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Fig 1. Identification of the most upregulated genes in lungs and alveolar macrophages from �. ��	
���
-infected
mice. Wild-type C57BL/6 mice intranasally infected with 107 CFU of wild-type �. �������� 16M (n = 3), or receiving
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represented on a heatmap to see the expression of each gene in this pathway (Fig 2). Among
them, some genes have been described to play an effector role in the innate immune response
against intracellular pathogens. IFN-gamma-inducible GTP-binding protein %���#& participates
in the disruption of �	!	#����� �	�
 vacuoles [20]. Guanylate-binding protein (’�#)( and
’�#� regulate cell-autonomous immunity in macrophages by coordinating a potent oxidative
and vesicular trafficking program to protect the host from intracellular bacteria [21]. The
implication of GBP proteins in the Stimulator of Interferon Genes (STING)-dependent type I
interferon response against �. ��	���� has already been described [22]. One very interesting
candidate is the ��	
�/���� gene which has been described to act as a direct effector against
intracellular bacteria as well as a regulator of the inflammatory response (reviewed in [23]).

����� deficiency induces a lack of �����		� control in the lungs
As a first attempt to establish a role of ACOD1 in the control of intracellular �������� multipli-
cation, we infected � ���	 bone marrow derived macrophages (BMDMs) from wild-type or
��	
�-/- C57BL/6 mice with �. �������� or �. ��	����. We observed that the multiplication of
both �������� species is not significantly affected by ��	
� deficiency in BMDMs (Fig 3). Oth-
ers [24] have shown that during ). ��������	�� infection ��	
� deficiency affects the control
of infection � ��	 but not � ���	. Thus, to formally determine whether or not ACOD1 par-
ticipates in the control of �������� infection, we compared the CFU count of bacteria in the
lungs and spleen of wt and ��	
�-/- C57BL/6 mice intranasally infected with 107 CFU of wt �.
�������� or �. ��	���� (Fig 4A). We observed that ��	
�-/- mice infected with �. ��������
only displayed significantly enhanced CFU at 9 days post-infection in the lungs, compared to
wt mice. In contrast, CFU counts were significantly enhanced at 2-, 5- and 9-days post-infec-
tion in ��	
�-/- mice infected with �. ��	����. This difference may be the consequence of the
lower induction of ��	
� in response to infection with �. �������� (Fig 4B). In agreement,
��	
� deficiency had only a minimal impact on the course of �. �������� and �. ��	���� in
the spleen (Figs 4A and S2) where no ��	
� expression was detected (Fig 4B).

Finally, we also compared the CFU count of bacteria in the spleen of wt and ��	
�-/-

C57BL/6 mice intraperitoneally infected with 107 CFU of wt �. ��	���� (S3 Fig). We observed
that ��	
� deficiency does not affect the control of �. ��	���� in spleen, which suggests that
��	
� would only play a role in specific organs such as lungs.

Enhanced susceptibility of �����		�-infected �����-/- mice is not associated
with higher inflammation in the lungs
��	
� deficiency has been associated with a lack of inflammatory control in several models of
bacterial [24] and viral [25] infection in mice. For example, ��	
�-/- but not wt C57BL/6 mice

the same volume of PBS (na�ve group) (n = 3) were sacrificed at 24 hours post-infection. Lungs were harvested and
alveolar macrophages isolated as described in Materials and Methods. Then, RNA was extracted and sequenced with
the Illumina system and Deseq2 analysis as described in the Materials and Methods. (A) Volcano plot of RNA-seq data
from na�ve versus infected lungs shows the adjusted p-value (false discovery rate, FDR -log10) versus fold change, FC
(log2). The 5 upregulated genes are Lipocalin-2 (Lcn2), Krüppel-like Factor 2 (Klf2), Iroquois homeobox 1 (Irx1),
CCAAT enhancer binding protein delta (Cebpd), Inter-Alpha-Trypsin Inhibitor Heavy Chain 4 (Itih4). The 5
downregulated genes are immunoglobulin heavy variable 5–6 (Ighv5-6), Elongation of very long chain fatty acids
protein 6 (Elovl6), Immunoglobulin heavy variable 1–81 (Ighv1-81), Acetyl-CoA carboxylase 1 (Acaca),
mitochondrially encoded tRNA asparagine (mt-Tn). (B) Volcano plot of RNA-seq data from na�ve versus infected
alveolar macrophages shows the adjusted p-value (false discovery rate, FDR -log10) versus fold change, FC (log2). The
466 genes with an FDR< 0.05 and FC> 1.5 are shown in the R1 green square. ��	
� is the 178th most upregulated
gene. (C) The R1 genes from alveolar macrophages were copy-pasted in Metascape (https://metascape.org) to perform
a pathway enrichment analysis. Data are representative of two independent experiments.

https://doi.org/10.1371/journal.ppat.1009887.g001
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In neutral pH conditions, dimethyl itaconate and 4-octyl itaconate, but not
itaconate, inhibit �����		� growth in culture
The ��	
� gene codes for a cis-aconitate decarboxylase that converts cis-aconitate into itaco-
nate [18]. The itaconate concentration reached 5 mM in mouse Bone Marrow-Derived Macro-
phages (BMDMs) after LPS stimulation [26]. It has been reported that itaconate could directly
inhibit the � ���	 multiplication of many bacteria such as *���	����� �������, )+�	��������
��������	�� [18], ���	����� #����	#���, *��#�+�	�	���� ������ and �����	������ �������
[27]. As expected, we found that itaconate completely inhibited the � ���	 growth of �. ����
����� and �. ��	���� in rich acidic medium (2YT, pH ~3.5) at concentration (8–12 mM) close
to those measured in stimulated BMDMs (Fig 8A). Surprisingly, at neutral pH in 2YT, itaco-
nate did not seem to have any significant effect on �������� multiplication in ���	, regardless
of the species (Fig 8B). This may have been due to the inability of itaconate to cross the bacte-
rial membrane because of its charged nature. �� ��	, after phagocytosis, �������� is thought to
be at acidic pH in the phagolysosome of the host cell, thus increasing the possibility of
increased membrane permeability. Therefore, itaconate might be able to enter �������� in
physiological conditions � ��	 and exert its potentially inhibitory effect. To validate this
hypothesis, we tested the impact of different concentrations of dimethyl itaconate (DMI) [28],
a membrane-permeable non-ionic form of itaconate, on the multiplication of �. �������� and
�. ��	���� � ���	 at neutral pH. We observed that DMI inhibits the growth of both ��������
species in a dose-dependent manner in rich medium (2YT) (Fig 9A), suggesting that itaconate
is able to specifically affect �������� when it can cross its membrane. Similar, results were
obtained with 4-octyl itaconate [26], another membrane-permeable non-ionic form of itaco-
nate (S5 Fig).

�. ��	���� bacteria incubated for 24 hours in the presence of 10 mM DMI in 2YT, washed
and then cultured again in the absence of DMI showed 100 times less CFU than control bacte-
ria not treated with DMI (S6 Fig), which demonstrates that DMI is bactericidal for �. ��	����.

Inhibition of �����		� growth in culture by dimethyl itaconate is isocitrate
lyase-dependent
Itaconate has been described to act via the bacterial enzyme isocitrate lyase (ICL) [18] which is
part of the glyoxylate shunt that is exclusively found in prokaryotes, lower eukaryotes, and
plants. This alternative shunt is activated in response to nutrient deprivation, a condition
encountered by bacteria in phagolysosomes [29].

Starting from the crystal structure of isocitrate lyase from �. ��	���� in complex with malo-
nate (Protein Data Bank (PDB) entry 3OQ8) docking of itaconate has been performed and
suggests a good binding of this compound in the active site of the protein (Fig 10A). The
ligand is stabilized in the enzyme by salt bridges involving the two carboxylate groups of itaco-
nate and residues Lys183, Arg222, and His187 (Fig 10B). A network of Hydrogen bonds fur-
ther stabilizes the ligand inside the enzyme (Fig 10C). Interestingly, this docking pose places

Fig 4. ����� gene expression is correlated to �����		� control in the lungs. (A) Wild-type and ��	
�-/- C57BL/6 mice were intranasally
infected with 107 CFU of wild-type �. �������� 16M or �. ��	���� 2308, as indicated. At 2-, 5-, 9- and 28-days post-infection, lungs and
spleen were harvested and CFU were counted. Each point represents one mouse. n = number of mice used. Grey bar represents the mean.
Significant differences between the indicated groups are marked with asterisks: � #< 0.05, � � #< 0.01. ns = non-significant. Data are
representative of at least 3 independent experiments. (B) Wild-type C57BL/6 mice were intranasally infected with 108 CFU of wild-type �.
�������� 16M or �. ��	���� 2308, as indicated. At 2-, 5-, 9- and 28-days post-infection, lungs and spleen were harvested and RNA was
extracted. After reverse-transcription into cDNA, qRT-PCR was performed with ��	
� primers. At least 6 mice were pooled for each
condition. The data are representative of 3 independent experiments. The mean fold change number is indicated at the top of the
histogram bar.

https://doi.org/10.1371/journal.ppat.1009887.g004
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the carbon atom of the reactive double bond of itaconate in close proximity with the lateral
chain of Cys185, suggesting a possible nucleophilic attack by the thiol of this residue leading to
a covalent adduct between isocitrate lyase and itaconate. This docking pose has been experi-
mentally confirmed by crystallography (PDB entry 7RBX) that unambiguously shows a cova-
lent adduct between itaconate and Cys185 in �. ��	���� isocitrate lyase (Fig 10D).

Fig 5. Enhanced susceptibility of �. ������ infected �������� mice is not associated to different cell recruitment in
the lungs. Wild-type and ��	
�-/- C57BL/6 mice were intranasally infected with 107 CFU of wild-type mCherry
expressing �. ��	���� 2308. At 9 days post-infection, mice were sacrificed and lungs were harvested. Lung cells were
isolated and then analyzed by flow cytometry as described in S6 Fig. Uninfected mice served as controls. Significant
differences between the indicated groups are marked with asterisks: � #< 0.05, � � #< 0.01, � � � #< 0.001. ns = non-
significant. The cells were counted out of the total number of cells by organ. Data represent the number of different cell
populations per lung from individual mice. 3 and 6 mice were used for the control or infected condition, respectively.
These data are representative of 2 independent experiments.

https://doi.org/10.1371/journal.ppat.1009887.g005

Fig 6. Enhanced susceptibility of �. ������ infected �������� mice is not associated to higher cell recruitment in the lungs. Wild-type and ��	
�-/- C57BL/6 mice
were intranasally infected with 107 CFU of wild-type mCherry expressing �. ��	���� 2308. At 9 days post-infection, mice were sacrificed and lungs were harvested.
Lungs were fixed and embedded. 5 �m-thick slides of were made with a cryostat. Slides were stained and analyzed by fluorescent microscopy for the expression of DAPI,
phalloidin, mCherry and neutrophil (GR1) marker. The yellow triangles indicate the presence of �. ��	���� expressing the mCherry fluorescent tracer. These images are
representative of at least 2 independent experiments on at least 3 mice per group.

https://doi.org/10.1371/journal.ppat.1009887.g006
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Fig 10. Docking and crystallography supports binding of itaconate into the binding site of isocitrate lyase. (A)
Docking pose of itaconate (magenta) into the crystal structure of isocitrate lyase from �������� ��	���� (PDB entry
3OQ8) suggests a good binding of this compound in the active site of the protein. (B) The ligand in stabilized in the
enzyme by salt bridges involving the two carboxylate groups of itaconate and residues Lys183, Arg222, and His187. A
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under 5% CO2 atmosphere. BMDM were extensively washed with PBS to remove extracellular
bacteria and incubated for an additional 60 min in medium supplemented with either 50 �g/
mL gentamicin to kill extracellular bacteria. One hour later, the medium was replaced by fresh
medium supplemented with 10 �g/mL of gentamicin. At different times post infection,
BMDM were scratched and lysed in PBS/0.1% X-100 Triton (Sigma-Aldrich) and CFU were
plated onto 2YT agar plates using different dilutions to enumerate CFUs.

Brucella infection in vivo
�������� cultures were grown overnight with shaking at 37˚C in 2YT liquid medium (Luria-
Bertani broth with double quantity of yeast extract) and were washed twice in RPMI 1640
(Gibco Laboratories) (2000 xg, 10 min) before inoculation of the mice.

For intranasal infection, mice were anesthetized with a cocktail of Xylasine (9 mg/kg) and
Ketamine (36 mg/kg) in PBS before being inoculated by intranasal injection with the indicated
dose of �������� in 30 �l of RPMI. Control animals were inoculated with the same volume of
RPMI. The infectious doses were validated by plating serial dilutions of the inoculums. At the
selected time after infection, mice were sacrificed by cervical dislocation. Immediately after
sacrifice, the lungs and spleen were collected for bacterial count, flow cytometry, qRT-PCR,
purification of the AMs and/or microscopic analyses.

For intraperitoneal infection, mice were injected with 500 �l intraperitoneally of the indi-
cated dose of CFU without anesthesia.

Bacterial counting
Organs were homogenized in PBS/0.1% X-100 Triton (Sigma-Aldrich). We performed succes-
sive serial dilutions in PBS to obtain the most accurate bacterial count and plated them on 2YT
medium. The CFU were counted after 4 days of incubation at 37˚C.

RNA extraction
RNA from the whole lungs and spleen was extract by the Tripure/Chloroform method. Briefly,
the lungs and spleen were harvested from mice, cut into small pieces and homogenized in 1
mL of Tripure (Tripure Isolation Reagent–Roche). After 5 min of incubation at RT, 200 �L of
chloroform was added, and the tube was mixed vigorously for 15 seconds then incubated for
10 min at RT. After centrifugation for 15 min (12,000 xg at 4˚C), the aqueous phase was col-
lected and placed in a new tube. 500 �L of isopropanol was added. The tube was mixed by
inversion and centrifuged for 10 min (12,000 xg at 4˚C). The pellet was washed twice with 75%
ethanol (7,500 xg for 5 min at 4˚C), suspended in 50 �L of water, and incubated for 10 min at
55˚C to completely resuspend the RNA pellet. RNA from purified AMs was extracted using
the RNeasy Mini kit (Qiagen).

RNA sequencing and analysis
After DNAse I, RNAse-free treatment (Thermo Scientific), the RNA samples were then trans-
formed into cDNA, and the library was prepared. The Novaseq 6000 Trueseq SBS reagents (25
million paired-end reads) and Trueseq stranded RNA library preparation were used for the
Illumina sequencing.

Genes with no raw read count were filtered out with an R script. Raw read counts were nor-
malized and a differential expression analysis was performed with DESeq2 by applying an
adjusted p-value < 0.05 and absolute log2-ratio > 0.5849.
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and the pellet was progressively embedded in epoxy resin (Agar 100 resin; Agar Scientific,
United Kingdom) (75:25, 50:50 and then 25:75% of propylene oxide/resin). Ultrathin 50-nm
sections were obtained, mounted on copper-Formvar-carbon grids (EMS, United Kingdom),
and stained with uranyl acetate and lead citrate by standard procedures. Observations were
made on a Tecnai 10 electron microscope (FEI, Eindhoven, The Netherlands), and images
were captured with a Veleta charge-coupled-device (CCD) camera and processed using the
AnalySIS and Adobe Photoshop software programs.

Structural analysis
The docking of itaconate into the catalytic site of isocitrate lyase from �������� ��	���� was per-
formed using Maestro 11.9 from Schrodinger’s suite 2019. The starting crystal structure corre-
sponds to a complex of the enzyme with malonate (chain A of 3OQ8 PDB entry). The
itaconate ligand (doubly deprotonate dicarboxylate form) was build based on the malonate
from this PDB structure (using “3D Builder” tool). The resulting complex was further mini-
mized using the “Protein Preparation Wizard” [43]. Interactions were analyzed with Maestro
11.9 and visualized with the software Pymol (version 1.7.4.4; Schrödinger).

A crystal structure of �������� ��	���� isocitrate lyase in complex with itaconate has also
been obtained at 1.8 � resolution. Statistics of data collection and refinement together with
coordinates have been deposited at the PDB (entry 7RBX).

Statistical analysis
We used a (Wilcoxon-)Mann-Whitney test provided by the GraphPad Prism software to statis-
tically analyze our results. Each group of deficient mice was compared to the wt mice. We also
compared each group with the other groups and displayed the results when required. Values
of p< 0.05 were considered to represent a significant difference. � , � � , � � � denote p< 0.05,
p< 0.01, p< 0.001 respectively.

Supporting information
S1 Fig. Alveolar macrophages are the main �. ��	
���
 infected cells in lungs. Wild-type
C57BL/6 mice (n = 5) received PBS intranasally (control mice) or 107 CFU of mCherry-
expressing �. �������� labelled with eFluor670. Mice were sacrificed at 24 hours post-infec-
tion. The lungs were harvested, and the cells were isolated and then analyzed by flow cytome-
try for the FSC and the expression of eFluor670, mCherry, CD11c, and Siglec-F as indicated.
(A) Gating strategy. Numbers indicate the percentage of eFluor670+ cells among the total cells
(upper panels) and the percentage of eFluor670+ cells that are also positive for CD11c and
Siglec-F markers (lower panels) in na�ve mice (left-hand panels) or infected mice (right-hand
panels). B. Same gating strategies, but with previously purified alveolar macrophages. These
results are representative of three independent experiments.
(TIF)

S2 Fig. ����� gene deficiency does not affect ��� ��� ������ �	�������	� 
������ ��		��
��
�����		� 
�����
��. Wild-type and ��	
�-/- C57BL/6 mice were intranasally infected with 107

CFU of wild-type �. �������� 16M or �. ��	���� 2308, as indicated. At 2-, 5-, 9- and 28-days
post-infection, spleen were harvested and weighed individually. Each point represents one
mouse, n = 8. Grey bar represents the mean. ns = non-significant differences between the indi-
cated groups. Data are representative of 2 independent experiments.
(TIF)
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was performed with the Illumina system and Deseq2 analysis as described in the Materials and
Methods. Data represent the list of genes associated with their fold change (FC) (Log2) and
adjusted p-value—log10 (false discovery rate, FDR). Data are representative of two indepen-
dent experiments. These data have been deposited in the GEO database under the reference
GSE180699.
(XLSX)
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