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Yersinia pseudotuberculosis YopJ Limits Macrophage Response
by Downregulating COX-2-Mediated Biosynthesis of PGE2 in a

MAPK/ERK-Dependent Manner
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ABSTRACT Prostaglandin E2 (PGE2) is an essential immunomodulatory lipid released
by cells in response to infection with many bacteria, yet its function in macrophage-
mediated bacterial clearance is poorly understood. Yersinia overall inhibits the inflamma-
tory circuit, but its effect on PGE2 production is unknown. We hypothesized that one of
the Yersinia effector proteins is responsible for the inhibition of PGE2 biosynthesis. We
identified that yopB-deficient Y. enterocolitica and Y. pseudotuberculosis deficient in the
secretion of virulence proteins via a type 3 secretion system (T3SS) failed to inhibit PGE2
biosynthesis in macrophages. Consistently, COX-2-mediated PGE2 biosynthesis is upregu-
lated in cells treated with heat-killed or T3SS-deficient Y. pseudotuberculosis but dimin-
ished in the presence of a MAPK/ERK inhibitor. Mutants expressing catalytically inactive
YopJ induce similar levels of PGE2 as heat-killed or AyopB Y. pseudotuberculosis, reversed
by YopJ complementation. Shotgun proteomics discovered host pathways regulated in
a YopJ-mediated manner, including pathways regulating PGE2 synthesis and oxidative
phosphorylation. Consequently, this study identified that YopJ-mediated inhibition of
MAPK signal transduction serves as a mechanism targeting PGE2, an alternative means
of inflalmmasome inhibition by Yersinia. Finally, we showed that EP4 signaling supports
macrophage function in clearing intracellular bacteria. In summary, our unique contribu-
tion was to determine a bacterial virulence factor that targets COX-2 transcription,
thereby enhancing the intracellular survival of yersiniae. Future studies should investigate
whether PGE2 or its stable synthetic derivatives could serve as a potential therapeutic
molecule to improve the outcomes of specific bacterial infections. Since other pathogens
encode YopJ homologs, this mechanism is expected to be present in other infections.

IMPORTANCE PGE2 is a critical immunomodulatory lipid, but its role in bacterial infection
and pathogen clearance is poorly understood. We previously demonstrated that PGE2
leads to macrophage polarization toward the M1 phenotype and stimulates inflamma-
some activation in infected macrophages. Finally, we also discovered that PGE2 improved
the clearance of Y. enterocolitica. The fact that Y. enterocolitica hampers PGE2 secretion in
a type 3 secretion system (T3SS)-dependent manner and because PGE2 appears to assist
macrophage in the clearance of this bacterium indicates that targeting of the eicosanoid
pathway by Yersinia might be an adaption used to counteract host defenses. Our study
identified a mechanism used by Yersinia that obstructs PGE2 biosynthesis in human mac-
rophages. We showed that Y. pseudotuberculosis interferes with PGE2 biosynthesis by
using one of its T3SS effectors, Yopl. Specifically, YopJ targets the host COX-2 enzyme re-
sponsible for PGE2 biosynthesis, which happens in a MAPK/ER-dependent manner.
Moreover, in a shotgun proteomics study, we also discovered other pathways that catalyt-
ically active YopJ targets in the infected macrophages. YopJ was revealed to play a role
in limiting host LPS responses, including repression of EGR1 and JUN proteins, which con-
trol transcriptional activation of proinflammatory cytokine production such as interleukin-
1. Since YopJ has homologs in other bacterial species, there are likely other pathogens
that target and inhibit PGE2 biosynthesis. In summary, our study’s unique contribution
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was to determine a bacterial virulence factor that targets COX-2 transcription. Future stud-
ies should investigate whether PGE2 or its stable synthetic derivatives could serve as a
potential therapeutic target.

KEYWORDS Gram-negative infection, Yersinia, eicosanoids, prostaglandin, proteomics

onsteroidal anti-inflammatory drugs (NSAIDs) are compounds that primarily target

proinflammatory prostaglandin production (1-3), and these medicines are taken
to alleviate the symptoms of both viral and bacterial infections. NSAIDs typically act on
cyclooxygenase (COX)-1/-2 enzymes, where COX-1/2 biosynthesize prostaglandins
(PGs) that belong to the group of eicosanoids. The recent controversy surrounding ibu-
profen and COVID-19 (4) further emphasizes that PGs’ function in infections and their
regulation by NSAIDs has to be considered. PGs and leukotrienes (LTs) are the two
major classes of eicosanoids and are the products of oxidation reactions involving
cPLA2 liberated arachidonic acid (AA) and COX or lipoxygenase (LOX) enzymes, respec-
tively (5, 6). PGE2 is the most abundantly produced PG, and it is rapidly generated via
the conversion of free AA to PGH2 by COX-1/2 enzymes in response to lipopolysaccha-
ride/Toll-like receptor 4 (LPS-TLR4) binding (7). COX-1 is constitutively expressed, while
COX-2 is inducible by TLR signaling (8-10). PGE2 is secreted into the extracellular envi-
ronment by multidrug resistance-associated protein (MRP) MRP4 and acts on distinct
membrane-bound E-type prostanoid receptors (EP1 to EP4) on the cell surface (11). EP
signaling induces changes in secondary messenger signals such as cAMP and calcium
influx, resulting in gene transcription changes, contributing to the macrophage polar-
ization toward proinflammatory M1 phenotype (12, 13).

The functions of PGE2 in specific bacterial infections remain largely unknown (14),
and the pathogenic mechanisms that lead to the perturbations of this lipid metabolism
in the host cell also need to be further explored. PGE2 has complex functions in inflam-
mation. For example, prostaglandins often amplify the production of interleukin-13
(IL-1B), a cytokine vital to the function of the inflammasome (15-18). Specifically, IL-13
synthesis has been previously demonstrated to require functional prostaglandin E,
(PGE2) biosynthesis in macrophages (17), and this observation has been supported in
other studies in human and murine macrophages (13, 19). In contrast, in a cryopyrin-
associated periodic syndrome model, PGE2 inhibits inflammasome activation by bind-
ing to EP4 receptors (CAPS) (20). Hence, the relationship between the PGE2 and IL-18
cannot be expected to be the same in various infection models and warrants further
investigation (14). PGs are generated in response to infections with many Gram-nega-
tive pathogens, including Salmonella enterica, Escherichia coli, Chlamydia trachomatis,
and Legionella pneumophila (8, 9, 13, 21, 22), as well as the acid-fast bacterium
Mycobacterium tuberculosis (23, 24) and the Gram-positive bacterium Staphylococcus
aureus (22, 25). However, our group has identified that at least one Gram-negative bac-
terium, Yersinia subsp., has a likely mechanism to counteract PGE2 synthesis, which for
now remains unknown and the effect on PGE2 itself has not been confirmed.

The family of Yersiniaceae encompasses three Gram-negative pathogens Yersinia entero-
colitica, Y. pseudotuberculosis, and Y. pestis. While Y. pestis is widely known for three plague
events (26, 27) and is still responsible for minor outbreaks (28-30), Y. pseudotuberculosis
and Y. enterocolitica infections cause a significant gastrointestinal disease known as yersi-
niosis, which causes inflammation, fever, bloody diarrhea, and swelling of the lymph nodes
(31). All three yersiniae contain a conserved pYV virulence plasmid, which aids in establish-
ing infection inside the host (32, 33) via encoded Yersinia outer proteins (Yops) and a type
3 secretion system (T3SS). T3SS translocates Yops into host immune cells such as macro-
phages to alter immune cell functions, including inflammatory cytokine production
(34-39). As one example, yersiniae dampen the inflammasome response in host macro-
phages mediated by specific Yop effectors such as YopJ and YopM (40, 41). We have previ-
ously demonstrated that Y. enterocolitica inhibits IL-18 production by downregulating
PGE2 biosynthesis from THP-1 macrophages in a pYV-dependent manner (13). We also
showed that PGE2 significantly reduced bacterial survival in macrophages (13), indicating
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that PGE2 downregulation might be an important aspect of Y. enterocolitica pathogenesis.
However, the pYV-deficient Y. enterocolitica strain has a pleiotropic change in virulence
and cellular outcomes, and COX-1/2 required for PGE2 production is regulated transcrip-
tionally and posttranscriptionally (reviewed in reference 42). Hence, in the past study, we
were unable to determine a specific mechanism by which Yersinia alters PGE2 levels, and
the mechanism behind Y. enterocolitica inhibition of PGE2 remained unclear.

Here, we hypothesized that yersiniae use specific effector Yops to downregulate
PGE2 and that this PGE2 downregulation is essential in the survival of this bacterium
within macrophages. Given the importance of PGE2 signaling during infection with Y.
enterocolitica, this study aimed to identify the molecular mechanism behind the
Yersinia-mediated inhibition of PGE2 during macrophage infection with Y. enterocoli-
tica and Y. pseudotuberculosis. Of particular interest is the YopJ virulence factor, which
inhibits several mitogen-activated protein kinases (MAPKs), including the MAPK/ERK
(MEK) pathway (36, 43), which plays a role in the cytokine transcription activation via
NF-«B or c-JUN/AP-1 (43-45). This study identified YopJ-mediated downregulation of
LPS signaling as a mechanism behind Yersinia-mediated inhibition of PGE2 biosynthe-
sis in infected human macrophages. Understanding the role of PGE2 during bacterial
infection can support future studies focused on the investigation of PGE2 or its stable
synthetic derivatives as potential therapeutic molecules to improve the outcomes of
specific bacterial infections.

RESULTS

PGE2 and IL-1 biosynthesis is altered in response to AyopB Y. enterocolitica-
and Y. pseudotuberculosis-infected THP-1 macrophages. To experimentally determine
whether Yop) affects COX-2 biosynthesis, we hypothesized that wild-type Y. enterocolitica or
wild-type Y. pseudotuberculosis requires a functional T3SS to restrict biosynthesis and secre-
tion of PGE2 from THP-1 macrophages. It was important to determine whether heat-killed Y.
enterocolitica induces PGE2 secretion compared to viable bacteria since heat inactivation
stops novel protein synthesis by damaging essential ribosomes, as well as by releasing cellu-
lar components by damaging the bacterial outer membrane. Moreover, to test whether
translocation of bacterial effectors contributes to hinderance of host PGE2 synthesis, the
AyopB Y. enterocolitica mutant was used in this study. Y. enterocolitica AyopB mutant pos-
sesses T3SS, along with all six effector proteins (Yops), but is unable to translocate effector
proteins into the host cytosol (46). THP-1 macrophages were exposed to equal amounts of
viable Y. enterocolitica, AyopB Y. enterocolitica, or heat-treated Y. enterocolitica (multiplicity of
infection [MOI] of 50) for 2 h, followed by quantification of a PGE2 and IL-13 by enzyme-
linked immunosorbent assay (ELISA). PGE2 secretion was upregulated in macrophages in
response to both heat-killed and AyopB Y. enterocolitica infection but not in cells infected
with the wild-type bacteria (Fig. 1A). In previous study, we demonstrated that during Y.
enterocolitica infection of THP-1 macrophages, there is a positive regulatory loop between
PGE2 and IL-18 (13). Here, we report that IL-13 release in THP-1 macrophages is signifi-
cantly increased in response to heat-killed Y. enterocolitica treatment and AyopB Y. enteroco-
litica infection, but not in wild-type Y. enterocolitica infection (Fig. 1B).

Having determined that Y. enterocolitica AyopB induces similar levels of PGE2 secre-
tion in macrophages to the heat-killed Y. enterocolitica treatment, we next sought to
identify whether Y. pseudotuberculosis exhibited a similar phenotype in infected THP-1
macrophages. This bacterium was examined because Y. pseudotuberculosis is more
closely related (~97% nucleotide similarity for over 75% of the genes) to Y. pestis,
which is a significant bioterrorism threat and the causative agent of bubonic plague
(47). This experiment was important to determine whether inhibition of PGE2 biosyn-
thesis by Yersinia infection was conserved across multiple yersiniae. Indeed, PGE2 bio-
synthesis was most prominent in THP-1 macrophages treated with heat-killed and
AyopB Y. pseudotuberculosis, while wild-type Y. pseudotuberculosis did not induce PGE2
biosynthesis under the tested conditions (Fig. 2C). Similarly, heat-killed Y. pseudotuber-
culosis and AyopB Y. pseudotuberculosis induced high levels of IL-13 secretion in THP-1
macrophages, whereas wild-type bacteria did not have this effect (Fig. 2D).
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FIG 1 Analysis of PGE2 and IL-18 secretion in THP-1 macrophages infected with wild-type, AyopB, or heat-killed Y. enterocolitica and Y. pseudotuberculosis.
PMA-differentiated THP-1 macrophages were infected at an MOI of 50:1 with wild type, AyopB Y. enterocolitica (Ye; A and B) and Y. pseudotuberculosis
(Yptb; C and D) or treated with an equivalent number of heat-killed bacteria for 2 h. Uninfected macrophages were used as a control (Ctrl). Bacteria were
heat killed at 55°C for 30 min before treating macrophages, and loss of viability was confirmed by plating. Commercial monoclonal ELISAs were used to
measure the concentrations of PGE2 (A and C) and IL-13 (B and D) in supernatants from Y. enterocolitica- or Y. pseudotuberculosis-infected THP-1 cells. One-

way ANOVA and Tukey's post hoc test were used to calculate significance (n=3). P values are indicated (*, P=0.05; **, P=0.01; ***, P=0.001;

P =0.0001). The data are representative of three independent experiments.

Y. enterocolitica and Y. pseudotuberculosis require a functional T3SS to inhibit
PGE2 and IL-13 secretion from THP-1 macrophages during infection. Since transloca-
tion of bacterial effectors has been determined to be important for the Yersinia-mediated inhibi-
tion of PGE2, we next speculated that one of the Yops is responsible for PGE2 inhibition. We
hypothesized that YopJ attenuates the host response to LPS, including inflalmmasome activa-
tion. YopJ is a virulence factor encoded by Y. pseudotuberculosis that inactivates host MAPK sig-
naling pathways, including MAPK/ERK (MEK) and Jun kinases (JUN) (41, 48). We hypothesized
that Yop) attenuates the host response to LPS, including inflammasome activation.

First, it was essential to show whether YopJ controls the changes in PGE2 secretion dur-
ing Yersinia infection by regulating the expression of the key PGE2 biosynthetic enzymes
COX-2 and cPLA2. Western blot analysis of the PGE2 biosynthetic enzymes COX-2 and
cPLA2 was performed to determine whether the protein abundance of these enzymes was
altered in macrophages in response to Y. pseudotuberculosis infection. THP-1 macrophages
were infected with wild-type, heat-killed, AyopB, or YopJC172A Y. pseudotuberculosis strains
for 2 h at an MOI of 50:1, followed by Western blotting of COX-2 and cPLA2 protein levels.
As previously reported, the YopJC172A mutant of Y. pseudotuberculosis contains a catalyti-
cally inactive YopJ acetyltransferase (48). Live wild-type Y. pseudotuberculosis downregu-
lated COX-2 protein levels compared to uninfected THP-1 macrophages. Moreover, COX-2
protein levels were increased in response to heat-killed, AyopB, and a YopJC172A mutant
Y. pseudotuberculosis compared to uninfected control (Fig. 2A and B). Simultaneously,
cPLA2 levels remained unchanged in response to Y. pseudotuberculosis (Fig. 2A and Q).

Shotgun proteomics and pathway analysis predict that Y. pseudotuberculosis
YopJ downregulates host response to LPS by altering PGE2 biosynthesis in
infected THP-1 macrophages. Next, mass spectrometry was used to get insight into
the mechanism by which YopJ inhibits PGE2 in host cells (Fig. 3A). Specifically, changes
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FIG 2 Analysis of COX-2 and cPLA2 transcript and protein expression in THP-1 macrophages after the
treatment with viable wild type, heat-killed, AyopB, and YopJC172A Y. pseudotuberculosis. PMA-
differentiated THP-1 macrophages were infected (or remained uninfected, Ctrl) with live or heat-killed
wild type, AyopB, and YopJC172A Y. pseudotuberculosis (Yptb) for 2 h. LPS isolated from S. enterica
(ST LPS) was used to treat THP-1 macrophages as a positive control. At 2 hpi, cells were collected
and lysed, followed by the separation of proteins by SDS-PAGE. (A) Western blotting was performed
with specific antibodies to COX-2 and cPLA2. (B and C) Protein fold change was calculated from
densitometry analysis using Imagel, where the protein levels of targets were normalized to B-actin
(loading control). Unpaired Student t tests were used to calculate statistical significance from Western
blot densitometry (n=3). (D) The COX-2 mRNA fold change compared to vehicle control-treated cells
was calculated using Bio-Rad CFX-manager software and normalized to GAPDH transcript levels
(n=3). *, P=0.05; **, P=0.01; ***, P=0.001; ****, P=0.0001. The images shown are representative of
three independent experiments.

in protein abundance were compared between macrophages infected with wild-type
Y. pseudotuberculosis and catalytically inactive YopJC172A Y. pseudotuberculosis. A sec-
ond comparison was made between the wild-type Y. pseudotuberculosis-infected mac-
rophages and uninfected cells. Together, 2,048 proteins were detected in all three sam-
ple types, and there were additional 367 proteins unique to one of the analyzed
sample groups. In comparison to uninfected cells, YopJC172A Y. pseudotuberculosis-
infected cells had unique 234 proteins. Also, compared to the Y. pseudotuberculosis-
infected cells, YopJC172A mutant-infected samples had 82 unique proteins (Fig. 3B;
see also Tables ST and S2 in the supplemental material). The proteomic analysis also
identified 212 Yersinia proteins (see Table S2).

The hierarchical clustering of differentially abundant proteins detected that unin-
fected cells and wild-type Y. pseudotuberculosis-infected cells were similar in terms of
protein abundance compared to the YopJC172A Y. pseudotuberculosis-infected cells
the latter samples clustered to a distinct group (Fig. 3C). Spectral quantification
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FIG 3 Shotgun proteomics and pathway analysis of THP-1 macrophages infected with wild-type or YopJC172A mutant Y. pseudotuberculosis. PMA-differentiated
THP-1 macrophages were infected at an MOI of 50:1 with wild-type or YopJC172A Y. pseudotuberculosis for 2h. Cell pellets were lysed and separated by SDS-
PAGE, and entire lanes were subjected to tryptic digestion, followed by mass spectrometry-based analysis (n=3). (A) Model of YopJ-mediated inhibition of
macrophage response to bacterial LPS. (B) Venn diagram shows a summary of differential protein identifications in wild-type or YopJC172A Y. pseudotuberculosis-
infected macrophages. (C) Heat map of augmented proteins in the proteomic analysis analyzed by hierarchical clustering. The grouped samples include
identifications in wild-type (WT Yp) or YopJC172A (YopJ C/A) mutant strains of Y. pseudotuberculosis-infected macrophages, as well as uninfected cells (Ctrl). (D and
E) Canonical pathway analysis of proteins differentially abundant in panel E. Y. pseudotuberculosis-infected macrophages compared to uninfected cells (D) or
YopJC172A mutant of Y. pseudotuberculosis-infected macrophages in comparison to wild-type Y. pseudotuberculosis. The graphs represent downregulated proteins
(green), upregulated proteins (red), and proteins with unchanged abundance (gray). (F and G) The top upstream regulator identified in YopJC172A Y.
pseudotuberculosis-infected macrophages in comparison to wild-type Y. pseudotuberculosis. The graphs represent downregulated proteins (green), upregulated
proteins (red), molecules predicted to be activated (orange; z-score = 2). Orange and blue dashed lines with arrows indicate indirect activation and inhibition,
respectively, while solid lines indicate direct effects. Lipopolysaccharide (LPS) signaling (z-score = +2.223) and (C) EGR1 (z-score = +2.162) are predicted to be
activated in YopJC172A Y. pseudotuberculosis-infected macrophages compared to wild-type Y. pseudotuberculosis infection. This pathway analysis also indicated the
upregulation of proteins involved in the eicosanoid biosynthetic enzymes.
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identified several critical differences between uninfected cells and wild-type Y. pseudo-
tuberculosis- or YopJC172A Y. pseudotuberculosis-infected THP-1 macrophages (see
Tables S1 and S2; see also Fig. S1). First, the canonical pathway analysis of distinct host
pathways affected by wild-type Y. pseudotuberculosis infection compared to uninfected
cells revealed that proteins affected by infection include such pathways as Cdc42 sig-
naling, ferroptosis signaling pathway, phagosome maturation, Fc-gamma receptor-
mediated phagocytosis in macrophages and monocytes, and other functions (Fig. 3D).
Second, canonical pathway analysis of proteins affected in cells infected with
YopJC172A Y. pseudotuberculosis compared to wild-type Y. pseudotuberculosis (Table 1;
see also Tables S1 and S2) revealed specific pathways affected by the strain harboring
YopJ catalytic mutant. These pathways were related to the sirtuin signaling pathway,
NRF2-mediated oxidative stress response, oxidative phosphorylation, Rac signaling,
Cdc42 signaling, mitochondrial dysfunction, and other functions (Fig. 1E). Moreover,
the absence of catalytically active YopJ from cells infected with Yersinia upregulated
mitochondrial enzymes responsible for oxidative phosphorylation, such as COX17
(Q14061, fold change [FC]=3.5), NDUFA4 (000483, FC= 4.1), NDUFA12 (Q9UI09, FC =1.8),
or NDUFS2 (075306, FC=3.7) (see Fig. S2A and B). These data suggest that YopJ might
directly or indirectly affect host NAD* output during infection, which should be carefully
addressed in future studies. Finally, KDM5A was an upstream regulator predicted to be
inhibited in YopJC172A Y. pseudotuberculosis-infected cells, leading to the upregulation of
COX17, IDH3B, NDUFS2, and NDUFA4 (see Fig. S2C).

Upstream regulator analysis indicated that the putative host LPS response was up-
regulated in YopJC172A Y. pseudotuberculosis-infected cells in comparison to wild-type
Y. pseudotuberculosis infection (Fig. 3F), including predicted upregulation of COX-2
(PTGS2) and PGE2 (Fig. 3F). Interestingly JUN (c-JUN; AP-1, P05412) was highly upregu-
lated in response to YopJC172A Y. pseudotuberculosis in comparison to wild-type infec-
tion (fold change, FC=23), indicating a potential role for this transcriptional factor in
mediating the host response to LPS and specific effects on PGE2 (Fig. 3F; see also Table
S1). In addition, upregulation of the transcription factor early growth response (EGR1)
in the YopJC172A Y. pseudotuberculosis-infected macrophages was predicted. LPS has
been previously shown to activate EGR transcription in peritoneal macrophages (49,
50), and combined with our data, EGR might mediate LPS-mediated activation of
proinflammatory gene transcription in response to ERK1/2 activation by Yersinia LPS.
Collectively, our bioinformatic analysis predicted that the YopJ effector suppresses
host responses to bacterial LPS, including downregulation of PGE2 biosynthesis via
COX-2.

YopJ effector or chemical inhibition of MAPK/ERK signaling diminishes PGE2
biosynthesis in response to Y. pseudotuberculosis infection of THP-1 macrophages.
We subsequently investigated the mechanism behind COX-2 induction during Yersinia
infection involving specific cellular signaling pathways predicted by proteomics studies.
COX-2 transcription can be regulated by MAPKs. The MEK pathway is one of the pathways
that induce proinflammatory cytokine release in response to various stimuli, including TLR
stimulation by LPS (7, 21, 51). MEK kinase is rapidly phosphorylated in response to Y. pseu-
dotuberculosis infection, but MEK is dephosphorylated over time in the presence of Yop)
(48). We hypothesized that MEK activation is involved in COX-2 induction during AyopB Y.
enterocolitica or YopJC172A Y. pseudotuberculosis infection. The chemical antagonist of the
MEK pathway, PD184161, was used to block TLR signal transduction during infection of
THP-1 macrophages with either AyopB Y. enterocolitica or YopJC172A Y. pseudotuberculosis.
As a negative control, THP-1 macrophages were infected with wild-type Y. enterocolitica or
Y. pseudotuberculosis since these strains limit PGE2 production (Fig. 4A and B) or left unin-
fected. As a positive control, S. Typhimurium LPS treatment was used. We found that PGE2
biosynthesis was elevated in THP-1-derived macrophages infected with either AyopB Y.
enterocolitica or YopJC172A Y. pseudotuberculosis, but PGE2 was diminished when the cells
were treated with the MEK inhibitor PD184161 (Fig. 4A and B). MEK activity during wild-
type and YopJC172A Y. pseudotuberculosis infection was evaluated by Western blotting
with antibodies against phospho-MEK at Ser 217/221 residue (Fig. 4C). Ser 217/221 residue

Volume 9 Issue 1 e00496-21

@; Spechimy

MicrobiolSpectrum.asm.org 8


https://www.ncbi.nlm.nih.gov/protein/Q14061
https://www.ncbi.nlm.nih.gov/protein/O00483
https://www.ncbi.nlm.nih.gov/protein/Q9UI09
https://www.ncbi.nlm.nih.gov/protein/O75306
https://www.ncbi.nlm.nih.gov/protein/P05412
https://www.MicrobiolSpectrum.asm.org

@; Spechimy

Y. pseudotuberculosis Yop) Downregulates PGE2

(9bed 312U UO paNUIUO))

swAzug wsejdoif) 1z ££0°0 608700 | 9seusbAxolp-g a1eiein|boxo-z'aulsA|-uabe|j0d0id 1ao1d

awAzug wse|doif) 6l 9200 6/¥560 aseuaboipAysp-| asodn|b/aseusboipAysp areydsoyd-9-asoxaH adoH

1BYO wsedoif) 6'L LEOO ¥S4N60 L1g Jaquiaw (0ydsH) Ajiwey uisioad poys 1eay reuq LLarvynad

Joye|nbas uondudsuel | wse|doif) 6l €00 1Z0£0D uiayoid Buipuiq b yuswsdwod dgo1d

awAzug wsedoif) 8l 9200 Z6M86D [ELPUOYD0)IW ‘Z 95RI9YIUAS YNYI-[AUOIY L ZSHVL

1BY0 wsedoif) gL GE0°0 LZ98ld 17 ur104d [ewosoqry £171dY

BYy0 EEL0) gL 9200 8WANSO 1| L dsepixo auRisAdjAuaid TLXOADd

awAzug wse|doik) 8L [40)0) 60IN60 LY 3ungns ase1anpaiopixo suouinbiqn:HAYN ZLv4NanN

BY0 snapnN gL €€0°0 908t 1d 7 ui104do3PNUOQL JB3]PNU SN03USH0IAIBH TdNYNH

swAzug wse|doifd 8l 8€0°0 0t0Sd aselaysuenioulpiwe aupPA|o WLYD

loe|nbas uone|sues| wsedoif) gl 9200 LVEELD | 1UNQNS € 1030e} UOHRINUI UOIIR|SURI) J130AIRYNT 1€413

1_BY10 snappnN YAl 6200 SANMLD Z 1| N uRr04doajpNuUOqH Je3jPNU SNoaUsH0IISH ZINdNYNH

awAzug wse|doik) 9l 10000 S11960 aseA| autaisAoousjas ATDS

1BY10 sn3PNN ol ¥€0°0 ¥69520 651 uodospn SSLdNN

BYI0 SNIPNN ol 62000 75T£00 zg ulwe ZANWT

Joye|nbas uopdudsuel | snappNN Sl S¥0°0 LMZA6D € uiej0.d pajeposse Joydadas suowoy ploiAyL €dVYHL

awAzug wsedoif) Sl 18000 76.70d ureyd 1ybi| uniIsy 114

EELEO) wsedoif) Sl 6700 71510 z uungns x3|dwod ¢/g uialoid paje[ai-undy 0dydv

BYI0 sn3pPNN 199'L— €00 LE9SLD ulsuel] NSL

awiAzug sn3PNN £99'L— L1100 6£992d L 95eI9YIUAS YNYI-|Auoa1y | LSHVL

Jopodsues] wse|doik) 199'L— ¥S00°0 LXSA60D 6 uixau bulos 6XNS

asejeydsoyd duelquiaw ewse|d £99'L— SL00 vze8Ld eydie uia10id K101e|nbai [eubis VdHIS

Jauodsuel | wse|doif) /99 — 81000 878¥10 € u19104d duRIqWSW JBLLIED A10191095 €dINVDS

swAzug wse|doif) 199°L — 9200 L19A60 | dsesajsueljoujwe sundsoydsoyd 11VSd

aseury wsedoif) £99°L— LEOO 78¥82d L dseuny utaro.1d pajeande-usboupy IMdVIN

1”410 sueiquisw ewse|d £99'L— 9000 781000 6 UlddeD 6S1VD1

swAzug wse|doifd - /100 LNEH6D | uidl04d BURIqUISWISURI) PA3R|I-UIXOPSIOIY L LXWL

9410 Sn3PNN = 65000 €8rLed ugjo4d Buipuiq YNY paieidosse s|nuesb 310310343 Ly|L LVIL

1BYI0 Sn3PNN - S¥0'0 09AN6D ura304d budessiul Z443L diz4y3L

aseuly wseldoif) C= 6L0°0 SINCTH60 € 9seun| OvYL EI0VL

awAzug 1BPY10 — 6£0°0 orz1.0 awAzua buidded a1eydsoydjAyiapy EREEN

1BY10 aueIquIBW BWSe|d - 400 8VVI90 | 103eAIDR YOLIN PUB “YdVIA “4oidepe [ewososA|/jewosopus a1eT LYOLWY1

LYo wsedoif) - 9/00°0 LYTA6D VL 19quiaw Ajjwey ulewop 3|qnpul-eixodAy L|H VLAOIH

J103dad31 BURIqUIBWSURI] sueIquIdW eWSe|d 7= /%00 yLEZLd e| J03dadal Hb| jo Juswbel) o4 V1¥9D4

awAzus wseydoif) - L¥00°0 £10%8d L Jo3oe4 uonelAsoqu day LAYy

1Yo wse|doif) - 9%0'0 94SZ/0 upajo.ad bundeldiul | Jaquisw g Ajiwey buipulq uidold Josindaid e1aq plojAwy diLggady

asepndad wse|doik) ST— 2000 8/StSd 1 asepndad >ypads-uninbign ¥1dsn

BYI0 sn3PNN ST— w00 7£TS60 d03oey Bupdids yNYw-a1d € 31| £ON7T €10M1

PY10 SN3PNN ST— £¥0°0 775260 [uosIy MU 0L LH Ol-LH

™Yo sueiquiaw ewse|d Ge= €100 122747410] L uisj01d pajerdosse-aaAd |13 LNI4dVD

awAzug wsedoif) ST— 1200 6L79ld ureyd poys aseuaboipAyap yod-|Aoy Savov

J103e|NHaI UOnR|SURI] wse|doif) ceee— $00°0 YTEEYO | uojisda | J030e) UOIIRHUO|D UOIB|SURIY d130AIE)N] 131433

asepndad wse|doifd STL— €00 068760 | uonepelbap pajeldosse Y3 ul Joyde) uoniubodas uninbign La4n

awAzug Sn3PNN 98¢l — 1200 909A60 L 9seyiuAs suipunopnasd Lsnd

PY1I0 wsedoif) 98T YL — 1200 6D9A60 L uteyd a3e1pawiaiul 61| | diwsedoikd usuig LITLONAQ

adAf) ajndajopy uoned’0T abueypd pjo4 d *OU uoIssadde aweu auan loquis
joidiun

»sabeydoidew payajul-biuisias 9dA3-plim 01 uosiiedwod Ul sabeydoidew [-dH 1 PaIddjul-sisoindiagniopnasd ‘A Yz LDrdoA ul paynuapi suidioid uewny juepunge Ajjenuaiayid L 319v.L

MicrobiolSpectrum.asm.org 9

Issue 1 e00496-21

Volume 9


https://www.ncbi.nlm.nih.gov/protein/Q9Y6G9
https://www.ncbi.nlm.nih.gov/protein/Q9Y606
https://www.ncbi.nlm.nih.gov/protein/Q92890
https://www.ncbi.nlm.nih.gov/protein/O43324
https://www.ncbi.nlm.nih.gov/protein/P16219
https://www.ncbi.nlm.nih.gov/protein/Q14444
https://www.ncbi.nlm.nih.gov/protein/Q92522
https://www.ncbi.nlm.nih.gov/protein/O95232
https://www.ncbi.nlm.nih.gov/protein/P54578
https://www.ncbi.nlm.nih.gov/protein/Q7Z5R6
https://www.ncbi.nlm.nih.gov/protein/P84077
https://www.ncbi.nlm.nih.gov/protein/P12314
https://www.ncbi.nlm.nih.gov/protein/Q9Y241
https://www.ncbi.nlm.nih.gov/protein/Q6IAA8
https://www.ncbi.nlm.nih.gov/protein/Q7L2J0
https://www.ncbi.nlm.nih.gov/protein/Q9H2K8
https://www.ncbi.nlm.nih.gov/protein/Q9NYB0
https://www.ncbi.nlm.nih.gov/protein/P31483
https://www.ncbi.nlm.nih.gov/protein/Q9H3N1
https://www.ncbi.nlm.nih.gov/protein/O00182
https://www.ncbi.nlm.nih.gov/protein/P28482
https://www.ncbi.nlm.nih.gov/protein/Q9Y617
https://www.ncbi.nlm.nih.gov/protein/O14828
https://www.ncbi.nlm.nih.gov/protein/P78324
https://www.ncbi.nlm.nih.gov/protein/Q9Y5X1
https://www.ncbi.nlm.nih.gov/protein/P26639
https://www.ncbi.nlm.nih.gov/protein/Q15631
https://www.ncbi.nlm.nih.gov/protein/O15144
https://www.ncbi.nlm.nih.gov/protein/P02792
https://www.ncbi.nlm.nih.gov/protein/Q9Y2W1
https://www.ncbi.nlm.nih.gov/protein/Q03252
https://www.ncbi.nlm.nih.gov/protein/O75694
https://www.ncbi.nlm.nih.gov/protein/Q96I15
https://www.ncbi.nlm.nih.gov/protein/Q1KMD3
https://www.ncbi.nlm.nih.gov/protein/Q13347
https://www.ncbi.nlm.nih.gov/protein/P50440
https://www.ncbi.nlm.nih.gov/protein/P14866
https://www.ncbi.nlm.nih.gov/protein/Q9UI09
https://www.ncbi.nlm.nih.gov/protein/Q8NBM8
https://www.ncbi.nlm.nih.gov/protein/P18621
https://www.ncbi.nlm.nih.gov/protein/Q9BW92
https://www.ncbi.nlm.nih.gov/protein/Q07021
https://www.ncbi.nlm.nih.gov/protein/Q9UBS4
https://www.ncbi.nlm.nih.gov/protein/O95479
https://www.ncbi.nlm.nih.gov/protein/Q02809
https://www.MicrobiolSpectrum.asm.org

@; Spechimy

Sheppe et al.

*2dA3 a|ndsjow ay3 pue ‘uoiiedo| uioid sy ‘(biussia 4 3dAi-plImibiuIsiaf YT £ LDrdoA) 3UNod [eadads paiybiam pue

pazijewlIou a1 UO paseq paje|nd[ed anjeA abueyd ploj [eruswiLRdXd 9yl ‘1591 1 JUSPNIS B Buish pale[ndjed anjea 4 [eruswLadxa 3yl Jaquinu uoissadde 10idiun a1 ‘dweu auab zasyug ay) ‘uoneubisap auab e sapnpdul d|qe) ay L,

|auueyd uoj wse|doifd <13 9100 800960 Ot dueIqWIBW |_LIPUOYDO1IW J31NO JO 35ed0|SuRl | OYWWOL

aseuny| SN3PNN 6¢C 200 165260 | paie|nbal weasisumop dAW-N 1OYAN

swAzu3 wsedoifd 9z 99000 €510Ld T Joquisw Ajiwiey v 9seNy Z3SVYNY

Jojenbas uondudsuel | snapnN €T 1000 ZLlvSod 1uNngns Jo1dej uondudsuesy |-dy ‘@usaboduo-oyoid unfg NNr

swAzu3 wsedoif) (4 L2000 YESYLD asepixoda auajenbs 37105

By sn3PNN 4 8200 120920 L Buutejuod urewop |7 [ewosoqry LaLisy

Y0 wsedoif) 4 L2000 $91000 L-X uta30.id pajerosse-1STOH LXVH

LPYo wsedoif) 8l L0000 #dON60 ¥ HuNqgns uip|ojaid ¥Nd4d

RPYo wsedoif) 8L L0000 SMAN6D 6€7 U19104d [EWIOSOQLI [BLPUOLDOUN 6€1d4N

Jayodsues| snapPNN 8l L0000 189€¥0 9sed ]V ‘€ 1010k} suiajoid paloydue-|ie} Jo A13us paping €199

aseury| wse|doik) vl S200 z181lsd €V dseunj 95 u30.d [ewosoqiy EVY9SdY

awAzug wse|doif) 4} 6100 LE8EYO e19q 1uNgns diAjeleduou € (. gyN) seusboipAysp 21e1100s| dsHAl

By wsedoif) 4! 6L0°0 68/710D Lg uibjon 199109

Joje|nbas uondudsuel sn3PNN 4} 6100 698090 L 10308} Pa3e[3l UOHIRIIUISHIP [Bl[aYIopu] L4a3

RPYo wsedoif) 4! 6L0°0 LIAN6D V€ Buiuieiuod urewop vyy Ajiwey ased |y veaviy

aseury wseydoif) 88 L0000 ¥££910 L Sseupy arejfuenn LIND

BYy0 sn3PNN L1'9 200 $6679d Bojowoy e1aq g Jawiojsuel ] devdl

asejeydsoyd SN3PNN 61 1200 L70€Sd 1ungns cnkjeied g ssereydsoyd uisiold DSddd

BYo wsedoif) 6 1200 2r4960 G7 u19101d [EWOSOL [ELIPUOYDOUIN SH1dYW

Jo3e|nbas uone|sues | wse|doif) 8% 2200 /68€d |elpuoyd0liw “1030e) uolebuo|s uone|sues] S| WA4SL

Jo3e|nbas uondudsuel SN3PNN 8% St0°0 6AMN60D uiay04doapnuogil Jesjdnu snoauaboialdy ATvY Alvd

asepndad wse|doif) vy ¥€0°0 078760 asejoipAy [Awein|b-ewwen HOD

awAzug wsedoif) L'y 92000 S0v0Ed 4 asesowos| [Kjosd|Apndad dldd

swAzug wsedoif) L'y 9100 €87000 pajeidosse x3|dwod [epuoydoNW yY4NAN #V4NAN

awAzug wse|doif) /1'€ 00 90€5/0 7S HuNgns 3102 3se19Npalopixo auoulnbign:HAYN ZS4NAN

awAzug wse|doif) q'e 9€0'0 L90v 1O /1LXOD duoiadeyd 1addod asepixo > awoiyd03L) /1X0D

Jauodsuel) wse|doif) [ /8000 75260 ¥ Joqwiaw Ajjwepadns g suelquiswsuel | y4S6NL

Joje|nbal uondudsuel ) SNaPNN L€ 800 81dN6D ¥ Butureyuod adA1-HdDD 49buy duiz YHEDZ

J03e|nbas uondudsues | SN3PNN 1€ 2200 S8LELD € Xxoqowouyd eXaD

LPYo wse|doif e ¥20'0 7S8Ev0 ujuawnie) nIvd

PyYo wseydoif) € 91000 ¥40H60 ¢ buiuiejuod utewop asejoipAy 31| seusboleysp pioeojeH CAHAH

Jo3e|nbas uondudsues | SN3PNN € 800 84AN6D | 1010e) UONdLDSURL) PaleIDOSSe 71Dg L4V 109

1BY10 sueiquaw ewse|d 8T ¥100°0 26202d uiayo4d Huneanoe aseusbAxodi|-g reuopiydery dVSXO1V

LPyo sn3PNN LT 1200 144620 Y 10108} pa1eId0Sse ulsayod §Sad vSsad

BYI0 wsedoif) Yard ¥v0'0 64ZA60 /S u19301d [eWOSOqL [eLPUOYIOUN LSdYN

Joje|nbai uone|sues ] wse|doif) YArd 1100 8/MN60D Z 3usuodwod d1kjeled sy aineuobly 05V

Pyo dueIqUIBW eWISe|d ST 600 96%60d v uteyd 3461 utiyied V11D

By sn3PNN ¥z %00 ¥Z9H60 € urr04d bulpuig NvY €dANVY

asepndad wse|doif) [rd 5700 /¥ 18%d asepndadopusa |Ajoid d3yd

swAzug wsejdoif) €T 8€0°0 $8S6%d eydje ‘suijoyp ‘| asesajsuesyjAjApnkd sreydsoyd V1L1ADd

Jopodsues] sn3PNN €C 8€0°0 8595¢€d 1z utodospny ¥1ZdNN

103d3234 sueIqISWISURI | suelquiaw ewse|d €T 9€0°0 Z19€1d  eydje yungns unbayu| VoLl

PYo SN3PNN Tt 1200 179260 S0z unodoapnN S0ZdNN

awAzug wse|doif) rard 6200 ¥Z/LE10 aseplsodn|b aplieyddesobijo-|Asouue|y SOOW

2dA£} ajndsjopy uolesxo abueyd pjo4 d ‘ouU uoissadde aweu suan |oquiAs
10idlun

(penunuo)) L 319VL

10

MicrobiolSpectrum.asm.org

Issue 1 e00496-21

Volume 9


https://www.ncbi.nlm.nih.gov/protein/Q13724
https://www.ncbi.nlm.nih.gov/protein/Q92621
https://www.ncbi.nlm.nih.gov/protein/P13612
https://www.ncbi.nlm.nih.gov/protein/P35658
https://www.ncbi.nlm.nih.gov/protein/P49585
https://www.ncbi.nlm.nih.gov/protein/P48147
https://www.ncbi.nlm.nih.gov/protein/Q9H6Z4
https://www.ncbi.nlm.nih.gov/protein/P09496
https://www.ncbi.nlm.nih.gov/protein/Q9UKV8
https://www.ncbi.nlm.nih.gov/protein/Q9Y2R9
https://www.ncbi.nlm.nih.gov/protein/Q29RF7
https://www.ncbi.nlm.nih.gov/protein/P20292
https://www.ncbi.nlm.nih.gov/protein/Q9NYF8
https://www.ncbi.nlm.nih.gov/protein/Q9H0R4
https://www.ncbi.nlm.nih.gov/protein/O43852
https://www.ncbi.nlm.nih.gov/protein/Q13185
https://www.ncbi.nlm.nih.gov/protein/Q9UPT8
https://www.ncbi.nlm.nih.gov/protein/Q92544
https://www.ncbi.nlm.nih.gov/protein/Q14061
https://www.ncbi.nlm.nih.gov/protein/O75306
https://www.ncbi.nlm.nih.gov/protein/O00483
https://www.ncbi.nlm.nih.gov/protein/P30405
https://www.ncbi.nlm.nih.gov/protein/Q92820
https://www.ncbi.nlm.nih.gov/protein/Q9UKM9
https://www.ncbi.nlm.nih.gov/protein/P43897
https://www.ncbi.nlm.nih.gov/protein/Q9BRJ2
https://www.ncbi.nlm.nih.gov/protein/P53041
https://www.ncbi.nlm.nih.gov/protein/P62995
https://www.ncbi.nlm.nih.gov/protein/Q16774
https://www.ncbi.nlm.nih.gov/protein/Q9NVI7
https://www.ncbi.nlm.nih.gov/protein/O60869
https://www.ncbi.nlm.nih.gov/protein/Q14789
https://www.ncbi.nlm.nih.gov/protein/O43837
https://www.ncbi.nlm.nih.gov/protein/P51812
https://www.ncbi.nlm.nih.gov/protein/O43681
https://www.ncbi.nlm.nih.gov/protein/Q9NYK5
https://www.ncbi.nlm.nih.gov/protein/Q9NQP4
https://www.ncbi.nlm.nih.gov/protein/O00165
https://www.ncbi.nlm.nih.gov/protein/O76021
https://www.ncbi.nlm.nih.gov/protein/Q14534
https://www.ncbi.nlm.nih.gov/protein/P05412
https://www.ncbi.nlm.nih.gov/protein/P10153
https://www.ncbi.nlm.nih.gov/protein/Q92597
https://www.ncbi.nlm.nih.gov/protein/O96008
https://www.MicrobiolSpectrum.asm.org

Y. pseudotuberculosis Yop) Downregulates PGE2 @ spschim

A. B
k% %k Kk
[ 1
% % %k %k kK kk % %k %k %k
80+ 200+
k% k% kkk B Ctrl
[ [ 1T 1
T 60 = Ye 0 150+
E B3 AyopB Ye E = Ctrl
2 3 AyopB Ye + PD184191 @ = Yptb
= 40+ = 100- E= YopJC172A Yptb
(i T o 3 YopJC172A Yptb + PD184191
o O
. 201 o 50
0- - 0-
C D.
0.4
p-Mek 1/2 ~ * *kk *
= T T T 1
T 0.3
w
Mek 1/2 e = = Ctrl
o 0.2 B3 STLPS
ﬁ El Yptb
. S  0.11 B AyopB Yptb
B-actin N co— ° — -4 40 kDA S i l B YopJC172A Yptb
Ctl  STLPS Yptb AyopB  YopJ 0.0
Yptb C172A
Yptb

FIG 4 Analysis of PGE2 biosynthesis and MEK function in THP-1 macrophages in response to treatment with AyopB Y. enterocolitica, YopJC172A Y.
pseudotuberculosis, or the chemical MEK inhibitor PD184161. PMA-differentiated THP-1 macrophages were pretreated with or without 10 uM PD184161
(MEK1/2 inhibitor) 1 h before infection. Macrophages were uninfected (Ctrl) or were infected with wild-type or AyopB Y. enterocolitica (Ye) (A) or wild-type
or YopJC172A Y. pseudotuberculosis (Yptb) (B and C) for 2h at an MOI of 50:1. The PGE2 concentration from infected cell supernatants was measured by a
commercial monoclonal ELISA recognizing PGE2 (A and B). Western blotting was used to quantify MEK1/2 and phosphorylated MEK/2 (C and D), where the
fold change was calculated using densitometry analysis by normalizing to phosphorylated MEK 1/2 to MEK1/2 levels (D). The B-actin was used as a loading
control. Two-way ANOVA and Tukey's post hoc test were used to calculate significance for Western blot densitometry (n=3). P values are indicated (*,
P=0.05; **, P=0.01; ***, P=0.001; ****, P=0.0001). The images shown are representative of three independent experiments.

is the target of YopJ transacetylation involved in the inhibition of autophosphorylation of
downstream kinases (43). Phosphorylation of MEK at Ser 217/221 was increased in AyopB
Y. pseudotuberculosis-infected cells, as well as YopJC172A Y. pseudotuberculosis-infected
cells. MEK phosphorylation was inhibited in wild-type Y. pseudotuberculosis-infected THP-1
macrophages compared to uninfected macrophages or YopJC172A Y. pseudotuberculosis-
infected macrophages (Fig. 4D).

Y. pseudotuberculosis inhibits pro-IL-18 mRNA transcription and expression in
response to wild-type but not AyopB or YopJC172A Y. pseudotuberculosis-infected
THP-1 macrophages. EP4 signaling was previously shown to be engaged in caspase-
1-dependent IL-18 secretion during Y. enterocolitica infection (13). PGE2 binding to
EP2/EP4 receptors stimulates activation of adenylate cyclase, leading to a cAMP
increase and downstream NF-«B activation (52-54). Alternatively, PGE2 binding to EP4
receptor can also activate the phosphoinositide 3-kinase signaling cascade (55, 56). In
response to LPS binding to TLR4 and signal transduction via MAPKs, pro-IL-1 is syn-
thesized, which can be regulated by the availability of endogenous PGE2 (17, 51, 57,
58). Upon inflammasome activation, pro-IL-1 is cleaved by active caspase-1 to mature
IL-1, followed by secretion of this cytokine. IL-18 acts locally on cells by binding to
IL-1R on cell surface membranes and inducing inflammation (57, 59).

In the present study, YopJ was tested as an effector that contributed to the inhibi-
tion of PGE2 biosynthesis in infected THP-1 macrophages upstream to IL-18 synthesis.
THP-1 macrophages were infected with wild-type, AyopB, or YopJC172A Y. pseudotu-
berculosis or treated with S. enterica LPS (positive control), followed by RT-PCR and
Western blot analysis of pro-IL-1 8. Wild-type Y. pseudotuberculosis downregulated pro-
IL-18 synthesis compared to treatment with S. enterica LPS and AyopB or YopJC172A
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FIG 5 Expression of pro-IL-18 from THP-1 macrophages infected with YopJC172A Y. pseudotuberculosis. PMA-differentiated THP-1 macrophages were
infected with wild-type, AyopB, or YopJC172A mutant Y. pseudotuberculosis (Yptb) at an MOI of 50:1 for 2 h or left uninfected (Ctrl). As a positive control,
10 ng/ml S. enterica LPS was used to treat cells instead for 2 h after PMA differentiation. Cell pellets were collected for Western blotting (A) and gRT-PCR (B
and D) analyses. Protein fold changes in IL-18 were calculated using densitometry analysis and were normalized to B-actin (loading control). (C) The IL-13
concentration was measured in cell supernatants at 2 hpi using ELISA. Two-way ANOVA and Tukey’'s post hoc test was used to calculate significance for
Western blot analysis (n=3). (D) THP-1 macrophages were infected with wild-type Y. pseudotuberculosis (Yptb), YopJC172A, or YopJC172A mutant
expressing YopJ (YopJ-M45) at an MOI of 50:1 for 2 h. YopJC172A+pYopJ-M45 strain was grown in the presence of 0.1 mM IPTG before infection.
Alternatively, cells were treated with LPS from Salmonella (ST LPS). The qRT-PCR analysis was used to analyze pro-IL-18 transcripts, where pro-IL-13 mRNA
fold change was calculated by normalizing it to GAPDH transcript levels and using a t test to indicate significance (Bio-Rad CFX-manager software; n=3). P
values are indicated (*, P=0.05; **, P=0.01; ***, P=0.001; ****, P = 0.0001). The data are representative of three independent experiments.

Y. pseudotuberculosis (Fig. 5A and B). Secreted IL-18 was upregulated in response to S.
enterica LPS, AyopB, or YopJC172A Y. pseudotuberculosis-infected macrophages but not
wild-type or uninfected cells (Fig. 5C). Moreover, il-1b mRNA transcripts were signifi-
cantly upregulated in response to S. enterica LPS and YopJC172A Y. pseudotuberculosis
but not to wild-type Y. pseudotuberculosis infection (Fig. 5D). These results confirm that
IL-18 secretion and expression in THP-1 macrophages depend on the presence of cata-
lytically active YopJ.

Ectopic expression of YopJ in the catalytically inactive YopJC172A mutant of Y.
pseudotuberculosis reduces PGE2 biosynthesis in infected THP-1 macrophages by
downregulating COX-2 mRNA. Next, the mutant strain containing catalytically inac-
tive YopJ (YopJC172A) was complemented with a wild-type YoplJ. Here, YopJC172A Y.
pseudotuberculosis was transformed with a pMMB67HE plasmid encoding a copy of the
wild-type YopJ under the control of a tac promoter with a carboxy-terminal M-45 tag
via conjugation with E. coli (strain is denoted as YopJC172A+pYopJ-M45). A C-terminal
M45 tag attached to the YopJ protein allows for detecting recombinant YoplJ in cell
lysates via Western blotting with an antibody specific to the M45 tag (48). PMA differ-
entiated THP-1 macrophages were infected with live or heat-killed wild-type, AyopB,
YopJC172A mutant, and YopJC172A-pYoplJ-M45 expressing wild-type YopJ using vari-
ous levels of IPTG induction. Cell lysates at 2h postinfection (hpi) were probed for
COX-2 protein and mRNA levels by Western blotting and RT-PCR, respectively. Heat-
killed Y. pseudotuberculosis induced the most notable increase in COX-2 protein expres-
sion, compared to uninfected or live wild-type Y. pseudotuberculosis (Fig. 6A and B). At
0.01mM IPTG induction, there was no difference in COX-2 expression between
YopJC172A and the YopJC172A strain complemented with YopJ. However, at 0.1 and
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FIG 6 Effect of ectopic expression of Yop) on host COX-2 and PGE2 biosynthesis in Y. pseudotuberculosis-
infected THP-1 macrophages. (A to C) PMA-differentiated THP-1 macrophages were treated with heat-killed
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0.4 mM IPTG, COX-2 protein levels (Fig. 6A and B) and PGE2 levels (Fig. 6C) are downre-
gulated in cells infected with YopJC172A strain complemented with YopJ compared to
cells infected with wild-type Yersinia or uninfected control. Western blotting confirmed
that YopJ (YopJ-M45) was present in the infected host cells when IPTG concentrations
of 0.1and 0.4mM were used to induce YopJ in the infected THP-1 macrophages
(Fig. T1A).

Next, RT-PCR analysis confirmed that the inhibition of COX-2 expression by Y. pseudotuber-
culosis YopJ was due to transcription changes. COX-2 transcripts were evaluated in THP-1
macrophages previously infected with wild-type, heat-killed AyopB (wild-type heat-killed yer-
siniae were tested earlier, see Fig. 1), YopJC172A mutant, and YopJC172A mutant comple-
mented with YopJ (pYopJ-M45) Y. pseudotuberculosis. As a positive control, THP-1 macro-
phages were treated with LPS isolated from Y. pseudotuberculosis grown at 37°C (60),
mimicking the LPS state in the infected host. The Yersinia LPS, after its growth at 37°C, has a
different acylation state compared to Yersinia grown at lower temperatures. While at 37°C, Y.
pseudotuberculosis contains a heterogeneous population of lipid A, which includes the tetra-
acylated lipid IVA and other lipid species, but when grown at 21°C, Y. pseudotuberculosis LPS
contains hexa-acylated lipid A (60) predominantly. These different acylation states affect the
proinflammatory activity of this molecule (61). The COX-2 transcripts were upregulated in all
treatments except wild-type Y. pseudotuberculosis and YopJC172A complemented with Yop.
The overexpression of YopJ in YopJC172A strain with dysfunctional YopJ led to the same
COX-2 levels as the wild-type strain or control (uninfected) cells (Fig. 6A and B). Similarly,
PGE2 was upregulated in cells exposed to heat-inactivated Y. pseudotuberculosis and to live
YopJC172A Y. pseudotuberculosis. In contrast, PGE2 was not increased in cells infected with a
live strain of this bacterium or cells exposed to YopJC172A Y. pseudotuberculosis comple-
mented with YopJ (Fig. 6C and Fig. 1; see also Fig. S3). Also, COX-2 transcripts were upregu-
lated in cells exposed to heat-inactivated AyopB Y. pseudotuberculosis or live YopJC172A, but
not wild-type Y. pseudotuberculosis or YopJC172A complemented with YoplJ. Moreover, cells
exposed to Y. pseudotuberculosis LPS alone showed upregulation of COX-2 transcripts as well
(Fig. 6D). These results indicated that LPS from this bacterium is sufficient to upregulated
COX-2 transcription, but YopJ effector’s presence decreased this mRNA.

YopJ diminishes PGE2 and IL-18 biosynthesis in response to Y. pseudotuberculosis
infection of LPS-primed bone-marrow-derived macrophages. Since YopJ is responsi-
ble for inhibiting PGE2 biosynthesis in a catalytically dependent manner in THP-1 mac-
rophages, these results were further validated in primary bone marrow-derived macro-
phages (BMDMs) to ensure that the process is not cell specific. BMDMs were subjected
to LPS stimulation for 1h before infection with live or heat-killed wild-type, AyopB Y.
pseudotuberculosis, or YopJC172A Y. pseudotuberculosis at an MOI of 50:1 for 2 h. This
specific protocol was followed to induce inflammasome as previously described (48).
PGE2 and IL-18 quantification in cell culture supernatant revealed that heat-killed,
AyopB, or YopJC172 Y. pseudotuberculosis induced PGE2 and IL-183 secretion from
infected BMDMs compared to wild-type Y. pseudotuberculosis-infected cells (Fig. 7).

FIG 6 Legend (Continued)

Y. pseudotuberculosis or infected with live wild-type Y. pseudotuberculosis, AyopB, YopJC172A, or YopJC172A
mutant expressing YopJ (YopJ-M45) at an MOI of 50:1 for 2 h. The YopJC172A-pYopJ-M45 strain contains a
plasmid with the wild-type YopJ sequence under the control of an IPTG-inducible promoter.
YopJC172A+pYoplJ-M45 strain was grown in the presence of 0.01, 0.1, and 0.4 mM IPTG before infection of
THP-1 macrophages. The protein fold change was calculated from densitometry analysis (ImageJ) and
normalized to B-actin (loading control). Two-way ANOVA and Tukey's post hoc test were used to calculate
significance from Western blot densitometry (n=3). P values are indicated (*, P=0.05; **, P=<0.01; ***,
P=0.001; **** P=0.0001). (C) PGE2 concentration in cell culture supernatants was measured using
monoclonal ELISA. (D) THP-1 cells were treated with 10 wg/ml LPS isolated from Y. pseudotuberculosis grown
at 37°C in LB without aeration, a gift kindly provided by Robert Ernst (60). Alternatively, cells were infected
with live wild-type Y. pseudotuberculosis, heat-killed AyopB, YopJC172A Y. pseudotuberculosis, or the
YopJC172A Y. pseudotuberculosis mutant expressing Yop)-M45 at an MOI of 50:1 for 2 h similarly, as
described above. The RNA from cells was collected and used to measure mRNA from COX-2 and GAPDH
(housekeeping control). The transcripts of COX-2 were analyzed by gRT-PCR, where COX-2 mRNA fold
change was normalized to GAPDH mRNA levels. *, P< 0.05; **, P=<0.01; ***, P=<0.001; ****, P=0.0001. The
data are representative of three independent experiments.
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FIG 7 PGE2 and IL-18 secretion from LPS primed primary bone marrow-derived macrophages in
response to live or heat-killed wild type, AyopB, or YopJC172A Y. pseudotuberculosis infection. Primary
BMDM:s isolated from wild-type BALB/c mice were primed with 10 ug/ml LPS for 1 h before infection
with live or heat-killed wild-type, AyopB, or YopJC172A Y. pseudotuberculosis at an MOI of 50:1. At 2
hpi, the supernatant was collected and probed for PGE2 (A) and IL-18 (B) concentrations by
commercial ELISA. Student t tests were used to calculate significance (n=3). P values are indicated (*,
P=0.05; **, P=0.01; ***, P=0.001; ****, P=0.0001).

PGE2 signaling via EP4 affects intracellular survival of Yersinia in macrophages.
Finally, the importance of PGE2 signaling in the YopJ-mediated increased intracellular
survival of Y. pseudotuberculosis was tested. To achieve this goal, we designed an assay
using fluorescently tagged Yersinia for infections (Fig. 8A). THP-1 macrophages were
treated with EP4 agonist L-902688 to stimulate EP4 receptor, which was likely crucial in
the PGE2-mediated effects during this infection (13). Alternatively, cells were treated
with JUN inhibitor since YopJ is predicted to inhibit JUN expression (Fig. 3). Wild-type
and YopJ-deficient mutant of Y. pseudotuberculosis expressing YopJC172A were used
to infect cells seeded on 96-well optical black plates. The cells were previously pre-
treated with EP4 agonist, or JUN inhibitor, followed by infection and bacteria count at
2 and 24 hpi. Both wild-type and Yopl-deficient mutant of Y. pseudotuberculosis
invaded and survived inside infected THP-1 macrophages, although the mutant of
Yersinia devoid of YopJ has markedly less survival at 24 hpi (Fig. 8B and C). EP4 agonist
did not affect phagocytosis of wild-type Yersinia at 2 hpi, but it contributed to a signifi-
cantly decreased bacterial survival at 24 hpi (Fig. 8B and C). There was no difference in
the survival of bacteria within THP-1 infected with YopJC172A Y. pseudotuberculosis
treated with EP4 agonist at 2 and 24 hpi in comparison to vehicle control, likely since
COX-2 and PGE2 are readily produced in cells infected with this strain, thus activating
PGE2 receptor, EP4 (Fig. 6). Notably, there was no noticeable difference in the cell sur-
vival when the EP4 agonist was used (Fig. 8D). These results suggest that the PGE2 sig-
naling via the EP4 receptor could lead to the clearance of bacteria in macrophages, a
process that YopJ can partially block.
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FIG 8 Survival of intracellular Y. pseudotuberculosis in cells treated with EP4 agonist. (A and B) THP-1 macrophages were treated
with EP4 agonist L-902688, JUN inhibitor, or vehicle control (ethanol, 0.01% [vol/vol] DMSO) in RPMI lacking antibiotics for 30 min
before infection with wild-type and YopJC172A GFP-Y. pseudotuberculosis (MOl of 15:1). At 1 hpi, media were removed, and cells
were washed with PBS to remove extracellular bacteria. RPMI media lacking antibiotics supplemented with gentamicin (100 ng/ml),
with or without EP4 agonist and with or without JUN inhibitor, were added, and the cells were incubated further for another
hour. At 2 hpi, the media were removed again, and the cells were washed with PBS and resuspended in media containing a
lower concentration of gentamicin (10 ug/ml) for the remainder of the infection (total, 2 and 24 hpi). For fluorescence
imaging, the cells were stained with Hoechst stain, and the entire well was imaged using Cytation 5 at x10 magnification. (C)
The number of GFP-Yersinia per 1,000 cells was calculated by dividing total GFP cell counts by total host cell counts at 2 and
24 hpi multiplied by 1,000. (D) THP-1 cell count as determined by Hoechst staining and cell counting using GenV software. All
data were analyzed by two-way ANOVA, followed by multiple testing correction (Tukey’s; n=4). P values are indicated (¥,

P=0.05; **, P=0.01; ***, P=0.001; ****, P=0.0001).

DISCUSSION

Inflammasomes are multimolecular complexes that can sense pathogen presence
and trigger a robust proinflammatory response. One of the inflammasome compo-
nents, caspase-1, cleaves immature pro-IL-18 and converts it to mature IL-18. IL-18 is
then released through pores, and the pore formation can also result in inflammatory
cell death, pyroptosis. The inflammasome-mediated IL-18 secretion typically serves as
a host protective measure against bacteria, although this might depend on the specific
pathogen. Several Yersinia effectors, such as YopE and YopT, can induce pyrin inflam-
masome (62). In contrast, YopM (40, 63) or YopJ (41) inhibit inflammasome in Y. pestis
and Y. pseudotuberculosis infection. The mechanisms by which YopJ contributes to the
inhibition of IL-13 still need clarification. Our previous study demonstrated that in
response to infection with Gram-negative bacteria, THP-1 macrophages produce PGE2,
critical for IL-18 increase (13). PGE2 is a critical immunomodulatory lipid, and for this
reason, its synthesis and metabolism are tightly controlled in the cell (64). We showed
that PGE2 leads to macrophage polarization toward a proinflammatory M1 phenotype

Volume 9 Issue 1 e00496-21

MicrobiolSpectrum.asm.org

16


https://www.MicrobiolSpectrum.asm.org

Y. pseudotuberculosis Yop) Downregulates PGE2

C %k %k
L] I_
2500- * K Kk * K kK
1) T
o 20004 ==
o
S 15001
2 1000
[
2
3 500
0-
2 hrs 24 hrs
Hl Yptb
Yptb + EP4 agonist
B3 YopJC172A Yptb
3 YopJC172A Yptb + EP4 agonist
D. B3 YopJC172A Yptb + JUN inhibitor
ok k ok * 3k sk k
100001 k% %k k sk sk sk k
8000+ —
= =2
3 6000
(&)
T 4000
(&)
2000+
0' T T
2 HPI 24 HPI

FIG 8 (Continued).

in the infection with Y. enterocolitica and S. Typhimurium (13). This regulatory loop that
controls IL-13 production via PGE2 might be an important mechanism controlling the
output of inflammasome activation in Yersinia infection. However, the roles of PGE2 in
bacterial infection and pathogen clearance are poorly understood. For instance, while
most Gram-negative bacteria increase PGE2 production in the host (8, 9, 13, 21, 22), we
have previously shown that Y. enterocolitica restricts the synthesis of this eicosanoid
(13), but the effectors involved in this mechanism have not yet been shown. Our pres-
ent study demonstrated that PGE2 synthesis inhibition is also present in Y. pseudotu-
berculosis infection, and we further demonstrated that YopJ is one of the effectors
used by this bacterium to restrict PGE2 synthesis. We also confirmed previous studies
(41) showing that YoplJ is critical in the downregulation of IL-1 .

PGE2 biosynthesis begins with the cleavage of membrane phospholipids, which are
converted by the cPLA2 enzyme to arachidonic acid (AA). AA is used as a substrate to pro-
duce PGH2 by an enzyme COX-2, which is the primary target of NSAIDs, and PGH2 is later
processed into PGE2 by PGE synthase via an isomerization reaction (65, 66). During infec-
tion with some Gram-negative bacterial pathogens, including E. coli and Salmonella, bacte-
rial LPS stimulates PGE2 biosynthesis and upregulates COX-2 transcription (9, 21, 51). PGE2
secretion via COX-2 activity is induced by TLR signaling, such as TLR4 or TLR7/8, and
impaired in TLR4- or MYD88-deficient macrophages (67, 68). Binding of the lipid A compo-
nent of LPS to TLR4 (68, 69) results in internalization of the receptor involving the rapid
phosphorylation and activation of various MAPKs, such as MEK, JNK, and p38 kinases,
which activate proinflammatory cytokine transcription via NF-«B (70). MEK inhibition
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FIG 9 Model of PGE2 and IL-13 biosynthesis in macrophages during Gram-negative bacterial infection.
(Step 1) LPS ligand binding to TLR4 induces rapid phosphorylation of host MAPKs, such as MEK1/2,
with adaptor protein assistance, including MyD88. (Step 2) MEK1/2 becomes activated and
phosphorylates ERK1/2, leading to the activation and migration of transcription factors to the nucleus
to induce proinflammatory gene transcription, including upregulation of COX-2 transcripts. (Step 3)
Activated ERK1/2 phosphorylates and activates cPLA2 at Ser 515/505 residue, resulting in the liberation
of AA from membrane phospholipids and AA’s conversion into PGH2/PGE2 by COX-2. (Step 4) PGE2 is
secreted and binds in an autocrine fashion to specific EP2/4 receptors to activate IL-13 transcription by
altering cAMP levels or PI3K-induced migration of transcription factors NF-«B and AP-1. In the presence
of Gram-negative bacteria, pro-IL-18 is cleaved to mature IL-18 by caspase-1 due to inflammasome
activation. (Step 5) IL-18 forms a positive-feedback loop with PGE2 by binding to IL-1R and increasing
COX-2 transcription. Y. pseudotuberculosis and S. flexneri modulate inflammasome activation and PGE2
biosynthesis by manipulating host MAPK/ERK-dependent signaling such as T3SS factors YopJ (Y.
pseudotuberculosis) or OspB/OspF (S. flexneri).

correlates with COX-2-dependent restriction of PGE2, as shown in Escherichia coli and S.
Typhimurium infection models (9, 21, 71, 72). Specifically, NF-«B or AP-1 can serve as one
way of controlling COX-2 transcription in this process (9, 21, 71, 72), although MEK also
controls activation of cPLA2, which converts membrane phospholipids to AA (Fig. 9).

While most Gram-negative bacteria, including Shigella flexneri (see Fig. S4),
Salmonella enterica, Escherichia coli, Chlamydia trachomatis, and Legionella pneumo-
phila (8, 9, 13, 21, 22) increase COX-2 transcription and PGE2 synthesis, as demon-
strated in this study, Yersinia enterocolitica and pseudotuberculosis, downregulate the
COX-2-mediated PGE2 biosynthesis. Y. enterocolitica also contains LPS, which should
stimulate PGE2 secretion; therefore, the inhibition of COX-2 signaling in this infection
was surprising. Interestingly, we also previously discovered that PGE2 was important
for the clearance of Y. enterocolitica. Therefore, the fact that the pathogen hampers AA
and PGE2 secretion in a pYV-dependent manner indicates that targeting the eicosa-
noid pathway by Yersinia might serve as a pathogenic mechanism. This unique mecha-
nism that inhibits PGE2 synthesis has not been shown in other bacteria. In this study,
we were interested in identifying the virulence mechanism that leads to the inhibition
of the COX-2 pathway and whether this mechanism leads to the clearance of bacteria.
First, we showed that Y. pseudotuberculosis interferes with PGE2 biosynthesis in macro-
phages (Fig. 1). Heat-killed Y. enterocolitica or Y. pseudotuberculosis also induced secre-
tion of PGE2 from THP-1 macrophages, suggesting that the bacterial factor inhibiting
PGE2 is a bioactive component. Yersinia uses T3SS to inject effector proteins into the
host cell, and the crucial protein that controls this process is YopB translocon protein.
YopB participates in forming a pore in the host cell membrane (46), via which Yersinia
can inject the pathogen effector proteins directly into the host cell. Hence yopB
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controls the translocation of all Yops (73-75). We found that yopB-deficient Y. enteroco-
litica and Y. pseudotuberculosis were unable to inhibit PGE2 biosynthesis from THP-1
macrophages (Fig. 1). Consistently, we discovered that COX-2 protein levels in THP-1
macrophages are upregulated in response to live and heat-killed Yersinia infection, as
well as positive-control LPS (Fig. 2). We concluded that a protein effector responsible
for PGE2 biosynthesis via COX-2 is one of the Yops secreted by Y. enterocolitica and Y.
pseudotuberculosis.

We hypothesized that Yersinia downregulates PGE2 biosynthesis in response to LPS
using YopJ effector, one of six Yops translocated by Yersinia to the host cells via T3SS.
YopJ inhibits MEK signaling (43), and it is an evolutionarily conserved effector that
functions as acetyltransferase (48). The current view is that Yop)J effectors work primar-
ily on host substrates via acetylation (76), where Cys172 residue is required for the ace-
tyltransferase properties of YopJ in Y. pseudotuberculosis (43). Our study used Y. pseu-
dotuberculosis strain expressing only catalytically inactive YopJ that harbored a
mutation in the Cys172 residue. This mutant strain, along with the wild-type Y. pseudo-
tuberculosis strain, was used to infect host cells and examine the significantly up- and
downregulated proteins in host macrophages during the infection. This unbiased
approach helped to discover the host pathways targeted by YopJ in host cells. For
example, YopJ was revealed to play an essential role in limiting host LPS responses,
including repression of EGR1 and JUN proteins, which control transcriptional activation
of proinflammatory cytokine production, including IL-18 (Fig. 3F). Pathway analysis of
differentially abundant host proteomes predicted that eicosanoid synthesis was down-
regulated by YopJ in wild-type-infected macrophages compared to a cell infected with
a YopJC172A catalytic mutant of this bacterium, and the downregulated molecules
included PGE2 and COX-2 (Fig. 3F). These predicted effects of YopJ on the PGE2 bio-
synthetic pathway via MAPK were confirmed by quantifying COX-2 protein level (Fig. 2
and 6), COX-2 transcripts (Fig. 6), and PGE2 (Fig. 4 and 6). Yersinia strains expressing
enzymatically inactive YopJ were unable to inhibit COX-2 or PGE2 synthesis. Hence,
YopJ clearly downregulates LPS-induced PGE2 biosynthesis in macrophages by target-
ing COX-2 expression. Moreover, YopJC172A mutant of Y. pseudotuberculosis comple-
mented with wild-type YopJ (48) downregulated COX-2 protein (Fig. 6), as well as COX-
2 transcripts in infected THP-1 macrophages. The same phenotype was observed in
BMDMs infected with Y. pseudotuberculosis (Fig. 7). In summary, YopJ) was demon-
strated to serve as a protein that abrogates COX-2 by downregulating its transcription.

The pYV-encoded virulence factor YopJ) from Y. pseudotuberculosis and Y. pestis
(YopP in Y. enterocolitica) has been shown to suppress IL-13 secretion by downregulat-
ing pro-IL-18 synthesis in macrophages via MAPK (13, 40, 41). In response to Yersinia
infection, MAPKs are rapidly phosphorylated, leading to signal transduction and activa-
tion of cytokine transcription. YopJ inactivates several MAPK proteins by transacetylat-
ing active site serine and threonine residues, thereby preventing phosphorylation and
blockage of signal transduction, including the MAPK-ERK pathway (43). The
YopJC172A mutant has been previously documented to be impaired in preventing
MEK phosphorylation and signal transduction. To demonstrate the functional impor-
tance of the MEK signaling pathway on PGE2 biosynthesis during this Gram-negative
infection, we used a chemical inhibitor of MEK signaling during YopJC172A Y. pseudo-
tuberculosis or AyopB Y. enterocolitica infection of macrophages, which indeed downre-
gulated PGE2 biosynthesis compared to vehicle-treated infected cells (Fig. 4). MEK
phosphorylation was sustained in cells infected with YopJC172A and AyopB strains,
compared to wild-type Y. pseudotuberculosis, indicating sustained activation of gene
transcription.

Considering that PGE2 biosynthesis is crucial for il-1b transcription, IL-13 secretion
from THP-1 macrophages correlates with PGE2 secretion. IL-13 secretion is upregu-
lated in response to heat-killed or AyopB Y. enterocolitica and Y. pseudotuberculosis (13,
36). PGE2 and IL-1 share a positive feedback loop in which PGE2 stimulates the pro-
duction of IL-18 via upregulation of pro-IL-18 transcription in an EP4-dependent
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manner (20, 77). Our hypothesis assumed that changes in IL-13 secretion by PGE2
were due to changes in the transcription of il-1b since PGE2 is necessary for induction
of pro-IL-13 and is in part dependent on EP4 stimulation (13, 17). IL-18 is synthesized
in an inactive form in the cell known as pro-IL-18 before being converted to mature
and bioactive IL-18. We found that pro-IL-1 levels in cell lysates are highest in AyopB
and YopJC172A Y. pseudotuberculosis-infected macrophages, and they are the lowest
in wild-type infection, which correlated with secreted IL-1 levels (Fig. 5). Moreover, il-
1b mRNA transcripts were increased in YopJC172A Y. pseudotuberculosis-infected cells
compared to wild-type Y. pseudotuberculosis-infected cells, confirming that YopJ-medi-
ated changes to IL-18 happen on a transcriptional level. Upon complementing the
YopJC172A Y. pseudotuberculosis mutant with a wild-type copy of YopJ, the il-1b tran-
scription was reduced to wild-type levels (Fig. 5). We consistently noted an increase in
IL-18 in cell culture supernatants from BMDMs exposed to heat-killed, AyopB, or
YoplJC172A but not wild-type Y. pseudotuberculosis (Fig. 7). The YopJ-regulated PGE2
and IL-18 synthesis are of physiological importance to the host response to infection.
Secreted IL-18 acts on local IL-1R receptors to upregulate COX-2 transcription in a
MEK-dependent process (17, 57). The feedback loop between COX-2 and IL-18 is of in-
terest since IL-1 plays a vital role in activating immune cells in the immediate vicinity
to generate inflammation, neutrophil efferocytosis, and ultimately the phagocytosis
and destruction of the invading pathogen (18, 78).

YopJ has several homologs in other bacterial species, and it belongs to the CE clan
of cysteine proteases. The members of this family of enzymes have several different en-
zymatic functions, including ubiquitin-like modifier function, deubiquitinating activity,
or Ser/Thr acetyltransferase functions (reviewed in reference 79). Although these
enzymes appear to share similar activities, Salmonella’s Ssel, Escherichia’'s ElaD,
Shigella’s ShiCE, and Rickettsia’s RickCE were shown to be dedicated deubiquitinases,
and Legionella LegCE, Yersinia YopJ, and Salmonella AvrA are dedicated acetyltransfer-
ases. At the same time, Chlamydia ChlaDUB1 performs both deubiquitinase and acetyl-
transferases reactions, using the same catalytic Cys residue (79). One interesting ques-
tion is whether other CE clan acetyltransferases, such as LegCE and AvrA, encoded by
various pathogens but sharing homology with YopJ, also target similar biosynthetic
pathways, possibly by affecting different components of these pathways. AvrA, an
effector protein of Salmonella, inhibits activation of the JNK pathway activated by this
pathogen, which happens in an MKK7-dependent manner (80), while YopJ affects a
broader repertoire of MKK proteins compared to AvrA (80). The clear distinction
between AvrA and YopJ is that Yop)J affects the p38 pathway while AvrA does not.
Specifically, AvrA affects only MKK7 (80), specific to the JNK pathway function (81),
while YopJ affects MKK3, MKK6, MKK4, and MKK7 (80), where MKK4 activates the p38
pathway (81). Notably, the p38 protein has been previously implicated COX-2 pathway
(82). Since AvrA lacks any effect on COX-2 (80), the likely explanation is that the p38
pathway is important for the YopJ function in the COX-2 downregulation. Consistent
with this hypothesis, despite the homology of Salmonella's AvrA to Yersinia's Yopl,
AvrA does not complement a YopJ defect in Yersinia (83), and AvrA does not affect
COX-2 transcripts (80), suggesting a unique function of YopJ. However, there are other
bacterial homologs of YopJ worth investigating. Moreover, it is possible that virulence
factors that lack homology to YopJ but specifically affect MAPK/ERK signaling affect
PGE2 and COX-2 biosynthesis, as is the case with OspB/OspF from Shigella. OspB/OspF
plays a vital role in limiting PMN migration to the injury site, which may be linked to
increased PGE2 secretion and function, considering PGE2 inhibits PMN migration to-
ward macrophages (13). We were able to experimentally demonstrate that knocking
out either OspB or OspF resulted in decreased COX-2 transcription during infection
with THP-1 macrophages, and a double mutant exhibited a cumulative decrease in
COX-2 transcription (see Fig. S2). Therefore, it should be examined whether other
pathogens that contain YopJ homologs or affect MAPK/ERK signaling also modulate
PGE2 biosynthesis in response to infection.
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The examination of differentially regulated host proteins during THP-1 macrophage
infection also led to discovering new potential effects of YopJ on the host protein
pathways. THP-1 macrophages infected with wild-type or catalytically inactive
YopJC172A mutant of Y. pseudotuberculosis had a distinct impact on host proteins. In
terms of the comparison between the YopJC172A Y. pseudotuberculosis-infected cells
and wild-type strain-infected cells (Table 1), the specific pathways affected by the
strain harboring YopJ catalytic mutant were related to sirtuin signaling pathway, NRF2-
mediated oxidative stress response, oxidative phosphorylation, Rac signaling, Cdc42
signaling, or mitochondrial dysfunction (Fig. 1E). Among the proteins that were most
robustly upregulated in cells infected with YopJC172A-expressing Y. pseudotuberculosis
in comparison to wild-type infection, NDRG1 (Q92597) was one of the top hits (FC
=35), followed by JUN (P05412, FC=23). While JUN was previously shown to be down-
regulated by active YopJ (48), the downregulation of NDRG1 is a new finding.
Moreover, the absence of catalytically active YopJ from cells infected with Yersinia up-
regulated mitochondrial enzymes responsible for oxidative phosphorylation, such as
COX17, NDUFA4, NDUFA12, or NDUFS2 (see Fig. S2), some of which might be caused
by the downregulation of KDM5 lysine demethylase 5A. KDM5 is an upstream regula-
tor, and its inhibition (or mutation) leads to upregulation of such molecules as
NDUFA4, COX17, or NDUFS2 (84), and consequently, the kdm5 mutants display meta-
bolic defects related to mitochondrial dysfunction (85). These data suggest that YopJ
might have a direct or indirect effect on host NAD* output during infection. While the
impact of YopJ on oxidative phosphorylation is not yet resolved, it has been previously
shown that YopJ expression in Schizosaccharomyces pombe is associated with
enhanced sensitivity to oxidative stresses (86).

Finally, this study revealed that EP4 agonist, which acts similarly to PGE2 via EP4 re-
ceptor, promotes bacterial clearance after 24 h (Fig. 8), similar to our previous study
using PGE2 alone (13). However, the EP4 agonist did not cause a decrease in intracellu-
lar Y. pseudotuberculosis that is deficient in YopJ activity after 24 h, suggesting that EP4
agonist only makes a significant difference to bacterial clearance if YopJ is present in
the cell, confirming our hypothesis that YopJ-mediated changes to PGE2 biosynthesis
have a physiological outcome on infection.

In summary, this study provides several lines of evidence that MEK signaling is critical
for PGE2 biosynthesis in host macrophages during Gram-negative infection. We propose
that Yersinia uses the T3SS effector YopJ to inhibit MEK signal transduction events, which
lead to the downregulation of COX-2 transcription (Fig. 9). As a consequence of the enzy-
matic activity of the YopJ enzyme, pro-IL-13 levels are diminished in host macrophages
resulting in a smaller amount of mature IL-18 secretion, a finding consistent with other
studies (41). Therefore, we suspect that inhibition of PGE2 by YopJ is one of the mecha-
nisms employed by Y. pseudotuberculosis, but possibly also by other pathogens to attenu-
ate inflammasome-driven IL-183 secretion during pyroptosis. Since other bacterial factors
appear to enhance PGE2 biosynthesis, which can be achieved by targeting MAPK signaling,
future studies should examine the role of PGE2 during other bacterial infections and inves-
tigate whether PGE2 could serve as a potential therapeutic target for bacterial infections.

MATERIALS AND METHODS

Cell culture. THP-1 monocytic cells (ATCC TIB-202; ATCC, USA) were cultured in RPMI 1640 (Gibco/
Life Technologies, Inc., USA) supplemented with 10% fetal bovine serum (FBS), 2 mM GlutaMAX (Gibco/
Life Technologies), and 100 ug/ml penicillin/streptomycin (Gibco/Life Technologies) in a humidified
atmosphere of 5% CO, at 37°C. For activation and differentiation of THP-1 cells into macrophages, phor-
bol 12-myristate 13-acetate (PMA; Sigma-Aldrich, USA) was used (10 nM), and cells were incubated for
48 h before infection.

The primary bone BMDMs used in this study were isolated and cultured as previously described (87).
The BMDMs were isolated from bone marrow flushed from the femurs and tibias of BALB/c mice main-
tained and euthanized, following the institutional guidelines. The isolated BMDMs were cultured in RPMI
1640 medium supplemented with 10% heat-inactivated FBS, 100 U/ml penicillin, and 100 wg/ml strepto-
mycin. A macrophage colony-stimulating factor (5 ng/ml) was added every 2 days for a week, along with
new media to promote macrophage differentiation. After a week, the differentiated macrophages were
detached by adding ice-cold phosphate-buffered saline (PBS), followed by incubation at 4°C for 10 min.
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The macrophages were detached by gently pipetting the PBS of the plates, followed by centrifugation
at 200 x g for 5 min. For subsequent experiments, the cells were counted, resuspended in sterile BMDM
cultivation media, and seeded in sterile 24-well plates.

Bacterial strains and growth conditions. Y. enterocolitica 8081 wt (pYV), its isogenic virulence plas-
mid-cured mutant (8081c) strain, the Ye W22703 wild-type strain, and Ye W22703 AyopB strain were
grown in Luria-Bertani medium (LB) overnight (18 h) at 27°C. The culture was diluted in fresh LB to
achieve a final optical density at 600 nm (OD,,) of 0.05, and such culture was incubated at 27°C for
~2h until the OD,,, reached 0.25. The temperature was then changed to 37°C to activate the T3SS, and
bacteria were grown until reaching the ODy,, reached 0.5, followed by centrifugation at 5,000 x g.
Bacteria were washed once with prewarmed PBS and resuspended in a cell culture medium for infec-
tions. For heat-killed treatments, bacteria were incubated at 65°C for 30 min and allowed to cool to
room temperature before infection at an equivalent MOI as viable bacterial infections.

Yersinia pseudotuberculosis strain YopJC172A-pYop) was created via a conjugation reaction of
YopJC172A Y. pseudotuberculosis with SM10l E. coli containing a plasmid with a wild-type copy of YopJ
under the control of an IPTG (isopropyl-B-p-thiogalactopyranoside)-inducible promoter, an M-45 C-ter-
minal tag to identify recombinant YopJ in host cell lysates, as well as an ampicillin antibiotic selection
marker. Briefly, 1:1, 1:4, and 1:8 ratios of stationary-phase Y. pseudotuberculosis YopJC172A and E. coli
pYopJ-M45 were mixed, followed by incubation at 37°C for 2 h. The resulting mixtures were plated on
Yersinia-selective medium Oxoid containing ampicillin and grown at 27°C for 48 h. Isolated colonies
were streaked once more on Yersinia selective media Oxoid with ampicillin, and positive transformants
were confirmed by PCR.

Yersinia pseudotuberculosis wild-type 32666, AyopB 32666, YopJC172A, and YopJC172A-pYopJ strains
were grown in LB overnight (18 h) at 27°C. The culture was diluted into fresh LB containing 20 mM
MgCl, and 20mM sodium oxalate to a final ODy,, of 0.1. For induction of wild-type YopJ in the
YopJC172A-pYopJ strain, IPTG was added at the indicated final concentrations. Each subculture was
incubated at 27°C for 1 h and then changed to 37°C for 2 h to activate the T3SS. Bacteria were centri-
fuged at 5,000 x g, washed with PBS, and resuspended in a cell culture medium for infections.

GFP-containing, fluorescent Y. pseudotuberculosis wild-type, and YopJC172A 32666 strains were gen-
erated by electroporation with pON:sfGFP plasmid. To generate sfGFP plasmid, the sfGFP coding
sequence was digested out of a donor plasmid (pMJG138) with EcoRI/Xbal. The pON.mCherry plasmid
(88) was digested using the same digestion enzymes. The digestion was confirmed by gel electrophore-
sis resolved on 1% agarose. The DNA fragments were excised from the gel and purified, and the sfGFP
insert was ligated into the pON plasmid. The resulting ligation product (pDC41) was transformed into
chemically competent DH5« cells by heat shocking, and the colonies expressing green fluorescent pro-
tein (GFP) were selected on chloramphenicol plates. This sfGFP plasmid was used for transformation.
Briefly, Yersinia cultures were grown in 20 ml of LB in a 125-ml flask at 27°C for 3 h. Mid-log-phase bacte-
ria were centrifuged at 5,000 x g for 5 min, washed, and resuspended in ice-cold 10% glycerol. This
washing process was repeated for a total of four washes. Electrocompetent ells were concentrated 100 x
and used immediately for electroporation in a Bio-Rad Gene Pulser. An aliquot containing a 1 ul of plas-
mid was used for each 50-ul reaction of bacterial cells. Bacteria were recovered at 37°C for an hour, fol-
lowed by plating on chloramphenicol-containing LB plates.

Yersinia enterocolitica 8081 wt (pYV), its isogenic virulence plasmid-cured mutant (8081c), Yersinia
pseudotuberculosis wild-type 32666, AyopB 32666, and YopJC172A strains were generous gifts from
James Bliska, while Olaf Schneewind provided the Ye W22703 wild-type strain and the AyopB strain. The
YoplJC172A-pYopJ strain was generated via conjugation with E. coli containing a pMMB67HE plasmid
encoding YopJM45 under the control of a tac promoter, Ampr (an alternative name is pLP17, as
described previously).

Shigella flexneri 2a 2457T wt, AospF, AospB, and AospF AospB strains were generous gifts from
Anthony Maurelli (73). All Shigella strains were first streaked on Congo red agar and grown at 37°C to
confirm the presence or absence of the virulence plasmid (88).

All strains used in this study are listed in Table 2.

Infections and LPS treatment. THP-1-derived macrophages differentiated for 48 h before infection
as described above were washed with PBS and incubated in RPMI media containing 10% FBS and no
antibiotics for 60 min before infection. Bacteria were washed with PBS, resuspended in RPMI media con-
taining 10% FBS, and used to infect cells (MOI of 50:1) for the times indicated in figures; the cell culture
supernatant and cells were then collected and centrifuged once to remove bacteria, and the superna-
tant was recovered. For Shigella flexneri infections, overnight cultures of S. flexneri were grown in LB for
18 h at 37°C and were diluted to an ODy,, of 0.05 the day of the infection. Each strain was grown until
the exponential phase (ODg,, of 0.5) and centrifuged at 5,000 x g for 5 min to remove any residual
growth media. The bacterial cells were then resuspended in RPMI media at an MOI of 15:1 for infecting
THP-1 macrophages. Otherwise, macrophages were treated as indicated above. Alternatively, THP-1
macrophages were stimulated with 10 ug/ml Salmonella enterica serovar Typhimurium lipopolysaccha-
ride (LPS; Sigma-Aldrich) or Yersinia pseudotuberculosis LPS obtained from Y. pseudotuberculosis grown at
37°Cin LB as previously described (60) for the times displayed in the figures. The uninfected control cells
were treated in the same way as the infected cells, but no bacteria or LPS was added.

Mass spectrometric analysis. THP-1 cells were infected for 2 h with Y. pseudotuberculosis wild-type or
YopJC172A at an MOI of 50:1 as described above. Uninfected cells treated in the same manner as the
infected cells were used as a control. Cells were collected by scraping into cold PBS buffer and centrifuged at
500 x g for 10 min at 4°C. The cell pellets were then stored at —80°C until lysis. The cells were lysed in radio-
immunoprecipitation assay (RIPA) buffer supplemented with pierce cocktail protease inhibitor tablet for 30
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TABLE 2 Strains used in this study
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Strain Phenotype/genotype Reference
Y. enterocolitica
W22703 wt wt (wild type) 91
W22703 AyopB AyopB 92
Y. pseudotuberculosis
32777 wt serotype O3 wt 93
32777 serotype O3 AyopB AyopB 94
32777 serotype O3 YopJC172A YopJC172A, catalytic inactivation of Yop)J 95
32777 serotype O3 YopJC172A pYoplJ-M45 Plasmid expressing YopJ under IPTG-inducible promoter 95
32777 wt serotype O3 sfGFP wt, sfGFP fluorescent tag This study
32777 serotype O3 YopJC172A sfGFP YopJC172A, catalytic inactivation of Yopl, sfGFP fluorescent tag This study
S. flexneri
2a 2457T wt wt 96
2a 2457T AospB AospB 97
2a 2457T AospF AospF 73
2a 2457T AospF AospB AospF AospB 97
E. coli SM10/Apir pYopJ-M45 Plasmid expressing YopJ under IPTG-inducible promoter 48

min, and then the samples were centrifuged at 18,000 x g for 10 min at 4°C to separate the soluble protein
fraction. Protein concentration was determined by bicinchoninic acid (BCA) assay, and samples normalized to
an equal amount of protein (30 1g per sample) were prepared to contain an equal volume of lysis buffer.
Three independent biological replicates were used in this experiment. Proteins were then separated by SDS-
PAGE as a cleanup strategy, and an entire lane was excised by scalpel, which was subsequently diced into 1-
mm? cubes. These protein samples were subjected to in-gel trypsin digestion performed precisely as we did
previously (89), followed by C,; ZilTip purification (Waters).

The mass spectrometric analysis was performed by using 250-mm ultrahigh-performance liquid chroma-
tography coupled to an Orbitrap Fusion mass spectrometer (Thermo Scientific). The liquid chromatography
was performed using the Thermo EASY nano-LC system. A 20-mm C,, precolumn (Thermo Scientific) was used
before the samples were separated by a reversed-phase C,, analytical column (100 A pore; Thermo Scientific,
Acclaim PepMap 100 C,; LC column). The samples were purified over a 105-min acetonitrile gradient, followed
by a 5-min column wash and a 10-min column equilibration. The LC system was interfaced in-line with an
Orbitrap Fusion mass spectrometer (Thermo Scientific), where the MS data were acquired at 120,000 resolution
by Orbitrap detector (scan range, 350 to 1,800 m/z). The ions were isolated by a quadrupole during MS/MS
analysis when the most intense ions were prioritized, and ions were injected for all available parallelizable
time. The masses of precursor ions that were selected for fragmentation were then excluded for 15 s to mini-
mize the acquisition of data for the identical ions. lon fragmentation was done by using collision-induced dis-
sociation at a collision energy of 35%; the activation time was 10 min, and the AGC target was 10,000. The ion
fragments that resulted from these MS/MS data were detected by the ion trap.

Tandem mass spectra were extracted, charge state deconvoluted, and deisotoped by Proteome Discoverer
version 24 (Thermo Scientific). The MS/MS samples were analyzed by using Sequest (Thermo Fisher Scientific,
San Jose, CA; version IseNode in Proteome Discoverer 24.1.15) and X! Tandem (The GPM; version X! Tandem
Alanine 2017.2.1.4). Sequest was programmed to search FASTA human and Yersinia pseudotuberculosis UniProt
database containing a common list of contaminants database (24,311 entries) assuming the digestion enzyme
trypsin. X! Tandem was set up to search a reverse concatenated subset of the same database set. Sequest and
X! Tandem were searched with a fragment ion mass tolerance of 0.60 Da and a parent ion tolerance of 10.0 ppm.
Carbamidomethyl of cysteine was specified in Sequest and X! Tandem as a fixed modification. The following vari-
able modifications were also searched: Met-loss of methionine, met-loss+ Acetyl of methionine, oxidation of me-
thionine, and acetylation of the N terminus.

Scaffold (version Scaffold 4.11.0; Proteome Software, Inc., Portland, OR) was a software that was used
to validate MS/MS-based peptide and protein identifications. Peptide identifications were accepted if
they could be established at greater than 95.0% probability. Peptide probabilities in X! Tandem were
assigned by the Scaffold Local FDR algorithm, while the Peptide Prophet algorithm assigned peptide
probabilities in Sequest with Scaffold delta-mass correction. Protein identifications were accepted if they
could be established at greater than 95.0% probability and contained at least two identified peptides.
The Protein Prophet algorithm was used to assign protein probabilities. Proteins that contained similar
peptides and could not be differentiated based on MS/MS analysis alone were grouped. The reported
peptide false discovery rate (FDR) was 0.02%, and the protein FDR was 0.4%. The weighted spectral
count was used for protein quantification, where the spectral counts of peptides were normalized to the
total spectral count in each run, and a minimum value of 0.1 was used for samples with missing values
to enable the fold change calculations. The fold change was calculated from the spectral count of pro-
teins from control cells or YopJC172A Y. pseudotuberculosis mutant cells versus wild-type Y. pseudotuber-
culosis-infected cells and wild-type cells versus control (uninfected) cells (see Tables S1 and S2). A
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Student t test was used to calculate statistical significance and a P value of <0.05 for the indicated pro-
teins with statistically significant changes.

Morpheus software was used to visualize the protein abundance using a heat map and hierarchical
clustering of samples (https://software.broadinstitute.org/morpheus/). Venn diagrams, including the
number of proteins in each sample category, were constructed to include the protein numbers for pro-
tein hits that appeared in each sample.

Pathway, function, and network analysis. Ingenuity Pathway Analysis software (Qiagen) was used
for network analysis of proteins with altered abundance. Canonical pathways and bio-functions of pro-
teins were analyzed by the right-tailed Fisher exact test and Hochberg-Bonferroni multiple testing cor-
rections. The significance was calculated to associate protein identification with the canonical pathway
and ensure that the possibility that these associations do not happen by random chance alone; the -log
of this P value is shown on the x-axis. For canonical pathway analysis, the number of genes in a pathway
identified in the data set was displayed for both proteins, which were both upregulated (red) and down-
regulated (green) in infected cells or YopJC172A Y. pseudotuberculosis mutant cells versus wild-type Y.
pseudotuberculosis-infected cells. The total number of known genes was displayed in the right part of
the graph. The top protein networks were identified and overlaid with the most significant pathways.
The upstream network analysis was also performed, and the regulators predicted to be activated or
inhibited were identified based on z-scores higher than +2/-2.

Western blot analysis. THP-1 cell pellets were lysed in RIPA buffer supplemented with protease and
phosphatase inhibitors (Roche, USA) on ice for 0.5 h and spun at 16,000 x g for 0.5 h, and the superna-
tant was collected. Protein concentration was quantified using a BCA protein assay kit (Thermo Fisher
Scientific). Protein samples were separated by using 4 to 12% gradient SDS-PAGE and transferred onto a
polyvinylidene difluoride membrane (Bio-Rad, USA), where the transfer buffer contained 15% methanol,
25 mM Tris, and 192 mM glycine. Membranes were blocked with 5% nonfat milk in TBS containing 0.1%
Tween, and proteins of interest were detected by immunodetection with the appropriate antibodies
and enhanced chemiluminescence. The following antibodies were used in this study: COX-2 antibody
AF4198 from R&D Systems (1:300 dilution), IL-13 antibody SC-7884 from Santa Cruz (1:1,000), B-actin
antibody SC-47778 from Santa Cruz (1:1,000), MEK1/2 antibody 8727 from Cell Signaling (1:3,000),
Phospho-MEK1/2 antibody MA5-15016 from Invitrogen (1:1,000), M-45 antibody from the Bliska Lab
(1:3,000), goat anti-mouse antibody 31430 from Thermo Scientific (1:3,000), goat anti-rabbit antibody
31460 from Thermo Scientific (1:3,000), and donkey anti-goat antibody HAF017 from R&D Systems
(1:3,000). All secondary antibodies were horseradish peroxidase conjugated and prepared fresh for each
Western blot. Primary antibodies were stored in 0.5% nonfat milk in TBS containing 0.1% Tween and
0.02% sodium azide at 4°C. In the case of phospho-MEK1/2 antibodies, bovine serum albumin (BSA) was
used in place of nonfat milk. To compare the abundance of phosphorylated MEK1/2 compared to overall
MEK1/2 abundance, the same blot was used and was first probed with phospho-MEK1/2 antibody and
then stripped in Restore Plus stripping buffer for 5 min before blocking with 5% BSA for 1 h. The blot
was then probed for MEK1/2 and B-actin (loading control).

MAPK inhibitor treatment. A total of 200,000 THP-1 cells were seeded in a 24-well plate and differ-
entiated into macrophages with 10 nM PMA for 48 h. One hour before infection, the cells were washed,
and complete cell culture medium lacking antibiotics was added; this was supplemented with 10 uM
MAPK/ERK antagonist PD184161 from Cayman Chemicals (USA) or an appropriate vehicle control at the
same volumetric concentration. THP-1 macrophages were then infected with an MOI of 50:1 of wild-
type and AyopB Y. enterocolitica for 2h, whereas the resulting supernatant was collected, spun at
500 x g to remove cell debris, and analyzed via commercial monoclonal PGE2 ELISA from Cayman
Chemicals. Infections with wild-type and YopJC172A Y. pseudotuberculosis were performed at the same
time as the Y. enterocolitica infections at the same MOI of 50:1 for 2 h. Cells from all treatments were
processed in the same way to improve the consistency of the results.

Transcript analysis by RT-qPCR. The total RNA from untreated or infected THP-1 macrophages was
extracted using a Qiagen RNeasy Mini Plus extraction kit, followed by cDNA generation using the Verso
cDNA synthesis kit (Thermo Fisher) with randomized hexamers. The expression of genes COX-2 and pro-IL-
1B were measured using a two-step quantitative real-time PCR (RT-qPCR), which was performed using
SYBRGreen reagents (Bio-Rad) on the Stratagene MXP3005. Gene expression was normalized to the house-
keeping gene GAPDH first and then compared to the vehicle control treatment expressed as fold change
estimated using the AAC; method, and the statistical significance was reported as previously described (13,
90). GAPDH was chosen out of three housekeeping genes, including HPRT1 and RPL37A, for comparisons
due to GAPDH mRNA level consistency across treatment samples and proximity to C, values of target tem-
plates COX-2 and IL-13. Primers used for the study have been based on prior work (13).

Quantification of PGE2 by ELISA. Prostaglandin E2 ELISA based on monoclonal antibody detection
against PGE2 (catalog no. 514010; Cayman Chemicals) was performed to quantify PGE2 present in cell
culture supernatants, which were prepared by centrifuging cell supernatants at 500 x g for 5 min to
remove cell debris; the resulting supernatant was probed using a commercial ELISA kit. The ELISA kit
was used per the manufacturer’s recommendations, and the plate was read by using a Cytation3 imag-
ing plate reader (BioTek, USA).

Fluorescence assay to measure intracellular survival of bacteria. 30,000 THP-1-derived macro-
phages were seeded on a black 96-well plate and treated with EP4 agonist L-902688 (Cayman
Chemicals) or vehicle control (0.01% [vol/vol] DMSO) in RPMI lacking antibiotics for 30 min prior to infec-
tion with GFP-expressing wild-type and YopJC172A Y. pseudotuberculosis at an MOI of 15:1 for 1 h. At 1
hpi, media were removed, and cells were washed twice with PBS to remove extracellular bacteria. RPMI
media lacking antibiotics but supplemented with gentamicin (100 xg/ml) and with or without 10 uM
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EP4 agonist L-902,688 or 10 uM JUN inhibitor T-5224 were added to the cells, and the cells were incu-
bated further for another hour. At 2 hpi, the media were removed again, and the cells were washed
twice with PBS and resuspended in media containing a lower concentration of gentamicin (10 wg/ml)
for the remainder of the infection. For bacterial CFU counts, the cells were lysed with 0.1% Triton X-100,
serially diluted in sterile PBS, plated on LB, and allowed to grow overnight at 37°C. Colonies were
counted and calculated as CFU/ml. For fluorescence imaging, the THP-1 cells were stained with Hoechst
stain at the indicated times (2 and 24 hpi). The cells were then washed with PBS, fixed in 4% PFA, and
visualized by Cytation 5 (BioTek).
Statistical analysis. Statistical analysis was performed by using GraphPad Prism. A Student t test
was used with a 95% confidence interval (P<<0.05). Alternatively, ANOVA tests in conjunction with
Tukey’s multiple-comparison tests were also used, as indicated in the figures. Densitometry analysis of
Western blots was performed in ImageJ.
Institutional safety procedures. Accidental exposure to pathogenic bacteria here described can
cause gastroenteritis and enterocolitis. Standard BSL2 practices were followed, and personnel was care-
fully advised about biohazards and ways to minimize the chances of exposure. The study was completed
by following the standard operating procedures outlined for this project.
Data availability. The proteomics data, including raw data files, peak list files, and processed files, are
available via Mendeley Data (10.17632/xfwf2nkfg4.1; https://data.mendeley.com/datasets/xfwf2nkfg4/draft
7a=36113178-dff3-4a65-8f7a-fa001c9d8e68).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, XLSX file, 0.2 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.03 MB.
SUPPLEMENTAL FILE 3, PDF file, 0.3 MB.

ACKNOWLEDGMENTS
We thank James Bliska, Anthony Maurelli, and Olaf Schneewind for strains used in
this study and Michael Gebhardt for the pMJG138 plasmid. We thank Anthony Maurelli
and Gustavo Maegawa for valuable discussions and laboratory use. We thank Robert
Ernst for Y. pseudotuberculosis LPS. Finally, we acknowledge ICBR Proteomics, which
enabled the use of Orbitrap Fusion mass spectrometer.
This study was funded by a University of Florida Graduate School Fellowship, the
Department of Defense (W81XWH-20-1-0176), and the National Institute of Allergy and
Infectious Diseases (NIH award TR03AI135610-01A1).

REFERENCES

1.

2.

Volume 9

Rainsford KD. 2009. Ibuprofen: pharmacology, efficacy, and safety. Inflammo-
pharmacology 17:275-342. https://doi.org/10.1007/510787-009-0016-x.

Park JY, Pillinger MH, Abramson SB. 2006. Prostaglandin E2 synthesis and
secretion: the role of PGE2 synthases. Clin Immunol 119:229-240. https://
doi.org/10.1016/j.clim.2006.01.016.

. Scheiman JM. 2013. The use of proton pump inhibitors in treating and

preventing NSAID-induced mucosal damage. Arthritis Res Ther 15(Suppl
3):S5. https://doi.org/10.1186/ar4177.

. FitzGerald GA. 2020. Misguided drug advice for COVID-19. Science 367:1434.

https://doi.org/10.1126/science.abb8034.

. Rddmark O, Werz O, Steinhilber D, Samuelsson B. 2015. 5-Lipoxygenase, a

key enzyme for leukotriene biosynthesis in health and disease. Biochim
Biophys Acta 1851:331-339. https://doi.org/10.1016/j.bbalip.2014.08.012.

. Fitzpatrick FA. 2004. Cyclooxygenase enzymes: regulation and function.

Curr Pharm Des 10:577-588. https://doi.org/10.2174/1381612043453144.

. SalviV, Vaira X, Gianello V, Vermi W, Bugatti M, Sozzani S, Bosisio D. 2016.

TLR signaling pathways diverge in their ability to induce PGE2. Mediators
Inflamm 2016:5678046. https://doi.org/10.1155/2016/5678046.

. Bowman CC, Bost KL. 2004. Cyclooxygenase-2-mediated prostaglandin E2

production in mesenteric lymph nodes and in cultured macrophages and
dendritic cells after infection with Salmonella. J Immunol 172:2469-2475.
https://doi.org/10.4049/jimmunol.172.4.2469.

. Uchiya K, Nikai T. 2004. Salmonella enterica serovar Typhimurium infec-

tion induces cyclooxygenase 2 expression in macrophages: involvement
of Salmonella pathogenicity island 2. Infect Immun 72:6860-6869. https://
doi.org/10.1128/1A1.72.12.6860-6869.2004.

. Eliopoulos AG, Dumitru CD, Wang CC, Cho J, Tsichlis PN. 2002. Induction of

COX-2 by LPS in macrophages is regulated by Tpl2-dependent CREB activa-
tion signals. EMBO J 21:4831-4840. https://doi.org/10.1093/emboj/cdf478.

Issue 1 e00496-21

. Kochel TJ, Reader JC, Ma X, Kundu N, Fulton AM. 2017. Multiple drug re-

sistance-associated protein (MRP4) exports prostaglandin E2 (PGE2) and
contributes to metastasis in basal/triple negative breast cancer. Oncotar-
get 8:6540-6554. https://doi.org/10.18632/oncotarget.14145.

. Luan B, Yoon YS, Le Lay J, Kaestner KH, Hedrick S, Montminy M. 2015. CREB

pathway links PGE2 signaling with macrophage polarization. Proc Natl Acad
Sci U'S A 112:15642-15647. https://doi.org/10.1073/pnas.1519644112.

. Sheppe AEF, Kummari E, Walker A, Richards A, Hui WW, Lee JH, Mangum

L, Borazjani A, Ross MK, Edelmann MJ. 2018. PGE2 augments inflamma-
some activation and M1 polarization in macrophages infected with Sal-
monella Typhimurium and Yersinia enterocolitica. Front Microbiol 9:2447.
https://doi.org/10.3389/fmicb.2018.02447.

. Sheppe AEF, Edelmann MJ. 2021. Roles of eicosanoids in regulating inflam-

mation and neutrophil migration as an innate host response to bacterial
infections. Infect Immun 89:e00095-21.

. Dennis EA, Norris PC. 2015. Eicosanoid storm in infection and inflamma-

tion. Nat Rev Immunol 15:511-523. https://doi.org/10.1038/nri3859.

. von Moltke J, Trinidad NJ, Moayeri M, Kintzer AF, Wang SB, van Rooijen N,

Brown CR, Krantz BA, Leppla SH, Gronert K, Vance RE. 2012. Rapid induc-
tion of inflammatory lipid mediators by the inflammasome in vivo. Nature
490:107-111. https://doi.org/10.1038/nature11351.

. Zastona Z, Palsson-McDermott EM, Menon D, Haneklaus M, Flis E, Prendeville

H, Corcoran SE, Peters-Golden M, O’Neill LAJ. 2017. The induction of Pro-IL-
1 by lipopolysaccharide requires endogenous prostaglandin E. J Immunol
198:3558-3564. https://doi.org/10.4049/jimmunol.1602072.

. Jorgensen |, Lopez JP, Laufer SA, Miao EA. 2016. IL-13, IL-18, and eicosanoids

promote neutrophil recruitment to pore-induced intracellular traps following
pyroptosis. Eur J Immunol 46:2761-2766. https://doi.org/10.1002/eji.201646647.

MicrobiolSpectrum.asm.org 25


https://data.mendeley.com/datasets/xfwf2nkfg4/draft?a=36113178-dff3-4a65-8f7a-fa001c9d8e68
https://data.mendeley.com/datasets/xfwf2nkfg4/draft?a=36113178-dff3-4a65-8f7a-fa001c9d8e68
https://doi.org/10.1007/s10787-009-0016-x
https://doi.org/10.1016/j.clim.2006.01.016
https://doi.org/10.1016/j.clim.2006.01.016
https://doi.org/10.1186/ar4177
https://doi.org/10.1126/science.abb8034
https://doi.org/10.1016/j.bbalip.2014.08.012
https://doi.org/10.2174/1381612043453144
https://doi.org/10.1155/2016/5678046
https://doi.org/10.4049/jimmunol.172.4.2469
https://doi.org/10.1128/IAI.72.12.6860-6869.2004
https://doi.org/10.1128/IAI.72.12.6860-6869.2004
https://doi.org/10.1093/emboj/cdf478
https://doi.org/10.18632/oncotarget.14145
https://doi.org/10.1073/pnas.1519644112
https://doi.org/10.3389/fmicb.2018.02447
https://doi.org/10.1038/nri3859
https://doi.org/10.1038/nature11351
https://doi.org/10.4049/jimmunol.1602072
https://doi.org/10.1002/eji.201646647
https://www.MicrobiolSpectrum.asm.org

Sheppe et al.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

Volume 9

Wang X, Shaw DK, Hammond HL, Sutterwala FS, Rayamajhi M, Shirey KA,
Perkins DJ, Bonventre JV, Velayutham TS, Evans SM, Rodino KG, VieBrock L,
Scanlon KM, Carbonetti NH, Carlyon JA, Miao EA, McBride JW, Kotsyfakis M,
Pedra JH. 2016. The prostaglandin E2-EP3 receptor axis regulates Anaplasma
phagocytophilum-mediated NLRC4 inflammasome activation. PLoS Pathog
12:1005803. https://doi.org/10.1371/journal.ppat.1005803.

Sokolowska M, Chen LY, Liu Y, Martinez-Anton A, Qi HY, Logun C, Alsaaty
S, Park YH, Kastner DL, Chae JJ, Shelhamer JH. 2015. Prostaglandin E2
inhibits NLRP3 inflammasome activation through EP4 receptor and intra-
cellular cyclic AMP in human macrophages. J Immunol 194:5472-5487.
https://doi.org/10.4049/jimmunol.1401343.

Raymond B, Crepin VF, Collins JW, Frankel G. 2011. The WxxxE effector EspT
triggers expression of immune mediators in an Erk/JNK and NF-«B-depend-
ent manner. Cell Microbiol 13:1881-1893. https://doi.org/10.1111/j.1462-5822
.2011.01666.x.

Hessle CC, Andersson B, Wold AE. 2003. Gram-negative, but not Gram-posi-
tive, bacteria elicit strong PGE2 production in human monocytes. Inflamma-
tion 27:329-332. https://doi.org/10.1023/B:IFLA.0000006700.41614.21.

Sorgi CA, Soares EM, Rosada RS, Bitencourt CS, Zoccal KF, Pereira PAT,
Fontanari C, Branddo |, Masson AP, Ramos SG, Silva CL, Frantz FG, Faccioli
LH. 2020. Eicosanoid pathway on host resistance and inflammation dur-
ing Mycobacterium tuberculosis infection is comprised by LTB. Biochim
Biophys Acta Mol Basis Dis 1866:165574. https://doi.org/10.1016/j.bbadis
.2019.165574.

Knight M, Braverman J, Asfaha K, Gronert K, Stanley S. 2018. Lipid droplet
formation in Mycobacterium tuberculosis infected macrophages requires
IFN-y/HIF-1a signaling and supports host defense. PLoS Pathog 14:
e1006874. https://doi.org/10.1371/journal.ppat.1006874.

Wang Y, Ren B, Zhou X, Liu S, Zhou Y, Li B, Jiang Y, Li M, Feng M, Cheng L.
2017. Growth and adherence of Staphylococcus aureus were enhanced
through the PGE2 produced by the activated COX-2/PGE2 pathway of
infected oral epithelial cells. PLoS One 12:e0177166. https://doi.org/10
.1371/journal.pone.0177166.

Du Z, Wang X. 2016. Pathology and pathogenesis of Yersinia pestis. Adv
Exp Med Biol 918:193-222. https://doi.org/10.1007/978-94-024-0890-4_7.
Yue RPH, Lee HF, Wu CYH. 2017. Trade routes and plague transmission in pre-
industrial Europe. Sci Rep 7:12973. https://doi.org/10.1038/s41598-017-13481-2.
Rabaan AA, Al-Ahmed SH, Alsuliman SA, Aldrazi FA, Alfouzan WA, Haque
S.2019. The rise of pneumonic plague in Madagascar: current plague out-
break breaks usual seasonal mould. J Med Microbiol 68:292-302. https://
doi.org/10.1099/jmm.0.000915.

Riedel S. 2005. Plague: from natural disease to bioterrorism. Proc (Bayl Univ
Med Cent) 18:116-124. https://doi.org/10.1080/08998280.2005.11928049.
Sun W, Singh AK. 2019. Plague vaccine: recent progress and prospects.
NPJ Vaccines 4:11. https://doi.org/10.1038/541541-019-0105-9.

Galindo CL, Rosenzweig JA, Kirtley ML, Chopra AK. 2011. Pathogenesis of
Yersinia enterocolitica and Y. pseudotuberculosis in human yersiniosis. J
Pathog 2011:182051. https://doi.org/10.4061/2011/182051.

Biot T, Cornelis GR. 1988. The replication, partition and yop regulation of
the pYV plasmids are highly conserved in Yersinia enterocolitica and Y.
pseudotuberculosis. J Gen Microbiol 134:1525-1534. https://doi.org/10
.1099/00221287-134-6-1525.

Logsdon LK, Mecsas J. 2003. Requirement of the Yersinia pseudotuberculo-
sis effectors YopH and YopE in colonization and persistence in intestinal
and lymph tissues. Infect Immun 71:4595-4607. https://doi.org/10.1128/
1A1.71.8.4595-4607.2003.

Leo JC, Skurnik M. 2011. Adhesins of human pathogens from the genus
Yersinia. Adv Exp Med Biol 715:1-15. https://doi.org/10.1007/978-94-007
-0940-9_1.

Bliska JB, Wang X, Viboud GlI, Brodsky IE. 2013. Modulation of innate immune
responses by Yersinia type lll secretion system translocators and effectors.
Cell Microbiol 15:1622-1631. https://doi.org/10.1111/cmi.12164.

Viboud Gl, So SS, Ryndak MB, Bliska JB. 2003. Proinflammatory signaling
stimulated by the type IIl translocation factor YopB is counteracted by
multiple effectors in epithelial cells infected with Yersinia pseudotubercu-
losis. Mol Microbiol 47:1305-1315. https://doi.org/10.1046/j.1365-2958
.2003.03350.x.

Raymond B, Young JC, Pallett M, Endres RG, Clements A, Frankel G. 2013.
Subversion of trafficking, apoptosis, and innate immunity by type Il
secretion system effectors. Trends Microbiol 21:430-441. https://doi.org/
10.1016/j.tim.2013.06.008.

Mohammadi S, Isberg RR. 2009. Yersinia pseudotuberculosis virulence deter-
minants invasin, YopE, and YopT modulate RhoG activity and localization.
Infect Immun 77:4771-4782. https://doi.org/10.1128/1A1.00850-09.

Issue 1 e00496-21

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

&,  Microbiolos
% Spectrur Y

Atkinson S, Williams P. 2016. Yersinia virulence factors: a sophisticated ar-
senal for combating host defences. F1000Res 5:1370. https://doi.org/10
.12688/f1000research.8466.1.

Chung LK, Park YH, Zheng Y, Brodsky IE, Hearing P, Kastner DL, Chae JJ, Bliska
JB. 2016. The yersinia virulence factor YopM hijacks host kinases to inhibit
type lll effector-triggered activation of the pyrin inflammasome. Cell Host
Microbe 20:296-306. https://doi.org/10.1016/j.chom.2016.07.018.

Schoberle TJ, Chung LK, McPhee JB, Bogin B, Bliska JB. 2016. Uncovering
an important role for YopJ in the inhibition of caspase-1 in activated mac-
rophages and promoting Yersinia pseudotuberculosis virulence. Infect
Immun 84:1062-1072. https://doi.org/10.1128/1A1.00843-15.

Alexanian A, Sorokin A. 2017. Cyclooxygenase 2: protein-protein interac-
tions and posttranslational modifications. Physiol Genomics 49:667-681.
https://doi.org/10.1152/physiolgenomics.00086.2017.

Mukherjee S, Keitany G, Li Y, Wang Y, Ball HL, Goldsmith EJ, Orth K. 2006. Yer-
sinia YopJ acetylates and inhibits kinase activation by blocking phosphoryla-
tion. Science 312:1211-1214. https://doi.org/10.1126/science.1126867.
Ruckdeschel K, Machold J, Roggenkamp A, Schubert S, Pierre J, Zumbihl R,
Liautard JP, Heesemann J, Rouot B. 1997. Yersinia enterocolitica promotes
deactivation of macrophage mitogen-activated protein kinases extracellular
signal-regulated kinase-1/2, p38, and c-Jun NH,-terminal kinase: correlation
with its inhibitory effect on tumor necrosis factor-alpha production. J Biol
Chem 272:15920-15927. https://doi.org/10.1074/jbc.272.25.15920.

Kang YJ, Wingerd BA, Arakawa T, Smith WL. 2006. Cyclooxygenase-2
gene transcription in a macrophage model of inflammation. J Immunol
177:8111-8122. https://doi.org/10.4049/jimmunol.177.11.8111.

Neyt C, Cornelis GR. 1999. Insertion of a Yop translocation pore into the mac-
rophage plasma membrane by Yersinia enterocolitica: requirement for trans-
locators YopB and YopD, but not LcrG. Mol Microbiol 33:971-981. https://doi
.0rg/10.1046/j.1365-2958.1999.01537 .

Chen PE, Cook C, Stewart AC, Nagarajan N, Sommer DD, Pop M, Thomason B,
Thomason MP, Lentz S, Nolan N, Sozhamannan S, Sulakvelidze A, Mateczun
A, Du L, Zwick ME, Read TD. 2010. Genomic characterization of the Yersinia
genus. Genome Biol 11:R1. https://doi.org/10.1186/gb-2010-11-1-r1.

Palmer LE, Pancetti AR, Greenberg S, Bliska JB. 1999. YopJ of Yersinia spp.
is sufficient to cause downregulation of multiple mitogen-activated pro-
tein kinases in eukaryotic cells. Infect Inmun 67:708-716. https://doi.org/
10.1128/1A1.67.2.708-716.1999.

Coleman DL, Bartiss AH, Sukhatme VP, Liu J, Rupprecht HD. 1992. Lipo-
polysaccharide induces Egr-1 mRNA and protein in murine peritoneal
macrophages. J Immunol 149:3045-3051.

Shi L, Kishore R, McMullen MR, Nagy LE. 2002. Lipopolysaccharide stimu-
lation of ERK1/2 increases TNF-a production via Egr-1. Am J Physiol Cell
Physiol 282:C1205-C1211. https://doi.org/10.1152/ajpcell.00511.2001.
Scherle PA, Jones EA, Favata MF, Daulerio AJ, Covington MB, Nurnberg
SA, Magolda RL, Trzaskos JM. 1998. Inhibition of MAP kinase kinase pre-
vents cytokine and prostaglandin E2 production in lipopolysaccharide-
stimulated monocytes. J Immunol 161:5681-5686.

Aronoff DM, Canetti C, Peters-Golden M. 2004. Prostaglandin E2 inhibits
alveolar macrophage phagocytosis through an E-prostanoid 2 receptor-
mediated increase in intracellular cyclic AMP. J Immunol 173:559-565.
https://doi.org/10.4049/jimmunol.173.1.559.

Kawahara K, Hohjoh H, Inazumi T, Tsuchiya S, Sugimoto Y. 2015. Prostaglandin
E2-induced inflammation: relevance of prostaglandin E receptors. Biochim
Biophys Acta 1851:414-421. https://doi.org/10.1016/j.bbalip.2014.07.008.
Regan JW. 2003. EP2 and EP4 prostanoid receptor signaling. Life Sci
74:143-153. https://doi.org/10.1016/j.Ifs.2003.09.031.

Fujino H, Salvi S, Regan JW. 2005. Differential regulation of phosphoryla-
tion of the cAMP response element-binding protein after activation of
EP2 and EP4 prostanoid receptors by prostaglandin E2. Mol Pharmacol
68:251-259. https://doi.org/10.1124/mol.105.011833.

Xu S, Zhou W, Ge J, Zhang Z. 2018. Prostaglandin E2 receptor EP4 is
involved in the cell growth and invasion of prostate cancer via the cAMP-
PKA/PI3K-Akt signaling pathway. Mol Med Rep 17:4702-4712. https://doi
.0rg/10.3892/mmr.2018.8415.

Lamkanfi M, Dixit VM. 2014. Mechanisms and functions of inflamma-
somes. Cell 157:1013-1022. https://doi.org/10.1016/j.cell.2014.04.007.
Ren K, Torres R. 2009. Role of interleukin-18 during pain and inflammation.
Brain Res Rev 60:57-64. https://doi.org/10.1016/j.brainresrev.2008.12.020.
Fields JK, Glinther S, Sundberg EJ. 2019. Structural basis of IL-1 family cytokine
signaling. Front Immunol 10:1412. https://doi.org/10.3389/fimmu.2019.01412.
Rebeil R, Ernst RK, Gowen BB, Miller SI, Hinnebusch BJ. 2004. Variation in lipid
A structure in the pathogenic yersiniae. Mol Microbiol 52:1363-1373. https://
doi.org/10.1111/j.1365-2958.2004.04059.x.

MicrobiolSpectrum.asm.org 26


https://doi.org/10.1371/journal.ppat.1005803
https://doi.org/10.4049/jimmunol.1401343
https://doi.org/10.1111/j.1462-5822.2011.01666.x
https://doi.org/10.1111/j.1462-5822.2011.01666.x
https://doi.org/10.1023/B:IFLA.0000006700.41614.21
https://doi.org/10.1016/j.bbadis.2019.165574
https://doi.org/10.1016/j.bbadis.2019.165574
https://doi.org/10.1371/journal.ppat.1006874
https://doi.org/10.1371/journal.pone.0177166
https://doi.org/10.1371/journal.pone.0177166
https://doi.org/10.1007/978-94-024-0890-4_7
https://doi.org/10.1038/s41598-017-13481-2
https://doi.org/10.1099/jmm.0.000915
https://doi.org/10.1099/jmm.0.000915
https://doi.org/10.1080/08998280.2005.11928049
https://doi.org/10.1038/s41541-019-0105-9
https://doi.org/10.4061/2011/182051
https://doi.org/10.1099/00221287-134-6-1525
https://doi.org/10.1099/00221287-134-6-1525
https://doi.org/10.1128/IAI.71.8.4595-4607.2003
https://doi.org/10.1128/IAI.71.8.4595-4607.2003
https://doi.org/10.1007/978-94-007-0940-9_1
https://doi.org/10.1007/978-94-007-0940-9_1
https://doi.org/10.1111/cmi.12164
https://doi.org/10.1046/j.1365-2958.2003.03350.x
https://doi.org/10.1046/j.1365-2958.2003.03350.x
https://doi.org/10.1016/j.tim.2013.06.008
https://doi.org/10.1016/j.tim.2013.06.008
https://doi.org/10.1128/IAI.00850-09
https://doi.org/10.12688/f1000research.8466.1
https://doi.org/10.12688/f1000research.8466.1
https://doi.org/10.1016/j.chom.2016.07.018
https://doi.org/10.1128/IAI.00843-15
https://doi.org/10.1152/physiolgenomics.00086.2017
https://doi.org/10.1126/science.1126867
https://doi.org/10.1074/jbc.272.25.15920
https://doi.org/10.4049/jimmunol.177.11.8111
https://doi.org/10.1046/j.1365-2958.1999.01537.x
https://doi.org/10.1046/j.1365-2958.1999.01537.x
https://doi.org/10.1186/gb-2010-11-1-r1
https://doi.org/10.1128/IAI.67.2.708-716.1999
https://doi.org/10.1128/IAI.67.2.708-716.1999
https://doi.org/10.1152/ajpcell.00511.2001
https://doi.org/10.4049/jimmunol.173.1.559
https://doi.org/10.1016/j.bbalip.2014.07.008
https://doi.org/10.1016/j.lfs.2003.09.031
https://doi.org/10.1124/mol.105.011833
https://doi.org/10.3892/mmr.2018.8415
https://doi.org/10.3892/mmr.2018.8415
https://doi.org/10.1016/j.cell.2014.04.007
https://doi.org/10.1016/j.brainresrev.2008.12.020
https://doi.org/10.3389/fimmu.2019.01412
https://doi.org/10.1111/j.1365-2958.2004.04059.x
https://doi.org/10.1111/j.1365-2958.2004.04059.x
https://www.MicrobiolSpectrum.asm.org

Y. pseudotuberculosis YopJ) Downregulates PGE2

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Volume 9

Hajjar AM, Ernst RK, Fortuno ES, Brasfield AS, Yam CS, Newlon LA,
Kollmann TR, Miller SI, Wilson CB. 2012. Humanized TLR4/MD-2 mice
reveal LPS recognition differentially impacts susceptibility to Yersinia pes-
tis and Salmonella enterica. PLoS Pathog 8:e1002963. https://doi.org/10
.1371/journal.ppat.1002963.

Medici NP, Rashid M, Bliska JB. 2019. Characterization of pyrin dephos-
phorylation and inflammasome activation in macrophages as triggered
by the Yersinia effectors YopE and YopT. Infect Immun 87:200822-18.
https://doi.org/10.1128/1A1.00822-18.

LaRock CN, Cookson BT. 2012. The Yersinia virulence effector YopM binds
caspase-1 to arrest inflammasome assembly and processing. Cell Host
Microbe 12:799-805. https://doi.org/10.1016/j.chom.2012.10.020.
Rodriguez M, Domingo E, Municio C, Alvarez Y, Hugo E, Fernandez N,
Sanchez Crespo M. 2014. Polarization of the innate immune response by
prostaglandin E2: a puzzle of receptors and signals. Mol Pharmacol
85:187-197. https://doi.org/10.1124/mol.113.089573.

Pagels WR, Sachs RJ, Marnett LJ, Dewitt DL, Day JS, Smith WL. 1983. Immuno-
chemical evidence for the involvement of prostaglandin H synthase in hydro-
peroxide-dependent oxidations by ram seminal vesicle microsomes. J Biol
Chem 258:6517-6523. https://doi.org/10.1016/50021-9258(18)32442-6.
Hamberg M, Samuelsson B. 1973. Detection and isolation of an endo-
peroxide intermediate in prostaglandin biosynthesis. Proc Natl Acad Sci
U S A 70:899-903. https://doi.org/10.1073/pnas.70.3.899.

Uematsu S, Matsumoto M, Takeda K, Akira S. 2002. Lipopolysaccharide-
dependent prostaglandin E, production is regulated by the glutathione-
dependent prostaglandin E, synthase gene induced by the Toll-like re-
ceptor 4/MyD88/NF-IL6 pathway. J Immunol 168:5811-5816. https://doi
.org/10.4049/jimmunol.168.11.5811.

Qi HY, Shelhamer JH. 2005. Toll-like receptor 4 signaling regulates cyto-
solic phospholipase A2 activation and lipid generation in lipopolysaccha-
ride-stimulated macrophages. J Biol Chem 280:38969-38975. https://doi
.org/10.1074/jbc.M509352200.

Yamamoto M, Akira S. 2010. Lipid A receptor TLR4-mediated signaling
pathways. Adv Exp Med Biol 667:59-68. https://doi.org/10.1007/978-1
-4419-1603-7_6.

Lu YC, Yeh WC, Ohashi PS. 2008. LPS/TLR4 signal transduction pathway.
Cytokine 42:145-151. https://doi.org/10.1016/j.cyt0.2008.01.006.

Raisch J, Rolhion N, Dubois A, Darfeuille-Michaud A, Bringer MA. 2015. In-
tracellular colon cancer-associated Escherichia coli promote protumoral
activities of human macrophages by inducing sustained COX-2 expres-
sion. Lab Invest 95:296-307. https://doi.org/10.1038/labinvest.2014.161.
Resta-Lenert S, Barrett KE. 2002. Enteroinvasive bacteria alter barrier and
transport properties of human intestinal epithelium: role of iNOS and COX-2.
Gastroenterology 122:1070-1087. https://doi.org/10.1053/gast.2002.32372.
Zurawski DV, Mitsuhata C, Mumy KL, McCormick BA, Maurelli AT. 2006.
OspF and OspC1 are Shigella flexneri type Il secretion system effectors
that are required for postinvasion aspects of virulence. Infect Immun
74:5964-5976. https://doi.org/10.1128/1A1.00594-06.

Lippmann J, Gwinner F, Rey C, Tamir U, Law HK, Schwikowski B, Enninga
J. 2015. Bacterial internalization, localization, and effectors shape the epi-
thelial immune response during Shigella flexneri infection. Infect Immun
83:3624-3637. https://doi.org/10.1128/IA1.00574-15.

Ambrosi C, Pompili M, Scribano D, Limongi D, Petrucca A, Cannavacciuolo S,
Schippa S, Zagaglia C, Grossi M, Nicoletti M. 2015. The Shigella flexneri OspB
effector: an early immunomodulator. Int J Med Microbiol 305:75-84. https://
doi.org/10.1016/j.ijmm.2014.11.004.

Orth K, Xu Z, Mudgett MB, Bao ZQ, Palmer LE, Bliska JB, Mangel WF,
Staskawicz B, Dixon JE. 2000. Disruption of signaling by Yersinia effector
YopJ, a ubiquitin-like protein protease. Science 290:1594-1597. https://
doi.org/10.1126/science.290.5496.1594.

Nishimura T, Zhao X, Gan H, Koyasu S, Remold HG. 2013. The prostaglan-
din E, receptor EP4 is integral to a positive feedback loop for prostaglan-
din E, production in human macrophages infected with Mycobacterium
tuberculosis. FASEB J 27:3827-3836. https://doi.org/10.1096/fj.13-228858.
Jorgensen |, Zhang Y, Krantz BA, Miao EA. 2016. Pyroptosis triggers pore-
induced intracellular traps (PITs) that capture bacteria and lead to their
clearance by efferocytosis. J Exp Med 213:2113-2128. https://doi.org/10
.1084/jem.20151613.

Issue 1 e00496-21

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

96.

97.

&,  Microbiolos
% Spectrur Y

Pruneda JN, Bastidas RJ, Bertsoulaki E, Swatek KN, Santhanam B, Clague MJ,
Valdivia RH, Urbé S, Komander D. 2018. A Chlamydia effector combining deu-
biquitination and acetylation activities induces Golgi fragmentation. Nat
Microbiol 3:1377-1384. https://doi.org/10.1038/541564-018-0271-y.

Du F, Galan JE. 2009. Selective inhibition of type Ill secretion activated sig-
naling by the Salmonella effector AvrA. PLoS Pathog 5:21000595. https://
doi.org/10.1371/journal.ppat.1000595.

Tournier C, Dong C, Turner TK, Jones SN, Flavell RA, Davis RJ. 2001. MKK7
is an essential component of the JNK signal transduction pathway acti-
vated by proinflammatory cytokines. Genes Dev 15:1419-1426. https://
doi.org/10.1101/gad.888501.

Singer CA, Baker KJ, McCaffrey A, AuCoin DP, Dechert MA, Gerthoffer WT.
2003. p38 MAPK and NF-«B mediate COX-2 expression in human airway
myocytes. Am J Physiol Lung Cell Mol Physiol 285:L1087-L1098. https://
doi.org/10.1152/ajplung.00409.2002.

Schesser K, Dukuzumuremyi JM, Cilio C, Borg S, Wallis TS, Pettersson S, Galyov
EE. 2000. The Salmonella YopJ-homologue AvrA does not possess YoplJ-like
activity. Microb Pathog 28:59-70. https://doi.org/10.1006/mpat.1999.0324.
Véraljai R, Islam AB, Beshiri ML, Rehman J, Lopez-Bigas N, Benevolenskaya
EV. 2015. Increased mitochondrial function downstream from KDM5A his-
tone demethylase rescues differentiation in pRB-deficient cells. Genes
Dev 29:1817-1834. https://doi.org/10.1101/gad.264036.115.

Liu X, Secombe J. 2015. The histone demethylase KDM5 activates gene
expression by recognizing chromatin context through its PHD reader motif.
Cell Rep 13:2219-2231. https://doi.org/10.1016/j.celrep.2015.11.007.

Wiley DJ, Shrestha N, Yang J, Atis N, Dayton K, Schesser K. 2009. The
activities of the Yersinia protein kinase A (YpkA) and outer protein J
(YopJ) virulence factors converge on an elF2alpha kinase. J Biol Chem
284:24744-24753. https://doi.org/10.1074/jbc.M109.010140.

Hui WW, Hercik K, Belsare S, Alugubelly N, Clapp B, Rinaldi C, Edelmann MJ.
2018. Salmonella enterica serovar Typhimurium alters the extracellular pro-
teome of macrophages and leads to the production of proinflammatory exo-
somes. Infect Immun 86:e00386-17. https://doi.org/10.1128/IA1.00386-17.
Gebhardt MJ, Jacobson RK, Shuman HA. 2017. Seeing red; the develop-
ment of pPON.mCherry, a broad-host range constitutive expression plas-
mid for Gram-negative bacteria. PLoS One 12:e0173116. https://doi.org/
10.1371/journal.pone.0173116.

Hui WW, Emerson LE, Clapp B, Sheppe AE, Sharma J, Del Castillo J, Ou M,
Maegawa GHB, Hoffman C, Larkin lii J, Pascual DW, Edelmann MJ. 2021. Anti-
gen-encapsulating host extracellular vesicles derived from Salmonella-
infected cells stimulate pathogen-specific Th1-type responses in vivo. PLoS
Pathog 17:21009465. https://doi.org/10.1371/journal.ppat.1009465.

Kummari E, Alugubelly N, Hsu CY, Dong B, Nanduri B, Edelmann MJ. 2015.
Activity-based proteomic profiling of deubiquitinating enzymes in Salmo-
nella-infected macrophages leads to identification of putative function of
UCH-L5 in inflammasome regulation. PLoS One 10:e0135531. https://doi
.0rg/10.1371/journal.pone.0135531.

Cornelis G, Colson C. 1975. Restriction of DNA in Yersinia enterocolitica
detected by recipient ability for a derepressed R factor from Escherichia
coli. J Gen Microbiol 87:285-291.

Lee VT, Schneewind O. 1999. Type lll machines of pathogenic yersiniae
secrete virulence factors into the extracellular milieu. Mol Microbiol
31:1619-1629.

Simonet M, Falkow S. 1992. Invasin expression in Yersinia pseudotubercu-
losis. Infect Immun 60:4414-4417.

. Palmer LE, Hobbie S, Galan JE, Bliska JB. 1998. YopJ of Yersinia pseudotu-

berculosis is required for the inhibition of macrophage TNF-alpha pro-
duction and downregulation of the MAP kinases p38 and JNK. Mol Micro-
biol 27:953-965.

. Orth K, Palmer LE, Bao ZQ, Stewart S, Rudolph AE, Bliska JB, Dixon JE.

1999. Inhibition of the mitogen-activated protein kinase kinase superfam-
ily by a Yersinia effector. Science 285:1920-1923.

Formal SB, Dammin GJ, LaBrec EH, Schneider H. 1958. Experimental Shi-
gella infections: characteristics of a fatal infection produced in guinea
pigs. J Bacteriol 75:604-610.

Zurawski DV, Mumy KL, Faherty CS, McCormick BA, Maurelli AT. 2009. Shi-
gella flexneri type lll secretion system effectors OspB and OspF target the
nucleus to downregulate the host inflammatory response via interactions
with retinoblastoma protein. Mol Microbiol 71:350-368.

MicrobiolSpectrum.asm.org 27


https://doi.org/10.1371/journal.ppat.1002963
https://doi.org/10.1371/journal.ppat.1002963
https://doi.org/10.1128/IAI.00822-18
https://doi.org/10.1016/j.chom.2012.10.020
https://doi.org/10.1124/mol.113.089573
https://doi.org/10.1016/S0021-9258(18)32442-6
https://doi.org/10.1073/pnas.70.3.899
https://doi.org/10.4049/jimmunol.168.11.5811
https://doi.org/10.4049/jimmunol.168.11.5811
https://doi.org/10.1074/jbc.M509352200
https://doi.org/10.1074/jbc.M509352200
https://doi.org/10.1007/978-1-4419-1603-7_6
https://doi.org/10.1007/978-1-4419-1603-7_6
https://doi.org/10.1016/j.cyto.2008.01.006
https://doi.org/10.1038/labinvest.2014.161
https://doi.org/10.1053/gast.2002.32372
https://doi.org/10.1128/IAI.00594-06
https://doi.org/10.1128/IAI.00574-15
https://doi.org/10.1016/j.ijmm.2014.11.004
https://doi.org/10.1016/j.ijmm.2014.11.004
https://doi.org/10.1126/science.290.5496.1594
https://doi.org/10.1126/science.290.5496.1594
https://doi.org/10.1096/fj.13-228858
https://doi.org/10.1084/jem.20151613
https://doi.org/10.1084/jem.20151613
https://doi.org/10.1038/s41564-018-0271-y
https://doi.org/10.1371/journal.ppat.1000595
https://doi.org/10.1371/journal.ppat.1000595
https://doi.org/10.1101/gad.888501
https://doi.org/10.1101/gad.888501
https://doi.org/10.1152/ajplung.00409.2002
https://doi.org/10.1152/ajplung.00409.2002
https://doi.org/10.1006/mpat.1999.0324
https://doi.org/10.1101/gad.264036.115
https://doi.org/10.1016/j.celrep.2015.11.007
https://doi.org/10.1074/jbc.M109.010140
https://doi.org/10.1128/IAI.00386-17
https://doi.org/10.1371/journal.pone.0173116
https://doi.org/10.1371/journal.pone.0173116
https://doi.org/10.1371/journal.ppat.1009465
https://doi.org/10.1371/journal.pone.0135531
https://doi.org/10.1371/journal.pone.0135531
https://www.MicrobiolSpectrum.asm.org

	RESULTS
	PGE2 and IL-1β biosynthesis is altered in response to ΔyopB Y. enterocolitica- and Y. pseudotuberculosis-infected THP-1 macrophages.
	Y. enterocolitica and Y. pseudotuberculosis require a functional T3SS to inhibit PGE2 and IL-1β secretion from THP-1 macrophages during infection.
	Shotgun proteomics and pathway analysis predict that Y. pseudotuberculosis YopJ downregulates host response to LPS by altering PGE2 biosynthesis in infected THP-1 macropha ...
	YopJ effector or chemical inhibition of MAPK/ERK signaling diminishes PGE2 biosynthesis in response to Y. pseudotuberculosis infection of THP-1 macrophages.
	Y. pseudotuberculosis inhibits pro-IL-1β mRNA transcription and expression in response to wild-type but not ΔyopB or YopJC172A Y. pseudotuberculosis-infected THP-1 macroph ...
	Ectopic expression of YopJ in the catalytically inactive YopJC172A mutant of Y. pseudotuberculosis reduces PGE2 biosynthesis in infected THP-1 macrophages by downregulatin ...
	YopJ diminishes PGE2 and IL-1β biosynthesis in response to Y. pseudotuberculosis infection of LPS-primed bone-marrow-derived macrophages.
	PGE2 signaling via EP4 affects intracellular survival of Yersinia in macrophages.

	DISCUSSION
	MATERIALS AND METHODS
	Cell culture.
	Bacterial strains and growth conditions.
	Infections and LPS treatment.
	Mass spectrometric analysis.
	Pathway, function, and network analysis.
	Western blot analysis.
	MAPK inhibitor treatment.
	Transcript analysis by RT-qPCR.
	Quantification of PGE2 by ELISA.
	Fluorescence assay to measure intracellular survival of bacteria.
	Statistical analysis.
	Institutional safety procedures.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

