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Parkinson’s disease kinase LRRK2 
coordinates a cell-intrinsic itaconate- 
dependent defence pathway against 
intracellular Salmonella

Huan Lian1,4,7, Donghyun Park1,2,5,7, Meixin Chen1,6, Florian Schueder    1,3, 
Maria Lara-Tejero    1, Jun Liu    1,2 & Jorge E. Galán    1 

Cell-intrinsic defences constitute the first line of defence against 
intracellular pathogens. The guanosine triphosphatase RAB32 orchestrates 
one such defence response against the bacterial pathogen Salmonella, 
through delivery of antimicrobial itaconate. Here we show that the 
Parkinson’s disease-associated leucine-rich repeat kinase 2 (LRRK2) 
orchestrates this defence response by scaffolding a complex between 
RAB32 and aconitate decarboxylase 1, which synthesizes itaconate from 
mitochondrial precursors. Itaconate delivery to Salmonella-containing 
vacuoles was impaired and Salmonella replication increased in 
LRRK2-deficient cells. Loss of LRRK2 also restored virulence of a Salmonella 
mutant defective in neutralizing this RAB32-dependent host defence 
pathway in mice. Cryo-electron tomography revealed tether formation 
between Salmonella-containing vacuoles and host mitochondria upon 
Salmonella infection, which was significantly impaired in LRRK2-deficient 
cells. This positions LRRK2 centrally within a host defence mechanism, 
which may have favoured selection of a common familial Parkinson’s disease 
mutant allele in the human population.

Many cells, particularly those of haematopoietic origin, have the intrin-
sic capacity to control bacterial infections in a manner independent 
from but synergistic with the immune system1. RAB32 is involved in 
one such mechanism, which is central for the control of intracellu-
lar pathogens including the human-adapted pathogen Salmonella 
enterica serovar Typhi (S. Typhi), the causative agent of typhoid fever2–6. 
RAB32 exerts its function by facilitating the delivery of the antimicrobial 
compound itaconate to the Salmonella-containing vacuoles (SCV)6,7. 

Itaconate is synthesized by aconitate decarboxylase 1 (also known as 
IRG1) from cis-aconitate, a tricarboxylic acid cycle intermediate pro-
duced in the mitochondria8. This compound exerts its antimicrobial 
function by inhibiting methylmalonyl–coenzyme A (CoA) mutase9, 
isocitrate lyase10,11 and succinate dehydrogenase12, which are essen-
tial for the metabolism of several intracellular pathogens including 
Salmonella and Mycobacterium spp.13–20. During evolution, pathogens 
have acquired mechanisms to counter host defences21,22. Thus, the 
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found that, compared with parental cells, expression of the luciferase 
or GFP itaconate reporters was significantly reduced in LRRK2-deficient 
cells infected with S. Typhi (Fig. 1b,d and Extended Data Fig. 1a,b). We 
also found that itaconate delivery was impaired in LRRK2-deficient 
cells infected with an S. Typhimurium ∆gtgE ∆sopD2 mutant strain  
(Fig. 1c), which is specifically defective in its ability to neutralize the 
RAB32 defence pathway2,23. Importantly, the absence of LRRK2 did not 
affect the levels of itaconate after lipopolysaccharide (LPS) stimulation, 
indicating that it is not required for itaconate synthesis (Fig. 1e). Taken 
together, these results indicate that LRRK2 is required for efficient 
itaconate delivery to the SCV.

We have previously shown that growth of the human-adapted 
S. Typhi in mouse macrophages is restricted, and that such restriction 
is removed in mouse Raw264.7 and DC2.4 cells lacking either RAB32, 
its exchange factor BLOC3 (ref. 2) or IRG1 (ref. 6). Similarly, we found 
that, despite the presence of equal number of bacteria to those in 
parental cells immediately after infection (Extended Data Fig. 1c–g), 
S. Typhi loads in LRRK2-defective Raw264.7 and DC2.4 cells or in bone 
marrow-derived mouse macrophages (BMDMs) obtained from Lrrk2−/− 
mice were much higher 20 h after infection (Fig. 1f–h). In fact, these 
bacterial loads were almost as high as those of wild-type S. Typhimu-
rium (Fig. 1i), which can efficiently block the RAB32 defence pathway 
and, consequently, replicate within these cells. These results indicate 
that LRRK2 restricts S. Typhi intracellular replication in non-permissive 
host cells. We have previously shown that the S. Typhimurium ∆gtgE 
∆sopD2 mutant strain, which is unable to neutralize the RAB32 defence 
pathway, has reduced ability to grow within Raw264.7 and DC2.4 cells, 
as well as primary BMDMs2,23, a phenotype that was reversed in the 
same cells lacking either RAB32 or IRG1 (ref. 6). Similarly, we found 
that the growth defect of this mutant strain was reversed in Raw264.7 
cells lacking LRRK2 or in Lrrk2−/− BMDMs (Fig. 1j,k). We also tested the 
virulence phenotype of wild-type and ∆gtgE ∆sopD2 S. Typhimurium 
strains in Lrrk2−/− mice. We found that, as previously shown34,35, Lrrk2−/− 
mice were more susceptible to wild-type S. Typhimurium infection  
(Fig. 1l). Importantly, however, the virulence defect of the S. Typhimurium 
∆gtgE ∆sopD2 mutant strain was substantially reversed in Lrrk2−/− mice  
(Fig. 1m). Taken together, these results indicate that LRRK2 is an intrin-
sic component of the RAB32–host defence pathway against Salmonella 
infection.

Itaconate delivery to SCVs requires LRRK2 kinase activity
To gain insight into the mechanisms by which LRRK2 contributes to the 
RAB32-dependent host defence pathway, we examined the potential 
contribution of its kinase activity. We found that S. Typhimurium infec-
tion of Raw264.7 macrophages resulted in the rapid phosphorylation of 
LRRK2 at its residue S935 (Fig. 2a), which is a measure of its activation42. 
Equivalent results were found in DC2.4 cells (Extended Data Fig. 2).  

broad host range Salmonella enterica serovar Typhimurium (S. Typh-
imurium) can effectively neutralize this RAB32-dependent restriction 
mechanism by deploying two effectors of its type III protein secretion 
systems (T3SSs), SopD2 and GtgE, which directly target RAB32 with 
specific GTPase-activating protein and protease activities2,23,24. In addi-
tion, S. Typhimurium encodes a set of enzymes that can specifically 
degrade itaconate25,26, which, like SopD2 and GtgE, are absent from 
the human-adapted S. Typhi27.

How RAB32 coordinates the delivery of itaconate to the SCV is 
unclear, although its ability to form a complex with IRG1 is predicted 
to be central to this mechanism6. RAB32 also interacts with the Par-
kinson’s disease (PD)-associated leucine-rich repeat kinase 2 (LRRK2)  
(ref. 28,29) that, like RAB32 (refs. 2,30,31), localizes to the mitochon-
dria32, is recruited to the SCV33 and has been shown to be important for 
the control of intracellular pathogens such as Salmonella and Mycobac-
terium spp.34–37. On the other hand, like LRRK2, mutations in RAB32 have 
been linked to familial PD38, further suggesting a connection between 
this mechanism of host defence and PD. In fact, other proteins associated 
with PD, such as Parkin and Pink1, have also been linked to both pathogen 
resistance and mitochondria physiology39–41. In this Article, we have 
examined the potential link between LRRK2 and the Rab32-dependent 
host defence pathway. We found that LRRK2 is required for itaconate 
delivery to the SCV. We also found that LRRK2-deficient cells can sustain 
greater intracellular Salmonella replication, and that LRRK2-defficient 
mice can rescue the virulence phenotype of an S. Typhimurium ∆gtgE 
∆sopD2 mutant strain specifically defective in its ability to block ita-
conate delivery to the SCV. Furthermore, we found that the SCV and 
the mitochondria establish a close association mediated by multiple 
tethers, which are absent in LRRK2-deficient cells. Our studies indicate 
that LRRK2 plays a central role in intracellular pathogen host defence, 
thus potentially linking PD and differential susceptibility to microbial 
pathogens as a potential driver for the selection of one of the most com-
mon familial PD mutant alleles in the human population.

Results
LRRK2 is required for itaconate delivery to SCVs
We first examined the delivery of itaconate to the SCV in clustered regu-
larly interspaced short palindromic repeats–(CRISPR)–Cas9-generated 
LRRK2-deficient Raw264.7 macrophages and DC2.4 dendritic cells 
(Fig. 1a). We chose these cells because our previous studies have shown 
that they robustly express the RAB32-dependent defence pathway6. To 
monitor itaconate delivery to the SCV, we used an itaconate biosensor 
we have previously developed6. This biosensor is based on luciferase 
or fluorescent protein (green fluorescent protein (GFP) or mCherry) 
reporters whose expression in Salmonella is strictly dependent on a 
transcription factor that, by directly sensing the presence of itaco-
nate, controls the expression of an itaconate degradation pathway. We 

Fig. 1 | LRRK2 is a component of the RAB32-dependent host defence pathway 
against Salmonella. a, Western blot analysis of cell lysates of parental and 
CRISPR–Cas9-generated Lrrk2−/− Raw264.7 or DC2.4 cells. IFNγ: interferon 
gamma. b,c, Raw264.7 or DC2.4 parental (control) and Lrrk2−/− cells were infected 
with either wild-type S. Typhi (b) (MOI 6) or S. Typhimurium ∆gtgE ∆sopD2 
mutant strain (MOI 3) (c) encoding a luciferase-based itaconate biosensor, and 
the levels of luciferase in the cell lysates were measured 20 h after infection. Each 
circle or square represents a single luciferase measurement. The mean ± s.d. 
and P values of the indicated comparisons (unpaired two-tailed Student’s t-test) 
are shown (n = 6 for each category). Nluc: nanoluciferase. d, Alternatively, 
Raw264.7 parental (control) and Lrrk2−/− cells were infected with S. Typhi strains 
encoding an eGFP-based itaconate biosensor (MOI 6) and the percentage of 
bacterial cells expressing eGFP were determined 5 h after infection. Each square 
and circle represent the mean of an individual experiment in which at least 200 
infected cells were examined. The P value (unpaired two-tailed Student’s t-test) 
of the indicated comparison is shown. Infected 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) to visualize all bacteria. Representative fields of infected cells 
are shown (scale bar, 5 µm). e, Itaconate levels in BMDMs obtained from the 
indicated mice before and after LPS treatment to induce the expression of IRG1. 
Values represent the mean ± s.d. of three independent measurements (n = 3 for 
each category). f–k, Raw264.7 or DC2.4 parental (control) and Lrrk2−/− cells, as 
well as BMDMs from C57BL/6 or Lrrk2−/− mice, were infected with either wild-
type S. Typhi (MOI 6), wild-type S. Typhimurium (MOI 3) or an S. Typhimurium 
∆gtgE ∆sopD2 mutant strain (MOI 3) (as indicated) and the number of CFUs 
was determined 20 h after infection. Each square or circle represents the CFU 
in an independent measurement. The mean ± s.d. and P values (unpaired two-
tailed Student’s t-test) of the indicated comparisons are shown (n = 6 for each 
category). l,m, C57BL/6 or Lrrk2−/− mice were intraperitoneally infected with 
wild-type S. Typhimurium (l) or the ∆gtgE ∆sopD2 isogenic mutant derivative 
(m) (102 CFU), and 4 days after infection, bacterial loads in the spleen of the 
infected animals were determined. Each circle or square represents the CFU of 
the spleen of an individual animal. The mean ± s.d. and P values (unpaired two-
tailed Student’s t-test) of the indicated comparisons are shown (n = 6 for each 
category).
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We also found that the ability of S. Typhimurium to activate LRRK2 was 
independent of its T3SS encoded within its pathogenicity island 1 (SPI-
1)43, as a ∆invA mutant strain, which is defective in this system44, was 
equally able to activate this kinase (Fig. 2a). Most probably, LRRK2 acti-
vation is stimulated by Salmonella LPS, since addition of purified LPS 
resulted in a similar level of activation (Fig. 2a and Extended Data Fig. 2),  
and cultured cells that do not respond to LPS infected with wild-type 
S. Typhimurium did not show kinase activation (Fig. 2b). To specifically 
investigate the potential contribution of its kinase activity to the RAB32 
defence pathway, we examined the effect of the highly specific LRRK2 

kinase inhibitor GSK2578215A (ref. 45) on the delivery of itaconate to the 
SCV. We found that addition of the LRRK2 kinase inhibitor significantly 
impaired itaconate delivery to the S. Typhi-containing vacuole (Fig. 2c).  
Similar results were observed in Raw264.7 cells infected with the 
S. Typhimurium ∆gtgE ∆sopD2 mutant (Fig. 2d). Consistent with the 
impaired itaconate delivery, Raw264.7 and DC2.4 cells treated with the 
LRRK2 kinase inhibitor sustained greater bacterial replication when 
infected with S. Typhi or the S. Typhimurium ∆gtgE ∆sopD2 mutant 
(Fig. 2e,f). These results indicate that the kinase activity of LRRK2 
contributes to the RAB32-dependent pathogen restriction pathway.
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LRRK2 scaffolds the formation of Rab32–IRG1 complexes
In addition to its kinase domain, LRRK2 contains several protein–
protein interaction domains including the Ras of complex guanosine 
triphosphatase domain, a WD40 domain and a series of armadillo-, 
ankyrin- and leucine-rich repeats46. This structural organization makes 
this kinase an ideal scaffolding protein to potentially organize signal-
ling or other functional protein complexes47. LRRK2 has been shown 
to directly interact with RAB32 in vitro29, and both, LRRK2 (ref. 33) 
and RAB32 (ref. 2), have been shown to be robustly recruited to the 
SCV. We therefore investigated whether these two proteins could form 

a complex upon Salmonella infection. We infected cells expressing 
FLAG-tagged RAB32 and GFP-tagged LRRK2 and examined their interac-
tion by co-immunoprecipitation. We found that, consistent with their 
in vitro interaction29, LRRK2 formed a complex with RAB32 in vivo  
(Fig. 3a,b and Extended Data Fig. 3a). Importantly, formation of the 
complex was significantly enhanced by bacterial infection (Fig. 3a,b and 
Extended Data Fig. 3a). We then examined the ability of LRRK2 to form 
a complex with IRG1 by infecting cells expressing FLAG-tagged IRG1 
and GFP-tagged LRRK2. We found that LRRK2 formed a complex with 
IRG1 and, as we observed with RAB32, the formation of the complex was 
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Fig. 2 | The kinase activity of LRRK2 is required for its contribution to the 
RAB32-dependent pathogen restriction pathway. a,b, Raw264.7 (a) or HT29 
(b) cells were treated with LPS or infected with the indicated bacterial strains for 
the indicated times. The activation of LRRK2, assessed by its phosphorylation 
at S935, was then analysed by immunoblotting with the indicated antibodies. 
c,d, Raw264.7 or DC2.4 cells were pre-treated with the LRRK2 inhibitor 
GSK2578215A for 90 min, infected with either wild-type S. Typhi (MOI 6) (c) or 
the S. Typhimurium ∆gtgE ∆sopD2 mutant strain (MOI 3) (d), both encoding 
a luciferase-based itaconate biosensor, and the levels of luciferase in the cell 

lysates were measured 20 h after infection. Each circle or square represents a 
single luciferase measurement. The mean ± s.d. and P values (unpaired two-
tailed Student’s t-test) of the indicated comparisons are shown (n = 6 for each 
category). e,f, Raw264.7 or DC2.4 cells were pre-treated with the LRRK2 inhibitor 
GSK2578215A for 90 min, infected with wild-type S. Typhi (MOI 6) (e) or the 
S. Typhimurium ∆gtgE ∆sopD2 mutant strain (MOI 3) (f), and the number of CFUs 
was determined 20 h after infection. Each circle or square represents a single 
measurement. The mean ± s.d. and the P values (unpaired two-tailed Student’s 
t-test) of the indicated comparisons are shown (n = 6 for each category).
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significantly enhanced by Salmonella infection (Fig. 3c,d and Extended 
Data Fig. 3b). Formation of these complexes was also detected with 
endogenous proteins (Fig. 3e and Extended Data Fig. 3c,f,g). The abil-
ity of LRRK2 to form a complex with RAB32 or IRG1 did not require its 
kinase activity since addition of the LRRK2 kinase inhibitor (Extended 
Data Fig. 3c,d) or expression of kinase defective or constitutively active 
forms of LRRK2 (Extended Data Fig. 3e) did not affect the formation 
of these complexes.

Since we have previously shown that RAB32 forms a complex with 
IRG1 upon Salmonella infection6, we examined whether the forma-
tion of this complex was dependent on LRRK2. We infected parental 
Raw264.7 and a CRISPR–Cas9-generated LRRK2-deficient mutant 
derivative stably expressing FLAG-tagged RAB32 with the S. Typh-
imurium ∆gtgE ∆sopD2 mutant strain and examined the interaction of 
RAB32 with endogenous IRG1 by co-immunoprecipitation. We found 
that the absence of LRRK2 resulted in a pronounced reduction in the 
levels of co-immunoprecipitation of RAB32 and IRG1, consistent with 
the notion that the formation of this complex is scaffolded by LRRK2 
(Fig. 3e,f and Extended Data Fig. 3f,g).

To interact with one another, these proteins should be in the same 
subcellular compartment. As previously reported6,30,32,48, we found 
that IRG1, LRRK2 and RAB32 localized to the mitochondrial fraction 
(Extended Data Fig. 4a,b), although the three proteins (including IRG1b 

(ref. 49)) lack mitochondrial localization signals. We found that limited 
protease treatment of the mitochondrial fraction effectively elimi-
nated IRG1, RAB32 and LRRK2, although it did not affect the levels of 
the matrix protein cytochrome C oxidase subunit 4 (Cox IV), which 
was readily degraded in the presence of detergent (Extended Data 
Fig. 4a,b). In addition, super-resolution microscopy with DNA points 
accumulation for imaging in nano-scale topography (DNA-PAINT) 
showed that IRG1 did not co-localize with the mitochondrial matrix 
protein Cox IV (Extended Data Fig. 4c), suggesting that it is located 
either on the outer surface or in the mitochondrial inter-membrane 
space, which our studies could not distinguish. More importantly, 
however, DNA-PAINT showed the co-localization of the three proteins 
at the SCV–mitochondria interface (Extended Data Fig. 4d,e).

The observation that IRG1 is located outside of the mitochondrial 
matrix suggests that, to synthesize itaconate, it must have access to its 
precursor, cis-aconitate, which would have to be transported out of the 
mitochondrial matrix, its place of synthesis. In this context, it is intrigu-
ing that LRRK2 has been reported to interact with the mitochondrial 
tricarboxylate inner-membrane transporter SLC25A1 (also known as 
mitochondrial citrate carrier or CIC)50–52, a member of the mitochon-
drial carrier subfamily of solute carrier proteins53, which is a good 
candidate to transport cis-aconitate out of the mitochondrial matrix. 
Consistent with this hypothesis, addition of the SLC25A1 inhibitor 
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Fig. 3 | LRRK2 scaffolds the formation of the RAB32–IRG1 complex. a,b, 
LRRK2 interacts with RAB32 (a). HEK-293T cells were transiently co-transfected 
with a plasmid expressing GFP–LRRK2 and a plasmid expressing FLAG–RAB32. 
Twenty hours after transfection, cells were infected with the S. Typhimurium 
∆gtgE ∆sopD2 mutant strain (MOI = 3), and 4 h after infection, cell lysates were 
analysed by immunoprecipitation (IP) and immunoblotting with antibodies 
against the FLAG epitope and GFP, respectively. The quantification of the 
intensity of the GFP–LRRK2 band is shown in b. Each circle, square or triangle 
represents a measurement in an independent experiment. The mean ± s.d. 
and P value (two-way ANOVA) of the indicated comparisons are shown (n = 3 
for each category). c,d, LRRK2 interacts with IRG1 (c). HEK-293T cells were 
transiently co-transfected with a plasmid expressing GFP–LRRK2 and a 
plasmid expressing FLAG–IRG1. Twenty hours after transfection, cells were 
infected with the S. Typhimurium ∆gtgE ∆sopD2 mutant strain (MOI = 3), and 
4 h after infection, cell lysates were then analysed by immunoprecipitation 

and immunoblotting with antibodies against the FLAG epitope and GFP, 
respectively. The quantification of the intensity of the GFP–LRRK2 band is 
shown in d. Each circle, square or triangle represents a measurement in an 
independent experiment. The mean ± s.d. and P value (two-way ANOVA) of the 
indicated comparisons are shown (n = 3 for each category). e,f, LRRK2 promotes 
the formation of the RAB32–IRG1 complex (e). Raw264.7 parental (control) or 
Lrrk2−/− cells stably expressing FLAG–RAB32 were left uninfected or infected 
with the S. Typhimurium ∆gtgE ∆sopD2 mutant strain (MOI 3) for 18 h. Cell 
lysates were then analysed by immunoprecipitation and immunoblotting with 
antibodies against the FLAG epitope, endogenous IRG1 or LRRK2, and β-actin (as 
a loading control). The quantification of the intensity of the IRG1 band relative 
to the intensity of the RAB32 band is shown in f. Each circle, square or triangle 
represents a measurement in an independent experiment. The mean ± s.d. and P 
values (two-way ANOVA) of the indicated comparisons are shown (n = 3 for each 
category).
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CTPI-2 (ref. 54) significantly impaired the delivery of itaconate to the 
SCV (Extended Data Fig. 5a,b), although it did not affect the expression 
of IRG1 (Extended Data Fig. 5c), nor did it impair the overall levels of 
itaconate synthesis (Extended Data Fig. 5d). The ability of LRRK2 to 
interact with IRG1 and SLC25A1 may facilitate the localized synthesis 
of itaconate before its delivery to the SCV. More experiments will be 
required to test this hypothesis.

SCVs and mitochondria are linked by inter-membrane tethers
S. Typhimurium can be located within its vacuolar compartment (that is, 
the SCV) or, after breaking from its vacuole, within the host cell cytosol. 
However, itaconate can only be delivered to Salmonella located within 
the SCV6. Molecular transport mechanisms from the mitochondria 
to other vesicular compartments mediated by mitochondria-derived 
vesicles or involving direct contact between the recipient organelle 
and the mitochondria are well documented55–59. Therefore, to facilitate 
the delivery of itaconate to the SCV, RAB32 and/or LRRK2 may coordi-
nate the formation and/or fusion of vesicle transport intermediates or 
may facilitate the association between the mitochondria and the SCV. 
Consistent with the latter, we have previously shown repeated contacts 
between the mitochondrial network and the SCV when observed by live 
time-lapse fluorescence microscopy6. To gain insight into the RAB32/
LRRK2 coordinated transport mechanism, we used cryo-electron 
tomography (cryo-ET) assisted by cryo-fluorescence microscopy 
(cryo-fLM), and cryo-focused ion beam (cryo-FIB) milling, to visual-
ize the SCV–mitochondria interface (Fig. 4a–c and Supplementary 
Video 1). HeLa cells stably expressing GFP-tagged IRG1 (Fig. 4a–k) or 
BMDMs obtained from C57BL/6 mice (Fig. 4l–p) were infected with 
an S. Typhi encoding an mCherry-based itaconate biosensor. Guided 
by cryo-fLM images (as shown in Fig. 4a), we used cryo-FIB milling 
to generate thin lamellae (<200 nm thickness) that contain bacteria 
that had been exposed to itaconate as indicated by the fluorescence 
associated with the biosensor (Fig. 4b,c). Cryo-ET imaging of the thin 
lamellae showed that, by 1 h after infection, a substantial proportion 

of the SCVs were seen in close association with the mitochondria in 
both HeLa (Fig. 4d–k) and BMDM cells (Fig. 4l–p and Extended Data 
Fig. 6). By 3 h post infection, the majority of the SCVs were observed in 
close contact with the mitochondria. Importantly, the membranes of 
the SCVs and mitochondria were observed in close apposition, often 
extended over relatively long distances (Fig. 4d,g,q). The average 
distance between the membranes in both HeLa and BMDM cells was 
~16 nm, although in certain areas the distance was as close as ~10 nm 
(Fig. 4r). These observations are in keeping with reported distances 
between the mitochondria and other cellular organelles with which 
they engage in close interactions60–62. Notably, the interface showed 
the presence of tethers linking the SCV and the mitochondrial mem-
branes (Fig. 4d–p). The tethers were abundant in both HeLa and BMDM 
cells, and were closely spaced and distributed throughout the area of 
inter-membrane contact, often arranging in clusters (Fig. 4f,j,k,o,p,s, 
Extended Data Fig. 7 and Supplementary Video 1). Subtomogram aver-
aging of the inter-membrane tethers showed a continuous structure 
linking the two membranes (Fig. 4t). The tethers had an average length 
of 15 nm and average width of 4 nm. In addition, specific densities were 
observed that seem to anchor the tethers to each of the membranes 
(Fig. 4t). After submission of this manuscript, tethers linking the SCV 
to the endoplasmic reticulum were reported63. The relationship, if any, 
between these structures is unknown, but since they link the SCV to 
different organelles, they are likely to be different. In keeping with the 
deleterious effect of itaconate, the appearance of S. Typhi contained 
within SCVs in close association with mitochondria was noticeably dif-
ferent at 1 and 3 h after infection. At 1 h after infection, S. Typhi exhibited 
a smooth cytoplasm and a well-defined bacterial envelope, and no 
discernable differences were detected in their appearance whether they 
were in close association to mitochondria or not (Extended Data Fig. 
6). However, by 3 h after infection, bacteria in close proximity to mito-
chondria appeared visibly altered, with pleiomorphic appearance and 
non-discernable membranes (a likely sign of bacterial death), which was 
more obvious in the case of BMDMs (Fig. 4l and Extended Data Fig. 6).  

Fig. 4 | Intimate association of the SCV with the mitochondria observed by 
cryo-ET. a, Cryo-fLM of cultured HeLa cells stably expressing IRG1–GFP (green) 
and infected with S. Typhi encoding an mCherry itaconate biosensor (red). 
Specimens were vitrified in liquid ethane 3 h post infection. The white dashed 
line marks the cell boundary. The yellow dotted square region was targeted for 
further imaging analysis. b, SEM image of the S. Typhi-infected HeLa cell shown 
in a before cryo-FIB milling. The two rectangular boxes show areas targeted for 
ablation during the cryo-FIB milling. c, SEM image of the cryo-lamella (<200 nm 
thick) containing the target bacteria. Cryo-fLM signals (green: IRG1–GFP; red: 
mCherry itaconate biosensor) are overlayed on the SEM image. d, Cryo-ET 
image of the highlighted area in c showing close association of the SCV and 
mitochondria. e,f, Inter-membrane tethers bridge the SCV–mitochondria 
interface. Zoomed-in image of the tomographic slice at the SCV–mitochondria 
interface highlighted in d (e). Yellow and green transparent lines overlay the 
vacuolar and mitochondria membranes, respectively. White arrows denote the 
inter-membrane tethers. A 3D rendering of the SCV–mitochondria interface 
(z = 110 slices) (f). Bacterial, vacuolar and mitochondrial membranes are shown in 
magenta, yellow and green, respectively; bacterial ribosomes are shown in grey 
and inter-membrane tethers are shown in white. Following the subtomogram 
averaging of the inter-membrane tethers, segmented volume of the tether was 
mapped back into the original tomogram using the recalculated coordinates 
and Euler parameters. g–k, Additional examples of the SCV–mitochondria 
association in HeLa cells. Cryo-ET image showing close association of the SCV 
and mitochondria (g). The indicated zoomed-in regions of the tomographic slice 
at the SCV–mitochondria interfaces are shown in h and i, and the corresponding 
3D renderings are shown in j and k (z = 197 slices). The colour scheme indicating 
bacterial, vacuolar and mitochondrial membranes, bacterial ribosomes and 
inter-membrane tethers is as indicated in f. l–p, Inter-membrane tethers are also 
observed at the SCV–mitochondrial interface in BMDMs infected with S. Typhi. 
BMDMs isolated from C57BL/6 mice were cultured on cryo-EM grids and infected 
with S. Typhi encoding the mCherry itaconate biosensor for 1 h, and mCherry 

expressing S. Typhi cells were targeted for cryo-FIB milling and cryo-ET imaging. 
Cryo-ET image showing close association of the SCV and mitochondria (l). The 
indicated zoomed-in regions of the tomographic slice at the SCV–mitochondria 
interfaces are shown in m and n, and the corresponding 3D renderings are 
shown in o and p (z = 88 slices). q, Measurement of the length of the vacuolar 
membrane (VM) and mitochondrial outer membrane (MiOM) interface. The 
X–Y plane density profiling function in tomographic software IMOD was used 
to measure the maximum length of the intimate contact between the VM and 
MiOM in both HeLa (blue) and BMDM (red) cells. Measurements were taken in 
ten interfaces (N = 10) from three independent experiments for both HeLa and 
BMDM cells. Dots in this scatter dot plot represent raw data. Solid lines within the 
box represent mean values (HeLa: 163.5 ± 95.6 nm, BMDM: 247.2 ± 162.7 nm). Two-
tailed Welch’s test resulted in a P value of 0.1291, which suggests no significant 
difference between the distances that VM and MiOM make in HeLa and BMDM 
cells. r, Measurement of the inter-membrane distance between VM and MiOM. 
The X–Y plane density profiling function in tomographic software IMOD was used 
to measure distance between VM and MiOM in both HeLa (blue) and BMDM (red) 
cells. Measurements were taken at 30 interfaces (N = 30) from three independent 
experiments in both HeLa and BMDM cells. Dots in this scatter dot plot represent 
raw data. Solid lines within the box represent mean values (HeLa: 15.82 ± 3.04 nm; 
BMDM: 16.06 ± 4.35). Two-tailed Welch’s test resulted in a P value of 0.8098, 
which suggests no significant difference between the inter-membrane spacings 
measured in HeLa and BMDM cells. s, Quantification of inter-membrane tethers 
in HeLa and BMDM cells. Positions of inter-membrane tethers are identified as a 
part of particle picking procedure for the subsequent subtomogram averaging. 
Numbers of inter-membrane tethers in both HeLa and BMDM cells are divided by 
the total number of mitochondria that show visible inter-membrane tethers. t, 
A 2- and 3D cross-section of the subtomogram average map. The vertical length 
of the tether perpendicular to the membranes is ~15 nm. Mitochondrial inner 
membrane (MiIM) and MiOM are shown in green and the SCV membrane (VM) is 
shown in yellow. M: mitochondria; S: S. Typhi.
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The differences in bacterial morphology correlated with the drop in 
colony-forming unit (CFU) counts observed within the two timepoints 
(Extended Data Fig. 8a), as well as with the increased biosensor activity 
detected 3 h post infection (Extended Data Fig. 8b,c). These observa-
tions are consistent with the notion that the close association of the SCV 
and the mitochondria results in itaconate delivery and bacterial death.

LRRK2 is required for SCV–mitochondria association
To investigate the potential role of RAB32 and LRRK2 in the organization 
of the SCV–mitochondria interface, we examined BMDMs obtained 

from C57BL/6 (parental), Lrrk2−/− or BLOC3 (the exchange factor for 
RAB32)-defective mice that had been infected with wild-type S. Typhi by 
cryo-FIB milling and cryo-ET. We also examined BMDMs from C57BL/6 
mice infected with an S. Typhi strain expressing the S. Typhimurium 
T3SS effector GtgE, which specifically targets RAB32 with its protease 
activity. We found that the absence of BLOC3 or the expression of GtgE in 
S. Typhi did not detectably alter the organization of the SCV–mitochon-
dria interface as areas of close contact and the presence of tethers linking 
the two membranes were readily observed (Fig. 5a–h,o and Extended 
Data Fig. 9). However, in keeping with defects in the delivery of itaconate 
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observed in these cells6 (Fig. 5p,q and Extended Data Fig. 8e,g), S. Typhi 
contained within the SCVs of BMDMs from BLOC3-deficient mice exhibit 
a normal cytoplasm and envelope architecture (Fig. 5e–h,r). Similarly, 
S. Typhi expressing the T3SS effector gtgE contained within SCVs of 
BMDMs from C57BL/6 mice exhibit a normal appearance (Extended Data  
Fig. 9). Notably, these bacteria displayed fully assembled T3SS injecti-
somes deployed at the interface between the SCV and the mitochondria 
(Fig. 6), in keeping with the ability of these bacteria to modulate the 
mitochondria–SCV interactions through the delivery of T3SS effectors. 
These results indicate that, while RAB32 is required for the efficient 
delivery of itaconate6, it is not required for the establishment of the close 
association between the SCV and mitochondria.

In contrast, the proportion of close contacts between the SCV and 
the mitochondria in BMDMs obtained from Lrrk2−/− mice was signifi-
cantly reduced (Fig. 5i–o). Relative to C57BL/6 BMDMs, a much-reduced 
proportion of the SCVs were seen in close apposition to mitochon-
drial membranes (Fig. 5o). Furthermore, in the rare occasions of SCVs 
located in close association with the mitochondria, no tethers linking 
the two compartments were apparent in the Lrrk2−/− BMDMs (Figs. 5i–n). 
These observations indicate that LRRK2 is required for the establish-
ment of a close association between the SCV and the mitochondria.

Discussion
We have shown here that the PD-associated kinase LRRK2 plays a cen-
tral role in a Rab32-dependent cell-intrinsic mechanism that controls 
Salmonella replication by facilitating the delivery of the antimicro-
bial compound itaconate to the SCV. We have previously shown that 
Rab32 forms a complex with aconitate decarboxylate 1 (IRG1), which 
synthesizes itaconate from mitochondrial precursors. Here we have 
shown that LRRK2 scaffolds the formation of this complex. Consist-
ent with this hypothesis, in the absence of LRRK2, formation of the 
Rab32–IRG1 complex was impaired, as was the delivery of itaconate 
to the SCV, although the total synthesis of itaconate was unaffected. 
These results therefore suggest that LRRK2 facilitates the localized 
synthesis of itaconate at the mitochondria–SCV interface (see below), 
which is presumably essential for its delivery to the SCV.

How itaconate is delivered into the SCV and how LRRK2 facilitates 
this process are unclear, although our results indicate that the formation 
of a close interface between the SCV and the mitochondria is essential 
for this process. Using cryo-ET aided by cryo-FIB milling, we observed 
that the SCV and the mitochondria establish a very close association, 
with their membranes visibly in close apposition (~15 nm), often over 
a relatively long span. The close association between the SCV and the 
mitochondria is maintained by the presence of abundant tethers that 
linked these two compartments. Subtomogram averaging of the tethers 
revealed a well-defined density ~15 nm in length, with domains anchoring 
the structure to the two apposed membranes. Consistent with the notion 
that the close association of these compartments results in itaconate 
delivery and bacterial death, we observed that SCVs tethered to the 
mitochondria harbour bacteria, with altered morphology characterized 

by pleiomorphic appearance and non-discernable membranes, features 
usually associated with dead bacteria.

Importantly, the close interaction between the SCV and mitochon-
dria was not observed in LRRK2-defficient cells. Even in the rare occa-
sions where the SCV and the mitochondria were observed in proximity 
to one another, no tethers were apparent. In contrast, the tethering of 
the SCV to the mitochondria was readily observed in cells deficient in 
BLOC3 (the Rab32 exchange factor), as well as in cells infected with an 
S. Typhi strain encoding the S. Typhimurium T3SS effector gtgE, and 
thus endowed with the ability to neutralize Rab32. These observations 
indicate that Rab32 is dispensable for the docking of the SCV to the 
mitochondria, although it is essential for the delivery of itaconate to 
the SCV. In contrast, our results indicate that LRRK2 is required for 
both the localized synthesis of itaconate and the close association of 
the SCV with the mitochondria.

How LRRK2 may coordinate these activities is unclear, but it is 
likely that its kinase activity coupled to its ability to scaffold protein 
complexes afforded by its domain architecture is central to these func-
tions. For example, it has been reported that LRRK2 can interact with 
the tricarboxylate transporter SLC25A (refs. 50–52), which most likely 
transports the mitochondrially synthesized precursor cis-aconitate out 
of the mitochondrial matrix so that it can be converted to itaconate by 
IRG1. Therefore, we hypothesize that the ability of LRRK2 to interact 
with SLC25A1, Rab32 and IRG1 ensures the synthesis of itaconate at the 
mitochondria–SCV interface. This localized synthesis must be essential 
for its delivery to the SCV lumen since we have previously shown that 
cytosolic Salmonella (that is, those that are not within the SCV) are not 
exposed to itaconate6. In addition, LRRK2 has been shown to interact 
with the microtubular network and myosin Va52,64–66, which in turn 
may facilitate the docking of the SCV to the mitochondrial network 
(Extended Data Fig. 10). In fact, LRRK2 has been recently implicated 
in the regulation of the tethering of mitochondria to the endoplasmic 
reticulum67. More experiments will be required to test these hypotheses.

Taken together, the results presented here link the PD-associated 
kinase LRRK2 to a cell-intrinsic host defence mechanism against 
important bacterial pathogens. The most common LRRK2 mutation 
associated with PD is LRRK2G2019S, which results in a constitutively 
active kinase68,69. Since this mutation has also been associated with 
increased resistance to microbial infections including Salmonella34,35, 
these observations provide a plausible pathway through which the 
LRRK2G2019S allele may have been selected in the human population, 
and constitute an example of how the evolutionary arms race between 
pathogens and host can shape human physiology.

Methods
Bacterial strains
All Salmonella enterica strains used in these studies are listed in Sup-
plementary Table 1 and are derived from the wild-type Salmonella 
enterica serovar Typhi strain ISP2825 (ref. 70) or serovar Typhimurium 
strain SL1344 (ref. 71). All mutant strains were constructed by allelic 

Fig. 5 | LRRK2 is required for establishing a close association between the SCV 
and the mitochondria. a–n, Cryo-ET images showing the SCV and mitochondria 
in BMDMs obtained from C57BL/6 (a–d), BLOC3−/− (e–h) and Lrrk2−/− (i–n) 
mice, infected for 3 h with a wild-type S. Typhi strain constitutively expressing 
mScarlet. Tomograms are shown in a,e,i and l, and their respective 3D renderings 
in b–d (z = 61 slices), f–h (z = 51 slices), j and k, (z = 50 slices) and m and n (z = 71 
slices), for C57BL/6 (wild type (WT)), BLOC3−/− and Lrrk2−/− BMDMs, as indicated. 
The SCV membrane is shown in yellow, mitochondria are shown in green and 
inter-membrane tethers in white. Note the altered S. Typhi bacterial cell envelope 
architecture (denoted in pink) in BMDMs from C57BL/6 mice, and its normal 
appearance (denoted in blue) in BLOC3−/− or Lrrk2−/− BMDMs. Also, while inter-
membrane tethers are readily visualized linking the mitochondria and the SCV in 
BMDMs from C57BL/6 and BLOC3−/− mice (highlighted in the zoomed-in areas of 
c,d,g and h), no tethers were visualized in BMDMs from Lrrk2−/− mice (i–n), even 
in the rare occasions when mitochondria and SCVs were seen in close proximity 

(l–n). o, Quantification of the percentage of SCVs making intimate contact (a 
distance of ≤25 nm) with mitochondria as observed by cryo-ET. A total of 32 cells 
were analysed from two independent experiments in WT, BLOC3−/− and Lrrk2−/− 
BMDM cells. An unpaired t-test was used to determine the statistical significance. 
n.s., difference not statistically significant (P = 0.8721). p,q, Itaconate delivery 
to the SCV in BMDMs obtained from C57BL/6, BLOC3−/− or Lrrk2−/− mice (as 
indicated). BMDMs were infected with wild-type S. Typhi (MOI = 6) encoding 
a luciferase-based itaconate biosensor and the levels of luciferase in the cell 
lysates were measured 3 h after infection. Each circle or square represents a 
single luciferase measurement. The mean ± s.d. and P values of the indicated 
comparisons (unpaired two-tailed Student’s t-test) are shown. r, Quantification 
of the percentage of bacteria contained within SCVs in close contact with 
mitochondria that show envelope alterations. A total of 21 bacteria were 
examined in two independent experiments with WT and BLOC3−/− BMDM cells. 
An unpaired t-test was used to determine the statistical significance (P = 0.0045).
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exchange as previously described72 using the Escherichia coli β-2163 
∆nic35 as the conjugative donor strain73. All Salmonella strains were 
routinely cultured in Luria broth (LB) containing 0.3 M NaCl at 37 °C, 
conditions that stimulate the expression of the type III secretion system 
encoded within the pathogenicity island 1 (ref. 74).

Reagents and antibodies
Lipofectamine 2000 (Invitrogen), Nano-Glo Luciferase Assay Kit (Pro-
mega), puromycin and blasticidin (GIBCO), anti-FLAG M2 affinity gel 
(Sigma) and itaconic acid (Sigma), were purchased from the indicated 
sources. Mouse monoclonal antibodies against FLAG (Sigma, F1804; 
1:2,000), Alexa 594-conjugated anti-rabbit (Thermo Fisher Scientific, 
#A-11012), rabbit polyclonal antibodies against β-actin (Sigma, A2066; 
1:3,000), GFP (Invitrogen, A6455; 1:5,000), IRG1 (Abcam, ab222411; 
1:1,000), LRRK2 (Abcam, ab133474; 1:1,000), phospho-LRRK2 S935 
(Abcam, ab133450; 1:1,000) and S. Typhi (Sifin Diagnostics, #TS160S; 
1:10,000) were purchased from the indicated sources and used at the 
indicated dilutions.

Plasmid construction
All plasmids used in this study and their sources are listed in Supple-
mentary Table 2. Plasmids were constructed by the Gibson assembly 
strategy75 and were verified by DNA sequencing.

Cell culture and bacterial infections
Raw264.7, DC2.4, HeLa and HEK-293T cells as well as knockout deriva-
tives were cultured in Dulbecco’s modified Eagle medium (GIBCO) 
supplemented with 10% foetal bovine serum at 37 °C with 5% CO2 in a 
humidified incubator. Cell lines were grown overnight in 24-well plates, 
100 mm or 150 mm dishes. Overnight cultures of the different bacterial 
strains were diluted 1/20 into fresh LB containing 0.3 M NaCl and fur-
ther grown to an OD600 of 0.9. Cell lines were infected with the different 
bacterial strains at the multiplicities of infection (MOIs) indicated in the 
figure legends. One hour post infection, cells were washed with Hank’s 
balanced salt solution and treated with gentamicin (100 µg ml−1) for 1 h 
to kill extra-cellular bacteria. Cells were then washed and cultured in 
medium with low-concentration gentamicin (10 µg ml−1) for the times 
indicated in the figure legends.

Generation of CRISPR–Cas9-edited cell lines
Generation of CRISPR–Cas9-edited cell lines was carried out as 
described previously following standard protocols76,77. Briefly, 
double-stranded oligonucleotides corresponding to mouse or human 
LRRK2 were cloned into the lenti-CRISPR-V2 vector and co-transfected 
with the packaging plasmids into HEK-293T cells. Two days after trans-
fection, the viruses were collected and used to infect Raw264.7, DC2.4 
or HEK-293T cells. The virally transduced cells were selected in culture 
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Fig. 6 | Salmonella deploys its type III secretion system at the SCV–
mitochondria interface. a,b, Three-dimensional rendering of a close-up of 
the mitochondria–SCV interface. Depicted are the inter-membrane tethers (in 
white and denoted by white arrows) and the bacterial type III secretion machines 
encoded in its pathogenicity island 1 (in blue) (z = 86 slices). c,d, Tomographic 
slices showing the T3SS injectisomes deployed at the SCV–mitochondria 
interface. The sites where the needle tips make contact with the SCV membrane 
are marked with blue arrows. e–h, Subtomogram average structure of the 
injectisome showing an assembled sorting platform, an indication of an active 

type III secretion machine. Two-dimensional vertical cross-section (e) and 3D 
rendering (f) of the subtomogram average show the needle complex base and the 
cytoplasmic sorting platform. Two-dimensional horizontal cross-section of the 
sorting platform at the position indicated with an arrow in e is shown in g and its 
3D rendering is shown in h, depicting the six-fold symmetric pods (green) and 
central ATPase (yellow). The export apparatus component InvA is depicted in 
cyan, and bacterial membranes are coloured in transparent blue. OM: bacterial 
outer membrane; IM: bacterial inner membrane.
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media containing puromycin for 5 days and the isolated clones were 
screened by PCR and sequencing, or by western blot to identify knock-
out cells. The nucleotide sequence of the guide RNAs and primers used 
to construct the different cell lines are listed in Supplementary Table 3.

Generation of stable cell lines
DC2.4 cells stably expressing FLAG-tagged RAB32 have been described 
previously6. Raw264.7 parental or Lrrk2−/− cells expressing FLAG–RAB32 
were generated through viral transduction and blasticidin selection. 
Briefly, transducing viruses were produced by co-transfecting into 
HEK-293T cells plasmids encoding FLAG-tagged RAB32 along with 
the packaging plasmids. Two days after transfection, viruses were 
collected and used to infect Raw264.7 and DC2.4 cells. Transduced 
cells were selected with puromycin (for DC2.4 cells) or blasticidin (for 
Raw264.7 parental or Lrrk2−/− cells) for at least 5 days and resistant cells 
were tested for the expression of FLAG-tagged RAB32.

Preparation of mouse BMDMs
Mouse BMDMs were obtained from C57BL/6 or Lrrk2−/− mice as previ-
ously described6. Briefly, femurs and tibias from the indicated mice 
were flushed with phosphate-buffered saline (PBS) and single-cell 
suspensions were obtained by passage through a 70 µm cell strainer 
and centrifugation. Cell pellets were resuspended in Dulbecco’s modi-
fied Eagle medium containing L-929-conditioned medium and plated 
on tissue culture plates.

Co-immunoprecipitation and immunoblotting analyses
HEK-293T cells were transiently transfected with plasmid DNAs encod-
ing the indicated proteins or empty vectors (as indicated in the figure 
legends) using Lipofectamine 2000 reagent (Invitrogen) following the 
manufacturer’s instruction. Twenty-four hours after transfection, cells 
were either lysed or infected with S. Typhimurium ∆sopD2 ∆gtgE at an 
MOI of 5, and then lysed in 1 ml lysis buffer (20 mM Tris–HCl (pH 7.4), 
150 mM NaCl, 1 mM ethylenediaminetetraacetic acid and 1% NP-40) 
containing protease and phosphatase inhibitors for 15 min on ice. The 
cell lysates were centrifuged at 14,000g for 15 min at 4 °C, supernatants 
were collected, mixed with pre-washed anti-Flag M2 agarose affinity gel 
(Sigma) and incubated for 3 h or overnight at 4 °C. Beads were washed 
four times with cell lysis buffer containing 0.5 M NaCl and mixed with 
sample buffer. Eluted proteins were separated on 10% sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis, transferred onto nitrocel-
lulose membranes and processed for immunoblot analyses with the dif-
ferent primary antibodies (figure legends) and with DyLight conjugated 
secondary antibodies (emission 800 nm (Thermo Fisher Scientific)). 
Blots were finally visualized on a LI-COR Odyssey imaging system (Lin-
coln). Where indicated, the intensity of the bands was quantified with 
the Odyssey v3.0 software package (Image Studio Lite LI-COR Bio-
sciences). Stable Raw264.7 parental or Lrrk2−/− cells expressing FLAG–
RAB32 and stable DC2.4 cells expressing FLAG–RAB32 were seeded onto 
150 mm dishes overnight, cells were then infected with S. Typhimurium 
∆sopD2 ∆gtgE at the MOI indicated in the figure legends, or treated 
with LPS for the indicated times, also as indicated in the figure legends. 
After infection, cells were subjected to co-immunoprecipitation and 
immunoblotting analyses as described above.

Mitochondria isolation and protease protection assay
Raw264.7 parental and Lrrk2−/− cells, or DC2.4 cells stably expressing 
FLAG–RAB32 were treated with LPS (200 ng ml−1) for 18 h to induce the 
expression of IRG1. After treatment, cells were collected and centri-
fuged at 800g for 10 min at 4 °C, cells were then washed with ice-cold 
PBS and lysed in 1 ml homogenization buffer (10 mM Tris–HCl (pH 
7.4), 2 mM MgCl2, 10 mM KCl and 250 mM sucrose) by ten passages 
through a 25 gauge needle using a 1 ml syringe. After lysis, 50 μl of 
whole cell lysate was saved for further analysis. The homogenate was 
then centrifuged at 500g for 10 min at 4 °C, the supernatant was further 

centrifuged at 5,000g for 10 min at 4 °C to precipitate mitochondria, 
which were subsequently washed twice in homogenization buffer. 
After centrifugation at 5,000g for 10 min at 4 °C, the mitochondria 
pellets were subjected to the following treatments: (1) resuspended 
in 500 μl of homogenization buffer and incubated on ice for 30 min 
(untreated mitochondria), (2) resuspended in 500 μl of homogeniza-
tion buffer containing 50 μg ml−1 of proteinase K and incubated on ice 
for 30 min (surface-exposed outer membrane protein digestion), (3) 
resuspended and incubated with 500 μl of 0.1% (vol/vol) Triton X-100 
in homogenization buffer on ice for 20 min (no proteinase K added) 
and (4) resuspended and incubated with 500 μl of 0.1% (vol/vol) Triton 
X-100 in homogenization buffer on ice for 20 min and then incubated 
with 50 μg ml−1 of proteinase K on ice for further 30 min. The pellets 
were incubated with 2 mM phenylmethylsulfonyl fluoride on ice for 
10 min to stop the activity of proteinase K and the mitochondria were 
then collected by centrifugation at 5,000g for 10 min at 4 °C and lysed 
in NP-40 lysis buffer as described above, and analysed by western blots 
with antibodies directed to IRG1, the FLAG epitope (present in RAB32), 
LRRK2, cytochrome c and Cox IV (as compartment markers).

Luciferase reporter assays
Overnight cultures of the different Salmonella strains carrying a 
plasmid encoding an itaconate nanoluciferase-based biosensor were 
diluted 1/20 in LB containing 0.3 M NaCl and grown until an OD600 of 0.9. 
The different mammalian cell lines or BMDMs were cultured overnight 
in 24-well plates and infected with the different Salmonella strains with 
the MOI and infection times indicated in the figure legends. After infec-
tion, cells were lysed with PBS containing 0.1% sodium deoxycholate 
and the levels of nanoluciferase were then measured using a BioTek 
Gen5 microplate reader (Agilent).

DNA-PAINT super-resolution microscopy
Materials. Cy3B-modified DNA oligonucleotides were custom ordered 
from Integrated DNA Technologies. Sodium chloride 5 M (AM9759) 
was obtained from Ambion. Ultrapure water (10977-015) was pur-
chased from Invitrogen. Micron-slide eight-well chambers (80807) 
were purchased from ibidi. Methanol (9070-05) was purchased from 
J.T. Baker. Glycerol (65516-500ml), protocatechuate 3,4-dioxygenase 
pseudomonas (PCD) (P8279), 3,4-dihydroxybenzoic acid (PCA) (37580-
25G-F) and (±)-6-hydroxy-2,5,7,8- tetra-methylchromane-2-carboxylic 
acid (Trolox) (238813-5G) were ordered from Sigma. PBS pH 7.2 (10010-
023) was purchased from Gibco. Paraformaldehyde (15710) and gluta-
raldehyde (16219) were obtained from Electron Microscopy Sciences. 
Bovine serum albumin (BSA; 001-000-162) was ordered from Jackson 
ImmunoResearch. Triton X-100 (T8787-50ML) was purchased from 
Sigma-Aldrich. Monoclonal antibodies against Cox IV (used 1:300) 
(4850) were purchased from Cell Signaling. Antibodies against Flag-Tag 
(host: rabbit) (740001) (used 1:500) were ordered from Thermo Fisher. 
Antibodies against M45-Tag78 (host: mouse) (generated in-house from 
a hybridoma obtained from Pat Hearing78) (used 1:100). DNA-labelled 
nanobodies against GFP were obtained from Massive Photonics (dilu-
tion 1:300). Secondary antibodies anti-rabbit (711-005-152) (used in 
a 1:300 dilution), were purchased from Jackson ImmunoResearch.

Imaging buffer. The imaging buffer (1× PBS, 500 mM NaCl) was sup-
plemented with 1× Trolox, 1× PCA and 1× PCD (for details, see paragraph 
below).

Trolox, PCA and PCD. The following preparations were made: 100× 
Trolox (100 mg Trolox, 430 μl 100% methanol and 345 μl 1 M NaOH in 
3.2 ml H2O), 40× PCA (154 mg PCA and 10 ml water) and NaOH, were 
mixed and the pH was adjusted to 9.0; and 100× PCD (9.3 mg PCD, 
13.3 ml buffer (100 mM Tris–HCl pH 8, 50 mM KCl, 1 mM ethylenedi-
aminetetraacetic acid and 50% glycerol)). All preparations were stored 
at −20 °C.
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Antibody conjugation. Antibodies were conjugated to DNA-PAINT 
docking sites via DBCO-PEG2-succinimidyl ester chemistry as previ-
ously reported79.

Cell culture, fixation and antibody labelling. HeLa cells stably 
expressing IRG1–GFP were seeded on eight-well glass coverslips 
at ~30,000 cells per well. Alternatively, HEK-293T cells were tran-
siently transfected with plasmid DNAs encoding GFP-tagged LRRK2, 
FLAG-tagged RAB32 and M45-tagged IRG1 using the Lipofectamine 
2000 reagent (Invitrogen) following the manufacturer’s instruction. 
Cells were imaged 24 h after transfection. In all cases, cells were fixed 
with 3% formaldehyde, 0.1% glutaraldehyde for 15 min and, after rins-
ing four times with 1× PBS for 30 s, 60 s and twice for 5 min, samples 
were blocked and permeabilized with 3% BSA and 0.25% Triton X-100 
for 2 h. Then, samples were incubated with primary antibodies and 
GFP nanobodies in a solution with 3% BSA and 0.1% Triton X-100 at 
4 °C overnight. Cells were washed three times (5 min each) with 1× PBS. 
Next, they were incubated with labelled secondary antibodies (1:200 
dilution) in a solution with 3% BSA and 0.1% Triton X-100 at room tem-
perature for 2 h. Finally, samples were rinsed three times with 1× PBS 
before adding the imaging buffer solution.

Super-resolution microscope. Fluorescence imaging was carried out 
on an inverted Nikon Eclipse Ti2 microscope (Nikon Instruments) with 
the Perfect Focus System, attached to an Andor Dragonfly unit. The 
Dragonfly was used in the Borealis total internal reflection fluorescence 
mode, applying an objective-type total internal reflection fluorescence 
configuration with an oil-immersion objective (Nikon Instruments, Apo 
SR TIRF 60×, NA 1.49, Oil). A 561 nm (1 W nominal) laser was used for 
excitation of the fluorophores. The beam was coupled to a multimode 
fibre going through the Andor Borealis unit reshaping the beam from 
a gaussian profile to a homogeneous flat top. As a dichroic mirror, a 
CR-DFLY-DMQD-01 was used. Fluorescence light was spectrally filtered 
with an emission filter (TR-DFLY-F600-050) and imaged on a scientific 
complementary metal oxide semiconductor camera (Sona 4BV6X, 
Andor Technologies) without further magnification, resulting in an 
effective pixel size of 108 nm. The power at the objective lens was ~10% 
of the power set at the laser.

Conditions to image IRG1 and Cox IV. The first round of imaging 
was carried out using an Imager strand concentration of 170 pM (R4 
Imager) in imaging buffer imaging IRG1. Fifteen thousand frames were 
acquired at 50 ms exposure time. The readout bandwidth was set to 
200 MHz. The laser power (at 561 nm) was set to 50 mW (measured 
before the back focal plane (BFP) of the objective), corresponding 
to ~1.5 kW cm−2 at the sample plane. After imaging, the sample was 
subsequently washed five times with 200 µl each of 1× PBS (on the 
microscope). The second round of imaging was carried out using an 
imager strand concentration of 1 nM (P1 Imager) in imaging buffer imag-
ing Cox IV. Fifteen-thousand frames were acquired at 50 ms exposure 
time. The readout bandwidth was set to 200 MHz. The laser power (at 
561 nm) was set to 50 mW (measured before the BFP of the objective), 
corresponding to 1.5 kW cm−2 at the sample plane.

Conditions to image IRG1, Rab32 and LRRK2. Before DNA-PAINT 
imaging, a diffraction limited image of mCherry expressed in Salmo-
nella was acquired with an exposure time of 500 ms and a laser intensity 
(at 561 nm) of ~200 W cm−2. The first round of imaging was carried out 
using an imager strand concentration of 500 pM (P1 Imager) in imaging 
buffer imaging IRG1. Twenty-five thousand frames were acquired at 
50 ms exposure time. The readout bandwidth was set to 200 MHz. The 
laser power (at 561 nm) was set to 50 mW (measured before the BFP of 
the objective), corresponding to ~1.5 kW cm−2 at the sample plane. After 
imaging, the sample was subsequently washed five times with 200 µl 

each of 1× PBS (on the microscope). The second round of imaging was 
carried out using an imager strand concentration of 330 pM (P3 Imager) 
in imaging buffer imaging Rab32. Twenty-five thousand frames were 
acquired at 50 ms exposure time. The readout bandwidth was set to 
200 MHz. The laser power (at 561 nm) was set to 50 mW (measured 
before the BFP of the objective), corresponding to ~1.5 kW cm−2 at the 
sample plane. After imaging, the sample was subsequently washed five 
times with 200 µl each of 1× PBS (on the microscope). The third and final 
round of imaging was carried out using an imager strand concentration 
of 330 pM (R2 Imager) in imaging buffer imaging LRRK2. Twenty-five 
thousand frames were acquired at 50 ms exposure time. The readout 
bandwidth was set to 200 MHz. The laser power (at 561 nm) was set to 
50 mW (measured before the BFP of the objective), corresponding to 
~1.5 kW cm−2 at the sample plane.

Image processing and analysis. DNA-PAINT data was reconstructed, 
post-processed (drift correction and alignment of imaging rounds) and 
rendered with the Picasso package79.

Sequences of the oligonucleotides used for DNA-PAINT imaging.

Name 5′ end Sequence (5′ → 3′) 3′ end

GFP–Nanobody–
5×R2

NB AAACCACCACCACCACCACCA

GFP–Nanobody–
5×R4

NB AACAACACACACACACACA

2nd Antibody–P1 
(anti-mouse)

AB TTATACATCTA

2nd Antibody–P1 
(anti-rabbit)

AB TTATACATCTA

2nd Antibody-P3 
(anti-rabbit)

AB TTTCTTCATTA

Imager R2 TGGTGGT Cy3B

Imager R4 TGTGTGT Cy3B

Imager P1 TAGATGTAT Cy3B

Imager P3 TAATGAAGA Cy3B

Measurement of itaconic acid concentration
The measurement of itaconic acid concentration in BMDMs and HeLa 
cells expressing GFP–IRG1 was carried out as previously described6. 
Briefly, HeLa cells expressing GFP–IRG1 or differentiated BMDMs 
(1 × 106 cells) obtained from C57BL/6, Lrrk2−/− or Irg1−/− mice treated with 
LPS (100 ng ml−1) for 24 h were washed with 0.9% NaCl. Samples were 
then extracted with liquid chromatography–mass spectrometry-grade 
methanol–acetonitrile–water at 50:30:20 (vol/vol/vol) (1 ml per 106 
cells) and subjected to liquid chromatography–mass spectrometry 
analysis, as previously described6.

Mice
Lrrk2−/− mice on C57BL/6 background were purchased from Jackson 
Laboratory. Irg1−/− mice were derived from embryonic stem cells 
(Irg1tm1a(KOMP)Wtsi) from the knockout mouse project repository (Uni-
versity of California Davis)80, and generously provided by M. Diamond, 
Washington University.

Mouse infections
All animal experiments were performed according to protocols 
approved by Yale University’s Institutional Animal Care and Use Com-
mittee under protocol number 2019-07858. Six- to ten-week-old, age- 
and sex-matched mice were used in all the experiments, which were 
conducted without blinding. The different Salmonella strains were cul-
tured overnight and then diluted 1/20 in LB containing 0.3 M NaCl and 
grown until an OD600 of 0.9, and animals were intraperitoneally infected 
with the doses indicated in the figure legends. To measure bacterial 
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loads in the spleens, 4 days after infection, mice were killed, spleens 
were homogenized in 2 ml PBS containing 0.1% sodium deoxycholate 
and different dilutions were then plated on LB plates to determine CFUs.

Cryo-ET sample preparation
R1/4 carbon-foil 200 mesh gold cryo-EM grids (Quantifoil) were glow 
discharged, coated with 0.1 mg ml−1 poly-d-lysine for 1 h and disinfected 
with ultraviolet light inside a biosafety cabinet for 15–30 min. Cryo-EM 
grids were rinsed four times with sterile water and incubated with fully 
supplemented cell culture medium at 37 °C under 5% CO2 for >8 h. 
HeLa cells stably expressing eGFP-tagged IRG1 or BMDMs obtained 
from C57BL/6, BLOC3 or LRRK2-deficient mice were seeded onto the 
pre-treated cryo-EM grids and allowed to grow on the grid surface over-
night at 37 °C under 5% CO2. Overnight cultures of S. Typhi encoding 
an mCherry-based itaconate biosensor or expressing mScarlet were 
diluted 1/20 into fresh LB containing 0.3 M NaCl and further grown to 
an OD600 of 0.9. The BMDMs were treated with LPS (200 ng ml−1) for 
3 h before the infection, and then infected with the indicated bacte-
rial strains at the MOI indicated in the figure legends. One hour post 
infection, cells were then washed three times with Hank’s balanced 
salt solution and treated with gentamicin (100 µg ml−1) for 1 h to kill 
extra-cellular bacteria. Cells were then washed and cultured in medium 
with low-concentration gentamicin (10 µg ml−1) for the times indicated 
in the figure legends. Cryo-EM grids containing infected cells were 
incubated in fully supplemented medium containing 10% glycerol 
for ~1 min to prevent the formation of crystalline ice. Excess medium 
was blotted away from the cryo-EM grid with filter paper from the 
backside and then immediately plunge frozen in liquid ethane using a 
gravity-driven homemade plunger apparatus.

Correlative cryo-fLM and cryo-FIB milling
Vitrified specimens were clipped with cryo-FIB milling compatible 
autogrids (Thermo Fisher Scientific) and loaded to a Cryo-CLEM 
(Leica) microscope for fluorescence imaging at ≤180 °C. Using a 50× 
cryo-objective lens, 6 × 6 Z stacks (1 μm increment in the Z direction) 
that cover ~80% of the grid surface were collected with bright field and 
fluorescence channels at 488 and 561 nm. Using the ‘active extended 
depth of field’ function in the Leica operating software LAS X, projec-
tion images of the Z stacks were generated and exported to a file format 
compatible with MAPS (Thermo Fisher Scientific) software to correlate 
fluorescence signals for cryo-FIB milling.

Cryo-FIB milling was performed using an Aquilos 2 focused ion 
beam/scanning electron microscope (SEM) instrument (Thermo Fisher 
Scientific). Using the MAPS software, a low-magnification SEM mon-
tage of the entire grid was acquired, and identifiable features (for exam-
ple, teared carbon films) were used to overlay the cryo-fluorescence 
image. Samples were sputtered with a metallic platinum for 15 s fol-
lowed by a coating with a layer of organometallic platinum (Pt) for 25 s. 
An additional 15 s of sputtering with a metallic platinum was applied 
to prevent drifting during the milling due to charging effect. Precise 
locations for milling were determined by the fluorescence signals 
from the intracellular S. Typhi in the X and Y directions. To preserve 
the target bacteria within the cryo-lamellae, specimens were milled 
only from the top gradually using gallium ion beam until the bacteria 
is identified in the SEM images. Once the desired features were found 
in SEM images, samples were thinned from the bottom to achieve 
lamellae with ≤150 nm thickness. Lastly, the lamellae were sputtered 
with metallic platinum for 4 s.

Cryo-ET data collection and reconstruction
The cryo-lamellae were imaged under a Titan Krios (Thermo Fisher Sci-
entific) equipped with a Gatan K3 direct electron detector, a Volta phase 
plate and an energy filter with a slit width of 20 eV, using a target defo-
cus of −1 μm. Samples were also imaged under a Glacios (Thermo Fisher 
Scientific) microscope equipped with a Gatan K2 electron detector, 

with a target defocus of −6 μm. The data collection package SerialEM81 
was used to collect 35 image stacks at a range of tilt angles between +51° 
to −51° (after adjusting for the milling angle), with 3° step size using the 
bi-directional scheme with a cumulative dose of ~70 e− Å−2. Each image 
stack containing 10–15 images were aligned using Motioncor2 (ref. 82) 
and then assembled into the drift-corrected stacks by TOMOAUTO83. 
The drift-corrected stacks were aligned and reconstructed by IMOD84 
marker-dependent alignment using the Pt residues as fiducials.

Subtomogram averaging
The subtomogram averaging package I3 (0.9.9.3) was used to average 
the inter-membrane tethers and T3SS85. Inter-membrane tethers and 
T3SS injectisomes were manually selected from the bind4 tomograms. 
For the tethers, we first recorded the coordinates of their vacuolar end 
and subsequently recorded the coordinates of their mitochondrial 
end. Similarly, we recorded two coordinates for each T3SS injecti-
some particle from their bacterial inner and outer membrane ends. 
On the basis of this selection strategy, the orientations of the tethers 
were estimated to facilitate the averaging process. For normalization, 
particles were extracted from the bin1 tomograms and then rescaled to 
4.556 Å pix−1. Three-dimensional (3D) refinements and classifications 
were performed iteratively from bin4, bin2 and bin1 particles until no 
further improvement was apparent. After iterative classifications, 
456/493 tethers and 226/348 T3SS injectisomes were used for the 
final reconstructions. Only the tether density at the bin4 average map 
was segmented using the UCSF ChimeraX software86 and mapped 
back into the original tomograms based on alignment values using a 
MATLAB-based in-house script. EMAN 2.9 (ref. 87) was used to iden-
tify bacterial ribosomes shown in Fig. 4 by the reference-based pick-
ing module, averaged to ~40 Å resolution, and mapped back into the 
original tomograms using the map-back option in EMAN 2.9 (ref. 87).

Three-dimensional rendering and visualization
Features of interest such as bacterial, vacuolar and mitochondrial mem-
branes were semi-automatically segmented using the EMAN 2.9 seg-
mentation tool87. The segmentation results were further polished with 
the Amira software (Thermo Fisher Scientific). Segmented volumes 
and mapped-backed average structures were visualized using UCSF 
ChimeraX86. The movie clip was generated using UCSF ChimeraX and 
edited in Keynote. IsoNet software88 was used to de-noise tomograms 
used in the main figures to increase image contrast.

Statistical analysis
Unless indicated otherwise, all experiments were performed at least 
three times independently. Unpaired Student’s t-tests were used for sta-
tistical analysis with GraphPad Prism Software version 9.0. Significance 
of mean comparisons are annotated as follows: n.s., not significant; * 
P < 0.05; **P < 0.01; ***P < 0.001 and ****P < 0.0001. A P value of < 0.05 
was considered to be statistically significant.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Subtomogram-average density maps and the raw cryo-ET tilt series 
have been deposited in EMDB (deposition ID numbers: EMD-41046, 
EMD-41047 and EMPIAR-11577). The rest of the data are available in the 
main text, supplementary materials and auxiliary files. Source data are 
provided with this paper.
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Extended Data Fig. 1 | LRRK2 is required for efficient itaconate delivery to 
the Salmonella-containing vacuole. (a and b) LRRK2 is required for efficient 
itaconate delivery to the Salmonella-containing vacuole. Parental (control) 
and Lrrk2-/- Raw264.7 cells were infected with S. Typhi (MOI = 6) encoding an 
eGFP-based itaconate biosensor and the number of cells expressing eGFP was 
determined 20 hours after infection. Each square and circle represents the 
mean of an individual experiment experiments in which at least 200 infected 
cells were examined (b). The p value (unpaired two-tailed Student’s t test) of 
the indicated comparison is shown. Infected 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) to visualize all bacteria. 
Representative fields of infected cells are shown (a) (scale bar = 5 µm). (c-g) 
Absence of LRRK2 does not influence the uptake of Salmonella into phagocytic 
cells. Raw264.7 or DC2.4 parental (control) and Lrrk2-/- cells, as well as bone 
marrow-derived macrophages (BMDM) derived from C57BL/6 and Lrrk2-/- mice 
were infected with either wild-type S. Typhi (MOI = 6) or a S. Typhimurium 
∆gtgE ∆sopD2 mutant strain (MOI = 3) (as indicated) and the number of CFU was 
determined 1 hr after infection. Each square or circle represents the CFU in an 
independent measurement. The mean ± SD and p values (unpaired two-tailed 
Student’s t test) of the indicated comparisons are shown (n = 6 for each category).
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Extended Data Fig. 2 | Salmonella infection results in LRRK2 activation. DC2.4 cells were treated with LPS or infected with the indicated bacterial strains for the 
indicated times. The activation of LRRK2, assessed by its phosphorylation at S935, was then analyzed by immunoblotting with the indicated antibodies.
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Extended Data Fig. 3 | LRRK2 scaffolds the formation of RAB32 and IRG1 
complex. (a and b) LRRK2 interacts with RAB32 and IRG1. HEK293T cells 
were transiently co-transfected with a plasmid expressing GFP-LRRK2 and a 
plasmid expressing either FLAG-RAB32 (a) or FLAG-IRG1 (b). Twenty hours after 
transfection cells were infected with S. Typhi (MOI = 6) and 4 hs after infection, 
cell lysates were analyzed by immunoprecipitation and immunoblotting with 
antibodies against the FLAG epitope and GFP. (c-e) The kinase activity of LRRK2 
is not required to form a complex with RAB32 and IRG1. (c and d) Raw264.7 (c) 
or DC2.4 (d) cells stably expressing FLAG-RAB32 or FLAG-IRG1 were pre−treated 
with the LRRK2 kinase inhibitor GSK2578215A for 90 min, infected with the 
S. Typhimurium ∆gtgE ∆sopD2 mutant strain (MOI = 3) (c) or treated with LPS 
(d). Eighteen hours after infection or 5 or 20 hs after LPS treatment, cell lysates 
were analyzed by immunoprecipitation and immunoblotting with the indicated 
antibodies. (e) HEK293T cells were transiently co-transfected with plasmids 
expressing GFP-RAB32, FLAG-Irg1, and the indicated forms of LRRK2: wild type 
(WT), kinase defective (3XKD = LRRK2K1906A/D1994A/D2017A), and constitutively active 
(LRRK2G2019S). Twenty hours after transfection, cell lysates were analyzed by 

immunoprecipitation and immunoblotting with the indicated antibodies. The 
quantification of the intensity of the RAB32 band relative to the intensity of the 
IRG1 band is shown in. Each circle, square, or triangle represents a measurement 
in an independent experiment. The mean ± SD and p values (unpaired two-tailed 
Student’s t test) of the indicated comparisons are shown (n = 3 for each category). 
(f and g) HEK293T parental or LRRK2-/- cells were transfected with GFP-RAB32 and 
FLAG-IRG1 for 20 hs. Cell lysates were then analyzed by immunoprecipitation 
with anti-FLAG and immunoblotting with anti-GFP antibody. The quantification 
of the intensity of the RAB32 band relative to the intensity of the IRG1 band is 
shown (f). Each circle or square represents a measurement in an independent 
experiment. The mean ± SD and p values (unpaired two-tailed Student’s t test) 
of the indicated comparisons are shown (n = 3 for each category). (g) Raw264.7 
parental or Lrrk2-/- cells stably expressing FLAG-RAB32 were left untreated, 
treated with LPS, or infected with S. Typhimurium ∆gtgE ∆sopD2 mutant strain 
(MOI = 3) for 18 hs. Cell lysates were then analyzed by immunoprecipitation with 
anti-FLAG and immunoblotting with the indicated antibodies.
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Extended Data Fig. 4 | Localization of LRRK2, RAB32, and IRG1. (a and b) 
LRRK2, RAB32, and IRG1are associated with the mitochondria accessible to 
protease digestion. DC2.4 cells stably expressing RAB32 (a), or DC2.4 parental 
(control) and Lrrk2-/- cells (b) were treated with LPS for 18 hs, mitochondria 
were purified and treated with proteinase K or left untreated, and subsequently 
analyzed by immunoblotting with the indicated antibodies. (c) Two color 
DNA-PAINT super-resolution image demonstrating that IRG1 does not co-
localize with the mitochondrial matrix protein Cox IV. The top panel presents 
a HeLa cell expressing GFP-tagged IRG1 (green). Cells were fixed and stained 
with nanobodies to the GFP epitope, and primary and secondary antibodies to 
Cox IV (magenta). Nanobodies and secondary antibodies were labeled with a 
single stranded DNA oligomer acting as a docking site for DNA-PAINT super-
resolution microscopy. First and second zoom levels show that Cox IV and IRG1 
are spatially excluded from each other. The yellow arrows in zoom level two 

highlight examples of the spatial exclusion of Cox IV and IRG1. Scale bars 2 µm 
(top panel), 400 nm (zoom level 1) and 100 nm (zoom level 2). (d and e) Three-
plex DNA-PAINT super-resolution image showing proximity of RAB32, LRRK2, 
and IRG1. (d) Hek293T cells expressing GFP-tagged LRRK2 (purple – DNA-PAINT), 
FLAG-tagged Rab32 (green – DNA-PAINT), and M45-tagged IRG1 (yellow – DNA-
PAINT) were infected with S. Typhi carrying plasmid encoding an mCherry-
based itaconate reporter (red – diffraction limited image). Cells were fixed 
and stained with nanobodies to the GFP epitope, and M45 and FLAG tags were 
labeled with primary antibodies and secondary antibodies conjugated to a single 
stranded DNA oligomer acting as a docking site for DNA-PAINT super-resolution 
microscopy. (e) The zoom in shows the spatial proximity of the three proteins in 
the proximity of S. Typhi expressing the itaconate reporter. The white arrows in 
the zoom-in highlight examples of the proximity cluster of the three proteins. 
Scale bars 5 µm (d), 1 µm (e).
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Extended Data Fig. 5 | Inhibition of the mitochondrial tricarboxylate 
transporter SLC25A1 impairs itaconate delivery to the Salmonella-
containing vacuole. (a and b) HeLa cells stably expressing EGFP-tagged IRG1 
were pre-treated with the SLC25A1 transporter inhibitor CTPI-2 for 3, 6, or 18 hs 
(as indicated), and then infected with wild-type S. Typhi (MOI = 6) encoding a 
luciferase-based itaconate biosensor. The levels of luciferase activity in the cell 
lysates were then measured 3 hs after infection. Each circle or square represents a 
single luciferase measurement. The mean ± SD and p values (unpaired two-tailed 
Student’s t test) of the indicated comparisons are shown (n = 6 for each category). 
(a) and (b) show results of two independent experiments. (c and d) Inhibition 
of the mitochondrial tricarboxylate transporter SLC25A1 does not impair IRG1 

expression or overall itaconate biosynthesis. (c) HeLa cells stably expressing 
EGFP-tagged IRG1 were pre-treated with the SLC25A1 transporter inhibitor CTPI-2 
for 3, 6, or 18 hs (as indicated), and then infected with wild-type S. Typhi (MOI = 6) 
encoding a luciferase-based itaconate biosensor as indicated in Extended Data 
Fig. 10. The levels of IRG1 3, 6 or 18 hours after CTPI-2 treatment were evaluated 
by western immunoblot with the indicated antibodies. (d) HeLa cells stably 
expressing EGFP-tagged IRG1 were pre-treated with the SLC25A1 transporter 
inhibitor CTPI-2 for 18 hs, and the levels of itaconate were measured as indicated 
in Materials and Methods. Each square represents a single measurement and the 
mean and SD are shown (n = 3 for each category).
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Extended Data Fig. 6 | Tomographic slices of S. Typhi infected cells at 
different times after infection. HeLa cells expression IRG1 (a and b) or BMDMs 
obtained from C57BL/6 mice (c and d) were infected with S. Typhi and 1 (a and c) 
and 3 (b and d) hs after infection were processed for cryo-ET imaging. Shown are 
representative tomographic slices showing that the appearance of S. Typhi within 

cells over time. Bacteria within HeLa-IRG1 cells 1 hr after infection appear normal, 
with many ribosomes and an intact bacterial envelope. However, bacteria within 
HeLa-IRG1 cells 3 hs post-infection or within BMDMs at 1 and 3 hs post infection 
exhibit altered morphology. Mi: mitochondria.
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Extended Data Fig. 7 | Visualization of tethers at the SCV-mitochondria 
interface. (a-e) 3D renderings of the SCV-mitochondria interfaces shown 
in Figs. 4f, j, k, o, and p, respectively. Magenta, yellow, and green represent 
bacterial, vacuolar, and mitochondrial membranes, respectively. Intermembrane 

tethers are depicted in white. Please refer to the main Fig. 4 figure legend for 
experimental details. (f-j) Top-down views of the corresponding interfaces 
in Panels (a-e), revealing vacuolar membrane surfaces decorated with 
intermembrane tethers.
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Extended Data Fig. 8 | Itaconate delivery and bacterial growth in cells used 
for cryo-ET analysis. (a) HeLa cells stably expressing IRG1 or BMDMs from 
C57BL/6 mice treated with LPS (200 ng/ml) for 3 hours were infected with 
S. Typhi (MOI = 10), and the number of CFU was determined 1 and 3 hs after 
infection. Each circle represents the CFU in an independent measurement; the 
mean ± SEM of all the measurements and p values of the indicated comparisons 
(two-sided Student’s t test) are shown. ns, not significant. ****p < 0.0001 (n = 6 
for each category). (b and c) HeLa cells stably expressing IRG1 (b) or BMDMs 
from C57BL/6 mice treated with LPS (200 ng/ml) for 3 hs (c) were infected with 
S. Typhi (MOI = 10) carrying a plasmid encoding the itaconate nanoluciferase 
biosensor. One and three hours after infection, the levels of nanoluciferase were 
measured in lysates of the infected cells. Each circle represents a single luciferase 
measurement. The mean ± SD and p-values of the indicated comparisons 
(two-sided Student’s t-test) are shown. ****p < 0.0001 (n = 6 for each category). 
(d-g) BMDMs obtained from C57BL/6 (WT) or Hps4−/− were infected with S. 
Typhi (MOI = 10) carrying a plasmid encoding the itaconate nanoluciferase 

biosensor, and the number of CFU was determined 1 (a) or 3 (c) hs after 
infection. Alternatively, the levels of nanoluciferase were measured in lysates 
of the infected cells (b and d). Each circle represents the CFU in independent 
measurements (a and c) or a single luciferase measurement (b and d). Shown are 
the mean ± SEM of all the measurements (n = 6 for each category); p values of 
the indicated comparisons (two-sided Student’s t test) are shown. **p < 0.01 and 
***p < 0.001, ****p < 0.0001. (h and i) Itaconate delivery and intracellular growth 
of S. Typhi expressing gtgE in cells used for cryo-ET analysis. (h and i) HeLa cells 
stably expressing IRG1 were infected with S. Typhi or S. Typhi- expressing gtgE 
(MOI = 10) carrying a plasmid encoding the itaconate nanoluciferase biosensor. 
The number of CFU (a) or the level of luciferase activity (b) was determined 
1 hour or 3 hours after infection. Each circle represents a single measurement. 
Values are the mean ± SEM of all the measurements and p values of the indicated 
comparisons (two-sided Student’s t test) are shown. *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001 (n = 6 for each category).
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Extended Data Fig. 9 | Expression of the S. Typhimurium effector protein 
GtgE in S. Typhi does not prevent SCV-mitochondria association and 
tethering. (a) Tomographic slice showing S. Typhi strain expressing GtgE within 
its replication vacuole and surrounding mitochondria (Mi) intimately interacting 
with the vacuolar membrane (VM). (b) 3D-rendering of the tomogram shown in 

panel (a)(z = 86 slices). Mitochondria is depicted in green, the SCV membrane 
in yellow, bacterial envelope in blue, inter membrane tethers in white, type III 
secretion machines in light blue, and bacterial ribosomes in grey (see close ups of 
the SCV-mitochondria interface in Fig. S14).
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Extended Data Fig. 10 | Model for the role of LRRK2 in itaconate delivery to 
the Salmonella containing vacuole. LRRK2 may coordinate the close apposition 
between the Salmonella-containing vacuole (SCV) and the mitochondria (not 
depicted in this model) as it has been proposed to do with other intracellular 

organelles (64). In addition, as depicted in this model, through its ability to 
scaffold a complex between RAB32, IRG1, and SLC25A1, LRRK2 may coordinate 
the localized synthesis of itaconate at the mitochondria/SCV interface.
(generated with the help of Biorender (www.biorender.com).
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