant Violet 421. For
intracellular staining of lymphocytes, fixation and permeabilization were performed for staining with anti-T-bet (clone 4B10) PE,
and anti-IFNy (clone XMG1.2) APC. All the panels included anti-mouse CD16/32 (clone 93). The acquisition of samples with panels
for mitochondrial functionality, co-stimulatory markers, and lymphocyte activation was performed on the Cytek Aurora Spectral Cy-
tometer. All the panels included FMO samples to ensure the precise selection of positive populations. The analysis of the FSC files of
experimental and compensation samples was performed on FlowJo.

Cytokine detection in plasma and supernatant samples
The detection of cytokines in the supernatant of MODCs and plasma was performed with the BD CBA Mouse Inflammation Kit and
ELISA. All procedures followed directions recommended by the manufacturer.

Western blotting

CD11b+ splenocytes from infected and non-infected mice were processed for protein extraction with NP40 supplemented with pro-
tease and phosphatase inhibitors. After protein quantification, the samples were prepared to be loaded on SDS-PAGE 10% gel.
Then, the protein samples were transferred to PVDF or nitrocellulose membranes. The membranes were incubated with primary
antibodies anti-GLUT1 (mouse), anti-PPARy (mouse), and anti-ACOD1 (rabbit). Anti-actin was used as an endogenous control.
Secondary antibodies anti-mouse or -rabbit conjugated with HRP were incubated after washing the primary antibody. HRP chem-
iluminescence of each target was revealed with the addition of substrates. The signal of the bands was detected with the ChemiDoc
Imaging System (BioRad).

Pharmacological inhibitors

For inhibition pre-differentiation, total splenocytes from non-infected mice were incubated in vitro with recombinant IFN+y (100 ng/mL)
or only DMEM for 24 h (period for MODC differentiation). IFNy- or non-stimulated cells were simultaneously treated with GW9662
(GW, 10 uM). After the incubation, splenocytes were collected and stained for further flow cytometry analysis to determine the dif-
ferentiation and mitochondrial status of MODCs. For pharmacologic intervention post-MODC differentiation, CD11b+ splenocytes
from infected and non-infected mice were incubated ex vivo with the following individual treatments: UK5099 (UK) 10 uM to inhibit
Mitochondrial Pyruvate Carrier 1 (MPC-1), Etomoxir (Eto, 3 uM) to inhibit Carnitine Palmitoyl Transferase 1 alpha (CPT1a), 2-Deoxy-
D-Glucose (2-DG, 2 mM) to inhibit hexokinase (HK) and consequent pyruvate synthesis from glycolysis, 6-Diazo-5-oxo-L-norleucine
(DON, 50 pM_ to inhibit glutamate synthesis, or GW (10 puM) to inhibit PPARYy. The cells were incubated for 1h with the inhibitors in
adequate media for extracellular rate assays. To collect supernatants, CD11b+ cells were incubated for 4 h ex vivo with inhibitors in
DMEM supplemented with penicillin, streptomycin, and 10% FBS.

Transcriptomes in total splenocytes

Total splenocytes collected from Pc-infected and non-infected WT and IFNy™ mice at day 6 post-infection were processed for anal-
ysis of gene expression using a gene chip from Affymetrix (23,000) transcripts. The expression values of each gene were determined
by the average of differences in intensity (perfect match intensity minus mismatch intensity) between its probe pairs. We plotted the
fold-change vs. p-value of the genes related to the TCA cycle and its derivatives comparing Pc-infected mice with non-infected WT
mice and comparing Pc-infected IFNy~~ mice with Pc-infected WT mice.

/-

Untargeted and targeted metabolome of MODCs

An untargeted metabolome analysis was performed in sorted monocytes from non-infected and in sorted MODCs from Pc-infected
mice. To determine the relative abundance of polar metabolites in the cells, extracts from the cells were prepared and analyzed by
ultra-high-resolution mass spectrometry (HRMS). Metabolites were extracted using ice-cold 0.1% Ammonium hydroxide in 80/20 (v/
v) methanol/water. Extracts were centrifuged at 17,0009 for 5 min at 4 °C, and supernatants were transferred to clean tubes, followed
by evaporation to dryness under nitrogen. Dried extracts were reconstituted in deionized water, and 5 uL was injected for analysis by
ion chromatography (IC)-mass spectrometry (MS). IC mobile phase A was water, and mobile phase B was water containing 100 mM
KOH. A Thermo Scientific Dionex ICS-5000+ System included a Thermo lonPac AS11 column (4 um particle size, 250 x 2 mm) with
the column compartment kept at 30 °C. The autosampler tray was chilled to 4 °C. The mobile phase was 250 pL/min and a gradient
from 1 mM to 100 mM KOH was used. The total run time was 60 min. To assist the desolvation for better sensitivity, methanol was
delivered by an external pump and combined with the eluant via a low dead volume mixing tee. Data were acquired using a Thermo
Orbitrap Fusion Tribid Mass Spectrometer under ESI negative ionization mode at a resolution of 240,000. The peak area of each com-
pound was normalized using the total peak area of the respective sample. The total peak area of each sample is defined as the sum of
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the peak area intensity for all the compounds in that sample. Additionally, for internal standards, acetic acid-13C2, butyric acid-13C4,
pentanoic acid-13C2, and propionic acid 13-C3 were also introduced in data which were used for normalization of respective com-
pounds prior to total peak area normalization. Next-Generation Clustered Heat Map software was used for clustering analysis.
Normalized data was median transformed before generating clustering analysis. Metabolite extraction and analysis for metabolo-
mics and lipidomic analysis (next subsection) were performed at the Metabolic Core Facility, at the MD Anderson Cancer Center
of the University of Texas, under the grants supported by NIH grants S100D012304-01 and P30CA016672.

Untargeted lipidome of MODCs

The lipid extraction solvent consisted of ethanol containing 1% 10 mM butylated hydroxytoluene in methanol and 2% Avanti
SPLASH® LIPIDOMIX® Mass Spec Standards. We added 200 pL extraction solvent to cell pellets, samples were vortexed for
10 min, placed on ice for 10 min, and then centrifuged at 4 °C for 10 min at 17,000g. Supernatants were then collected for LC-
MS analysis. For the Reverse Phase Liquid Chromatography, the injection volume was 15 pL. Mobile phase A (MPA) was 60:40 ace-
tonitrile:water with 0.1% formic acid in 10 mM ammonium formate. Mobile phase B (MPB) was 90:9:1 isopropanol:acetonitrile:water
with 0.1% formic acid in 10 mM ammonium formate. The chromatographic method included a Thermo Fisher Scientific Accucore
C30 column (2.6 pm, 150 x 2.1 mm) maintained at 40 °C, a mobile phase flow rate of 0.200 mL/min, and a gradient elution program
as follows: 0-3 min, 30% MPB; 3-13 min, 30-43% MPB; 13.1-33 min, 50-70% MPB; 33-48 min, 70-99% MPB; 48-55 min, 99%
MPB; 55.1-60 min, 30% MPB. A Thermo Fisher Scientific Orbitrap Fusion Lumos Tribrid mass spectrometer with a heated electro-
spray ionization source was operated in data-dependent acquisition mode, in both positive and negative ionization modes, with scan
ranges of 150 — 827 and 825 — 1500 m/z. Orbitrap resolution of 120,000 (FWHM) was used for MS1 acquisition, and spray voltages of
3,600 and -2900 V were used for positive and negative ionization modes, respectively. For MS2 and MS3 fragmentation, a hybridized
HCD/CID approach was used. Each sample was analyzed using 4 x 15 pL injections making use of the two aforementioned scan
ranges and ionization modes. Data were analyzed using Thermo Scientific LipidSearch software (version 5.0.63) and processed
further using in-house R scripts.

Transcriptome profiling of monocytes from patients infected with P. vivax

Patients from the Tropical Medicine Center in Porto Velho (Brazil) were diagnosed with malaria by clinical symptoms and thick blood
smear. Five individuals between 18 and 60 years old who did not fit one or more of the exclusion criteria (chronic inflammatory or
infectious diseases, pregnancy, and breastfeeding) were selected and had their blood collected by venipuncture. The infection by
Plasmodium vivax was confirmed by qPCR. Briefly, DNA extraction was done using the QIAamp DNA Blood mini kit (QIAGEN).
The individuals were treated with a combination of chloroquine and primaquine, according to the recommended schedule and doses
of the Brazilian Ministry of Health. Forty-five days after the diagnosis, the same patients (who were now symptom-free) had their
blood collected again to confirm by gPCR that they were no longer infected by P. vivax. All patients were informed about the proced-
ures and objectives of the study and agreed to participate by written consent.

Human peripheral blood mononuclear cells (PBMCs) were isolated using Ficoll-Paque reagent (GE Healthcare) according to the
manufacturer’s protocol. Then, the PBMCs were enriched for monocytes using immunomagnetic separation. Briefly, PBMCs
were incubated with magnetic CD14 microbeads for 15 min and then loaded in an LS MACS® column which was placed in a magnet
(MACS® separator). The cells were washed 3 times with PBS (pH 7.2) containing 0.5% bovine serum albumin (BSA) and 2 mM EDTA.
Then, the column was removed from the separator and the CD14+ cells magnetically retained on the column were eluted. The mi-
crobeads, columns, and magnets were all purchased from Miltenyi Biotec.

Total mRNA from the monocytes was extracted using TRIzol reagent (Thermo Fisher Scientific), quantified in a fluorometer (Qubit
2.0®, Thermo Fisher Scientific), and analyzed by capillary electrophoresis (Bioanalyzer®, Agilent) to certify its quality. Libraries were
prepared from the mRNAs using the TruSeq Stranded mRNA Kit (lllumina) according to the manufacturer’s protocol. The sequencing
reaction was performed in a NextSeq 500 system using the NextSeq 500/550 High Output Kit v2.5 for 75 cycles (both from lllumina).
The sequencing FASTQ files were processed with the Trimmomatic software to exclude bases with quality scores below 25 and re-
move adaptor sequences and short reads (less than 55 bases). The processed reads were then aligned to Homo sapiens genome
reference (release 38) using STAR. DESeq?2 software was used to obtain differentially expressed genes by a paired analysis in the
contrast between the monocytes collected in the acute phase of the disease and those collected post-treatment for the same
patients.

Public metabolomics and transcriptomics analyses

Normalized liquid chromatography-mass spectrometry (LC-MS) metabolomics data from the plasma of C57BL/6 mice infected with
Pc were retrieved from the Metabolomics Workbench database under accession ID ST001775. Metabolomics data from the plasma
of human volunteers experimentally infected with P. vivax were acquired from the MetaboLights repository under accession ID
MTBLS665. The pre-processed feature table of negative mode LC-MS was log, transformed before statistical analysis and identi-
fication of itaconate was obtained via comparison of accurate mass (10 ppm) and retention time to that of the chemical reference
standard. Transcriptomics data were acquired at the Gene Expression Omnibus (GEO) repository. We downloaded RNA sequencing
(RNAseq) raw gene count tables of monocytes isolated from children, which were later stimulated with P. falciparum-infected red
blood cells (iRBC) in vitro (GSE151116); of monocytes isolated from children during acute and convalescence phase of malaria
caused by P. falciparum (GSE154317); and of effector memory CD4* T cells sorted from adult volunteers experimentally infected
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with P. falciparum before infection (baseline) and 6 days after drug treatment (GSE174791). Data were filtered, normalized to counts
per million reads (CPM), and log-transformed using the EdgeR package for R. Statistical analyses of target metabolites or genes were
performed with T-test or Mann-Whitney U test for categorical or Kruskal-Wallis test followed by Dunn’s multiple comparison test for
longitudinal comparisons. Significance is given as * p < 0.05, ** p < 0.01, and *** p < 0.001.

Oxygen consumption rate and extracellular acidification in MODCs

After positive selection, CD11b+ splenocytes from infected and non-infected mice were plated on an xFe96 plate. The plates were
previously coated with poly-D-lysine. The cells were incubated for 1 h with the appropriate treatment (UK5099, Etomoxir, DON, or
GW09662). After the treatment, the media was changed, the treatment was replaced, and cells were incubated for 1 h in an incubator
without carbon dioxide. After incubation, the cells were placed in the Seahorse XFe96 Analyzer for MitoStress Assay. During the
assay, the first three quantification measures the basal oxygen consumption. Three quantifications were performed after each injec-
tion with Oligomycin 1.5 mM, FCCP 1.5 mM, and Rotenone/Antimycin 0.5 mM. The parameter of maximal respiration was obtained
from the average quantification after FCCP treatment minus the average of measurements after Rotenone and Antimycin treatments.
The basal levels of extracellular acidification were quantified before the injection with Oligomycin.

QUANTIFICATION AND STATISTICAL ANALYSIS

Results are presented as mean + SEM. All graphs were generated by GraphPad Prism 9.0 (GraphPad Software, La Jolla, CA, USA).
The sample distribution was determined by a Kolmogorov-Smirnov normality test. For statistical comparisons, one-way ANOVA tests
were used to compare normally distributed variables. Non-normally distributed data were compared using the Kruskal-Wallis test.
The analysis of untargeted metabolomics, untargeted lipidomics, and transcriptomes is described in the subsection that respectively
describes each omic data.
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