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Pathogenic Yersinia species utilize a type III secretion system (T3SS) to translocate effectors called Yersinia
outer proteins (Yops) into infected host cells. Previous studies demonstrated a role for effector Yops in the
inhibition of caspase-1-mediated cell death and secretion of interleukin-1f3 (IL-1$) in naive macrophages
infected with Yersinia enterocolitica. Naive murine macrophages were infected with a panel of different Yersinia
pestis and Yersinia pseudotuberculosis strains to determine whether Yops of these species inhibit caspase-1
activation. Cell death was measured by release of lactate dehydrogenase (LDH), and enzyme-linked immu-
nosorbent assay for secreted IL-13 was used to measure caspase-1 activation. Surprisingly, isolates derived
from the Y. pestis KIM strain (e.g., KIMS5) displayed an unusual ability to activate caspase-1 and Kill infected
macrophages compared to other Y. pestis and Y. pseudotuberculosis strains tested. Secretion of IL-1[3 following
KIMS infection was reduced in caspase-1-deficient macrophages compared to wild-type macrophages. How-
ever, release of LDH was not reduced in caspase-1-deficient macrophages, indicating that cell death occurred
independently of caspase-1. Analysis of KIM-derived strains defective for production of functional effector or
translocator Yops indicated that translocation of catalytically active YopJ into macrophages was required for
caspase-1 activation and cell death. Release of LDH and secretion of IL-1f3 were not reduced when actin
polymerization was inhibited in KIM5-infected macrophages, indicating that extracellular bacteria translo-
cating YopJ could trigger cell death and caspase-1 activation. This study uncovered a novel role for YopJ in the

activation of caspase-1 in macrophages.

The genus Yersinia is composed of 11 species, of which three
(Y. pestis, Y. pseudotuberculosis, and Y. enterocolitica) are
pathogenic to humans. Y. pestis is the etiological agent of
plague, an acute and often fatal disease of both humans and
animals. Infection by Y. pestis occurs through the bite of an
infected flea or by inhalation, resulting in bubonic or pneumo-
nic plague, respectively (39). Y. pseudotuberculosis and Y. en-
terocolitica are enteropathogens that are transmitted by the
fecal-oral route and cause a self-limiting gastroenteritis (5, 54).
All highly pathogenic yersiniae possess a ~70-kb virulence
plasmid (designated pCD1 in Y. pestis and pYV in Y. pseudo-
tuberculosis and Y. enterocolitica), which encodes a type III
secretion system (T3SS) and the secreted substrates known as
Yersinia outer proteins (Yops) and LcrV (12). Expression of
the Yersinia T3SS is upregulated at 37°C, and contact with a
host cell leads to activation of secretion and translocation of
effector Yops into the target cell (41). The translocation of
effector Yops into the host cell is dependent on LerV and the
translocator Yops, YopB and YopD. Both YopB and YopD
have hydrophobic domains, which are thought to insert into
the host cell membrane to form a channel to allow the T3SS to
translocate effector Yops (11, 18, 51). The six effector Yops
(YopE, YopJ [YopP], YopH, YopT, YopM, and YopO
[YpkA]) as well as the translocator Yops and LerV are in-
volved in disrupting or activating many host cellular response
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pathways, including those responsible for phagocytosis, cyto-
kine production, or apoptosis (6, 10, 11, 23, 32, 51). For exam-
ple, YopE and YopT target Rho GTPases that regulate a
number of cellular functions, including actin cytoskeleton
rearrangement and gene expression (51). YopE acts as a
GTPase-activating protein, which can inactivate Rho GTPases.
YopT is a cysteine protease that can cleave Rho GTPases at
their membrane anchor, releasing them into the cytosol. YopJ
(YopP in Y. enterocolitica) is an enzyme with acetyltransferase
and or deubiquitinase activities that counteracts the proinflam-
matory response in the host cell by inhibiting the mitogen-
activated protein kinase and NF-kB pathways (4, 34, 35, 59).
YopJ can sensitize macrophages to die of apoptosis following
activation of Toll-like receptor 4 (TLR4) by inhibiting the
expression of survival factors regulated by the mitogen-acti-
vated protein kinase and NF-«B pathways (11, 43, 57, 58).

In this study, the activation of caspase-1 in macrophages
infected with Y. pestis or Y. pseudotuberculosis was examined.
Caspase-1 (also called interleukin-1p3 [IL-1B] converting en-
zyme) is a cysteine protease involved in the processing and
release of the proinflammatory cytokines IL-1B and IL-18.
Caspase-1 is a member of a family of inflammatory caspases,
which includes human caspase-4 and caspase-5, as well as
mouse caspase-11 and caspase-12 (30, 48). Caspase-1 is syn-
thesized as a 45-kDa inactive zymogen that is cleaved at as-
partic residues to generate the active heterotetramer com-
posed of two p10 and two p20 subunits (7, 13, 28). Activation
of caspase-1 occurs through its recruitment to the inflamma-
some complex (25, 28). Upon activation of caspase-1, cleavage
of pro-IL-1B and pro-IL-18 occurs and the mature forms of
these cytokines are secreted.
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IL-1B is a proinflammatory cytokine produced mainly from
monocytes, macrophages, and dendritic cells and is intimately
involved in the innate immune response. It is a potent endog-
enous pyrogen, causing fever, hypotension, synthesis of adhe-
sion molecules, and production of the acute-phase response
(14, 15). Unregulated production of IL-1B can be deleterious
to the host, leading to excessive inflammation and septic shock.
The expression of IL-1B is tightly regulated, in that distinct
signals are required for its transcription and its processing and
release (7, 13, 15,27, 33). The first signal can be transmitted via
stimulation of a TLR signaling pathway (i.e., TLR4 recognition
of lipopolysaccharide [LPS]), leading to activation of the tran-
scription factor NF-kB and the expression of the 35-kDa pre-
cursor form of IL-1B. A secondary signal is required to activate
the inflammasome complex, leading to the activation of
caspase-1 and subsequent processing and secretion of mature
IL-1B.

Previous studies have examined caspase-1 activation and
IL-1p secretion in macrophages infected with Yersinia species
(2, 47, 49). Schotte et al. (47) examined these responses after
they infected murine Mf4/4 macrophage-like cells with Y. en-
terocolitica E40 as well as different single or multiple yop mu-
tants of this strain. Their results suggested that YopP (YopJ)
could inhibit expression of pro-IL-18 and that YopE could
inhibit caspase-1 activation and IL-1B secretion in Y. enteroco-
litica-infected Mf4/4 cells (47). Inhibition of caspase-1 activa-
tion was also observed when either YopE or YopT was over-
expressed by transfection in cultured HEK293T cells. Overall,
these findings implicated YopP as an inhibitor of pro-IL-13
synthesis and YopE and YopT as inhibitors of caspase-1 acti-
vation. Shin and Cornelis (49) obtained evidence that pores
generated by the T3SS translocation channel trigger activation
of caspase-1 in Mf4/4 cells infected with a Y. enterocolitica E40
multi-yop effector mutant. Thus, in their model (49), YopE and
YopT inhibit activation of caspase-1 by counteracting T3SS-
dependent pore formation (51). More recently, Bergsbaken
and Cookson obtained evidence that Y. pseudotuberculosis
strain YPIII could induce caspase-1 activation in murine bone-
marrow derived macrophages (BMDMs) that were activated
by preexposure to LPS (2). They also observed that LPS-
activated BMDMs infected with YPIII died of a caspase-1-
mediated form of cell death termed pyroptosis (2, 16). It was
hypothesized that the T3SS in YPIII transports an inflam-
masome-stimulating factor into the macrophage cytosol and
that priming macrophages with LPS overcomes the ability of
translocated effector proteins to inhibit the activation of
caspase-1 (2).

Here, we aimed to determine whether effector Yops of Y.
pestis and Y. pseudotuberculosis regulate caspase-1 activation
and IL-1B secretion in naive BMDMs. Among a panel of
different strains tested, Y. pestis isolates derived from the KIM
background displayed an unusual ability to stimulate caspase-1
activation, IL-1B secretion, and cell death in infected macro-
phages. IL-1B secretion from, but not death of, KIMS5-infected
macrophages required caspase-1 activity. Furthermore,
caspase-1 activation, IL-1p secretion, and death of macro-
phages infected with KIMS required the translocator YopB
and the enzymatic activity of the effector YopJ. These re-
sults suggest a novel role for YopJ in the activation of
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caspase-1 following infection of macrophages by Y. pestis
KIM strains.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The Yersinia pestis and Yersinia
pseudotuberculosis strains used in this study are listed in Table 1. The KIMS,
KIM-D27, and KIMS strains are related to a parental KIM strain, and the pCD1
plasmid is the same for KIM5, KIM-D27, and KIMS, with the exception of the
ampicillin (Ap) marker when used. CO92 contains its own unique pCD1. All
pCD17" Y. pestis strains used in this study lack the pigmentation locus (pgm) and
therefore are conditionally virulent. KIM-D27 was obtained from Stephen Smi-
ley (Trudeau Institute). Derivatives of KIM8 containing mutant pCD1 plasmids
(Tables 1 and 2) were obtained from Greg Plano (University of Miami). Deriv-
atives of KIM6+ and CO92 in which the pigmentation (pgm) locus was sponta-
neously deleted (KIM6 and CO92 Apgm, respectively) were isolated and the
deletion verified as described previously (20). A pCD1 plasmid containing an
ampicillin resistance cassette (pCD1Ap) was obtained from Robert Perry (Uni-
versity of Kentucky) and subsequently used to transform KIM6 as described
previously (20), resulting in KIM5. The KIMS yopH::kan and KIM5 ypkA::kan
mutants were constructed using the lambda Red recombination method as de-
scribed previously (46) to insert Km" cassettes into the corresponding genes. For
the yopH mutant the primers used were Y1013koF (5'-GTTCTAACTCAAGAAG
ATACCGCTAAGCTATTGCAAAGTACGGTAAAGCATATGTAGGCTGGA
GCTGCTTCG-3') and Y1013koR (5'-TGTATTACCGGCCGTAATTTGGAGT
CATCTCCTACCGCTGAACTTCCTTTGATGGGAATTAGCCATGGTCC-3"),
and for the ypkA mutant the primers used were Y1009koF (5'-ATCTTTTCGGG
GAAGATGTTTAACTTTTCAATTGCTCGTAACCTTACTGACATGTAGGC
TGGAGCTGCTTCG-3') and Y1009koR (5'-CCGCCATCATCTGACGGTGAA
TTGCGGTATACTGCTCAGTGCCGAATTTCATGGGAATTAGCCATGGTC
C-3").

The KIMS5 yopB mutant was constructed by allelic exchange using the plasmid
pJB4 (37). The resulting mutation in pCD1Ap corresponds to the yopBI8 allele,
which contains an in-frame deletion of nucleotides 496 to 774 (37). The KIMS5
yop]C172A mutant was constructed using allelic exchange, placing the C172A
mutation into the yopJ gene in the pCD1Ap plasmid of KIMS, and verified as
described previously (58). The C172A mutation corresponds to a change from
TGTGGT, encoding Cys172 and Gly173, to GCCGGC, encoding Alal72 and
Gly173. The Y. pseudotuberculosis yopJ and yopE yopJ mutants of IP2666 (Table
1) were constructed by allelic exchange, using the plasmid pLP13 (37) to delete
the entire yopJ open reading frame (ORF) (nucleotides 1 to 867) and IP2666 and
IP6 yopE (3) as the recipient strains, respectively. The yopJ yopE yopH yopM
yopO yopK mutant of IP2666 (Table 1) was generated from the pYV-cured strain
1P2666¢ (50). The pYV plasmid purified from YP37 (52) was used to transform
IP2666¢ by electroporation; the kanamycin resistance gene inserted in yopE
(vopE::kan) was used to select for transformants. The arabinose-inducible plas-
mid carrying the ORF of KIM YopJ, pYopJ-GSK, was obtained from Gregory
Plano (University of Miami). The plasmid was used to transform KIM8 A2 and
IP2666 J~ by electroporation and selection on ampicillin-containing plates. Y.
pestis and Y. pseudotuberculosis strains were cultivated on heart infusion (HI)
(Difco) or Luria-Bertani (LB) agar plates, respectively, for 2 days at 28°C.
Cultures were grown overnight with aeration in HI (Y. pestis) or LB (Y. pseudo-
tuberculosis) broth at 28°C. The next day the cultures were diluted to an optical
density (OD) at 600 nm of 0.1 in the same medium supplemented with 2.5 mM
CaCl, and incubated for 2 h at 37°C with aeration. Bacterial cultures were
washed once with phosphate-buffered saline (PBS) then resuspended in PBS for
measurements of OD at 600 nm. The bacterial growth medium was supple-
mented with ampicillin (25 pg/ml) and/or kanamycin (25 pg/ml) when appropri-
ate. KIMS5/green fluorescent protein (GFP) was cultured in the presence of 0.5
mM IPTG (isopropyl-B-p-thiogalactopyranoside) during growth at 37°C to in-
duced expression of GFP. Where indicated, a final concentration of 0.2% L-
arabinose was maintained in cell culture medium to induce expression of YopJ
from the pYopJ-GSK plasmid during infection.

BMDM isolation and culture conditions. BMDMs were isolated from the
femurs of 6- to 8-week-old C57BL/6 female mice (Taconic Laboratories) or
caspase-1-deficient (Caspl ~'~) mice (55) (obtained from Richard Flavell and
Craig Roy, Yale University) as previously described (9, 40). The Caspl ~/~ mice
were backcrossed to C57BL/6 mice for seven generations.

Macrophage infections. Twenty-four hours before infection, BMDMs were
seeded into 24-well plates at a density of 1.5 X 10° cells/ml as described previ-
ously (40), with the exception that the tissue culture medium (infection medium)
contained 10% fetal bovine serum, 15% L-cell-conditioned medium, and 1% 0.1
M sodium pyruvate. Bacteria were grown as described above and used to infect
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TABLE 1. Yersinia strains used in this study

Species and strain

Relevant characteristics®

Reference or source

Y. pestis
KIM6+ Biovar Medievalis, pCD1~, pMT1", pPCP1*, pgm™ 20
KIM6 Biovar Medievalis, pCD1~, pMT1", pPCP1*, Apgm This study
KIM5 Biovar Medievalis, KIM6/pCD1Ap, pMT1*, pPCP1*, Apgm, Ap" This study
KIMS5/GFP KIMS/pMMB207gfp3.1, Ap", Cm" 20
KIM-D27 pCD1*, pMT1*, pPCP1*, Apgm 38
C0O92 Apgm Biovar Orientalis, pCD1°°%**, pMT1", pPCP1", Apgm This study
KIMS yopB pCD1Ap yopBI8 (in-frame deletion of nucleotides 496-774), Ap" This study
KIMS Al pCD1-Al, pPCP1~, pMT1", Apgm, Km"
KIMS A2 pCD1-A2, pPCP1~, pMT1*, Apgm, Km* 1
KIMS8 A34 pCD-A34, pPCP1~, pMT1", Apgm, Km" G. Plano, unpublished
KIMS A4 pCD1-A4, pPCP1~, pMT1*, Apgm, Tm" 1
KIMS A12 pCD1-A12, pPCP1~, pMT1", Apgm, Km" 1
KIMS A123 pCD1-A123, pPCP1~, pMT1*, Apgm, Km*, Cm" 1
KIMS8 A1234 pCD1-A1234, pPCP1~, pMT1", Apgm, Tm", Km', Cm" 1
KIMS yopJC172A4 pCD1Ap yopJC172A4 (codon change of Cys172 to Alal72), Ap" This study
KIMS yopH::kan pCD1Ap (Km" cassette inserted into yopH), Ap', Km" This study
KIMS ypkA::kan pCD1Ap (Km" cassette inserted into ypkA), Ap’, Km" This study
Y. pseudotuberculosis
1P2777 Serogroup O1, pYV™ 50
1P2666 Serogroup O3, pYV™ (naturally AyopTsycT) 50
1P2666 E~ pYV yopE::kan, alternative name is IP6, Km" 3
1P2666 J— pYV yopJAI-867, alternative name is IP26 This study
1P2666 EJ~ pYV yopE::kan yopJA1-867, alternative name is IP31, Km" This study
1P2666 JEHMOK™ pYV yopJA1-867 yopE::kan yopH::cam yopM yopO yopK, This study

alternative name is IP37, Km*, Cm"

“ Ap', ampicillin resistance; Cm", chloramphenicol resistance; Km", kanamycin resistance; Tm', trimethoprim resistance.

macrophages at a multiplicity of infection (MOI) of 10 bacteria per macrophage.
After addition of bacteria, plates were centrifuged for 5 min at 95 X g to induce
contact between bacteria and macrophages. After incubation at 37°C with 5%
CO, for 15 min, macrophages were washed once with prewarmed PBS to remove
any bacteria that had not been taken up. Fresh infection medium containing 8
pg/ml of gentamicin was added and left for 1 h at 37°C with 5% CO, to kill or
reduce viability of extracellular bacteria (>99%) (36, 40). After 1 h, macro-
phages were washed once with PBS and a lower concentration of gentamicin (4.5
pg/ml) in fresh tissue culture medium was added and left for the remaining
incubation times as indicated in the figure legends to inhibit growth of extracel-
lular bacteria. To inhibit bacterial uptake, macrophages were exposed to 3.9 puM
of cytochalasin D (CD) (Sigma) for 2 h prior to infection as well as during the 20
min of infection. To inhibit caspase-1 activity, macrophages were exposed to 100
M of caspase-1 inhibitor Ac-YVAD-cmk (Calbiochem) for 1 h prior to infec-
tion. Dimethyl sulfoxide (DMSO) was used as the solvent for CD and Ac-
YVAD-cmk. The final concentrations of DMSO used as a solvent control for CD
and Ac-YVAD-cmk treatment conditions were 28 mM and 140 mM, respec-
tively. In some experiments macrophages were exposed to 50 ng/ml of Esche-
richia coli 026:B6 LPS (Sigma-Aldrich, catalog no. L-2654) for 4 h prior to
infection.

TABLE 2. KIMS8 pCD1 deletion mutant strains used in this study
Strain Deleted genes and ORFs

KIMS Al
KIMS A2.
KIMS8 A34 ...

...yIpA, yopK, yopT, sycT, ORF61, ORF60, yopM, ORF54

..ORF5, ORF7, ypkA, yopJ, yopH

....yadA, yadA', ORF85, ORF84, sycH, sycE, yopE,

ORF75, ORF74, ORF73

sycE, yopE, ORF75, ORF74, ORF73

..yIpA, yopK, yopT, sycT, ORF61, ORF60, yopM,
ORF54, ORFS5, ORF7, ypkA, yopl, yopH

...yIpA, yopK, yopT, sycT, ORF61, ORF60, yopM,
ORF54, ORF5, ORF7, ypkA, yopJ, yopH, yadA,
yadA', ORF85, ORF84

KIMS A1234 ...............yIpA, yopK, yopT, sycT, ORF61, ORF60, yopM,

ORF54, ORF5, ORF7, ypkA, yopJ, yopH, yadA,

yadA', ORF85, ORF84, sycE, yopE, ORF75,

ORF74, ORF73

KIMS A4
KIMS8 A12 ...

KIMS8 A123 ...

Cytokine measurements. Levels of IL-1B and TNF-a secreted into tissue
culture media during infection assays were measured with the Quantikine mouse
IL-1B and tumor necrosis factor alpha (TNF-a) immunoassay kits, respectively,
as per the manufacturer’s instructions (R&D Systems). Levels of IL-18 secreted
into tissue culture media were measured using the mouse IL-18 enzyme-linked
immunosorbent assay (ELISA) kit as per the manufacturer’s protocol (Medical
& Biological Laboratories Co., Ltd.). Supernatants from two replicate wells per
infection condition were collected, centrifuged to remove cellular debris, and
transferred to new tubes. Supernatants were diluted appropriately, and 50 pl of
each diluted sample was analyzed. Standard curves were used to estimate levels
of cytokines in each sample. The replicate values for each infection condition
were averaged.

LDH release. Supernatants from infected macrophages were collected and
analyzed for lactate dehydrogenase (LDH) release using the CytoTox-96 non-
radioactive cytotoxicity assay (Promega), following the manufacturer’s instruc-
tions. Supernatants from two replicate wells per infection condition were col-
lected and centrifuged to remove cellular debris. LDH levels in each replicate
sample were measured in triplicate. Spontaneous LDH release was measured
from supernatants of uninfected cells, while total LDH release was measured
from uninfected cells that were lysed by freezing and thawing. OD values of the
six measurements for each infection condition were averaged, and the percent-
age of LDH per infection condition was calculated as follows: percent LDH
release = [(infected-cell LDH release — spontaneous LDH release)/(total LDH
release — spontaneous LDH release)] X 100.

Detection of active caspase-1 using FAM-YVAD-FMK. To assess the presence
of active caspase-1 by fluorescence microscopy, infected BMDM on coverslips
were incubated with 6-carboxyfluorescein—-YVAD-fluoromethylketone (FAM-
YVAD-FMK) (Immunochemistry Technologies) as per the manufacturer’s pro-
tocol. After 1 hour, macrophages were washed and fixed in 2.5% paraformalde-
hyde in PBS for 30 min at room temperature. The fixed cells were incubated in
0.1% Triton X-100 in PBS for 10 min to permeabilize the cell membrane and
washed once with PBS and once with 3% bovine serum albumin (BSA) in PBS
to prevent nonspecific antibody binding. Bacteria were immunolabeled by incu-
bation for 30 min with rabbit anti-Yersinia antiserum SB349 (3) diluted 1:1,000 in
3% BSA in PBS. Cells were washed three times with PBS and incubated for
30 min with goat anti-rabbit secondary conjugated to AlexaFluor594 (Molec-
ular Probes) diluted at 1:1,500. After washing, coverslips were mounted on
glass microscope slides and visualized by fluorescence microscopy using a
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FIG. 1. Determination of levels of IL-1P secreted from macrophages infected with different Y. pestis or Y. pseudotuberculosis strains. BMDMs
were left uninfected or infected with the indicated strains of Y. pestis or Y. pseudotuberculosis (Table 1). IL-1B levels in the supernatants of BMDMs
at 24 h postinfection were measured by ELISA. Results shown are the averages from three independent experiments. Error bars represent standard
deviations. Statistical significance compared to KIMS (B) or IP2666 (C and D) was determined (P < 0.01, *%; P < 0.001, *%x).

Nikon Eclipse E600 microscope equipped with a 40X objective. Images were
captured using a Sony Progressive 3CCD camera and processed with Adobe
Photoshop 6.0.

CFU assay. At various time points postinfection, infected macrophages were
washed three times with PBS and lysed with 0.5 ml of 0.1% Triton X-100. Lysates
were then removed, and an additional 0.5 ml of 0.1% Triton X-100 was used to
wash the wells. Lysates and washes were collected into 2-ml microcentrifuge
tubes and used for serial 10-fold dilutions. Dilutions were spread on HI plates
and incubated for 2 days at 28°C, after which output CFU were counted. Two
replicates for each infection condition were analyzed in each experiment and the
results averaged. The averages presented (log;, CFU per ml) are derived from
three independent experiments.

Bacterial phagocytosis assay. Macrophages on coverslips were infected with
KIMS5/GFP for 20 min and then washed and fixed in 2.5% paraformaldehyde in
PBS for 30 min at room temperature. The fixed cells were incubated washed once
with PBS, and once with 3% BSA in PBS to prevent nonspecific antibody
binding. Bacteria were immunolabeled with rabbit anti-Yersinia antiserum SB349
and goat anti-rabbit secondary conjugated to AlexaFluor594 as described above.
After washing, coverslips were mounted on glass microscope slides and visualized
by fluorescence microscopy using a Zeiss Axioplan2 microscope equipped with a
40X objective. A Spot camera (Diagnostic Instruments) was used to sequentially
capture the AlexaFluor594 (red) and GFP (green) signals in four or five random
fields from each coverslip. The red and green images were overlaid using Adobe
Photoshop 6.0, and the percentage of internalized bacteria was quantified by
counting the number of intracellular bacteria (green) and dividing this number
by the sum of internalized and extracellular bacteria (red). Between 1,200 and
2,500 bacteria were counted for each condition.

PI uptake assay. Macrophages in 24 well dishes were infected for 4, 8, or 12 h;
washed twice with PBS; and then incubated in 1 pg/ml of propidium iodide (PT)
in Hanks balanced salt solution for 10 min at room temperature. Cells were
washed once again with PBS and imaged through the bottom of the dishes using
a Zeiss Axiovert S100 microscope equipped with a 40X objective. Phase-contrast
and PI fluorescence images were captured using a Spot camera (Diagnostic
Instruments, Inc.) and processed with Adobe Photoshop 7.0.

Statistical analysis. In general, experiments analyzed for significance were
performed three independent times. Probability (P) values were calculated by
one-way analysis of variance and Tukey’s multiple-comparison posttest and were
considered significant if they were less than 0.05 (GraphPad Prism 4.0).

RESULTS

Yersinia pestis KIM isolates stimulate infected macrophages
to secrete higher levels of IL-1f3 than other Yersinia strains. It
has been previously shown that Yop effectors inhibit expres-
sion and secretion of IL-1B in the macrophage-like cell line
Mf4/4 infected with Y. enterocolitica (47, 49). BMDMs were
infected with different Y. pseudotuberculosis and Y. pestis
strains to determine whether the T3SS and Yops of these
species play a similar role in the inhibition of IL-1B release.
Our standard infection protocol involved infection at an MOI
of 10, followed by brief centrifugation to initiate contact, in-
cubation for 15 min to allow infection, and then application of
medium containing a low concentration of gentamicin to pre-
vent growth of extracellular bacteria (see Materials and Meth-
ods). Initially, BMDMs were infected with the pCD1™" Y. pestis
strain KIMS, KIM-D27, or CO92 Apgm (Table 1) pregrown at
37°C to upregulate expression of the T3SS and Yops. The
levels of IL-1B present in tissue culture supernatants were
determined by ELISA after 24 h of infection (see Materials
and Methods). As shown in Fig. 1A, macrophages infected
with KIMS5 or KIM-D27 secreted much higher levels of IL-13
than macrophages infected with CO92 Apgm. This analysis was
extended to the pYV™ Y. pseudotuberculosis strains IP2777 and
IP2666 (Table 1). The results showed that KIMS5-infected mac-
rophages secreted substantially higher levels of IL-18 than
macrophages infected with IP2777 or IP2666 (Fig. 1B). Thus,
strains derived from Y. pestis KIM displayed an unusual ability
to stimulate IL-13 secretion from macrophages compared to
other strains of Y. pestis (CO92) or Y. pseudotuberculosis. To
determine whether the phenotype observed for KIMS would
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be similar to that of a Y. pseudotuberculosis multiple yop mu-
tant, we next compared the response of BMDMs infected with
KIMS to that of macrophages infected with isogenic single
(yopE or yopJ) or multiple (yopEJ or yopJEHMOK) yop mu-
tants of IP2666 (Table 1) pregrown at 37°C. Surprisingly, the
amount of IL-1B secreted from macrophages infected with
KIMS was ~40-fold higher than that of IL-1B secreted from
BMDMs infected with the Y. pseudotuberculosis yopJEHMOK
mutant (Fig. 1C). The yopJEHMOK mutant did induce signif-
icantly larger amounts of IL-1p to be secreted from infected
BMDMs compared to wild-type IP2666 (Fig. 1D), as expected
from previous studies performed with Y. enterocolitica (47).
Macrophages infected with the single yopE mutant reproduc-
ibly secreted slightly larger amounts of IL-1B than macro-
phages infected with the wild type, reflecting the proposed role
of YopE as an inhibitor of caspase-1 activation (47), but this
difference was not statistically significant (Fig. 1D). The other
Y. pseudotuberculosis mutants tested (yopJ and yopEJ) did not
induce higher levels of IL-1B secretion from BMDMs com-
pared to the parental strain (Fig. 1D). Thus, although these
results suggested that YopE and perhaps additional Yops in-
hibit IL-1B secretion from macrophages infected with Y.
pseudotuberculosis IP2666 and are similar to those reported by
Schotte et al. for Y. enterocolitica E40 (47), we have demon-
strated that Y. pestis KIM strains have a novel capacity to
stimulate high-level secretion of IL-1B from infected BMDMs.

Caspase-1 activity and the Yersinia translocator YopB are
important for IL-13 secretion during KIMS5 infection. The
importance of caspase-1 activation for IL-1f secretion from
macrophages infected with various pathogenic bacteria has
been previously demonstrated (24, 26, 29, 31, 42, 55). We
obtained evidence that caspase-1 was activated in KIMS5-in-
fected macrophages by using a fluorochrome inhibitor of
caspases (FLICA) reagent specific for active caspase-1 (FAM-
YVAD-FMK) (see Materials and Methods). By microscopic
analysis, the FAM-YVAD-FMK fluorescent signal was associ-
ated with KIMS5-infected macrophages beginning at 4 h postin-
fection (see Fig. 6). To determine whether caspase-1 activity
was required for IL-1B secretion from KIMS5-infected macro-
phages, BMDMs were treated for 1 h before infection with 100
uM of the caspase-1 inhibitor Ac-YVAD-cmk (YVAD). As
shown in Fig. 2A, a 1-h pretreatment with YVAD significantly
inhibited IL-1B secretion from BMDMs infected with KIMS
for 24 h, suggesting that caspase-1 activity was important for
IL-1B secretion under these infection conditions. Macrophages
similarly treated with DMSO only as a solvent control showed
no decrease in IL-1B secretion (Fig. 2A). Because YVAD
treatment only partially reduced IL-1B secretion, it is possible
that in the absence of caspase-1 activity (see also Fig. 10), other
caspases can mediate processing and secretion of IL-1B in
KIMS5-infected BMDMs. Alternatively, because the ELISA
used does not discriminate between pro and mature forms of
IL-1B and KIMS-infected BMDMs are dying (see Fig. 4), it is
possible that the IL-18 detected in the supernatant of KIMS5-
infected cells represents a mixture of mature IL-1p secreted
via caspase-1 and pro-IL-1B released upon cell lysis.

YopB is required for translocation of effector Yops into host
cells infected with Yersinia (18). A KIMS yopB mutant (Table
1) was used to test whether effector translocation is required
for IL-1B secretion during KIMS infection of BMDMs. The
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FIG. 2. Determination of factors required for IL-18 secretion in
macrophages infected with Y. pestis or Y. pseudotuberculosis. BMDMs
were left uninfected or infected with the indicated strains of Y. pestis or
Y. pseudotuberculosis (Table 1), and levels of IL-1B secreted at 24 h
postinfection were measured by ELISA. (A and B) Macrophages were
left untreated or exposed to 100 pM of the caspase-1 inhibitor Ac-
YVAD-cmk (YVAD) or 140 mM DMSO as a solvent control for 1 h
prior to infection. (C) Macrophages were left untreated (white bars) or
exposed to 50 ng/ml of LPS for 4 h prior to infection (black bars).
Results shown are the averages from three independent experiments
(B and C) or from a single experiment with triplicate wells (A). Error
bars represent standard deviations. Statistical significance (P < 0.05, *;
P < 0.001, ***) compared to KIM5 (A and B) or untreated KIMS5
(C) was determined.

yopB mutant stimulated significantly lower levels of IL-1p se-
cretion from infected BMDMSs than KIMS, suggesting a re-
quirement for effector translocation in this response (Fig. 2B).

Macrophage activation with LPS decreases secretion of
IL-1B from macrophages infected with Y. pestis KIMS. Bergs-
baken et al. (2) have shown that preactivation of BMDMs with
LPS is required for activation of caspase-1 following infection
with wild-type Y. pseudotuberculosis strain YPIII. BMDMs
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were exposed to 50 ng/ml LPS for 4 h prior to infection to
investigate the role of macrophage activation in secretion of
IL-1B from macrophages challenged with Y. pestis KIMS. In-
terestingly, activated BMDMs secreted significantly (twofold)
less IL-1pB after infection with KIMS than naive macrophages
(Fig. 2C). We also observed little difference in the levels of
IL-1pB secreted from activated or naive macrophages following
infection with wild-type IP2666 (Fig. 2C). However, activated
BMDMs infected with the Y. pseudotuberculosis yopJEHMOK
mutant reproducibly secreted higher levels of IL-1f than naive
macrophages infected with the same strain, but this difference
was not statistically significant (Fig. 2C).

Time course analysis of cytokine secretion from KIMS5-in-
fected macrophages. To begin to characterize the mechanism
of caspase-1 activation in macrophages infected with KIMS, a
time course analysis was performed. In addition to analyzing
IL-1B, we also measured secretion of IL-18, which is depen-
dent upon cleavage by active caspase-1 for its processing and
release, and of TNF-a, which is not. A previous study has
shown that Y. pestis strain EV76 can partially suppress secre-
tion of TNF-a from infected RAW264.7 macrophage-like cells
and that YopJ is required for this suppression (56). BMDMs
were infected with KIMS or KIMS yopB, supernatants were
collected at various time points, and ELISA was used to mea-
sure levels of secreted IL-1B, IL-18, and TNF-«. IL-18 was
detected in the supernatants of KIMS-infected macrophages at
4 h postinfection, and IL-1p was detected at 8 h postinfection
(Fig. 3A, B). Both cytokines continued to accumulate in the
supernatants of KIMS5-infected macrophages over time, and
only background levels of these cytokines were secreted from
BMDMs infected with KIMS yopB. Quite different results were
observed for TNF-a, compared to IL-18 and IL-18, under the
same infection conditions (Fig. 3C). Both KIMS and KIMS5
yopB stimulated infected BMDMs to secrete TNF-«, which
accumulated in the supernatants over time, although higher
(~2-fold) levels of TNF-a were secreted from macrophages
infected with the yopB mutant (Fig. 3C). These results sug-
gested that the T3SS of Y. pestis KIMS was differentially reg-
ulating production of cytokines in infected BMDMs. The T3SS
was partially inhibiting a pathway that regulates TNF-a pro-
duction, likely via YopJ, while simultaneously activating a
pathway required for IL-1B and IL-18 secretion.

KIMS induces caspase-1-independent cell death in infected
macrophages. Previous studies have indicated that pathogenic
bacteria such as Salmonella enterica serovar Typhimurium can
induce macrophage cell death via a process mediated by
caspase-1 and termed pyroptosis (17, 24, 26, 31). Since we
obtained evidence that caspase-1 was activated in KIMS-in-
fected macrophages, we wanted to determine whether these
BMDMs were dying of pyroptosis. Microscopic analysis of
membrane permeability by PI uptake assay (see Materials and
Methods) showed that BMDMs infected with KIMS5, but not
KIMS yopB, had compromised plasma membranes and that the
percentage of KIMS-infected macrophages that were PI posi-
tive increased with time (data not shown). Supernatants from
infected BMDMs were tested for LDH, a marker of cell lysis,
to quantify cell death (see Materials and Methods). A time
course analysis revealed that BMDMs infected with KIMS, but
not KIMS yopB, were dying as measured by LDH release (Fig.
4A). A marked increase in LDH in the supernatant of KIMS5-
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FIG. 3. Time course analysis of cytokine secretion from macro-
phages infected with Y. pestis. BMDMs were left uninfected (white
bars) or were infected with either KIM5 (gray bars) or KIMS5 yopB
(black bars). Supernatants were collected at the indicated time points,
and levels of IL-1B (A), IL-18 (B), and TNF-a (C) were quantified by
ELISA. Results shown are the averages from three independent ex-
periments. Error bars represent standard deviations.

infected macrophages was first detected at 8 h postinfection,
and approximately 40% of macrophages underwent cell lysis by
24 h (Fig. 4A). To determine whether caspase-1 activity was
required for cell death, macrophages were pretreated with the
caspase-1 inhibitor YVAD and tested for both IL-1B secretion
and LDH release. Surprisingly, under conditions in which pre-
treatment with 100 pM of YVAD significantly reduced secre-
tion of IL-18 (Fig. 2A), LDH release from KIMS5-infected
macrophages was not significantly reduced (Fig. 4B). Addition-
ally, LDH release was significantly lower in macrophages in-
fected with CO92 Apgm than in macrophages infected with
either KIMS5 or KIM-D27 (Fig. 4C). Thus, although Y. pestis
KIM strains induced YopB-dependent caspase-1 activation
and cell death in infected BMDMSs, caspase-1 activity was not
required for cell death. Therefore, KIM-infected macrophages
did not appear to be dying of pyroptosis (16).

Identification of a region of pCD1 that is required for
caspase-1 activation, IL-13 secretion, and LDH release from
KIM5-infected macrophages. To determine whether one of
the Yop effectors encoded on pCD1 was essential for inducing
IL-1B secretion and LDH release from infected BMDMs, we
obtained KIMS8-derived strains that contained various dele-
tions comprising ~10-kb regions of pCD1, as listed in Tables 1
and 2 (1). The deletions were designed to remove genes en-
coding the six effector Yops, some of the chaperones, and all
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FIG. 4. Determination of factors required for cell death in macro-
phages infected with Y. pestis. BMDMs were left uninfected or infected
with Y. pestis KIMS, KIMS yopB, CO92 Apgm, or KIM-D27. Cell death
was monitored by the percentage of LDH release. In panel A, super-
natants from macrophages infected with KIMS5 (gray bars) or KIM5
yopB (black bars) were collected at the time points indicated, and
percent LDH was determined. In panels B and C, macrophages were
left untreated or exposed to 100 pM YVAD or DMSO as a solvent
control for 1 h prior to infection, and supernatants were collected at
24 h postinfection and analyzed for LDH release. Results shown are
the averages from three independent experiments (A and C) or from
one experiment with triplicate wells (B). Error bars represent standard
deviations. Statistical significance (P < (.01, %) compared to KIM5
(C) was determined.

uncharacterized reading frames and transposable elements (1).
In general, the deletions did not remove genes required for
expression or assembly of the T3SS or for effector transloca-
tion, except for the deletion termed A34, in which sycH was
deleted. SycH has been shown to play a role in T3SS expression
(8). The KIMS-derived strains harboring the mutant pCD1
plasmids were tested along with KIMS and KIMS yopB in
BMDM infection assays, and the results are shown in Fig. 5.
All mutants containing the region 2 deletion (A2, A12, A123,
and A1234), as well as the mutant with the region 3 and 4
deletion (A34), stimulated significantly lower levels of IL-1B
secretion from infected BMDMs (Fig. 5A). Strains with dele-
tions of region 1 (Al) or 4 (A4) showed a partial, but not
statistically significant, reduction (~2-fold) in IL-1B secretion-
stimulating activity (Fig. 5A). Levels of LDH released from
macrophages infected with the different strains were similar in
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FIG. 5. Identification of a region of pCD1 required for IL-1B se-
cretion and cell death in macrophages infected with Y. pestis. BMDMs
were left uninfected or were infected with KIMS, KIMS yopB, or the
indicated KIM8-derived strains (Tables 1 and 2). Supernatants were
collected at 24 h postinfection and analyzed for secreted IL-13 by
ELISA (A) and for cell death by LDH release (B). Results shown are
the averages from three independent experiments. Error bars repre-
sent standard deviations. Statistical significance (P < 0.05, *; P < 0.01,
*%; P < 0.001, ***) compared to KIM5 was determined.

trend to those seen for IL-1p secretion and pointed to a critical
role for region 2 (Fig. 5B). A PI uptake assay confirmed that
the KIMS8 mutant missing region 2 (A2 mutant) did not per-
meabilize the plasma membrane of infected macrophages
(data not shown). Furthermore, a factor encoded in region 2
was required for activation of caspase-1 activity, as shown by
staining with FAM-YVAD-FMK (Fig. 6). BMDMs infected
with KIMS or the A2 mutant were incubated with FAM-
YVAD-FMK and then washed, fixed and stained with anti-
Yersinia antibody to detect macrophage-associated bacteria.
Microscopic analysis showed the FAM-YVAD-FMK fluores-
cent signal associated with a percentage of KIMS5-infected
macrophages at 8 h (Fig. 6). Macrophages infected with the
KIMS8 A2 mutant showed only background staining with FAM-
YVAD-FMK at either time point (Fig. 6). From these results
we concluded that a factor(s) encoded in region 2 is essential
for inducing activation of caspase-1 and cell death in KIMS5-
infected BMDMs. The apparent decrease in IL-18 secretion-
stimulating activity observed for the A34 mutant (Fig. 5A)
might be due to the absence of SycH in this strain, since
deletion of sycH results in a reduction in the secretion of TTSS
effectors (8).

Phagocytosis of KIM5 by macrophages is not required for
IL-1B secretion or LDH release. Two different assays were
employed to investigate the role of bacterial internalization
and intracellular survival in the response of BMDMs to Y.
pestis KIM infection. First, a CFU assay was utilized to deter-
mine the number of KIMS, KIMS yopB, and KIMS8 A2 mutant
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FIG. 6. Detection of active caspase-1 in macrophages infected with Y. pestis by fluorescence microscopy. BMDMs attached to coverslips were
infected with Y. pestis KIMS (upper panels) or with the KIM8 A2 mutant (lower panels) for 4 h (left panels) or 8 h (right panels). Infected
macrophages were incubated with FLICA reagent (FAM-YVAD-FMK) to stain for active caspase-1 (green). The samples were then fixed, and
bacteria were immunolabeled with a rabbit anti-Yersinia antibody (red). Coverslips were mounted on slides, and fluorescence microscopy was used
to detect red and green signals. Representative images were captured by digital photomicroscopy. Images shown are overlays of the red and green

signals and are representative of three independent experiments.

bacteria associated with, and surviving within, macrophages at
various time points (see Materials and Methods). The 0-h time
point revealed the total number of viable bacteria associated
with the BMDMs prior to application of gentamicin-containing
medium. As shown in Fig. 7, similar numbers of KIMS5, KIMS5
yopB, and A2 mutant were associated with BMDMs at 0 h. The
later time points reflected the abilities of the different strains to
survive within the BMDMs, and as shown in Fig. 7, the num-
bers of viable intracellular bacteria remained constant over
time for KIMS, the yopB mutant, and the A2 mutant and
overall decreased only slightly. These results suggest that dif-
ferences in bacterial association with macrophages or intracel-
lular survival of Y. pestis were unlikely to explain the difference
between KIMS and the A2 mutant with respect to their ability
to activate caspase-1 or induce macrophage cell death.
BMDMs were treated with CD, which blocks phagocytosis
by inhibiting actin polymerization, to determine whether bac-
terial internalization was required for caspase-1 activation and

Log10 (CFU/ml)
{

-
1

" ohr 4hr 8hr  12hr

FIG. 7. Analysis of bacterial association and intracellular survival
in macrophages infected with Y. pestis. BMDMs were infected for 20
min with KIMS (light gray bars), KIMS5 yopB (dark gray bars), or the
KIMS8 A2 mutant (black bars). At the end of the 20-min infection
period, some of the infected macrophages were washed and lysed, and
serial dilutions of the lysates were plated for CFU determination (0-h
time point). The infected macrophages remaining were exposed to
gentamicin (see Materials and Methods), and at the time points indi-
cated the BMDMs were processed for CFU determination as de-
scribed above. Results shown are the averages from three independent
experiments. Error bars represent standard deviations.
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FIG. 8. Determination of the role of bacterial phagocytosis in
IL-1B secretion and cell death in macrophages infected with Y. pestis.
BMDMs were left untreated (—CD) or treated with CD (+CD) and
infected with KIMS5 (light gray bars), KIM5 yopB (dark gray bars), or
the KIM8 A2 mutant (black bars). At 24 hours postinfection, super-
natants were collected and analyzed for secreted IL-13 by ELISA
(A) or released LDH (B). Treatment of macrophages with DMSO as
a solvent control under identical conditions used for CD exposure did
not affect IL-1p secretion or LDH release (data not shown). Results
shown are the averages from three independent experiments. Error
bars represent standard deviations.

cell death. Macrophages were left untreated or treated with
CD as described in Materials and Methods and then infected,
and ELISA was performed on supernatants collected after
24 h. Macrophages left untreated or treated with CD and
infected with KIMS showed no significant difference in IL-13
secretion (Fig. 8A) or LDH release (Fig. 8B). In addition,
treatment of macrophages with CD did not alter the levels of
IL-1B secretion or LDH release following infection with KIM5
yopB or the A2 mutant. To verify that CD was reducing bac-
terial internalization, a microscopic assay that measures levels
of bacterial internalization was employed (see Materials and
Methods). Macrophages pretreated or not with CD were in-
fected with KIMS/GFP (Table 1). After 20 min, the macro-
phages were fixed and processed for immunofluorescence mi-
croscopy, and the percentage of intracellular bacteria was
determined. We observed that approximately 70% of KIMS5/
GFP bacteria were intracellular in samples of untreated mac-
rophages, while fewer than 1% of bacteria were intracellular in
samples of CD-treated macrophages (data not shown). These
results suggested that the factor(s) required for stimulating
caspase-1 activation and cell death could be translocated into
BMDMs by extracellular bacteria.

The activity of YopJ is required for caspase-1 activation and
cell death in KIMS5-infected macrophages. To determine whether
any of the known effectors encoded in region 2 of pCD1 (yopH,
ypkA, and yopJ) were required for caspase-1 activation and cell
death, KIMS strains with mutations in these genes were con-
structed (Table 1). There was no significant difference in the
levels of IL-1B secreted or LDH released from BMDMs in-
fected with yopH or ypkA mutants compared to KIMS (data
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not shown). To determine whether YopJ was important for
stimulating IL-1B secretion and LDH release from infected
macrophages, a plasmid (pYopJ-GSK) (19) that expresses the
KIM yopJ ORF under control of an arabinose-inducible pro-
moter was used to transform KIMS8 A2. When the resulting
strain (A2/YopJ) was used to infect BMDMs, a significant
increase in IL-1B secretion and LDH release from infected
macrophages was observed in the presence of arabinose (Fig.
9A and B, respectively). The levels of IL-1 secreted and LDH
released from macrophages infected with A2/YoplJ in the pres-
ence of arabinose were lower than those observed in KIMS5-
infected BMDMs (Fig. 9A and B), suggesting that only partial
complementation of phenotypes was obtained.

To determine whether the KIM YoplJ protein is sufficient to
stimulate IL-1p secretion and LDH release from infected mac-
rophages, the pYopJ-GSK plasmid was used to transform the
Y. pseudotuberculosis yopJ mutant IP2666 J~. The resulting
strain (IP2666 J~/YopJ) exhibited an increased ability to stim-
ulate IL-1B secretion and LDH release from infected macro-
phages when cultured in the presence of arabinose (Fig. 9A
and B, respectively).

A requirement for YopJ catalytic activity in the elicitation of
cell death and caspase-1 activation was examined by construct-
ing a mutant of KIMS that expresses enzymatically inactive
YoplJ (KIMS yopJC172A4). KIMS5 yopJC1724 was as defective
as the yopB mutant or the A2 mutant for stimulating IL-13
secretion and LDH release from infected macrophages (Fig.
9C and D, respectively). KIMS5 yopJC172A4 was also defective
for inhibiting TNF-a secretion from infected BMDMs, as ex-
pected from previous results obtained with Y. pestis EV76 (Fig.
9E) (56). Taken together, our results demonstrate a novel role
for the YoplJ protein of Y. pestis KIM strains in activation of
caspase-1 in macrophages.

Caspase-1-deficient macrophages have a reduced ability to
secrete IL-13 during infection with KIM5 but undergo cell
death at the same rate as wild-type macrophages. We have
shown that pretreatment with YVAD significantly reduced the
amount of IL-1B secreted from macrophages infected with
KIMS5 (Fig. 2A), suggesting that caspase-1 is important for
maximal secretion of this cytokine. To verify these results, we
infected BMDMs deficient for caspase-1 (Casp-1~'") with
KIMS or KIMS yopJC172A4 for 4, 8, or 24 h and measured
IL-1B secretion and LDH release. There was a significant
decrease (~2-fold) in IL-1B secretion at 24 h postinfection in
the Casp-1~'~ macrophages infected with KIM5 compared to
Casp-1""" C57BL/6 BMDMs (Fig. 10A). In contrast, there was
no significant difference in the rate of cell death in Casp-1—'~
and Casp-1"'" macrophages infected with KIM5 (Fig. 10B),
confirming that although caspase-1 is important for maximal
secretion of IL-1B, it is not required for death of BMDMs
infected with Y. pestis KIM.

DISCUSSION

This study was undertaken to determine whether the T3SS
and Yops of Y. pestis and Y. pseudotuberculosis inhibit
caspase-1 activation and IL-1B secretion during infection of
naive macrophages. We unexpectedly found that Y. pestis KIM-
derived strains stimulate infected murine BMDMs to secrete
high concentrations of IL-1B. This phenotype was not seen in
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FIG. 9. Determination of the role of YopJ in IL-1B secretion, TNF-a secretion, and cell death in macrophages infected with Y. pestis or Y.
pseudotuberculosis. BMDMs were left uninfected or infected with KIMS, KIMS yopB, KIMS5 yopJC172A4, KIM8 A2 IP2666, or IP2666 J~. Where
indicated, KIM8 A2 and IP2666 J~ carried the pYopJ-GSK plasmid (YopJ) and were cultured in the presence of arabinose (Ara). Supernatants
were collected at 24 h postinfection and tested for IL-18 by ELISA (A and C), for cell death by LDH release (B and D), or for TNF-a by ELISA
(E). Results shown are the averages from three independent experiments. Error bars represent standard deviation. Statistical significance (P <
0.05, #; P < 0.01, #%; P < 0.001, ***) compared to KIM5 was determined (C, D, and E). In panel A, P < 0.05 (*), comparing A2 and A2/YopJ-Ara.
In panel B, P < 0.05 (*), comparing A2 and A2/YopJ-Ara or comparing IP2666 and IP2666 J~/YopJ-Ara.
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FIG. 10. Determination of the importance of caspase-1 for IL-13
secretion and cell death by infection of Casp-1~/~ macrophages with Y.
pestis. BMDMs were left uninfected or infected with KIMS (black bars,
Casp-1"""; white bars, Casp-1~'") or KIMS5 yopJC172A (crosshatched
bars, Casp-17'*; hatched bars, Casp-1~'7). Supernatants were col-
lected at 4 h, 8 h, and 24 h postinfection and monitored for IL-13
secretion by ELISA (A) or for cell death by LDH assay (B). Results
shown are the averages from three independent experiments. Error
bars represent standard deviations. Statistical significance (P < 0.001,
x%%) compared to KIMS was determined.
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Y. pestis CO92 Apgm or the Y. pseudotuberculosis strains
1P2777 and IP2666 (Fig. 1), suggesting that KIM isolates differ
genetically from these other Yersinia strains. Caspase-1 was
activated in macrophages infected with KIMS as shown by
microscopic analysis of infected cells incubated with the fluo-
rescent caspase-1 inhibitor Fam-YVAD-fmk (Fig. 6). IL-1B
secretion from macrophages infected with KIMS was signifi-
cantly reduced when caspase-1 was inhibited (Fig. 2A) or ab-
sent (Fig. 10A) in BMDMs. KIMS also stimulated a higher
level of cell death in infected macrophages compared to CO92
Apgm (Fig. 4C). However, cell death in KIMS5-infected
BMDMs did not require caspase-1 activity, since release of
LDH was not significantly decreased in the presence of YVAD
(Fig. 4B) or in the absence of caspase-1 (Fig. 10B). These
results argued that although caspase-1 was being activated in
KIMS-infected macrophages, the BMDMs were not dying of
pyroptosis. Analysis of a KIMS yopB mutant suggested that
translocation of a T3SS effector into the macrophage cell was
required for caspase-1 activation and cell death (Fig. 2B).
Inhibition of actin polymerization with CD can suppress the
induction of caspase-1 activation and cell death in macro-
phages infected with Salmonella and Francisella species (17, 29,
31). However, we found that caspase-1 activation and cell
death in macrophages infected with KIMS was not inhibited by
CD treatment (Fig. 8). This result suggested that caspase-1
activation and cell death could result from the translocation of
a T3SS effector by extracellular Y. pestis. Finally, analysis of Y.
pestis KIM-derived mutants defective for expression of func-
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tional Yop effectors indicated that cell death and caspase-1
activation required T3SS-mediated delivery of active YopJ into
macrophages (Fig. 5 and 9). All together, these results indi-
cated that macrophages infected with Y. pestis KIM strains
undergo a YopJ-dependent form of cell death that is coupled
to activation of caspase-1. Although we had set out with the
goal of learning how Yop effectors of Yersinia species inhibit
activation of caspase-1, we instead discovered that the YopJ
protein of Y. pestis KIM strains is required for activation of this
proinflammatory caspase.

The mechanism of caspase-1 activation in BMDM:s infected
with Y. pestis KIM appears to be different from what has
previously been observed by other groups studying Yersinia-
infected macrophages (2, 47, 49). Bergsbaken et al. (2) found
that caspase-1 was activated in BMDMs infected with wild-type Y.
pseudotuberculosis YPIII, but only when the macrophages were
pretreated with LPS, and that YopJ was dispensable for activation
of caspase-1 under their infection conditions. In contrast, YopJ
activity was required for caspase-1 activation (Fig. 9), and IL-18
secretion decreased when BMDMs were pretreated with LPS
(Fig. 2C) in KIM5-infected macrophages. In Y. enterocolitica
E40-infected Mf4/4 cells, activation of caspase-1 was observed
only in strains deficient for production of YopE and YopT (47,
49), because the activities of these effectors normally prevent
the formation of pores (51) that can apparently stimulate the
inflammasome to activate caspase-1 (49). However, we found
that activation of caspase-1 in KIM-infected BMDM:s did not
require the absence of YopE and YopT, and in fact the ab-
sence of these effectors appeared to result in decreased IL-13
secretion by macrophages (Fig. 5 [the Al mutant is missing
yopT and the A4 mutant is missing yopE]). Genetic differences
that exist between the strains used in the studies discussed
above and in our study may partially explain the different
results that have been observed with respect to mechanisms of
caspase-1 activation in Yersinia-infected macrophages. In ad-
dition, differences in experimental variables such as type of
macrophage (primary, cell line, or activated versus nonacti-
vated) and MOI may result in different conclusions being
reached as to the role of Yops in modulating caspase-1 acti-
vation. For example, activation of caspase-1 as a result of
T3SS-dependent pore formation requires a high MOI (=50)
and extended time of contact (=2 h) between live extracellular
bacteria and macrophages (49). We used a relatively low MOI
(10) and a short period of contact with live extracellular bac-
teria (20 min), and as a result activation of caspase-1 via pore
formation was minimal, as shown by the low levels of IL-13
secreted from naive or LPS-stimulated BMDMs infected with
multieffector mutants of Y. pseudotuberculosis IP2666 (Fig. 1C)
or Y. pestis KIMS (Fig. 5A).

Previous studies have shown that Y. pestis strains are limited
in their ability to induce YopJ-dependent apoptosis in macro-
phages, unless high MOIs are used and the bacteria are cen-
trifuged onto the host cells to force contact (53, 56). Similar to
what has been reported for EV76 and Kimberly53 (56), CO92
Apgm was limited in its ability to kill macrophages under our
infection conditions (Fig. 4D). In contrast, O:8 serogroup
strains of Y. enterocolitica, such as WA-314, have been shown
to induce high levels of YopP-dependent apoptosis in macro-
phages at low MOI (45, 56). The limited ability of some Y.
pestis strains to induce macrophage apoptosis, compared to
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WA-314, has been correlated with decreased translocation of
Y. pestis YopJ compared to YopP of WA-314 (56). As dis-
cussed further below, it is possible that the YopJ protein of
KIM has unique features or activities that result in high levels
of cell death in macrophages infected at low MOI. We hypoth-
esize that Y. pestis KIM strains induce a novel form of YoplJ-
dependent cell death in macrophages, which is coupled to
activation of caspase-1. A previous study reported that murine
bone marrow-derived dendritic cells infected with Y. enteroco-
litica strain WA-314 died of a necrotic form of cell death that
required YopP activity (22). Although activation of caspase-1
or secretion of IL-1B was not investigated in that study, den-
dritic cells infected with Y. enterocolitica WA-314 released
HMGBI (22), which is a potent proinflammatory molecule
(60). Thus, there is precedence for the idea that Yersinia in-
fection can stimulate YopJ/P-dependent proinflammatory host
cell death, although our study is the first to demonstrate YoplJ-
dependent activation of caspase-1 in infected host cells.

The ability of different Y. enterocolitica strains to effectively
induce apoptosis in infected macrophages has been linked to
variations at position 143 of the YopP sequence (45). Sero-
group O8 strains such as WA-314 that effectively induce apop-
tosis in infected macrophages contain an Arg at position 143
(45). Y. enterocolitica strains that express YopP proteins con-
taining the Arg at position 143 also strongly inhibit activation
of NF-«kB in macrophages (45). However, the YopJ proteins
encoded by KIM, CO92, and Y. pseudotuberculosis all contain
an Arg at position 143 (45), so variations at this residue are not
responsible for the phenotypic differences seen in the present
study. The sequence of the KIM YopJ protein (NP_857908)
differs by two amino acids from the sequence of CO92 YopJ
(NP_395205.1), corresponding to L177F and E206K substitu-
tions. The sequence of the KIM YopJ protein differs by one
amino acid from the sequence of Y. pseudotuberculosis 1P32953
YopJ (NP_395205.1), corresponding to an L177F substitution.
The amino acid differences that exist between the YopJ pro-
teins of KIM, CO92, and Y. pseudotuberculosis are likely re-
sponsible for the phenotypic differences observed in this study,
and in the future it will be important to determine how these
substitutions alter YopJ protein function. Several possibilities
exist, including differences in translocation efficiency, protein
stability, or substrate specificity. In addition, we note that the
sequence of a YopJ protein from Y. pestis Medievalis strain
K1973002 (ZP_02318615) is identical to the sequence of YopJ
from KIM, suggesting that the phenotype we are observing is
not an artifact resulting from a mutation acquired during lab-
oratory passage but rather is due to a unique yopJ genotype
associated with Medievalis strains.

Another key issue that remains to be addressed is the con-
nection between cell death and caspase-1 activation in macro-
phages infected with Y. pestis KIM. Caspase-1 activity is not
required for cell death (Fig. 4C and 10B), which indicates that
caspase-1 activation is a downstream effect of cell death or that
separate pathways regulate cell death and caspase-1 activation.
The kinetics of IL-1B/IL-18 secretion and LDH release from
KIM5-infected macrophages was similar (compare Fig. 3AB
with 4A), which is suggestive of a mechanistic connection be-
tween the two processes. LPS activation of macrophages de-
creases YopP-dependent apoptosis in response to Y. enteroco-
litica infection (44), and we observed that LPS pretreatment
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decreased secretion of IL-1B from KIMS-infected BMDMs
(Fig. 2C), which is an indication that caspase-1 activation oc-
curs downstream of the cell death program. One possibility is
that YopJ-mediated inhibition of NF-kB activation in KIMS5-
infected macrophages triggers cell death and caspase-1 activa-
tion. Greten et al. have shown that gene products under con-
trol of NF-kB negatively regulate caspase-1 activation in
macrophages and that inhibition of NF-«kB activation before
stimulating macrophages with LPS results in enhanced secre-
tion of IL-1B (21). It may seem counterintuitive that strong
inhibition of NF-kB activation in KIMS5-infected macrophages
could result in enhanced secretion of mature IL-1p, since ex-
pression of the pro form of IL-1f is positively regulated by
NF-«kB. In fact, Schotte et al. (47) reported that YopP inhibits
expression of the pro form of IL-1B in Mf4/4 cells infected with
Y. enterocolitica E40. We observed inhibition of TNF-a secre-
tion from BMDMs infected with KIMS (Fig. 9E), indicating
that the YopJ protein of KIM is reducing expression of NF-«kB
target genes. However, we note that macrophages infected
with KIM5 secrete more TNF-« than uninfected BMDMs (Fig.
9E), which suggests that activation of NF-kB and expression of
NF-kB target genes was occurring at a low level in even in the
presence of YopJi . Low levels of activated NF-kB may be
sufficient for small amounts of pro-IL-1B to be made but not
sufficient to prevent activation of caspase-1, resulting in mea-
surable secretion of the mature form of IL-1p.

Greten et al. proposed that activation of caspase-1 in re-
sponse to inhibition of NF-kB represents a mechanism of host
defense against pathogens that target this transcription factor
(21). It is possible that the differential ability of Y. pestis KIM
and CO92 strains to activate caspase-1 in BMDMs is a conse-
quence of a differential ability of these strains to inhibit, via
YoplJ, activation of NF-kB. Caspase-1 is known to play a pro-
tective role against several pathogens, including Salmonella
and Francisella species, in murine infection models (26, 28, 42).
If KIM and CQO92 strains differentially activate caspase-1 in
vivo, it could manifest in a virulence difference between these
strains. This will be an important issue to address in future
studies.
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