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Pathogenic Yersinia species utilize a type III secretion system to translocate Yop effectors into infected host cells. Yop effectors
inhibit innate immune responses in infected macrophages to promote Yersinia pathogenesis. In turn, Yersinia-infected macro-
phages respond to translocation of Yops by activating caspase-1, but different mechanisms of caspase-1 activation occur, de-
pending on the bacterial genotype and the state of phagocyte activation. In macrophages activated with lipopolysaccharide (LPS)
prior to Yersinia pseudotuberculosis infection, caspase-1 is activated by a rapid inflammasome-dependent mechanism that is
inhibited by translocated YopM. The possibility that other effectors cooperate with YopM to inhibit caspase-1 activation in LPS-
activated macrophages has not been investigated. Toward this aim, epistasis analysis was carried out in which the phenotype of a
Y. pseudotuberculosis yopM mutant was compared to that of a yopJ yopM, yopE yopM, yopH yopM, yopT yopM, or ypkA yopM
mutant. Activation of caspase-1 was measured by cleavage of the enzyme, release of interleukin-1� (IL-1�), and pyroptosis in
LPS-activated macrophages infected with wild-type or mutant Y. pseudotuberculosis strains. Results show enhanced activation
of caspase-1 after infection with the yopJ yopM mutant relative to infection by any other single or double mutant. Similar results
were obtained with the yopJ, yopM, and yopJ yopM mutants of Yersinia pestis. Following intravenous infection of mice, the Y.
pseudotuberculosis yopJ mutant was as virulent as the wild type, while the yopJ yopM mutant was significantly more attenuated
than the yopM mutant. In summary, through epistasis analysis this work uncovered an important role for YopJ in inhibiting
caspase-1 in activated macrophages and in promoting Yersinia virulence.

Being the first line of defense against invading pathogens, the
innate immune system has evolved to respond to general pat-

terns of infection, termed pathogen-associated molecular patterns
(PAMPs), via pattern recognition receptors (PRRs) (1, 2). Toll-
like receptors (TLRs), acting as PRRs, detect distinct PAMPs from
invading bacteria, such as flagellin (TLR5) and lipopolysaccharide
(LPS; TLR4). Upon PAMP recognition, TLRs activate mitogen-
activated protein kinase (MAPK) and nuclear factor-�B (NF-�B)
pathways, which direct production of host-protective factors such
as proinflammatory cytokines (3, 4). Bacterial pathogens produce
virulence factors that inhibit PRR-directed innate immune re-
sponses in order to promote infection (5, 6). For example, numer-
ous Gram-negative bacterial pathogens encode type III secretion
systems (T3SSs) that are used to counteract host innate immune
responses (7). During bacterium-host cell contact, T3SSs are ac-
tivated and translocate effectors across the plasma membrane and
into the eukaryotic cytosol. Translocated effectors inhibit innate
immune responses and promote pathogenesis (7, 8). In order to
counteract infection by virulent pathogens, host cells can sense
perturbations caused by T3SSs and/or effectors and produce
heightened innate immune responses (9, 10).

Disruptions induced by T3SSs and/or effectors in macro-
phages infected with bacterial pathogens commonly result in the
activation of caspase-1 (11–14). Active caspase-1 promotes mat-
uration and secretion of cytokines such as interleukin-1� (IL-1�)
and IL-18, which are produced as inactive precursors. Caspase-1 is
also produced as a proenzyme, and its activation typically occurs
in an inflammasome, a multioligomeric complex that serves as a
molecular platform for the recruitment and auto-proteolytic
cleavage of procaspase-1 (11–13, 15). Active caspase-1 also in-

duces lysosome exocytosis and a form of inflammatory cell death,
termed pyroptosis, which is characterized by osmotic swelling of
the macrophage and subsequent rupture of the plasma mem-
brane, resulting in the release of proinflammatory molecules (16).
Several inflammasomes have been identified, and all but one (that
formed by AIM2) contain proteins that are part of the nucleotide-
binding domain leucine-rich repeat (NLR) family. These NLRs
serve as cytosolic PRRs and are activated upon recognition of cy-
tosolic PAMPs or danger signals (2, 11, 15). For some NLRs, such
as NLRP3, the adaptor protein apoptosis-associated speck-like
protein containing a caspase recruitment domain (ASC) mediates
inflammasome assembly by interacting with capase-1 and the
NLR (11, 13, 15). Complexes of NLRs and ASC form large struc-
tures in macrophages that can be detected as foci by microscopic
techniques (17–19). In cases where inflammasome assembly is
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triggered in a T3SS-dependent manner upon infection of macro-
phages with pathogens, specific PAMPs identified to activate
caspase-1 upon contaminating the cytosol include ectopically
translocated flagellin, rod proteins, needle proteins, and translo-
cated effector proteins (2, 11–13, 15). The NLRP3 inflammasome
requires an initial priming signal (also referred to as signal 1),
which can be achieved through TLR signaling, and induces ex-
pression of NLRP3 and pro-IL-1� via the MAPK and NF-�B path-
ways (2, 11, 15). This was originally thought to be the purpose of
priming; however, recent studies have shown that new protein
synthesis and upregulation of NLRP3 are not essential for subse-
quent NLRP3 inflammasome activation (20, 21). Cytosolic
PAMPs or other perturbations and danger signals serve as a sec-
ond signal (signal 2) for activation of the NLRP3 inflammasome
(2, 11–13, 15).

A T3SS that is essential for virulence in pathogenic Yersinia
species (Yersinia pestis, Yersinia pseudotuberculosis, and Yersinia
enterocolitica) functions to counteract phagocytosis, inhibit cyto-
kine production, and induce cell death in infected macrophages
(22–25). This system secretes multiple proteins, including YopB
and YopD, which insert into the plasma membrane and are
thought to create a conduit called a translocon for delivery of the
Yop effectors. Seven Yop effectors that are translocated into host
cells have been characterized to date (22, 25–28). The translocon
and several of the effectors, including YopJ, YopK, and YopM,
have been implicated in activating or inhibiting caspase-1 in mac-
rophages infected with Yersinia (29–37). However, different
mechanisms of caspase-1 activation or inhibition occur in Yersin-
ia-infected macrophages, depending on the activation state of the
phagocyte (38) and other conditions of the interaction (23).

During infection of naive murine macrophages, YopJ induces a
proinflammatory mode of cell death that is associated with de-
layed caspase-1 activation. YopJ inhibits activation of MAPKs (ex-
tracellular signal-regulated kinase 1 and 2 [ERK1/2], Jun N-ter-
minal protein kinase [JNK], and p38) and NF-�B via acetylation
of serine and threonine residues on MAPK kinases (MAPKKs)
and IKK�, respectively (35, 39–42). TAK1, a MAPK kinase kinase,
has also been identified as a target of YopJ acetyltransferase activ-
ity (35, 41). Blockage of MAPKs and of NF-�B activation by YopJ
prevents production of cytokines and survival factors in macro-
phages, resulting in the induction of a cell-extrinsic, TLR4-depen-
dent mechanism of cell death (24, 43). Caspase-8 is required for
processing and activation of caspase-1 during YopJ-induced cell
death in Yersinia-infected macrophages (44, 45). This mechanism
of caspase-1 activation is independent of known inflammasome
components.

There are several amino acid substitutions between YopJ iso-
forms from different Yersinia backgrounds, and these variations
have been linked to different levels of YopJ-dependent cytotoxic-
ity and caspase-1 activation in naive macrophages infected with
Yersinia (34, 37, 46, 47). For instance, the isoform of YopJ in Y.
pestis KIM (molecular group 2.MED; YopJKIM) has a Leu at resi-
due 177 and a Glu at residue 206, while the YopJ isoform in Y.
pestis CO92 (molecular group ORI.1; YopJCO92) contains a Phe at
position 177 and a Lys at position 206 (34). YopJKIM exhibits high
cytotoxicity and causes high caspase-1 cleavage, as opposed to
YopJCO92, which has low cytotoxicity and induces no measurable
caspase-1 cleavage in naive macrophages (34). The YopJ isoform
from Y. pseudotuberculosis (YopJYPTB), which causes intermediate
cytotoxicity and caspase-1 cleavage, contains a Phe at residue 177

and a Glu at residue 206 (34). The increased activity of YopJKIM is
associated with an apparent higher affinity than that of YopJCO92

for IKK�, and YopJKIM inhibits IkB� and MAPK phosphorylation
more efficiently than YopJCO92 (34).

Priming macrophages with LPS before Yersinia infection ren-
ders them resistant to YopJ-induced cell death and redirects them
to undergo a rapid caspase-1-dependent pyroptotic cell death
(38). This rapid inflammasome-dependent caspase-1 activation
mechanism requires insertion of the translocon into the plasma
membrane of Yersinia-infected macrophages (30, 31, 33, 36, 38).
Caspase-1 activation occurs with increased kinetics in LPS-
primed macrophages infected with either a yopK or yopM mutant,
indicating that either effector is important for counteracting in-
flammasome assembly (31, 33, 36). YopK and YopM inhibit
caspase-1 activation by distinct mechanisms. YopK regulates the
rate and fidelity of translocation (48) to prevent inappropriate
hyperinjection of substrates. Zwack and colleagues recently
showed that hyperinjection of YopD and YopB is important for
activation of caspase-1 in macrophages infected with a Y. pseudo-
tuberculosis yopK mutant (30). YopM appears to inhibit a final
step in inflammasome assembly by preventing procaspase-1 from
localizing to ASC foci, or preinflammasomes, and by inhibiting
caspase-1 activation (36).

YopM contains a central domain comprised of leucine-rich
repeats (LRRs) (49). The LRRs vary in number and sequence
among distinct YopM isoforms encoded by different Yersinia
strains (31). In some YopM isoforms the LRRs have been shown to
be important for inhibition of caspase-1 activation (31, 36). The
15-LRR isoform in Y. pseudotuberculosis YPIII (YopMYPIII) con-
tains a YLTD sequence in LRR 10 that binds to caspase-1 and acts
as a pseudosubstrate inhibitor (36). However, a 15-LRR isoform
from Y. pestis KIM (YopMKIM) in which the YLTD sequence was
inactivated retained the ability to inhibit activation of caspase-1
(31). In addition, a YopM isoform in Y. pseudotuberculosis 32777
that naturally lacks the YLTD sequence (YopM32777) inhibits ac-
tivation of caspase-1 (31). These data suggest that all YopM iso-
forms can inhibit activation of caspase-1, likely by preventing the
proform of the enzyme from localizing to preinflammasomes, and
additionally, certain isoforms, e.g., YopMYPIII, exhibit an addi-
tional pseudosubstrate inhibitor function.

In addition to an LRR domain, all YopM isoforms contain a
conserved C-terminal tail, which binds to ribosomal S6 protein
kinase 1 (RSK1) (50–52). The YopM C-terminal tail is required
for Yersinia virulence (51, 52) and inhibition of caspase-1 activa-
tion (31). Binding of YopM to RSK1 induces activation of its ki-
nase activity (50, 53). Activation of RSK1 occurs independently of
the upstream kinases ERK1/2 and is sustained because dephos-
phorylation of RSK1 is prevented in the presence of YopM (50,
53). Binding of RSK1 to YopM in Y. pseudotuberculosis-infected
macrophages also stimulates the formation of high-molecular-
weight complexes of RSK1 and YopM (51). The role of RSK1 in
inhibition of caspase-1 activation by YopM is unknown.

In this study, we investigated if other effectors cooperate with
YopM to inhibit activation of caspase-1 in LPS-primed macro-
phages. For this purpose, epistasis analysis was carried out in
which the phenotypes of Yersinia yopM mutants were compared
to those of mutants defective for yopM and an additional effector
(yopJ, yopE, yopH, yopT, or ypkA). Activation of caspase-1 was
measured after infection of LPS-activated macrophages with mu-
tant Yersinia strains. Our results show that in the absence of

Yersinia YopJ Hinders Caspase-1 in Primed Macrophages

April 2016 Volume 84 Number 4 iai.asm.org 1063Infection and Immunity

http://iai.asm.org


YopM, an important role for YopJ in the inhibition of caspase-1
activation is uncovered. Thus, surprisingly, in naive macrophages
YopJ activates caspase-1, and in LPS-primed macrophages YopJ
cooperates with YopM to inhibit caspase-1. Additionally, based
upon the known substrate specificity of YopJ, these results suggest
that a member of the MAPK kinase family plays a role in the
activation of caspase-1 in LPS-primed macrophages infected with
Yersinia.

MATERIALS AND METHODS
Bacterial strains and plasmids. All Y. pseudotuberculosis and Y. pestis
strains used in this study are listed in Table 1. We introduced an in-frame
deletion of yopM in Y. pestis strains expressing different yopJ alleles (34) as
previously described (52), generating KIM5 yopJL177F�yopM (where
yopJL177F indicates the L-to-F change at position 177 encoded by yopJ),
KIM5 yopJL177F/E206K �yopM, and KIM5 yopJC172A�yopM. We replaced
the coding region of yopM with a neomycin phosphotransferase cassette
(npt or Kan) in the Y. pseudotuberculosis 32777 yopJC172A, yopER144A,
yopHR409A, yopTC139A, or yopJC172A yopER144A mutant (54) to make each
of the corresponding double or triple mutants. A Kan insertion in the
ypkA gene (55) was introduced into the 32777 �yopM mutant to make the
�ypkA �yopM double mutant. For the 32777 yopER144A�yopM,
yopJC172A�yopM, and yopER144A yopJC172A�yopM mutants, we excised
the Kan cassette using Flp recognition target (FRT) recombination as
described previously (52). For infections of bone marrow-derived macro-
phages (BMDMs), we grew yersiniae overnight in Luria broth (LB) at
28°C in the presence (Y. pestis) or absence (Y. pseudotuberculosis) of 25
�g/ml ampicillin. The following day, we diluted cultures 1:40 in LB con-
taining 20 mM MgCl2 and 20 mM sodium oxalate and grew them at 28°C
for 1 h, followed by a temperature shift to 37°C for 2 h.

Mouse infections. For analysis of time to death and organ coloniza-
tion, we grew Y. pseudotuberculosis cultures in LB overnight at 28°C,
washed the cultures twice with phosphate-buffered saline (PBS), and re-
suspended them at a density of approximately 1 � 104 CFU/ml. From this
suspension, we injected a volume of 100 �l (�1,000 CFU) into tail veins of
C57BL/6 mice (Jackson Laboratories). We monitored mice daily for 14
days for survival analysis, at which point we euthanized the remaining
mice. At 4 or 6 days postinfection, we euthanized mice by CO2 asphyxia-
tion and collected spleens and livers in cold PBS. We homogenized spleens

and livers with a Stomacher Biomasher and serially diluted and plated
organ homogenates onto LB agar plates. We handled all mice according to
the guidelines for humane care, and the procedures used were approved
by the Stony Brook University Institutional Animal Care and Use Com-
mittee.

Bone marrow isolation and culture conditions. We isolated bone
marrow from femurs of 6- to 8-week-old female C57BL/6 mice as previ-
ously described (56). At 18 h prior to infection, we seeded BMDMs into
six-well tissue culture plates in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum (HyClone), 10%
L929-cell-conditioned medium, 1 mM sodium pyruvate, 10 mM HEPES,
2 mM glutamate, and 100 ng/ml O26:B6 Escherichia coli LPS (Sigma) at a
density of 0.8 � 106 cells/well.

Macrophage infection conditions. We infected LPS-primed BMDMs
with Y. pseudotuberculosis or Y. pestis grown under the conditions de-
scribed above at a multiplicity of infection (MOI) of 30. We centrifuged
tissue culture plates for 5 min at 95 � g to promote contact of yersiniae
with BMDMs and subsequently incubated infected BMDMs at 37°C with
5% CO2. Unless otherwise noted, we collected lysates for Western blotting
of host and bacterial proteins and supernatants for analysis of secreted
IL-1�, IL-1�, and IL-18 and lactate dehydrogenase (LDH) release at 90
min postinfection.

Western blotting of macrophage cell lysates. We washed BMDMs
twice with cold Hanks’ balanced salt solution prior to lysing cells with lysis
buffer as previously described (31). We quantified total protein using a bicin-
choninic acid (BCA) protein assay kit (Pierce) and loaded equivalent
amounts of protein prior to resolving proteins by SDS-PAGE using 4 to 12%
Bis-Tris gels (Invitrogen). We transferred gels onto 0.22-�m-pore-size poly-
vinylidene difluoride (PVDF) membranes prior to Western blotting with rab-
bit polyclonal anti-caspase-1 (Santa Cruz Biotechnology), goat polyclonal
anti-IL-1� (R&D Systems), and mouse monoclonal anti-YopE antibodies.
We used horseradish peroxidase (HRP)-conjugated anti-rabbit (Cell Signal-
ing), anti-goat, and anti-mouse (Jackson ImmunoResearch) antibodies as
secondary reagents. We stripped and reprobed blots using a �-actin antibody
conjugated to HRP to control for loading. To detect signals in Western blot
assays, we used Amersham ECL Prime Western blotting detection reagent
(GE Healthcare). The resulting exposed films were scanned, and processed
caspase-1 band signals on the corresponding images were quantified using the
gel analysis procedure of ImageJ, version 1.39.

TABLE 1 Yersinia strains used in this study

Strain Relevant characteristic(s)a Reference or source

32777 Y. pseudotuberculosis wild-type serogroup O1 strain, pYV	 65
32777 �yopM �yopM 52
32777 yopJC172A yopJC172A 54
32777 yopJC172A �yopM yopJC172A, �yopM This study
32777 yopER144A �yopM yopER144A, �yopM This study
32777 yopHR409A �yopM yopHR409A, yopM::Kan This study
32777 yopTC139A �yopM yopTC139A, yopM::Kan This study
32777 �ypkA �yopM ypkA::Kan, �yopM This study
32777 �yopB �yopM �yopM, in-frame deletion of yopB (nucleotides 496–774) 31
32777 yopER144A yopJC172A �yopM yopER144A, yopJC172A, �yopM This study
32777 yopJC172A �yopM pYopM Transformed with pMMB67EH expressing yopM from

native promoter, Ampr

This study

KIM5 Y. pestis KIM6/pCD1Ap/pMT	/pPCP1	 �pgm, Ampr 29
KIM5 �yopM �yopM, Ampr 52
KIM5 yopJC172A yopJC172A, Ampr 29
KIM5 yopJC172A �yopM yopJC172A, �yopM, Ampr This study
KIM5 yopJYPTB �yopM yopJL177F, �yopM, Ampr This study
KIM5 yopJCO92 �yopM yopJL177F/E206K, �yopM, Ampr This study
a yopJC172A, Cys-to-Ala change at position 172 encoded by yopJ; yopER144A, Arg-to-Ala change at position 144 encoded by yopE; yopHR409A, Arg-to-Ala change at position 409
encoded by yopH; yopTC139A, Cys-to-Ala change at position 139 encoded by yopT; yopJL177F, Leu-to-Phe change at position 177 encoded by yopJ; yopJL177F/E206K, Leu-to-Phe
change at position 177 and Glu-to-Lys change at position 206 encoded by yopJ.
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ELISA. We measured levels of secreted IL-1�, IL-1�, and IL-18 in
supernatants from infected or uninfected BMDMs using commercially
available enzyme-linked immunosorbent assay (ELISA) kits (R&D Sys-
tems for IL-1� and IL-1� and MBL International Corporation for IL-18)
according to the manufacturers’ instructions.

Cytotoxicity assay. We measured the LDH released into supernatants
from infected and uninfected BMDMs using a CytoTox 96 NonRadioac-
tive Cytotoxicity Assay kit (Promega) according to the manufacturer’s
instructions.

Statistical analysis. All statistical analysis was performed using
GraphPad Prism, version 6.0, and results from at least three independent
experiments. Probability (P) values from mouse survival experiments
were calculated using a log rank test while significance of CFU data from
spleens and livers was determined by Mann-Whitney analysis. CFU values
were analyzed by Grubb’s test to identify significant outliers, and all data
from any mouse found to have an outlying value were removed prior to
calculation of significance. P values from ELISAs and LDH experiments
were calculated using one-way analysis of variance (ANOVA) with
Tukey’s multiple-comparison posttest. P values of 
0.05 were considered
significant.

RESULTS
Epistasis identifies YopJ as important for inhibition of release of
caspase-1-dependent proinflammatory cytokines in LPS-
primed macrophages infected with a Y. pseudotuberculosis
yopM mutant. To determine if other effectors cooperate with
YopM to inhibit caspase-1-dependent responses in LPS-primed
BMDMs, an epistasis experiment was carried out with Y. pseudo-
tuberculosis 32777 (wild type), a yopM mutant (�yopM), and a
double yopJC172A�yopM, yopER144A�yopM, yopHR409A�yopM,
yopTC139A�yopM, or �ypkA �yopM mutant (Table 1). The trans-
location-deficient �yopB �yopM strain (Table 1) was used as a
control. BMDMs were treated with purified E. coli LPS for 18 h,
conditions that have been shown previously to reproducibly
prime these cells to undergo rapid caspase-1-dependent responses
to Yersinia infection (31, 36, 38). LPS-primed BMDMs were in-
fected with the above strains for 90 min at an MOI of 30, followed
by quantification of secreted IL-1� by ELISA. As shown in Fig. 1,
BMDMs infected with the yopJC172A�yopM mutant secreted sig-
nificantly larger amounts of IL-1� than those infected with the
�yopM mutant or the other double mutants, suggesting that
YopJ cooperates with YopM to inhibit this caspase-1-depen-
dent host response. Interestingly, BMDMs infected with the
yopER144A�yopM mutant secreted significantly smaller
amounts of IL-1� than the �yopM mutant (Fig. 1), possibly as
a result of increased YopJ translocation in the yopER144A mutant
background. We compared the amounts of IL-1� secreted from
BMDMs infected with a yopER144A yopJC172A�yopM triple mutant
(Table 1) versus the amounts with the yopJC172A �yopM mutant as
this comparison allowed us to isolate the effect of the yopER144A

mutation in the absence of YopJ activity. Significantly smaller
amounts of IL-1� were secreted from BMDMs infected with the
yopER144A yopJC172A�yopM mutant than from infection with the
yopJC172A�yopM mutant (see Fig. S1 in the supplemental mate-
rial), indicating that the reduced secretion of IL-1� associated
with the yopER144A mutation was not due to hypertranslocation of
active YopJ.

We next investigated if YopJ cooperates with YopM to inhibit
lysosome exocytosis, which is a caspase-1-dependent antimicro-
bial response that occurs independent of IL-1� secretion (16).
LPS-primed BMDMs were infected with the wild type, the �yopM
mutant, or the double yopJC172A�yopM, yopER144A�yopM, or

�ypkA �yopM mutant for 60 min at an MOI of 30, followed by
quantification of lysosomal exocytosis by immunofluorescence
microscopy. This assay measures surface exposure of LAMP-1 re-
sulting from fusion of lysosomes with the plasma membrane. A
trend toward higher lysosome exocytosis was observed in BMDMs
infected with the yopJC172A�yopM mutant than in those infected
with the �yopM mutant or the other double mutants (X. Wang, A.
Ouyang, and J. B. Bliska, unpublished data), confirming that YopJ
cooperates with YopM to inhibit caspase-1-dependent host re-
sponses.

To determine if YopJ cooperates with YopM to inhibit re-
lease of multiple caspase-1-dependent cytokines, LPS-primed
BMDMs were infected with the wild type, a yopJC172A mutant
(Table 1), the �yopM mutant, or the double yopJC172A�yopM
mutant as described above, after which medium was collected
for quantification of released IL-1�, IL-18, and IL-1� by
ELISA. IL-1� is not processed by caspase-1 but is released from
infected BMDMs during pyroptosis. Infection with the
yopJC172A�yopM mutant provoked a significantly higher level
of IL-1� release than that from infection with the �yopM mu-
tant (Fig. 2A). It appeared that larger amounts of IL-18 and
IL-1� were also released by BMDMs infected with the
yopJC172A�yopM mutant than by BMDMs infected with the
�yopM mutant although these differences were not significant
(P values of 0.1038 and 0.4372, respectively) (Fig. 2B and C).
These data suggest that in the absence of YopM, Y. pseudotuber-
culosis YopJ inhibits release of IL-1�, and possibly other caspase-
1-dependent proinflammatory cytokines, in LPS-primed BM-
DMs.

Because pro-IL-1� was produced in the BMDMs prior to in-
fection due to LPS priming, we did not expect that YopJ could
inhibit production of the cytokine during infection. To confirm
this, steady-state levels of the proform of the cytokine were mea-
sured by immunoblotting. As shown in Fig. 3A, equivalent levels
of pro-IL-1� were detected in lysates of LPS-primed BMDMs

FIG 1 Measurement of IL-1� in supernatants of BMDMs infected with Y.
pseudotuberculosis. BMDMs from C57BL/6 mice were primed with 100 ng/ml
LPS for 18 h and left uninfected or infected with strain 32777 (wild type), a
yopM mutant (�yopM), or yopJC172A�yopM, yopER144A�yopM,
yopHR409A�yopM, yopTC139A �yopM, �ypkA �yopM, or �yopB �yopM double
mutant at an MOI of 30. Concentrations of IL-1� in supernatants collected
at 90 min postinfection were quantified by ELISA. Data represent average
values � the standard errors of the means from three independent experi-
ments. *, P 
 0.05; **, P 
 0.01; ****, P 
 0.0001, as determined by one-way
analysis of variance compared to results for �yopM strain-infected macro-
phages.
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left uninfected or infected with wild-type, �yopM, or
yopJC172A�yopM strain as described above. Quantification of ma-
ture IL-1� in the medium of the BMDMs used for immunoblot-
ting demonstrated significantly increased release of the cytokine
after infection with the yopJC172A�yopM mutant compared to that
with the �yopM mutant (Fig. 3B). These data suggest that in the
absence of YopM, Y. pseudotuberculosis YopJ inhibits the process-
ing and release, but not production, of pro-IL-1� in LPS-primed
BMDMs.

YopJ inhibits activation of caspase-1 and pyroptosis in LPS-
primed macrophages infected with a Y. pseudotuberculosis
yopM mutant. To investigate if YopJ cooperates with YopM to
inhibit activation of caspase-1, LPS-primed BMDMs were left un-
infected or infected as described above, and cell lysates were sub-
jected to immunoblotting to measure production of processed

caspase-1 (p10 subunit). As shown previously, BMDMs infected
with strain 32777 did not have any measurable cleaved
caspase-1, similar to results in the uninfected control, while �yopM
mutant-infected BMDMs contained processed caspase-1 (Fig. 3A).
However, the yopJC172A�yopM mutant induced a larger amount of
processed caspase-1 than the �yopM strain. Equal loading was con-
firmed by immunoblotting for �-actin (Fig. 3A).

To determine if YopJ cooperates with YopM to inhibit caspase-
1-dependent pyroptosis, we assayed release of LDH by LPS-
primed BMDMs left uninfected or infected as described above.
As shown in Fig. 3C, LDH release was significantly increased in
BMDMs infected with the yopJC172A�yopM mutant compared to
the level in the �yopM strain. Together, these data show that in the
absence of YopM, Y. pseudotuberculosis YopJ inhibits caspase-1
processing and pyroptosis in LPS-primed BMDMs.

FIG 2 Measurement of caspase-1-dependent proinflammatory cytokines in supernatants of BMDMs infected with Y. pseudotuberculosis. BMDMs from C57BL/6
mice were primed with 100 ng/ml LPS for 18 h and left uninfected or infected with the 32777, �yopM, yopJC172A, or yopJC172A �yopM strain at an MOI of 30. At
90 min postinfection, supernatants were collected, and concentrations of secreted IL-1�, IL-18, or IL-1� were measured by ELISA. Data represent average valu-
es � the standard errors of the means from three independent experiments. ***, P 
 0.001; ****, P 
 0.0001, as determined by one-way analysis of variance
compared to values for 32777 �yopM-infected macrophages.

FIG 3 Measurement of processed caspase-1, pro-IL-1�, mature IL-1�, and pyroptosis in BMDMs infected with Y. pseudotuberculosis. LPS-primed BMDMs from
C57BL/6 mice were left uninfected or infected with the 32777, �yopM, or yopJC172A�yopM strain at an MOI of 30. (A) After a 90-min infection, lysates were
prepared and subjected to Western blotting with antibodies recognizing pro-IL-1�, caspase-1, or �-actin. Molecular masses of corresponding proteins are shown
on the right. Quantification of the processed caspase-1 bands showed that the signal for the yopJC172A�yopM strain was 4.7 times greater than that for the �yopM
strain. Supernatants were harvested at 90 min postinfection, and secreted IL-1� was measured by ELISA (B); pyroptosis was measured by quantification of
percent LDH release (C). The data in panels B and C represent average values � the standard errors of the means from seven independent experiments. ***,
P 
 0.001; ****, P 
 0.0001, as determined by one-way analysis of variance compared to results for �yopM mutant-infected macrophages.
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YopJ is important for virulence in mice infected with a Y.
pseudotuberculosis yopM mutant. A Y. pseudotuberculosis yopM
mutant is attenuated for virulence during intravenous (i.v.) infec-
tion of mice (36, 52), while a yopJ mutant is fully virulent under
the same conditions (Fig. 4A). To investigate if YopJ promotes Y.
pseudotuberculosis virulence in the absence of YopM, C57BL/6
mice were infected i.v. with 1,000 CFU of the 32777, �yopM,
yopJC172A, or yopJC172A�yopM strain. Mouse survival was moni-
tored over 14 days. None of the 32777-infected mice or the
yopJC172A strain-infected mice survived past day 8, while 60%
of the mice infected with the �yopM strain survived to day 14

(Fig. 4A). Interestingly, 100% of mice infected with the
yopJC172A�yopM mutant survived to day 14, a survival rate sig-
nificantly different from that of mice infected with the �yopM
mutant (Fig. 4A). Introduction of a plasmid expressing yopM in
the yopJC172A�yopM mutant (Table 1) restored virulence, with
only 25% of mice surviving to day 14 (Fig. 4A), demonstrating
partial complementation.

To study if YopJ promotes bacterial colonization of organs in
the absence of YopM, CFU assays were performed on spleens and
livers of mice infected as described above with the 32777, �yopM,
yopJC172A, or yopJC172A�yopM strain for 4 days. As shown in Fig. 4,

FIG 4 Determination of survival and organ colonization of mice infected with Y. pseudotuberculosis. C57BL/6 mice were infected i.v. with �1,000 CFU of the
indicated Y. pseudotuberculosis strain. (A) Time to death was monitored for 14 days [n � 14 for 32777 and the yopJC172A�yopM strains; n � 10 for the �yopM and
yopJC172A strains; and n � 8 for the yopJC172A�yopM(pYopM) strain]. (B and C) At 4 days postinfection, mice were euthanized, and organs were collected and
processed for CFU assay (n � 11 for 32777 and the �yopM strains; n � 14 for the yopJC172A strain; and n � 17 for yopJC172A�yopM strain). Data from all spleens
and the subset of livers analyzed are shown, with horizontal bars indicating arithmetic means. Data in panels A, B, and C represent values from four or five
independent experiments. (D and E) At 6 days postinfection, mice were euthanized, and organs were collected and processed for CFU assay (n � 8 for the �yopM
strain, and n � 8 for the yopJC172A�yopM strain). Data in panels D and E represent values from two independent experiments. Significance of differences between
survival curves in panel A was determined by log rank test, while the significance of differences in organ colonization in panels B and C was calculated using a
Mann-Whitney test, in all cases compared to values for �yopM mutant-infected mice. *, P 
 0.05; **, P 
 0.01; ****, P 
 0.0001. All CFU values were analyzed
by Grubb’s test to identify significant outliers, and all data from any mouse found to have an outlying value are not shown and were removed prior to the
calculation of significance.
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the 32777 and yopJC172A strains colonized spleen (Fig. 4B) and
liver (Fig. 4C) at significantly higher levels than the �yopM strain.
In addition, there was a trend toward reduced colonization of
spleen and liver by the yopJC172A�yopM mutant compared to that
of the �yopM mutant, but the differences were not statistically
significant at 4 days postinfection. However, when CFU assays
were performed on spleens and livers of mice infected as de-
scribed above with the �yopM or yopJC172A�yopM mutant for 6
days, there was a significant reduction in colonization of both
organs by the yopJC172A�yopM mutant compared to the level
with the �yopM mutant (Fig. 4D and E). Together, these data
indicate that YopJ promotes Y. pseudotuberculosis virulence in
the absence of YopM.

YopJ inhibits activation of caspase-1, release of IL-1�, and
pyroptosis in LPS-primed macrophages infected with a Y. pestis
yopM mutant. Infection with KIM5 or KIM5 �yopM (Table 1)
showed that YopM is important for Y. pestis to inhibit caspase-1
processing, IL-1� release, and pyroptosis in LPS-primed BMDMs
(Fig. 5A, B, C). To test if YopJ in Y. pestis inhibits caspase-1 acti-
vation in the absence of YopM, we infected LPS-primed BMDMs
with KIM5, KIM5 �yopM, KIM5 yopJC172A, or KIM5
yopJC172A�yopM (Table 1). No processed caspase-1 could be de-
tected in BMDMs infected with KIM5 or KIM5 yopJC172A, sim-
ilar to the results with the uninfected control (Fig. 6A). While
infection of BMDMs with KIM5 �yopM induced measurable
amounts of processed caspase-1, BMDMs infected with KIM5

FIG 5 Measurement of processed caspase-1, pro-IL-1�, mature IL-1�, and pyroptosis in BMDMs infected with Y. pseudotuberculosis or Y. pestis. LPS-primed
BMDMs were left uninfected or infected with 32777, 32777 �yopM, KIM5, or KIM5 �yopM for 90 min at an MOI of 30. (A) After infection, lysates were collected,
processed, and subjected to Western blotting using antibodies to pro-IL-1�, cleaved caspase-1, or �-actin. Supernatants were collected and analyzed for secreted
IL-1� (B) or pyroptosis by measurement of LDH release (C). Data represent average values � the standard errors of the means from three independent
experiments. ****, P 
 0.0001, as determined by one-way analysis of variance comparing values in BMDMs infected with 32777 �yopM versus those with 32777
infection or BMDMs infected with KIM5 �yopM versus those infected with KIM5.

FIG 6 Measurement of processed caspase-1, pro-IL-1�, mature IL-1�, and pyroptosis in BMDMs infected with Y. pestis. BMDMs from C57BL/6 mice were
primed with 100 ng/ml LPS for 18 h and left uninfected or infected with KIM5, KIM5 �yopM, KIM5 yopJC172A, or KIM5 yopJC172A�yopM at an MOI of 30. (A)
At 90 min postinfection, lysates were collected, processed, and subjected to Western blotting using antibodies against pro-IL-1� and p10, the 10-kDa subunit of
caspase-1. �-Actin was blotted as a loading control. Quantification of the processed caspase-1 bands showed that the signal for KIM5 yopJC172A�yopM was 2.3
times greater than that for KIM5 �yopM. At 90 min postinfection, supernatants were collected, and secreted IL-1� was measured by ELISA (B); pyroptosis was
quantified as percent LDH release (C). The data in panel B and C represent average values � the standard error of the means from three independent experiments.
**, P 
 0.01; ****, P 
 0.0001, as determined by one-way analysis of variance compared to results for KIM5 �yopM-infected macrophages.
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yopJC172A�yopM contained higher levels of cleaved caspase-1
(Fig. 6A). KIM5 yopJC172A�yopM-infected BMDMs released
increased levels of IL-1� and LDH compared to levels in BM-
DMs infected with KIM5 �yopM (Fig. 6B and C, respectively)
although the difference with IL-1� was not significant (P �
0.0969). Higher IL-1� release in LPS-primed BMDMs infected
with KIM5 yopJC172A�yopM was not associated with an increase in
pro-IL-1� protein levels (Fig. 6A). These data show that Y. pestis
YopJ, similar to Y. pseudotuberculosis YopJ, inhibits caspase-1 ac-
tivation in the absence of YopM.

Different YopJ isoforms in Y. pestis inhibit caspase-1 activa-
tion equally in the absence of YopM. The YopJKIM, YopJYPTB, and
YopJCO92 isoforms differentially activate caspase-1 in naive mac-
rophages infected with Y. pestis (34). To study if these distinct
isoforms differentially inhibit activation of caspase-1 in LPS-
primed BMDMs, infections were carried out as described above
with the Y. pestis yopJKIM�yopM, yopJYPTB�yopM, and
yopJCO92�yopM strains (Table 1). LPS-primed BMDMs were also
left uninfected or infected with the yopJC172A�yopM strain as con-
trols. Interestingly, we did not observe a difference between the
activity of YopJKIM, YopJYPTB, or YopJCO92 in the inhibition of
caspase-1 cleavage, IL-1� release, or pyroptosis (Fig. 7A, B, C). As
expected, infection of LPS-primed BMDMs with the
yopJC172A�yopM mutant resulted in a trend toward increased
caspase-1 cleavage, IL-1� secretion, and pyroptosis compared to
the levels for the other strains (Fig. 7A, B, and C). These data
suggest that amino acid variations at residues 177 and 206 do not
alter the activity of YopJ in LPS-primed BMDMs with respect to
inhibition of caspase-1 activation in the absence of YopM.

DISCUSSION

TLRs can work in conjunction with inflammasomes to detect
PAMPs during microbial infection. These signaling events are es-
sential for innate immune cells, such as macrophages, to properly
respond to invading pathogens (1–4, 11, 13–15). By blocking TLR
and/or inflammasome signaling, pathogens can create an initial
“silent” infection, preventing the innate immune system from in-
ducing inflammation and reducing activation of adaptive immu-

nity (5, 8, 12). Therefore, studying how pathogens evade host
detection via TLR and inflammasome modulation will create a
richer understanding of the complex interaction between patho-
gens and the innate immune system, likely leading to the discovery
of novel antimicrobial treatments.

Our goal was to uncover effectors that cooperate with YopM to
inhibit activation of caspase-1 in LPS-primed macrophages. By
epistasis analysis of yop mutants, our results uncovered a role for
YopJ in inhibiting caspase-1 activation and subsequent IL-1� se-
cretion and pyroptosis in LPS-primed BMDMs infected with Y.
pseudotuberculosis or Y. pestis yopM mutants (Fig. 1 to 3 and 6).
Our data also show that, in the absence of YopM, YopJ promotes
virulence of Y. pseudotuberculosis in mice infected intravenously
(Fig. 4), presumably by inhibiting caspase-1 cleavage in macro-
phages that are activated in vivo.

These results were surprising as, in naive macrophages, YopJ
activity stimulates the cleavage of caspase-1 and processing of
IL-1� and IL-18 (29, 34, 35, 37, 44, 57). This occurs via activation
of caspase-8 since blocking MAPK signaling and NF-�B activation
by YopJ prevents expression of antiapoptotic proteins, resulting in
TLR4-dependent activation of proapoptotic caspases (44, 45). Ac-
tivation of macrophages via TLR signaling prior to Yersinia infec-
tion renders them refractory to YopJ-induced cytotoxicity and
provides signal 1 to prime them for inflammasome-dependent
caspase-1 activation (38, 58). In LPS-primed BMDMs infected
with Yersinia, injection of PAMPs or the generation of danger
signals subsequent to translocon insertion provides signal 2, lead-
ing to formation of ASC-NLRP3 foci or preinflammasomes (36).
YopM inhibits formation of mature inflammasomes in LPS-
primed BMDMs, likely by sequestering procaspase-1 away from
ASC-NLRP3 foci (36). Our results suggest that YopJ can cooper-
ate with YopM to inhibit mature inflammasome formation in
LPS-primed BMDMs. One possibility is that in LPS-primed BM-
DMs, YopM inhibits a terminal step in a pathway that regulates
recruitment of procaspase-1 to preinflammasomes, and YopJ
inhibits an upstream step in the same pathway in a redundant
fashion.

Both YopJ and YopM target the ERK signaling pathway but at

FIG 7 Measurement of processed caspase-1, pro-IL-1�, mature IL-1�, and pyroptosis in BMDMs infected with Y. pestis strains expressing different YopJ
isoforms. LPS-primed BMDMs from C57BL/6 mice were left uninfected or infected with KIM5 �yopM strains expressing yopJKIM, yopJYPTB, yopJCO92, or
yopJC172A at an MOI of 30. (A) Lysates were collected and analyzed at 90 min postinfection using antibodies against pro-IL-1�, cleaved caspase-1, or �-actin.
Quantification of the processed caspase-1 bands showed that the signal for KIM5 yopJC172A �yopM was approximately 1.4 times greater than that for KIM5
�yopM expressing the different isoforms. Supernatants were collected at 90 min postinfection and analyzed for secreted IL-1� by ELISA (B); pyroptosis was
quantified by measuring LDH release (C). Data represent average values � the standard errors of the means from three independent experiments. By one-way
analysis of variance there were no significant differences between results for the KIM5 yopJKIM �yopM strain and those for the other strains tested.
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different steps. YopJ inactivates the MAPK kinases in the ERK
pathway (MEK1/2 or MAPKK1/2) (39, 42), and YopM interacts
with RSK1 (50), which is normally regulated by ERK phosphory-
lation (42, 53). Although there is no direct evidence that YopM
targets RSK1 to inhibit activation of caspase-1, ERK signaling has
been implicated in regulation of inflammasome activation. For
example, activation of ERK was recently shown to be important
for LPS-induced priming of the NLRP3 inflammasome in human
monocytes treated with ATP (20). Ghonime et al. showed that
inhibition of ERK phosphorylation before LPS priming of human
monocytes substantially reduced the cleavage and release of IL-18;
however, inhibition of ERK phosphorylation after LPS priming
did not alter release of active IL-1� (20). Additionally, in murine
macrophages primed with LPS, the ERK pathway was shown to be
important for expression of breast cancer cell 3 (BRCC3), a deu-
biquitinase that acts on NLRP3 to positively regulate inflam-
masome activation in response to ATP treatment (59, 60). In the
above cases, ERK signaling seems to be important for LPS-in-
duced priming, while our data show that YopJ inhibits activation
of caspase-1 in LPS-primed BMDMs. If YopJ is inhibiting
caspase-1 activation by targeting the ERK pathway, it would indi-
cate that ERK signaling plays different roles in inflammasome sig-
naling in LPS-primed monocytes than in BMDMs or in response
to different second signals, e.g., ATP versus translocon insertion
during Yersinia infection.

The p38 signaling pathway is an additional potential target for
YopJ to inhibit inflammasome activation (61). Yu et al. demon-
strated that treatment with a ribosome inhibitor (anisomycin)
activated the ASC-pyrin inflammasome in human THP-1 cells
through a p38-dependent pathway (61). However, treatment of
mouse macrophages with anisomycin did not activate caspase-1,
suggesting that the response of the ASC-pyrin inflammasome to
“ribotoxic stress” may be human specific (61). It remains to be
determined if a p38 signaling pathway stimulated during Yersinia
infection of LPS-primed BMDMs could be important for inflam-
masome activation.

In our epistasis experiments, we observed that LPS-primed
BMDMs secreted significantly smaller amounts of IL-1� when
they were infected with the yopER144A�yopM mutant than when
they were infected with the �yopM mutant (Fig. 1). This was un-
expected because previously Schotte et al. had obtained evidence
that YopE inhibits activation of caspase-1 in macrophages in-
fected with Yersinia (32). Additionally, Thinwa et al. showed that
YopE inhibits an integrin-dependent priming signal (signal 1)
that is important for production of IL-18 in epithelial cells in-
fected with Yersinia (62). Schotte et al. used naive murine macro-
phage-like cells (Mf4/4 line), while Thinwa et al. used human
intestinal epithelial cells (Caco-2 line), which could explain why
their results differed from ours. Yersinia yopE mutants are known
to hypertranslocate effectors into infected host cells (63, 64), and
thus initially we thought that the reduced activation of caspase-1
that we observed in LPS-primed BMDMs infected with the
yopER144A�yopM mutant could result from hypertranslocation of
YopJ. However, LPS-primed BMDMs infected with a yopER144A

yopJC172A�yopM triple mutant secreted significantly smaller
amounts of IL-1� than those infected with the yopJC172A�yopM
double mutant (Fig. S1 in the supplemental material), showing
that hypertranslocation of active YopJ is not responsible for the
reduction in caspase-1 activation. Additional experiments are
needed to understand why loss of YopE GTPase-activating pro-

tein (GAP) activity is associated with reduced caspase-1 activation
in LPS-primed BMDMs.

In a previous study, higher levels of caspase-1 activation were
observed in naive BMDMs infected with Y. pestis expressing the
YopJKIM isoform than with a strain expressing the YopJYPTB or
YopJCO92 isoform (34, 37). Increased caspase-1 activation in naive
BMDMs infected with Y. pestis was correlated with decreased
phosphorylation of IkB�, p38, and JNK, suggesting more effective
inhibition of the respective upstream kinase, IKK�, MKK3/6, or
MKK4/7, by YopJKIM than by YopJCO92 (34). In addition, YopJKIM

displayed increased binding to IKK� compared to the level with
YopJCO92, suggesting that the Leu at residue 177 and/or the Glu at
residue 206 increases binding affinity in YopJKIM for MAPK kinase
family members (34). Here, we did not observe a significant dif-
ference between the three distinct YopJ isoforms with respect
to their abilities to inhibit caspase-1 activation in LPS-primed
BMDMs infected with a Y. pestis yopM mutant (Fig. 7). This may
indicate that YopJ polymorphisms do not affect targeting of the
MAPK family member important for caspase-1 activation or, al-
ternatively, that YopJ acetylates a novel substrate to counteract
inflammasome signaling. Future studies that distinguish between
the above possibilities will provide a better understanding of the
target specificity of YopJ and yield insights into how translocon
insertion during Yersinia infection of LPS-primed BMDMs acti-
vates caspase-1.
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