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INTRODUCTION: Pyroptosis is a proinflamma-
tory form of programmed cell death charac-
terized by membrane pore formation that
allows the release of intracellular inflamma-
tory mediators, a process that is elicited by
the inflammasome-mediated cleavage and ac-
tivation of gasdermin D (GSDMD). Growing
evidence supports a critical role for pyroptosis
in the control of infections by mammalian
hosts, but how pathogens evade this immune
response remains largely unexplored.

RATIONALE:Mycobacterium tuberculosis (Mtb),
an ancient pathogen that causes tuberculosis
(TB), has developed numerous intracellular
survival strategies to evade host immunity and

to drive the occurrence and development of
TB. One notable feature evolved by Mtb is a
set of eukaryotic-like effectors, but their host
targets and regulatory roles in pathogen–host
interactions remain largely unclear. In this
study, we sought to identify the key pathogenic
regulators of inflammasome-pyroptosis path-
ways fromMtb eukaryotic-like effectors, infor-
mation that could improve our understanding
of TB pathogenesis and provide potential tar-
gets for novel anti-TB treatment.

RESULTS: We examined the whole genome of
Mtb to predict its secreted eukaryotic-like pro-
teins possessing eukaryotic-like motifs or do-
mains that might target host factors directly.

These Mtb effector proteins were then sub-
jected to further experimental analyses using an
inflammasome reconstitution system for screen-
ing inhibitors of inflammasome-pyroptosis
pathways. Out of 201 predicted Mtb-secreted
eukaryotic proteins, six Mtb proteins (Rv0153c,
Rv0561c, Rv0824c, Rv0861c, Rv1515c, and
Rv1679) exhibited strong inhibitory effects on
both NOD-like receptor protein 3 (NLRP3) and
absent in melanoma 2 (AIM2) inflammasome
pathways. Among these proteins, PtpB (i.e.,
Rv0153c) wasmost abundantly secreted by Mtb
during infection.We thus focused on PtpB and
further confirmed its inhibitory effect on AIM2
orNLRP3 inflammasome-mediated interleukin-
1b (IL-1b) secretion. Subsequent experiments
demonstrated that PtpB inhibited gasdermin
D (GSDMD)–dependent cytokine release and
pyroptosis to promote Mtb intracellular sur-
vival in macrophages. Mechanistically, Mtb-
secreted PtpB could target and dephosphorylate
host plasmamembrane phosphatidylinositol-4-
monophosphate (PI4P) andphosphatidylinositol-
(4,5)-bisphosphate [PI(4,5)P2] to inhibit the
membrane localization of the N-terminal cleav-
age fragment of GSDMD (GSDMD-N), thus pre-
venting GSDMD-mediated immune responses.
This phosphoinositide phosphatase activity re-
quires binding of PtpB to ubiquitin. Accordingly,
disrupting phospholipid phosphatase activity
or theunusual ubiquitin-interactingmotif (UIM)–
like domain of PtpB markedly enhanced host
innate immune responses and reduced intra-
cellular pathogen survival inmice in a GSDMD-
dependent manner.

CONCLUSION: We demonstrate that GSDMD-
mediated pyroptosis and inflammatory cytokine
release play a critical role in host anti-infection
immunity, which is counteracted by Mtb ef-
fector protein PtpB. Our data reveal a role of
the pathogen-derived phospholipid phospha-
tase in the regulation of GSDMD-dependent
pyroptosis and cytokine releases, extending
our understanding of the elaborate regula-
tory mechanism of cellular inflammasome-
pyroptosis signaling pathways during pathogen
infection. The present study also presents a
strategy by which pathogens hijack ubiqui-
tin to inhibit host pyroptosis by altering the
phospholipid composition of the host mem-
brane. Our discovery of the PtpB UIM-like
domain, which is not homologous to any hu-
man protein, may provide potential selectivity
for the development of anti-TB therapies.▪
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M. tuberculosis PtpB hijacks host ubiquitin to inhibit pyroptosis through altering host membrane
phospholipid composition. M. tuberculosis–secreted phospholipid phosphatase PtpB is activated
by interacting with host ubiquitin through a UIM-like domain, by which it dephosphorylates host plasma
membrane phosphoinositides PI4P and PI(4,5)P2 to inhibit the membrane targeting of GSDMD-N, thus
disrupting the inflammatory cytokine release and pyroptosis upon activation of M. tuberculosis infection–
triggered inflammasome activation in macrophages.
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The inflammasome-mediated cleavage of gasdermin D (GSDMD) causes pyroptosis and inflammatory cytokine
release to control pathogen infection, but how pathogens evade this immune response remains largely
unexplored. Here we identify the known protein phosphatase PtpB from Mycobacterium tuberculosis as a
phospholipid phosphatase inhibiting the host inflammasome-pyroptosis pathway. Mechanistically, PtpB
dephosphorylated phosphatidylinositol-4-monophosphate and phosphatidylinositol-(4,5)-bisphosphate
in host cell membrane, thus disrupting the membrane localization of the cleaved GSDMD to inhibit cytokine
release and pyroptosis of macrophages. Notably, this phosphatase activity requires PtpB binding to
ubiquitin. Disrupting phospholipid phosphatase activity or the ubiquitin-interacting motif of PtpB
enhanced host GSDMD-dependent immune responses and reduced intracellular pathogen survival. Thus,
pathogens inhibit pyroptosis and counteract host immunity by altering host membrane composition.

T
uberculosis (TB) is a highly infectious dis-
ease causedbyMycobacterium tuberculosis
(Mtb), which remains the leading cause
of death from a single infectious agent,
accounting for ~1.5 million deaths each

year (1). This situation is being exacerbated by
the emergence and spread of drug-resistant
Mtb, which renders patients untreatable with
currently available drugs. This is particularly
troublesome as the pathogenesis of TB re-
mainspoorly understood, impeding the rational
development of new anti-TB therapies (2). As
an adaptable intracellular pathogen that coex-
ists and coevolves within the human host, Mtb
has developed numerous strategies to estab-
lish prolonged infection. One interesting fea-
ture of Mtb is a set of eukaryotic-like effectors
(3–5), but their host cellular targets and reg-
ulatory roles in pathogen–host interactions re-
main largely unexplored.
The inflammasome is a multiprotein cyto-

plasmic complex composed of cytosolic im-
mune sensors such as absent in melanoma 2
(AIM2) and NOD-like receptor protein 3
(NLRP3), inflammatory caspases (especially
caspase-1), and apoptosis-associated speck-like

protein containing a CARD (ASC). The inflam-
masome mediates the secretion of inflamma-
tory cytokines (e.g., interleukins IL-1b and
IL-18) in response to infection by pathogens in-
cludingMtb (6). The inflammasome-mediated
activation of caspase-1 leads to cleavage of
gasdermin D (GSDMD), resulting in the for-
mation of membrane pores and the induction
of pyroptosis. Pyroptosis is an inflammatory
form of cell death that features cytoplasmic
swelling, DNA fragmentation, and leakage of
cytosolic contents (7). Cellularmembrane phos-
pholipids, especially phosphoinositides, have
recently been linked to pyroptosis and IL-1b
release bymacrophages (8–10). The distribution
and abundance of phosphoinositides are regu-
lated by cellular phosphoinositide kinases and
phosphatases and may be disturbed by invad-
ingpathogens (11).However, it is unclearwheth-
er pathogens remodel cellular phospholipid
homeostasis tomanipulate host inflammasome-
mediated immune responses. Here, we dem-
onstrate that the known protein tyrosine
phosphatase B (PtpB, also called Rv0153c) from
Mtb alters the phospholipid composition of
the host membrane by binding ubiquitin (Ub)
to inhibit pyroptosis and counteract host
immunity.

Results
Identification of Mtb PtpB as an inhibitor of NLRP3
and AIM2 inflammasome pathways

To predict Mtb-secreted eukaryotic-like pro-
teins thatmight target host factors directly, we
examined the whole genome of Mtb H37Rv
and found 540 genes (accounting for ~13.8%
of Mtb protein-encoding genes) that encode
proteins harboring eukaryotic-like motifs or
domains. Of these, 201 proteins were classified

as Mtb-secreted molecules (fig. S1A and data
S1). These proteins were then subjected to an
enzyme-linked immunosorbent assay (ELISA)
to determine their effects on the AIM2 and
NLRP3 inflammasome pathways in human
embryonic kidney 293T (HEK293T) cells with
a reconstituted inflammasome system (Fig. 1A).
Inflammasome assembly induces autopro-
teolytic activation of caspase-1, which then
proteolytically cleaves pro–IL-1b and GSDMD,
followed by the release of mature IL-1b through
cellmembranepores generated by theN-terminal
cleavage fragment of GSDMD (GSDMD-N) (7).
Our data showed that sixMtbproteins (Rv0153c,
Rv0561c, Rv0824c, Rv0861c, Rv1515c, and
Rv1679) exhibited strong inhibitory effects on
the secretion of IL-1b from both AIM2 and
NLRP3 inflammasome-reconstituted HEK293T
cells [relative activation rate < 0.2; data S2].
Among these proteins, PtpB (i.e., Rv0153c)
was most abundantly secreted by Mtb during
infection (fig. S1B). Thus, we focused on PtpB
and further confirmed its inhibitory effect on
AIM2 or NLRP3 inflammasome-mediated
IL-1b secretion through ELISA and immuno-
blotting analyses (Fig. 1B and fig. S1, C and D).
Accordingly, the Mtb mutant strain with the
deletion of ptpB (DptpB) showed stronger
pyroptosis-inducing effect in macrophages
than the wild-type (WT) Mtb strain (fig. S1E
and movies S1 and S2). Together, these results
suggest that PtpB is an important bacterial in-
hibitor of the host inflammasome-pyroptosis
pathway.

PtpB inhibits GSDMD-dependent cytokine
release and pyroptosis

We then sought to define the specific mecha-
nism(s) of suppression of the inflammasome
pathway by Mtb PtpB. Because ASC speck for-
mation is a marker for inflammasome as-
sembly, we examined whether PtpB affects
this process. Deletion of ptpB did not show
significant effects on ASC speck formation in
Mtb-infected macrophages (fig. S2, A and B).
Proximity ligation assays confirmed that PtpB
had no significant effect on the interaction be-
tween ASC and caspase-1 (fig. S2, C to E), sug-
gesting that PtpB does not affect inflammasome
assembly (7). PtpB also did not affect the in-
teraction betweenMtb and caspase-1 (fig. S2, F
and G), indicating that certain mycobacterial
proteins might interact with host caspase-1
during Mtb infection, even though this inter-
action is independent of PtpB. We then found
that Mtb DptpB infection resulted in lower
intracellular amounts ofmature IL-1b, caspase-1
(p20), and the C-terminal cleavage fragment of
GSDMD (GSDMD-C) but higher supernatant
amounts of thesemolecules comparedwithWT
or ptpB-complemented (DptpB:ptpB) Mtb
strains (fig. S2H). Mature IL-1b, caspase-1
(p20), and GSDMD-C are released from the
pyroptotic cells upon inflammasome activation
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Fig. 1. PtpB inhibits GSDMD-dependent cytokine release and pyroptosis.
(A) Schematic diagram of the procedure to screen Mtb inhibitors of AIM2 and NLRP3
inflammasome pathways. (B) Representative results of the effects of Mtb proteins
on IL-1b secretion from inflammasome-reconstituted HEK293T cells. PtpB (i.e.,
Rv0153c) is indicated in red. NC, negative control. (C) Immunoblotting of the indicated
proteins in the culture supernatants (Sup.) and cell lysates of Gsdmd+/+ or
Gsdmd−/− BMDMs. (D) Measurement of the K+ concentrations in BMDMs using
Enhanced Potassium Green-2 (EPG-2). Arrows indicate the pyroptotic cells. Scale

bars, 10 mm. (E) Membrane integrity analysis of BMDMs. Arrows indicate propidium
iodide (PI)–positive cells. Scale bars, 10 mm. (F and G) ELISA of supernatant IL-1b
(F) and IL-18 (G) from BMDMs. (H) Intracellular survival analysis of Mtb in BMDMs.
(I) In vitro growth kinetics of the indicated Mtb strains. For (C) to (H), cells were
infected with the indicated Mtb strains for 48 hours. P > 0.05, not significant (ns); *P <
0.05; ****P < 0.0001 (two-way ANOVA with Tukey’s post-hoc test). Data are shown
as mean ± SEM [n = 3 in (B) and n = 4 in (D) to (I)]. Data are representative
of at least three independent experiments.
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(10, 12). Deletion of ptpB inMtb increased intra-
cellular amounts of GSDMD-N (fig. S2H), which
binds to the cell membrane rather than being
released into the supernatant upon inflamma-
some activation (12). Deletion of ptpB in Mtb
decreased intracellular amounts of pro–IL-1b,
probably owing to the acceleration of pro–
IL-1b cleavage by enhanced inflammasome
activation (fig. S2H). These observations indi-
cate that PtpB might target GSDMD, which is
required for cell membrane pore formation to
allow the release of intracellular small-diameter
proteins and to promote K+ efflux that further
facilitates inflammasome activation (10, 13).
Next, we obtained bone marrow–derived

macrophages (BMDMs) fromGsdmd-deficient
(Gsdmd−/−) andWT (Gsdmd+/+)mice to confirm
whether GSDMD is required for PtpB-mediated
inhibitionof the inflammasome-pyroptosis path-
way. We found that deletion of ptpB increased
the secretion of matured IL-1b, caspase-1 (p20),
and GSDMD-C in Gsdmd+/+ BMDMs but not in
Gsdmd−/− BMDMs (Fig. 1C). PtpB deletion also
decreased the concentrations of K+ in Gsdmd+/+

BMDMs and induced a higher proportion of
Gsdmd+/+ BMDMs with swelling bubbles,
which are amarker of pyroptosis; these effects
were abolished inGsdmd−/−BMDMs (Fig. 1D).
In addition, deletion of ptpB in Mtb increased
pyroptosis in Gsdmd+/+ BMDMs but not in
Gsdmd−/−BMDMs (Fig. 1E). Furthermore, PtpB
suppressed the secretion of IL-1b and IL-18, two
vital inflammatory cytokines released by mac-
rophages upon inflammasome activation (10)
in a GSDMD-dependent manner (Fig. 1, F and
G). In contrast, PtpB inhibited the production
of tumor necrosis factor a (TNF-a) and IL-6,
but not IL-12 (p40) or IL-10, by macrophages
in a GSDMD-independent manner (fig. S3,
A to D). Accordingly, PtpB decreased mRNA
levels of Tnf and Il6 at various time points
after Mtb infection independent of GSDMD
(fig. S3, E to J), supporting the notion that
PtpB is involved in Mtb suppression of sev-
eral non-inflammasome immune pathways
(14, 15). We then examined the effects of PtpB-
suppressedGSDMD-dependent inflammasome
cytokine release and pyroptosis on Mtb intra-
cellular survival and found that Mtb DptpB
exhibited a more pronounced attenuation of
intracellular survival in Gsdmd+/+ BMDMs
than in Gsdmd−/− BMDMs (Fig. 1H), but Mtb
DptpB did not exhibit any growth defects in
the absence of host cells (Fig. 1I). Further, we
used cytokine antagonists and/or neutralizing
antibodies to confirm that both GSDMD-
mediated inflammatory cytokine release and
pyroptosis promoted the PtpB-promoted Mtb
intracellular survival (fig. S3K). We also ob-
served that PtpB-suppressed production of
TNF-a and IL-6 weakly promoted Mtb intra-
cellular survival (fig. S3K). Next, we exoge-
nously expressed Mtb PtpB in Gsdmd+/+ and
Gsdmd−/− BMDMs to validate the inhibitory

effect of PtpB on inflammasome pathways
(fig. S4A). PtpB inhibited the GSDMD-
dependent release of IL-1b and IL-18 and
pyroptosis upon activation of the AIM2 and
NLRP3 inflammasome pathways stimulated
by poly(deoxyadenylic-deoxythymidylic) acid
[poly(dA:dT)] and nigericin, respectively, in
lipopolysaccharide (LPS)–primedmacrophages
(fig. S4, B to I). PtpB also suppressed GSDMD-
independent production of TNF-a and IL-6 in
LPS-stimulated macrophages (fig. S4, D and
E). Taken together, these data suggest that
PtpB inhibits the GSDMD-dependent inflam-
masome cytokine release and pyroptosis to
facilitate Mtb intracellular survival, although
PtpB may also impair other innate immune
pathways, for example, macrophage production
of TNF-a and IL-6, in a GSDMD-independent
manner.

PtpB disrupts membrane localization of GSDMD-N

GSDMD-N is the functional domain of GSDMD
that mediates cytokine release and pyroptosis.
We examined the role of GSDMD-N in PtpB-
mediated inhibition of inflammasome path-
ways by generating Gsdmd−/− immortalized
BMDMs (iBMDMs) stably expressing WT
human GSDMD (hGSDMD) or hGSDMD 4A
mutant, where Arg137, Lys145, Arg151, and Arg153

were all mutated to Ala to inactivate GSDMD-N
(Fig. 2A) (10).Gsdmd−/− iBMDMscomplemented
with WT hGSDMD, but not the hGSDMD 4A
mutant, restored the phenotype of macro-
phages infected with Mtb DptpB, as indi-
cated by increased amounts of supernatant
IL-1b and IL-18, increased cell cytotoxicity, and
reduced bacterial viability compared with the
WT Mtb and DptpB:ptpB infection groups
(Fig. 2, B to E). Furthermore, expression of
PtpB prominently reduced the membrane lo-
calization of GSDMD-N and cell cytotoxicity of
HeLa cells (Fig. 2, F to H). Accordingly, dele-
tion of ptpB markedly increased the translo-
cation of GSDMD-N to the plasma membrane
(PM) of macrophages during Mtb infection
(Fig. 2I). Notably, PtpB secreted by theWT and
ptpB-complemented strains was also detected
in the PM fraction. Thus, PtpB impedes mac-
rophage cytokine secretion and pyroptosis via
GSDMD-N, whose membrane localization can
be disrupted by PtpB.

PtpB impairs membrane localization of GSDMD-N
depending on its lipid phosphatase activity

GSDMD-N shows a strong affinity for cell
membrane lipids, particularlyphosphoinositides
phosphatidylinositol-4-monophosphate (PI4P)
and phosphatidylinositol-(4,5)-bisphosphate
[PI(4,5)P2]. This affinity enables it to localize
to the inner leaflet of the PM to form pores
(9, 10). Mtb PtpB is a eukaryotic-like protein
tyrosine phosphatase that exhibits weak phos-
phoinositide phosphatase activity in vitro
(16, 17). The Cys160→Ser (C160S)mutation abol-

ishes the phosphotyrosine and phosphoinosi-
tide phosphatase activities of PtpB, whereas the
K164A mutation only eliminates the phospho-
tyrosine phosphatase activity of PtpB (16). To
testwhether PtpBdephosphorylates hostmem-
brane phosphoinositides to disrupt GSDMD-N
membrane localization, we complementedMtb
DptpB with the ptpB C160S or K164A mutant.
Confocalmicroscopy analysis showed that PtpB
and its mutants, including C160S and K164A,
were secreted by Mtb and then localized to the
PM of macrophages during infection (Fig. 3, A
and B). PtpA, the only other protein tyrosine
phosphatase identified in Mtb, did not show
obvious membrane localization (18). Similar
to the membrane lipid–binding behavior of
GSDMD-N (9, 10), PtpB showed strongest af-
finity to PI4P, followed by PI(4,5)P2, whereas
its binding affinity to sulfatides and cardiolipins
was much weaker (Fig. 3C). When incubated
with liposomes containing phosphatidylcholine
as the skeleton lipid, PtpB and its C160S or
K164Amutants were precipitated by liposomes
containing 20% PI4P or PI(4,5)P2 (Fig. 3D).
Similar to ptpB deletion, the PtpB C160S, but
not K164A, mutation increased the transloca-
tion of GSDMD-N to the PM of macrophages
during Mtb infection (Fig. 3, E to G). Accord-
ingly, the PtpB C160S mutation, but not the
K164A mutation, enhanced the secretion of
IL-1b and IL-18 from Mtb-infected macro-
phages with increased cell cytotoxicity (Fig. 3,
H to J) and reducedMtb intracellular survival,
reaching a level comparable to that of Mtb
DptpB (Fig. 3K). These results demonstrate
that PtpB is a membrane lipid–binding pro-
tein whose Cys160-dependent lipid phosphatase
activity is essential for impairing GSDMD-N
membrane localization.

PtpB reduces the concentrations of plasma
membrane PI4P and PI(4,5)P2 to impair
GSDMD-mediated immune functions

Next, we tested whether PtpB dephosphory-
lates host membrane phosphoinositides. PtpB
exhibited the strongest binding to PI4P and
relatively weaker affinity for PI3P, PI(3,5)P2,
and PI(4,5)P2 in vitro (fig. S5A). We then tested
whether the PtpB-induced subversion ofGSDMD
functions inmacrophages could be restored by
supplementing these phosphoinositides (fig.
S5B). In both WT and ptpB-complemented
Mtb-infected macrophages, treatment with
exogenous PI4P promoted IL-1b and IL-18 se-
cretionwith increased cytotoxicity and reduced
bacterial intracellular survival, reaching levels
similar to those of Mtb DptpB and DptpB:ptpB
C160S-infected macrophages (Fig. 4, A to D).
Meanwhile, treatment with PI(4,5)P2, but
not PI3P or PI(3,5)P2, partially diminished the
differences among the four infection groups.
PI(4,5)P2 and its synthetic precursor PI4P are
the two major phosphoinositides in the PM,
whereas PI3P and PI(3,5)P2 are primarily found
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in intracellular vesicles (19, 20). Upon Mtb in-
fection, PtpBmarkedly reduced the concentra-
tions of PI4P and PI(4,5)P2 in the PM, whereas
it had much less effects on the concentrations
of PI4P and PI(4,5)P2 in the internalmembrane
(IM), which is derived from intracellular organ-
elles (Fig. 4, E and F). Meanwhile, Mtb-secreted
PtpB showed little Golgi localization inmacro-
phages (fig. S6A). Deletion of ptpB had no sig-
nificant effect on the Golgi pool of PI4P, Golgi

morphology, or the Golgi-mediated trafficking
of Ras-related protein Rab-11A (RAB11A) and
a-mannosidase II, twomarkers of Golgi-derived
vesicles (fig. S6, B to F) (21, 22). Thus, PtpB im-
pairsGSDMD-mediated immuneresponses,prob-
ably by depleting host PM PI4P and PI(4,5)P2.
To verify this result, we monitored PM concen-
trations of PI4P and GSDMD-N during Mtb
infection using immunocytochemistry (19). De-
letion or C160S mutation of ptpB resulted in

comparably increased PI4P concentrations in
thePM(fig. S7, A andB). In vitro analyses further
confirmed the Cys160-dependent phosphatase ac-
tivity of PtpB toward PI4P (fig. S7C). When mac-
rophages were treated with phenylarsine oxide
(PAO) or Pik-93 to deplete cellular PI4P, the dif-
ference in membranous GSDMD-N concentra-
tionsbetweenWTandDptpB:ptpB (C160S) strains
was reduced (fig. S7, D to F). Accordingly, deple-
tion of PM PI4P also diminished the differences
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Fig. 2. PtpB disrupts membrane localization of GSDMD-N. (A) Immuno-
blotting of hGSDMD in Gsdmd−/− iBMDMs complemented with or without WT
hGSDMD or hGSDMD 4A mutant. (B and C) ELISA of supernatant IL-1b (B) and
IL-18 (C) from iBMDMs treated as in (A). (D and E) Analysis for cell cytotoxicity
(D) and intracellular bacterial survival (E) in iBMDMs treated as in (A).
(F) Confocal microscopy of HeLa cells cotransfected with GSDMD-N-Flag and GFP
or PtpB-GFP for 24 hours. The plasma membrane (PM) was stained with wheat
germ agglutinin (WGA). Scale bars, 5 mm. (G and H) Quantitation of GSDMD-N

PM/total fluorescence intensity (G) and cell cytotoxicity (H) of HeLa cells treated
as in (F). (I) Immunoblotting of the indicated proteins in subcellular fractions
of BMDMs. For (B) to (E) and (I), cells were infected with or without the indicated
Mtb strains for 48 hours; P > 0.05, not significant (ns); *P < 0.05; ****P <
0.0001 (two-way ANOVA with Tukey’s post-hoc test). For (G) and (H), ****P <
0.0001 (unpaired two-tailed t tests). Data are shown as mean ± SEM [n = 4 in (B)
to (E), (G), and (H)]. Data are representative of at least three independent
experiments.
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Fig. 3. PtpB impairs membrane localization of GSDMD-N depending on its
lipid phosphatase activity. (A) Subcellular localization of PtpB and PtpA in
BMDMs. The PM was stained with WGA. Scale bars, 5 mm. (B) Quantitation of PM
PtpB and PtpA. N.D., not detectable. (C) Membrane lipid-binding assay of
PtpB. DAG, diacylglycerol; PA, phosphatidic acid; PS, phosphatidylserine; PE,
phosphatidylethanolamine; PC, phosphatidylcholine; PG, phosphatidylglycerol.
(D) Immunoblotting of the indicated proteins in the liposome-free supernatant (S)
and liposome pellet (P) after their incubation with liposomes. (E) Immunoblotting
of the indicated proteins in subcellular fractions of BMDMs. (F) Confocal

microscopy of PM GSDMD-N in BMDMs with fluorescence intensity plotted
along the arrows. Scale bars, 5 mm. (G) Quantitation of PM GSDMD-N in BMDMs.
(H and I) ELISA of supernatant IL-1b (H) and IL-18 (I) from BMDMs. (J and
K) Analysis for cell cytotoxicity (J) and intracellular bacterial survival (K)
in BMDMs. For (A), (B), and (E) to (K), cells were infected with or without Mtb
strains for 48 hours. P > 0.05, not significant (ns); *P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001 (one-way ANOVA with Dunnett’s post-hoc test).
Data are shown as mean ± SEM [n = 5 in (B) and n = 4 in (G) to (K)]. Data
are representative of three independent experiments.
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Fig. 4. PtpB reduces PM concentrations of PI4P and PI(4,5)P2 to impair
GSDMD-mediated immune functions. (A and B) ELISA of supernatant IL-1b (A) and
IL-18 (B) from BMDMs. (C and D) Cell cytotoxicity (C) and intracellular bacterial
survival (D) in BMDMs. (E and F) ELISA of IM- and PM-derived PI4P (E) and
PI(4,5)P2 (F) from BMDMs. (G) Schematic diagram of the rapamycin-induced
recruitment of FKBP-PJ to PM-targeted Lyn11-FRB for PI4P and PI(4,5)P2
depletion. (H to J) Confocal microscopy (H) and ELISA of cellular PI4P (I) and
PI(4,5)P2 (J) in BMDMs after PM recruitment of PJ, PJ-Sac, PJ-INPP5E, or PJ-Dead
for 10 min with 0.5 mM rapamycin. Fluorescence intensity was plotted along the

arrows. Scale bars, 10 mm. (K and L) ELISA of supernatant IL-1b (K) and IL-18
(L) from BMDMs. (M and N) Cell cytotoxicity (M) and intracellular bacterial survival
(N) in BMDMs. For (A) to (F), cells were infected with Mtb strains for 24 hours
with or without the treatment of phosphoinositides (10 mM). For (K) to (N), cells
were treated with 0.5 mM rapamycin for 10 min before infection with Mtb for 8 hours.
P > 0.05, not significant (ns); *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001
(two-way ANOVA with Dunnett’s post-hoc test). Data are shown as mean ± SEM
[n = 3 in (A) to (F), (I), and (J), and n = 4 in (K) to (N)]. Data are representative of at
least three independent experiments.
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in IL-1b and IL-18 release, cell cytotoxicity, and
bacterial survival inmacrophages between the
WTMtb and Mtb DptpB:ptpB C160S infection
groups (fig. S7, G to J). Likewise, the C160S mu-
tation abolished the PtpB-mediated reduction
in PM PI(4,5)P2 concentrations in Mtb-infected
macrophages (fig. S8, A and B). The depletion
of cellular PI(4,5)P2 using ionomycin partially
diminished the differences in IL-1b and IL-18
release, cell cytotoxicity, and bacterial intra-
cellular survival between WT Mtb and Mtb
DptpB:ptpB C160S infection groups (fig. S8, C
to F). To exclude the possibility that the in-
hibitory effect of PtpB on GSDMD functions
might be due to its pleiotropic phosphatase
activity in depleting both PM and IM PI4P
and PI(4,5)P2, and to avoid the undesired ef-
fects of PAO, Pik-93, and ionomycin on other
phosphoinositides, we turned to a rapamycin-
inducible PM phosphoinositide depletion
approach using two constructs including
PM-targeted Lyn11-FRB and cytosolic FKBP-
Pseudojanin (PJ), which dephosphorylates PI4P
and PI(4,5)P2 (Fig. 4G; see table S1 for details)
(23). The recruitment of PJ to the PMdecreased
PMPI4PandPI(4,5)P2 concentrations inresponse
to rapamycin, while PJ-Sac (which dephosphor-
ylates PI4P) and PJ-INPP5E [which dephos-
phorylates PI(4,5)P2], but not PJ-Dead [which
dephosphorylates neither PI4P nor PI(4,5)P2],
selectively reduced PM PI4P and PI(4,5)P2 con-
centrations, respectively (Fig. 4, H to J). These
results demonstrate the feasibility of this ap-
proach in depriving PM PI4P and/or PI(4,5)P2
in macrophages. We then found that the PM
recruitment of PJ, but not of PJ-Dead, partially
reduced the amounts ofmembranousGSDMD-N
(L192D) (which retards pyroptosis to enable
monitoring) (10), concurrent with decreased
cell cytotoxicity (fig. S9). Meanwhile, the PM
recruitment of either PJ-Sac or PJ-INPP5E alone
had little, if any, effect on the membranous
GSDMD-N (L192D) concentrations and cell
cytotoxicity (fig. S9). These data indicate that
the PM PI4P and PI(4,5)P2 have synergistic ef-
fects on PM localization of GSDMD-N. The
remaining undissociated PM GSDMD-N is
probably due to their stable membrane inser-
tion after oligomerization with drastic confor-
mational changes (10). Finally, the PJ-induced
depletion of PM PI4P and PI(4,5)P2 significantly
reduced the differences in IL-1b and IL-18 re-
lease, cell cytotoxicity, and bacterial survival in
macrophages between the WT Mtb and Mtb
DptpB:ptpB C160S infection groups (Fig. 4, K
to N). Together, these findings suggest that PtpB
can dephosphorylate and therefore reduce the
PM concentrations of PI4P and PI(4,5)P2 to im-
pair GSDMD-mediated immune responses.

Ubiquitin binding is required for PtpB to disrupt
GSDMD-mediated immune responses

We next investigated how PtpB efficiently re-
duces host PM PI4P and PI(4,5)P2 abundance

to impair GSDMD function, given that its lipid
phosphatase activity is not easily detectable in
vitro (fig. S7C) (16, 24). The structure of PtpB
features a buried active site with a phosphate-
binding loop (or P-loop; Cys160-X5-Arg

166) cov-
ered by a flexible two-helix “lid,” suggesting
that the phosphatase activity of PtpB is reg-
ulable in vivo (25). We have previously shown
that another Mtb protein tyrosine phospha-
tase, PtpA, can exploit host Ub (5). Structure-
based analysis of the interaction between
PtpB and Ub revealed that PtpB harbors a
Ub-interacting motif (UIM)–like region with
a hydrophobic surface including three key
UIM residues (Ala240–Ala242) on an a helix
(i.e., helix a9) that potentially bind the Ile44

residue in Ub (Fig. 5A) (26). To confirm
whether this UIM-like region mediates the
interaction between PtpB and Ub, we gen-
erated a PtpB mutant with Ala240–Ala242 to
Glu mutations (PtpB 3E), which predictably
disrupts the hydrophobic surface but reserves
helix a9 (fig. S10, A and B). PtpB bound to
Ub directly in vitro and also interacted with
Ub in the cells, whereas the PtpB 3E (but
not C160S) or Ub I44A mutation subverted
their interaction (Fig. 5B and fig. S10C). More-
over, PtpB could only interact with mono-Ub,
not poly-Ub chains (fig. S10, D and E). Helix
a9 of PtpB is adjacent to a8, which consti-
tutes a structurally dynamic lid together with
a7. Thus, the binding of Ub to the UIM-like
region might induce a conformational change
in PtpB to expose the P-loop and promote its
substrate turnover (25). As expected, Ub in-
creased the catalytic efficiency of WT PtpB,
but not its 3E mutant, toward PI4P and the
phosphotyrosine peptides of the epidermal
growth factor receptor (EGFR) or insulin-like
growth factor 1 receptor (IGF1R) (Fig. 5C and
fig. S10F). However, Ub-like proteins, includ-
ing neural precursor cell–expressed develop-
mentally down-regulated protein 8 (NEDD8),
human leukocyte antigen F-associated tran-
script 10 (FAT10), interferon-stimulated gene
15 (ISG15), small ubiquitin-related modifier
1 (SUMO1), ubiquitin-fold modifier 1 (UFM1),
autophagy-related protein 12 (ATG12), autophagy-
related protein 8 (ATG8), and ubiquitin-
related modifier 1 (URM1), did not interact
with PtpB and thus had no effects on PtpB
activity (fig. S10G). During infection, the PtpB
3E mutation did not affect PtpB secretion by
Mtb or its PM localization but did markedly
increase the abundance of PI4P, PI(4,5)P2,
and GSDMD-N in the PM of the infected mac-
rophages (Fig. 5, D to F, and fig. S10, H and I).
Likewise, both the 3E and C160S mutation
attenuated the PtpB-induced inhibition of
GSDMD-N membrane localization and cyto-
toxicity in HeLa cells (fig. S11). In vitro kinetic
analyses further supported that the addition
of Ub markedly increases the catalytic effi-
ciency of WT PtpB, but not of its C160S or 3E

mutant, toward PI4P (Fig. 5G and fig. S12).
However, the effect of Ub was relatively weaker
for PI(3,5)P2 and PI(4,5)P2 and negligible for
PI3P and PI5P. Hence, Ub binding appears
to be critical for PtpB to dephosphorylate
host phosphoinositides to inhibit GSDMD-
mediated immune responses. To further con-
firm this hypothesis, we infected Gsdmd+/+

or Gsdmd−/− BMDMs with each of the afore-
mentioned Mtb ptpB variant strains. Similar
to Mtb DptpB and DptpB:ptpB C160S strains,
Mtb DptpB:ptpB 3E enhanced secretion of
IL-1b and IL-18, increased cell cytotoxicity, and
reduced intracellular viability in Gsdmd+/+

BMDMs but not Gsdmd−/− BMDMs (Fig. 5,
H to K). These data demonstrate that Ub
binding is required for PtpB to disrupt the
GSDMD-dependent immune responses in
macrophages during Mtb infection.

PtpB–ubiquitin interaction is required for Mtb to
evade host GSDMD-dependent immunity

We then sought to determine the role of PtpB
in GSDMD-dependent host immunity during
Mtb infection in a mouse model. Similar to
ptpB deletion, ptpB C160S and 3E mutations
markedly reduced Mtb-induced inflammatory
infiltration in the lungs and livers ofGsdmd+/+

mice (Fig. 6, A and B, and fig. S13, A and B).
However, each Mtb ptpB variant strain caused
comparable histopathological changes in
Gsdmd−/− mice. Notably, Gsdmd−/− mice
showed diffused cellular infiltration rather
than the typical granulomatous lesions in the
lungs (Fig. 6A), which supports the recently
proposed notion that the activation of inflam-
masome pathways is critical for inflammatory
cytokine–mediated granuloma formation (27).
In Gsdmd+/+ mice, ptpB-deleted or ptpB-
mutated Mtb strains induced comparable
numbers of, but much smaller, lung granu-
lomatous lesions than those caused by ptpB-
sufficient strains at 3 weeks after infection
(Fig. 6A). Accordingly, deletion or mutation
of ptpB inMtb comparably reduced bacterial
loads both in the lungs and spleens of mice
at 3 and 12 weeks after infection in a Gsdmd-
dependentmanner (Fig. 6, C andD, and fig. S13,
C and D). Furthermore, deletion or mutation
of ptpB in Mtb led to significantly increased
amounts of IL-1b and IL-18 in bronchoalveolar
lavage fluid (BALF) obtained from Gsdmd+/+

mice at 3 weeks after infection (Fig. 6E). In
addition, ptpB-deleted or ptpB-mutated Mtb
strains caused increased amounts of interferon-g
(IFN-g) in both BALF and lungs of Gsdmd+/+

mice (Fig. 6E). Interestingly, the amounts of
these inflammatory cytokines in Gsdmd+/+

mice caused by ptpB-deleted or ptpB-mutated
Mtb strains decreased slightly at 12 weeks after
infection, whereas the ptpB-sufficient strain-
induced inflammatory cytokines in Gsdmd+/+

mice drastically increased at 12 weeks after
infection (Fig. 6E). Moreover, the deletion of
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Fig. 5. Ubiquitin binding is required for PtpB to disrupt GSDMD-mediated
immune responses. (A) Interfaces between PtpB and ubiquitin. Lower panel,
alignment of PtpB UIM-like region with the related region of the indicated proteins.
Single-letter abbreviations for the amino acid residues are as follows: A, Ala; C, Cys;
D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln;
R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. (B) GST pull-down analysis for the
PtpB-ubiquitin interaction. (C) PI4P phosphatase activity and immunoblotting of PtpB
and its mutants with or without ubiquitin. N.D., not detectable. (D and E) Confocal
microscopy (D) and quantitation (E) of PM PI4P, PI(4,5)P2, and GSDMD-N in
BMDMs. Fluorescence intensity was plotted along the arrows. Scale bars, 5 mm.

(F) Immunoblotting of the indicated proteins in subcellular fractions of BMDMs.
(G) Phosphoinositide phosphatase activity analysis of PtpB and its mutants. N.D.,
not detectable. (H and I) ELISA of supernatant IL-1b (H) and IL-18 (I) from BMDMs.
(J and K) Analysis for cell cytotoxicity (J) and intracellular bacterial survival (K)
in BMDMs. Cells were infected with Mtb strains for 48 hours in (D) to (F), and (H) to
(K). P > 0.05, not significant (ns); *P < 0.05; **P < 0.01; ****P < 0.0001. One-way
ANOVA with Tukey’s post-hoc test for (C); two-way ANOVA with Tukey’s post-hoc test
for (E) and (G), and with Dunnett’s post-hoc test for (H) to (K). Data are shown as
mean ± SEM [n = 3 in (C) and (G), n = 5 in (E), and n = 4 in (H) to (K)]. Data are
representative of at least three independent experiments.
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Gsdmd in mice abolished the differences in
cytokine amounts in theBALFand lungs ofmice
infected with different Mtb strains (Fig. 6E).
Accordingly, the ptpB-deleted or ptpB-mutated
Mtb strain, but not the ptpB-sufficient strain,
caused highermRNA levels of Il1b, Il18, and Ifng
inGsdmd−/−mice than those inGsdmd+/+mice at
12 weeks after infection (fig. S13E). The elevated
amounts of inflammatory cytokines inGsdmd−/−

mice at 12 weeks after infection are probably
due to excessive bacterial loads of different
Mtb strains. Finally, compared with the WT
and ptpB-complemented strains, ptpB-deleted
and ptpB-mutated Mtb strains induced more
TUNEL-positive cells with decreased bacterial
staining inmouse lungs in aGsdmd-dependent
manner (Fig. 6, F and G), indicating enhanced
host GSDMD-mediated pyroptosis and anti-

bacterial immunity (28). Taken together, our
results suggest that PtpB is required by Mtb
to evade host GSDMD-mediated immune re-
sponses, depending on the Ub-activated lipid
phosphatase activity of PtpB.

Discussion

Mtb represents an extraordinary paradigm of
intracellular pathogens that deliver multiple
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Fig. 6. PtpB-ubiquitin interaction
is required by Mtb to evade host
GSDMD-dependent immunity.
(A) Histopathology of lung sections
from Gsdmd+/+ or Gsdmd−/−

mice infected with or without
the indicated Mtb strains by aero-
sol (~ 100 CFUs) for 0 to 12 weeks.
Arrows indicate foci of cellular
infiltration. Scale bars, 200 mm.
(B) Quantitation of inflammatory
areas in the lungs of mice
infected with Mtb as in (A).
(C and D) Bacterial CFUs in lungs
(C) and spleens (D) of mice
infected with Mtb as in (A). N.D.,
not detectable. (E) ELISA of
cytokines (IL-1b, IL-18, and IFN-g)
in bronchoalveolar lavage fluid
(BALF; upper) or lung homoge-
nates (lower) of mice infected with
Mtb as in (A). (F) TUNEL staining
of lung sections from Gsdmd+/+

or Gsdmd−/− mice at 3 weeks
after infection with Mtb. Scale bars,
100 mm. (G) Quantitation of
TUNEL-positive cells in lungs
of mice infected with Mtb as in
(F). P > 0.05, not significant
(ns); *P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001
(two-way ANOVA with Dunnett’s
post-hoc test). Data are shown as
mean ± SEM of n = 5. Data are
representative of at least three
independent experiments.
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effectors into host cells for immune evasion
(3,29).Ourdata indicate thatnearly one-seventh
of Mtb genes encode proteins containing
eukaryotic-like functional domains or motifs,
demonstrating the astute adaptation ofMtb to
its human host after eons of coevolution (30).
Among these potential pathogenic factors, we
identified PtpB as a potent inhibitor of host
pyroptosis that subverts GSDMD functions to
facilitate Mtb intracellular survival. Recently,
the emerging role of pyroptosis in host anti-
infection and tumor immunity has attracted
increasing attention, and gasdermin family
members have been considered as key im-
mune factors targeted by pathogens such as
Shigella (31–34). However, their exact roles in
TB pathogenesis remain unclear. We showed
that GSDMD-mediated pyroptosis and inflam-
matory cytokine release play critical roles in
host anti-infection immunity, which is counter-
acted by the Mtb effector protein PtpB. When
Mtb lacks functional PtpB, it cannot counteract
host GSDMD-mediated immunity,meaning that
GSDMD could confer prompt and robust host
protective immune responses against infection
in the early stage of infection, thus restrict-
ing bacterial survival to avoid host excessive
pathogenic inflammatory responses at a later
stage. Therefore, PtpB may be an attractive tar-
get for improving the immune efficacy of Bacille
Calmette-Guérin, the only licensed TB vaccine
whose genome harbors a PtpB-encoding gene
identical to that of Mtb (35).
Disordered cellular lipid metabolic homeo-

stasis has recently been linked to TB patho-
genesis but is not fully understood (36–38).
Phosphoinositides are a group of cellular mem-
brane lipids involved in pyroptosis (10, 11).
However, whether and how they are regu-
lated by invading pathogens during this im-
mune process remains largely unclear. Mtb
PtpB has been linked to host cell death and
innate immune pathways (14, 15). Here, we
showed that PtpB can dephosphorylate host
cell membrane PI4P and PI(4,5)P2 upon acti-
vation by Ub to efficiently suppress GSDMD-
mediated inflammatory responses. Our data
reveal a regulatory role of pathogen-derived
phospholipid phosphatase in the GSDMD-
dependent pyroptosis and cytokine release,
extending our understanding of the elabo-
rate regulatory mechanism of cellular inflam-
masome signaling pathways during pathogen
infection.
ThemammalianUb system subtlymodulates

diverse immune responses by controlling pro-
tein ubiquitination; thus, it is a common tar-
get of effectors from pathogens, includingMtb
(4, 39). In this study, we revealed that Mtb-
secreted PtpB localizes to the host cell mem-
brane, where it efficiently dephosphorylates
phosphoinositides upon hydrophobic inter-
action with cytosolic Ub to impair GSDMD-
mediated immunity. A structural study revealed

that PtpB harbors a buried phosphatase active
site covered by a dynamic lid (25). Therefore,
the activation of PtpB through Ub binding
suggests a delicate strategy by which Mtb pre-
cisely controls the catalytic activity of PtpB to
counteract the host immune system. Our data
elucidate a strategy by which pathogens hijack
Ub to inhibit host pyroptosis by altering the
phospholipid composition of the host mem-
brane. Our discovery of the PtpB UIM-like
domain, which is not homologous to any hu-
man protein, may provide potential selectivity
for the development of anti-TB therapies.

Materials and methods
Bacterial strains and plasmids

Escherichia coli DH5a were grown in flasks
using LB medium for genetic manipulations.
MtbH37Rv strainswere grown inMiddlebrook
7H9 broth (7H9) supplemented with 10% oleic
acid-albumin-dextrose-catalase (OADC) and
0.05% Tween-80, or on Middlebrook 7H10
agar supplemented with 10%OADC. Mtb with
deletion of ptpB (NCBI gene ID: 886842;
DptpB) was created using the pJV53 system
(40). pMV306 plasmid (kindly provided by
W. R. Jacobs, Albert Einstein College of Medi-
cine, Yeshiva University) was used to comple-
ment the strain Mtb DptpB with WT ptpB or
create variant strainsMtb DptpB:ptpB (C160S)
and Mtb DptpB:ptpB (3E). pSC300 plasmid
was used for expression of Mtb proteins with
C-terminal green fluorescent protein (GFP) in
Mtb. The mammalian expression plasmids for
hemagglutinin (HA)–tagged ubiquitin (Ub);
Myc-tagged human AIM2, ASC, and IL-1b;
and Flag-tagged human caspase-1, NLRP3, and
GSDMD-N were kindly provided by F. Shao
(National Institute of Biological Sciences,
Beijing).HA-taggedK6 only, K11 only, K27 only,
K29 only, K33 only, K48 only, andK63 onlyUb
were kind gifts from L. Zhang (Beijing Institute
of Lifeomics, Beijing). The full-length cDNA of
PtpB was amplified fromMtb H37Rv genomic
DNA, and those of human GSDMD, NEDD8,
and ATG12 were amplified from U937 cDNA.
Nucleotide sequences for expressing OSH2-
PH×2, Lyn11-FRB, and FKBP-Pseudojanin (PJ)
were designed on the basis of previous studies
(23, 41) and were synthesized by GenScript
Biotechnology (Nanjing) (see table S1 for
details). The sequence information of these
recombinant genes (GenBank accession num-
bers OP056760, OP056761, and OP056762,
respectively) has been deposited at GenBank
(https://www.ncbi.nlm.nih.gov/genbank/) and
is publicly available as of the date of publica-
tion. For expression inmammalian cells, genes
were cloned into the vector pcDNA6A, pEGFP-
N1, pEGFP-C1, or pmCherry-N1. Prokaryotic
expression plasmids were constructed by in-
serting the genes into the vector pGEX-6p-1 or
pET30a. Point mutations were generated by
using Fast Mutagenesis Kit V2 (Vazyme Bio-

tech). All of the strains, plasmids, and primers
used in this study are detailed in table S1.

Antibodies and reagents

Rabbit antibodies against Mtb PtpB or PtpA
were prepared and purified as described pre-
viously (5, 18). Briefly, a total of 5 mg of gluta-
thione S-transferase (GST)–PtpB or GST-PtpA
fusion proteins were purified and solubilized
in Freund’s complete adjuvant for injection
into rabbits. The antibodies specific to PtpB or
PtpA were isolated by passaging the immu-
nized rabbit serum on protein A agarose
(Santa Cruz). All of the antibodies used in this
study are listed in table S2. Phosphoinositides
including PI3P, PI4P, PI5P, PI(3,4)P2, PI(3,5)P2,
PI(4,5)P2, and PI(3,4,5)P3 were purchased from
Echelon Biosciences (Cat# P-3016, P-4016,
P-5016, P-3416, P-3516, P-4516, and P-3916,
respectively). Phosphotyrosine peptides pTyr-
EGFR (DADE-pY-LIPQQG) and pTyr-IGF1R
(TRDI-pY-ETDYYRK) were synthesized by
GenScript Biotechnology (Nanjing). Lipopoly-
saccharide from E. coli 0111:B4 (Cat# tlrl-eblps),
nigericin (Cat# tlrl-nig), and poly(dA:dT) (Cat#
tlrl-patc) were purchased from InvivoGen.
Pik-93 (Cat# S1489) and rapamycin (Cat# S1039)
were purchased from Selleck. Phenylarsine
Oxide (PAO) was purchased from Shanghai
Yuanye Bio-Technology (Cat# Y17991). Ionomy-
cin was purchased fromAbcam (Cat# ab120116).
Recombinant mouse IL-1 receptor antagonist
(IL-1RA; Cat# 769702) and IL-18 binding pro-
tein (IL-18BP; Cat#HY-P75841) were purchased
fromBioLegend andMedChemExpress, respec-
tively. Human Ub4 WT Chains (K48-linked),
HumanUb4WT Chains (K63-linked), andHu-
man Ub4 WT Chains (M1-linked) were pur-
chased from Boston Biochem (Cat# UC-210B,
UC-310B, and UC-710B, respectively).

Cell lines

HEK293T (ATCC, Cat# CRL-3216) and HeLa
(ATCC, Cat# CCL-2) cells were obtained from
the American Type Culture Collection (ATCC).
Immortalized murine bone marrow–derived
macrophages (iBMDMs) derived fromGsdmd–/–

mice on C57BL/6 genetic background were
kindly provided by F. Shao (National Institute
ofBiological Sciences, Beijing, China).HEK293T,
HeLa, and iBMDMswere cultured inDulbecco’s
modified Eagle’s medium (DMEM; Gibco) with
10% fetal bovine serum (FBS; Gemini Bio-
products). Cells were cultured at 37°C in a 5%
CO2 incubator.

Mice

WT (Gsdmd+/+) C57BL/6mice were purchased
from Beijing Vital River Laboratory Animal
Technology.Gsdmd-deficient (Gsdmd−/−)mice
on C57BL/6 genetic background were a kind
gift of F. Shao (National Institute of Biological
Sciences, Beijing, China). Gsdmd–/– mice were
bred with C57BL/6 mice to obtain Gsdmd+/–
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heterozygotes. Gsdmd–/–mice and littermate
controls obtained from heterozygote crosses
were used for all experiments. All mice were
housed in a specific pathogen–free (SPF) facil-
ity according to standard humane animal hus-
bandry protocols, which were approved by the
animal care and use committee of the Institute
ofMicrobiology (Chinese Academy of Sciences).

Prediction of Mtb-secreted eukaryotic-like proteins

The entire genome sequence and information
of Mtb H37Rv were obtained from National
Center for Biotechnology Information (NCBI;
RefSeq: NC_000962.3). Each corresponding
sequence of encoded proteins was downloaded
from UniProt database (https://www.uniprot.
org/proteomes/UP000001584/), and their har-
boring functional domains were predicted
with the SMART database (http://smart.embl-
heidelberg.de/). Each protein-encoding gene
was then functionally classified using the
PANTHER database (http://www.pantherdb.
org/). Mtb proteins that contain one or more
eukaryotic-like domains or motifs identified
from Effective DB (https://effectivedb.org/)
were considered as eukaryotic-like proteins.
The subcellular localization of each Mtb pro-
tein was annotated according to the published
articles (see data S1). Circos plot that depicts
Mtb genome featureswas generatedwithCircos
0.69-8 (http://www.circos.ca/soft-ware/) using
the information of Mtb H37Rv genome loca-
tion fromMycobrowser (https://mycobrowser.
epfl.ch/).

Screening for Mtb inhibitors of
inflammasome pathway

The full-length cDNAs of 201Mtb proteins were
amplified from Mtb H37Rv genomic DNA (see
data S3) and were cloned into the vector p3×
Flag-CMV-14 (Sigma-Aldrich). HEK293T cells in
24-well cluster plates were transfected with
pCS2-Myc-ASC (50 ng), pCS2-Flag-caspase-1
(50 ng), and pCS2-Myc-IL-1b (325 ng) in com-
bination with pCS2-Myc-AIM2 or pCS2-Flag-
NLRP3 (75 ng), and a Mtb protein expression
plasmid or the control empty plasmid (250 ng)
using Hieff Trans Liposomal Transfection Re-
agent (Yeasen). At 24 hours after transfection,
cell-free supernatants were collected, and IL-1b
concentrations were measured by ELISA. For
inflammasome reconstitution assay, cells were
collected and lysed for immunoblotting with
the indicated antibodies to analyze the expres-
sion of each transfected plasmid.

In vitro growth kinetics of Mtb strains

To determine the in vitro growth kinetics, Mtb
strains were inoculated intoMiddlebrook 7H9
broth supplemented with 10% OADC and
0.05% Tween-80 at OD600 of ~0.1 and cul-
tivated at 37°C. Growth of the cultures was
followed by measuring the light absorbance at
600 nm every 3 days.

Preparation of BMDMs
BMDMs were collected from tibiae and femurs
of 6-week-oldmalemice. After lysis of red blood
cells, BMDMs were cultured in DMEM supple-
mentedwith10%FBS, 1%penicillin-streptomycin
solution (Caisson) and murine macrophage
colony-stimulating factor (Pepro Tech) for 4 to
6 days. For each experimental design, at least
twoGsdmd–/–mice and littermate controlswere
chosen to prepare the BMDM cells for analysis.

Macrophage infection and colony-forming
unit counting

Formacrophage infection,Mtb inMiddle brook
7H9 medium (BD Biosciences) with 0.05%
Tween-80 and 10% OADC enrichment (BD
Biosciences) were grown to midlogarithmic
phase at OD600 of ~0.6. Macrophages were
seeded in six-well plates at a density of 5.0 ×
105 cells per well and precultured in DMEM
medium supplemented with 10% FBS for
12 hours before infection. Mtb were collected
and washed twice in 1× phosphate-buffered
saline (PBS) containing 0.05% Tween-80 and
were then pelleted and thoroughly resuspended
using DMEM medium with 0.05% Tween-80.
Macrophages were then infected with Mtb
strains at a multiplicity of infection (MOI) of
5 for 1 hour at 37°C to allow bacterial entry
into cells. Thereafter, the culture media were
discarded, and the cells were washed three
times with 1× PBS to exclude noninternal-
ized bacteria and were then incubated again
with the fresh medium. At each designated
time point, the cells and culture supernatants
were collected for different analyses. To mea-
sure Mtb survival in macrophages, cells were
lysed in 7H9 broth containing 0.05% SDS for
10 min. Bacterial colony-forming units (CFUs)
were determined by serial-dilution plating on
7H10 agar plates, and the percent survival of
Mtb was calculated by dividing the bacterial
CFUs at the designated time point by that at
time 0.

Cell transfection and retroviral transduction

Transient transfection of plasmid DNA in
HEK293T cells or HeLa cells was carried out
with Hieff Trans Liposomal Transfection Re-
agent (Yeasen) according to themanufacturer’s
instructions. To generate Gsdmd−/− iBMDMs
stably expressing hGSDMD, the gene encod-
ing hGSDMD was cloned into the retroviral
plasmid pMSCVpuro. 293T cells were cotrans-
fected with this retroviral construct and two
packagingplasmids, pCMV-VSV-GandpCL-Eco,
for 48 hours. The retroviral supernatant was
then collected and filtered through a 0.45-mm
filter and was used to transduce Gsdmd−/−

iBMDMs in the presence of 4 mg/ml polybrene
(Santa Cruz). Transduced cells were selected
using 1 mg/ml puromycin (InvivoGen), and the
expression of hGSDMDwas verified by immuno-
blotting with anti-GSDMD antibody. For ex-

pression of exogenous PtpB or Lyn11-FRB-GFP
and GFP-FKBP-PJ in macrophages, in vitro
transcribedmRNAs that encode these recon-
stituted proteinswere transfected into the cells,
asdescribedpreviously (42,43). Briefly, pCDNA6A
and pCDNA6A-PtpB vectors were used to
generate the linearized DNA templates for
transcription of the control and ptpBmRNAs,
respectively, with a forward primer containing
the T7 promotor sequence ahead of the start
codon anda reverse primer locateddownstream
of the stop codon; likewise, recombinant
pEGFP-N1-Lyn11-FRB and pEGFP-C1-FKBP-PJ
vectors were used to generate the DNA tem-
plates for Lyn11-FRB-GFP and GFP-FKBP-PJ,
respectively (see table S1 for primers). The
indicated mRNAs were then generated in vitro
using the HiScribe T7 ARCA mRNA Kit (New
England BioLabs, Cat# E2060), with incorpo-
ration of themodified nucleosides 5-methyl-CTP
and pseudo-UTP (APExBIO, Cat# B7972 and
B7967, respectively) to minimize the immuno-
genicity and enhance the stability (44). The
transcribed mRNA was then dephosphorylated
byAntarctic phosphatase (NewEnglandBioLabs,
Cat# M0289) to avoid recognition by the cyto-
plasmic RNA sensors inmacrophages (45, 46).
Finally, the transcribed mRNA was purified
using MEGAclear Transcription Clean-Up Kit
(Thermo Fisher Scientific, Cat# AM1908). The
purifiedmRNAwas then transfected intoBMDMs
cultured in 6-well plates (500 ng for a total of
2.5 × 105 cells per well) using jetMESSENGER
(Polyplus-transfection, Cat# 101000056) in ac-
cordance with the manufacturer’s instructions.
After transfection for 8 hours, the expression of
the indicated proteinswas verified by immuno-
blotting with anti-PtpB or anti-GFP antibodies
or was examined by confocal microscopy.

Immunoblotting analysis and immunoprecipitation

Cells were lysed in the Cell Lysis Buffer for
WesternandImmunoprecipitation (IP) (Beyotime)
or Radioimmunoprecipitation Assay (RIPA)
Lysis Buffer (Beyotime) supplemented with
1 mM phenylmethanesulfonyl fluoride (PMSF).
Proteinswere separated by SDS–polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred
to polyvinylidene difluoride membranes (Mil-
lipore). Themembranes were blocked with 5%
skimmed milk powder in tris-buffered saline
with 0.1% Tween-20 (TBST) for 1 hour at room
temperature (RT) and subsequently incubated
with primary antibodies overnight at 4°C. The
membranes were then incubated with goat
anti-mouse IgG or goat anti-rabbit IgG con-
jugated to horseradish peroxidase (HRP) for
1 hour at RT after three washes of 10 min
each with TBST. Finally, the membranes were
developed by ImmobilonWestern Chemilumi-
nescent HRP Substrate (Millipore) after three
washes with TBST and exposed to x-ray film.
For immunoprecipitation, cells were lysed

in a lysis buffer containing 50 mM Tris-HCl
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(pH 7.4), 150 mM NaCl, 1 mM ethylenediami-
netetraacetic acid (EDTA), 1% Triton X-100,
and 1% protease inhibitor cocktail (Bimake).
Cell lysates were incubated with Monoclonal
Anti-HA Agarose (Sigma-Aldrich) for immuno-
precipitation of HA-tagged protein in a vertical
rotator at 4°C for 4 hours. After five washes
with lysis buffer, the immunocomplexes bound
in affinity beads were analyzed by SDS-PAGE
and blotted with indicated antibodies.

Protein purification

E. coli BL21 (DE3) strain was used for bac-
terial expression of GST-fused Mtb PtpA and
PtpB and itsmutants (using pGEX-6P-1 vector),
and of His6-tagged NEDD8, ATG12, and Ub
and its mutant (using pET30a vector). The
bacterial strains were grown in LBmedium at
37°C until OD600 = 0.6. For GST-PtpB, GST-PtpA,
His6-Ub, and their mutants, isopropyl-b-D-
thiogalactopyranoside (IPTG) was subsequent-
ly added to a final concentration of 400 mM,
and cultures were shaken for further growing
at 16°C for 16 hours. For His6-tagged NEDD8
and ATG12, IPTGwas used at 600 mM, and the
cultures were shaken at 37°C for 4 hours.
Cells were then harvested by centrifugation
at 6,500g for 10min and suspended in a buffer
containing 20 mM Tris-HCl (pH 7.5) and
150 mMNaCl for cell-breakingwith usingLow-
temperature Ultra-high Pressure Continuous
Flow Cell Disrupters (JNBIO) or an Ultrasonic
Homogenizer (Scientz Biotechnology). Gluta-
thione Sepharose 4B (GE Healthcare) and
Nickel Nitrilotriacetic Acid Agarose (Qiagen)
were used, respectively, for purification of
GST-fused proteins or His6-tagged proteins
bymeans of affinity chromatography, followed
by size exclusion chromatography on a Superose
6 Increase 10/300 GL column (GE Healthcare).

In vitro precipitation assay

For the precipitation assay, 10 mg of GST or
GST-protein fusions were immobilized onto
20 ml of Glutathione Sepharose 4B resins in
1 ml binding buffer (50 mM Tris, pH 7.5,
150 mM NaCl, 5 mM dithiothreitol, and 0.1%
NP-40) supplemented with 1% protease in-
hibitor cocktail for 1 hour at 4°C. The resins
were then washed three times with binding
buffer and incubated with 10 mg of purified
His6-Ub, His6-Ub (I44A), K48-linked poly-Ub
(Ub4), K63-linked poly-Ub (Ub4), or M1-linked
poly-Ub (Ub4) in 1 ml binding buffer supple-
mented with 0.1 mg/ml bovine serum albu-
min (BSA). For analysis of the interactions
between PtpB and Ub-like proteins (includ-
ing NEDD8, FAT10, ISG15, SUMO1, UFM1,
ATG12, ATG8, and URM1), GST-PtpB and His6-
tagged Ub (as control) or Ub-like proteins
were used at 0.3 and 0.6 mM, respectively. Ex-
cept that NEDD8 and ATG12 were expressed
and purified from E. coli (as described above),
His6-tagged recombinant Ub-like proteins in-

cluding human FAT10 (Cat# ab113594), ISG15
(Cat# ab268685), SUMO1 (Cat# ab140417), UFM1
(Cat# ab104461), and URM1 (Cat# ab105598)
were purchased from Abcam, and ATG8 (Cat#
14549-H07E) was purchased from Sino Bio-
logical. After 4 hours of incubation at 4°C,
beads were extensively washed, and the bound
protein complexes were subjected to SDS-
PAGE and blotted with indicated antibodies.

Immunofluorescence microscopy

Alexa Fluor (488, 594, or 350) succinimidyl
esters (Invitrogen) were used for Mtb staining
before infection, as described previously (47).
HeLa cells or macrophages were seeded on
poly-lysine–coated coverslips and transfected
or infected, as described above. For cell mem-
brane staining, cells were gently washed with
Hank’s balanced salt solution (HBSS; Beyo-
time), and 50 mg/ml CF350-conjugated wheat
germ agglutinin (Biotium) was applied to the
cells on ice for 5 min in HBSS. Cells were then
washed three times in HBSS and fixed in 4%
paraformaldehyde (PFA) for 15 min at RT.
Thereafter, cells were washed in 1× PBS and
permeabilized with 0.5% Triton X-100 for
5 min. After three washes, the cells were
blockedwith 2%BSA for 30min, subsequently
incubated in indicated primary antibodies
(anti-ASC: 1:400; anti-Flag: 1:400; anti-PtpA:
1:200; anti-PtpB: 1:800) diluted in 2% BSA
for 1 hour. Cells were then washed in 1× PBS
again and incubated with Alexa Fluor 594 or
fluorescein isothiocyanate (FITC)–labeled sec-
ondary antibody (1:200; ZSGB-BIO) for an-
other hour. After successive washing with 1×
PBS and deionized water, the coverslips were
mounted onto glass slides using 4′,6-diamidino-
2-phenylindole (DAPI) Staining Solution (Beyo-
time). Confocal imageswere takenwithOlympus
FV1000 confocal microscope and analyzed by
FV10-ASW 4.2 (Olympus; https://www.olympus-
global.com/).
For live-cell imaging, cells were plated in

20-mmglass-bottomdishes (NEST),whichwere
placed in a humidified chamber supplemented
with 5% CO2 at 37°C during imaging. Images
were acquired on an Olympus FV3000RS con-
focal laser scanningmicroscope equippedwith
a 60× silicone oil objective and were analyzed
by FV31S-SW 2.3.1.163 (Olympus; https://www.
olympus-global.com/).

Proximity ligation in situ assay

Proximity ligation assay (PLA) was performed
using Duolink In Situ Detection Reagents Red
(Sigma-Aldrich, Cat# DUO92008) according to
Duolink PLA Fluorescence Protocol provided
by the manufacturers. Briefly, ~1 × 105 BMDM
cells were seeded on poly-lysine–coated cover-
slips andwere infectedwith the indicatedMtb
strains stained with Alexa Fluor 488 succini-
midyl esters at a MOI of 5 for 24 hours. Cells
were then washed, fixed, and permeabilized,

as described above, and blocked with Duolink
Blocking Solution for 1 hour at 37°C. There-
after, cells were incubated with mouse anti-
mCaspase-1 antibody (diluted at 1:400) and
rabbit anti-mASC (diluted at 1:400) or anti-
Mtb (diluted at 1:800) antibody, in the Duolink
Antibody Diluent for 1 hour at 37°C. For con-
trols that determine the specificity of PLA, the
anti-mCaspase-1 antibody was replaced by
Mouse IgG1 Isotype Control (AdipoGen; Cat#
AG-35B-0003PF), or the anti-mASC or anti-
Mtb antibody was replaced by Normal Rabbit
IgG (Cell Signaling Technology, Cat# 2729).
After two washes, cells were further incubated
with Duolink In Situ PLA probes (Anti-Mouse
PLUS and Anti-Rabbit MINUS; Sigma-Aldrich,
Cat# DUO92001 and DUO92005, respectively)
diluted at 1:5 in the Duolink Antibody Diluent
for another 1 hour at 37°C, allowing hybrid-
ization of PLA probes only if they were in close
proximity (<40 nm). After two washes, cells
were then incubated with a DNA ligase di-
luted at 1:50 in the Ligation Buffer for 30 min
at 37°C. Next, cells were washed twice and in-
cubated with a DNA polymerase at a 1:80 dilu-
tion in the Amplification Buffer for 90 min at
37°C. Finally, the coverslips were mounted
onto glass slides using Duolink PLA Mounting
Mediumwith DAPI and were subjected to con-
focal microscopy.

Plasma membrane and internal
membrane staining

Immunocytochemistry for detection of PM
PI4P and GSDMD-N was performed as previ-
ously described in detail (19). Briefly, cells were
plated on poly-lysine–coated coverslips (for
microscopy analysis) or collected in a 1.5-ml
Eppendorf tube (for flow cytometer) and were
fixed by 1× PBS containing 4% formaldehyde
(FA) and 0.2% glutaraldehyde for 15 min at RT.
After rinsing three timeswith 1× PBS containing
50mMNH4Cl, cellswere chilled on ice for 5min.
Cells were then blocked and permeabilized
with a piperazine-N,N′-bis(2-ethanesulfonic
acid) (PIPES)–buffered saline (20 mM PIPES,
pH 6.8, 137 mM NaCl, 2.7 mM KCl, 50 mM
NH4Cl) containing 5%normal goat serum (NGS;
Yeasen) and 0.5% saponin (Sigma-Aldrich) on
ice for 45 min. Primary antibodies (anti-PI4P:
1:200; anti-GSDMD-N: 1:100) were applied in
PIPES-buffered saline with 5% NGS and 0.1%
saponin on ice for 1 hour. Cells were then
washed thrice in PIPES-buffered saline fol-
lowed by incubation with Alexa Fluor 594
secondary antibody (1:200; ZSGB-BIO) inPIPES-
buffered saline containing 5% NGS and 0.1%
saponin on ice for 45 min. Cells were then
rinsed four times with PIPES-buffered saline
andwere postfixed for 10min on ice and 5min
at RT with 2% FA in 1× PBS. Thereafter, cells
werewashed thrice in 1× PBS containing 50mM
NH4Cl and rinsed once in distilled water. Cells
were then stained with DAPI for microscopy
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analysis, as described above, or were resus-
pended in 1× PBS for flow cytometer analysis
on a Fortessa flow cytometer (BD Biosciences).
For IMPI4P staining, all stepswere performed
at RT, and a similar protocol was used, except
that cells were fixed with 2% FA, and saponin
was omitted, with the cells instead permeabi-
lized with 20 mM digitonin (Abcam) for 5 min
before staining (19).

Quantitative image analysis

For measurement of PM localization of PtpA
or PtpB, the colocalizations of WGAwith PtpA
or PtpB were measured with FV10-ASW 4.0
(Olympus). Briefly, a line was drawn along the
boundary of the cell to fully surround the cell.
Then, the integrated intensity of each channel
of interest and the Pearson’s correlation co-
efficient between the channels of interest were
determined. The fluorescence intensity of each
fluorescent protein or lipid of interest was de-
termined using the drawing/selection tool with
the same software. Data are shown as mean ±
SEM of at least four biological replicates, and
∼100 cells were examined for each biological
replicate. Results are representative of at least
three independent experiments.

Intracellular potassium measurement

BMDMcells were seeded on poly-lysine–coated
coverslips and infected with or without Mtb
strains at a MOI of 5. At 48 hours after in-
fection, medium was replaced with FBS-free
DMEM containing 10 mM of Enhanced Potas-
sium Green-2 (EPG-2) AM (Shanghai Maokang
Biotechnology), which is a potassium-specific
probe, and 0.5% (w/v) pluronic acid F-127,
which aids in efficient permeation of EPG-2
AM into the cells. After 1 hour of incubation
at 37°C, cells were extensively washed with
1× PBS followed by immunofluorescencemicros-
copy analysis using anti-Mtb antibody. For
fluorescence measurement, BMDM cells were
plated in 96-well clear bottomblack plates and
were infected with Mtb strains as described
above. After incubation with EPG-2 AM, the
fluorescencewas determinedwith a Cytation 5
Plate Reader (BioTek, USA).

Cell membrane integrity assay

BMDMcells were seeded on poly-lysine–coated
coverslips and infected with or without Mtb
strains pre-stained with Alexa Fluor 488 suc-
cinimidyl ester at aMOI of 5. At 48 hours after
infection, 15 mM of propidium iodide (PI;
Beyotime) was added to the medium for mo-
nitoring cell membrane integrity. After 20min
of incubation at 37°C, cells were washed with
1× PBS thrice followed by immunofluorescence
microscopy analysis as described above. Ap-
proximately 100 cells were examined for quan-
titative analysis of PI-positive cells, and results
are represented as mean ± SEM from four in-
dependent experiments.

Cell fractionation assay
For separation of the cytosol and PM fractions
of BMDMs, cells were seeded in 10-cm plates
and infected with indicated Mtb strains for
48 hours as described above. Approximately
2 × 107 cells were then harvested for separa-
tion of total cellular components into different
fractions with Minute Plasma Membrane Pro-
tein Isolation andCell FractionationKit (Invent
Biotechnologies) according to the manufac-
turers’ instructions. Finally, the cytosol and
PM fractions were collected, and ~100 mg cyto-
solic and PM proteins were separately dis-
solved in 100 ml SDS sample buffer for analysis
by SDS-PAGE and blotted with indicated
antibodies.
For separation of the bacterial and macro-

phage cytosolic fractions of Mtb-infected
BMDMs, cells were lysed in hypotonic lysis
buffer (containing 10 mM HEPES, pH 7.9,
1.5 mM MgCl2, 10 mM KCl, 0.34 M sucrose,
10% glycerol, 0.1% Triton X-100, and 1%
protease inhibitor cocktail) as described pre-
viously (5). The lysis mixture was then cen-
trifuged at 4°C, 1300g for 10 min to pellet the
bacteria with macrophage nuclei. The super-
natant was collected as the cytosolic fraction
of macrophages. The bacteria (with macro-
phage nuclei) and macrophage cytosolic frac-
tion were dissolved in SDS sample buffer for
analysis by SDS-PAGE and blotted with indi-
cated antibodies.

Enzyme-linked immunosorbent assay and cell
cytotoxicity analysis

Cell culture media, mouse bronchoalveolar
lavage fluid (BALF), or cell-free supernatants
frommouse lung homogenates were collected
for quantitative detection of cytokines includ-
ing IL-1b, IL-18, TNF-a, IL-6, IL-12 (p40), IL-10,
or IFN-g with commercial ELISA kits accord-
ing to themanufacturers’ instructions.Human
and mouse IL-1b ELISA kits and mouse IL-18,
TNF-a, IL-6, IL-12 (p40), and IL-10 ELISA kits
were purchased from RayBiotech, and mouse
IFN-g ELISA kit was purchased from Cloud-
Clone Corp.

Quantitative analysis of
cellular phosphoinositides

To determine the concentrations of PM- and IM-
derived PI4P and PI(4,5)P2 from BMDMs, ∼2 ×
107 cells were collected for cell fractionation to
obtain the PM and IM fractions using Minute
PlasmaMembrane Protein Isolation and Cell
Fractionation Kit (Invent Biotechnologies). The
separated membrane fractions were then re-
suspended in ice-cold 0.5 M trichloroacetic
acid (TCA) in conical glass centrifuge tubes
(Kimble) and incubated on ice for 5 min, fol-
lowed by centrifugation at 1500g for 7 min at
4°C. The pellet was then washed two times
with 5% TCA containing 1 mM EDTA at RT
and was resuspended in MeOH:CHCl3 (2:1)

with 10-min vortex to extract neutral lipids
(twice). The supernatant (containing neutral
lipids) was discarded after centrifugation at
1500g for 5 min at RT, and the pellet was re-
suspended in 750 ml MeOH:CHCl3:HCl (80:40:1)
with 25-min vortex to extract acidic lipids. The
supernatant (containing acidic lipids) was
then collected after centrifugation at 1500g
for 5 min at RT and was mixed with 250 ml
of CHCl3 and 450 ml of 0.1 M HCl. After 30-s
vortex, the mixture was centrifuged at 1500g
for 5 min at RT, and the organic (lower) phase
was collected into the screw-cap glass vials
(Thermo Fisher Scientific) and was dried in a
vacuum dryer. The dried lipid abstracts were
stored at −80°C until use, or immediately re-
constituted in relevant detecting buffer with
sonication for 10min at RT using a water bath
sonicator, and were then subjected to quanti-
tative detection of PI4P and PI(4,5)P2 using
PI4P and PI(4,5)P2 Mass ELISA Assay Kits
(Echelon Biosciences), respectively, according
to the manufacturers’ instructions.

Quantitative PCR analysis

Mtb-infected macrophages or mouse lung
homogenates were used for total RNA ex-
traction with RNeasy Plus Mini Kit according
the manufacturers’ instructions (Qiagen). The
reverse transcription of RNAwas accomplished
by using a 1st Strand cDNA Synthesis Kit
(Yeasen) and performed to quantitative PCR
(qPCR) analysis with Hieff qPCR SYBR Green
Master Mix (Yeasen) on ABI 7500 system (Ap-
plied Biosystems). Quantitative expression of
targeted gene was normalized to Gapdh. All
qPCR primers are listed in table S1.

Protein-liposome binding assay

Liposomes were prepared as previously de-
scribed (10). Briefly, phosphatidylcholine (PC;
Avanti Polar Lipids, Cat# 850457), phosphati-
dylinositol (Avanti Polar Lipids, Cat# 850149),
PI4P (Avanti Polar Lipids, Cat# 840045), and
PI(4,5)P2 (Avanti Polar Lipids, Cat# 850155)
were dissolved in MeOH:CHCl3 (20:9). There-
after, 0.4 mmol of PC was mixed with 0.1 mmol
of phosphatidylinositol, PI4P, or PI(4,5)P2 in
the screw-cap glass vials (Thermo Fisher Scien-
tific), and the mixture was dried in a vacuum
dryer. The dried lipids were then reconstituted
in 500 ml binding buffer (20mMHEPES, pH 7.5
and 150 mMNaCl). Liposomes were produced
by extrusion of the hydrated lipids through a
0.1-mm polycarbonate filter 35 times using the
Mini-Extruder device (Avanti Polar Lipids). For
liposome-binding assay, purified GST-fused
PtpB or its mutants (0.5 mM) were incubated
with the indicated liposomes (containing
0.5 mM lipids) at RT for 1 hour in a total vol-
ume of 100ml. The mixtures were then centri-
fuged at 100,000g for 20 min at 4°C in a
BeckmanOptimaMAX-XP ultracentrifuge. The
liposome-free supernatant was collected, and
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the liposome pellets were further washed twice
with 100 ml binding buffer by re-centrifugation
before collection. The supernatant and pellet
fractions were then analyzed by SDS-PAGE
and blotted using anti-GST antibody.

Protein-lipid binding assay

GST or GST-fused PtpB proteins were spotted
onPIP strips ormembrane lipid strips (Echelon
Biosciences) according to the manufacturer’s
instructions. Briefly, lipid strips were blocked
with 1× PBS containing 0.1% Tween-20 (PBST)
and 3% fatty acid–free bovine serum albumin
(BSA; Biotopped) for 1 hour at RT. The strips
were then incubated with 2 mg/ml protein di-
luted in PBST buffer containing 3% BSA for
1 hour at RT, followed by three washes with
PBST buffer. Membrane-bound proteins were
detected by incubating the lipid strips with
anti-GST-tag HRP-DirecT antibody (MBL In-
ternational) diluted 1: 2000 in PBST buffer con-
taining 3%BSA for 1 hour at RT. After washing
three times with PBST buffer, proteins were
visualized using Immobilon Western Chemi-
luminescent HRP Substrate (Millipore) and
exposed to x-ray film.

Intracellular delivery of phosphoinositides

Shuttle PIP Kits purchased from Echelon Bio-
sciences were used for intracellular delivery of
phosphoinositides according to their protocols.
In brief, 2 × 105 BMDM cells were cultured in
500 ml DMEM with 10% FBS in 24-well plates
and infected with or without Mtb strains for
1 hour as described above. Phosphoinositides
and polyamine carriers were reconstituted
in DMEM and combined with a ratio of 1:1
(100 mM final concentration each) for 10 min
at RT. Then the mixtures were diluted with
DMEM and were used for incubation of cells
for 4 hours at 37°C. The final phosphoinositide
and carrier concentrations on cells were both
10 mM. For the negative control, cells were
treated with carriers only according to this
procedure. After treatment, the culture media
were discarded, and the cells were incubated
again with the fresh medium. At 24 hours
after infection, the cells and supernatants
were collected for CFU counting, cell cyto-
toxicity assay, or ELISA. The exogenous phos-
phoinositide uptake efficiency of cells was
verified by flow cytometer analysis on FACS
Calibur (BD Biosciences) using fluorescent
phosphoinositides labeled with the green
fluorophore BODIPY-FL (Echelon Biosciences)
for intracellular delivery according to the same
protocol.

Phosphatase activity assay and
kinetic determination

Malachite Green Phosphate Detection Kit (Cell
Signaling Technology) was used for quanti-
tation of free phosphate during the dephos-
phorylation of phosphoinositide according to

the manufacturer’s protocol. The PI4P phos-
phatase activity assay was carried out using
a 50 ml reaction mixture containing reaction
buffer (20 mM Tris-Base, pH 7.4, 150 mM
NaCl and 1 mM EDTA), 80 mM of diC16-PI4P
(Echelon Biosciences), and various concentra-
tions (0.01 to 2 mM) of purified proteins (GST,
GST-fused PtpB or PtpB mutants). The re-
action mixtures were incubated at 37°C for
15 min before the addition of 50 ml of Mala-
chite Green Reagent. After further incubation
for 30 min at RT, the absorbance was mea-
sured at 630 nm on a spectrophotometer. Con-
trol reactions containing no proteins were
included to measure the background level of
phosphate. The concentration of released in-
organic phosphate was determined using a
phosphate standard curve created with Phos-
phate Standard. For kinetic analysis, the initial
dephosphorylation rate (V0) of each phosphoi-
nositide catalyzed by PtpB or its mutants
(0.5 mM each) was determined from reactions
with various concentrations (0 to 200 mM) of
PI3P, PI4P, PI5P, PI(3,4)P2, PI(3,5)P2, PI(4,5)
P2, and PI(3,4,5)P3 (Echelon Biosciences) in
the presence or absence of His6-Ub (0.5 mM)
according to the same procedure. Similarly,
the V0 of protein substrates catalyzed by PtpB
or its mutants (0.5 mM each) was determined
using 0 to 1000 mM of phosphotyrosine
peptides, pTyr-EGFR and pTyr-IGF1R. The
Lineweaver-Burk plots were used to determine
the Michaelis-Menten kinetic parameters (kcat
and Km).

Mouse infection

For in vivoMtbH37Rv infection, 6- to 8-weeks-
old female mice were infected via the aerosol
route using an inhalation exposure system
(Glas-Col Inc.) as previously described (48).
Briefly, log-phase Mtb cultures were washed
twice with 1× PBS and were sonicated to gen-
erate single cell suspension. Bacteria were
then resuspended in 10 ml 1× PBS at an
OD600 of 0.1, and 5 ml of this inoculum was
loaded into the inhalation exposure nebu-
lizer. The aerosol unit was programmed to de-
liver ~100 CFUs per animal, as determined by
plating whole lung homogenates from five
mice on Middlebrook 7H10 agar for CFU
counting within 24 hours of infection. At
each designated time point, lungs were homo-
genized with a FastPrep-24 System (MP Bio-
medicals) for ELISA, qPCR analysis, or CFU
counting or subjected to section along with
livers for further analysis. BALF was obtained
by washing the lung airways with 1 ml 1× PBS
per mouse according to a previously detailed
protocol (49), and after centrifugation, the
cell-free supernatants were assayed by ELISA.
All animal studies were approved by the Bio-
medical Research Ethics Committee of Insti-
tute of Microbiology (Chinese Academy of
Sciences).

Histopathology and tissue immunofluorescence
Lungs or livers from Mtb-infected or control
mice were fixed by inflating the tissues with
4% formaldehyde, sectioned, and stained with
hematoxylin and eosin or by the Ziehl-Neelsen
method to visualize acid-fast mycobacteria.
Slides containing histological sections were
scanned with Aperio CS2 (Leica Biosystems),
and quantitation of the inflammation area in
each tissue sectionwas performedusing ImageJ
1.50e with an IHC Toolbox plugin (National
Institutes of Health; https://imagej.nih.gov/ij/).
For lung immunofluorescence analysis, Mtb
was detected using anti-Mtb antibody (1:200)
with a Two-step IHC Detection Kit (ZSGB-
BIO), followed by amplification with tyramide
(1:200) using Opal 570 Reagent Pack (AKOYA)
according to the manufacturer’s instructions.
Slides were then rinsed three times with 1× PBS
andwere subjected to TUNEL assay usingOne-
step TUNEL Assay Kit (KeyGEN BioTECH)
according to the manufacturer’s protocol.
DAPI Staining Solution (Beyotime) was used
to visualize the nuclei and tomount the slides.
Slides were scanned using Aperio Versa 200
(Leica Biosystems) and quantitation of the
TUNEL+ cells in each lung section was per-
formed using Imaris 9.6 (Bitplane; https://
imaris.oxinst.com/).

Structure analysis

The structure information of PtpB andUbwas
retrieved from Protein Data Bank (PDB IDs
1YWF and 1UBQ, respectively; https://www.
rcsb.org/). Multiple sequence alignments were
performed usingMUSCLE (50). The secondary
structure of PtpB 3E mutant was predicted using
theSOPMAalgorithm(https://npsa-prabi.ibcp.fr/)
or AlphaFold2 (https://github.com/deepmind/
alphafold) (51, 52). All structural figures were
generated in PyMOL (http://www.pymol.org).

Statistics

Two-way analysis of variance (ANOVA) was
used for analysis of experiments with multiple
groups and multiple independent variables,
and one-way ANOVA was used for analysis of
multiple groups with a single independent
variable. The Tukey and Dunnett tests were
used as follow-up tests to the ANOVAs, where
the Tukey test was used to compare every
mean with every othermean, and the Dunnett
test was used when comparing every mean to
a control mean. Unpaired two-tailed Student’s
t tests were used for single comparison of two
groups. The quantified data with statistical
analysis were performed using GraphPad
Prism 8.0 (https://www.graphpad.com/). P >
0.05, not significant (ns); *P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001. Data are shown
as mean ± SEM of at least three biological
replicates, and results are representative of at
least three independent experiments unless
otherwise designated in figure legends.
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A bacterial phospholipid phosphatase inhibits host pyroptosis by hijacking
ubiquitin
Qiyao ChaiShanshan YuYanzhao ZhongZhe LuChanggen QiuYang YuXinwen ZhangYong ZhangZehui LeiLihua
QiangBing-Xi LiYu PangXiao-Bo QiuJing WangCui Hua Liu

Science, 378 (6616), eabq0132. • DOI: 10.1126/science.abq0132

How a pathogen inhibits pyroptosis
Pyroptosis is a proinflammatory form of programmed cell death adopted by mammalian hosts to control infections, but
how pathogens evade this immune response remains largely unexplored. Chai et al. found that PtpB, a known protein
phosphatase secreted by Mycobacterium tuberculosis, acts as a phospholipid phosphatase that dephosphorylates host
plasma membrane phosphoinositides upon activation by ubiquitin to inhibit pyroptosis. These findings reveal a delicate
strategy by which pathogens suppress pyroptosis by altering host membrane composition, and provide a potential
tuberculosis treatment by targeting the PtpB-ubiquitin interacting interface. —SMH
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