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Salmonella exploits LRRK2-dependent
plasma membrane dynamics to invade
host cells

Hongxian Zhu 1,2, Andrew M. Sydor 1, Bing-Ru Yan 1, Ren Li1,
Michal T. Boniecki 3, Carina Lyons1,2, Miroslaw Cygler 3,
Aleixo M. Muise 1,4,5,6, Michelle E. Maxson 1,7, Sergio Grinstein 1,4,8,
Brian Raught9,10 & John H. Brumell 1,2,6,8

Salmonella utilizes type 3 secreted effector proteins to induce plasma mem-
brane (PM) perturbations during invasion of host cells1. The effectors drive
mobilization of host membranes to generate cell surface ruffles, followed by
invagination and scission of the PM to generate Salmonella-containing
vacuoles (SCVs)2. Here, we show that LRRK2 kinase generates membrane
reservoirs exploited by Salmonella during invasion. The reservoirs are tubular
compartments associated with the PM under basal conditions and are formed
through the phosphorylation of RAB10 GTPase by LRRK2. Mobilization of
membrane reservoirs to generate invasion ruffles mediates delivery of phos-
phorylated RAB10 to invasion sites. Subsequently, RAB10 dephosphorylation
is required for its inactivation by a bacterial GTPase activating protein and
subsequent scission of the PM. RAB10 dephosphorylation is mediated by a
TLR4/PIEZO1/TMEM16F-dependent pathway and is inhibited by hyperactive
variants of LRRK2. Our findings reveal how Salmonella exploits LRRK2-
dependent PM dynamics during invasion and provide new insight into how
LRRK2 variants can protect against bacterial infection3,4.

Salmonella enterica serovar Typhimurium (STm) is a facultative intra-
cellular bacterial pathogen that contributes to foodborne gastro-
enteritis in humans5. These bacteria exhibit the ability to invade and
replicate within an intracellular niche by utilizing type 3 secretion
systems (T3SSs) to translocate virulence factors, known as effectors,
into host cells6. STm utilizes two distinct T3SSs, encoded within Sal-
monella pathogenicity islands (SPI)−1 and SPI-2. The SPI-1 T3SS trans-
locates effectors that trigger cytoskeletal rearrangements and
alterations inmembrane dynamics, initiating the internalization of the
bacteria into SCVs. Subsequently, the SPI-2 encoded T3SS translocates

effectors across the SCV membrane, facilitating intracellular growth
and cell-to-cell spread7,8.

In a recent studywe examined how the cooperative actions of SPI-
1 T3SS effectors subvert membrane trafficking during invasion of host
cells9. We observed that SopB, SopE2 and SipC promote membrane
mobilization to sites of STm invasion9. Membrane was found to be
mobilized frommultiple cellular sources, including deep invaginations
of the PM referred to asmembrane reservoirs9,10. Under normal growth
conditions, host RAB10 stabilizes membrane reservoirs in its GTP-
bound state through interactionwith its effectors EHBP1 andMICAL-L1
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and through BAR domain proteins PACSIN2 and PACSIN39. Upon
infection, SopB mediates recruitment of RAB10 from membrane
reservoirs to sites of bacterial invasion9. The recruitment of host
membranes to invasion sites enables exocyst-dependent exocytosis
and formation of cell surface protuberances, called invasion ruffles,
which enable bacterial uptake9,11 (Fig. 1a).

The next step of invasion involves invagination and scission of the
PM to generate SCVs2. Since RAB10 and its effectors can stabilize the
PM inmembrane reservoirs, it’s recruitment to invasion sites would be
expected to adversely affect STm uptake. However, the SPI-1 T3SS
effector SopD inhibits RAB10 at invasion sites through its GTPase
activating protein (GAP) activity12. By converting RAB10 to its GDP-
bound form, SopD promotes Dynamin−2 (DNM2) recruitment to
invasion sites, thereby initiating PM scission to generate SCVs12

(Fig. 1a). SopB also contributes to PM scission at invasion sites via
dephosphorylation of phosphatidylinositol-(4,5)-bisphosphate13. Alto-
gether, the combined activities of SopB, SopE2 and SipC promote
membrane mobilization and SopB and SopD promote scission,
thereby allowing STm to efficiently control PM dynamics and invade
host cells9.

Phosphorylation of RAB GTPases has emerged as a key regulatory
mechanism14. Thus, we sought to further understand the regulation of
RAB10 by examining its phosphorylation during STm infection
(Fig. 1a). In other cellular contexts, LRRK2 kinase was shown to phos-
phorylate RAB10 on Threonine-73 (T73), thereby stabilizing RAB10 in
its GTP-bound form15,16. Here, we demonstrate that LRRK2 regulates
PMdynamics through a dynamic RAB10 phospho-regulation cycle that
is exploited by STm during infection. Furthermore, we show that
pathogenic LRRK2 variants associated with both Parkinson’s Disease
(PD) and Inflammatory Bowel Disease (IBD)17–19 can alter PM dynamics
and have the beneficial effect of inhibiting STm invasion.

Results
LRRK2 generates membrane reservoirs via RAB10
phosphorylation
By western blotting with a phospho-specific antibody, we observed
significant phosphorylation of RAB10 on T73 in Henle 407 human
intestinal epithelial cells under normal growth conditions (Fig. 1b).
Treatment of cells with a selective LRRK2 kinase inhibitor (MLi-2)20

decreased RAB10 T73 phosphorylation (Fig. 1b). Our findings are
consistent with prior studies indicating that RAB10 can be phos-
phorylated on T73 under normal growth conditions15,21,22.

Next, we examined the impact of RAB10 T73 phosphorylation on
RAB10 localization. Prior studies revealed that RAB10 localizes to
tubular structures under normal growth conditions23,24. Here,we found
that treatment of cells with MLi-2 disrupted these tubular structures
bearing endogenous RAB10 (i.e., detected with antibodies) (Fig. 1c, d).
These data suggest that LRRK2 kinase activity is closely linked to the
dynamics of the RAB10+ tubules via RAB10 phosphorylation.

With immunofluorescence microscopy we observed phospho-
RAB10 T73 was enriched on GFP-RAB10+ tubules compared to else-
where in the cell (Fig. 1e, f). Consistent with the western blot results,
the immunofluorescence signal for phospho-RAB10 was decreased
after MLi-2 treatment, concomitant with loss of tubular structures
(Fig. 1e). These findings indicate that RAB10 is phosphorylated by
LRRK2 on T73 and that the phosphorylated form of RAB10 localizes to
membrane tubules under normal growth conditions.

Our recent study suggested that RAB10+ tubules represent
membrane reservoirs, deep invaginations of the PM that are primed
for mobilization9. Notably, more than 85% of RAB10+ tubules were
found to colocalize with markers of the PM9. Based on this prior work,
we hypothesized that LRRK2-mediated phosphorylation of RAB10
controls the formation of membrane reservoirs. To test this hypoth-
esis, we labeled cells overexpressing GFP-RAB10 with the fluorescent
PM probe CellMask to visualize membrane reservoirs, defined as

CellMask+ tubules longer than 10 µm within the cell body9. Treatment
of cells with MLi-2 disrupted these membrane reservoirs, concomitant
with the loss of RAB10+ tubules (Fig. 1g, h). Membrane reservoirs in
cells with endogenous RAB10 expression (i.e., without GFP-RAB10
transfection) were also inhibited by MLi-2 treatment (Fig. 1i, j). MLi-2
inhibition of LRRK2 also induced the loss of RAB10+ membrane
reservoirs in SH-SY5Y human neuroblastoma cells, MCF-7 human
adenocarcinoma cells and mouse embryonic fibroblasts (Supplemen-
tary Fig. 1a–f), cell types previously shown to possess thesemembrane
reservoir structures9. To confirm that MLi-2 was not having off-target
effects, we generated LRRK2 knockout (KO) cells (Fig. 1k) and com-
pared them toapreviously generatedRAB10KOcell line12. Knockout of
LRRK2 disrupted the formation of membrane reservoirs visualized by
immunofluorescence staining of endogenous RAB10 (Fig. 1l, m). We
conclude that RAB10 phosphorylation by LRRK2 is necessary for
membrane reservoir formation in a variety of cell types.

The serine/threonine protein phosphatase PPM1H is known to
counteract LRRK2 signaling by dephosphorylation of RAB1025–28.
Therefore, we modulated RAB10’s phosphorylation state by transfec-
tion of cells with a plasmid encoding PPM1H and monitored the
dynamics of membrane reservoirs. Overexpression of WT PPM1H, but
not catalytically inactive PPM1H (mutants H153D and D288A)25 sup-
pressed RAB10 phosphorylation (Supplementary Fig. 2a) and the for-
mation of RAB10+ membrane reservoirs (Supplementary Fig. 2b–c).
Thus, increased phosphatase activity induced by PPM1H over-
expression suppresses LRRK2-mediated phosphorylation of RAB10
and impacts formation of membrane reservoirs.

Next, we generated phospho-site mutants of RAB10, a strategy
that was previously used to examine the impact of LRRK2 phosphor-
ylation on RAB10 function22,29. Since phospho-site mutants of RAB10
were reported to impair geranylgeranylation of RAB1030, we generated
phospho-site mutants within a RAB10 construct artificially targeted to
the PM by replacing its C-terminal cysteines with the polybasic
C-terminus of K-Ras (myc-PM-RAB10)31. In prior studieswe showed that
myc-PM-RAB10 was sufficient to complement formation of membrane
reservoirs in RAB10 KO cells9. As compared to the myc-RAB10 con-
struct, the generated non-phosphorylatable (T73A) and phospho-
mimic (T73E) mutants of PM-targeted RAB10 predominantly localized
on the PM instead of intracellular compartments (Supplemen-
tary Fig. 3).

In RAB10KO cells, expression ofWT and T73E, but not T73A,myc-
PM-RAB10 were sufficient for membrane reservoir formation
(Fig. 1n, o). Upon MLi-2 treatment, the membrane reservoirs positive
for WT myc-PM-RAB10 were disassembled. In contrast, expression of
the T73E phosphomimic mutant stabilized these structures in the
presence of MLi-2 (Fig. 1n, o). Together, our findings indicate that
phosphorylation of T73 on RAB10 by LRRK2 is both necessary and
sufficient for the formation of RAB10+ membrane reservoirs under
normal growth conditions.

LRRK2-dependent membrane reservoirs are exploited by STm
during invasion
During STm infection, RAB10 is known to be rapidly recruited from
membrane reservoirs to invasion sites9. Here, we observed phospho-
RAB10 T73 enrichment at STm invasion sites at 10min post-infection
(p.i.) (Fig. 2a, upper panels). We observed no significant recruitment of
either GFP-RAB10 or phospho-RAB10 to STm invasion sites in LRRK2
KO cells (Fig. 2a, lower panels), suggesting that RAB10 is recruited in
the phosphorylated state. To further support this, we expressed myc-
PM-RAB10 constructs in RAB10 KO cells. We observed recruitment of
WT and T73E but not T73A myc-PM-RAB10 to invasion sites at 10min
p.i. (Fig. 2b, c).

We also examined the role of GTP-binding for RAB10 recruitment
to invasion sites using GFP-fusion constructs without PM targeting.We
observed that WT and constitutively active (Q68L) GFP-RAB10
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Fig. 1 | LRRK2 generatesmembrane reservoirs via RAB10 T73 phosphorylation.
a Current model of RAB10’s roles in STm invasion. b WT Henle 407 cells were
treated with 50 nM MLi-2 for 90min and cell lysates were immunoblotted with
indicated antibodies. c and d Representative images (c) and quantifications (d) of
RAB10+ tubules (visualized with anti-RAB10 antibody) in WT Henle 407 cells in
control condition or treatedwithMLi-2 as in (b). eRepresentative images of Henle
407 cells transfected with GFP-RAB10 and stained for phospho-RAB10 (T73), with
or without MLi-2 treatment. f Line plot profile of the white arrow in the inset
(control) in e. Arb. units (arbitrary units) indicate the signal densities along the
chosen white arrow. g and h Representative images (g) and quantifications (h) of
RAB10+ membrane reservoirs in WT Henle 407 cells transfected with GFP-RAB10
and treated with MLi-2. Arrow indicates a RAB10+ membrane reservoir structure.
i and j Representative images (i) and quantifications (j) of CellMask+ membrane
reservoirs in WT Henle 407 cells in control condition or treated with MLi-2 as in

(b). Cells in both conditions did not have RAB10 overexpressed. k CRISPR/Cas9-
mediated deletion of LRRK2. l and m, Representative images (l) and quantifica-
tions (m) of endogenous RAB10+ membrane reservoirs in indicated cells in basal
growth condition. n and o, Representative images (n) and quantifications (o) of
RAB10+ membrane reservoirs in RAB10 KO Henle 407 cells transfected with myc-
PM-RAB10 constructs, and treated with or without MLi-2 (50 nM, 90min). All
images shown are representative images from three independent experiments.
Data shown are means ± standard deviation (S.D.) for three independent
experiments. At least 100 cells for each condition in each experiment were scored
for the presence of RAB10-(c, g and l) or CellMask-(h) positive tubules. P values
were calculated using two tailed unpaired t-test (d, h and j), one-way analysis of
variance (ANOVA) (m), or two-way ANOVA (o). Scale bars, (c, g, i, l and n) 10 μm,
(e, upper and lower panels) 10 μm, (e, middle panel) 3 μm. Source data are
provided as a Source Data file.
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constructs displayed significant recruitment to STm invasion sites but
a dominant negative (T23N) mutant of RAB10 did not (Fig. 2d, e).
Together, these data suggest that RAB10 is recruited to STm invasion
sites in its phosphorylated and GTP-bound form.

The mobilization of RAB10+ membrane reservoirs during STm
infection was shown to be required for optimal ruffle formation and
bacterial entry into host cells9. Thus, we wanted to determine if LRRK2
contributes to the formation of invasion ruffles. For this, WT and
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Fig. 2 | LRRK2-dependent membrane reservoirs are exploited by STm during
invasion. a Representative images of WT Henle 407 cells transfected with GFP-
RAB10 and infected with WT STm. Cells were fixed at 10min p.i. and stained for
phospho-RAB10 (T73). In this and following panels, invasion sites at 10min p.i. were
identified by positive F-actin and STm staining. The cell boundaries are depicted by
the white outlines. b and c Representative images (b) and quantifications (c) of
myc-PM-RAB10 recruitment to STm invasion sites. RAB10 KO Henle 407 cells were
transfected with myc-PM-RAB10 WT, T73E or T73A construct, and then infected
with WT STm. Cells were fixed at 10min p.i. and stained for myc-tag. Line plot
profile follows thewhite arrow in the ‘Merge’ channel in (b).d and e, Representative
images (d) and quantifications (e) of GFP-RAB10 recruitment to STm invasion sites.
RAB10 KO Henle 407 cells were transfected with GFP-RAB10 WT, Q68L or T23N
construct and infectedwithWT STm. Cellswere fixed and imaged at 10minp.i. Line

plot profile follows the white arrow in the ‘Merge’ channel in d. f Representative
SEM images of invasion ruffles. WT and LRRK2 KO Henle 407 cells were infected
with WT STm and fixed at 10min p.i. g Quantifications of invasion ruffle areas
identified in (f). The areas of individual invasion ruffle weremeasured as described
in the “Methods” section. h WT and LRRK2 KO Henle 407 cells were infected with
WT STm and lysed at 2 hours p.i. for CFU counting. All images shown are repre-
sentative images from three independent experiments. Data shown are means ±
S.D. for three independent experiments. At least 100 invasion sites (c and e) for
each condition in each experiment were scored for the recruitment of RAB10. For
SEManalysis of invasion ruffle area (g), 15 invasion ruffles for each condition in each
experiment were scored (45 invasion ruffles in total for each condition). P values
were calculated using one-way ANOVA (c and e) or two tailed unpaired t-test
(g and h). Scale bars, 10 μm. Source data are provided as a Source Data file.
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LRRK2 KO cells were infected with WT STm, and invasion ruffles were
imaged with scanning electron microscopy and subsequently mea-
sured. LRRK2 KO cells displayed significantly reduced invasion ruffle
size (Fig. 2f, g). Furthermore, bacterial invasion, as determined by
measuring intracellular colony forming units (CFU) at 2 hours p.i., was
decreased in LRRK2 KO cells compared to WT cells (Fig. 2h).

We also examined invasion ruffle sizes in RAB10 KO cells expres-
sing WT, T73E, or T73A myc-PM-RAB10 constructs. For these experi-
ments, we utilized fluorescence microscopy so that cells transfected
with the various constructs could be identified. The expression of WT
or T73E myc-PM-RAB10 construct was able to generate ruffles of nor-
mal size (Supplementary Fig. 4a, b). However, expression of the T73A
mutant significantly reduced the ruffle size. Together, these data
suggest that LRRK2 generates membrane reservoirs via RAB10 T73
phosphorylation that STm can exploit to facilitate its invasion.

RAB10 dephosphorylation is required for PM scission at STm
invasion sites
The PM undergoes invagination at the base of invasion ruffles prior to
scission of the PM and generation of SCVs12. While RAB10 is recruited
to invasion sites frommembrane reservoirs within the first 10min p.i.,
it is normally removed from these sites within 30min12. Removal of
RAB10 from invasion sites is mediated by the STm SPI-1 T3SS effector
SopD, which encodes a GAP domain that catalyzes GTP hydrolysis by
RAB1012. During infection by SopD-deficient STm (ΔsopD mutant),
RAB10 is retained at invasion sites and inhibits bacterial uptake by
stabilizing invaginated regions of the PM and blocking recruitment of
DNM2, a GTPase required for PM scission10,20.

The phosphorylation of RAB10 on T73 by LRRK2 has been shown
to limit the accessibility of GAP proteins and thus stabilize RAB10 in its
GTP-bound and active form15. Therefore, we hypothesized that RAB10
must undergo dephosphorylation at invasion sites to allow SopD-
mediated inactivation of RAB10. To test this, wemonitored RAB10 T73
phosphorylation upon STm invasion by western blot. We observed
that RAB10 is dephosphorylated between 10 and 30minp.i. (Fig. 3a, b),
a time period consistent with the removal of RAB10 from invasion sites
ofWT STm12. We also observed retention of T73E, but notWT or T73A,
myc-PM-RAB10 at invasion sites at 30min p.i. (Fig. 3c, d). Similarly,
constitutively active but not WT or dominant negative GFP-RAB10
displayed significant retention at STm invasion sites at 30min p.i.
(Fig. 3e, f). Together, these data suggest that RAB10 is removed from
invasion sites in its dephosphorylated and GDP-bound form.

Next, we examined the impact of RAB10 phosphorylation on PM
scission during STm invasion. For this, we used a PM scission assay
developed by Terebiznik et al13. Invaginations of the PM and unsealed
SCVs were visualized using a fluorescent protein targeted to the PM
(PM-mCherry) via the myristoylation and palmitoylation sequences
from Lyn tyrosine kinase32. CellMask was added to the medium at
30min p.i. to label the cell surface and accessible membranes prior to
fixation. The degree of scission was quantified by measuring the gen-
eration of sealed SCVs (PM-mCherry+ bacteria that are inaccessible to
CellMask).

First, we examined PM scission following infection of cells with
WT STm. The infection of RAB10 KO Henle cells complemented with
T73E myc-PM-RAB10 displayed defective PM scission, compared to
cells expressing either WT or T73A myc-PM-RAB10 (Fig. 4a, b). These
findings suggest that phosphorylation of RAB10 is sufficient to impair
PM scission during STm invasion.

Next, we examined PM scission following infection of cells with
ΔsopD STm. In WT Henle cells, these bacteria displayed a PM scission
defect compared to WT STm, consistent with previous studies12.
Uptake of ΔsopD STm was enhanced in RAB10 KO cells, as expected12.
Complementation of RAB10 KO cells with either WT or T73E mutant
myc-PM-RAB10 restored the PM scission defect during ΔsopD STm
invasion (Supplementary Fig. 5 & Fig. 4b). However, expression of the

T73A mutant of myc-PM-RAB10 had no effect on bacterial entry to
SCVs (Supplementary Fig. 5 & Fig. 4b), consistentwith its absence from
invasion sites (Fig. 2b, c). Together, these data suggest that the
dephosphorylation of RAB10 allows SopD-mediated removal from
invasion sites, thereby allowing bacterial uptake into SCVs.

Disease-associated LRRK2 variants inhibit STm invasion by
preventing RAB10 dephosphorylation
Coding variants impacting the LRRK2 kinase domain have been shown
to cause hyper-phosphorylation of RAB10 and are associated with an
increased risk for the development of Crohn’s disease (CD) and Par-
kinson’s disease (PD)17–19. In contrast, other common LRRK2 variants,
including the N551K variant, are not associated with the hyperpho-
sphorylation of RAB1033 and have been shown to be protective in
multiple PD cohorts34. Based on our findings above, we hypothesized
that risk-associated LRRK2 variants can alter PM dynamics during STm
invasion through altered RAB10 phosphorylation.

To test this, we examined the effects of LRRK2 variant expression
in LRRK2 KO Henle cells. Expression of WT LRRK2 and N551K LRRK2
restored endogenous RAB10 T73 phosphorylation to a level compar-
able to WT cells (Fig. 4c, d). However, the risk variants G2019S and
N2081D induced RAB10 phosphorylation to a higher level under basal
growth conditions (Fig. 4c, d), consistent with previous studies18. With
STm invasion, RAB10 was dephosphorylated in cells expressing either
WT or N551K LRRK2 at 30min p.i. In contrast, cells expressing G2019S
and N2081D LRRK2 variants maintained RAB10 phosphorylation
upon STm invasion (Fig. 4c, d), suggesting that hyperactive disease-
associated LRRK2 variants are able to disturb RAB10 depho-
sphorylation during STm invasion.

Since we determined above that the dephosphorylation of RAB10
is required for PM scission and bacterial uptake, we next examined the
impact of LRRK2 variant expression onWT STm invasion. Expression of
G2019S or N2081D LRRK2 in the LRRK2 KO cells was sufficient to
induce a significant defect in PM scission, as indicated by the higher
percentage of CellMask+ bacteria (Supplementary Fig. 6a, b & Fig. 4e).
In contrast, cells expressingWT or N551K LRRK2 displayed PM scission
comparable to WT Henle cells (Supplementary Fig. 6a, b & Fig. 4e).
Infection of cells with ΔsopD STm led to a PM scission defect, as
expected12. This scission defect was not observed in LRRK2 KO cells,
consistentwith our findings above showing that RAB10 is not recruited
to invasion sites (Fig. 2a). However, expression of all LRRK2 alleles was
sufficient to induce a PM scission defect during ΔsopD STm infection
(Supplementary Fig. 6a, b & Fig. 4e). These data suggest that disease-
associated LRRK2 variants induce high and stable phosphorylation of
RAB10 on T73, thereby preventing SopD-mediated inactivation of
RAB10 and subsequent PM scission.

TLR4 mediates RAB10 dephosphorylation during STm invasion
Next, we investigated the mechanism of RAB10 dephosphorylation at
invasion sites. STm SPI-1 T3SS effectors SopB and SopD have been
shown to act cooperatively in regulating RAB10+ dynamics during STm
invasion12. However, mutants lacking one or both of these effectors
were still capable of inducing dephosphorylation of RAB10 during
infection (Fig. 5a, b). Remarkably, the supernatant of STm cultures
(STm S/N), heat killed bacteria (STm dead) and bacteria lacking a
functional SPI-1 T3SS and targeted artificially to the host cell surface by
expression of the Yersinia pseudotuberculosis Invasin protein (ΔinvA/
Inv STm)35 were sufficient to induce RAB10 dephosphorylation within
30 min (Fig. 5c, d), indicating another bacterial factor was involved.

Lipopolysaccharide (LPS), a major component of the outer
membrane of Gram-negative bacteria, is required for STm
virulence36,37. A recent study suggested that LPS stimulation sig-
nificantly decreased RAB10 T73 phosphorylation via the activation of
Toll-like receptor 4 (TLR4) and downstream inhibition of LRRK2 kinase
activity38. To determine if STm uses a similar strategy to promote
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RAB10 dephosphorylation, we treated cells with 100 ng/ml LPS for
30min and monitored RAB10 phosphorylation via western blot. LPS
treatment was sufficient to cause RAB10 dephosphorylation
(Fig. 5c, d). Furthermore, LPS treatment for 30min led to disruption of
RAB10+ membrane reservoirs (Supplementary Fig. 7a, b) and reduced
the size of invasion ruffles induced by WT STm (Supplementary
Fig. 7c, d). However, expression of hyperactive disease-associated
LRRK2 variants was sufficient to prevent RAB10 dephosphorylation
induced by LPS treatment (Supplementary Fig. 8a, b).

To further examine if LPS triggers RAB10 dephosphorylation via
TLR4, we generated TLR4 KOHenle 407 cells, which was confirmed by
western blotting (Supplementary Fig. 9a) and loss of NF-κB activation
in response to LPS treatment, as assessed by less production ofmature
NF-κB2 p52 (Supplementary Fig. 9a, b). Under basal growth conditions
TLR4 localized to RAB10+ membrane reservoirs (Supplementary
Fig. 9c). TLR4 KO cells displayed normal levels of RAB10+ membrane

reservoirs (Supplementary Fig. 9d, e) and higher basal levels of RAB10
phosphorylation (Fig. 5e, f).

Phosphorylated RAB10 was recruited to STm invasion sites in
TLR4 KO cells within 10min, at levels comparable to WT cells (Sup-
plementary Fig. 9f & Fig. 5g). Invasion ruffles of similar sizes were
generated in TLR4 KO cells compared to WT cells at 10min p.i. (Sup-
plementary Fig. 7c, d). However, as the infection proceeded, in con-
trast to WT cells, TLR4 KO cells maintained high levels of RAB10
phosphorylation at 30min (Fig. 5e, f) that was visible at STm invasion
sites (Fig. 5g, h). Moreover, we also observed significant defects in PM
scission at 30minp.i. (Supplementary Fig. 9g, h) and bacterial invasion
at 120min p.i. in TLR4 KO cells (Fig. 5i). Together, these data suggest
that during STm invasion, this bacterial pathogen uses LPS to stimulate
TLR4 and induce RAB10 dephosphorylation at invasion sites, thereby
allowing RAB10 inactivation/removal from invasion sites and the pro-
motion of bacterial uptake.
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Fig. 3 | RAB10 dephosphorylation is required for its removal from STm
invasion sites. a and b Representative images (a) and quantifications (b) of
phospho-RAB10 (T73) signal measured by western blot in WT Henle 407 cells
infected with WT STm for indicated time. In this and following panels with the
quantification of RAB10 phosphorylation by western blot, the relative phospho-
RAB10 (T73) signal was calculated by comparison with the respective total
RAB10 signal. c and d, Representative images (c) and quantifications (d) of PM-
RAB10 retention at STm invasion sites at 30min p.i.RAB10 KOHenle 407 cells were
transfectedwithWT, T73E or T73Amyc-PM-RAB10, and then infectedwithWT STm.
Cells were fixed at 30min p.i. and stained for myc-tag. In this and the following

panels, invasion sites at 30min p.i. were identified by staining of extracellular STm
before permeabilization. Line plot profile follows the white arrow in the ‘Merge’
channel inc. e and f, Representative images (e) andquantifications (f) ofGFP-RAB10
retention at STm invasion sites at 30min p.i. RAB10 KO Henle 407 cells were
transfected with GFP-RAB10 WT, Q68L or T23N construct, and then infected with
WT STm.Cells werefixed and imaged at 30min p.i. Data shown aremeans ± S.D. for
three independent experiments. At least 100 invasion sites (d and f) for each
condition in each experimentwere scored for the retention of RAB10.P valueswere
calculated using one-way ANOVA. Scale bars, 10 μm. Source data are provided as a
Source Data file.

Article https://doi.org/10.1038/s41467-025-57453-x

Nature Communications |         (2025) 16:2329 6

www.nature.com/naturecommunications


PIEZO1 regulates plasma membrane dynamics at invasion sites
via RAB10 dephosphorylation
TLR4 was found to activate macrophage activation through its inter-
action with PIEZO139, a mechanosensitive ion channel that regulates
the influx of several cations including calcium40. Since calcium influx is
required for STm invasion41,42, we hypothesized that PIEZO1 con-
tributes to RAB10dephosphorylation at STm invasion sites. To test this

hypothesis, we treated cells with a highly selective small molecule
agonist of PIEZO1, Yoda143. Upon treatment of cells with Yoda1 for
30min, the amount of RAB10 T73 phosphorylation was significantly
decreased (Fig. 6a, b). Furthermore, a loss of GFP-RAB10+ tubules was
also observed upon Yoda1 treatment (Supplementary Fig. 10a, b).
Treatment of cells with PIEZO1 inhibitors (GsMTx4, Gd3+, and ruthe-
nium red)44 effectively blocked LPS- or Yoda1-induced RAB10
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Fig. 4 | RAB10dephosphorylation is required for STm invasion. aRepresentative
images of WT or RAB10 KO Henle 407 cells transfected with the indicated con-
structs (PM-mCherry with empty vector or indicated PM-RAB10 construct), infec-
ted with WT BFP-STm for 30min and labeled with CellMask. b Quantifications of
a and Supplementary Fig. 5. Scission is represented as the percent of bacteria in
SCVs. The total number of bacteria that were positive for PM-mCherry at the
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for CellMask was determined. These bacteria were in a sealed compartment that
was considered an SCV and the number was used to represent the invasion effi-
ciency at 30min p.i. (c and d) Representative images (c) and quantifications (d) of
phospho-RAB10 (T73) signal measured by western blot in WT Henle 407 cells, or
LRRK2 KO Henle 407 cells complemented with LRRK2 WT or mutant expression.

The cells were infected with WT STm and cell lysates were collected and immu-
noblotted at 30min p.i. for phospho-RAB10 (T73), total RAB10, or ß-actin (loading
control). e WT or LRRK2 KO Henle 407 cells transfected with indicated constructs
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was quantified as in c. Representative images are shown in Supplementary
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were calculated between the KOs (RAB10KOor LRRK2KO) and their respectiveWT
controls. Scale bars, 10 μm. Source data are provided as a Source Data file.
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dephosphorylation (Fig. 6c, d & Supplementary Fig. 10c–f). These
results indicate that PIEZO1 activation is both necessary and sufficient
to trigger TLR4-dependent RAB10 dephosphorylation.

Given that TLR4 colocalizes with RAB10 on membrane reservoirs
prior to infection (Supplementary Fig. 9c), we next explored the
interaction between TLR4 and PIEZO1 both before and during STm
infection. Consistent with prior findings39, we did not observe colo-
calization of TLR4 and PIEZO1 in uninfected cells (Fig. 6e). However,
both TLR4 and PIEZO1 were recruited to STm invasion sites (Fig. 6f).
TLR4 recruitment to invasion sites was dependent on RAB10 expres-
sion (Fig. 6f, g), whereas PIEZO1 recruitment occurred in a TLR4- and
RAB10-independent manner (Fig. 6f, h). Together, these data suggest

that the TLR4-PIEZO1 machinery is locally organized at STm inva-
sion sites.

PIEZO1 inhibition led to a decrease in bacterial invasion at 2 hours
p.i. (Fig. 6i). Ruffle formation was not affected by PIEZO1 inhibition
(Supplementary Fig. 10g–h). In contrast, pretreatment with the PIEZO1
activator Yoda1 was sufficient to inhibit ruffle formation, consistent
with its ability to induce RAB10 dephosphorylation (Fig. 6a, b). PIEZO1
inhibition did not affect the recruitment of phospho-RAB10 to the STm
invasion sites, but did lead to retention of phospho-RAB10 at invasion
sites at 30min p.i. (Supplementary Fig. 10i–k). These findings suggest
that PIEZO1 regulates PM dynamics via the phospho-regulation of
RAB10 locally at invasion sites.
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Fig. 5 | TLR4 mediates RAB10 dephosphorylation during STm invasion. a and
b Representative images (a) and quantifications (b) of phospho-RAB10 (T73) signal
measured by western blot in WT Henle 407 cells infected with the indicated STm
strains. Cell lysates were collected and immunoblotted for phospho-RAB10 (T73),
total RAB10, or ß-actin (loading control) at 30min p.i. c and d, Representative
images (c) and quantifications (d) of phospho-RAB10 (T73) signal measured by
western blot in WT Henle 407 cells infected with WT STm, treated with WT STm
supernatant (STmS/N), deadWT STm, LPS (100 ng/ml) orΔinvA/Inv STm (invasion-
deficient attenuated strain with inactivation of T3SS-1, and with invasin gene from
Yersinia expressed) for 30min. e and f Representative images (e) and quantifica-
tions of (f) phospho-RAB10 (T73) signal measured by western blot. WT, LRRK2 KO
and TLR4 KO Henle 407 cells were infected with WT STm and cell lysates were
collected at 10min or 30min p.i. and immunoblotted for TLR4, phospho-RAB10

(T73), total RAB10, or ß-actin (loading control). g and h Quantifications (g) and
representative images (h) of phospho-RAB10 (T73) localization atWT STm invasion
sites at the indicated times p.i. WT, LRRK2 KO or TLR4 KO Henle 407 cells were
transfected with GFP-RAB10 and then infected with WT STm. Cells were fixed at 10
or 30minp.i. and stained for phospho-RAB10 (T73) and STm.The cell boundaries in
h are depicted by the white outlines. iWT Henle 407 cells and TLR4 KO Henle 407
cells were infected with WT STm and lysed at 2 hours p.i. for CFU counting. Data
shown are means ± S.D. for three independent experiments. In g At least 100
invasion sites for each condition in each experiment were scored for the recruit-
ment or the retention of RAB10. P values were calculated using one-way ANOVA
(b and d), two-way ANOVA (f and g), or two tailed unpaired t-test (i). P values in
d were calculated and labeled between the treated groups with the untreated
control. Scale bars, 10 μm. Source data are provided as a Source Data file.
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Fig. 6 | PIEZO1 regulates plasma membrane dynamics at invasion sites via
RAB10 dephosphorylation. a and b Representative images (a) and quantifica-
tions (b) of phospho-RAB10 (T73) and total RAB10 signal measured by western
blot in WT Henle 407 cells treated with the PIEZO1 agonist, Yoda1. Cell lysates
were collected and immunoblotted following a 30min treatment with either
DMSO or Yoda1. Data shown aremeans ± S.D. for three independent experiments.
c and d Representative images (c) and quantifications (d) of phospho-RAB10
(T73) signal measured by western blot in WT Henle 407 cells. The cells were
treated with the PIEZO1 inhibitor GsMTx4, LPS and/or the PIEZO1 agonist Yoda1,
and cell lysates were collected and immunoblotted for phospho-RAB10 (T73),
total RAB10, or ß-actin (loading control) following 30min treatment.
e Representative images of TLR4 and PIEZO1 localizations in uninfected condi-
tion. WT or TLR4 KO Henle 407 cells were transfected with GFP-RAB10, or RAB10
KOHenle 407 cells were nontransfected. Then the cells were fixed and stained for

TLR4 and PIEZO1. f Representative images of TLR4 and PIEZO1 localizations in at
10min p.i. WT, TLR4 KO or RAB10 KO Henle 407 cells were infected with WT STm
and then fixed at 10min p.i. and stained for STm, TLR4 and PIEZO1. The images in
the ‘Merge’ channel represent the merged accumulative fluorescence signals
from the TLR4, PIEZO1 and STm channels. g and hQuantifications of TLR4 (g) and
PIEZO1 (h) localizations at invasion sites in (f). i WT Henle 407 cells were
untreated or pretreated with indicated PIEZO1 inhibitors, and then infected with
WT STm and lysed at 2 hours p.i. for CFU counting. At least 100 invasion sites
(g and h) for each condition in each experiment were scored for the recruitment
of TLR4 or PIEZO1. All images shown are representative images from three
independent experiments. Data shown are means ± S.D. for three independent
experiments. P values were calculated using one-way ANOVA. Scale bars, 10 μm.
In e and f the cell boundaries are depicted by the white outlines. Source data are
provided as a Source Data file.
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TMEM16F is required for local phosphatidylserine scrambling
and LRRK2 removal from STm invasion sites
TMEM16F is a calcium-activated phospholipid scramblase that can
translocate phosphatidylserine (PS) from the inner to the outer leaflet
of the PM45. TMEM16F was previously shown to regulate mobilization
of membrane reservoirs10. Furthermore, viruses are known to exploit
TMEM16F during infection of host cells46,47. As such, we hypothesized
that TLR4/PIEZO1-mediated signaling may promote STm infection via
local activation of TMEM16F. In support of this, we observed that STm
invasion was reduced in TMEM16F KO cells (Fig. 7a, b and Supple-
mentary Fig. 11a).

Under normal growth conditions, we observed GFP-TMEM16F to
predominantly localize to the PM, including RAB10+ membrane
reservoirs (Supplementary Fig. 11b, c). Such localization was depen-
dent on RAB10 expression since TMEM16F localized primarily to the
perinuclear region in RAB10 KO cells (Supplementary Fig. 11b). How-
ever, RAB10+ membrane reservoirs were not affected in TMEM16F KO
cells, indicating TMEM16F is not required for the formation of these
structures (Supplementary Fig. 11c–e).

Upon infection, we observed that TMEM16F is mobilized to STm
invasion sites (Fig. 7b), in a RAB10-dependent manner (Fig. 7c, d).
However, TMEM16F was not required for the mobilization of RAB10+

membrane reservoirs to invasion sites (Supplementary Fig. 12a, b) or
ruffle formation (Supplementary Fig. 12c, d). Therefore, we asked if the
recruited TMEM16F mediates later events like local PS scrambling at
invasion sites. To test this, we infected WT or TMEM16F KO cell with
STm in the presence of recombinant LactC2-GFP48, a fluorescent probe
that labels exofacial PS on the PM. We observed exofacial PS on host
cell membranes (visualized with PM-mCherry) at the invasion sites of
WT or ΔsopD STm bacteria at 30min p.i. (Fig. 7e, f). However, these
signals were not observed in TMEM16F KO cells, indicating that this
scramblase is required for the transfer of PS to the exofacial leaflet of
the PM locally at STm invasion sites (Fig. 7e, f).

Given our hypothesis that the scramblase activity of TMEM16F is
induced by TLR4-mediated PIEZO1 activation, we next investigated
whether inhibition of TLR4 or PIEZO1 reduces PS scrambling. TLR4 KO
cells exhibited decreased exofacial PS signals compared toWT cells at
30min p.i. (Supplementary Fig. 13a, b). Similarly, pretreatment of cells
with the PIEZO1 inhibitor GsMTx4 significantly reduced exofacial PS
exposure at STm invasion sites (Supplementary Fig. 13c, d). These data
suggest that a TLR4/PIEZO1/TMEM16F pathway is activated locally at
invasion sites that causes changes in PS distribution.

A recent study showed that LRRK2 localizes to curved and tubu-
latedmembranes in vitro by binding to acidic phospholipids, including
PS49. Remarkably, LRRK2 was also found to have both membrane-
curvature sensing and generating properties49. Since our data sug-
gested that TMEM16F acts locally at invasion sites for PS scrambling,
we hypothesized that it may act to remove LRRK2 from these sites. To
test this hypothesis, we visualized LRRK2-mNeon during STm invasion.
First, we observed that LRRK2 is recruited to STm invasion sites,
alongside with RAB10, and both recruitments are independent of
TMEM16F (Supplementary Fig. 14a, b). However, at 30min p.i., we
observed that both RAB10 and LRRK2 were absent from invasion sites
inWT cells infected withWT STm (Fig. 8a, b). In contrast, TMEM16F KO
cells displayed LRRK2 enrichment at invasion sites coinciding with
high levels of RAB10 retention (Fig. 8a, b). Furthermore, such enrich-
ment of LRRK2 was independent of the T3SS effector SopD, as
expected (Fig. 8a, b). Together, these data suggest that TMEM16F
promotes the removal of LRRK2 from invasion sites.

TLR4 stimulation by LPS treatment in macrophages has been
found to increase LRRK2 phosphorylation at Serine 935 (S935), a
hallmark of 14-3-3 protein binding and RAB10 dephosphorylation38,50.
14-3-3 promotes the cytoplasmic localization of its binding partners
and serves as a regulator of LRRK2-mediated cellular functions51. We
observed an increase in LRRK2 S935 phosphorylation at 30min p.i.

(Fig. 8c, d), concomitantwith the removal of LRRK2 from STm invasion
sites (Fig. 8a, b) anddephosphorylation of RAB10 (Figs. 3a, b and4c, d).
In contrast, TLR4 KO cells displayed significantly lower S935 phos-
phorylation at 30min p.i. (Fig. 8c, d). Together, these findings suggest
that the TLR4-mediated signaling pathway promotes LRRK2 dissocia-
tion from STm invasion sites to the cytosol.

TMEM16F reduces RAB10 phosphorylation and promotes DNM2
recruitment at STm invasion sites
Since TMEM16F was required for the removal of LRRK2 from STm
invasion sites, we hypothesized that this scramblase also contributes
to the reduction of RAB10 phosphorylation normally observed during
infection (Figs. 3a, b and 4c, d). To test this, we examined the phos-
phorylation of RAB10 in WT and TMEM16F KO cells upon STm infec-
tion. TMEM16F KO cells displayed stable RAB10 phosphorylation at
30min p.i. in contrast to rapid RAB10 dephosphorylation observed in
WTcells (Fig. 9a, b). By immunofluorescence stainingwe alsoobserved
retentionof robust phospho-RAB10 signal at invasion sites inTMEM16F
KO cells but not in WT cells (Supplementary Fig. 15a, b). TMEM16F
expression was also required for RAB10 dephosphorylation following
LPS treatment (Supplementary Fig. 15c, d). Together, these data sug-
gest that TMEM16F contributes to RAB10 dephosphorylation, in part,
by initiating the removal of LRRK2 from STm invasion sites.

TMEM16F was previously shown to regulate DNM2 activation10.
However, whether such TMEM16F activation impacts DNM2 activity
directly or indirectly remains unclear. Prior studies showed that RAB10
inactivation at STm invasion sites is required for DNM2-mediated PM
scission and bacterial uptake12. Therefore, we askedwhether TMEM16F
mediates DNM2 recruitment to STm invasion sites. We observed that
TMEM16F KO cells displayed significantly higher RAB10 retention
(Fig. 9c, d and Supplementary Fig. 15a, b) and lower DNM2 recruitment
(Fig. 9c, e) at invasion sites. As expected, cells infected with bacteria
lacking SopD, the T3SS effector with GAP activity towards RAB1012,
displayed a similar phenotype (Fig. 9c–e). Furthermore, we observed
defective PM scission in TMEM16F KO cells at 30min p.i. (Supple-
mentary Fig. 15e, f). These data support the notion that during STm
invasion, TMEM16F-mediated LRRK2 removal and RAB10 depho-
sphorylation are required for subsequent SopD-mediated RAB10
removal and DNM2 recruitment.

Discussion
Our findings demonstrate that LRRK2 regulates PM dynamics and
provide new insight into the mechanisms of STm invasion (see Model
in Fig. 9f). First, LRRK2 helps to establish membrane reservoirs coor-
dinatedbyRAB10. Phosphorylation onT73maintains RAB10 in its GTP-
bound state, allowing its effectors to initiate/stabilize tubular mem-
brane reservoirs. A recent study indicates that LRRK2 itself can tubu-
late membranes in a cell-free system through binding to acidic
phospholipid bilayers, including PS, on the cytoplasmic leaflet of the
PM49. Thus, LRRK2 may form membrane reservoirs through both
direct effects on the membrane and through the phosphorylation
of RAB10.

Themembrane reservoirs established by LRRK2 can bemobilized
to promote the generation of invasion ruffles that mediate STm
uptake. We postulate that the mobilization of these pre-existing
membrane reservoirs can occur via carrier vesicles. This model is
supported by several findings. First, we observed that RAB10 is
recruited to invasion sites in its phosphorylated and active (GTP-
bound) state. Since GDP dissociation inhibitors (GDIs) are known to
bindRABGTPases in theirGDP-bound state52, this indicates that RAB10
is not recruited to invasion sites via the cytosol. Second, components
of the exocyst tethering complex are known to be recruited to STm
invasion sites11,53, consistent with membrane delivery to these sites via
vesicle fusion. Importantly, we recently showed that one exocyst
compoment, EXOC2, is localized to RAB10+membrane reservoirs prior
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to infection and is recruited to invasion sites in a RAB10-dependent
manner9. Third, we observed TMEM16F was not required for ruffle
formation and exofacial PS was only visualized at STm invasion sites.
This argues that TMEM16F does not regulate membrane reservoir

mobilization and that PS scrambling is a highly localized event. How-
ever, beyond membrane delivery via carrier vesicles, cell membranes
employ a variety of strategies to respond and adapt to different
extracellular signals. For example, the opening or resorption of PM
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and lysed at 2 hours p.i. for CFU counting. b Representative images of WT Henle 407
cells transfected with GFP-TMEM16F and myc-PM-RAB10 and infected with WT STm.
Cells were fixed at 10min p.i. and stained for myc-tag and STm. The image in the
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GFP-TMEM16F, myc-PM-RAB10 and STm channels. c and d Representative images (c)
andquantifications (d) of GFP-TMEM16F’s localizations to STm invasion sites at 10min
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reservoirs is thought to provide the additional membrane required at
the cell surface for various biological processes10,54. Therefore, these
mechanismsmay also contribute to membrane reservoir mobilization
and ruffle formation during STm invasion.

Following RAB10-mediated membrane delivery and ruffle for-
mation, PM scission and bacterial entry into SCVs requires rapid
inhibition and removal of RAB10 from invasion sites12. A key step in
PM scission involves rapid dephosphorylation of RAB10 at invasion
sites. Our findings indicate that bacterial LPS stimulates RAB10
dephosphorylation via a TLR4/PIEZO1/TMEM16F pathway that cul-
minates in removal of LRRK2 from invasion sites. Dephosphorylated
RAB10 is then targeted by SopD, a Salmonella T3SS effector with
GAP activity12. Subsequently, GDP-bound RAB10 interacts with

DNM255, promoting scission of the invaginated PM to generate
SCVs12.

Investigation of LRRK2’s activities at the cellular and molecular
levels reveals its involvement in numerous cellular processes, pri-
marily through the phospho-regulation of its substrates, many of
which are RAB GTPases, including RAB1056. Accumulating evidence
suggests that LRRK2 plays a role in intracellular vesicle trafficking
and organelle maintenance, including the Golgi, endosomes, and
lysosomes57. The targeting and recruitment of LRRK2 to these
endomembranes results in the local accumulation of phosphorylated
RAB10, thereby activating downstream pathways. For example, fol-
lowing lysosomal membrane damage, LRRK2 is recruited to lyso-
somes where it phosphorylates RAB10 and facilitates the recruitment
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of motor adapter protein JIP4 in a kinase-dependent manner to
promote lysosomal tubulation58. In this study, we revealed that
LRRK2 also regulates plasma membrane dynamics (including tubu-
lation) through RAB10 phospho-regulation, both prior to and during
STm invasion.

We observed a disruption of PM dynamics through expression of
hyperactive LRRK2 variants. This may provide an evolutionary

advantage in the face of STm (a prevalent foodborne pathogen) and
other invasive microbes. Indeed, recent studies suggest an essential
role for LRRK2’s kinase activity in promoting host cellular defenses
against intracellular STm, including inflammasome activation3 and an
itaconate-dependent defense pathway4. Furthermore, the disease-
associatedhyperactive LRRK2 variantsmay amplify thesemechanisms,
displaying additional advantages in the defense against STm
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infection3,4. Our findings are in line with these recent studies, under-
scoring LRRK2’s central role in host defense mechanisms59.

In addition to pathogen defense, hyperactive LRRK2 variants are
closely associated with disease development in the central nervous
system (e.g., PD) and gastrointestinal tract (e.g., CD)17–19. For example,
pathogenic variants of LRRK2 have been found to hyper-phosphorylate
RAB10, promoting its binding with the autophagy receptor OPTN
(optineurin) and disruption of mitophagy, an event which potentially
contributes to PD development22. Thus, LRRK2 is emerging as an
important regulator of both PM and organelle homeostasis. It will be
important to investigate how LRRK2 coordinates intracellular and
extracellular signals. Unraveling the pathogenic mechanisms underlying
LRRK2 hyperactive variants and their aberrant regulation of PM and
intracellular membrane homeostasis, potentially through RAB10+

membrane reservoirs, is crucial for future studies to obtain a compre-
hensive understanding of PD and CD disease pathogenesis.

Methods
Plasmids
WT, CA (Q68L) and DN (T23N) peGFP-RAB10 were obtained from Dr.
Marci Scidmore60. The myc-PM-RAB10 construct was obtained from Dr.
Suzanne Pfeffer31. For pCMV-PM-mCherry, myristoylation and palmitoy-
lation sequences from Lyn tyrosine kinase32 were fused to mCherry. The
restriction sites BamHI and NotI in the peGFP-N1 vector were used for
cloning (with the eGFP removed) using the primer pair, 5’-TGCAG-
GATCCGCCACCATGGGCTGCATTAAAAGCAAACGCAAAGATATGGTGA
GCAAGGGCGAGGAGGATAACATG-3’ and 5’- TGCAGCGGCCGCTTACT
TGTACAGCTCGTCCATGCCGCCGGT-3’. The GFP-LRRK2WT andG2019S
plasmids were gifts fromMark Cookson (Addgene plasmid # 25044 and
25045, respectively)61. The N551K GFP-LRRK2, N2081D GFP-LRRK2, T73A
myc-RAB10-tk, and T73E myc-RAB10-tk mutants were generated using
the Q5 Site-Directed Mutagenesis Kit (New England Biolabs), according
to the manufacturer’s instructions. The N551K GFP-LRRK2 mutant used
the primer pair, 5’-CAGCTTTGAAgAGGTTCATTG-3’ and 5’-TAGGAC-
CAGTTTGTGAATATC-3’. The N2081D GFP-LRRK2 mutant used the pri-
mer pair, 5’-GAAGTTTCCAgATGAGTTTGATG-3’ and 5’-AAACCCTCTACT
ATTCTAC-3’. The T73A myc-RAB10-tk mutant used the primer pair, 5’-
GCGATTTCACgccATCACAACCTC-3’ and 5’-TCCTGGCCTGCTGTATCC-
3’. T73E myc-RAB10-tk used the primer pair, 5’-GCGATTTCACgagATCA-
CAACCTCCTACTACAG-3’ and 5’-TCCTGGCCTGCTGTATCC-3’. The GFP-
TMEM16F construct was obtained fromDr. Tsung-Yu Chen62. The DNM2-
mCherry constructwas a gift fromChristienMerrifield (Addgeneplasmid
#27689) and was described previously12. The LRRK2-mNeon construct
was obtained from Dr. Mark Cookson. All constructs were verified by
DNA sequencing (TCAG, Toronto, Canada).

Cell culture and transfections
Henle 407 cells were obtained from the American Type Culture Col-
lection (ATCC) (ATCC CCL-6). Although Henle 407 cell cultures have

been shown to contain HeLa cell chromosomes, our Henle 407 cells
were used between passages 5-25 and maintained a distinct morphol-
ogy relative to HeLa cells. STR profiling of Henle 407 cells were done
with GenePrint 10 System (Promega), by TCAG (Toronto, Canada).
RAB10 KO Henle 407 cells were previously described12. LRRK2 KO
Henle 407 cells, TLR4 KO Henle 407 cells and TMEM16F KO Henle 407
cells were constructed using CRISPR/Cas9 tools and described in the
‘CRISPR Knockout’ section below. SH-SY5Y cells (ATCC CRL-2266),
MEF (ATCC, SCRC-1008) cells and MCF-7 (ATCC, HTB-22) cells were
obtained from ATCC. All cells used were authenticated and tested
negative for mycoplasma by ATCC and The Hospital for Sick Children
Biobank. Cell culturesweremaintained ingrowthmedium (DMEMwith
4.5 g/L glucose (Wisent) supplemented with 10% v/v FBS (Wisent)) at
37 °C with 5% CO2. For microscopy experiments, Henle 407 cells were
seeded in 24-well tissue culture plates containing 12mmcoverslips at a
density of 6 × 104 cells/well or 3 × 104 cells/well at either 24 h or 48 h
before use, respectively. For live cell imaging, cells were seeded in μ-
Slide 8-well chambers (ibidi) 24 h before use at a density of 4.0 × 104

cells/well. For immunoblotting, cells were seeded in 6-well tissue cul-
ture plates at a density of 4 × 105 cells/well 24 h before any treatment
and cell lysate collection. Transfectionswere performedusingX-treme
GENE9 (Roche) or GeneJuice (Millipore) according to the manu-
facturer’s instructions. For cells seeded in eachwell of a 24-well plate, a
total of 1μg of plasmid DNAwas used for transfection. For cells in each
well of a 8-well chamber, a total of 0.5μg of plasmid DNA was used for
transfection.

CRISPR Knockout
To disrupt specific gene expression in Henle 407 cells, specific single-
guide RNA (sgRNA) was designed using the online tool http://guides.
sanjanalab.org/. Custom sgRNA oligonucleotides were synthesized by
Sigma Aldrich. The sgRNA sequences used for LRRK2 KO are: #1, 5’-
CACCGTGATTCCAACATCATAACAG-3’ and 5’-AAACCTGTTATGATGT
TGGAATCAC-3’; #2, 5’-CACCGGCTCTTTGGATAGGAACTGG-3’ and 5’-
AAACCCAGTTCCTATCCAAAGAGCC-3’; #3, 5’-CACCGGAAAGAAATGTAA
TGTGGGG-3’ and 5’-AAACCCCCACATTACATTTCTTTCC-3’.The sgRNA
sequences used for TLR4 KO are: #1, 5’-ACCTGAGCTTTAATCCCCTG-3’
and 5’-CAGGGGATTAAAGCTCAGGT-3’; #2, 5’-CAGAGTCCCAGCCAGGCG
CG-3’ and 5’-CGCGCCTGGCTGGGACTCTG-3’; #3, 5’-TTTCTGGTCTCA
CGCAGGAG-3’ and 5’-CTCCTGCGTGAGACCAGAAA-3’. The sgRNA
sequences used for TMEM16F KO are: #1, 5’-CACCGATATGGGGGTGA-
TAGCTGAG-3’ and 5’-AAACCTCAGCTATCACCCCCATATC-3’; #2, 5’-
CACCGAGGACCAGTAGTACACTAGG-3’ and 5’-AAACCCTAGTGTACTAC
TGGTCCTC-3’; #3, 5’-CACCGTACCAGGCGTCTAAACTGGG-3’ and 5’-
AAACCCCAGTTTAGACGCCTGGTAC-3’. The CRISPR/Cas9 vector
pSpCas9 (BB)−2A-Puro (pX459) was obtained from Dr. Chi-Chung Hui63.
For ligation into the BbsI site of pX459, a CACCG sequence was added to
the 5’ flanking sequences of the sense oligonucleotides and an AAAC
sequence was added to the 5’ flanking sequences of the anti-sense

Fig. 9 | TMEM16F reduces RAB10 phosphorylation and promotes DNM2
recruitment at STm invasion sites. a and b Representative images (a) and quanti-
fications of (b) phospho-RAB10 (T73) signalmeasured bywestern blot. Henle 407 cells
were infected with WT STm for 30min and immunoblotted for indicated antibodies.
c Representative images of Henle 407 cells transfected with GFP-RAB10 and DNM2-
mCherry and infected with WT or ΔsopD STm. Cells were fixed at 30min p.i. and
stained for STm. Line plot profile follows respective white arrows in the insets of the
‘Merge’ channels on the left. d and e Quantifications of RAB10 (d) or DNM2 (e)
localization at invasion sites at 30min p.i. Data shown are means ± S.D. for three
independent experiments. At least 100 invasion sites (d and e) for each condition in
each experiment were scored for RAB10 or DNM2 localizations to invasion sites. P
values were calculated using two-way ANOVA. Scale bars, 10 μm. Source data are
provided as a Source Data file. f Model depicting the results of this study. Prior to
infection, RAB10 is recruited to the plasmamembrane (PM) where it stabilizes tubular
invaginations (membrane reservoirs)9. LRRK2 may also contribute to membrane

tubulation through binding to acidic phospholipids, including phosphatidylserine
(PS), on the cytoplasmic leaflet of the PM49. RAB10’s T73 phosphorylation by LRRK2
maintains RAB10 in a GTP-bound state by preventing its interaction with GTPase
activating proteins (GAPs)16. In turn, phosphorylated RAB10 promotes LRRK2 activity
at the membrane in a feed-forward activation loop71. With STm infection, membrane
reservoirs can be redistributed to STm invasion sites by carrier vesicle delivery and/or
tubule resorption, helping to generate invasion ruffles9. Phosphorylated and GTP-
bound RAB10 is recruited to STm invasion sites and generates invaginated portions of
the PM containing bacteria. Bacterial lipopolysaccharide (LPS) stimulates TLR4 to
induce PIEZO1-mediated calcium influx39, a signal that activates the PS scramblase
TMEM16F72. PS scrambling promotes LRRK2 release from the membrane, enabling
RAB10 dephosphorylation by PPM1H and/or other phosphatases25. Dephosphorylated
RAB10 is targeted by SopD, a Salmonella T3SS effectorwith GAP activity12. GDP-bound
RAB10 interacts with DNM255, promoting invaginated PM scission to generate SCVs12.
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oligonucleotides. WT Henle 407 cells were transfected with the ligated
vector and 48h later the transfected cells were selected by puromycin
(2 µg/ml) for another 48h. Single cells were then transferred into a 96-
well plate and allowed to grow until confluent. Knockout efficiency was
determined by western blot analysis.

Bacterial Strains and Infections
Unless indicated, infections were performed with WT STm SL134464.
Mutants in the STm SL1344 background lacking SopB (ΔsopB)65, SopD
(ΔsopD)66 or both SopB and SopD (ΔsopBΔsopD)67 were described
previously. A previously established approach was used for infection
of epithelial cells, using late-log STm cultures as inocula68. ΔinvA/Inv
STm 14028S was described previously35. WT and ΔsopD BFP-STm
SL1344 were described previsouly12. Bacteria were pelleted at
10,000× g for 2min and resuspended in D-PBS, pH 7.2. For immuno-
fluorescence staining, the bacteria were diluted 1:50 in D-PBS and
added to cells at 37 °C for 10min. This dilution of bacteria results in an
infection ratio of ~325 bacteria per host cell, which is suitable for
immunofluorescence staining at 10min p.i. following washing and
fixation, as described previously35. For cells fixed at 10min p.i., cells
were fixed with 2.5 % v/v paraformaldehyde in PBS at 37 °C for 10min
followed by immunofluorescence staining protocols. For cells fixed at
30min p.i., the cells were washed three times with PBS and fresh
growth media was added. Cells were put back to 37 °C incubator until
30minp.i. Cells were thenfixedwith 2.5% v/v paraformaldehyde in PBS
at 37 °C for 10min followed by immunofluorescence staining (descri-
bed below).

For the treatment of cells with STm culture supernatant (STm S/
N), the bacterial culture was centrifuged (6000 × g, 20min) and the
supernatant collected and filtered using a 0.2 µm Millipore filter. The
cells were treated with 500 μL STm S/N and subsequently harvested at
30min. For the treatment of heat killed bacteria (STm dead), bacteria
were pelleted at 10,000 × g for 2min and resuspended in PBS, pH 7.2.
Bacteria were then heat killed at 75 °C for 10min. The dead bacteria
were diluted 1:20 in PBS and added to cells at 37 °C for 30min before
cell were lysed for western blotting. To confirm the absence of live
bacteria in ‘STm S/N’ or ‘STm dead’, 100 μL STm S/N or heat killed
bacteria solution were plated on LB and incubated overnight at 37 °C.

For the CFU replication assay, the bacteria, subcultured as
described above, were diluted 1:100 and added to cells at 37 °C for
10min. Cells were then washed three times with PBS and growth
mediumwas added to eachwell. The samplewas incubated at 37 °C for
an additional 20min, at which point themedia was changed to growth
mediumcontaining 100μg/mlGentamicin until 2 hourspost-infection.
To solubilize bacteria for the replication assay, the cells were washed
twice with PBS, followed the resuspension of the cells in 1ml 1% v/v
TritonX-100, 0.1%w/vSDS in PBS. Serial dilutionswereperformed, and
the dilutions plated on LB agar plates and cultured at 37 °C for over-
night. CFUs were manually counted the following day.

Immunofluorescence
For all fixed microscopy-based experiments, cells were fixed with 2.5%
v/v paraformaldehyde (PFA) (EM Sciences) in PBS for 10min at 37 °C,
unless indicated otherwise. Immunostaining was performed as pre-
viously described69 using the following primary antibodies: rabbit
monoclonal anti-phospho-RAB10 T73 (Abcam, ab230261) at 1:100,
mouse monoclonal anti-C-myc 9E10 (Thermo, MA1-980) at 1:500,
rabbit polyclonal anti-Salmonella (BD Transduction, 229481) at 1:100,
rabbit polyclonal anti-TLR4 (Novus Biologicals, NB100-56581) at 1:100,
mouse monoclonal anti-PIEZO1 (Novus Biologicals, NBP2-75617) at
1:100 and chicken polyclonal anti-GFP (Rockland, 600-901-215S) at
1:500. The following secondary antibodies were used in this study:
Alexa Fluor 488-conjugated goat anti-mouse IgG (Invitrogen, A-11029),
Alexa Fluor 405-conjugated goat anti-rabbit IgG (Invitrogen, A-31556),
Alexa Fluor 488-conjugated goat anti-rabbit IgG (Invitrogen, A-11034),

Alexa Fluor 488-conjugated goat anti-chicken IgG (Invitrogen, A-
32931) and Alexa Fluor 568-conjugated goat anti-rabbit IgG (Invitro-
gen, A-11011). Alexa Fluor 647 Phalloidin (Thermo) was used as a
selective stain for F-actin. CellMask Deep Red Plasmamembrane stain
(Thermo) was used as a membrane impermeant dye to identify com-
partments open to the extracellular space and was used without cell
permeabilization. Recombinant LactC2-GFP probe was used to label
local phosphatidylserine scrambling and was added with fluorescent-
tagged STm before washing and fixation at 30min p.i.

Confocal microscopy
Unless otherwise indicated, cells were imaged using a Quorum spin-
ning disk microscope (Leica DMI6000B inverted fluorescence micro-
scope with a Yokogawa spinning disk head and Hamamatsu ORCA
Flash 4 sCMOScamera)with a 10xor 20x, 1.0NAobjective, or a 63x, 1.4
NA oil immersion objective and Volocity 6.3 acquisition software
(Quorum). Confocal z-stacks of 0.3 μm were acquired. Images were
analyzed with the Volocity software and then imported and assembled
inAdobe Illustrator for labeling. For live cell imaging, cells were seeded
in μ-Slide 8-well glass bottom chambers (Ibidi). 24 h after seeding,
growth media was replaced with live cell imaging media (RPMI with
L-Glutamine & 25mMHEPES (Wisent) supplemented with 10% v/v FBS
(Wisent)) containing the respective treatment condition. Cells were
imaged at 37 °C using Leica DMI 6000B inverted fluorescence micro-
scope with a Yokogawa spinning disk head and Hamamatsu ImagEM
X2 camera. Images were acquired with a z-spacing of 0.5 μm.

Scanning electron microscopy
Henle 407 cells were pretreatedwith indicated conditions and infected
withWT STm and fixed with 2.5% v/v glutaraldehyde in PBS, pH 7.4, for
2 h. Samples were dehydrated using an ethanol gradient (50%, 70%,
and 90% v/v in water) for 15min each, followed by three exchanges
with 100% ethanol for 15min each. Dehydrated samples were dried in a
Bal-Tec CPD030 critical point dryer (32 °C, 75 bar) and sputter coated
with 10 nm gold in a Leica EM ACE200 high vacuum sputter coater.
Imaging was done with a HITACHI FlexSEM 1000 II scanning electron
microscope. The images were then imported into Fiji (NIH)70 and the
individual invasion ruffle ROIs (containing one or more bacteria) were
manually drawn for area measurements. At least 10 invasion ruffles
were counted in each condition and repeated for three independent
experiments (At least 30 invasion ruffles in total for each condition).

Images analysis
The images acquired from confocal microscopy were imported into
Fiji (NIH)70. For invasion site recruitment measurements, F-actin and
STm staining were used to denote the invasion sites at 10min p.i. An
enrichment of the indicated protein’s signal at the STm invasion site,
relative to the signal in the cytosol, was considered a positive
recruitment and manually quantified12. For invasion site retention
measurements, immunostaining of bacteria before permeabilization
and after permeabilization was used. Invasion sites (30min p.i.) were
identified by positive staining of extracellular STm before permeabi-
lization. An enrichment of the indicated protein’s signal at invasion
sites, relative to the signal in the cytosol, was considered a positive
retention signal at invasion sites at 30min p.i. andmanually quantified.
For PM scission assays, the degree of PM scission is represented as the
percent of bacteria in SCVs, as described previously12. The total num-
ber of bacteria that were positive for PM-mCherry underlying the
invasion site was quantified and the proportion of these bacteria that
were negative for CellMask was determined. CellMask-negative bac-
teria are in a sealed compartment that was considered an SCV and the
numberwasused to represent the invasion efficiency, at 30minp.i. For
colocalization analysis, line plot profiles were obtained by using the
plot profile function in Fiji (NIH), as described previously24. To deter-
mine the number of cells with GFP-RAB10+ tubules, green-fluorescing
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(transfected) cells weremanually counted for the presence or absence
of the GFP-RAB10+ tubules.

Western blots
Cell lysates were resolved by 8%or 10% SDS-PAGE, transferred to PVDF
membrane (Bio-Rad), and probed with antigen-specific primary anti-
bodies. The following primary antibodies were used for western blot
detection: rabbit monoclonal anti-LRRK2 (Abcam, ab133474) at a
dilution of 1:1000, rabbit monoclonal anti-phospho-LRRK2 S935
(Abcam, ab133450) at 1:1000, rabbit monoclonal anti-phospho-RAB10
T73 (Abcam, ab230261) at 1:1000, mouse monoclonal anti-RAB10
(Sigma, SAB5300028) at 1:1000, mouse monoclonal anti-TLR4
(Abcam, ab22048) at 1:1000, rabbit polyclonal anti-TLR4 (Novus Bio-
logicals, NB100-56581) at 1:1000, rabbit polyclonal anti-NF-κB2 p100/
p52 (Cell Signaling, 4882S) at 1:1000, rabbit polyclonal anti-TMEM16F
(Sigma, HPA038958) at 1:1000, mouse monoclonal (6C5) anti-GAPDH
(Millipore, MAB374) at 1:10000, mouse monoclonal anti-ß-actin
(Sigma, A5441) at 1:10000. Blocking was performed with 5% skim
milk, except for the rabbit monoclonal anti-phospho-RAB10 T73 anti-
body, which were instead performed with 5% bovine serum albumin.
For the secondary antibodies, peroxidase-conjugated goat anti-rabbit
IgG (Jackson ImmunoResearch, 11-035-144) or peroxidase-conjugated
goat anti-mouse IgG (Jackson ImmunoResearch, 035-146) were used
and detection was performed using SuperSignal West Femto Max-
imum Sensitivity Substrate (Thermo). The results were analyzed using
Image Lab v6.1 (BioRad).

Drug treatment
For LRRK2 inhibition, Henle 407 cells were treated withMLi-2 (Abcam)
at a final concentration of 50nM in DMEM for 90min. For PIEZO1
activation, Henle 407 cells were treated with Yoda1 (Sigma Aldrich),
resuspended inDMSO, at a final concentration of 10or 30 µM inDMEM
for 30min. For PIEZO1 inhibition, Henle 407 cells were treated with
10 µM GsMTx4 (MedChemExpress), 30 µM Gd3+ (Sigma), or 30 µM
ruthenium red (ElectronMicroscopy Sciences) in DMEM for 30min, as
described previously44. For LPS treatment, Henle 407 cells were trea-
ted with LPS at a final concentration of 100ng/ml in DMEM for 30min.

Statistics
Statistical analyzes were conducted using GraphPad Prism v9.0. The
mean+/− standard deviation (S.D.) is shown in the figures, and P values
were calculated using either an independent sample t-test, one-way
ANOVA, two-way ANOVA or two-tailed Mann–Whitney test, as indi-
cated in the figure legends. Tukey’s HSD test was used as post-hoc test
for two-way ANOVA. P values were also included in corresponding
graphs to denote the statistical significance.

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

Data availability
All data needed to evaluate the conclusions in the manuscript are
present in the paper or the supplementary materials. Source data are
provided with this paper. Any additional information required to rea-
nalyze the data reported in this paper is available from the lead contact
upon request. Source data are provided with this paper.
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