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Itaconate is an effector of a Rab GTPase
cell-autonomous host defense pathway
against Salmonella
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Maria Lara-Tejero1, E. Hesper Rego1, Jorge E. Galán1†

The guanosine triphosphatase (GTPase) Rab32 coordinates a cell-intrinsic host defense mechanism that
restricts the replication of intravacuolar pathogens such as Salmonella. Here, we show that this
mechanism requires aconitate decarboxylase 1 (IRG1), which synthesizes itaconate, a metabolite with
antimicrobial activity. We find that Rab32 interacts with IRG1 on Salmonella infection and facilitates the
delivery of itaconate to the Salmonella-containing vacuole. Mice defective in IRG1 rescued the virulence
defect of a S. enterica serovar Typhimurium mutant specifically defective in its ability to counter the
Rab32 defense mechanism. These studies provide a link between a metabolite produced in the
mitochondria after stimulation of innate immune receptors and a cell-autonomous defense mechanism
that restricts the replication of an intracellular bacterial pathogen.

M
any cells are endowed with the capac-
ity to controlmicrobial invaders through
cell-intrinsic defense mechanisms that
synergize with the immune system to
confer whole-body protection (1). Mi-

crobial pathogens respond to these host defense
strategies by evolving virulence factors that
prevent their detection or neutralize the ef-
fects of the antimicrobial mechanisms (2). Rab-
family guanosine triphosphatases (GTPases)
coordinate molecular transport across cellular
compartments (3). A member of this family,
Rab32, orchestrates a cell-intrinsic host de-
fense response that restricts the replication
of intracellular bacterial pathogens, includ-
ing Salmonella enterica serovar Typhi (S. Typhi)
(4–6). S. enterica serovar Typhimurium (S.
Typhimurium), however, can neutralize this
restrictionmechanismwith twoeffectors (SopD2
and GtgE) delivered by its type III protein se-
cretion systems (7,8). Themechanismsbywhich
Rab32 controls bacterial replication are un-
known.We hypothesized that Rab32must con-
trol the delivery of an antimicrobial factor(s) to
the Salmonella-containing vacuole (SCV). How-
ever, the nature of any potential factor(s) has
remained elusive.
We searched for a cell line in which the

Rab32-dependent restriction is robustly man-
ifested by comparing the replication of wild-
type S. Typhimurium with that of the DgtgE
DsopD2 mutant (deficient in both GtgE and
SopD2), which is unable to neutralize it. We
found no difference between the replication
of the two strains in mouse embryo fibro-

blast, HeLa, or Henle-407 cells (Fig. 1, A to C),
even after treatment with interferon (fig. S1).
By contrast, we observed significant differ-
ences in murine DC2.4 dendritic cells (Fig. 1D)
and, to a lesser extent, in RAW264.7 macro-
phages (Fig. 1E). Thus, the Rab32 phenotype
may be more robustly manifested in cells of
hematopoietic origin.
We then searched for Rab32-interacting pro-

teins in DC2.4 cells after infection with the
S. Typhimurium DgtgE DsopD2 mutant strain
at an infection time point that coincides with
the recruitment of Rab32 to the SCV (4) (Fig.
1F). A prominent Rab32-interacting protein
exclusively detected in infected cells was IRG1
(Fig. 1G and tables S1 and S2). This interaction
was confirmed in cells expressing epitope-
tagged versions of these proteins (Fig. 1H and
fig. S2) and in DC2.4 cells expressing endoge-
nous Irg1 (Fig. 1I). The nucleotide state of
Rab32 did not appear to affect its interaction
with IRG1 (fig. S3). However, the interaction
was enhanced by the bacterial infection (Fig. 1,
H and I, and fig. S2). In addition, IRG1 ex-
pression was detected in Salmonella-infected
or lipopolysaccharide (LPS)–treated cells that
showed the Rab32-restriction phenotype, but
not in cells that did not (Fig. 1J and figs. S4
and S5). Furthermore, when compared with
the wild-type strain, the S. Typhimurium
DgtgE DsopD2mutant showed reduced intra-
cellular replication in Henle-407 cells tran-
siently expressing IRG1 (fig. S6). IRG1, which is
highly expressed in mouse macrophages after
stimulation of Toll-like receptors (9), converts
cis-aconitate, a tricarboxylic acid (TCA) cycle
intermediate, to itaconic acid (10). By alkylat-
ing cysteine residues in the targetedmolecules
(11, 12), itaconic acid (or itaconate) inhibits
methylmalonyl–coenzyme A (CoA)mutase (13),
as well as isocitrate lyase (14) and succinate
dehydrogenase (15), which are essential en-

zymes in the glyoxylate shunt pathway and
the TCA cycle. These pathways are critical for
the physiology and pathogenesis of Salmonella
andMycobacterium spp. (13, 16–20), which are
susceptible to the Rab32-mediated defense
mechanism (4, 7, 21). Furthermore, itaconic
acid inhibits the growth of Mycobacterium
spp., S. Typhimurium (10), and S. Typhi (fig. S7).
To investigate whether itaconic acid is de-

livered to the SCV, we developed a biosensor
to report the presence of itaconic acid in
Salmonella. S. Typhimurium encodes a puta-
tive itaconate-degradation pathway (22), which
is absent from S. Typhi (Fig. 2A). By analogy to
similar systems in other bacteria (23), expres-
sion of this pathway is expected to be controlled
bya transcriptional regulatoryprotein (STM3121),
which directly senses itaconic acid (Fig. 2A). We
constructed a transcriptional reporter in which
the expression of the green fluorescent protein
(GFP), or nanoluciferase, was placed under the
control of a promoter whose expression is di-
rectly controlled by STM3121 (Fig. 2A). The
reporters responded to the presence of ita-
conic acid in a dose-dependentmanner (Fig. 2,
B and C), maintaining a linear response up to
itaconate concentrations of ~5 to 6 mM (fig.
S8). The reporter’s response was specific be-
cause addition of other metabolites or environ-
mental stimuli did not result in a measurable
transcriptional response (fig. S9). We then
tested whether itaconic acid was delivered
to the SCV and whether the reporter strains
could sense its presence within this environ-
ment. Infection of cells that do not express
IRG1 (Fig. 1) with Salmonella strains encod-
ing the itaconate reporters did not result in
any measurable production of nanoluciferase
(Fig. 2D and figs. S10 and S11) or GFP (Fig. 2E
and fig. S12). By contrast, infection of cells that
express IRG1 resulted in robust expression of
the reporters (Fig. 2, D and E, and figs. S9 to
S11). On the basis of the dose response of the
reporter (fig. S8), the concentration of itacon-
ate within the SCVwas estimated to be ~6mM,
a concentration predicted to inhibit Salmonella
growth (fig. S7).
We then examinedwhether the Rab32 path-

way influences the production or the delivery
of itaconate to the SCV. We reasoned that if
the Rab32 pathway influences the presence of
itaconate in the SCV, wild-type S. Typhimu-
rium should impair this process by the action
of SopD2 and GtgE (4, 7). Consistent with this
hypothesis, expression of the itaconate biosensor
was detected at significantly reduced levels in
DC2.4 or RAW264.7 cells infectedwithwild-type
bacteria in comparison to the DgtgE DsopD2
mutant strain (Fig. 3A and fig. S13), despite
equivalent levels of IRG1 expression in the
infected cells (fig. S14). We then compared the
expression of the itaconate reporter in bone
marrow–derivedmacrophages (BMDMs) ob-
tained from C57BL/6, Irg1−/−, Rab32−/−, or
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BLOC3-deficient (Hps4−/−) mice, which lack
the exchange factor for Rab32 (24), after in-
fection with different Salmonella reporter
strains. We found robust expression of the
itaconate biosensor after infection of BMDMs
obtained fromC57BL/6mice but not in BMDMs
obtained from Irg1-defective mice (Fig. 3, B
to D). Importantly, expression of the reporter
was detected at significantly reduced levels in
BMDMs obtained from Hps4−/− or Rab32−/−

mice. Expression of the reporter in Rab32−/−

BMDMs was higher than in Hps4−/− BMDMs,
suggesting that in the absence of Rab32, the
related Rab38 GTPase may partially compen-
sate for its function (Fig. 3, B to D). The levels

of itaconate in BMDMs obtained from C57BL/6,
Hps4−/−, or Rab32−/− mice after stimulation
with LPS were indistinguishable from one
another (Fig. 3E and table S3), indicating that
the delivery of itaconate to the SCV, not its
synthesis, is dependent on the Rab32-BLOC3
pathway.
A proportion of the intracellular Salmonella

breaks from the SCV to the cell cytosol, where it
can replicate at a faster rate (25). To investigate
whether delivery of itaconate requires the in-
tegrity of the SCV, we examined the expres-
sion of the itaconate reporter in intravacuolar
and cytoplasmic bacteria. Expression of the
S. Typhi typhoid toxin requires the environ-

ment of the SCV, thus serving as a marker to
distinguish intravacuolar versus intracytosolic
bacteria (26). We found that all bacteria ex-
pressing the itaconate reporter were located
within the SCV, whereas no bacteria found
within the cytosol showed expression of the
reporter (Fig. 3F and fig. S15).
The transport of mitochondria-originated

products to other vesicular compartments is
well documented (27, 28). Because Rab32 is
present in the mitochondria (29) and the SCV
(4), this GTPase may aid the formation and/or
delivery of itaconate and/or IRG1-transport car-
riers, or it may facilitate the tethering of the
mitochondria with the SCV. We used live-cell

Chen et al., Science 369, 450–455 (2020) 24 July 2020 2 of 6

Fig. 1. IRG1 interacts with Rab32 during Salmonella infection. (A to
E) The Rab32-associated pathogen restriction mechanism is manifested in
myelocytic but not in epithelial cell lines. The ability of the S. Typhimurium
DsopD2 DgtgE mutant strain to replicate within epithelial [Henle-407 (A) and
HeLa (B)], mouse embryonic fibroblast (MEF) (C), or myelocytic [DC2.4 (D)
and RAW264.7 (E)] cell lines was evaluated by determining the colony
forming units (CFU) at different times after infection [multiplicity of infection
(MOI) = 5]. Fold replication represents the difference between the CFU at 1 and
9 hours after infection. Each circle represents the fold replication in each
individual determination; the mean ± SEM of all the measurements and the
p values of the indicated comparisons (two-sided Student’s t test) are
shown. (F) Rab32 interacts with IRG1 after Salmonella infection. DC2.4 cells
expressing endogenous levels of FLAG-tagged Rab32 were infected with
S. Typhimurium DsopD2 DgtgE (MOI = 30), and Rab32-interacting proteins
were identified by affinity purification and liquid chromatography–tandem mass
spectrometry (LC–MS/MS) analysis. IP, immunoprecipitation. (G) The IRG1
peptides identified by the analyses in (F) are shown in red. Single-letter

abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; D, Asp;
E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro;
Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. (H and I) Human
embryonic kidney (HEK) 293T cells transiently cotransfected with a plasmid
expressing GFP-tagged Rab32, Rab17, or Rab20, along with a plasmid encoding
FLAG-tagged IRG1 (H), or DC2.4 cells stably expressing FLAG-tagged Rab32 (I)
were infected with S. Typhimurium DgtgE DsopD2 for 4 hours (MOI = 5).
Cell lysates were then analyzed by immunoprecipitation with anti-FLAG and
immunoblotting with anti-GFP, anti-FLAG, anti-IRG1, or anti–b-actin (as loading
control) antibodies. IP, immunoprecipitates; WCL, whole-cell lysates. (J) Expression
of IRG1 after Salmonella infection. The indicated cell lines were infected with
S. Typhimurium DsopD2 DgtgE mutant strain (MOI = 5), and IRG1 mRNA levels
were measured by quantitative PCR 6 or 9 hours after infection. Each circle
represents a single determination of the relative levels of IRG1 normalized to the
levels of glyceraldehyde-phosphate dehydrogenase (GAPDH); the mean ± SEM of
all the measurements and p values of the indicated comparisons (two-sided
Student’s t test) are shown.
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time-lapse fluorescence microscopy to exam-
ine cells stably expressing GFP-tagged IRG1
that had been infected with Salmonella ex-
pressing an mCherry itaconate reporter. We
found that in uninfected cells, IRG1 was uni-
formly distributed throughout the entire mito-
chondrial network (fig. S16 and table S4). After
Salmonella infection, we observed many in-

stances in which the IRG1-containing mito-
chondrial network repositioned to surround
and make intimate contact with the SCV, a
process that coincided with the activation of
the itaconate biosensor in the intracellular
bacteria (Fig. 3G and movies S1 to S3). Exam-
ination of the infected cells by two-color
three-dimensional super-resolution structured-

illuminationmicroscopy (3D-SIM) (30) revealed
intimate contact between the IRG1-containing
mitochondrial network and the SCV (Fig. 3H
and movies S4 to S7). These observations sug-
gest a mechanism by which the close associ-
ation between the IRG1-containing mitochondria
and the SCV may facilitate their tethering and
subsequent itaconate transport.
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Fig. 2. Itaconate is delivered to the SCV. (A to C) Development of a
biosensor to detect itaconate. The chromosomal organization of
the itaconate-degradation gene cluster in S. Typhimurium and
diagram of the itaconate biosensor are shown in (A). The effect
of the addition of itaconate on the biosensor transcriptional response
is shown in (B) and (C). S. Typhimurium and S. Typhi strains carrying
either the nanoluciferase (Nluc) or enhanced GFP (eGFP) itaconate
reporters were grown to an optical density at wavelength 600 nm
(OD600) of 0.9 in the presence of different concentrations of itaconic
acid (as indicated), and the levels of nanoluciferase (B) or eGFP (C)
were determined. Values are the mean ± SD of three independent
measurements. This experiment was repeated at least three times with
equivalent results. (D and E) Detection of itaconate by intracellular
Salmonella. DC2.4 or Henle-407 cells were infected with S. Typhimurium

DsopD2 DgtgE mutant strain (MOI = 5) or S. Typhi (MOI = 10) carrying
a plasmid encoding a nanoluciferase-based itaconate biosensor.
Eighteen hours after infection, the levels of nanoluciferase were
measured in lysates of the infected cells (D). Each circle or triangle
represents a single luciferase measurement; the mean ± SD and p values
of the indicated comparisons (two-sided Student’s t test) are shown.
This experiment was repeated at least three times with equivalent results.
Alternatively, DC2.4 or Henle-407 cells were infected (MOI = 10) with
S. Typhi carrying a plasmid encoding the eGFP-based itaconate biosensor
(green). Eighteen hours after infection, cells were fixed, stained with
4′,6-diamidino-2-phenylindole (DAPI) (blue) to visualize nuclei and stained
with an anti-Salmonella LPS antibody along with Alexa 594-conjugated
anti-rabbit antibody (red), and imaged under a fluorescence microscope
(E). Scale bars, 5 mm.
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We compared the ability of wild-type S.
Typhimurium or the DsopD2 DgtgE mutant
to replicate within BMDMs obtained from
C57BL/6, Irg1−/−, or Hps4−/− mice. As previ-

ously shown (7), the S. Typhimurium DsopD2
DgtgE mutant exhibited reduced ability to
replicate within C57BL/6 BMDMs, and this
phenotype was rescued in BMDMs obtained

from Hps4−/− animals (Fig. 4A). Important-
ly, the replication-deficient phenotype was
also rescued in BMDMs obtained from Irg1−/−

mice, which allowed the replication of the
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Fig. 3. Rab32-BLOC3–dependent delivery of itaconate
to the SCV. (A) Cultured DC2.4 cells were infected with
wild-type or DgtgE DsopD2 S. Typhimurium strains (MOI =
5) encoding the luciferase-based itaconate biosensor, and
the levels of luciferase in cell lysates were measured 9 hours
after infection. Each circle represents a single luciferase
measurement; the mean ± SD and the p values of the
indicated comparisons (two-sided Student’s t test) are
shown. (B to D) BMDMs obtained from C57BL/6, Rab32−/−,
Hps4−/−, or Irg1−/− mice were infected with S. Typhi
(MOI = 10) encoding the luciferase- or eGFP-based
itaconate biosensors. Nine hours after infection, the levels
of luciferase in cell lysates (B) or the number of cells
expressing eGFP (C) were determined. Each circle in (B)
represents a single luciferase measurement. Values in (C)
represent the percentage of bacterial cells exhibiting
fluorescence. A minimum of 200 cells in each condition were
evaluated. The mean ± SD and p values of the indicated
comparisons [one-way analysis of variance (ANOVA)] are
shown. Representative fields of BMDMs obtained from the
indicated mouse lines infected with S. Typhi encoding
the eGFP itaconate reporter (green) are shown (D). Cells
were fixed, stained with DAPI (blue) to visualize nuclei and
stained with an anti-Salmonella LPS antibody along with
Alexa 594-conjugated anti-rabbit antibody (red), and imaged
under a fluorescence microscope. Scale bars, 5 mm.
(E) Itaconate concentrations in BMDMs obtained from the
indicated mice before and after LPS treatment to induce
the expression of IRG1. Values represent the mean ± SD
of three independent measurements. (F) Expression of the
itaconate reporter (red) by intravacuolar but not by
cytosolic S. Typhi. HeLa cells transfected with a plasmid
encoding FLAG-tagged IRG1 were infected by a S. Typhi
strain encoding an mCherry itaconate reporter (red) and a
pltB::GFP transcriptional reporter (green). PltB, a
component of the S. Typhi typhoid toxin, is exclusively
produced by bacteria located within the SCV and therefore
serves as a surrogate to report for intravacuolar (GFP+)
versus intracytosolic (GFP−) bacteria. Six hours after
infection, cells were stained with DAPI (to visualize all
bacteria) and examined under a fluorescence microscope.
Scale bars, 5 mm. (G) Live-cell fluorescence time-lapse
microscopy of cultured HeLa cells stably expressing IRG1-
GFP (green) infected with S. Typhimurium DgtgE DsopD2
mutant strain encoding an mCherry itaconate biosensor
(magenta). Imaging was initiated 45 min after infection. The
times (hours:min) after initiation of imaging are indicated
in each frame. (The entire sequence is shown in movie S1.
This experiment was conducted at least three independent
times, imaging several independent positions in each
experiment, with equivalent findings. See movies S2 and
S3 for additional examples.) Scale bar, 5 mm. (H) Snapshot
of a 3D rendering of 3D-SIM acquisitions of HeLa cells
stably expressing IRG1-GFP (green) infected with
S. Typhimurium DgtgE DsopD2 mutant strain encoding
an mCherry itaconate biosensor (magenta). (Videos
of this and additional reconstructions can be found in
movies S4 to S7.) Scale bar, 5 mm.
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S. TyphimuriumDsopD2DgtgEmutant to levels
almost equivalent to those of wild-type bacte-
ria (Fig. 4A). The human-adapted pathogen
S. Typhi is unable to replicate inmousemacro-
phages because the Rab32-BLOC3 pathway re-
stricts its replication (4). As we have previously
shown (4), S. Typhi was able to replicate in
BMDMs from Hps4−/− mice to levels almost
equivalent to those of wild-type S. Typhimurium
(Fig. 4B). Importantly, S. Typhi was able to rep-
licate in BMDMs from Irg1−/−mice, although
not to the same extent as to the levels observed
in BMDMs from Hps4−/− mice (Fig. 4B). This
suggests that, in addition to itaconate, the
Rab32-BLOC3 pathwaymay deliver additional
antimicrobial factors. The S. Typhimurium
DsopD2 DgtgE mutant exhibits notably re-
duced mouse virulence when compared with
the wild-type strain, and the virulence defect
can be reversed in BLOC3-defective mice (7).
We therefore reasoned that if itaconate is an
effector of this pathway, the virulence attenu-
ation of the S. Typhimurium DsopD2 DgtgEmu-
tant strain should be reversed in Irg1−/− mice.
Consistent with this hypothesis, the virulence
defect of the S. Typhimurium DsopD2 DgtgE
mutant was significantly reversed in Irg1−/−

mice (Fig. 4C). We also examined whether the
deployment of the SopD2 and GtgE effectors
was able to blunt the delivery of itaconate
to the SCV during infection. We found that
24 hours after infection, the itaconate re-
porter activity was almost undetectable in
the spleens of animals infected with wild-
type S. Typhimurium. By contrast, signifi-
cantly higher activity was detected in the
spleens of animals infected with the DsopD2
DgtgE mutant strain (Fig. 4D).
We have shown here that itaconate is an

effector of the Rab32-dependent pathogen re-
striction pathway that limits the replication of
Salmonella (Fig. 4E). In phagocytic cells, ita-
conate can also be delivered to vacuoles con-
taining other bacteria (e.g., Escherichia coli) or
avirulent S. Typhi lacking its two type III se-
cretion systems (fig. S17).We therefore hypothe-
sized that this is a general mechanism of
defense that may participate in the restriction
of other vacuolar pathogenic bacteria. How
itaconate inhibits bacterial growth is likely to
be multifactorial, exerting its function by al-
tering bacterial metabolism through its ability
to inhibit key metabolic enzymes. Although
itaconate has also been reported to have mod-
ulatory activities over multicellular responses,
including inflammation (31), it is unlikely
that those activities are central to the Rab32-
BLOC3–mediated pathogen restrictionmech-
anism, which involves the direct delivery
of this metabolite to the bacterial-containing
vacuole. These studies emphasize the crit-
ical role played bymitochondria in the control
of microbial infections and the Rab32 path-
way as a major link between this organelle
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Fig. 4. Susceptibility of IRG1-deficient mice to Salmonella infection. (A and B) BMDMs obtained from
C57BL/6 (wild-type), Hps4−/−, or Irg1−/− mice were infected with wild-type (wt) S. Typhimurium (MOI = 5) or its
DgtgE DsopD2 mutant derivative (MOI = 5) (A) or wild-type S. Typhi (MOI = 10) (B), and the number of CFU was
determined 9 hours after infection. Each circle represents the CFU in independent measurements; the mean ± SEM
of all the measurements and p values of the indicated comparisons (two-sided Student’s t test) are shown.
(C and D) C57BL/6 (wild-type) or Irg1−/− mice were intraperitoneally infected with wild-type or DgtgE DsopD2
S. Typhimurium (as indicated) (102 CFU). Five days after infection, bacterial loads in the spleen of the infected
animals were determined (C). Alternatively, mice were intraperitoneally infected with the same strains (104 CFU), and
the levels of luciferase activity in spleen lysates were quantified 24 hours after infection (D). Each circle in (C)
represents the bacterial loads of the spleen of an individual animal, and each circle in (D) represents the luciferase
levels in the spleen of an individual animal normalized to the CFU. The mean ± SEM of all the determinations
and p values of the indicated comparisons (two-sided Student’s t test) are shown. (E) Model for the mechanism
of Rab32-BLOC3–mediated itaconate delivery to the SCV. On infection, the mitochondrial network repositions to
surround the incoming bacteria, and the resulting close interaction between the mitochondria and the SCV results in
the Rab32-BLOC3–dependent delivery of itaconate, which is synthesized in the mitochondria by IRG1.
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and the compartments housing bacterial
pathogens.
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Salmonella
Itaconate is an effector of a Rab GTPase cell-autonomous host defense pathway against 
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mitochondria and the Rab32 pathway play a critical role in antibacterial host defense.

infected cells suggest that this is a more general phenomenon in which−Escherichia coliinfections. Similar findings in 
duringconcentrations in vacuoles correlated with bacterial survival, highlighting the biological relevance of this metabolite 

-containing vacuoles. ItaconateSalmonelladelivery of IRG1's antimicrobial product, itaconate, from the mitochondria to 
Rab32 and its exchange factor, BLOC3, interact with aconitate decarboxylase 1 (IRG1). This complex enables the direct 

 report thatet al.guanosine triphosphatase called Rab32. However, the underlying mechanisms remain unclear. Chen 
 using a Rab familySalmonellaMyeloid cells can restrict the replication of intracellular bacterial pathogens such as 

Rab32 puts itaconate where it's needed
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