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The enteropathogen Yersinia pseudotuberculosis can survive in the harsh environment of lymphoid compartments that abounds
in immune cells. This capacity is dependent on the plasmid-encoded Yersinia outer proteins (Yops) that are delivered into the
host cell via a mechanism involving the Yersinia type III secretion system. We show that the virulence protein YopK has a role in
the mechanism by which Y. pseudotuberculosis avoids the polymorphonuclear leukocyte or neutrophil (PMN) defense. A yopK
mutant, which is attenuated in the mouse infection model, where it fails to cause systemic infection, was found to colonize Pey-
er’s patches and mesenteric lymph nodes more rapidly than the wild-type strain. Further, in mice lacking PMNs, the yopK mu-
tant caused full disease with systemic spread and typical symptoms. Analyses of effects on PMNs revealed that both the wild-type
strain and the yopK mutant inhibited internalization and reactive oxygen species production, as well as neutrophil extracellular
trap formation by PMNs. However, the wild-type strain effectively avoided induction of PMN death, whereas the mutant caused
a necrosis-like PMN death. Taken together, our results indicate that YopK is required for the ability of Yersinia to resist the PMN
defense, which is critical for the virulence of the pathogen. We suggest a mechanism whereby YopK functions to prevent unin-
tended Yop delivery and thereby PMN disruption, resulting in necrosis-like cell death, which would enhance the inflammatory
response favoring the host.

There are three human pathogenic species of the Gram-negative
bacterium Yersiniae: Yersinia pestis, Yersinia enterocolitica, and

Yersinia pseudotuberculosis (1). The enteropathogen Y. pseudotu-
berculosis causes the gastrointestinal disease yersiniosis (2). After
entry by the oral route, it penetrates the intestinal epithelium and
spreads to the lymphatic system first infecting Peyer’s patches
(PPs) and thereafter mesenteric lymph nodes (MLN) (3, 4). At
these locations, most other bacteria are effectively destroyed and
cleared by phagocytes; however, Y. pseudotuberculosis can survive and
replicate in this environment by inhibiting several host immune de-
fense mechanisms (5). In humans, Y. pseudotuberculosis infections
are usually cleared at this site; however, in the mouse infection model
the pathogen disseminates and causes systemic infection (2). All
pathogenic Yersinia species are capable of inhibiting important host
immune mechanisms in local lymph nodes. This essential virulence
property is dependent on the plasmid-encoded Yersinia outer pro-
teins (Yops): YopE, YopH, YopJ, YopM, YopT, YpkA, and YopK.
Upon intimate contact with a target host cell, these Yops are delivered
into the host cell via a mechanism involving the Yersinia type III
secretion system (T3SS) (6). Inside the target cell, the Yop effectors
interfere with several key mechanisms of the host immune defense,
including phagocytosis and production of proinflammatory signal-
ing molecules (7).

The main target cells for Y. pseudotuberculosis T3SS-mediated
Yop translocation during infection are polymorphonuclear cells
or neutrophils (PMNs) (8), suggesting that these innate immune
cells play a key role in combating the infection. PMNs are rapidly
recruited to infection sites in response to host- and pathogen-
derived chemotactic factors (9). Recruited PMNs can effectively
internalize bacteria by phagocytosis and then fuse antimicrobial
cytoplasmic granules with the phagosome containing the patho-
gen. The production of reactive oxygen species (ROS) is also ini-
tiated in these cells and can activate additional enzymes and kill
microbes (10). Furthermore, PMNs can kill extracellular bacteria

by releasing web-like structures called neutrophil extracellular
traps (NETs) (11), which are mostly comprised of DNA and asso-
ciated histones, along with some granule and cytoplasmic proteins
(12). NETs facilitate killing of bacteria by focusing the antimicro-
bial armory to the site of infection and by preventing bacterial
spread from this site (13).

Previous in vitro studies have shown that Yersinia spp. can
resist phagocytosis and ROS production by PMNs (14–19), en-
abling their survival in the lymphoid compartments. YopH and
YopE are the main Yop effectors responsible for resistance against
PMN-mediated phagocytic uptake (14, 15). We recently showed
that the virulence protein YopK is required for precision of the
targeting of antiphagocytic effectors and that this involves an in-
teraction of YopK with the eukaryotic signaling protein receptor
for activated C kinase (RACK1) that is recruited to activated in-
tegrin complexes (20). YopK has also been proposed to prevent
T3SS-induced caspase-1 activation and subsequent inflam-
masome activation, which is suggested to enhance Yersinia sur-
vival (21). The sequence encoding YopK (YopQ in Y. enteroco-
litica) is present in all three human pathogenic Yersinia species
(22–24), and YopK appears to be unique to Yersinia, since no
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similar amino acid sequence has been found in any other bacteria
that harbor a T3SS. The YopK protein is delivered into the target
cell, where it associates with the translocators YopB and YopD,
and contributes to control of Yop effector delivery (20, 21, 25–28).
In the absence of YopK, Yop delivery is uncontrolled and results in
massive amounts of effectors in the target cells, whereas the oppo-
site is seen for a strain overexpressing YopK, where the amount of
translocated Yops is markedly restricted (20, 25, 26, 28). In addi-
tion to the overdelivery of Yop effectors, the absence of YopK also
results in more translocators, especially YopB, in the host cell
membrane (20). However, although it overdelivers Yop proteins
into target cells, a yopK mutant is highly attenuated in the mouse
infection model (22–24, 29), indicating that the delivery of Yop
effectors must be strictly controlled to enable the establishment of
infection. In the present study, we sought to further investigate the
influence of YopK on Y. pseudotuberculosis pathogenesis in the
mouse infection model.

MATERIALS AND METHODS
Cells, bacterial strains, and growth conditions. Human peripheral
blood PMNs were isolated from healthy donors as described previ-
ously (30). This study was conducted using wild-type Y. pseudotuber-
culosis YPIII(pIB102) (31), harboring the 70-kb virulence plasmid, the
plasmid-cured strain (32), and the isogenic yopK deletion mutant
strain (22). For animal experiments, the bioluminescent Y. pseudotu-
berculosis wild-type strain [YPIII(pCD1, Xen4)] (Caliper Life Sci-
ences) and the yopK deletion mutant [YPIII(pCD155, Xen4)] (20) of
the same strain were used. Before all experiments, bacteria were grown
overnight at 26°C. To induce Yop expression, the bacteria were diluted
and grown at 26°C for 30 min and subsequently at 37°C for 1 to 3 h.

Mouse infection and measurement of in vivo bioluminescence.
Mouse experiments were approved (Dnr A81-08 and A104-08) and per-
formed according to the guidelines of the Umeå University Animal Ethics
Committee.

Mice were housed under standard conditions and were given food and
water ad libitum. Eight-week-old female BALB/c mice (Taconic, Denmark)
were orally infected with Y. pseudotuberculosis wild-type [YPIII(pCD1-
Xen4)] or yopK-null [YPIII(pCD155-Xen4)] strains. The mice were deprived
of food and water for 16 h before oral infection. The Yersinia strains were
grown overnight in Luria-Bertani (LB) medium at 26°C and subsequently
resuspended in sterile tap water supplemented with 150 mM NaCl. The in-
fection dose was determined by viable count and drinking volume measure-
ments. The animals were inspected daily for signs of disease and analyzed for
light emission in an IVIS Spectrum (Caliper Life Sciences). Prior to imaging,
the mice were anesthetized with 2.5% isoflurane (IsoFluVet; Orion Pharma
Animal Health, Sweden) mixed with oxygen supplied by the XG1-8 gas sys-
tem (Caliper Life Sciences). Images were acquired and analyzed using Liv-
ingImage software (Caliper Life Sciences). Total photon emission was re-
corded for each animal, and the light emitted from each individual mouse was
quantified using the region-of-interest (ROI) tool. The data were compared
by using the Student t test; differences were considered significant at a P value
of �0.05 (*, P � 0.05, **, P � 0.01).

To analyze systemic spread, viable count measurement was done from
infected mouse spleens. Spleens were homogenized using a Dispomix
Drive (MedicTools). Homogenates were serial diluted and plated on LB
agar plates supplemented with kanamycin (50 �g/ml). Colonies were
counted after 48 h of incubation at 26°C.

PMN depletion. To deplete GR1� cells, female BALB/c mice (Tac-
onic, Denmark) were injected intraperitoneally with 100 �g of the mono-
clonal anti-GR1 antibody RB6-8C5 (which recognizes PMNs and inflam-
matory monocytes, as well as memory CD8� T cells, and plasmacytoid
dendritic cells) (33) 1 day before and 1 and 3 days postinfection (p.i.).
Mice injected with phosphate-buffered saline (PBS) served as controls. To
ensure that GR1� cells had been depleted, flow cytometric analysis of

mouse blood was performed at day 1, 3, 5, and 7 p.i. Briefly, 20 �l of whole
blood from the mouse tail vein were stained with anti-GR1 (BD Biosci-
ences Pharmingen) and anti-MHC class II (BD Biosciences) for 30 min.
After lysis of erythrocytes, leukocytes were collected by centrifugation and
analyzed using FACSCalibur (BD Biosciences).

Visualization of NET formation. PMNs were seeded on poly-L-
lysine-coated glass coverslips in Hanks balanced salt solution (HBSS) sup-
plemented with MgCl2 and CaCl2. PMNs were infected with Yersinia at a
multiplicity of infection (MOI) of 30 and incubated at 37°C in 5% CO2 for
15 h. Thereafter, the samples were washed, fixed with 1% paraformalde-
hyde (PFA), and blocked with 3% cold water fish gelatin, 5% donkey
serum, 1% bovine serum albumin, and 0.25% Tween 20 in PBS. The
PMNs were stained using a primary antibody against CD66 (BD Biosci-
ences, catalog no. 551354), and a rabbit anti-Yersinia primary antibody
(Agrisera, Sweden) was used to stain bacteria. DAPI (4=,6=-diamidino-2-
phenylindole; Sigma) was used to visualize DNA. After washing, species-
specific secondary antibodies coupled to Cy2 or Cy3 (Jackson Immunore-
search) were used to detect the primary antibodies. Specimens were
mounted in Mowiol (Roth) and analyzed using a DMRB microscope
(Leica) equipped with a digital camera (DXM 1200; Nikon).

Determination of bacterial uptake. For the determination of bacte-
rial uptake, PMNs were seeded on glass coverslips 30 min before the ex-
periment and infected with an MOI of 10 for 30 min at 37°C in a humid-
ified atmosphere containing 5% CO2. Intracellularly and extracellularly
located bacteria were distinguished by using a previously described dou-
ble-fluorescence labeling method (34, 35) using rabbit anti-Yersinia
(Agrisera, Sweden) and Alexa 488-donkey anti-rabbit and Alexa 555-goat
anti-rabbit (Molecular Probes/Invitrogen) antibodies. Samples were an-
alyzed by fluorescence microscopy (Zeiss Axioskop). The numbers of ex-
tracellularly bound and total cell-associated bacteria were counted for 50
randomly selected cells per coverslip.

Determination of bacterial colonization in PPs. For analysis of bac-
terial colonization, Peyer’s patches (PPs) were harvested from the infected
animals and frozen on isopentane prechilled on liquid nitrogen and kept
in �80°C. Next, 10-�m-thick cryosections were air dried on Superfrost
glass (Thermo Science), fixed with 4% PFA, and permeabilized with 0.5%
Triton X-100. To block nonspecific binding, the specimens were overlaid
with 0.1 M glycine, followed by 5% serum from the host of the secondary
antibody. The samples were stained with rabbit anti-Yersinia (Agrisera,
Sweden) primary antibody and Alexa 488-donkey anti-rabbit secondary
antibody (Molecular Probes/Invitrogen). Tissue sections were analyzed in
a Nikon 90i microscope. The bacterial focus size was measured using
Nis-Elements AR software.

Immunohistochemistry. Cryosections of PPs were fixed in 4% PFA,
and free aldehyde groups were blocked in 0.1 M glycine for 10 min. En-
dogenous peroxidase was blocked in PBS with 2 mM NaN3 and 0.03%
H2O2 at 37°C. Endogenous biotin was blocked with avidin-biotin treat-
ment (Vector Laboratories). The sections were stained with rat-�-mouse
Ly6G/6C (clone RB6-8C5; BD Biosciences) in 0.1% bovine serum albu-
min (Boehringer Mannheim). Rat IgG2A (Serotec) was used as isotype
control. Biotinylated secondary antibody (biotinylated mouse-�-rat
[Jackson Immunoresearch]) was used, and the signal was amplified with a
Vectastain ABC enhancement kit (Vector Laboratories, Inc., Burlingame,
CA) and developed with 3,3=-diaminobenzidine (Fast DAB tablet sets;
Sigma). Finally, the tissue sections were stained with methyl green
(Sigma) and mounted in Canada balsam (Sigma). The stained sections
were examined in a Nikon 90i microscope, and images were captured
using a Nikon DSFi1 camera and Nis-Elements AR software.

Determination of ROS production. ROS production was measured
by a luminal-based chemiluminescence assay. PMNs were seeded in a
96-well plate with HBSS containing 50 �M luminol and 1.2 U of horse-
radish peroxidase (Calbiochem)/ml. The cells were stimulated with either
100 nM phorbol myristate acetate (PMA; as a control of induction of ROS
production), different strains of Y. pseudotuberculosis (MOI of 30), or left
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untreated. Chemiluminescence was detected using an Infinite 200 lumi-
nometer (Tecan) placed in a 5% CO2 atmosphere.

Cell death assays. PMN cell death was determined by using the Sytox
green fluorescence assay (36) and by analyses of plasma membrane bind-
ing of annexin V and incorporation of propidium iodide (PI) by flow
cytometry (37). For the Sytox green assay, PMNs were seeded in a black
96-well plate in RPMI and 1 mM Sytox green (Invitrogen). The cells were
stimulated using 100 nM PMA (as a control of induction of PMN cell
death), different strains of Y. pseudotuberculosis (MOI of 30), left un-
treated, or lysed with 1% Triton X-100. Fluorescence from incorporated
Sytox green in the DNA of dead cells was measured every 10 min in a
Fluostar Omega fluorescence plate reader (BMG) at 37°C and 5% CO2 for
a total of 16 h. Then, 5 �l of H2O was added every 60 min to balance
evaporation. To calculate the percentage of cell death, the background
fluorescence was subtracted from the sample values at each time point and
divided by the lysis control. For flow cytometry, the cells were incubated
with bacteria (MOI of 30) in HBSS supplemented with 5% heat-inacti-
vated fetal calf serum in 5-ml round-bottom tubes (Falcon) for 3 and 6 h.
Thereafter, the cells were washed, first in PBS and then in binding buffer
(1 mM HEPES/NaOH [pH 7.5], 14 mM NaCl, 0.25 mM CaCl2) by cen-
trifugation at 500 � g for 3 min in a 96-well plate with V-shaped wells
(Costar). Cells were resuspended in Binding buffer and stained with flu-
orescein isothiocyanate (FITC)-conjugated annexin V (BD Biosciences)
according to the instructions of the manufacturer, and 8 �g of PI (Sigma/
ml) for 15 min in the dark at room temperature. Fluorescent signals were
quantified by flow cytometry using a FACSCalibur and CellQuest soft-
ware (BD Biosciences).

Caspase-3 activity assay. Measurements of caspase-3 activity were
performed using the fluorimetric caspase-3 assay (Sigma-Aldrich) ac-
cording to the manufacturer’s instructions. Aliquots of 105 PMNs were
left untreated or infected with bacteria (MOI of 30) for 3 and 6 h, followed
by cell lysis. The relative caspase-3 activity in the lysates was determined by
measuring the fluorescence of the hydrolyzed Ac-DEVD-AMC substrate
cleaved by caspase-3 in a kinetic mode every 5 min for 60 min and calcu-
lation of the fluorescence intensity rate. Assays were performed in tripli-
cate.

RESULTS
YopK is important for Y. pseudotuberculosis to spread systemi-
cally and cause full disease in mice. Previous results from cell
culture analyses have suggested different roles of YopK in bacte-
rium-host cell interplay (20, 21). To investigate the role of YopK
during infection, we here used the in vivo imaging system (IVIS)
technology that allows real-time monitoring of Y. pseudotubercu-
losis infections in the mouse. A yopK deletion was introduced into
the bioluminescent Y. pseudotuberculosis wild-type strain YPIII
(pCD1 Xen4). The resulting yopK mutant strain and the wild-type
strain were then used to orally infect female BALB/c mice with 108

bacteria. Infection was followed by daily visual inspections for
signs of disease, and IVIS bioluminescence analysis of the mice
was performed on days 1, 3, 5, and 7 postinfection (p.i.). IVIS
analyses on day 1 p.i. showed higher levels of total biolumines-
cence emitted from mice infected with the wild-type strain com-
pared to mice infected with the yopK mutant strain. At this early
time point of infection, both strains are expected to reside in the
intestine, and the observed difference in total emitted biolumines-
cence therefore suggested higher level of colonization for the wild-
type strain (Fig. 1A and B). At day 3 p.i. the total bioluminescence
signals from mice infected with the two strains reached equal val-
ues. At later time points, days 5 and 7 p.i., the signals from mice
infected with the yopK mutant were slightly higher compared to
those from animals infected with the wild-type strain, suggesting
similar loads. There were however striking differences concerning

signs of disease between the two infection groups. On days 4 to 7,
mice challenged with wild-type bacteria showed clear disease
symptoms, such as ruffled fur, hunchback posture, and diarrhea.
In sharp contrast, mice infected with the yopK mutant strain ap-
peared perfectly healthy throughout the experiment (Table 1),
and eventually cleared the infection between days 11 and 14. A
plausible explanation for the discrepancy in total bioluminescence
and disease symptoms is that disseminating wild-type bacteria
that reach deeper tissues and spread out actually give rise to lower
levels of total bioluminescence compared to the mutant strain.
The yopK strain was contained within foci and could less effi-
ciently disseminate yet resulting in a more concentrated and thus
higher bioluminescence signal.

To investigate whether YopK indeed was required for dissem-
ination during infection, we applied the IVIS again, this time to
analyze bioluminescence signals emitted by organs dissected from
mice infected with the wild-type strain or the yopK mutant strain
at days 3, 5, and 7 p.i. At day 3 p.i., the wild-type strain colonized
the small intestine and the MLN and also had spread to the liver
and spleen (Fig. 1C). Systemic spread of the wild-type strain to
liver and spleen was also observed at days 5 and 7 p.i. (Fig. 1C). On
the other hand, the yopK mutant showed a very different pattern;
like the wild-type strain, the yopK mutant strain colonized the
small intestine and MLN at day 3 p.i., but it did not colonize spleen
or liver at day 3, 5, or 7 p.i. (Fig. 1C). Moreover, the viable bacterial
count from homogenized spleens from day 7 p.i. showed the pres-
ence of the wild type (1,442,000 CFU/spleen) but not of the yopK
mutant strain (0 CFU/spleen), confirming the deficient dissemi-
nation of the yopK mutant. Together, these results demonstrate
that in contrast to wild-type Y. pseudotuberculosis, the yopK mu-
tant strain is unable to spread systemically which subsequently
decreases its ability to cause full disease in mice.

YopK influences early colonization in Peyer’s patches. To
understand the mechanism underlying the difference in spreading
capacity between the wild-type and yopK mutant strains, we next
investigated the early steps of infection. To analyze initial coloni-
zation in the PPs, mice were infected as before with the biolumi-
nescent wild-type and yopK strains. The animals were euthanized
at days 1, 3, or 5 p.i., and PPs were harvested and frozen at �80°C.
The frozen tissue was sectioned and subjected to immunofluores-
cence staining of Yersinia. The sections were analyzed by micros-
copy; focus sizes of �6,000 �m2 were considered small, focus sizes
of 6,000 to 12,000 �m2 were considered medium, and focus sizes
of �12,000 �m2 were considered large. For the wild-type strain, at
day 1 p.i., no obvious bacterial foci were detected in any of the
analyzed PPs, whereas after 3 days of infection, large foci were
present in 83% of the analyzed PPs (Fig. 2A and B). Surprisingly,
for the yopK mutant strain at day 1 p.i., foci of mostly small size
were detected in all analyzed PPs (Fig. 2A). Thus, foci were detect-
able earlier after infection with the yopK mutant strain compared
to the wild-type strain. Bacterial foci were also present in PP sec-
tions at days 3 and 5 p.i. with the yopK mutant; interestingly, these
foci were smaller than the wild-type foci at days 3 (Fig. 2A and B)
and 5 p.i. (data not shown). These results clearly demonstrate that
the YopK-deficient strain has a different colonization pattern
compared to the wild-type strain, as evidenced by earlier forma-
tion of foci, which, however, did not increase in size to the same
extent as foci of wild-type bacteria. This colonization pattern
might be related to impaired ability of the yopK mutant strain to
spread systemically and cause full disease.

Role of YopK during In Vivo Infection
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Given that the yopK mutant strain colonized the PPs earlier
than the wild-type strain, we next investigated whether this was
reflected in the host’s innate immune response. For this purpose,
we analyzed the presence of PMNs, which are recruited to PPs
upon infection as a result of the inflammatory response (38–40).
Sections of PPs from mice infected with the yopK mutant or the
wild-type strain were subjected to immunohistochemistry stain-
ing of PMNs. At day 1 p.i., infiltration of PMNs was detected in
PPs from mice infected with the yopK mutant strain, but not in
PPs from wild-type strain-infected mice (Fig. 2C). At day 3 p.i.,
PMN infiltration could be detected in PPs from both infection
groups (Fig. 2C). Together, our data indicate that the yopK mutant
strain colonizes PPs more efficiently compared to the wild-type

TABLE 1 Signs of disease in Y. pseudotuberculosis-infected mice

Day

Disease severitya in mice infected with various Y. pseudotuberculosis
strains

Wild type Wild type, PMN� yopK mutant yopK mutant, PMN�

1 – – – –
3 � �� – �
5 ��� �� – ���
7 ��� ��� – ���
a Disease severity was graded based on visual inspections of each mouse for symptoms
such as ruffled fur, hunchback posture, and diarrhea. –, Healthy mice without any signs
of disease; �, at least 50% of the mice showed signs of ruffled fur; ��, the majority of
the mice had ruffled fur and diarrhea; ���, the majority of the mice had severe
diarrhea and a hunchback posture.

FIG 1 YopK is essential for Y. pseudotuberculosis to spread systemically and cause full disease in mice. Real-time in vivo imaging of Y. pseudotuberculosis infection
in BALB/c mice that were orally infected with 1.1 � 108 bacteria of the wild-type [YPIII(pCD1, Xen4)] or 1.3 � 108 bacteria of the yopK [YPIII(pCD155, Xen4)]
strains was performed. (A) Bioluminescent images of four mice for each bacterial strain on days 1, 3, 5, and 7 p.i. The same groups of mice are shown for the
different time points indicated. The color bar presents the total number of emitted photons, with high and low bioluminescent signals indicated by red and blue,
respectively. (B) Bioluminescent signals from the infected animals on the indicated days postinfection presented as photons/second. The data were compared by
using the Student t test, with differences considered significant at a P of �0.05 (*, P � 0.05; **, P � 0.01). (C) Bioluminescent signals from a representative set
of dissected organs for each bacterial strain on days 3, 5, and 7 p.i. Beneath each organ image, a summary presents the number of each indicated organ with
signals/all dissected organs. PP, Peyer’s patch; M, mesenteric lymph node (MLN); L, liver; S, spleen.
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strain and thereby initiates an earlier innate immune response
involving PMN infiltration.

Y. pseudotuberculosis requires YopK for protection against
PMNs during infection. Our finding that the colonization pattern
of YopK-deficient bacteria is distinct from that of wild-type bac-
teria during the initial phase of PP infection, together with the

inability of this mutant to spread systemically, suggest a role for
this virulence protein in the interplay of the bacteria with the early
innate immune defense. PMNs play a critical role in immediate
clearance of invading bacteria and are considered as potential pu-
tative key targets for pathogens that manage to establish and
maintain infection in host tissues (10). To investigate the role of

FIG 2 The Y. pseudotuberculosis yopK mutant colonizes Peyer’s patches faster than the wild-type strain. (A) Representative images of immunofluorescence
staining of Y. pseudotuberculosis in sections of PP from mice infected with the indicated strains on days 1 and 3 p.i. PPs positive for bioluminescent signals were
selected from IVIS analyses of dissected organs. (B) Percentages of bacterial foci of different sizes from PP of mice infected with wild-type or yopK mutant bacteria
at days 1 and 3 p.i. (wild type [day 1, n � 7; day 3, n � 16] and yopK mutant [day 1, n � 10; day 3, n � 19]). Focus sizes of �6,000 �m2 were considered small,
focus sizes of 6,000 to 12,000 �m2 were considered medium, and focus sizes of �12,000 �m2 were considered large. (C) Infiltration of PMNs in the PPs of mice
infected with wild-type or yopK mutant bacteria at days 1 and 3 p.i. Sections of PPs were stained for bacteria with immunofluorescence and for PMNs using
immunohistochemistry (upper panel, Y. pseudotuberculosis in green; lower panel, PMNs in brown). Scale bars, 200 �m.

Role of YopK during In Vivo Infection
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these immune cells in the mechanism behind the inability of the
yopK mutant to cause full disease, we examined experimental
yersiniosis in PMN-depleted and nondepleted mice. Intraperito-
neal administration of the anti-GR1 monoclonal antibody RB6-
8C5 was used to deplete GR1� cells. The administration of this
antibody eliminated 91% of circulating GR1� cells, as confirmed
by flow cytometric analysis (data not shown).

PMN-depleted and nondepleted mice were infected with the
bioluminescent Y. pseudotuberculosis strains, visually inspected,
and analyzed by IVIS, as in previous experiments. PMN-depleted
mice infected with the yopK mutant showed typical signs of dis-
ease that were indistinguishable from control mice infected with
wild-type bacteria (Table 1). IVIS analysis of whole animals indi-
cated similar overall infection levels in PMN-depleted mice in-
fected with wild-type and yopK mutant bacteria at day 1 p.i. (Fig.
3A); however, at day 3 p.i., there were significantly higher total
bioluminescence signals emitted from mice infected with the yopK
mutant strain (Fig. 3A). Interestingly, comparing control and
neutropenic mice infected with the wild-type strain, there were
higher total bioluminescence signals emitted from the former,
which suggest higher colonization in the presence of PMNs
(Fig. 3A). Such difference was not seen in mice infected with the
yopK mutant strain where the levels of total emitted biolumines-
cence were similar in control and neutropenic mice (Fig. 3A).

Next, we analyzed dissected organs from the infected mice.
Interestingly, the yopK mutant strain, but not the wild-type strain,
had already colonized MLN at day 1 p.i. in both control and PMN-
depleted mice (Fig. 3B). At day 3 p.i., the yopK mutant had spread
to the liver in PMN-depleted mice (Fig. 3B), whereas at this time
point, in this experiment, systemic spread of the wild-type strain
was not observed in either nondepleted or PMN-depleted mice
(Fig. 3B). Hence, in the absence of PMNs, the yopK mutant strain
colonized the intestinal organs and likely also spleen and liver
more efficiently compared to the wild-type strain. At days 5 and 7
p.i., both strains had spread to the spleen and liver in PMN-de-
pleted mice, whereas, as previously shown (Fig. 1) (22, 29), only
the wild-type strain had spread systemically in nondepleted mice
(Fig. 3B). As expected, no systemic spread of the yopK mutant was
observed in nondepleted mice throughout the experiment
(Fig. 3B). Thus, wild-type Y. pseudotuberculosis effectively avoids
the PMN defense and establishes infection in PPs and MLN, after
which it spreads systemically, totally unaffected by attacking
PMNs. In fact, our data suggest that the presence of PMNs might
benefit establishment of infection. Moreover, we demonstrate a
requirement for YopK for Yersinia resistance against PMN attack,
since the yopK mutant caused full disease only in PMN-depleted
mice.

YopK is required for avoiding PMN death. To further inves-
tigate the influence of YopK on PMNs, we next performed in vitro
infection analyses with Y. pseudotuberculosis strains and PMNs
purified from human blood. Analyses of the inhibition of phago-
cytosis showed that the yopK mutant retained the ability to inhibit
phagocytosis by PMNs (Fig. 4A). In analogy to that previously
shown in experiments with HeLa cells (20), inhibition of phago-
cytosis was more pronounced for the mutant than for the wild-
type strain, which reflects the hypertranslocation phenotype of the
mutant (26, 28). PMNs attack pathogens by different mecha-
nisms, including the generation of highly microbicidal ROS,
known as the respiratory burst. Upon PMN activation, the large
NADP (NADPH) oxidase assembles at the phagosomal mem-

brane, where it transfers electrons to molecular oxygen to generate
superoxide anions which are delivered into the phagocytic vacu-
ole, as well as to the extracellular environment (41). Therefore,
Yersinia, which mainly remains extracellular in the PPs, presum-
ably encounters high levels of antimicrobial oxidants. Thus, we
analyzed the effects of Yersinia and YopK on ROS production by
the PMNs. In analogy with results from previous studies (15–17),
the wild-type Y. pseudotuberculosis strain inhibited ROS produc-
tion (Fig. 4B). The yopK mutant strain inhibited ROS production
to a similar extent as the wild-type strain (Fig. 4B), suggesting that
YopK does not contribute to Yersinia-mediated blocking of PMN
ROS production.

ROS production is essential for microbe-induced NET forma-
tion, a newly discovered antimicrobial defense of PMNs (30). NET
release is accompanied by the death of PMNs associated with ex-
posure of DNA to the extracellular environment. To investigate
eventual interference with NET formation, we used a fluorescence
assay with Sytox green, a membrane-impermeable DNA-binding
dye, to determine PMN cell death after infection with the wild-
type, plasmid-cured, and yopK mutant strains. The wild-type and
the plasmid-cured strain had distinct effects on the PMNs, with
the level of cell death induced by the wild-type strain being con-
siderably lower than that caused by the plasmid-cured strain. This
suggests that the virulent wild-type strain can avoid the bacterium-
induced PMN cell death, which indeed is in agreement with the
previously observed inhibition of phagocytosis and ROS produc-
tion. Interestingly, the yopK mutant induced more PMN cell death
in a shorter time compared to the plasmid-cured strain (Fig. 4C).
This effect appeared to be specific for YopK, since infection with
yopEH, yopJ, and yopM mutant strains did not result in PMN
death (data not shown). Further, since YopK recently was sug-
gested to act by protecting against inflammasome activation (21),
we sought to elucidate whether PMN cell death induced by YopK-
deficient bacteria may be related to the inflammasome. Therefore,
we repeated cell death experiments in the presence or absence of a
caspase-1 inhibitor. However, caspase-1 inhibition did not affect
the levels of PMN death induced by the yopK mutant strain
(Fig. 4C), indicating that this cell death is not related to the in-
flammasome. As expected from this finding, minor levels of wild-
type-induced cell death also remained unaffected by the caspase-1
inhibitor treatment (Fig. 4C).

In order to further investigate the nature behind the observed
PMN death, we next analyzed whether the death occurred in an
apoptotic or necrosis-like manner. For this purpose, we first de-
termined binding of FITC-annexin V and exclusion of PI as a
measurement of apoptosis. The data obtained indicated that nei-
ther the wild-type strain nor the yopK mutant strain induced
apoptosis of PMNs. For cells infected with these strains for 6 h, the
levels of annexin V single-positive cells were somewhat lower than
that those observed for untreated cells (Fig. 4D). Measurements
were also performed at 3 h p.i., but also at this time point no
increased levels of single-positive cells could be detected (data not
shown), suggesting that none of these strains induced apoptosis in
PMNs. For cells infected with the avirulent plasmid-cured strain,
a slight increase in annexin V single-positive cells was observed.
However, when we compared the levels of the annexin V/PI dou-
ble-positive cells, a clearly distinct effect was observed for cells
infected with the yopK mutant strain, with a significantly higher
amount of double-positive cells after 6 h of infection (Fig. 4D).
This was not seen for PMNs infected with the wild-type or the

Thorslund et al.

16 iai.asm.org Infection and Immunity

http://iai.asm.org


plasmid- cured strain. Hence, since there were no signs of early
apoptosis, the accumulation annexin V/PI double-positive cells
indicates that YopK-deficient bacteria induce a nonapoptotic cell
death associated with disrupted membrane integrity. In analogy

with the results from the Sytox assay, the presence of the caspase-1
inhibitor did not affect the level of cell death (Fig. 4D). To further
confirm the absence of an apoptosis-connected mechanism, we
also measured the activation of the apoptotic mediator caspase-3.

FIG 3 Depletion of PMNs allows the yopK mutant to spread systemically. Real-time monitoring of Y. pseudotuberculosis infection using in vivo imaging.
PMN-depleted mice treated intraperitoneally with �-Ly6G/6C and control mice receiving PBS were orally infected with 1.2 � 108 wild-type bacteria
[YPIII(pCD1, Xen4)] or 1.3 � 108 yopK mutant [YPIII(pCD155, Xen4)] bacterial strains. (A) Bioluminescent signals from the infected animals on the indicated
days postinfection are presented as photons/second. The data were compared by using the Student t test; differences were considered significant at a P value of
�0.05 (*, P � 0.05; **, P � 0.01). (B) Bioluminescent signals from a representative set of dissected organs for each bacterial strain on days 1, 3, 5, and 7 p.i. Beneath
each organ image is a summary presenting the number of each indicated organ with signals/all dissected organs. PP, Peyer’s patches; M, mesenteric lymph node
(MLN); L, liver; S, spleen.
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FIG 4 YopK is required for Y. pseudotuberculosis-mediated silencing of bacterium-induced PMN cell death. (A) Internalization of the indicated Y. pseudotu-
berculosis strains by PMNs. The number of bacteria internalized is presented as the percentage of the total number associated with PMNs. The illustrated data
represent the means and standard errors of the mean (n � 3). (B) ROS production by PMNs infected with the indicated Y. pseudotuberculosis strains measured
by a luminometric assay. The y axis shows the relative light units (RLU). The illustrated data represent means and standard deviations (n � 3). (C) Cell death of
PMNs infected with the indicated Y. pseudotuberculosis strains for a period of 960 min. Cell death was measured in 10-min intervals as the fluorescence from
incorporated Sytox green in the DNA of dead cells. One representative graph is displayed, and similar results were obtained from at least four independent
experiments. (D) Annexin V and PI staining of uninfected or PMNs infected with the indicated Y. pseudotuberculosis strains for 6 h. Error bars show the standard
errors of the mean (n � 4). A comparison of groups was performed using one-way analysis of variance (ANOVA), followed by the Bonferroni post test (*, P �
0.05; **, P � 0.01; ***, P � 0.001). For caspase-1 inhibition in panels C and D, the cells were pretreated for 60 min with 100 �M caspase-1 inhibitor II
(Calbiochem, Darmstadt, Germany) dissolved in dimethyl sulfoxide. (E) Caspase-3 activity in PMNs that were left untreated or infected with Y. pseudotuber-
culosis strains indicated for 3 h (gray) or 6 h (black). The fold difference in caspase-3 activity, relative to the 3-h untreated sample, is indicated. Staurosporine (2
�M) was used as positive control for the induction of caspase-3 activity (35-fold increase after 6 h). The data are presented as means with the standard errors of
the mean (n � 3). Comparison of groups was performed using one-way ANOVA, followed by the Bonferroni post test (***, P � 0.001). (F) Immunofluorescence
staining of human PMNs infected with the indicated Y. pseudotuberculosis strains or stimulated with PMA as a control for NET formation. Specimens were fixed
after 15 h and stained for immunofluorescence analysis, with DNA stain in blue (DAPI), anti-PMN stain in red (anti-CD66), and Yersinia in green (anti-Yersinia).
The superimposition of all signals is shown in the first row. The images are representative of at least three independent experiments. Scale bars, 10 �m. Arrows
indicate NETs, arrowheads indicate a decondensed nucleus, and open arrowheads indicate an intact nucleus.
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For this, the cells were left untreated or infected with the wild-
type, yopK mutant, and plasmid-cured strains of Y. pseudotuber-
culosis for 3 and 6 h, and the caspase-3 activity was determined.
These time points were chosen since 3 h after infection was just
prior to a detectable induction of cell death, whereas after 6 h cell
death was appropriately induced by the yopK mutant strain. How-
ever, no difference in caspase-3 activation could be detected for
the different strains, which supported the result from the annexin
V binding analyses (Fig. 4E). Notable, however, was the fact that
all of the infections appeared to have a dampening effect on the
spontaneous activation of caspase-3 that occurred in uninfected
cells (Fig. 4E).

Immunofluorescence staining of DNA was used to visualize
NET formation in cells infected with the different strains. For
microscopic analyses, we used later time points (15 h) to ensure
that the eventually observed differences between mutant and
wild-type strains are not solely due to a delayed induction. Only
the plasmid-cured avirulent strain, and not the wild-type strain or
the yopK mutant strain, triggered NET release (Fig. 4F). Signs that
are typical for NET formation, such as decondensation of nuclei
and web-like effuse areas of DNA (30), were observed in PMNs
infected with the plasmid-cured strain. These web-like structures
were also very similar to the NETs in the positive control, where
we induced NET formation with the phorbol ester PMA (Fig. 4F).
In contrast, a large proportion of the nuclei of wild type- and yopK
mutant-infected PMNs were still lobulated even after 15 h of in-
fection, indicating that no NET formation had occurred. In addi-
tion, this appearance of nuclei and absence of web-like structures
was already evident with these strains after 4 h of infection (data
not shown).

Taken together, our data indicate that the cell death induced by
the yopK mutant observed by both Sytox assay and PI incorpora-
tion is distinct from both apoptosis and NET-associated apopto-

sis, so called NETosis. We therefore suggest that the observed cell
death is due to a necrosis-like effect, but the more detailed mech-
anism behind remains to be elucidated.

DISCUSSION

Pathogenic yersiniae effectively evade the innate host response
and can survive in host lymphoid organs that are designated to
recognize and destroy invading microorganisms. PMN recruit-
ment is one critical early event during bacterial infection, which
most often clears invading bacteria at these sites. Upon oral infec-
tion, enteropathogenic Yersinia initially colonize the PPs of the
small intestine, resulting in high numbers of both bacteria and
immune cells containing Yop effectors in PPs. PMNs are the cells
that are most targeted concerning the delivery of Yop effectors (8),
and in the present study we report a role for the virulence protein
YopK in Y. pseudotuberculosis resistance to these immune cells.

Analysis of mice infected with Y. pseudotuberculosis lacking
YopK showed overall colonization of the intestinal organs; how-
ever, infection with this mutant strain did not result in systemic
spread or symptoms of disease. Thus, the yopK mutant reached
the MLN that constitute the critical barrier for preventing sys-
temic infection by both commensals and pathogens (42, 43) but
failed to disseminate further. Analysis of initial colonization of the
different intestinal organs using IVIS and immunofluorescence
staining showed that Y. pseudotuberculosis lacking YopK colonized
PPs and MLN more rapidly than the wild-type strain. Accord-
ingly, upon infection with the yopK mutant strain, there was also
an earlier PMN response in the PPs, where PMN recruitment was
obvious at day 1 after infection. No foci or associated PMN re-
cruitment were detected for the wild-type strain at this early time
point of infection. This discrepancy indicates a different infection
pattern for the yopK mutant that might be connected to its defi-
cient spreading capacity, but it can also be a consequence of ab-
normal effector delivery by this mutant. In vitro experiments have
shown that the yopK mutant strain overdelivers Yop effectors into
interacting target cells (20, 25, 26, 28), resulting in hypercytotox-
icity and enhanced blockage of phagocytosis (20, 28). Hence, it is
possible that this phenotype facilitates initial entry into the PPs
and also contributes to the very early recruitment of PMNs to this
site. Furthermore, at later time points when the wild-type strain
already had established colonization, it was detected as large foci
in PPs, while the yopK mutant mainly resided in smaller foci. This
discrepancy concerning foci size might also be a result of the less-
controlled effector delivery of the yopK mutant. However, it did
not affect the ability of the yopK mutant to pass from the PPs to the
MLN; instead, it appeared to be important for the establishment
of colonization leading to subsequent systemic spread.

In accordance with previous reports (22, 29), we show that
YopK is required for Y. pseudotuberculosis to spread systemically
in the mouse. Our results demonstrate that effective avoidance of
PMN defense is critical for this, since a yopK mutant is able to
cause full disease with systemic spread and typical symptoms in
the absence of these innate immune cells. Similar to that seen for
YopK, virulence of a yopM mutant was restored in the absence of
PMNs (44). It is therefore likely that the ability of Yersinia to cause
disease in the presence of recruited PMNs involves virulence
mechanisms at many levels where different Yop proteins contrib-
ute with specific virulence traits adding up to a completely PMN-
resistant phenotype for this pathogen.

Furthermore, infection experiments using nondepleted and
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PMN-depleted mice showed that the pathogenesis pattern for the
Y. pseudotuberculosis wild-type strain was not more severe in the
absence of PMNs. This indicates that this pathogen possesses very
efficient defense mechanisms, allowing it to coexist with these
specialized innate immune cells that are dedicated to eliminate
invading bacteria. Interestingly, the total bioluminescence signals
emitted from mice infected with the wild-type strain were signif-
icantly lower in the absence of PMNs compared to when PMNs
were present. This was not seen in mice infected with the yopK
mutant strain. This might suggest that PMN infiltration improves
the colonization efficiency of wild-type Y. pseudotuberculosis. This
view is, however, not in accordance with previous studies of Yer-
sinia infections in PMN-depleted adult mice (44, 45). However, in
those studies bacterial counts in deeper organs were determined,
and the infections were either intraperitoneal or intravenous. Du-
ran et al. (8), in evaluating the colonization of intestinal organs,
observed equal bacterial loads in the PPs of PMN-depleted and
nondepleted mice following intraperitoneal infection. Hence, one
possible reason for the discrepancy might be that our data are
from orally infected mice. The possible aiding effect of PMNs for
Yersinia colonization is interesting, especially since these cells con-
stitute the major target cell for this pathogen. It is possible that the
associated release of inflammatory factors, especially hydrolytic
proteins from arriving PMNs, affects the environment in a way
that benefits colonization and further invasion of the PMN-resis-
tant pathogen.

The yopK mutant appeared to colonize the PMN-depleted
mice more efficiently than wild-type Y. pseudotuberculosis. Besides
a more rapid colonization of MLN, the yopK mutant also seemed
to cause faster systemic spread in PMN-depleted mice compared
to the wild-type strain; there were detectable bacterial loads in the
livers of PMN-depleted mice at 3 days after infection with the
mutant compared to 5 days for wild-type Y. pseudotuberculosis.
Hence, it is possible that the phenotype seen in the absence of
YopK regarding more rapid initial colonization might also be rel-
evant in systemic spread in mice lacking PMNs.

The PMN defense is critical for hindering systemic infections
of bacteria (45), and our data demonstrate that Yersinia requires
YopK to circumvent this host defense. YopK might contribute to
the PMN resistance by restricting and orchestrating delivery of
Yop translocators and effectors to obtain a fine-tuned effect on
these target cells. In vitro analyses of Y. pseudotuberculosis-PMN
interactions indicate that YopK does not directly inhibit phago-
cytic uptake or block ROS production. Instead, YopK probably
plays a role in the Y. pseudotuberculosis evasion of PMN defense by
reducing PMN cell death. We show that Y. pseudotuberculosis lack-
ing YopK has a direct destructive effect on PMNs, observed as
increased levels of PMN cell death after prolonged infection. In
contrast, the wild-type strain disarms these cells by blocking
phagocytosis and oxidative burst and yet by concurrently prevent-
ing the onset of PMN death. Bacterium-mediated induction of
NET formation by PMNs is known to induce cell death by a path-
way that is dependent on ROS production, an event that is impor-
tant for the clearance of infection and inflammation (30, 46–50).
PMN ROS production was clearly seen with the avirulent, plas-
mid-cured strain, which was associated with PMN NET forma-
tion, whereas the wild-type strain efficiently blocked phagocytosis
and ROS production, PMN death, and eventually NET formation.
The yopK mutant, on the contrary, caused pronounced cell death,
despite an effective blockage of internalization and ROS produc-

tion. In compliance with an absent oxidative burst, NET forma-
tion was not induced by the mutant, suggesting that the PMN
death caused by YopK-deficient bacteria is a different type of cell
death. We further demonstrated that this cell death is not a form of
apoptosis. Since we can exclude apoptosis and NETosis, we pro-
pose that it is a necrosis-like PMN cell death. However, the exact
mechanism for the induction of this PMN death remains to be
elucidated. YopK has previously been reported to act by prevent-
ing T3SS-mediated inflammasome activation and thereby host
recognition (21). However, the level of PMN death was not af-
fected upon inhibition of caspase-1, and therefore an involvement
of abnormal activation of the inflammasome is less likely to be
responsible for the observed PMN death. One possible explana-
tion involves the translocator YopB, which, in the absence of
YopK, is present in elevated levels in target cell membranes (20).
The YopB protein can insert into membranes and reportedly has
lytic and stress-related effects on target cells; one reported effect is
proinflammatory signaling, involving the activation of NF-	B
(51, 52). It is thus possible that elevated levels of YopB in the PMN
membranes after infection with the yopK mutant are responsible
for the destructive effect on PMNs. The possible contribution of
YopB to PMN cell death by YopK-deficient bacteria will be ad-
dressed in further studies.

The effective avoidance of causing PMN death by fully virulent
Y. pseudotuberculosis is very likely to be crucial for this pathogen’s
resistance to PMN attack and the resolution of the infection. Gen-
erally, killing macrophages can be beneficial for pathogens,
whereas bacterium-induced PMN death has an opposite effect,
since this contributes to the resolution of bacterial infections (46).
This seems plausible for infections with Yersinia, where the viru-
lence effector YopJ mediates the induction of apoptosis in macro-
phages but not in PMNs (53). The control of PMN death has also
been reported for other pathogens, such as Mycobacterium tuber-
culosis, where such a mechanism allows optimal growth, survival,
and transmission of the bacteria (54).

Taken together, the presented data suggest that YopK is essen-
tial for Yersinia to evade the PMN defense and thereby spread
systemically and cause full disease. Our findings suggest a mecha-
nism where YopK functions to prevent unintended Yop delivery
that could cause PMN disruption and thereby enhance the inflam-
matory response to favor the host response.
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