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ABSTRACT
INHIBITION OF PRO-INFLAMMATORY LIPID MEDIATORS BY YERSINIA PESTIS
Amanda Brady
March 25, 2024

Yersinia pestis causes the human disease known as plague. A key manifestation of plague is a
delayed inflammatory response. Because this delay in inflammation is required for virulence, |
was interested in defining the molecular mechanisms used by Y. pestis to evade immune
recognition. Eicosanoids are produced early during infection and necessary to initiate a rapid
inflammatory response. Despite the importance of these lipids in mediating inflammation, the
role of eicosanoids during plague has not been previously investigated. Using an intranasal mouse
model infection, | determined the kinetics of eicosanoid synthesis during pneumonic plague. |
further demonstrated that LTB, synthesis by neutrophils, macrophages, and mast cells is actively
inhibited by a set of Y. pestis proteins that are directly injected into host leukocytes via a type 3
secretion system (T3SS). | also showed that the T3SS is a conserved PAMP recognized by
leukocytes. While phagocytosis is not required for LTB4 synthesis by neutrophils, inhibition of
phagocytosis in macrophages significantly decreases LTB,4 production. Furthermore, | showed that
activation of the CASP1/11 inflammasome is required for an enhanced LTB; response in
macrophages, but CASP1/11 is not required for synthesis by neutrophils. Instead, the SKAP2
signaling pathway is required for T3SS-mediated LTB4 production by neutrophils. Together, these
data represent the first characterization of the eicosanoid response during pneumonic plague and

suggest that Y. pestis inhibition of LTB, synthesis is important for the delayed inflammatory



response associated with plague. These data also highlight significant differences in the signaling
pathways induced by the T3SS between macrophages and neutrophils. Importantly, despite
multiple mechanisms to recognize the Y. pestis T3SS, Y. pestis has evolved virulence mechanisms

to counteract these signaling pathways to inhibit LTB4 synthesis.
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CHAPTER 1:

INTRODUCTION



1-1. Yersinia pestis: A select agent

Within the genus Yersinia, three species are pathogenic to humans: Y. enterocolitica, Y.
pseudotuberculosis, and Y. pestis. Y. enterocolitica and Y. pseudotuberculosis are enteric
gastrointestinal pathogens that cause diarrhea and septicemia.’ 2 Y. pestis, which emerged from
Y. pseudotuberculosis, causes a more acute disease known as the plague. Plague can manifest in
three forms: bubonic, septicemic, and pneumonic. Transmitted by the flea, bubonic plague is the
result of Y. pestis colonizing the lymphatic system and subsequently spreading to other organs. If
left untreated, bubonic plague has a fatality rate of 30-60% within six days as a result of the
bacteria entering the blood stream, i.e., septicemic plague.> Transmitted via aerosols, or
secondary to bubonic plague, pneumonic plague has a 100% fatality rate within three days of
exposure if treatment is not provided within 36 hours of the bacteria colonizing the lungs.>®
Additionally, Y. pestis has a history of misuse as a biological weapon.>° Thus, Y. pestis has been
categorized as a Tier 1 select agent.

1-2. Biphasic inflammatory response during plague

The reservoir hosts of Y. pestis are rodents and it exists in an enzootic cycle between these
rodents and the flea vector that transmits it.1* Within the flea, Y. pestis is exposed to a temperature
of ~26°C and expresses transmission factors required for flea colonization.> 13 Spillover into
humans occurs when humans come into contact with these Y. pestis-infested fleas. As the fleas
attempt to feed, the fleas can regurgitate the bacteria into the open bite site.!2® At the site of
infection, which has a temperature closer to the fleas, Y. pestis expresses TLR4 activating LPS and
is not synthesizing the type 3 secretion system (T3SS). This allows neutrophils and macrophages,

the first responders to Y. pestis, to phagocytose the bacteria.}’ %

If engulfed by neutrophils, the
bacteria are typically degraded. However, a small percentage of infected neutrophils are

efferocytosed by macrophages (the process generally involved in the removal of apoptotic



cells?°).2:22 Bacteria taken up by efferocytosis, or directly by macrophages, can inhibit phagosome
maturation, and survive within these phagocytes.?>2® A subset of extracellular Y. pestis also appear
to directly enter the lymphatics to evade dermal leukocytes and establish infection in the draining
lymph nodes.? Eventually, as Y. pestis acclimates to the temperature of the mammalian host
(~37°C), it will change its lipid A structure from hexa-acylated to tetra-acylated, which is a TLR4-
antagonist. It also induces synthesis of the T35S.2> 2% These changes allow Y. pestis to continue to
evade and inhibit the host innate immune response and replicate to high numbers, eventually
resulting in the hallmark swollen lymph nodes referred to as buboes.?’

This initial stage of colonization is accompanied by the absence of robust inflammation, typically
referred to in the field as the pre-inflammatory phase of plague.® ?-2° Reaching exponential
growth within the lymph node, the host transitions to an inflammatory phase;® however, Y. pestis
is still able to re-enter the lymphatics or disseminate into the blood, resulting in septicemic plague.
It also spreads and colonizes other organs, such as the spleen, liver, or lungs. Dissemination to the
lungs results in the development of secondary pneumonic plague. As the bacteria replicate in the
lungs, Y. pestis can then be transmitted through aerosolized droplets, allowing for person-to-
person transmission, in which primary pneumonic plague manifests, and the process of evading
the host innate immune response is repeated.” %

A similar biphasic inflammatory response is well documented to occur during pneumonic
plague.® 819 28 3032 | addition to changes in LPS, the secretion of effector proteins through the
T3SS allows Y. pestis to target neutrophils to both prevent phagocytosis and inflammation, while
simultaneously prolonging neutrophil survival.® 3 1% 3% Goldman’s group showed that YopM, an
effector protein secreted by the T3SS, promotes neutrophil survival within the lung lesions during
pneumonic plague, potentially by inhibiting NET formation or degranulation.®® They also showed

that YopH and YopE can inhibit primary granule release of neutrophils via inhibiting Ca?* flux and



Rac2 activation, respectively, during pneumonic plague.3® The T3SS has also been shown to delay
cytokine and chemokine release within the lungs and lymph nodes.® # Importantly, it has been
shown that this delay in inflammation is crucial for the progression of disease.3! Mamroud’s group
has shown that inducing the inflammatory phase earlier in pneumonic plague, via proxy of
inducing neutrophil influx into the lungs, results in an increase in mouse survival and a decrease
in bacterial replication.?! These data suggest that it is therefore critical to fully define all of the
bacterial factors contributing to a non-inflammatory environment beneficial to Y. pestis
colonization to understand the virulence of this organism.

1-2a. The inflammatory cascade

Inflammation can occur in response to pathogen associated molecular patterns (PAMPs) or
damage associated molecular patterns (DAMPs). These signals activate pattern recognition
receptors (PRRs) triggering the release of lipid mediators by sentinel leukocytes. These lipid
mediators are recognized by resident cells, inducing the release of more lipid mediators and of
cytokines and chemokines. Together these inflammatory mediators trigger chemotaxis and
migration of circulating immune cells to the site of infection.?” These cells are further activated by
the surrounding lipid mediators and cytokines, thus amplifying the inflammatory response until
the pathogen has been cleared.®®%° This process, the inflammatory cascade, is a domino and
amplifying effect triggered by the initial release of lipid mediators. Despite lipid mediators playing
a critical role in initiating the inflammatory cascade, there is little known about the lipid mediator
response during plague.

1-3. The Y. pestis Ysc Type 3 Secretion System

The Y. pestis T3SS, encoded on the pCD1 plasmid, is a molecular syringe that spans the bacterial
inner and outer membranes and allows Y. pestis to inject Yersinia outer proteins (Yops) directly

into host cells. These Yop effectors play a major role in altering a plethora of host responses by



neutrophils and macrophages on a molecular, cellular, and host level.?® 44> Transcription of the
T3SS is controlled by the master regulator LcrF.% ¢ LerF is activated by an increase in temperature
and a decrease in iron availability. “*® Additionally, when Ca?* levels drop, it triggers maximum
induction of the transcription of the T3SS components, including the Yops. The release of the Yop
effectors occurs when the needle makes contact with the host cell.* 452

With transcription initiated, the injectosome begins assembling into a basal body, needle, and
pore complex. The basal body, which spans the bacterial inner and outer membrane, is
oligomerized into an OM ring and an MS ring, respectively.?® >3 This occurs via the activation of the
scaffolding proteins YscC, YscD and YscJ, the integral membrane proteins YscR, YscS, YscT, YscU, and
YscV, and the ATPase complex YscN, YscK, and YscL. Once completed, the basal body secretes the
proteins necessary for assembling the needle. Yscl forms a rod that spans the inner membrane,
allowing YscF to be secreted and polymerize into the needle, with the help of YopR. YscP then
regulates the length of the needle. Once the appropriate length of the needle has been reached,
YscP interacts with YscU to trigger the secretion of the translocator proteins LcrV, YopB, and YopD.
LcrV polymerizes with YscF forming a needle tip complex. The tip complex acts as a platform,
tightly binding to the host cell, allowing for YopB and YopD, which contain transmembrane
domains, to insert into the host cell membrane forming a translocase pore.>* Contact with the host
membrane initiates the translocation and secretion of the seven effector proteins YpkA, YopE,

YopH, YopJ, YopK, YopM, and YopT into the host cell.2% 5558

1-3a. YopB and YopD are required to translocate other Yop effectors

The YopB/D translocase functions to generate a pore needed for Yop secretion, translocation,
and regulation.> ° In order for the translocase to be fully functional, YopB and YopD are both
needed to form a complex within the membrane.®" 2 YopB appears to be the major component

responsible for inducing pore formation,* 8 while YopD has chaperone-like activity and is primarily



responsible for the translocation of the effectors®*® However, the translocation of YopB and YopD,
and insertion into the plasma membrane, is tightly controlled, and hyper-translocation of these
proteins can trigger NLRP3 activation and inflammasome-mediated pyroptosis. Hyper-
K.67’ 68

translocation appears to be prevented by Yop

1-3b. The Yop effectors and their host targets

Upon translocation into the cell, each of the Yop effector proteins have different enzymatic
activities and target different components of the cell (Table 1-1).4%4% 456970 yersinig protein kinase
A, or YpkA, is a serine/threonine protein kinase. Having a Rho-GTPase binding domain, YpkA binds
to RhoA and Racl, preventing actin cytoskeleton rearrangement and phagocytosis.”? 72
Phagocytosis is also inhibited by YpkA directly binding and phosphorylating actin and G protein
subunit Gag. Phosphorylating Goq can also inhibit Ca?* signaling.?® 737¢ Additionally, RhoA, Racl,
and Gaq have also been linked to MAPK signaling, therefore YpkA can also contribute to MAPK
signaling inhibition.** 7> 7781 Finally, YpkA has also been shown to induce apoptosis.®?

YopE is a GTPase activating protein (GAP) that binds RhoA, Racl, and Cdc42 inhibiting
downstream signaling. The RhoA, Racl, and Cdc42 proteins regulate actin cytoskeleton
rearrangement, and can trigger MAPK and NFkB signaling pathways.®® Thus, YopE has been
shown to directly inhibit phagocytosis, MAPK phosphorylation, and cytokine release.** 8 87 YopE
GAP activity also triggers pyrin, which leads to inflammasome activation and pyroptosis.®
However, YopM disrupts the pyrin activation of the inflammasome via binding protein kinase C-
related kinases (PRK) and ribosomal S6 kinases (RPK), thereby preventing pyrin phosphorylation.®*
% Additionally, excessive YopE activity can induce macrophage cell death, but YopT competes with
YopE in interacting with Rho GTPases, minimizing host recognition of YopE.**°%°2 Finally, YopE can

36,93,94

also inhibit degranulation by neutrophils and limit the translocation of other effectors.>®



YopH is a tyrosine phosphatase, and thus removes phosphates from tyrosine residues on
proteins. This enzymatic activity has been shown to target focal adhesion complexes such as SLP-
76, SKAP2, PRAM, Vavy, LCK, Fak, SKAP-HOM, and Fyb. 4> %> Targeting these complexes results in
inhibiting Ca?* signaling,®” % 1% phagocytosis,”® cytokine release,’ 12 and ROS production.®®
Studies have also shown that YopH can inhibit ERK phosphorylation in neutrophils.®” 98 100, 103
Additionally, YopH has been shown to be critical for virulence, as an infection with a YopH mutant
is attenuated in the mouse model.***

Yopl is a serine/threonine acetyltransferase that plays a major role in inhibiting inflammation
during plague. YopJ uses acetyl-coenzyme A (CoA) to modify the serine and threonine sites of
proteins, such as TAK1, in the mitogen-activated protein (MAP), and kB pathways, blocking their
activation.* 4% 55105 106 |t has also been shown to deubiquitinate TRAF6 and TRAF2 in the NF-kB

108-110 contributes to

pathway as well.}?” As such, YopJ inhibits pro-inflammatory cytokine release,
inhibiting degranulation by neutrophils,3® °* 11 and induces apoptosis.’'* 11* This apoptosis has
been seen coupled with caspase-1 activation, but inflammasome assembly is prevented by YopM
binding to IQGAP1 (IQ motif- containing GTPase-activating protein 1)!'* and to caspase-1
preventing full activation in Y. pseudotuberculosis.}*>*'” Even further, with Y. pestis expressing a
TLR4-antagonist LPS, cells do not receive the primary signal required, therefore complete
inflammasome activation is not fulfilled.**® 119

While termed an outer protein, YopK is typically not considered an effector, as it had not been
shown to target host components and mostly functions to regulate the T3SS translocase pore size,
and thus the translocation rate of the effector proteins.?® >’ This regulation contributes to Yop)
induced apoptosis, which in turn promotes spread of Y. pestis and disease progression.?® YopK also

inhibits host recognition of YopB from activating the NLRP3 and NLRC4 inflammasomes.” ©8

Furthermore, studies have found YopK targets the host receptor for activated C kinase (RACK1)



preventing phagocytosis'®

and binds directly to matrix adaptor protein matrilin-2 (MATN2)
promoting the bacteria binding to cells.'?! YopK has also been shown to be critical for Y.
pseudotuberculosis colonizing the gut.?

YopM, which lacks catalytic activity, has leucine rich repeats which allow it to bind to host
proteins.** %* |t has been shown to be an adaptor protein binding to RSK and PRK inhibiting their
activity.!® RSKs are downstream of MAPK signaling and are involved in cell proliferation, survival,
growth, and motility.}?* 12> PRKs regulate the phosphorylation of serine and threonine residues.?®
Importantly, binding to these proteins inhibits pyrin phosphorylation, and thereby prevents pyrin
inflammasome activation.?% % 114115 YopM has also been shown to inhibit cytokine release,'*® and
induce caspase-3 activation, to promote bacterial survival.??’

YopT is a cysteine protease and the third Yop effector that targets RhoA, Racl, and Cdc42.
However, YopT renders their inhibition irreversible by cleaving the proteins from the plasma
membrane.*> 87128 This results in YopT inhibiting phagocytosis and MAPK signaling.2® 4% 129

While each Yop effector targets different components in the cell, as summarized in Table 1-1, it
is clear that there is functional redundancy in the effectors. Importantly, the overarching outcome
of targeting these different components results in inhibiting inflammation to establish a non-

inflammatory environment and slow the host innate immune responses required for the clearance

of Y. pestis.



Yop Biochemical Cell targets Cellular effects
function
YpkA Serine/threonine Gagq, RhoA, Racl, actin Disruption of actin cytoskeleton
kinase Inhibits phagocytosis
Inhibits Goug signaling
Inhibits Ca?* signaling
Induces apoptosis
Inhibits MAPK signaling
YopE GTPase activating RhoA, Racl, Cdc42 Disruption of actin cytoskeleton
protein Inhibits phagocytosis
Inhibit degranulation
Regulates Yop translocation
Inhibits MAPK signaling
YopH Protein tyrosine Focal adhesion Inhibits ROS production
Inhibits phagocytosis

phosphatase complexes
Inhibits Ca?* signaling

Inhibits cytokine release
Inhibits MAPK signaling
Induces apoptosis

Yop) Acetyl-transferase,  MAPKK, IKK, and NF-kxB
deubiquitinase family proteins Inhibits MAPK signaling
YopK Yop regulator Yersinia translocation Regulates Yop translocation
machinery Inhibits phagocytosis
Inhibits inflammasome activation
Promotes colonization
YopM  Leucine-rich repeat Pyrin activation Inhibits pyrin activation
containing protein Inhibits cytokine release
YopT Cysteine protease RhoA, Racl, Cdc42 Inhibits phagocytosis
Inhibits MAPK signaling

Table 1-1. Summary of Yop cellular targets and effects




1-4. Y. pestis inhibits leukocyte responses

While Y. pestis and Y. pseudotuberculosis are closely related, studies have found distinct
immunomodulatory differences between them.'3%133 Additionally, a recent review goes into detail
of the role of neutrophils in the Yersinia infectious model, with a strong focus on Y.
pseudotuberculosis.*>* Therefore, here | will focus on Y. pestis specific studies .

1-4a. Y. pestis and neutrophils

In 1969, Janssen and Surgalla®®®

using an ex vivo approach, were the first to show Y. pestis
survived within neutrophils and macrophages. Since then, there have been several studies to
explore the implications of the host being unable to clear the bacteria. By 12 h post infection,
neutrophils have been shown to be the primary targets for Yop translocation during plague.t® 34
The Yop effectors have been shown to promote neutrophil survival,® 33 inhibiting Ca?* flux, and
Rac2 activation.?® Additionally, using human neutrophils, Hinnebusch’s group has shown that Y.
pestis inhibits phagocytosis'®® and Yopl inhibits IL-8 secretion.®® Towards this, Kobayashi’s group
has also shown the T3SS inhibits phagocytosis, ROS production,'°* 137 and apoptosis.'*’ They also
showed Y. pestis resists neutrophil antimicrobial responses via the two-component regulator,
PhoP.2% Finally, studies have shown a redundant, cooperative role by the Yop effectors to inhibit

neutrophil degranulation.®® 111

1-4b. Y. pestis and macrophages

The immunomodulatory effects of Y. pestis on macrophages have been extensively studied. It
has been shown that Y. pestis prevents phagolysosome fusion to prevent phagocytic killing by the
macrophages if the bacteria become phagocytosed.?”” 13% 140 However, the bacteria can evade
uptake entirely, by inhibiting macrophage recognition.®® 133 141143y pestis can also induces
macrophage non-inflammatory apoptosis, thereby promoting spread and the progression of

disease.?® 112,133,134 Ngreover, the bacterium prevents pro-inflammatory cytokine release,3% 14°

10



3 3

nitric oxide synthesis,** and proinflammatory M1 polarization,!*® and changes the antigen

presentation profile of macrophages.*** 14

1-4c. Y. pestis and mast cells

Exploring the host-pathogen interaction between Y. pestis and mast cells is severely lacking. To
my knowledge, there has been a singular study to date in which mast cells isolated from the
peritoneum were infected with Y. pestis and measured for degranulation.’*” Even after treatment
with a powerful degranulation inducer, ionophore A23187, the level of mast cell degranulation
was dramatically decreased in the Y. pestis infected group. They further showed this inhibition was
attributed to the tyrosine phosphatase activity of YopH.'¥’

1-5. LTB4: A powerful inflammatory modulator

Lipid mediators are omega-6 polyunsaturated fatty acids (PUFA) that play a critical role in
enhancing innate and adaptive immune inflammatory responses.’* Derived from linoleic,
arachidonic, eicosapentaenoic, and docosahexaenoic acid, the host can produce both pro-
resolving lipid mediators (lipoxin, resolvins, and protectins) and pro-inflammatory lipid mediators
(thromboxane, prostaglandins, and leukotrienes) (Fig 5-1).1*° Of the proinflammatory mediators,
150, 151

leukotriene B4 (LTB,) is recognized as a potent chemoattractant and activator of cells.

1-5a. LTB4 synthesis

LTB, is synthesized by leukocytes, primarily mast cells, neutrophils, and macrophages.'>® 15% 153

A PAMP binding to a PRR initiates MAPK and Ca?* signaling. The combination of these signaling
pathways leads to complete activation of the enzymes cytosolic phospholipase A2 (cPLA;) and 5-
Lipoxygenase (5-LOX). These fully activated enzymes congregate at the nuclear membrane or
lipidisome to form a complex with 5-LOX activating protein (FLAP) in which FLAP presents the free
arachidonic acid (AA) to 5-LOX. 5-LOX oxidizes AA to H-pETE, and then rapidly converts it to

leukotriene A4 (LTA;). LTA4 leaves the nuclear membrane and is hydrolyzed to LTBs by LTA4
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hydrolase (LTAsH). LTB4 is then released from the cell (Fig 1-1). Because LTB4 has a significant effect
on inflammation, its synthesis must be highly regulated, otherwise chronic detrimental

inflammation can occur.
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Figure 1-1. Leukotriene B4 synthesis pathway

LTB, is synthesized when the enzymes cPLA; and 5-LOX/FLAP convert arachidonic acid (AA) into
LTA4. LTA4H then rapidly converts LTA4 to LTB4, which then gets released from the cell. The enzymes
become fully activated via phosphorylation and Ca®* binding. Dashed arrows denote movement

of molecule. Solid arrows denote signaling pathways.
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1-5b. cPLA; regulation

Through MAPK signaling, cPLA, is phosphorylated at Ser505, triggering the enzyme to
translocate to the plasma membrane. Then, through Ca?* signaling, the influx of Ca%" leads to
binding to cPLA; to fully activate the enzymes.’® 1>* Importantly, Ca** concentrations need to
reach a threshold for an extended period before returning to resting level to activate cPLA; to
discriminate against false activation.'® °® Ca?* binding also induces conformational changes that
promote translocation of these proteins to the nuclear membrane or lipidisome. Prior to
translocation, cPLA; cleaves AA from the plasma membrane and carries it towards 5-LOX.2>” AA
release from the plasma membrane has been linked to epidermal growth factor (EGF) signaling.®>®
159 |f this signaling continues longer than 24 hours, P11, a unique s100 calcium binding enzyme
that binds to proteins instead of Ca?*, becomes transcriptionally activated and turns off cPLA;
activity by binding directly to the enzymes catalytic region.¢% 11 Another mechanism to inactivate
cPLA; is thiol modification of Cys331 which alters the activity of the enzyme.1%2

1-5c. Arachidonic acid

Rapid synthesis of LTB, is possible due to the quick sequential release of AA from the plasma
membrane, and not requiring de novo synthesis. With PLC activation, PIP; is cleaved to produce

inositol 1,4,5-triphosphate (IPs) and diacylglycerol (DAG). DAG then becomes cleaved into AA.6%

164 165, 166

cPLA; is then able to cleave AA free from the plasma membrane.

1-5d. 5-LOX regulation

5-LOX becomes partially activated upon phosphorylation at Ser-271 by p38!%7 or at Ser-663 by
ERK signaling.'®® Unlike cPLA,, 5-LOX does not require a high concentration of Ca?*, nor does that
threshold need to be maintained.’>% % Once Ca?* binds, supported by the chaperone coactosin-
like protein (CLP), it stimulates 5-LOX enzymatic activity and induces nuclear membrane

association.1>% 189170 A5 3 form of regulation, glutathione peroxidase-1 (GPx-1) inhibits 5-LOX from
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binding to lipid hydroperoxide (LOOH). LOOH converts the ferrous iron (Fe?*), located on the C-
terminus of 5-LOX, to ferric iron (Fe3*), which activates the catalytic activity and stabilizes 5-LOX.1%%
171 1n addition to GPx-1, 5-LOX is also inhibited by cAMP signaling activating the protein kinase A
169, 172

(PKA) pathway, which in turn phosphorylates the 5-LOX at Ser523, inactivating the enzyme.

1-5e. 5-lipoxygenase activating protein (FLAP) is required for cPLA2-5-LOX complex formation

Transcription of FLAP has been shown to be triggered by cytokines IL-3 and IL-5, granulocyte-
monocyte colony stimulating factor (GM-CSF), LPS, and TNF-o. depending on cell type.r’*>”” FLAP
was also identified as a critical component for 5-LOX to associate with the membrane and form
178

the complex with cPLA,.

1-5f. LTA4 hydrolase regulation

LTA, hydrolase (LTAs;H) is a soluble, monomeric zinc-metalloenzyme that has two catalytic
activities: it is a protease and epoxide hydrolase. The N-terminus B-sheet functions to recognize
peptide substrates, and the C-terminus has an a-helical domain that faces the catalytic domain
and together house a zinc molecule.?”® %8 The zinc is ligated to the enzyme at His-295, His-299,
and Glu-318. Without the presence of zinc, at a 1:1 ratio, the enzyme is completely inactive for
both catalytic activities. In addition to zinc, a water molecule is required to fully activate LTA4H.
Once LTA; binds to Tyr-378 of LTA4H, and LTA; is hydrolyzed to LTB4, LTAsH undergoes suicide
179, 181

inactivation as a form of regulation.

1-5g. LTB4 receptors

As an autocrine and paracrine signal, LTB4 binds to G-protein coupled receptors (GPCR) BLT1 and
BLT2 with a high and low affinity, respectively. BLT1 is expressed primarily by leukocytes and BLT2
is primarily expressed by epithelial and endothelial cells.¥218> Additionally, LTB; can bind to
peroxisome proliferator-activated receptor-a (PPAR-a) as a form of regulation. Binding to PPAR-a

leads to the catabolism of the lipid, and thus a form of resolving the inflammatory response.8 187
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1-6. BLT1-LTB, axis in disease

1-6a. Sterile inflammation

A recent detailed review summarizes numerous studies that have investigated the significance
of LTB4 and inflammatory diseases.’®® In brief, it has been established that the LTB4;-BLT1 axis
contributes to diseases such as rheumatoid arthritis, obesity, diabetes, tumor development, lung
fibrosis, and asthma.'®19! Recently, a study also showed that there is an elevated level of LTB, in
macrophages collected from patients with systemic lupus erythematosus, which was increased
through NF-kB signaling, and thus the increase of pro-inflammatory cytokine production.’®? In the
gout model, LTB4 induces macrophage ROS production, which leads to caspase-1 cleavage and
NLRP3 inflammasome activation, compared to vehicle controls.}?® Even further, LTB4 has also been
linked to increasing inflammatory conditions following cardiac infarction. BLT17 mice showed
increased survival due to decreased leukocyte infiltration, decreased cell death, and decreased
pro-inflammatory cytokine production.'®*

1-6b. Infection-mediated inflammation

While LTB,4 can be detrimental during sterile inflammation, it is critical in inducing antimicrobial
activity in defense of viral, fungal, parasitic, and bacterial infections.®>"1%” While there are reviews
that have addressed the relationship between LTB4 and pathological infections, these reviews are
primarily focused on viral studies.!8> 19

LTB4 has been linked to inducing activation of leukocytes in response to pathogens. Peters-
Golden’s group has shown that not only does opsonized K. pneumoniae induce LTB, synthesis by
alveolar macrophages (AM), but when BLT1-LTB, signaling is blocked, phagocytosis of K.
pneumoniae is significantly reduced. Using alveolar macrophages isolated from 5-LOX”"mice, they

were able to rescue phagocytosis by exogenous treatment of LTB4.2%8 They then went on to show

human neutrophils and mouse peritoneal neutrophils treated with LTB4 successfully phagocytosed
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K. pneumoniae.r*® Furthermore, they were able to show that AM bactericidal activity is enhanced
by LTB, activating NADPH oxidase.?”® While these experiments were performed in vitro, they had
previously determined the result of removing LTB4 synthesis in vivo. They found that 5-LOX”" mice
infected with K. pneumoniae had a decrease in mouse survival, when compared to wildtype mice.
This phenotype was attributed to the decrease in neutrophil infiltration into the lungs,
phagocytosis, and intracellular killing, and an increase in bacterial survival.?’!

In another study, wildtype and 5-LOX”" mice were intranasally infected with Streptococcus
pneumoniae and then treated with aerosolized LTB, 24 h post infection. Not only did they find that
treatment dramatically improved macrophage and neutrophil infiltration and decreased bacterial
load, compared to mice treated with the vehicle, but they also found that the mode of
administration of LTB, treatment dramatically changes the outcome, with aerosolized
administration being the most effective.?%?

When LTB, synthesis is inhibited in zebrafish, there is a reduction of macrophage aggregation in
response to Streptococcus iniae. However, this phenotype was reversed when neutrophil derived
LTB, producing zebrafish were crossed with LTA;H deficient zebrafish.2% Also in zebrafish, a study
showed that a balanced production of LTB, is critical for controlling a Mycobacterium infection and
preventing severe disease. More importantly, while they experimented with zebrafish, they were
able to correlate these results with human susceptibility to tuberculosis and leprosy.2%* This
balance was also observed in a 5-LOX”" mouse model. Compared to wildtype mice, 5-LOX”" mice
had a better survival rate when infected with Mycobacterium tuberculosis, which the authors
attribute to the decrease in inflammatory response.?%

An ex vivo approach showed LTB4 treatment not only increased human neutrophil secretion of
antimicrobial proteins, but also decreased overall survival of Staphylococcus aureus and

Escherichia coli.*®” Additionally, LTB4 produced by macrophages induces neutrophil migration, the

17



formation of abscesses, and the clearance of MRSA from mouse skin infections.?% It has also been
shown that E. coli induces the synthesis of LTB4 by mouse bone marrow derived mast cells, which
then improves neutrophil recruitment.?” Another study showed mouse peritoneal macrophages
improved phagocytosis of Salmonella enterica Typhimurium and Pseudomonas aeruginosa when
treated with LTB4.2%® More recently, it has been shown that the treatment of LTB, to macrophages
isolated from BLT17 mice restored phagocytosis of Borrelia burgdorferi.’®® The same group also
showed the augmenting effect LTB, has on the human neutrophil killing of Mycobacterium
bovis.?*® Another study showed Streptococcus pyogenes induces LTB4 synthesis in vivo, and when
human and mouse macrophages are treated with LTBs, phagocytosis is improved.?!! Lastly, a study
in 1992 identified the ability of intracellular bacteria, Y. enterocolitica and Listeria monocytogenes,
to reduce the production of LTB, by human neutrophils when compared to extracellular bacteria,
E. coli.**® In conclusion, these studies have shown the importance of LTB, in controlling infection
models, by using exogenous LTB, treatment. Nonetheless, these studies lack information
regarding the direct host LTB4 response to these pathogens.

1-6¢. LTB4 and the inflammasome

LTB,4 binding to BLT1 plays a critical role in the migration, activation, and proliferation of both

196,212-214 3nd in the activation and differentiation of non-immune

innate and adaptive immune cells
cells.?*> 216 The role of LTB, in inflammasome activity has been shown to be beneficial and
detrimental depending on the infectious model. In a parasitic model, LTB, is critical for clearance
of Leishmania amazonensis. Activation of the P2X7 receptor by ATP, activates LTBs synthesis,
initiating a cascade leading to NLRP3 inflammasome activation.?” Finally, a group studying
methicillin-resistant Staphylococcus aureus (MRSA) skin infection found LTB,; to be critical in

activating NLRP3, improving clearance of the infection.?!® On the contrary, a study found an

opposite effect of LTB; on inflammasome activation. Wild type mice inoculated with Tityus
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serrulatus scorpion venom had increased survival, compared to Alox5”" (5-LOX deficient) mice,
which was attributed to a decrease in inflammasome activation. The authors propose that in this
context, PGE, (an alternative AA product) is responsible for the inflammasome activation.?'°
Regarding LTB, synthesis specifically, Hedge et al.’>3 found no connection to the inflammasome
during a crystalline silica sterile inflammation model in both macrophages and neutrophils. On the
contrary, von Moltke et al.?2° showed LTB, synthesis in macrophages depended on MyD88/Trif in
response to the artificially delivered Legionella pneumophila flagellin (FlaA) fused to Bacillus
anthracis lethal factor (LFn) mediated by the anthrax protective antigen (PA) channel. Zoccal et
al.?*® identified NLRP3 as an essential component for LTB; synthesis in response to scorpion
venom. These studies highlight the importance of LTB, in activating the inflammasome, but also
allude to a potential requirement of inflammasome activity for LTB, synthesis in a bacterial

infection model.

1-6d. LTB4 and neutrophil swarming

LTB; has been shown to be absolutely required for the phenomenon known as neutrophil
swarming.?2122 Once triggered, neutrophils release LTB, in a feedforward amplification gradient,
which results in an exponential accumulation of neutrophils at the site of infection or damage.??*
226 In vivo studies have shown without LTB,, there is an absence of an effective neutrophil response
to sterile injury to the dermis of mice?”” and damaged tissue in zebra fish.??% 22 |nterestingly, an
ex vivo microscale “arena” model using human neutrophils showed the importance of LTB, in
swarming.2°

1-7. This dissertation: A rationale for the madness

Y. pestis has been shown to alter the host inflammatory response resulting in immune evasion
and the generation of a non-inflammatory environment beneficial for its colonization. However,

despite the critical role lipid mediators play in producing a robust immune response that is
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essential for the clearance of pathogens, the impact of lipid mediator synthesis on Y. pestis
infection has not previously been explored. However, our lab has shown that Y. pestis can inhibit
LTB, synthesis by infected human neutrophils,”® leading to my central hypothesis that Y. pestis
inhibits LTB, synthesis during infection to generate a non-inflammatory environment beneficial for
the progression of disease. In my dissertation | set out to specifically test this hypothesis and
explored the following questions:

1. What is the inflammatory lipid mediator response during plague?

2. Does Y. pestis manipulate this response?

3. Does Y. pestis target LTB4 synthesis by other leukocytes?

4. How are the Yop effectors inhibiting LTB4 synthesis in the neutrophils?

5. How are the neutrophils recognizing Y. pestis and triggering this LTB4 response?

6. Finally, what are the consequences of altering the host lipid mediator responses?
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CHAPTER 2:

TYPE 3 SECRETION SYSTEM INDUCED LEUKOTRIENE B4 SYNTHESIS BY LEUKOCYTES IS ACTIVELY

INHIBITED BY YERSINIA PESTIS TO EVADE EARLY IMMUNE RECOGNITION?

Brady A, Sheneman KR, Pulsifer AR, Price SL, Garrison TM, Maddipati KR, Bodduluri SR, Pan J,
Boyd NL, Zheng JJ, Rai SN, Hellmann J, Haribabu B, Uriarte SM, Lawrenz MB. Type 3 secretion
system induced leukotriene B4 synthesis by leukocytes is actively inhibited by Yersinia pestis to
evade early immune recognition. PLoS Pathog. 2024; 20(1): e1011280. PMID: 38271464
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2-1. Introduction

Yersinia pestis causes the human disease known as the plague. Although typically characterized
as a disease of our past, in the aftermath of the 3™ plague pandemic, Y. pestis became endemic in
rodent populations in several countries, increasing the potential for spillover into human
populations through contact with infected animals and fleas.> % 232 Human plague manifests in
three forms: bubonic, septicemic, or pneumonic plague. Bubonic plague resulting from flea
transmission arises when bacteria colonize and replicate within lymph nodes. Septicemic plague
results when Y. pestis gains access to the bloodstream, either directly from a flea bite or via
dissemination from an infected lymph node, and results in uncontrolled bacterial replication and
sepsis. Finally, secondary pneumonic plague, wherein Y. pestis disseminates to the lungs via the
blood, results in a pneumonia that can promote direct person-to-person transmission via aerosols.
While treatable with antibiotics, if left untreated, all forms of plague are associated with high
mortality rates, and the probability of successful treatment decreases the longer initiation of
treatment is delayed post-exposure.>™ 233 Regardless of the route of infection, one of the key
virulence determinants for Y. pestis to colonize the host is the Ysc type 3 secretion system (T3SS)
encoded on the pCD1 plasmid.* 23* This secretion system allows direct translocation of bacterial
effector proteins, called Yops, into host cells.* % 23> The Yop effectors target specific host factors
to disrupt normal host cell signaling pathways and functions.® & 28 102,236,237 Bacayse the T3SS and
Yops are required for mammalian but not flea infection, the expression of the genes encoding
these virulence factors are differentially expressed within these two hosts.* 2656238 The primary
signal leading to T3SS and Yop expression is a shift in temperature from that of the flea vector
(<28°C) to that of the mammalian host (>30°C). During mammalian infection, Y. pestis primarily
targets neutrophils and macrophages for T35S-mediated injection of the Yop effectors.'® % 23° The

outcomes of Yop injection into these cells include inhibition of phagocytosis, reactive oxygen
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species (ROS) synthesis, degranulation by neutrophils, and inflammatory cytokine and chemokine
release required to recruit circulating neutrophils to infection sites.3® 93 103,109,136, 137 | 5 o rtantly,
previous work suggests that inhibition of neutrophil influx and establishing a non-inflammatory
environment is crucial for Y. pestis virulence.3¥ 2% Therefore, defining the molecular mechanisms
used by Y. pestis to subvert the host immune response is fundamental to understanding the
pathogenesis of this organism. Moreover, defining the host mechanisms targeted by Y. pestis to
inhibit inflammation can also provide novel insights into how the host responds to bacterial
pathogens to control infection.

A cascade of events tightly regulates inflammation to ensure rapid responses to control infection
and effective immune resolution after clearance of pathogens to limit tissue damage.?® *® This
inflammatory cascade is initiated by synthesizing potent lipid mediators and is sustained and
amplified by the subsequent production of protein mediators.3” 24! Polyunsaturated fatty acid
(PUFA)-derived lipid mediators are potent modulators of the innate and adaptive immune
responses.'*® 242 Of these, the eicosanoids, including the leukotrienes and the prostaglandins, are
key regulators of the inflammatory cascade during infection.3”- 24! Leukotriene B4 (LTB4) is rapidly
synthesized from arachidonic acid upon activation of 5-lipoxygenase (5-LOX), cytosolic
phospholipase A; (cPLA;), 5-LOX activating protein (FLAP), and LTA4 hydrolase (Fig 2-1A).2*2 Upon
synthesis and release, LTB, is recognized by the high affinity BLT1 receptor on immune cells to
promote chemotaxis and initiate the inflammatory cascade leading to production of pro-
inflammatory cytokines and chemokines.?”: 150 151, 183, 185, 241, 243 Tggather these inflammatory
mediators promote the recruitment of circulating leukocytes to infected tissue.’” Importantly,
because of its critical role in initiating the inflammatory cascade, disruption in the timely
production of LTB4 can slow the subsequent downstream release of cytokines and chemokines

and the ability of the host to mount a rapid inflammatory response required to control infection.
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Despite active proliferation of Y. pestis within the lungs in the mouse model, there appears to
be an absence of pro-inflammatory cytokines, chemokines, and neutrophil influx for the first 36
hours of primary pneumonic plague.® & 28 102 237 Thjs phenotype dramatically differs from
pulmonary infection with attenuated mutants of Y. pestis lacking the T3SS or Yop effectors or by
other pulmonary pathogens, such as Klebsiella pneumoniae, which induce significant
inflammation within 24 hours of bacterial exposure.® & 28 102 237 gyrprisingly, despite the
importance of lipid mediators in initiating the inflammatory cascade, the role of inflammatory
lipids during plague has not been previously investigated. However, using human peripheral blood
neutrophils, Pulsifer et al.%® previously demonstrated that Y. pestis can actively inhibit the synthesis
of LTB, in vitro in a T35S/Yop-dependent manner, suggesting that LTB4 synthesis may be inhibited
during plague. In this chapter, | expand on these observations by investigating LTB4 synthesis by
the mammalian host in response to Y. pestis. Using the murine model of plague, | demonstrate
dysregulation in the production of LTB,4 by Y. pestis and provide the lipidomic profile of other host
inflammatory lipids during the initial 48 h of pneumonic plague. | further show that exogenous
treatment with LTB, inhibits bacterial proliferation in the murine model. Using Y. pestis mutants, |
also discovered that leukocyte interactions with the Y. pestis T3SS triggers LTBs synthesis, but
synthesis is inhibited by multiple Yop effectors secreted via the same T3SS. Together, these data
suggest that modulation in the production of host inflammatory lipids is an additional virulence
mechanism used by Y. pestis to inhibit the rapid recruitment of immune cells needed to control
infection.

2-2. Results

2-2a. LTB4 synthesis is delayed during pneumonic plague

Based on my lab’s previous observations that Y. pestis inhibits LTBs synthesis by human

neutrophils,® | sought to determine if LTB;, was synthesized during infection using the murine
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model of pneumonic plague. C57BL/6J mice were intranasally infected with Y. pestis KIM5+ and
LTB, was measured in the lungs during the non-inflammatory stage of disease (6, 12, and 24 h
post-infection). | did not observe a statistically significant increase in LTB4 synthesis at any time
point, with only 3 of the 15 samples having elevated LTB, concentrations over the entire 24 h
period (Fig 2-1B). Moreover, | did not observe a significant increase in 20-hydroxy LTB, (Fig 2-1C),
which is the direct degradation product of LTB, (Fig 2-1A). To confirm these results, LTB, was
measured in the lungs from a second independent group of C57BL/6J mice, this time expanding
the analysis to include the pro-inflammatory stage of disease (36 and 48 h post-infection). Again,
| did not observe statistically significant increases in LTB4 or 20-hydroxy LTB, during the first 24 h
of infection (Fig 2-1D and 2-1E). However, by 36 h post-infection, both lipids were statistically
elevated compared to uninfected samples (p < 0.05). Moreover, | observed a significant increase
in 5-HETE as early as 6 h post-infection (Fig 2-1F; p<0.01), which can result if 5-LOX does not
complete the synthesis of LTA; from arachidonic acid.?** 2*> While the synthesis of LTB4 appears
absent during the first 24 h of infection, the synthesis of other inflammatory lipids increased
during the same period, including the prostaglandins, which are another group of eicosanoids
whose synthesis is regulated via the cyclooxygenase pathway (Fig 2-1G-I). Globally, | observed
significant changes in the synthesis of 63 lipids during pneumonic plague, including lipids generally
considered to be pro-inflammatory (18 lipids), anti-inflammatory (41 lipids), or pro-resolving (4
lipids) (Table 2-1 & Fig 5-1).24% 247 Together these data indicate LTB4 synthesis is delayed during

pneumonic plague.
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Figure 2-1. LTB4 synthesis is blunted during pneumonic plague

(A) The LTB4 synthesis pathway. (B-1) C56BL/6J mice were infected with 10 x the LDso Y. pestis
KIM5+ and lungs were harvested at the indicated times (n=5) to measure host lipids by LC-MS. Ul=
samples from uninfected animals. (B) LTB4 concentrations. (C) 20-hydroxy LTB4 concentrations. (D)
LTB4 concentrations. (E) 20-hydroxy LTB, concentrations. (F) 5-HETE Concentrations. (G) PGE;
concentrations. (H) PGE, concentrations. (I) PGA, concentrations. Each symbol represents an
individual mouse and the box plot represents the median of the group * the range. Changes in
lipid concentrations were compared to the Ul sample using (B-C) One-way ANOVA with Dunnett’s
post hoc test or (D-1) the LIMMA - Moderated t-test. ns = not significant, *=p<0.05, **=p<0.01,

**%=p<0.001, #=p<0.0001.
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Y. pestis_infection

Uninfected (U1) 6 hr
Lipid 1 2 3 a s 1 2 3 a s pvalue
10-HDoHE 01791 | 00015 | 02581 | 0.2886 | 03397 | 03781 | 0.4022 | 0.6471 | 03494 | 0.5986 0.0149
10(11)-EpDPE 0.0326 0.0317 | 00196 | 0.0443 | 0.0295 | 00357 | 00272 | 00286 | 0.0493 0.8208
105, 175-DiHDOHE 0.0015 0.0015 | 00015 | 00015 | 0.0015 | 0.0015 | 0.0015 | 0.0015 | 0.0015 1.0000
11-HDoHE 0.0015 04672 | 00015 | 00015 | 0.0015 | 0.0015 | 00015 [ 0.0015 | 0.0015 0.6540
11-HEPE 0.3896 03743 | 03234 | 03701 | 0.7055 | 03681 | 0.7554 | 0.3916 0.6540
11-HETE 79.7221 | 93.6908 | 66.3016 | 71.2922 | 70.8498 | 84.3431 | 53.6769 | 64.9328 | 50.3294 | 94.3760 0.8445
11,12-DIHETrE 03019 | 03424 | 0.2642 | 03698 | 01507 | 0.1170 | 0.0993 | 0.1533 | 0.1452 | 0.2108 0.0245
11(12)-EpETrE 00782 | 00015 | 0.1706 | 01312 | 01970 | 01217 | 01277 | 0.0870 | 0.0824 | 0.2782 0.6240
11(R)-HEDE 17474 | 1.6548 | 14651 | 1.4726 | 1.8574 3.1981 19851 3.2213 1.8652 2.9416 0.2634
116h-2,3-dinor TXB2 00108 | 0.0148 | 0.0071 | 0.0200 | 0.0080 | 0.0098 | 00119 | 0.0108 | 0.0182 | 0.0147 0.8208
116h-TXB2 00015 | 0.0015 | 0.0015 | 0.0015 | 0.0015 | 0.0015 | 0.0015 | 0.0015 | 0.0015 | 0.0015 1.0000
12-HEPE 29162 | 22473 | 2.4298 | 3.0685 | 6.7805 | 6.0638 | 10.3187 | 19.6205 | 7.3016 | 18.4246 . 0.0006
12-HETE 72.5816 | 78.9431 | 61.3581 | 78.7440 | 122.5452 | 97.6870 | 148.7784 | 289.9760 [ 111.3355 | 203.9594 [ 0.9200 | 0.0000
12,13-DIHOME 2.1580 | 17970 | 1.4632 | 1.5488 | 0.6811 | 04536 | 03306 | 07981 | 09416 | 06386 | -1.2427 | 0.0038
12(13)-EpOME 06150 | 0.4682 | 0.4531 | 04299 | 05792 | 04128 | 05144 | 1.1274 | 04831 | 07461 | 0.2904 | 05411
12(S)-HHTrE 25.4892 | 26.8030 | 23.4114 | 17.5795 | 20.8156 | 10.0625 | 8.0426 | 12.3596 | 4.6230 | 11.3536 | -1.3695 0.0000
13-HDoHE 11767 | 1.5264 | 1.2935 | 15491 | 1.4563 | 3.1412 | 1.8155 | 2.3320 | 2.1895 | 3.3984 | 0.8381 | 0.0192
13-HODE 102.5982 | 95.7632 | 76.3926 | 74.8717 | 73.3199 [136.1293 | 52.4990 [ 138.3853 |100.5133 | 106.7603 | 0.1975 | 0.4609
13-Ox00DE 41100 | 3.5354 | 34325 | 2.6608 | 4.4553 | 4.7412 2.3906 5.1264 | 2.7443 3.7786 0.0503 0.9291
13,14h-15k-PGD2 16960 | 1.5422 | 1.2874 | 12029 | 1.1678 | 1.9161 | 1.1229 | 1.8841 | 15599 | 2.4745 | 03980 | 0.4488
13,140h-15k-PGE1 00182 | 0.0099 | 0.0176 | 0.0015 | 00170 | 00192 | 00113 [ 00154 | 0.0098 | 00107 | 0.6536 | 0.6540
13,14dh-15k-PGE2 0.4777 | 0.5916 | 0.5485 | 0.5033 | 04110 | 0.8218 | 0.6211 0.5531 | 0.6693 0.8952 0.4919 0.2828
13,140h-15k-PGF2a 00547 | 0.0785 | 0.0912 | 0.0525 | 0.0810 | 00516 | 00241 | 0.0456 | 0.0400 | 0.0495 | -0.7833 | 05124
13(14)-EpDPE 00112 | 0.0098 | 0.0015 | 0.0096 | 00132 | 00015 | 00122 | 00015 | 0.0015 | 00288 | -0.8127 | 0.6540
13(S)-HOTrE 18809 | 1.0374 | 1.2444 | 13337 | 11165 | 17870 | 04103 | 2.0556 | 2.0710 | 0.8830 | 0.0398 | 0.9799
14-HDoHE 40850 | 3.8589 | 4.0309 | 5.0897 | 5.2854 | 6.9826 | 5.7477 7.3503 6.9959 | 10.1087 | 0.7709 0.0178
14,15-DIHETrE 04157 | 05778 | 05527 | 04511 | 02352 | 04122 | 02830 | 03453 | 03440 | 05106 | -0.2018 | 0.6987
14(15)-EpETrE 0.0015 00015 | 00015 | 01958 | 0.0015 | 01029 | 0.0015 0.2634
15-epi LXA4 0.0015 0.0025 | 0.0015 | 0.0015 0.0015 | 0.0015 0.0015 0.3642
15-HETE 20.1300 21.4737 | 20,5317 | 12.9361 | 14.0834 | 14.2272 | 19.3192 0.0223
15-keto PGE1 0.0015 00015 | 00015 | 00074 | 00015 | 0.0015 | 0.0015 0.9291
15-keto PGE2 0.2065 03602 | 0.2522 | 0.3139 0.1834 | 0.2245 0.5252 0.6724
15-keto PGF2a 0.5871 04648 | 09721 | 07192 | 0.6634 | 0.8164 | 1.0654 0.1885
15-OxoETE 0.0015 04084 | 00015 | 00015 | 00015 | 0.0015 | 0.0015 0.1648
15(R)-PGE1 0.0959 00015 | 00015 | 00015 | 00015 | 0.0015 | 0.1627 0.0788
15(S)-HEDE 0.1069 01254 | 01961 | 0.0854 | 0.1880 | 0.1402 | 0.1549 0.7354
15(S)-HEPE 0.4564 02317 | 03695 | 0.1150 | 04643 | 0.2896 | 0.2812 0.4488
156-D12,14-PGJ2 0.0519 00691 | 00774 | 00437 | 0.0464 | 00537 | 0.0797 0.7009
16-HDoHE 0.4735 0.5883 | 0.7286 | 0.5709 0.8418 | 0.5093 11021 0.0192
16(17)-EpDPE 0.0097 00183 | 00125 | 00125 | 00015 | 00015 | 0.0015 0.5124
17-HDoHE 0.3356 02906 | 05825 | 0.1667 | 0.3805 | 0.4905 | 0.3732 0.6724
17(18)-EpETE 0.0015 0.0015 | 0.0015 | 0.0099 0.0015 | 0.0029 0.0015 0.8208
18-carboxy dinor LTB4 0.0015 00015 | 00015 | 00015 | 0.0015 | 0.0015 | 0.0015 1.0000
18-HEPE 0.0015 00444 | 00015 | 00015 | 0.0856 | 0.0357 | 0.0404 0.6540
19,20-DIiHDoPE 0.1499 00830 | 01550 | 00646 | 0.1272 | 0.1855 | 0.1684 0.7699
19(20)-EpDPE 0.0298 00378 | 00252 | 00321 | 00270 | 0.0273 | 0.0491 0.6788
19(R)-OH PGF2a & 20-OH PGF2a 0.0015 00015 | 00079 | 00015 | 0.0015 | 0.0015 | 0.0015 0.5516
20-HDOHE 0.4596 05025 | 05971 | 04777 | 07571 | 04932 | 0.8761 0.7864
20-HETE 0.0015 10269 | 0.0015 | 0.4052 0.0015 | 0.0015 0.0015 0.1627
20-hydroxy LTB4. 0.0015 00015 | 00015 | 00015 | 0.0015 | 0.0015 | 0.0015 1.0000
4-HDoHE 0.1009 02012 | 01979 | 01387 [ 02104 | 01521 | 0.2442 0.6724
S5-HEPE 0.0015 0.0854 | 0.0015 | 0.1485 0.3060 | 0.1379 0.2492 0.0721
5-HETE 11215 16977 | 1.6854 | 3.1099 | 4.6121 | 2.9764 | 5.3962 0.0013
5-0x0ETE 0.0881 02091 | 01563 | 00796 | 0.1144 | 01006 | 0.1455 0.8830
5,6-DIHETE(EPA) 0.0015 00015 | 00015 | 00015 | 00015 | 0.0015 | 0.0015 0.3150
5,6-DIHETTE 00116 00052 | 00036 | 0.0015 | 0.0015 | 0.0015 | 0.0068 0.5195
5(6)-EpETTE 01433 | 0. . . 01562 | 00468 | 00760 | 0.0421 | 0.0564 | 0.0730 0.0721
5(S)-HETTE 00015 | 0.0089 | 0.0072 | 0.0015 | 00178 | 00160 | 00245 | 00343 | 0.0232 | 0.0423 0.0001
5(5),12(S)-DiHETE 0.1200 | 0.2146 | 0.1380 | 0.1362 | 0.1033 | 0.0265 | 0.0646 0.0934 | 0.0233 0.0701 0.1256
5(S),15(S)-DiHEPE 00015 | 0.0954 | 0.0015 | 0.0015 | 0.0350 | 0.0015 | 0.0015 | 0.0263 | 0.0015 | 0.0015 0.5584
5(S),15(S)-DIHETE 00015 | 0.0015 | 0.0015 | 0.0015 | 0.0015 | 0.0015 | 00013 | 0.0044 | 0.0015 | 0.0015 0.7699
6-keto PGE1 0.0015 | 0.0172 | 0.0149 | 00154 | 00136 | 0.0145 | 0.0054 0.0015 | 0.0015 0.0143 0.6540
6kPGF1a 3.6156 | 6.1570 | 5.2604 | 59817 | 6.4715 | 0.0015 | 0.0015 | 0.0015 | 0.0015 | 0.0015 0.0019
7-HDOHE 00884 | 00780 | 0.0788 | 0.1264 | 01118 | 01175 | 02103 | 0.2701 | 0.1761 | 0.3609 0.0024
7(8)-EpDPE 0.0033 | 0.0054 00108 | 00035 | 00078 | 00015 | 0.0035 | 0.0083 0.7485
8-HDOHE 00938 | 0.1141 01676 | 0.1518 | 0.0866 | 0.1038 | 0.0832 | 0.2353 0.9618
8-HEPE 00015 | 0.0015 00398 | 00432 | 01254 | 00333 | 00926 0.0024
8-HETE 10683 | 0.7753 13829 | 07802 | 1.2278 | 0.8928 | 1.3179 0.2634
8-isoPGF2a & 11bPGF2a 0.0015 | 0.1033 0.0803 | 0.0576 0.0511 | 0.0425 0.0608 0.5411
8,9-DIHETrE 00321 | 0.0314 0.0227 | 00172 | 00177 | 0.0202 | 00353 0.4488
8(9)-EpETrE 00015 | 0.0015 00157 | 00015 | 00015 | 00015 | 0.0015 1.0000
8(S)-HETrE 0.1078 | 0.1475 0.1290 | 0.2890 0.3881 | 0.2082 0.4278 0.3150
9-HEPE 0.1265 | 0.0015 0.1856 | 03996 | 1.0143 [ 03042 | 0.7883 0.1475
9-HETE 00015 | 0.0015 00015 | 00015 | 00015 [ 00015 | 0.0015 1.0000
9-HODE 13.1826 | 17.9999 00015 | 00015 | 00015 [ 122472 | 0.0015 0.0432
9-Ox00DE 41273 | 3.4742 3.2473 | 17810 | 3.7651 | 2.0240 | 2.9063 0.1881
9-0x00TrE 0.0664 | 0.0015 00721 | 00321 | 0.1032 | 0.0556 | 0.0369 0.6540
9,10-DIHOME 23010 | 11255 03202 | 02295 | 05036 | 05791 | 05728 0.0003
9(10)-EpOME 12526 | 0.9361 1.0080 12110 1.7993 13750 1.8010 0.7699
9(S)-HOTrE 03026 | 0.1751 03576 | 0.2475 | 09490 | 0.4147 | 04311 0.6789
Bicyclo PGE1 3.2853 | 56863 27398 | 29279 | 44070 | 13258 | 4.2940 0.4609
Bicyclo PGE2 0.0401 | 0.0476 0.0758 | 0.0555 0.0569 | 0.0739 0.0841 0.2931
LTB4. 00283 | 0.0446 00015 | 01456 | 0.1731 | 0.0965 | 0.2176 0.2480
LXAS 00015 | 0.0047 00015 | 00015 | 00015 [ 00015 | 0.0022 0.7864
PD1(n-3, DPA) 3.8007 | 11.0489 12818 | 07911 | 03559 | 0.8236 | 0.7211 0.0149
PGA2 03540 | 0.3827 0.7593 | 05253 | 05468 | 0.7660 | 0.7691 0.0209
PGD2 00015 | 0.0015 0.7737 | 00015 | 06089 [ 07119 | 0.0015 0.0788
PGD3 00258 | 0.0956 00015 | 00015 | 00015 | 00015 | 0.0015 0.0245
PGE1 0.1287 | 0.2363 0.6203 | 0.3147 03661 | 0.4621 0.5886 0.0003
PGE2 10.9409 | 12.1142 20.0090 | 13.8080 | 14.4604 | 17.0902 | 20.4174 0.0432
PGE3 00314 | 0.0405 0.0893 | 00716 | 00709 | 00872 | 0.1159 0.1093
PGFla 0.0360 | 0.0483 0.0670 | 0.0575 0.0609 | 0.0266 0.0797 0.5551
PGF2a 13802 | 1.3584 11884 | 0.8811 | 1.0897 | 0.8387 | 1.1770 0.8091
PGJ2 01498 | 0.1779 03818 | 0.2650 | 02719 [ 03872 | 0.4006 0.0245
RVD1 & AT-RvD1 01682 | 0.0015 00015 | 00015 | 00379 | 00015 | 0.0015 0.6375
RvDS(n-3DPA) (7,17-DiHDoPE) 00356 | 0.0633 00230 | 00254 | 0.0446 | 0.0272 | 0.0271 0.6540
RVD6 (4,17-DiHDOHE) 00015 | 0.0015 0.0015 | 0.0056 | 0.0061 | 0.0065 | 0.0076 0.0875
RVE3 06231 | 1.9823 0.1809 | 0.2053 | 0.1072 | 02183 | 03128 0.0088
tetranor 12-HETE 0.0550 | 0.0659 0.0458 | 0.0642 0.0977 | 0.0794 0.1194 0.4752
tetranor PGEM 00022 | 0.0015 0.0020 | 00015 | 0.0016 | 0.0015 | 0.0026 1.0000
B2 00015 | 3.6118 21481 | 17680 | 2.7872 | 0.0015 | 2.3648 0.9096
TXB3 0.0015 | 0.0015 0.0162 | 0.0121 0.0249 | 0.0134 0.0015 0.0100




Y. pestis_infection

Uninfected (U1) 12 hr
Lipid 1 2 3 5 1 2 3 4 5 LogFC p-value
10-HDoHE 01791 | 0.0015 | 0.2581 02856 | 0.2420 | 03386 | 0.4070 | 03723 | 1.8241 | o0.0407
10(11)-EpDPE 0.0326 | 0.0156 | 0.0317 0.0174 0.0296 | 0.0269 0.0299 00114 | -0.5657 | 0.5281
105,175-DiHDoHE 0.0015 | 0.0015 | 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0000 1.0000
11-HDoHE 00015 | 0.0015 | 0.4672 08195 | 05656 | 0.0015 | 0.0015 | 00015 | 1.8574 | 0.5281
11-HEPE 03896 | 0.2435 | 03743 0.8876 | 0.6439 05296 | 06317 0.4455 0.9404 0.3914
11-HETE 79.7221 | 93.6908 | 66.3016 100.2319 | 70.9247 | 74.4882 | 89.9584 | 76.8310 | 0.1349 0.5281
11,12-DIHETrE 03019 | 03424 | 0.2642 01296 | 01171 | 01131 | 0.1169 | 0.0955 | -1.1543 | 0.0037
11(12)-EpETrE 00782 | 0.0015 | 0.1706 01199 | 01003 | 01303 | 0.0956 | 0.0015 | -0.1816 | 09282
11(R)-HEDE 17474 | 1.6548 | 14651 3.5258 3.0259 2.6492 2.6707 2.1981 0.6896 | 0.1359
11dh-2,3-dinor TXB2 0.0108 | 0.0148 | 0.0071 | O. 0.0382 | 00243 | 00183 | 00280 | 00320 | 14767 | 0.2235
116h-TXB2 00015 | 0.0015 | 0.0015 00015 | 00015 | 00052 | 00015 | 00015 | 0.6379 | 0.4961
12-HEPE 29162 | 22473 | 2.4298 6.8698 6.2748 6.8620 | 8.6344 89916 11190 | 0.0205
12-HETE 72.5816 | 78.9431 | 61.3581 123.8943 | 107.1726 | 123.5936 | 134.6523 | 165.9993 | 0.6833 0.0003
12,13-DIHOME 2.1580 | 17970 | 14632 07688 | 0.7557 | 05810 | 06019 | 03301 | -1.3223 | o.0018
12(13)-EpOME 0.6150 | 0.4682 | 0.4531 0.5479 05876 | 0.4792 6298 | 03370 | -0.0654 | 0.8837
12(S)-HHTrE 25.4892 | 26.8030 | 23.4114 14.5344 | 11.2410 | 8.9680 | 14.1555 | 12.0447 | -0.8494 | 0.0013
13-HDoHE 11767 | 1.5264 | 1.2935 3.1923 | 2.4876 | 2.5095 | 2.5712 | 2.4144 | 0.8224 | 0.0189
13-HODE 102.5982 | 95.7632 | 76.3926 137.8055 | 103.3344 | 103.9469 | 104.8757 [ 105.4479 | 0.3765 | 0.0759
13-Ox00DE 41100 | 3.5354 | 34325 45176 3.1514 2.9965 3.6716 3.6021 | -0.0071 | 1.0000
13,140h-15k-PGD2 16960 | 1.5422 | 1.2874 23656 | 1.6323 | 27718 | 15151 | 0.6330 | 0.1333
13,140h-15k-PGE1 00182 | 0.0099 | 0.0176 00158 | 00162 | 00303 | 00246 | 14931 | 01922
13,14dh-15k-PGE2 04777 | 0.5916 | 0.5485 0.9952 0.7998 1.0487 0.9497 0.9684 0.0151
13,14dh-15k-PGF2a 0.0547 | 0.0785 | 0.0912 0.0316 | 0.0287 0.0397 0.0833 | -0.5633 | 0.5889
13(14)-EpDPE 00112 | 0.0098 | 0.0015 00015 | 00015 | 00015 | 00015 [ -2.2654 | 0.0922
13(S)-HOTrE 18809 | 1.0374 | 12444 09578 | 0.9853 12299 20578 | -0.1133 | 0.8656
14-HDoHE 4.6459 6.2348 5.6768 | 8.0515 03836 | 0.2380
14,15-DIHETrE 02939 | -0.4197 | 0.3255
14(15)-EpETrE 43093 | o0.0407
15-epi LXA4 -0.5359 | 0.2548
15-HETE 183913 | 0.0485 | 0.8541
15-keto PGE1 00117 | 1.2276 | 0.1559
15-keto PGE2 0.5794 0.2159 0.7467
15-keto PGF2a 10324 | 11666 | 0.0019
15-OxoETE
15(R)-PGE1
15(5)-HEDE
15(S)-HEPE
15d-D12,14-PGJ2
16-HDoHE
16(17)-EpDPE
17-HDoHE

17(18)-EpETE

18-carboxy dinor LTB4

18-HEPE

19,20-DiHDoPE

19(20)-EpDPE

19(R)-OH PGF2a & 20-OH PGF2a

20-HDoHE 0.7287
20-HETE 0.0015
20-hydroxy LTB4 0.0015
4-HDoHE 01114
S5-HEPE 0.0824
S5-HETE 3.0408
5-oxoETE 0.0015
5,6-DIHETE(EPA) 0.0015
5,6-DIHETrE 0.0015
5(6)-EpETE 0.0366
5(5)-HETrE 0.0290
5(5),12(S)-DIHETE 0.0254
5(5),15(S)-DIHEPE 0.0710
5(5),15(S)-DIHETE
6-keto PGE1
6kPGFla
7-HDoHE
7(8)-EpDPE
8-HDoHE
8-HEPE
8-HETE
8-isoPGF2a & 11bPGF2a
8,9-DIHETrE
8(9)-EpETrE
8(S)-HETrE
9-HEPE
9-HETE
9-HODE
9-0x00DE
9-Ox00TrE
9,10-DiIHOME
9(10)-EpOME
9(S)-HOTrE 03317 0.3268 0.3257 0.4042
Bicyclo PGE1 0.7103 0.4652 1.6072 2.8614 -2
Bicyclo PGE2 0.1155 | 0.0830 | 0.1484 | 0.1089
LTB4 0.0831 0.1263 0.1568 0.0345
LXAS 0.0015 0.0013 0.0015 0.0015
PD1(n-3, DPA) 0.6374 | 06761 1.6687
PGA2 10815 | 0.7436 0.9987
PGD2 0.0015 11918 1.2492 0.7350
PGD3 0.0015 | 00015 | 0.1152 | 0.1346
PGE1 0.7583 | 0.5901 12659 | 0.4300
PGE2 329111 | 20.8675 | 20.9553 | 27.2644 | 21.2875
PGE3 0.1716 0.1432 0.0862 0.1221 0.1177
PGFla 00928 | 00754 | 0.0867 | 0.0992 | 0.0560
PGF2a 1.9375 1.4436 1.2307 17319 13715
PGJ2 0.8339 0.5541 0.4143 0.5457 0.5029
RvD1 & AT-RvD1 0.0015 | 00015 | 0.0650 | 0.0591 | 0.0793
RvDS5(n-3DPA) (7,17-DiHDoPE) 0.0976 0.0292 0.0919 0.0586 0.0695
RVD6 (4,17-DiHDoHE) 0.0107 0.0065 0.0038 0.0083 0.0081
RVE3 00916 | 00862 | 00892 | 00845 | 0.0999
tetranor 12-HETE 01193 | 00997 | 0.0975 | 0.1058 | 0.1285
tetranor PGEM 0.0063 0.0017 0.0035 0.0020 0.0015
TXB2 3.2110 2.5067 1.9897 2.4730 2.1603
TXB3 0.0015 | 0.0165 | 0.0015 | 0.0143 | 0.0015




Y. pestis_infection

Uninfected (U1) 24 hr
Lipid 1 2 3 s 1 2 3 a 5 LogfC | p-value
10-HDoHE 01791 | 0.0015 | 0.2581 03397 | 32512 | 7.7324 | 09583 | 0.8571 . 0.0000
10(11)-EpDPE 0.0326 0.0317 00443 | 02262 | 1.1098 | 00459 | 0.0710 | 0.0317 | 0.7733 | 0.3504
105,175-DiHDOHE 0.0015 0.0015 00015 | 00015 | 00015 | 01971 | 0.2193 | 0.0015 | 3.1431 | 0.1290
11-HDoHE 0.0015 0.4672 | 0. 00015 | 00015 | 43588 | 0.0015 | 0.0015 | 0.0015 | 0.5752 | 0.9054
11-HEPE 0.3896 03743 | 03234 | 03701 | 00015 | 15071 | 13559 [ 0.9009 | 0.5520 | 0.0370 | 0.9827
11-HETE 79.7221 | 93.6908 | 66.3016 | 71.2922 | 70.8498 | 89.1092 | 139.9957 | 94.0023 | 88.0173 | 46.4367 | 0.0110 | 0.9827
11,12-DIHETrE 03019 | 03424 | 02642 | 03698 | 01507 | 0.2062 | 04379 | 0.1425 | 0.2196 | 0.1135 | -0.6263 | 0.1048
11(12)-EpETrE 00782 | 00015 | 0.1706 | 01312 [ 01970 | 00015 | 2.2658 | 0.1410 | 0.2209 | 0.0821 | 1.0254 | 0.5731
11(R)-HEDE 17474 | 1.6548 | 14651 | 1.4726 | 1.8574 1.3956 3.6186 4.6287 3.8461 | 2.7729 | 0.9715 | 0.0250
116h-2,3-dinor TXB2 00108 | 00148 | 0.0071 | 0.0200 [ 0.0080 | 03671 | 0.1702 | 0.0382 | 0.0250 | 0.0384 | 1.6924 | 0.1366
116h-TXB2 00015 | 0.0015 | 0.0015 | 0.0015 [ 0.0015 | 00015 | 00015 | 0.0078 | 0.0084 | 0.0015 | 0.6364 | 0.4500
12-HEPE 29162 | 22473 | 2.4298 | 3.0685 | 6.7805 | 16.0197 | 22.4273 | 22.9464 | 25.4610 | 11.0931 | 2.2301 | 0.0000
12-HETE 72.5816 | 78.9431 | 61.3581 | 78.7440 | 122.5452 | 228.1547 | 324.5402 [ 186.9982 [ 211.6215] 95.5733 | 1.2980 | 0.0000
12,13-DIHOME 2.1580 | 17970 | 1.4632 | 1.5488 | 06811 | 1.2079 | 1.4150 | 06761 | 0.6441 | 0.4181 | -0.8852 | 0.0263
12(13)-EpOME 06150 | 0.4682 | 0.4531 | 04299 | 05792 | 53778 | 7.7017 | 06275 | 0.8881 | 0.5060 | 1.5057 | 0.0000
12(S)-HHTrE 25.4892 | 26.8030 | 23.4114 | 17.5795 | 20.8156 | 17.8385 | 19.0009 | 13.4913 | 10.7791 | 4.9176 | -1.0695 | 0.0000
13-HDoHE 11767 | 1.5264 | 1.2935 | 15491 | 14563 | 2.3465 | 84028 | 59416 | 4.8808 | 2.5390 | 1.5909 | 0.0000
13-HODE 102.5982 | 95.7632 | 76.3926 | 74.8717 | 73.3199 | 197.9743 | 292.1332 | 141.5172 | 1103109 56.7586 | 0.6777 | 0.0006
13-Ox00DE 4.1100 | 3.5354 | 3.4325 | 2.6608 | 4.4553 | 24.4580 | 27.1372 | 4.3849 | 4.1791 | 2.3991 | 1.4481 | 0.0000
13,140h-15k-PGD2 16960 | 1.5422 | 1.2874 11678 | 16514 | 1.2689 | 23567 | 2.0853 | 1.4668 | 0.6172 | 0.1232
13,14dh-15k-PGE1 00182 | 0.0099 | 0.0176 | 0.0015 [ 0.0170 | 00015 | 0.0015 | 0.0168 | 0.0201 | 0.0109 [ -0.9885 | 0.3955
13,14dh-15k-PGE2 0.4777 | 0.5916 | 0.5485 | 0.5033 | 0.4110 1.0631 0.8052 11100 1.0109 | 0.7818 | 0.9214 | 0.0148
13,14dh-15k-PGF2a 00547 | 0.0785 | 0.0912 | 0.0525 | 0.0810 | 00015 | 0.0015 | 0.0223 | 0.0349 | 0.0317 [ -3.5261 | 0.0001
13(14)-EpDPE 00112 | 00098 | 0.0015 | 0.0096 [ 00132 | 01921 | 06005 | 0.0181 | 0.0285 | 0.0104 | 1.8389 | 0.1509
13(S)-HOTrE 18809 | 1.0374 | 12444 | 13337 | 11165 | 5.2469 | 53282 | 2.8776 | 1.4350 | 0.8051 | 0.9322 | 0.0338
14-HDOHE 40850 | 3.8589 | 4.0309 [ 5.0897 | 5.2854 | 11.2845 | 18.3026 | 18.3964 | 15.4581 | 7.5814 | 1.3183 | 0.0000
14,15-DIHETrE 04157 | 05778 | 05527 | 04511 [ 02352 | 04876 | 06636 | 04098 | 0.7071 | 03929 | 0.3192 | 0.4500
14(15)-EpETE 00015 | 9.0856 | 3.6965 | 0.2020 | 0.2734 | 0.1252 | 8.8263 | 0.0000
15-epi LXA4 0.0025 0.0015 0.0015 0.0026 | 0.0015 | 0.0015 | -0.1754 | 0.7716
15-HETE 214737 | 23.2851 | 30.5492 | 26.6282 | 20.2262 | 11.8165 | -0.0311 | 0.9397
15-keto PGE1 00015 | 00015 | 00015 | 00015 | 0.0015 | 0.0015 | 0.2433 | 0.8619
15-keto PGE2 0.3602 0.5806 0.4222 0.4235 | 04352 0.9771
15-keto PGF2a 0.5871 04648 | 13174 | 09377 | 1.3197 | 11315 0.0004
15-OxoETE 0.0015 04084 | 34.8442 | 00015 | 00015 | 0.0015 0.5401
15(R)-PGE1 0.0959 00015 | 00015 | 00015 | 01624 | 0.1510 0.8678
15(S)-HEDE 0.1069 01254 | 00015 | 00015 | 03384 | 0.2900 0.3667
15(5)-HEPE 0.4564 02317 | 00015 | 00015 | 1.0893 | 0.5652 0.9771
15d-D12,14-PGJ2 0.0519 00691 | 00015 | 00559 | 0.0724 | 0.0754 0.0000
16-HDoHE 0.4735 0.5883 2.2619 8.5047 13574 1.3014 0.0000
16(17)-EpDPE 0.0097 00183 | 00015 | 02300 | 00134 | 0.0213 0.9827
17-HDoHE 0.3356 02906 | 12449 | 17813 | 1.7938 | 1.1023 0.0199
17(18)-EpETE 0.0015 0.0015 0.0015 0.0015 0.0015 | 0.0015 0.9320
18-carboxy dinor LTB4 0.0015 00015 | 1.5605 | 1.2422 | 0.0070 | 0.0015 0.0028
18-HEPE 0.0015 00444 | 00015 | 00015 | 0.0950 | 0.1067 0.4500
19,20-DiHDoPE 0.1499 00830 | 00015 | 02099 | 01977 | 0.2314 0.1457
19(20)-EpDPE 0.0298 00378 | 00015 | 06529 | 0.0556 | 0.0745 0.9320
19(R)-OH PGF2a & 20-OH PGF2a 0.0015 00015 | 00015 | 00015 | 00015 | 0.0015 0.8189
20-HDoHE 0.4596 05025 | 00015 | 67935 | 1.2099 | 1.1683 0.9827
20-HETE 0.0015 1.0269 0.0015 | 14.2400 | 0.0015 | 0.0015 0.1848
20-hydroxy LTB4 0.0015 00015 | 00015 | 00015 | 0.0015 | 0.0045 0.3934
4-HDoHE 0.1009 02012 | 00015 | 47001 | 03990 | 0.4508 0.3955
5-HEPE 0.0015 0.0854 0.0015 0.0015 03224 | 0.4866 0.0740
5-HETE 11215 16977 | 5.4351 | 17.8135 | 63763 | 7.0810 0.0000
5-0x0ETE 0.0881 02091 | 00015 | 00015 | 01364 | 0.1956 0.0058
5,6-DIHETE(EPA) 0.0015 00015 | 00015 | 00015 | 00015 | 0.0015 0.4561
5,6-DIHETTE 00116 00052 | 00015 | 00015 | 0.0036 | 0.0116 0.5556
5(6)-EpETrE 01433 01562 | 01901 | 04521 | 00331 | 0.0256 0.0000
5(S)-HETE 0.0015 00178 | 00015 | 00015 | 00507 | 0.0346 0.4500
5(5),12(S)-DiHETE 0.1200 0.1033 0.4280 0.8904 0.0843 | 0.1166 0.5676
5(5),15(5)-DiHEPE 0.0015 00350 | 116452 | 2.6190 | 0.1678 | 0.1194 0.0000
5(S),15(S)-DIHETE 0.0015 00015 | 00015 | 00597 | 0.0015 | 0.0015 0.0644
6-keto PGE1 0.0015 0.0136 0.0015 0.0015 0.0092 | 0.0015 0.2004
6kPGF1a 3.6156 64715 | 6.8445 | 3.0809 | 0.0015 | 0.0015 0.0274
7-HDoHE 0.0884 01118 | 06605 | 3.6455 | 03446 | 0.4728 0.0000
7(8)-EpDPE 0.0033 00108 | 00015 | 03253 | 00015 | 0.0122 0.9771
8-HDOHE 0.0938 01676 | 0.7868 | 4.9039 | 0.2620 | 0.2968 0.0056
8-HEPE 0.0015 00498 | 00015 | 00015 | 0.0830 | 0.1302 0.1219
8-HETE 1.0683 09928 | 3.4333 | 12.6075 | 1.4048 | 1.5584 0.0000
8-isoPGF2a & 11bPGF2a 0.0015 0.0970 0.0015 0.0015 0.0015 | 0.0015 0.3955
8,9-DIHETTE 0.0321 00253 | 00015 | 01078 | 0.0246 | 0.0359 0.0003
8(9)-EpETrE 0.0015 00015 | 00015 | 00015 | 00015 | 0.0015 0.7046
8(S)-HETrE 0.1078 0.1888 0.0015 2.0481 03936 | 04372 0.6828
9-HEPE 0.1265 02553 | 00015 | 00015 | 0.8685 | 1.0544 0.5159
9-HETE 0.0015 00015 | 00015 | 58028 | 0.0015 | 0.0015 0.0336
9-HODE 13.1826 | 17. 00015 | 00015 | 22.9802 | 0.0015 | 0.0015
9-Ox00DE 41273 | 3.4742 | 32389 | 2.9265 | 3.3894 | 18.3710 | 22.7061 | 3.3894 | 3.0926
9-Ox00TrE 00664 | 0.0015 | 0.0438 0.6946 | 00015 | 0.0854 | 0.0783
9,10-DIHOME 23010 | 11255 | 1.1798 10611 | 1.2534 | 05860 | 07122
9(10)-EpOME 12526 | 0.9361 | 1.0894 8.6811 | 16.4249 | 1.7242 1.8294
9(S)-HOTrE 03026 | 0.1751 | 0.2697 14363 | 2.0747 | 05217 | 0.3651
Bicyclo PGE1 3.2853 | 5.6863 | 4.1312 3.8898 | 9.4218 | 0.4020 | 3.8820
Bicyclo PGE2 0.0401 0.0262 0.0015 0.0015 0.1148 | 0.1336
LTB4. 0.0283 00015 | 00015 | 01212 | 0.2428
LXAS 0.0015 01295 | 00015 [ 0.0015 | 0.0015
PD1(n-3, DPA) 3.8907 75.6719 | 1405792 | 0.4055 | 0.7046
PGA2 0.3540 07950 | 07331 | 1.2517 | 1.1268
PGD2 0.0015 0.7727 | 00015 | 1.0803 | 1.1180
PGD3 0.0258 00015 | 05087 | 0.0015 | 0.0015
PGE1 0.1287 0.6357 0.8712 11004 | 0.8020 b
PGE2 10.9409 100851 | 26.1303 | 19.6568 | 27.2916 | 24.0679 | 19.3973 | 1.1293 | 0.0004
PGE3 00314 02521 | 00015 | 0.2282 | 0.2264 | 0.1730 | 1.9004 | 0.0336
PGFla 0.0360 0.0015 0.0015 0.0848 | 0.0748 | 0.0490 | -1.4297 | 0.1048
PGF2a 13802 09931 | 08823 | 1.3823 | 1.2271 | 0.8801 | 0.0280 | 0.9827
PGJ2 0.1498 04517 | 03046 | 0.6195 | 0.5601 | 0.3520 | 1.3191 [ 0.0083
RVD1 & AT-RvD1 0.1682 46956 | 6.8695 | 0.0015 | 0.0963
RvDS(n-3DPA) (7,17-DiHDoPE) 0.0356 11148 | 14635 | 0.0272 | 0.0221
RVDS (4, 17-DiHDOHE) 0.0015 00015 | 00015 | 0.0056 | 0.0123
RVE3 0.6231 00015 | 00015 | 0.0864 | 0.1485 | 0. .
tetranor 12-HETE 0.0550 0.0015 0.0015 0.1710 | 0.1610 | 0.1136 | 0.0403 | 0.9827
tetranor PGEM 0.0022 00308 | 00397 [ 0.0026 | 0.0034 | 0.0024 | 1.9274 | 0.0336
TXB2 0.0015 3.0566 | 1.9095 | 3.3498 | 3.0330 | 2.0149 | 1.9911 | 0.4500
TXB3 0.0015 0.0015 0.0015 0.0781 | 0.0472 | 0.0302 | 2.2502 | 0.0232
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Y. pestis_infection

Uninfected (U1) 36 hr
Lipid 1 2 3 5 1 2 3 4 s LogFC
10-HDOHE 0.1791 | 0.0015 | 02581 03397 | 05089 | 04986 | 0.3696 | 0.8152 | 0.5768 | 2.4809
10(11)-EpDPE 00326 | 00156 | 0.0317 00443 | 00430 | 00483 | 0. X X
105,175-DiHDOHE 0.0015 | 0.0015 | 0.0015 0.0965
11-HDOHE 0.0015_| 0.0015 | 04672 0.0015
11-HEPE 03896 | 02435 | 03743 0.8029 | 0.
11-HETE 79.7221 | 93.6908 | 663016 54.1486
11,12-DIHET(E 03019 | 03424 | 02642 0.1233
11(12)-EpETrE 0.0782 | 0.0015 | 01706 0.1480
11(R)-HEDE 17474 | 1.6548 | 1.4651 26171
11dh-2,3-dinor TXB2 0.0108 | 0.0148 | 0.0071 0.0569
11dh-TXB2 0.0015_| 0.0015 | 0.0015 0.0015
12-HEPE 29162 | 2.2473 | 2.4298 143977
12-HETE 72.5816 | 78.9431 | 613581 108.9554
12,13-DIHOME 21580 | 1.7970 | 1.4632 05116
12(13)-EpOME 06150 | 0.4682 | 0.4531 0.6881
12(S)-HHTrE 25.4892 | 26.8030 | 23.4114 8.3530
13-HDOHE 11767 | 1.5264 | 1.2935 2.7826
13-HODE 102.5982 | 95.7632 86.4948
13-Ox0ODE 41100 | 35354 32403
13,14dh-15k-PGD2 16960 | 15422 17216
13,140h-15k PGEL 0.0182 0.0164
13,14dh-15k-PGE2 04777 0.8484
13,14dh-15k-PGF2a 0.0547 0.0015
13(14)-EpDPE 0.0112 0.0254
13(5)-HOTrE 1.8809 14079
14-HDoHE 4.0850 8.8225
14,15-DIHET(E 0.4157 03352
14(15)-EpETrE 0.0015 0.0752
15-epi LXA4 0.0015 0.0015
15-HETE 20.1300 16.5269
15-keto PGE1 0.0015 0.0015
15-keto PGE2 0.2065 0.4680
15-keto PGF2a 0.5871 1.0508
15-OxoETE 0.0015 0.6292
15(R)-PGE1 0.0959 0.1206
15(S)-HEDE 0.1069 0.2063
15(S)-HEPE 0.4564 15306
154-D12,14-PGJ2 0.0519 0.0502
16-HDOHE 0.4735 0.7079
16(17)-EpDPE 0.0097 00132
17-HDoHE 03356 0.0015
17(18)-EpETE 0.0015 0.0015
18-carboxy dinor LTB4 0.0015 0.0015
18-HEPE 0.0015 0.0506
19,20-DiHDOPE 0.1499 0.1259
19(20)-EpDPE 0.0298 0.0506
19(R)-OH PGF2a & 20-OH PGF2a 0.0015 0.0015
20-HDoHE 0.459 0.7012
20-HETE 0.0015 0.0015
20-hydroxy LTB4 0.0015 0.0018
4-HDoHE 0.1009 0.2707
5-HEPE 0.0015 0.2547
5-HETE 1.1215 3.9356
5-0x0ETE 0.0881 0.1029
5,6-DIHETE(EPA) 0.0015 0.0015
5,6-DIHETrE 0.0116 0.0052
5(6)-EpETE 0.1433 0.0187
5(S)-HETE 0.0015 0.0323
5(5),12(S)-DIHETE 0.1200 0.0015
5(5),15(S)-DIHEPE 0.0015 0.0015
5(5),15(S)-DIHETE 0.0015
6-keto PGE1 0.0015
6kPGF1a 36156
7-HDOHE 0.0884
7(8)-EpDPE 0.0033
8-HDoHE 0.0938
8-HEPE 0.0015
8-HETE 1.0683
8-1s0PGF2a & 11bPGF2a 0.0015
8,9-DIHETIE 0.0321
8(9)-EpETrE 0.0015
8(S)-HETrE 0.1078
9-HEPE 0.1265
9-HETE 0.0015
9-HODE 13.1826
9-0x00DE 4.1273 2.4979
9-Ox00TrE 0.0664 0.0566
9,10-DIHOME 23010 0.4844
9(10)-EpOME 12526 15952
9(S)-HOTrE 0.3026 0.3245
Bicyclo PGE1 3.2853 0.8480
Bicyclo PGE2 0.0401 0.1122
LT84 0.0283 0.0785
LXAS 0.0015 0.0015
PD1(n-3, DPA) 3.8907 0.4724
PGA2 0.3540 10729
PGD2 0.0015 0.0015
PGD3 0.0258 0.0015
PGEL 0.1287 0.4959
PGE2 10.9409 20.3837
PGE3 0.0314 01777
PGFla 0.0360 0.0530
PGF2a 13802 0.8342
PGJ2 0.1498 0.4831
RvD1 & AT-RvD1 0.1682 0.0015
RvDS(n-3DPA) (7,17-DiHDOPE) 0.0356 X 0.0227
RVDG (4,17-DiHDOHE) 0.0015_| 00015 | 00015 | 0.0015 | 00015 | 0.0015 | 0.0088
RVE3 0.6231 01330 | 0.0652
tetranor 12-HETE 0.0550 0.1468 | 0.0947
tetranor PGEM 0.0022 0.0024_| 0.0018
TXB2 0.0015 23535 | 2.3611
B3 0.0015 00245 | 0.0553




Y. pestis_infection

Uninfected (U1) 48 hr
Lipid 1 2 4 5 1 2 3 4 s LogfC | p-value
10-HDOHE 0.1791 | 0.0015 02886 | 03397 | 0.8205 | 0.5726 | 0.6726 | 05703 | 0.7443 | 27791 | 0.0013
10(11)-EpDPE 0.0326 | 00156 00196 | 00443 | 0.0437 | 00451 | 0.0600 | 0.0514 | 0.0478 | 08137 | 03125
105,175-DiHDOHE 0.0015 | 0.0015 0.0015 [ 00015 | 0.1292 | 0.0624 | 0.0015 | 0.0798 | 0.0912 | 4.6353 | 0.0227
11-HDOHE 0.0015_| 0.0015 00015 | 0.0015 | 0.0015 | 0.0015 | 0.0015 | 0.0015 | -1.6280 | 0.5419
11-HEPE 03896 | 02435 03701 | 09958 | 05170 | 0.7210 | 03430 | 05873 | 07500 | 0.4702
11-HETE 79.7221 | 93.6908 70.8498 | 81.1881 | 45.0465 | 60.0267 | 42.2744 | 58.0212 | -0.4267 | 0.0168
11,12-DIHET(E 03019 | 03424 0.1507 | 0.2553 | 0.1832 | 0.2634 | 0.1437 | 0.3141 | -0.2416 | 0.5566
11(12)-EpETrE 0.0782 | 0.0015 01970 [ 0.1519 | 0.1614 | 0.2026 | 0.1858 | 0.0779 | 13875 | 04395
11(R)-HEDE 17474 | 1.6548 18574 | 3.5169 | 2.3050 | 27873 | 14814 | 30329 | 05151 | 0.2674
11dh-2,3-dinor TXB2 0.0108 | 0.0148 0.0080 | 0.0204 | 0.0091 | 0.0387 | 0.0154 | 0.0015 | 0.0807 | 0.9579
11dh-TXB2 0.0015_| 0.0015 00015 | 0.0015 | 0.0049 | 0.0015 | 0.0015 | 0.0043 | 03862 | 06286
12-HEPE 29162 | 22473 6.7805 | 23.7026 | 11.0465 | 13.7718 | 8.9812 | 191773 | 2.0633 | 0.0000
12-HETE 72.5816 | 78.9431 122.5452 | 173.8015 | 103.9258 [114.2117] 85.7986 | 140.4699 | 0.5992 | 0.0007
12,13-DIHOME 21580 | 1.7970 06811 | 05544 | 0.6144 | 0.5673 | 03745 | 0.8359 | -1.3820 | 0.0007
12(13)-EpOME 06150 | 0.4682 | 04531 05792 | 07162 | 08324 | 0.7426 | 0.4065 | 0.6453 | 03316 | 03730
12(S)-HHTTE 25.4892 | 26.8030 | 23.4114 20,8156 | 115452 | 8.2990 | 10.5665 | 3.8862 | 7.2841 | -13234 | 0.0000
13-HDOHE 11767 | 1.5264 | 1.2935 14563 | 4.1769 | 2.5265 | 3.1221 | 24738 | 34850 | 1.0697 | 0.0014
13-HODE 102.5982 | 95.7632 | 76.3926 73.3199 | 88.1001 | 57.2060 | 72.2076 | 35.0112 | 64.0209 | -0.5083 | 0.0114
13-Ox0ODE 41100 | 35354 | 34325 44553 | 42187 | 2.7122 | 3.0183 | 17662 | 2.2264 | -03143 | 0.3709
13,14dh-15k-PGD2 16960 | 1.5422 | 1.2874 11678 | 2.2329 | 1.5297 | 1.8663 | 11041 | 15704 | 0.2189 | 0.5916
13,140h-15k-PGEL 00182 | 0.0099 | 00176 00170 | 0.0163 | 0.0085 | 0.0045 | 0.0051 | 00132 | -0.1173 | 09373
13,14dh-15k-PGE2 0.4777 | 05916 | 0.5485 04110 | 1.0172 | 08315 | 0.8628 | 0.7020 | 07732 | 06701 | 0.0751
13,14dh-15k-PGF2a 0.0547 | 0.0785 | 0.0912 00810 | 0.0399 | 0.0274 | 0.0384 | 0.0329 | 0.0486 | -0.9138 | 0.3299
13(14)-EpDPE 00112 | 0.0098 | 0.0015 00132 | 0.0120 | 0.0166 | 0.0146 | 0.0164 | 0.0165 | 1.1852 | 0.3915
13(5)-HOTrE 18809 | 1.0374 | 1.2444 11165 | 1.8774 | 07916 | 1.2963 | 05325 | 10254 | -0.3617 | 0.4566
14-HDOHE 4.0850 | 3.8589 | 4.0309 5.2854 | 13.2882 | 8.1832 | 9.2808 | 9.0608 | 12.5498 | 11475 | 0.0003
14,15-DIHETrE 0.4157_| 05778 | 05527 02352 | 0.7161 | 0.7024 | 0.6800 | 0.4925 | 09173 | 0.7268 | 0.0569
14(15)-EpETrE 00015 | 0.0015 | 0.0015 00015 | 01757 | 0.1851 | 0.2900 | 0.2967 | 0.1574 | 7.2132 | 0.0006
15-epi LXA4 0.0015 00025 | 0.0025 | 0.0016 | 0.0014 | 0.0016 | 0.0020 [ -0.2018 | 0.6521
15-HETE 18.4581 214737 | 213253 | 14.1885 | 16.6926 | 10.1328 | 13.5483 | -0.5424 | 0.0024
15-keto PGE1 0.0015 0.0015 00015 | 0.0015 | 0.0015 | 0.0015 | 0.0015 | 0.0015 | 0.0000 | 1.0000
15-keto PGE2 0.2065 0.4060 03602 | 03792 | 01497 | 0.1910 | 0.1270 | 0.1388 | -1.0358 | 0.0428
15-keto PGF2a 0.5871 0.5364 04648 | 11756 | 0.9245 | 0.9055 | 0.6960 | 0.8797 | 0.7261 | 0.0406
15-Ox0ETE 0.0015 05018 04084 | 1.0508 | 0.0015 | 0.0015 | 0.0015 | 0.7181 | -13552 | 0.6702
15(R)-PGE1 0.0959 0.0778 00015 | 0.1613 | 0.1550 01301 | 16864 | 03975
15(5)-HEDE 0.1069 0.1130 01254 | 0.2637 | 0.1681 02383 | 08407 | 04566
15()-HEPE 0.4564 0.2618 02317 0.4595 05041 | 24807 | 0.0859
154-D12,14-PG)2 0.0519 0757 0.0691 0.0365 Y -0.4185 | 03548
16-HDOHE 0.4735 0.5883 0.8216 0.8657 | 0.7657 | 0.0032
16(17)-EpDPE 0.0097 0.0183 0.0168 00111 | 00931 | 09567
17-HDoHE 03356 0.2906 0.8540 10134 | 2.0075 | 0.0569
17(18)-EpETE 0.0015 0.0015 0.0015 00015 | 08047 | 03915
18-carboxy dinor LTB4 0.0015 0.0015 0.0015 0.0015 | 0.4784 | 07164
18-HEPE 0.0015 0.0444 0.0630 37831 | 0.0227
19,20-DiHDoPE 0.1499 0.0830 0.2833 08160 | 03247
19(20)-EpDPE 0.0298 0.0378 0.0572 13371 | 0.03a4
19(R)-OH PGF2a & 20-OH PGF2a 0.0015 0.0015 0.0015 00042 | 01471 | 08619
20-HDoHE 0.4596 0.5025 06613 07666 | 05077 | 0.6206
20-HETE 0.0015 1.0269 0.5612 06713 | -2.0767 | 05743
20-hydroxy LTB4 0.0015 0.0015 0.0045 0.0052 | 1.8871 | 0.0000
4-HDoHE 0.1009 0.2012 0.2442 03069 | 11445 | 02127
5-HEPE 0.0015 0.0854 0.2281 03687 | 55169 | 0.0012
5-HETE 1.1215 16977 4.6261 4.1028 | 1.8673 | 0.0000
5-0xoETE 0.0881 0.2091 0.1589 0.1089 | 0.139% | 09276
5,6-DIHETE(EPA) 0.0015 0.0015 0.0064 00039 | 03693 | 0.5566
5,6-DIHETTE 0.0116 0.0052 0.0155 00146 | 15328 | 0.0635
5(6)-EpETrE 0.1433 0.1562 0.0206 00153 | -3.0064 | 0.0000
5(5)-HETrE 0.0015 00178 0.0261 00159 | 26788 | 0.0001
5(5),12(S)-DIHETE 0.1200 0.1033 0.0849 0.0868 | -1.0264 | 0.2599
5(5),15(S)-DIHEPE 0.0015 0.0350 0.0300 0.1302 | 3.5506 | 0.0169
5(5),15(S)-DIHETE 0.0015 0.0015 0.0015 00015 | 0.4188 | 05775
6-keto PGE1 0.0015 0.0136 0.0015 00045 | -1.9056 | 0.1313
6kPGF1a 3.6156 6.4715 17440 0.0015 | -5.0720 | 0.1529
7-HDOHE 0.0884 0.1118 0.4118 05177 | 24276 | 0.0000
7(8)-EpDPE 0.0033 0.0108 0.0108 00061 | 05877 | 0.5061
8-HDOHE 0.0938 0.1676 0.2376 02397 | 11040 | 02127
8-HEPE 0.0015 0.0498 00731 0.1266 | 46703 | 0.0007
8-HETE 1.0683 0.9928 13922 12788 | 0.6531 | 0.0107
8-1s0PGF2a & 11bPGF2a 0.0015 0.0970 0.0604 00015 | -1.2963 | 0.5674
8,9-DIHETrE 0.0321 0.0253 0.0365 0.0404 | 0.1888 | 0.6889
8(9)-EpETrE 0.0015 0.0015 0.0015 00015 | -07912 | 0.5305
8(S)-HETrE 0.1078 0.1888 0.3899 03071 | 12792 | 01313
9-HEPE 0.1265 0.2553 0.4311 07963 | 1.5886 | 0.4008
9-HETE 0.0015 0.0015 0.0015 00015 | 00000 | 1.0000
9-HODE 13.1826 0.0015 0.0015 | 00015 00015 | -10.5488 | 0.0038
9-Ox00DE 4.1273 33894 2.6401 | 2.9667 21740 | -04944 | 0.0751
9-Ox00TrE 0.0664 0.0824 0.0609 | 0.0389 0345 | 0559 | 0.7164
9,10-DIHOME 2.3010 0.5984 06703 | 06431 10578 | -0.7819 | 0.0453
9(10)-EpOME 12526 12517 16015 | 1.6141 16270 | 0.5808 | 0.6056
9(S)-HOTrE 0.3026 0.4403 0.2916 | 03535 02291 | -13280 | 03125
Bicyclo PGE1 32853 4.1412 12590 | 2.1531 15707 | -1.1935 | 0.0406
Bicyclo PGE2 0.0401 0.0386 0.1103 | 01019 00849 | 15213 | 00737
LT84 0.0283 0.0388 0.1991 | 0.2066 0.1602 | 3.5575 | 0.0036
LXAS 0.0015 0.0013 0.0005_| 00015 00015 | -0.5892 | 0.5061
PD1(n-3, DPA) 3.8907 16294 02012 | 07238 01925 | -3.5184 | 0.0005
PGA2 0.3540 0.3636 0.8958 | 0.9887 07750 | 13229 | o.0012
PGD2 0.0015 0.0015 03530 | 0.0015 00015 | 31370 | 0.2876
PGD3 0.0258 0.0820 0.0015 | 0.0015 00015 | -4.2958 | 0.0168
PGEL 0.1287 0.1673 | 0. 03495 | 04746 04364 | 1.4395 | 0.0003
PGE2 10.9409 10,0851 | 22.4021 | 16,6709 | 19.4951 | 13.3961 | 16,0917 | 0.6724 | 0.03a4
PGE3 0.0314 00373 | 0.2317 | 01030 | 0.1534 | 0.0840 | 0.1314 | 22651 | 0.0117
PGFla 0.0360 00389 | 00558 | 0.0380 | 0.0292 | 0.0198 | 0.0284 | -0.0311 | 09840
PGF2a 13802 12415 | 1.2546 | 0.8359 | 0.6983 | 0.6011 | 0.7527 | -0.5633 | 0.2366
PGJ2 0.1498 01644 | 05114 | 04423 | 0.4823 | 0.2810 | 03819 | 15096 | 0.0030
RvD1 & AT-RvD1 0.1682 01145 | 0.0015 | 00252 | 0.0947 | 0.0820 | 0.0491 | 15014 | 0.5775
RVDS(n-3DPA) (7,17-DiHDOPE) 0.0356 00284 | 0.0015 | 0.0101 | 0.0199 | 0.0159 | 00136 | -23913 | 0.0390
RVDG (4,17-DiHDOHE) 0.0015 00015 | 0.0155 | 0.0015 | 0.0063 | 0.0050 | 0.0074 | 18876 | 0.0080
RVE3 06231 03361 | 00717 | 00423 | 0.1121 | 0.0559 | 0.0661 | -3.8630 | 0.0000
tetranor 12-HETE 0.0550 00015 | 0.2502 | 0.2437 | 0.3082 | 0.2500 | 0.7878 | 33405 | 0.0114
tetranor PGEM 0.0022 00011 | 0.0018 | 0.0010 | 0.0015 | 0.0021 | 0.0021 | -0.1183 | 09276
B2 0.0015 2.9566 | 3.2470 | 2.0547 | 3.2387 | 1.9785 | 2.6320 | 1.9204 | 0.4680
TXB3 0.0015 00015 | 00469 | 00216 | 0.0363 | 0.0015 [ 0.0367 | 34134 | 0.0007




Table 2-1. Changes in inflammatory lipids during first 48h of pneumonic plague

C57BL/6J mice were infected with 10x the LDso of Y. pestis KIM5+ and lungs were harvested at
6,12, 24, 36, and 48 h post-infection (n=5). Total lipids were isolated from homogenized lungs and
lipids were quantified by LC-MS. Significant changes in lipid concentrations were observed in at
least one time point for 63 lipids. Lipids that were below the limit of detection for all time points

were excluded from statistical analysis.
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2-2b. BLT1” mice are not more susceptible to pneumonic plague than C57BL/6J mice

LTB, is recognized by the high-affinity G-protein coupled receptor BLT1, which is expressed
primarily by innate and adaptive immune cells.!8 2% |TB,-BLT1 engagement leads to host
inflammatory immune responses such as chemotaxis, cytokine release, phagocytosis, and ROS
production that contribute to the clearance of pathogens.?>® 2*° Mice deficient in the expression
of BLT1 cannot effectively respond to LTB, signaling and are generally more susceptible to
infection.!8> 209 250 Because | did not observe LTB,4 synthesis during the early stages of pneumonic
plague, | hypothesized that BLT17" mice would not be more susceptible to Y. pestis infection. To
test this hypothesis, | intranasally infected C57BL/6J and BLT17 mice with Y. pestis KIM5+ and
measured bacterial numbers in the lungs at 12 and 24 h post-infection. Bacterial numbers were
not significantly higher in BLT17 mice than C57BL/6J mice (Fig 2-2A). Furthermore, independent
experiments with a Y. pestis strain with a luciferase bioreporter (Y. pestis CO92 LuXycyszk), Which
allows for monitoring bacterial proliferation via optical imaging and host survival in the same

21 showed no significant differences between the two mouse lines in bacterial proliferation

group,
at later time points or in the mean-time to death (Fig 2-2B and C). These data indicate that the
loss of LTB4-BLT1 signaling in BLT17" mice does not impact the infectivity of Y. pestis, further

supporting that LTB, synthesis and signaling is disrupted during pneumonic plague.
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Figure 2-2. BLT1”" mice are not more susceptible to pneumonic plague than C57BL/6J mice

(A) C57BL/6J (green circles) or BLT17 (purple squares) mice were infected intranasally with 10x
the LDsp of Y. pestis KIM5+ and lungs were harvested at 12 and 24 h post-infection. Bacterial
proliferation within the lungs was determined by CFU. Each symbol represents an indivdual mouse
and the box plot represents the median of the group + the range. Combined data from two
independent experiments. (B-C) C57BL/6J (green circles) or BLT17 (purple squares) mice were
infected intranasally with 10x the LDso of Y. pestis CO92 LUXsz. (B) Bacterial proliferation in the
lungs as a function of bioluminescence. Each symbol represents an indivdual mouse and the box
plot represents the median of the group * the range. Combined data from two independent
experiments. (C) Survival curves of mice from B (n=15). For A and B, T-test with Mann-Whitney’s
post hoc test indicated no statistically significant (ns) differences between C57BL/6J and BLT1”-
groups. For C, Log-Rank anlysis revealed no statistically signficant (ns) differences in surival

between the two groups.
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2-2c. Exogenous LTB4 treatment limits Y. pestis proliferation in vivo

Because LTB,4 synthesis and signaling appears to be disrupted during infection, | next asked if
exogenous administration of LTB4 could alter infection. To test this hypothesis, a previously
described peritoneal model was used that allows for accurate administration of LTB, and easy
recovery of both elicited leukocytes and bacteria via lavage.”®? As described previously,
intraperitoneal administration of LTB,4 resulted in an increase in the neutrophil population within
the peritoneal cavity in C57BL/6J mice as early as 1 h post-administration (Figs 2-3A and 2-4).2%2
When challenged intraperitoneally with Y. pestis KIM5+ after LTB, administration, a significant
decrease in the number of viable bacteria was recovered from LTB,-treated animals, approaching
the limit of detection, as compared to PBS-treated animals 3 h post-infection (Fig 2-3B; p<0.0001).
Neutrophil numbers also remained significantly elevated in the LTB;-treated animals at 3 h post-
infection compared to PBS-treated animals (Fig 2-3C; p<0.05). Moreover, bacterial clearance was
dependent on LTB, signaling, as LTB4 treatment of BLT17" mice did not alter bacterial or neutrophil
numbers at 3 h post-infection compared to PBS-treated C57BL/6J mice (Fig 2-3B and C). Together,
these data indicate that LTB,-mediated recruitment and activation of leukocytes can improve the

host response to Y. pestis.
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Figure 2-3. LTB4 treatment improves host killing of Y. pestis

(A) C57BL/6J mice were administered 1 x DPBS (PBS) or 10 nmol LTB, intraperitoneally and
changes in neutrophil populations (Ly6G+CD11b+) were measured at 1 or 4 h post-treatment. (B)
C57BL/6J (green circles) or BLT17 (purple squares) mice administered DPBS or 10 nmol LTB4 were
infected 1 h later with 10° CFU of Y. pestis KIM5+ and bacterial numbers in the peritoneal cavities
were enumerated 3 h post-inoculation. LOD = Limit of detection. (C) Neutrophil populations from
a subset of animals from B. Each symbol represents an indivdual mouse and the box plot
represents the median of the group * the range. Combined data from three independent
experiments. One-way ANOVA with Tukey’s post hoc test compared to each condition. *=p<0.05,

**2p<0.01, ***=p<0.001, #=p<0.0001.
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Figure 2-4. Gating strategy for identifying neutrophil populations in the peritoneal cavity

Example gating strategy from the PBS-treated group from Fig 2-3.
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2-2d. Neutrophils do not synthesize LTB4 in response to Y. pestis

150 are the primary cells with which Y. pestis

Because neutrophils are robust sources of LTB,,
interacts during the first 24 h of pneumonic plague,® and Y. pestis inhibits LTB4 synthesis by human
neutrophils,® | next sought to determine if the LTB, response by neutrophils differed between Y.
pestis and other bacteria. When bone marrow-derived neutrophils (BMNs) from C57BL/6J mice
were stimulated with E. coli, S. enterica Typhimurium, or a K. pneumoniae manC mutant (unable
to synthesize a capsule), LTB4 synthesis was significantly induced within 1 h of infection (Fig 2-5A;
p<0.0001). However, infection with Y. pestis did not elicit LTB4 synthesis, even when the MOI was
increased to 100 bacteria per neutrophil (Fig 2-5B). Similar phenotypes were observed during
infection of human peripheral blood neutrophils (hPMNs), recapitulating my lab’s previously
published data for Y. pestis (Fig 2-5C and D).%® Importantly, the absence of LTB, synthesis did not
appear to be due to Y. pestis induced cell death, as no significant changes in cell permeability or
cytotoxicity were observed during Y. pestis infections at an MOI of 20 when compared to
uninfected neutrophils (Fig 2-6A and B). Even at an MOI of 100, while cell permeability appeared
slightly elevated in Y. pestis-infected murine neutrophils compared to uninfected cells (Fig 2-6C;
9% vs. 28%), overall cytotoxicity was lower in Y. pestis-infected cells (Fig 2-6D; 12% vs. 4%).
Similarly, Y. pestis did not induce elevated permeability or cytotoxicity in human neutrophils (Fig
2-6E and F). These data demonstrate that while neutrophils can rapidly synthesize LTB, in response

to other bacterial pathogens, neither murine nor human neutrophils appear to synthesize LTB, in

response to Y. pestis.
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Figure 2-5. Neutrophils do not synthesize LTB4 in response to Y. pestis

(A-B) Murine (BMNs) or (C-D) human (hPMNSs) neutrophils were infected with E. coli DH5a (Ec),
S. enterica Typhimurium LT2 (ST), or K. pneumoniae manC (AKp) at an MOI of 20, or with Y. pestis
(Yp) at increasing MOls. LTB; was measured from supernatants 1h post infection by ELISA. Each
symbol represents an independent biological infection and the box plot represents the median of
the group + the range. Ul or 0 = uninfected. One-way ANOVA with Dunnett’s post hoc test

compared to uninfected. *=p<0.05, **=p<0.01, #=p<0.0001.
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Figure 2-6. Absence of LTB4 response to Y. pestis is not due to cell death

(A-D) Murine (BMNs) or (E-F) human (hPMNSs) neutrophils were infected with Y. pestis (Yp) or
mutants that either lacked the Yop effectors (T3E) or lacked the Yop effectors and the T3SS [T3(-)]
at the indicated MOls and cell permeability as a function of trypan exclusion or cytotoxicity as a
function of LDH release was measured at 1 h post-infection. Each symbol represents an
independent biological infection and the box plot represents the median of the group * the range.
Ul = uninfected. One-way ANOVA with Dunnett’s post hoc test compared to uninfected. *=p<0.05,

**2p<0.01, ***=p<0.001, #=p<0.0001.
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2-2e. Y. pestis actively inhibits LTB4 synthesis

S 103, 109, 136, 137 | 93
, .

Seven Yop effectors are secreted via the T3S and Pulsifer et al.” previously showed
Yop effector-mediated inhibition of LTB, synthesis in human neutrophils by YpkA, YopE, YoplJ, YopH,
and YopT at an MOI of 100. However, Yop inhibition of LTB4 synthesis by murine neutrophils has
not been previously investigated, nor whether the same Yop effectors are sufficient to inhibit LTB,
synthesis at a lower MOI. Therefore, murine and human neutrophils were infected at an MOI of
20 with a Y. pestis mutant strain that expresses the T3SS but lacks all seven Yop effectors (Y. pestis
T3E).1! In contrast to Y. pestis infected cells, | observed a significant increase in LTB4 synthesis in
response to the Y. pestis T3E strain, indicating that the Yop effectors inhibit synthesis (Fig 2-7A and
B; p <0.0001). Moreover, when neutrophils were simultaneously infected with Y. pestis and the Y.
pestis T3E mutant or Y. pestis and the K. pneumoniae manC mutant, LTB, levels were significantly
lower than Y. pestis T3E or K. pneumoniae only infections (Fig 2-7C-F; p < 0.0001). To determine if
individual Yop effectors were sufficient to inhibit synthesis, murine neutrophils were infected with
Y. pestis strains that expressed only one Yop effector.?!! LTB, synthesis was significantly decreased
if Y. pestis expressed YpkA, YopE, YopH, or YopJ, and an intermediate phenotype was observed
during infection with a strain expressing YopT (Fig 2-7G). These phenotypes recapitulated those
previously reported for human neutrophils.® Together these data confirm that Y. pestis is not

simply evading immune recognition but is actively inhibiting LTB, synthesis via the activity of

multiple Yop effectors.
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0.0

u-{§

»
T
o
s

T3E

130) §-¢

(A) Murine (BMNSs) or (B) human (hPMNs) neutrophils were infected with Y. pestis (Yp) or
mutants that either lacked the Yop effectors (T3E) or the Yop effectors and the T3SS [T3(-)] at an
MOI of 20 and LTB, was measured at 30, 60, or 120 min. (C and D) Murine (BMNs) or (E and F)
human (hPMNs) neutrophils were co-infected with the indicated bacteria at a combined MOI of
20 and LTB4 was measured at 60 min post-infection. (G) Murine neutrophils (BMNs) were infected
with Yp, T3E, T3(-),or Y. pestis strains expressing only one Yop effector (+A = YpkA; +E = YopE; +H
= YopH; +J = YopJ; +K = YopK; +M = YopM; or +T = YopT) at an MOI of 20 and LTB, was measured
at 60 min post-infection. Each symbol represents an independent biological infection and the box
plot represents the median of the group + the range. Ul = uninfected. One-way ANOVA with
Dunnett’s post hoc test compared to uninfected for A, B, and G, or Tukey’s post hoc test compared

to each condition for C, D, E, and F. *=p<0.05, **=p<0.01, ***=p<0.001, #=p<0.0001.
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2-2f. Neutrophils synthesize LTB,4 in response to the Y. pestis T3SS in the absence of the Yop

effectors
Components of the T3SS are pathogen-associated molecular patterns (PAMPs) that are

recognhized by innate immune cells,?3% 253 254

suggesting that T3SS interactions with neutrophils
may be responsible for the synthesis of LTB, during infections with the Y. pestis T3E strain. To test
this hypothesis, | infected murine and human neutrophils with a Y. pestis strain lacking the pCD1
plasmid encoding the entire Ysc T3SS [Y. pestis T3V)]. Unlike infections with Y. pestis T3E, | did not
observe an increase in LTB4 synthesis by neutrophils during interactions with Y. pestis T3"
compared to uninfected or Y. pestis infected cells, even after 2 h of infection (Fig 2-7A and B).
Importantly, Y. pestis T3! infection did not appear to result in increased neutrophil cell
permeability or cytotoxicity (Fig 2-6). To independently test that the T3SS is required to induce
LTB4 synthesis, Y. pestis T3E was cultured under conditions that alter the expression of the T3SS
prior to infection of neutrophils.* 26 5 Measuring expression of the LcrV protein as a proxy for
overall T3SS expression confirmed decreased T3SS expression in cultures grown at 26°C compared
to 37°C (Figs 2-8A and 2-9A). As predicted by the Y. pestis T3 data, LTBs synthesis was not
observed from neutrophils infected with Y. pestis T3E strains grown at 26°C, while synthesis was
induced from bacteria cultured at 37°C (Fig 2-9B). No difference in bacterial viability between any
of the Y. pestis strains was observed during the time frame of the experiment, diminishing the
possibility that differences in neutrophil killing was responsible for these phenotypes (Fig 2-8B).
Finally, neutrophils were infected with a Y. pestis T3E yopB mutant, which retains the other pCD1
encoded genes, but is defective in expression of the translocase that directly interacts with the
host cell and is required for injection of the effector proteins.>® 768 255256 Simjlar to the Y. pestis

T3 strain, the Y. pestis T3E yopB mutant did not induce LTB,4 synthesis, but synthesis was restored

by yopB complementation (yopB::cyopB) (Fig 2-9C). Together, these data indicate that neutrophils
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recognize components of the Y. pestis T3SS as PAMPs, leading to the induction of LTB, synthesis,

but only in the absence of the Yop effectors.
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Figure 2-8. Neutrophils synthesize LTB4 in response to the Y. pestis T3SS in the absence of the Yop

effectors

(A) Relative expression of LcrV based on western blots normalized to total protein loaded from
bacteria cultured at 37 or 26°C. (B) Murine neutrophils (BMNs) were infected (MOI of 20) with Y.
pestis (Yp) or mutants that either lacked the Yop effectors (T3E) or the Yop effectors and the T3SS
[T3(-)] cultured at 37 or 26°C and LTB, was measured at 60 min post-infection. (C) Murine
neutrophils (BMNs) were infected (MOI of 20) with Yp, T3E, T3(-), a yopB mutant in the T3E
background (AB), or AB complemented with yopB (AB::B) cultured at 37°C and LTB, was measured
at 60 min post-infection. (A) Each symbol represents an independent biological infection and and
the bar graph represents the mean * the standard deviation. (B-C) Each symbol represents an
independent biological infection and the box plot represents the median of the group * the range.
One-way ANOVA with Tukey’s post hoc test compared to each condition for A and B and Dunnett’s

post hoc test compared to uninfected for C. ns = not significant, ***=p<0.001, #=p<0.0001.
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Figure 2-9. Expression of T3SS needle required for LTB4 synthesis in response to Y. pestis

(A) Representative western blot and Coomassie images of Y. pestis lysates (0.1 OD; 1 OD = 3 x
108 CFU) harvested from cultures grown at 37°C or 26°C used for densitometry reported in Fig 6A.
(B) Bacterial viability measured by a function of bioluminescence after 1 h infection of neutrophils.
+or Yp =Y. pestis, - or T3(-) = Y. pestis T3(-); E or T3E =Y. pestis T3E; LcrV = 0.2 ug recombinant
LcrV protein. Each symbol represents an independent biological infection and and the bar graph
represents the mean * the standard deviation. One-way ANOVA with Tukey’s post hoc test

compared to each condition. ns = not significant.
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2-2g. Y. pestis inhibition of LTB4 synthesis is conserved during interactions with other leukocytes

In addition to neutrophils, two other lung resident leukocytes that can produce LTB4 are mast
cells and macrophages.?*? To determine if Y. pestis inhibits LTB, synthesis by these two cell types,
bone marrow-derived mast cells and macrophages were isolated from C57BL/6J mice and infected
with Y. pestis, Y. pestis T3E, or Y. pestis T3"). | observed no synthesis of LTB4 by mast cells, even
after 2 h of interacting with Y. pestis (Fig 2-10A). However, LTB, synthesis was significantly elevated
in the absence of the Yop effectors (Fig 2-10A; p < 0.01), reaching levels similar to that of mast
cells stimulated with crystalline silica, a potent inducer of LTB4 synthesi.?®® 10 |TB, synthesis by
mast cells was also dependent on the presence of the T3SS, as the Y. pestis T3" strain did not
induce LTB,4 synthesis (Fig 2-10A). For macrophages, previous reports indicate that polarization
influences the ability to produce LTB4, with M1-polarized macrophages better able to synthesize
LTB, in response to bacterial ligands than M2-polarized cells.>” Therefore, | measured LTB,4
synthesis of both M1- and M2-polarized macrophages (Fig 2-11). Again, | observed no significant
synthesis of LTB,4 by either macrophage population during interactions with Y. pestis, even after 4
h post-infection (Fig 2-10B and C). However, significant synthesis of LTB, was observed in M1-
polarized macrophages in response to the Y. pestis T3E strain, which was dependent on the
presence of the T3SS (Fig 2-10B; p <0.0001). As suggested by previous reports,?*® | did not observe
significant changes in LTB,4 synthesis by M2-polarized macrophages during interactions with any of
the Y. pestis strains tested (Fig 2-10C). Together, these data indicate that mast cells and M1-
polarized macrophages can synthesize LTB, in response to the Y. pestis T3SS, but the activity of the

Yop effectors inhibits this response.
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Figure 2-10. Lack of LTB4 response to Y. pestis is conserved in other leukocytes

(A) Murine bone-marrow derived mast cells (BMMCs) were infected with Y. pestis (Yp) or with
mutants that either lacked the Yop effectors (T3E) or the Yop effectors and the T3SS [T3(-)] at an
MOI of 20, or treated with 100 mg/cm? crystalline silica (Si) and LTB; was measured at 2 h post-
infection. (B and C) Murine bone-marrow derived macrophages (BMDMs) differentiated towards
(B) M1 or (C) M2 phenotypes were infected with Yp, T3E, or T3(-) at an MOI of 20 and LTB, was
measured at 4 h post-infection. Ul = uninfected. Each symbol represents an independent
biological infection and the box plot represents the median of the group + the range. One-way

ANOVA with Dunnett’s post hoc test compared to uninfected. **=p<0.01, #=p<0.0001.
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Figure 2-11. M1 polarization required for macrophage synthesis towards Y. pestis T3SS

gRT-PCR measurement of TNF-a and IL-10 in murine BMDM s differentiated towards M1 or M2.

Each symbol represents an independent biological sample and the box plot represents the median

of the group * the range. T-test with Mann-Whitney’s post hoc test. *=p<0.05, **=p<0.01.
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2-3. Discussion

A hallmark manifestation of plague is the absence of inflammation during the early stages of
infection, which is critical to Y. pestis virulence.3V 236 238 254 \Whijle Y. pestis has been shown to
actively dampen the host immune response, there is a gap in our understanding of the role of lipid
mediators of inflammation during plague. | sought to better define the host inflammatory lipid
mediator response during pneumonic plague and expands our current understanding of how Y.
pestis manipulates the immune system. During the earliest stages of infection, the host appears
unable to initiate a timely LTB4 response (Fig 2-1). Moreover, | demonstrated that exogenous
treatment with LTB4 can alter the host response to Y. pestis (Fig 2-3), suggesting that LTB,
manipulation by Y. pestis contributes to disease outcome. Because LTB, is a potent

chemoattractant crucial for rapid inflammation,3” 241 29

a delay in LTB4 synthesis during plague
likely has a significant impact on the ability of the host to mount a robust inflammatory response
needed to inhibit Y. pestis colonization. First, in the absence of LTB,4, sentinel leukocytes will not
undergo autocrine signaling via LTB4-BLT1. Because LTBs-BLT1 engagement activates antimicrobial
programs in leukocytes,3”- 195 241,250,260, 261 th o ghsence of autocrine signaling diminishes the ability
of sentinel leukocytes directly interacting with Y. pestis to mount an effective antimicrobial
response to kill the bacteria. LTB4 synthesis is also regulated by BLT1 signaling, and autocrine
signaling is required to amplify the production of LTB, needed to rapidly recruit additional tissue-
resident immune cells to the site of infection.3” 227 241,260,262 Tharefore, the normal feed-forward
amplification of LTB,4 synthesis, which is key for a rapid response to a bacterial infection, will also
be inhibited by Y. pestis. Second, because LTB, is required for neutrophil swarming,??% 227,228 y,
pestis will also inhibit this key inflammatory mechanism.? Neutrophil swarming is required to

contain bacteria at initial sites of infection.??> 22 Thus, while individual neutrophils may migrate

towards sites of Y. pestis infection, effective neutrophil swarming of large populations of
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neutrophils will be diminished. Finally, LTB; is a diffusible molecule that can induce the
inflammatory cascade in bystander cells.?”” 263 Thus, while Y. pestis can inhibit cytokine and
chemokine expression by cells with which it directly interacts,® ® inhibition of LTB, synthesis likely
also delays subsequent release of molecules by cells that do not directly interact with the bacteria.
Together with the bacteria’s other immune evasion mechanisms, inhibition of LTB,; synthesis is
likely another significant contributor to the generation of the non-inflammatory environment
associated with the early stages of pneumonic plague.® ® 3¢ Incorporating these new LTB, data
with published findings from other laboratories,® ® 236 | have updated my lab’s working model of

Y. pestis inhibition of inflammation during pneumonic plague (Fig 2-12).
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Figure 2-12. Working model for inhibition of the inflammatory cascade during plague

(A) Normal response by sentinel leukocytes results in rapid production of LTB,4 that leads to

autocrine signaling, neutrophil swarming, and induction of cytokine and chemokine release. (B) Y.

pestis inhibits the production of LTB, via the action of the Yop effectors, which delays resident

neutrophil recruitment and subsequent production of cytokines and chemokines needed for

inflammation.
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These studies also revealed that components of the T3SS trigger LTB,4 synthesis by leukocytes.
Because my lab’s previous work with human samples indicated that neutrophils synthesize LTB, in
response to Y. pestis in the absence of the T3SS,*? | was initially surprised that | did not observe
LTB,4 synthesis by murine neutrophils to the Y. pestis T3 strain. However, when | infected human
neutrophils with lower MOls, | observed that they also did not synthesize LTB, in the absence of
the T3SS (Fig 2-13). Under these infection conditions, neutrophils from both species only produced
LTB,4 in response to Y. pestis expressing the T3SS but none of the Yop effectors. These data support
that components of the T3SS are PAMPs produced by Y. pestis that are not only recognized by
macrophages®’ but also by neutrophils. While previous studies have indicated that the Yop
effectors are PAMPs in neutrophils,?®* 2% to my knowledge the data presented here represent the
first example that non-effector components of the Y. pestis T3SS can also be recognized as a PAMP
by neutrophils. In macrophages, in the absence of the Yop effectors, interactions with the T3SS,
notably the translocon proteins YopB and YopD, induce NLRP3-dependent activation of the

68, 89 suggesting that inflammasome

caspase-1 inflammasome, IL1-f secretion, and pyroptosis,
activation may contribute to LTB4 synthesis during interactions with Y. pestis T3E. However,
whether inflammasome activation is required for the Y. pestis T3SS-mediated LTB, synthesis
remains unclear, as LTB4 synthesis in response to other stimuli is not dependent on inflammasome
activation.'® 219 220 |nterestingly, infection of neutrophils with a strain of Y. pestis that only
expresses YopK, which has been reported to inhibit NLRP3 inflammasome activation in
macrophages,®” 8 does not inhibit LTB, synthesis (Fig 2-7G),®® supporting the possibility that LTB,4
synthesis may not be dependent on inflammasome activation in neutrophils. Future studies using
neutrophils from mice defective in specific NLRs and caspases will allow us to definitively

determine if inflammasome activation is required for LTB4 synthesis in response to the Y. pestis

T3SS. | have also confirmed that four Yop effectors, YpkA, YopE, YopJ, and YopH are sufficient to
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inhibit LTB4 synthesis by both human and murine neutrophils. Synthesis of LTB, requires MAPK-
and Ca?*-dependent activation of cPLA, and 5-LOX.*>% 2% Previous work, primarily in macrophages,
has shown that both of these signaling pathways are efficiently inhibited by these four Yop
effectors,*? 56: 75 87, 98,100,108 q\;000asting that subversion of MAPK and Ca?* signaling by Y. pestis is
responsible for inhibition of LTBs synthesis. Supporting this hypothesis, Pulsifer et al.®
demonstrated that inhibition of ERK phosphorylation by Yopl is sufficient to inhibit LTB4 synthesis
by human neutrophils. Defining the specific molecular mechanisms employed by YpkA, YopE, and
YopH to inhibit LTB4 synthesis will be important in better understanding the Y. pestis virulence.
One of the key antimicrobial mechanisms inhibited by the Yop effectors is phagocytosis,* 26 41 44
and Hedge et al.»>3 have previously shown that phagocytosis of crystalline silica is required for LTB,4
synthesis in that model of sterile inflammation. These data raise the possibility that inhibition of
phagocytosis by Y. pestis may not only inhibit bacterial killing, but LTBs synthesis and rapid
initiation of inflammatory programing in neutrophils. Studies to delineate the contribution of
phagocytosis to LTB,4 synthesis are ongoing, but the differences in LTB4 synthesis by cells infected
with Y. pestis T3E and Y. pestis T3") suggest that phagocytosis alone is not sufficient to trigger LTB4
synthesis in the absence of proper PAMPs, in this case components of the T3SS. Moreover, the
lack of LTB4 synthesis in response to Y. pestis T3" also differed from what | observed for other
gram-negative bacteria without T3SS (E. coli and K. pneumoniae), indicating that Y. pestis may also
mask other potential gram-negative PAMPS that would typically be recognized by neutrophils.
These data support that Y. pestis has evolved both active (via the Yop effectors) and passive
mechanisms to evade immune recognition and induction of LTB, synthesis. It is worth noting that
unlike human neutrophils, murine neutrophils did not appear to synthesize LTB4 during infections

with the T3 strain at high MOls (Fig 2-13). Differences in neutrophil responses between the two

species have been well documented,?®”2"! but these observations merit further investigation into
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LTB,4 responses by human neutrophils using higher MOls to determine if human neutrophils are

able to recognize other PAMPs during Y. pestis infection.
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Figure 2-13. Differential recognition of T3 Y. pestis between human and mice neutrophils

(A) Murine (BMNs) or (B) human (hPMNs) neutrophils were infected with Y. pestis (Yp) or
mutants that either lacked the Yop effectors (T3E) or lacked the Yop effectors and the T3SS [T3(-)]
at the indicated MOIs and LTB; was measured 1 h post-infection. Each symbol represents an
independent biological infection and the box plot represents the median of the group * the range.
Ul = uninfected. One-way ANOVA with Dunnett’s post hoc test compared to uninfected.

**%=p<0.001, #=p<0.0001.
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Finally, while | focused primarily on LTB, in this chapter, | also observed changes in the synthesis
of other lipids during plague that merit future considerations (Table 2-1). The rapid cyclooxygenase
response raises questions about whether prostaglandins are protective or detrimental during
pneumonic plague. Historically, prostaglandins were thought to promote inflammation, but these
mediators appear more nuanced under closer scrutiny and can just as likely inhibit inflammation
as well as participate in normal development physiology without eliciting inflammation. 246 247. 272
The prostaglandins | observed as being significantly elevated during the non-inflammatory stage
of pneumonic plague - PGA,, PGD,, PGE,, and PGJ; - have been shown to inhibit inflammation in
various models, especially as concentrations increase.?*® 247- 273275 pGE, can inhibit NADPH oxidase
activity during infection with K. pneumoniae, which suppressed bacterial killing,?’® and directly
counteracts the proinflammatory activities of LTB4.2’”- 2’8 The phagocytic index of LTBs-stimulated
rat alveolar macrophages (AMs) is reduced when co-stimulated with PGE,.?’® Moreover, AMs
treated with PGE, showed a 40% reduction in LTB4 synthesis when stimulated with an ionophore
known to induce a strong LTB4 response.?’” This inhibition of LTB4 by PGE; is suspected to be via
an increase in second messenger cAMP that activates protein kinase A (PKA), which has been
shown to inhibit LTBs synthesis.?’” 27° Together, these data suggest that the elevated levels of
prostaglandin synthesis observed during pneumonic plague may contribute to the blunted LTB,4
response by the host.

In conclusion, | have defined the kinetics of the key inflammatory lipid mediator LTB4 during
pneumonic plague, which revealed a blunted response during the early stages of infection.
Furthermore, | have shown that Y. pestis actively manipulates LTB4 synthesis by leukocytes via the
activity of Yop effectors to generate a beneficial inflammatory outcome to the pathogen. These

discoveries warrant further research into the role of lipids, and subsequent manipulation of their
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synthesis by Y. pestis, to fully understand the molecular mechanisms Y. pestis has evolved to
manipulate the mammalian immune response.

2-4. Material and Methods

2-4a. Ethics statement

All animal work was approved by the University of Louisville Institutional Animal Care and Use
Committee (IACUC Protocol #22157). Use of human neutrophils was approved by the University
of Louisville Institutional Review Board guidelines (IRB #96.0191) and written consents for use
were obtained.

2-4b. Bacterial strains

Bacterial strains used in this chapter are listed in Table 2-2. For mouse infections, Y. pestis was
grown at 26°C for 6-8 h, diluted to an optical density (OD) (600 nm) of 0.05 in Bacto brain heart
infusion (BHI) broth (BD Biosciences Cat. No. 237500) with 2.5 mM CaCl; and then grown at 37°C
with aeration for 15-18 h.%° For cell culture infections, Y. pestis was cultured with BHI broth for
15-18 h at 26°C in aeration. Cultures were then diluted 1:10 in fresh, warmed BHI broth containing
20 mM MgCl, and 20 mM Na-oxalate and cultured at 37°C for 3 h with aeration to induce
expression of the T3SS. Bacterial concentrations were determined using a spectrophotometer and
diluted to desired concentrations in 1 x Dulbecco’s phosphate-buffered saline (DPBS) for mouse
infections or fresh medium for in vitro studies. Concentrations of bacterial inoculums for mouse

studies were confirmed by serial dilution and enumeration on BHI agar plates.
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Name in Genotvbe Strain Source

manuscript P ref. #

Bacterial

Strains

Y. pestis 281

CIMS pgm+, pMT1+, pPCP1+, pCD1Ap X17

Y. tis CO92 %3

pestis pgm+, pMT1+, pPCP1+, pCD1+, LuXpeyszk MBLYP043

LUchysZK

Y. pestis KIM1001 pgm-, pMT1+, pPCP1+, pCD1+, pMLOO1+ JG598 mu

Y. pestis T3 | KIM1001 pgm-, pMT1+, pPCP1+, pCD1-, pMLOO1+ JGs97 | ™
111

) KIM1001 pgm-, pMT1+, pPCP1+, pCD1+ (yopH23-%67 yopEA40-197

Y‘ pest‘ls T3E yOpKA4-181 yopMA3-408 ypkAA3-731 yopJA4-288 yopTA3-320)’ pM L001+ JG715

¥ pestisT3E | KIML001 pgm-, pMT1+, pPCP1+, pCDL+ (yopH'*’ yopes®is” | ”1

+ypkA yOpKA4-181 yopMA3-408 yOpJA4-288 yOpTAS-SZO)I pM L001+

¥ pestisT3E | KIML001 pgm-, pMT1+, pPCP1+, pCD1+ (yopH'*** yopkdist | ”1

+yOpE yOpMA3-408 ypkAA3-731 yOpJA4-288 yOpTAS-SZO)’ pML001+

¥ pestisT3E | KIM1001 pgm-, pMTL+, pPCPL+, pCDL+ (yopE®* yopkstist | ”1

+yOpH yOpMA3-408 ypkAA3-731 yOpJA4-288 yOpTAS-SZO)’ pML001+

Y. pestis T3E | KIM1001 pgm-, pMT1+, pPCP1+, pCD1+ (yopHY*e7 yopE2e7 | This

+yOpJ yOpKA4-181 yopMA3-408 ypkAA3-731 yopTA3-320), pM LOO1+ work

¥ pestisT3E | KIML001 pgm-, pMT1+, pPCPL+, pCDIL+ (yopH™™* yopE®®ss” | ”1

+yOpK yOpMA3-408 ypkAA3-731 yOpJA4-288 yOpTAS-SZO)’ pML001+

¥.pestisT3E | KIML001 pgm-, pMT1+, pPCP1+, pCDL+ (yopH** yopes®is” | ”1

+yOpM yOpKA4-181 ypkAA3-731 yOpJA4-288 yOpTAS-SZO)’ pML001+

¥ pestisT3E | KIML001 pgm-, pMT1+, pPCP1+, pCDIL+ (yopH™* yope®®ss” | ”1

+yOpT yOpKA4-181 yopMA3-408 ypkAA3-731 yopJA4-288)’ pM L001+

V. pestis T3E KIM1001 pgm-, pMT1+, pPCP1+, pCD1+ (yopH23-%67 yopEA40-197 This

yof?B yOpKA4-181 yopMA3-408 ypkAA3-731 yopJA4-288 yOpTAS-SZOyOpB A7-396)I YPA322 WOI"k

pMLOO1+

Y. pestis KIM1001 pgm-, pMT1+, pPCPL+, pCD1+ (yopH ™7 yopEos | This

yOpBiicyOpB yOpKA4-181 yopMA3-408 ypkAA3-731 yopJA4-288 yopTA3-320)’ pM LOO1+ work

E. coli E. coli DH5a pGEN222::mCherry LOU123 I::)I:k

Salmonella LOU120 | This

enterica S. enterica Typhimurium LT2 pGENLux ATCC work

Typhimurium 14028s

Klebsiella 282

pneumoniae KPPR1S AmanC LOU171

manC

Plasmids

pMLO01 Luciferase bioreporter NA 1

pPGENIux Luciferase bioreporter MBL343 | **

Table 2-2. Bacterial strains and plasmids used in this chapter
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2-4c. Mouse infections

All animal work was performed at least twice to ensure reproducibility. 6-8 week-old C57BL/6)
or BLT17" 2°2 male and female mice were infected with Y. pestis KIM5+ or Y. pestis CO92 LUXpcysz«.
For lipid measurements, mice were anesthetized with ketamine/xylazine and administered 20 pL
of Y. pestis KIM5+ suspended in 1x DPBS to the left nare as previously described.?% 2% Mice were
monitored for the development of moribund disease symptoms twice daily and humanely
euthanized when they met previously approved end point criteria. At 6, 12, 24, 36, or 48 h, mice
were humanely euthanized by CO, asphyxiation and lungs were harvested and lung masses
recorded. Lungs were transferred to a 2 mL tube pre-filled with 2.8 mm ceramic beads (VWR, Cat.
No. 10158-612), flash frozen on dry ice, and stored at -80°C until preparation for lipid analysis. For
CFU studies, mice were humanely euthanized by CO, asphyxiation at 12 or 24 h and lungs were
harvested. Lungs were transferred to Whirl Pak’s containing 1 mL of 1 x DPBS, and gently
homogenized using a serological pipette. Homogenized tissues were serial diluted and plated onto
BHI agar. After 2 days of incubation at 26°C, bacteria were enumerated. For optical imaging and
survival curves, mice were infected with Y. pestis CO92 LUX,qsz« and monitored for bacterial
proliferation as a function of bioluminescence by optical imaging and for the development of
moribund disease. At each time point, mice were anesthetized with isoflurane and imaged using
the IVIS Spectrum imaging system (Caliper Life Sciences, Hopkinton, MA). Average radiance
(photons/s/cm2) was calculated for the lungs as previously described.?! For the exogenous LTB,
treatment, mice were intraperitoneally injected with 1 x DPBS or 10 nmol LTB4 (Cayman Chemical
Cat. No. 20110). At 1 h post-treatment, mice were administered 10° CFU of Y. pestis KIM5+ via
intraperitoneal injection. At 3 h post infection, mice were humanely euthanized, and the
peritoneal cavity was washed and collected using 2 lavages of 1 mL of 1 x DPBS. Lavages were used

for CFU enumeration or neutrophil quantification by flow cytometry.
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2-4d. Lipid extraction and quantification by LC-MS

To quantify LTB, abundance from whole lungs, lungs were thawed with 1.8 mL of ice cold 75%
methanol + 0.1% BHT for 3 minutes. Lungs were then homogenized with a Bead Ruptor 4 (OMNI)
at speed 5 (5 m/s) for 4 cycles of 45 seconds with 1-minute pauses in which the lungs were placed
on ice. Tissue debris was then centrifuged for 10 min at 1,500 x g at 4°C. The supernatant (~1.5
mL) was then transferred to a fresh eppendorf tube, incubated at 4°C for 24 h to inactivate Y. pestis
and extract lipids. After successful inactivation, samples were removed from BSL3 containment
and stored at -80°C. Lipid extraction was then performed as previously described.?®* For the
expanded global lipid analysis, lungs were thawed with 1.5 mL of ice cold 1 x DPBS + HALT protease
and phosphatase inhibitor cocktail for 3 minutes. Lungs were then homogenized with a Bead
Ruptor 4. Tissue debris was then centrifuged for 10 min at 1,500 x g at 4°C. The supernatant (~1.5
mL) was then transferred to a fresh eppendorf tube. From this, 250 uL of supernatant was
combined with 750 uL of 100% methanol + 0.1% BHT (final concentration of 75%) and incubated
at 4°Cfor 24 h to inactivate Y. pestis and extract lipids. After confirmation of successful inactivation
of Y. pestis, lipids were extracted and quantified by the Wayne State University Lipidomics Facility
as previously described.?® The extracted samples were analyzed for the fatty acyl lipidome using
286, 287

standardized methods as described previously.

2-4e. Flow cytometry

To quantify the neutrophil population from peritoneal lavages, cells were labeled with anti-Ly6G
antibody (1:400; BD Pharminogen Cat. No. 551460) and anti-CD11b antibody (1:600; Biolegend
Cat. No. 101212) for 1 h on ice, in the dark. Cells were pelleted and resuspended in 1% PFA. Single
cell suspensions were generated by straining with 70 uM mesh prior to analysis on the flow

cytometer. Neutrophils were identified as cells with high expression of Ly6G and CD11b and data
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is represented as the percent of the population that were classified as neutrophils. An example of
the gating strategy is shown in Fig 2-4.

2-4f. Cell isolation and cultivation

Human neutrophils were isolated from the peripheral blood of healthy, medication-free donors,
as described previously.?® Briefly, white blood cells were isolated from whole blood using a 6%
dextran solution. Neutrophils were then separated from monocytes using a percoll gradient of
42% and 50.5%. RBCs were then lysed from the neutrophil containing layer using 0.2% NacCl for 30
seconds and followed by a quench with 5 mL 1.6% NaCl. Neutrophil isolations yielded > 95% purity
and were used within 1 h of isolation. Murine neutrophils were isolated from bone marrow of 7-
12-week-old mice using an Anti-Ly-6G Microbeads kit (Miltenyi Biotec Cat. No. 130-120-337) per
the manufacturer’s instructions. Neutrophil isolations yielded > 95% purity and were used within
1 h of isolation. Macrophages were differentiated from murine bone marrow in DMEM
supplemented with 1 mM Na-pyruvate and 10% FBS for 6 days. Macrophages were either
polarized with 10 ng/mL of GM-CSF (M1; Kingfisher Biotech Cat. No. RP0407M) or with 30% L929
conditioned media and 10 ng/mL of M-CSF (M2; Kingfisher Biotech Cat. No. RP0462M) throughout
the differentiation. The medium was replaced on days 1 and 3 (adapted from #°). Polarization was
confirmed by qRT-PCR, as previously described 2°°, using markers for M1 and M2 phenotypes, TNF-
o and II-10, respectively (Fig 2-11). Murine mast cells were isolated and differentiated from bone
marrow as previously described.?®! Briefly, isolated bone marrow cells were resuspended in BMIMC
culture medium [DMEM containing 10% FCS, penicillin (100 units/mL), streptomycin (100 mg/mL),
2 mmol/L L-glutamine, and 50 mmol/L B-mercaptoethanol] supplemented with recombinant
mouse stem cell factor (SCF) (12.5 ng/mL; R&D Systems Cat. No. 455-MC) and recombinant mouse
IL-3 (10 ng/mL; R&D Systems Cat. No. 403-ML). Cells were plated at a density of 1 x 10° cells/mL

in a T-75 cm? flask. Nonadherent cells were transferred after 48 hours into fresh flasks without
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disturbing the adherent (fibroblast) cells. Mast cells were visible after 4 weeks of culture and
propagated further or plated for experiments in DMEM without antibiotics.

2-4g. Leukocyte infections

Human neutrophils were resuspended in Kreb’s buffer (w/ Ca** & Mg?*) then adhered to 24-well
plates for 30 min that were coated with pooled human serum prior to infection (wells were
washed twice with 1 x DPBS prior to plating the cells). Murine bone marrow neutrophils were
resuspended in RPMI + 5% FBS then adhered to 24-well plates for 30 min that were coated with
FBS prior to infection (wells were washed twice with 1 x DPBS prior to plating the cells).
Neutrophils were infected at a multiplicity of infection (MOI) of 20, 50, or 100 and incubated for 1
hin a cell culture incubator at 37°C with a constant rate of 5% CO;. Co-infections were performed
at a final MOI of 20 (MOI of 10 for each strain). 1 h post-infection, supernatants were collected,
centrifuged for 1 min at 6,000 x g, and supernatants devoid of cells were transferred to a fresh
eppendorf tube. Macrophages were adhered to 24-well plates in DMEM + 10% FBS 1 day prior to
infection. Macrophages were infected at an MOI of 20. At 4 h post-infection, supernatants were
collected, centrifuged for 1 min at 6,000 x g, and supernatants devoid of cells were transferred to
a fresh eppendorf tube. Mast cells were adhered to 24-well plates in DMEM only for 1 h prior to
infection. Mast cells were infected at an MOI of 20 or treated with crystalline silica (100 mg/cm?).
At 2 h post-infection supernatants were collected, centrifuged for 1 min at 6,000 x g, and
supernatants devoid of cells were transferred to a fresh eppendorf tube. All infections were
synchronized by centrifugation (200 x g for 5 min). All samples were stored at -80°C until ELISA.

2-4h. Measurement of LTB4 by enzyme-linked immunosorbent assay

Supernatants of neutrophils, macrophages, and mast cells were collected and measured for LTB,
by ELISA per manufacturer’s instructions (Cayman Chemicals Cat. No. 520111).

2-4i. Cell viability assays
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To determine leukocyte permeability, cells were incubated with trypan blue for 5 min and trypan
blue exclusion was measured using SD100 counting chambers (VWR Cat. No. MSPP-CHT4SD100)
and a cell counter (Nexcelom Cellometer Auto T4). To determine leukocyte cytotoxicity, lactate
dehydrogenase (LDH) was measured from leukocyte supernatants using the CytoTox 96 Non-
Radioactive Cytotoxicity kit (Promega Cat. No. g1780) per the manufacturer’s instructions.

2-4j. Bacterial viability assays

To measure bacterial viability during interactions with neutrophils, murine neutrophils were
resuspended in RPMI + 5% FBS then adhered to 96-well white bottom plates for 30 min coated
with FBS prior to infection (wells were washed twice with 1 x DPBS prior to plating the cells).
Neutrophils were infected at an MOI of 20, centrifuged for 5 min at 200 x g, and bacterial viability
was measured as a function of bioluminescence using a plate reader (BioTek Cytation 1 imaging
reader).

2-4k. Measurement of LcrV by western blot

Bacterial strains were cultured with BHI broth for 15-18 h at 26°C in aeration. Cultures were then
diluted 1:10 in fresh warmed BHI broth containing 20 mM MgCl, and 20 mM Na-oxalate and
cultured at 37 or 26°C for 3 h. 1 ODego of bacterial pellets were collected and resuspended in 1 x
SDS-PAGE loading buffer, boiled for 10 min, and 0.1 ODeoo Was separated on a 10% SDS-PAGE gel.
As a positive control, 0.2 g of recombinant LcrV protein was used (BEI resources Cat. No. NR-
32875). Samples were immunoblotted with polyclonal anti-LcrV antibody diluted to 1:4,000 (BEI
Resources Cat. No. NR-31022). Anti-goat IgG HRP secondary antibody was diluted to 1:5,000 (Bio-
Techne Cat. No. HAF017). Densitometry was performed using Imagel software to compare LcrV
bands between samples.??

2-4l. Statistics
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For all studies, male and female mice or human donors were used and no sex biases were
observed for any phenotype. All in vivo experiments were repeated at least twice and in vitro
experiments at least 5 times. Where noted in the figure legends, figures may represent the
combined data from multiple biologically independent experiments. For in vitro experiments, each
data point represents data from biologically independent experiments performed on different
days. Where appropriate and as indicated in the figure legends, statistical comparisons were
performed with Prism (GraphPad) using one-way analysis of variance (ANOVA) with Dunnett’s or
Tukey’s post hoc test, T-test with Mann-Whitney’s post hoc test, or Log-Rank analysis. P values <
0.05 were considered statistically significant and reported. For LC-MS analysis of lipids, a LIMMA -
Moderated T-test was performed using a modified version of a previously published protocol using
R packages.?®>?% Briefly, raw data were transformed by taking logarithmic base 2 followed by
guantile normalization. Missing values were then ascribed using a singular value decomposition
method. Lipids missing > 40% of the values were excluded from subsequent analysis. Finally,
differentially abundant lipids (p < 0.05) were further filtered by fold-change (FC) criteria (1 < log,FC

< 1) and multiple comparisons testing with a false discovery rate.
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CHAPTER 3:

SIGNALING PATHWAYS REQUIRED FOR LTB4 SYNTHESIS IN RESPONSE TO THE BACTERIAL TYPE 3

SECRETION SYSTEM DIFFERS BETWEEN MACROPHAGES AND NEUTROPHILS
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3-1. Introduction

A hallmark manifestation of plague is a biphasic inflammatory response, which is critical for the
progression of Yersinia pestis infection.3% 236238 254 OQne of the key virulence determinants for Y.
pestis to colonize the host is the Ysc type 3 secretion system (T3SS) encoded on the pCD1 plasmid.*
234 This secretion system allows direct translocation of bacterial effector proteins, called Yops,
through the YopB/D translocon into host cells.* 55 67- 68 235 255,256 Thea Yops target specific host
factors to disrupt normal host cell signaling pathways and functions.® & 28 102 236 237 pyring
mammalian infection, Y. pestis primarily targets neutrophils and macrophages for T35S-mediated
injection of the Yops.'> % 23° The outcomes of Yop injection into these cells include inhibition of
phagocytosis, reactive oxygen species (ROS) synthesis, degranulation by neutrophils, and
inflammatory cytokine and chemokine release that is required to recruit circulating leukocytes to
infection sites.36 93 103,109,136, 137 |mportantly, previous work suggests that inhibition of neutrophil
influx and establishing a non-inflammatory environment is crucial for Y. pestis virulence.3 240
Therefore, defining the molecular mechanisms used by Y. pestis to subvert the host immune
response is fundamental to understanding the pathogenesis of this organism. Moreover, defining
these mechanisms can also provide novel insights into how the host responds to bacterial
pathogens to control infection.

Leukotriene B4 (LTB,4), an eicosanoid that is rapidly synthesized by leukocytes, is a potent pro-

37, 195, 241, 250, 260, 261 LTB4 is derived from

inflammatory chemoattractant and immune cell activator.
arachidonic acid (AA) upon activation of the enzymes 5-lipoxygenase (5-LOX) and cytosolic
phospholipase A; (cPLA;). The enzymes are activated by phosphorylation via MAPK signaling and
Ca?* binding.1%% 152 155.2% Thjs |eads to conformational changes and translocation of the enzymes

to the nuclear membrane or a lipidisome, where a complex is formed with 5-LOX activating protein

(FLAP).150, 153,154,171, 242 This complex then converts AA to LTA4, and LTA4 hydrolase rapidly converts
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the molecule to LTB,, followed by LTB, release from the cell.*** 152 Upon release, LTB4is recognized
by the high affinity BLT1 receptor on immune cells to promote chemotaxis and initiate the
inflammatory cascade leading to the production of pro-inflammatory cytokines and
chemokines, 37,150, 151,183,185, 241,243 |5 Chapter 2, | showed that Y. pestis actively inhibits the synthesis
of LTB4 in a T3SS/Yop-dependent manner.®* 27 Additionally, | demonstrated that an LTB4 response
triggered by Y. pestis requires bacterial expression of the T3SS and the YopB/D translocase.?’
However, the mechanisms leading to T3SS-dependent LTB,4 synthesis by the Y. pestis T3E mutant
remained undefined.

Previous studies have identified that components of the T3SS are pathogen associated
molecular patterns (PAMPs) recognhized by macrophages (previously reviewed in *’). In the
absence of the Yops, the T3SS YopB/D translocon proteins induced NLRP3-dependent activation
of the caspase 1 inflammasome, IL1-B secretion, and pyroptosis.®® # Because expression the T35S
and the YopB/D translocase is required for LTB4 synthesis by leukocytes, it is possible that
inflammasome activation may also be required for LTB, synthesis during interactions with the Y.
pestis T3E strain. However, LTB4 synthesis in response to other stimuli is not dependent on
inflammasome activation.®® 219 220 Fyrthermore, infection of neutrophils with a strain of Y. pestis
T3E that also expresses YopK, which has been reported to inhibit NLRP3 inflammasome activation

in macrophages,®” ¢ does not inhibit LTBs synthesis in neutrophils,® 2%

raising an alternative
possibility for inflammasome-independent mechanisms leading to LTB, synthesis.

We have previously shown that four Yop effectors - YpkA, YopE, Yopl, or YopH - are sufficient to
independently inhibit LTB4 synthesis by both human and murine neutrophils.®® %’ The function of

d 26,41, 42, 45,56, 69, 70, 73-75, 83-85, 95, 96
7

these Yop effectors have been well define suggesting that these

proteins can serve as powerful tools to elucidate the molecular mechanisms responsible for LTB,4

synthesis in response to the Y. pestis T3SS. Of these Yop effectors, two are intimately involved in
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MAPK and Ca?* signaling. YopJ is an acyltransferase that targets several kinases in the MAPK
pathway, and it is a potent inhibitor of signaling through JNK, p38, and ERK in macrophages and
neutrophils.** 105 108 298 Additionally, using a combination of Y. pestis mutants and chemical

inhibitors, Pulsifer et al.*3

was able to show that Yopl inhibition of ERK phosphorylation is sufficient
to inhibit LTB4 synthesis by human neutrophils. YopH is a tyrosine phosphatase that has been
shown to target multiple proteins of the focal adhesion complex, including SLP-76, SKAP2, PRAM,
Vav, and LCK.#> 2>-%8 Studies with Y. pseudotuberculosis have demonstrated that YopH is a potent
inhibitor of B1l-integrin-mediated Ca*" signaling and flux, suggesting YopH inhibition of Ca*
signaling also inhibits LTB,4 synthesis.”” ° However, studies have also suggested that YopH can

inhibit ERK phosphorylation in neutrophils,?’- 98 100, 103

suggesting that YopH can also inhibit the
efficient phosphorylation of the LTB,4 synthesis enzymes. In this chapter, | apply our understanding
of the functions of the Yop effectors to define the molecular mechanisms responsible for T3SS-
dependent LTB4 synthesis by leukocytes. Importantly, by comparing the responses between
neutrophils and macrophages, | discovered cell-type specific responses to the T3SS and unique
signaling pathways involved between the two cell types.

3-2. Results

3-2a. LTB4 synthesis in response to Salmonella enterica Typhimurium is dependent on SPI-1

| showed in Chapter 2 that LTB, synthesis in response to Y. pestis is dependent on the expression
of the T3SS and the YopB/D translocon (Figure 2-8). | also showed that S. enterica Typhimurium,
which encodes two T3SSs (SPI-1 and SPI-2), induces an LTB,4 response in neutrophils, but whether
the T3SSs were required for synthesis was not tested. To determine if leukocyte sensing of the
T3SSs of S. enterica Typhimurium was responsible for LTB4 synthesis, bone marrow derived murine
neutrophils (BMNs) were infected with S. enterica Typhimurium LT2 (ST+) or an ST null mutant for

both the Salmonella pathogenicity island 1 (SPI-1; AinvA) and SPI-2 (A ssaK) encoded type 3 export
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apparatuses. After 1 h of infection, LTB4 synthesis was significantly elevated in ST infected BMNs
(Fig 3-1A, ST+ vs. Ul, p<0.0001) but it was not elevated in cells infected with the ASPI1/2 mutant
(Fig 3-1A, p=0.1513). To determine the contribution of individual T35Ss, BMNs were next infected
with individual SPI-1 or SPI-2 mutants. No significant differences in recovered LTB, were observed
between cells infected with the SPI-1/2 and SPI-1 mutant strains, but LTBs concentrations were
significantly elevated in the SPI-2 mutant infected cells (Fig 3-1A, p<0.0001). Together these data
support that neutrophils sense the presence of SPI-1 by S. enterica Typhimurium to initiate a
robust LTB4 response, suggesting that the T3SS may be a common PAMP recognized by neutrophils
to rapidly induce LTB4 synthesis.

3-2b. Phagocytosis is not required for LTB4 synthesis in neutrophils in response to Y. pestis or S.

enterica Typhimurium

One important consequence of Yop intoxication of leukocytes is the inhibition of phagocytosis
via the action of YopE and YopT.26: 41 42.86.129 N\greover, an important function of SPI-1 of S. enterica
Typhimurium is to induce phagocytosis.?*® Because phagocytosis is required for LTB4 synthesis by
leukocytes interacting with crystalline silica,*>® | next asked if phagocytosis of Y. pestis T3E or ST+
was required for T3SS-dependent LTB4 synthesis by BMNs. To test this hypothesis, BMNs were
treated with the phagocytosis inhibitor cytochalasin D (cytoD) prior to infection with either a Y.
pestis T3E or ST+. While treatment with cytoD inhibited phagocytosis of Y. pestis T3E (Fig. 3-1B-C),
it did not alter LTB,4 synthesis by uninfected or Y. pestis T3E-infected BMNs (Fig 3-1D-E), indicating
that Yop-mediated inhibition of phagocytosis is not responsible for the inhibition of T3SS-
mediated LTB,4 synthesis during Y. pestis infection. Moreover, as previously reported by Golenkina
et. al,??* cytoD treatment resulted in an increase in LTB4 synthesis by BMNs infected with ST+ (Fig

3-1F; p p<0.05), indicating that induction of phagocytosis by S. enterica Typhimurium is not
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required to induce T3SS-mediated LTB, synthesis. Together, these data suggest that phagocytosis

is not required for T3SS-mediated LTB,4 synthesis by neutrophils.
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Figure 3-1. Phagocytosis is hot triggering LTB4 synthesis in BMNs in response to Y. pestis

(A) Murine neutrophils (BMNs) were infected with S. enterica Typhimurium LT2 (ST+), mutants
that lacked Salmonella T3SS SPI-1, SPI-2, or both SPI-1/2 at an MOI of 20. (B-G) BMNs were either
left untreated (green circles) or pre-treated with cytochalasin D (10 uM, purple circles) for 30 min.
(B) Representative confocal images and (C) Pearson scores of cytochalasin D (10 uM) pre-treated
(T3E / CD) or untreated (T3E) BMNs infected with Y. pestis T3E at an MOI of 10. BMNs (D)
uninfected or infected with (E) Y. pestis T3E or (F) ST at an MOI of 20. (A, D-E) LTB, was measured
from supernatants 1h post infection by ELISA. Each symbol represents an independent biological
infection, and the box plot represents the median of the group *+ the range. (C) Pearson’s
Correlation Coefficient calculated from three biological independent experiments, four images
each (n=12), box plot represents the median of the group * the range. Ul = uninfected. ns = not
significant. One-way ANOVA with Tukey’s post hoc test compared to each condition for A. T-test

with Welch'’s post hoc test for B-D. *=p<0.05, ****=p<0.0001.
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3-2c. T3SS induced LTB4 synthesis is conserved in macrophages

| showed in Chapter 2 that the Yop effectors inhibit LTB,4 synthesis triggered by the Y. pestis T3SS
in neutrophils and M1-polarized macrophages, and that synthesis by neutrophils is dependent on
the YopB/D translocase.?®” To determine whether the YopB/D translocase is also required for LTB,
synthesis by macrophages, M1-polarized bone marrow derived macrophages (BMDMs) were
infected with Y. pestis, Y. pestis T3E, a Y. pestis strain lacking the pCD1 plasmid encoding the entire
Ysc T3SS [Y. pestis T3V, or a Y. pestis T3E yopB mutant that is defective in expression of the
translocase that directly interacts with the host cell plasmid membrane.>® 67-68 25525 Ag previously
reported for neutrophils (Fig 2-10B),%°” BMDMs also did not synthesize LTB4 in response to Y. pestis
T3 or Y. pestis T3E yopB (Fig 3-2A). Normal LTB4 synthesis was restored by yopB complementation
(vopB::cyopB) (Fig 3-2A). To confirm that the S. enterica Typhimurium SPI-1 is also required for
LTB,4 synthesis by macrophages, BMDMs were infected with ST or the SPI-1/2, SPI-1, or SPI-2
mutants. As observed for BMNs, BMDM synthesis of LTB, was dependent on the presence of SPI-
1 but not SPI-2 (Fig 3-2B). These data show that like neutrophils, macrophages respond to the T3SS
by rapidly synthesizing LTB,.

3-2d. Only Yopl is sufficient to inhibit LTB4 synthesis by macrophages

We have previously shown that YpkA, YopE, Yopl, or YopH are individually sufficient to inhibit
LTB4 synthesis in neutrophils (Fig 2-7).%* 2’ To determine if the same individual Yop effectors could
inhibit LTB,4 synthesis by macrophages, LTB, was measured from BMDMs infected with Y. pestis
strains that expressed only one Yop effector. BMDMs infected with strains expressing YpkA, YopE,
YopH, YopK, and YopT showed significant decreases in LTB, compared to those infected with Y.
pestis T3E, but still produced more LTB, than uninfected cells (Fig 3-2C). In contrast, BMDMs
infected with a strain expressing only YopJ produced the least amount of LTB,4, similar to levels

recovered from cells infected with Y. pestis expressing all of the Yop effectors (Fig 3-2C; Yp). YopM
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was the only effector that did not appear to impact LTB, synthesis on its own. Together these data
show that Y. pestis uses redundant mechanisms to inhibit LTB; synthesis by macrophages.
Moreover, differences in the ability of individual Yop effectors to inhibit LTB4 synthesis between
neutrophils and macrophages suggest that different signaling pathways may be activated in each

leukocyte.
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Figure 3-2. Translocase triggered LTB4 synthesis is conserved in BMDMs

(A) Murine macrophages (BMDMs) were infected with Y. pestis, Y. pestis T3E, Y. pestis T3(-), a
yopB mutant in the T3E background (AB), or AB complemented with yopB (AB::B). (B) BMDMs
were infected with S. enterica Typhimurium LT2 (ST+), mutants that lacked Salmonella T3SS SPI-1,
SPI-2, or both SPI-1/2 (C) BMDMs infected with Y. pestis, Y. pestis T3E, Y. pestis T3(-), or Y. pestis
strains expressing only one Yop (+A = YpkA; +E = YopE; +H = YopH; +J = YopJ; +K = YopK; +M = YopM;
or +T = YopT). (A-C) BMDMs were infected at an MOI of 20 or 4 h. LTB, was measured from
supernatants by ELISA. Each symbol represents an independent biological infection, and the box
plot represents the median of the group * the range. Ul = uninfected. ns = not significant. One-
way ANOVA with Dunnett’s post hoc test compared to uninfected for A, or Tukey’s post hoc test
compared to each condition for B & C. ****=p<0.0001. For panel C, p values when compared to
uninfected denoted as a=p<0.05 or b=p<0.0001, and when compared to Y. pestis T3E as

c=p<0.0001.
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3-2e. Phagocytosis enhances LTB4 synthesis by macrophages

To determine whether phagocytosis is required for inducing LTB4 synthesis in macrophages,
BMDMs were pretreated with cytoD and infected with Y. pestis T3E or ST+. Again, cytoD treatment
did not alter LTB4 synthesis of uninfected BMDMs (Fig 3-3A). However, in contrast to neutrophils,
when phagocytosis was inhibited in BMDMs, LTB,4 synthesis was significantly reduced in response
to Y. pestis T3E (Fig 3-3B) and trending towards reduced for ST+ (Fig 3-3C) compared to untreated
infected BMDMs. However, LTB, levels were still higher in the cytoD infected BMDMs than the
uninfected BMDMs (Fig 3-3A), suggesting that phagocytosis is not required for LTB4 but enhances

synthesis in macrophages.
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Figure 3-3. Phagocytosis enhances LTB4 synthesis by macrophages

(A) BMDMs were pretreated with cytochalasin D (10 uM; purple circles) for 30 min and were
either (A) uninfected or infected with (B) Y. pestis T3E or (C) ST. (A-C) BMDMs were infected at an
MOI of 20 for 4 h. LTB, was measured from supernatants by ELISA. Each symbol represents an

independent biological infection. ns = not significant. T-test with Welch'’s post hoc test. *=p<0.05.
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3-2f. PLC signaling is required for LTB4 synthesis in neutrophils

Ca?* flux is required for the activation of cPLA; and 5-LOX.?5? 1>* However, it is unclear if the T3SS
induces Ca?* flux through Ca?* migration through the YopB/D translocase pore or via conventional
Ca?* signaling. Phospholipase C (PLC) is the central mediator of conventional Ca?* signaling in the

300303 3nd chemical inhibitors of PLC have been well characterized. Therefore, to determine if

cell,
Ca?* signaling is required for T3SS-dependent LTB4 synthesis, leukocytes were pretreated with
U73122, which inhibits PLCB and PLCy,3%3% prior to infection. When PLC signaling was inhibited,
BMNs infected with the Y. pestis T3E mutant were no longer able to synthesize LTB4 compared to
untreated BMNs (Fig 3-4A), suggesting that PLC-mediated Ca?* signaling is required for LTB,
synthesis. To ensure that U73122 treatment did not have off target effects on cPLA or 5-LOX,
U73122-treated BMNs were treated with the Ca** ionophore, A23187, which induces Ca? flux and
LTB, synthesis independent of PLC signaling.3” Within 10 min of A23187 treatment, U73122-
treated BMNs produced LTBs at similar levels as untreated cells, supporting that U73122
treatment specifically inhibits PLC and not components of LTB,4 synthesis (Fig 3-4A).

Interestingly, U73122 treatment of Y. pestis T3E-infected BMDMSs only modestly inhibited LTB,4
synthesis compared to untreated cells (Fig 3-4B; p<0.05), suggesting PLC is not the primary source
of Ca?* flux in macrophages. Together, these data suggest that the T3SS activates PLC-mediated

Ca?* flux in neutrophils needed for LTB, synthesis, but additional mechanisms are required for

T3SS-induced LTB4 synthesis in macrophages.
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Figure 3-4. PLC signaling is required for LTB4 synthesis in BMNs

(A) BMNs or (B) BMDMs were infected with Y. pestis, Y. pestis T3E, or Y. pestis T3(-) at an MOI of
20for (A) 1 h or (B) 4 h. Leukocytes pretreated with PLC inhibitor (U73122; (A) 5 uM or (B) 20 uM)
for 30 min (purple circles). (A) BMN supernatants were replaced with fresh media and cells were
treated with A23187 (1 uM) for 10 min after treatment with U73122 for 30 min (orange circles).
(A-B) LTB, was measured from supernatants by ELISA. Each symbol represents an independent
biological infection, and the box plot represents the median of the group * the range. Ul =
uninfected. One-way ANOVA with Tukey’s post hoc test compared to each condition. *=p<0.05,

*#x%=p<0.0001.
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3-2g. STIM1-mediated Ca** flux of extracellular Ca® is required for Y. pestis T3SS-dependent LTB,4

synthesis

PLC-mediated Ca?* flux is required for LTB4 synthesis in neutrophils, but PLC signaling can lead
to both Ca?* efflux from the ER and influx from the extracellular space.393% 3% Tg determine if
intracellular Ca?* efflux is sufficient to induce T3SS-dependent LTB,4 synthesis, BMNs were pre-
treated with EGTA to chelate extracellular Ca?* prior to infection with Y. pestis T3E — if intracellular
efflux is sufficient then EGTA should not inhibit LTB, synthesis. As observed during PLC inhibition,
EGTA chelation of extracellular Ca%* significantly reduced LTB, production compared to untreated
BMNs (Fig 3-5A; p<0.0001). Influx of extracellular Ca** also requires the cell to maintain a
membrane potential by efflux of intracellular potassium (K*).309-311 312315 Therefore, if extracellular
Ca?*is required, disrupting the K* gradient should also inhibit LTB4 synthesis. As predicted by EGTA
treatment, increasing the extracellular K* concentration significantly inhibited LTB4 synthesis by Y.
pestis T3E-infected BMNs (Fig 3-5A; p<0.0001). Finally, PLC-induced extracellular Ca% influx can
lead to STIM1 activation,®!® and treatment of neutrophils with a pharmacological inhibitor of
STIM1 (SKF) also significantly inhibited LTB4 synthesis in BMNs (Fig 3-5A; p<0.0001). Together,
these data demonstrate that the T3SS induces extracellular Ca** flux via PLC activation in
neutrophils. Interestingly, while PLC does not appear to be required for LTB, synthesis by
macrophages, extracellular Ca?* and STIM1 activation are required (Fig 3-5B), further supporting
that alternative pathways are involved in triggering Ca?* flux needed for LTB4 synthesis in

macrophages.
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Figure 3-5. Influx of extracellular Ca® is required for Y. pestis T3SS-dependent LTB4 synthesis

(A) BMNs or (B) BMDMs were infected with Y. pestis, Y. pestis T3E, or Y. pestis T3(-). Leukocytes
pretreated with (A-B) EGTA (1 mM; purple circles) for 30 min, with (A) 50 mM or (B) 100 mM KCl
(orange circles) for 30 min, or with (A-B) STIM1 inhibitor (SKF, 50 uM; white circles) for 2 min prior
to infection with Y. pestis T3E. (A-B) Leukocytes were infected at an MOI of 20 for (A) 1 h or (B) 4
h. LTB, was measured from supernatants by ELISA. Each symbol represents an independent
biological infection, and the box plot represents the median of the group * the range. Ul =
uninfected. One-way ANOVA with Tukey’s post hoc test compared to each condition.

*#x%=p<0,0001.
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3-2h. SKAP2 is required for LTB4 synthesis by neutrophils but not macrophages in response to Y.

pestis T3E

While PLC activation is required for LTB4 synthesis in neutrophils, the molecular mechanisms
leading to T3SS-dependent PLC activation are still unknown. However, YopH, which inhibits LTB,4
synthesis, also inhibits PLC-mediated Ca?* flux in neutrophils by modifying proteins of the focal

adhesion complex,®®98

suggesting that Y. pestis T3E-induced LTB,4 synthesis may be mediated via
this signaling hub. Moreover, SRC Kinase Adaptor Phosphoprotein 2 (SKAP2) targeting by YopH
during Y. pseudotuberculosis infection specifically inhibits B1 integrin-induced Ca?* signaling in
neutrophils.’” Therefore, to determine if SKAP2 is required for T3SS-dependent LTB4 synthesis,
leukocytes from SKAP27 mice were infected with Y. pestis, Y. pestis T3E, or Y. pestis

T30, Unlike BMNs from parental C57BL/6J mice, SKAP27- BMNs did not synthesize LTB, in response
to any of the strains tested (Fig 3-6A). To ensure that SKAP27-BMNs were not generally defective
in LTB, synthesis (i.e. unable to synthesize LTBs), BMNs were treated with the Ca?* ionophore
A23187, which bypasses PLC signaling but still requires cPLA;, 5-LOX, FLAP, and LTB4 hydrolase to
synthesis LTB4, and cells were able to robustly produce LTB, (Fig 3-6B). Complementing the PLC
inhibitor data, SKAP27- BMDM s were not impaired in LTB4 synthesis (Fig 3-6C; p<0.0001). Together,

these data demonstrate that T3SS-inducing LTB, synthesis requires SKAP2 activation of PLC in

neutrophils but not macrophages.
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Figure 3-6. SKAP2 signaling required for LTB4 synthesis in BMN

LTB,4 (ng/mL)

ul
Yp
T3(-)
T3E
ul
A23187
ul

Yp

T3(-)

T3E

SKAP27 (A) BMNs or (C) BMDMs were infected with Y. pestis, Y. pestis T3E, or Y. pestis T3(-) at
an MOI of 20 for (A) 1 h or (C) 4 h. (B) SKAP27- BMNs were treated with A23187 (1 uM; purple
circles) for 1 h. (A-C) LTB4 was measured from supernatants by ELISA. Each symbol represents an
independent biological infection, and the box plot represents the median of the group * the range.

Ul = uninfected. One-way ANOVA with Dunnett’s post hoc test compared to uninfected.

*#x%=p<0.0001.
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3-2i. Activation of MAPK signaling required for LTB4 synthesis is independent of the T3SS

In addition to Ca®* flux, LTB4 synthesis requires MAPK signaling to phosphorylate cPLA; and 5-
LOX.152 168317322 \\/hjle we previously showed that p38 and ERK1/2 are phosphorylated in human
neutrophils infected with a high MOI (100 bacteria/cell) of Y. pestis T3,°> the MAP kinases
responsible for T3SS-dependent LTB,4 synthesis have not been defined. Therefore, to determine
whether p38 and ERK1/2 are phosphorylated during interactions with Y. pestis T3E, leukocytes
were infected with Y. pestis, Y. pestis T3E, or Y. pestis T3") at an MOI of 20. T3SS-dependent LTB,4
production was confirmed (Fig 3-7A and D) and p38 and ERK1/2 phosphorylation from the same
samples was determined by western blot. As we previously reported for human PMNs,*® both p38
and ERK1/2 were phosphorylated in BMNs infected with Y. pestis T3E but not Y. pestis (Fig 3-7B-
C). In the case of the BMDMs, as reported by others,3233%¢ we observed elevated basal levels of
p38 and ERK1/2 phosphorylation in untreated M1 polarized macrophages, but phosphorylation,
especially of p38, was dramatically lower in Y. pestis but not Y. pestis T3E infected cells (Fig 3-7E-
F). Interestingly, regardless of the leukocyte, we observed similar phosphorylation profiles
between Y. pestis T3E and Y. pestis T3") infected cells, indicating that MAPK signaling is being
triggered by a PAMP unrelated to the T3SS.

3-2j. YopH inhibits ERK phosphorylation in neutrophils and macrophages

We have previously shown that YopJ inhibition of ERK1/2 phosphorylation is sufficient to block
LTB, synthesis,” and Shaban et al.”” previously showed that YopH from Y. pseudotuberculosis
inhibits ERK1/2 phosphorylation in neutrophils. However, whether YopH can also sufficiently
inhibit ERK1/2 phosphorylation in our model has yet to be defined. As expected, phosphorylation
of both MAP kinases was inhibited in BMNs infected with a Y. pestis T3E strain expressing YopJ (Fig
3-7B, C; +J samples). As predicted by the Y. pseudotuberculosis data, infection with Y. pestis T3E

expressing YopH inhibited ERK1/2 phosphorylation in BMNs (Fig 3-7C; +H samples), YopH was not
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able to inhibit p38 phosphorylation (Fig 3-7B; +H samples). However, only YopJ appeared able to
consistently inhibit p38 and ERK1/2 phosphorylation in BMDMs (Fig 3-7E-F; +H and +J samples).
To our knowledge, this is the first time that YopH has been shown to specifically block ERK1/2 but

not p38 phosphorylation.

&5



BMNs - ERK(1/2)

BMNs BMNs - p38
Sk
sdokkok
2.0- 15+ 209
£ S
1.5 o < ® 1.5 S
) § 1.0 o o
£ o w 8
2 1.0+ g = 1.0
< = g 0
i) P s
5 l Q 0.54 4
0.5 Y © 054
- &
oo
o.o--r-—-q-EF—.—q-—f— 0.0 ? — T 0.0--$-$—|—|—|:i?—
> & o F + > s [ + > & © % +
[ ] poncirs [
Total p38 | W S ———— Total ERK (1/2) - et
Beta-actin | WS S———— | Beta-actin | SEEG—_-Gu_————
D E F
BMDMs BMDMs - p38 BMDMs - ERK(1/2)
Sk
5 1.0 2.0
4 ° 08 ns c ns
£ § 15
= ] . © t
E 3 © 06 2
2 ° 17} =
< 2 o = 1.0
~ 0 ~ - e o
a2 @ 0.4 ol © =
5 Q ° v e e o] o
. ® O x 05
1 o024 |° ui ]
° ¢ L] é' b L]
g 3 >
0“‘1“—‘1‘-&|—|—"|‘— 00'_|_§a_ﬁﬁ_$_ 0.0- +
v I
¥

ul
Yp
T3()
T3E
+H
+
u
Y
T3()
T3E
+H
+
ul
Yp

e R

Beta-actin | — i w— T “— -| Beta-actin

Figure 3-7. p38 and ERK1/2 phosphorylation in neutrophils and macrophages in response to Y.

pestis

(A-C) BMNs or (D-F) BMDMs were infected with Y. pestis, Y. pestis T3E, Y. pestis T3(-), or Y. pestis
TE3 strains expressing only one Yop effector (+H = YopH; +J = YoplJ) at an MOI of 20 for 1 h. (A,D)
LTB, measured by ELISA. (B-C, E-F) Densitometry and representative WB images for (B,E)
phosphorylated p38 (p-p38) or (C,F) phosphorylated ERK1/2 (p-ERK1/2) from whole cell lysates
normalized to beta actin. (A-F) Each symbol represents an independent biological infection, and
the box plot represents the median of the group #* the range. Ul = uninfected. One-way ANOVA

with Dunnett’s post hoc test compared to uninfected. *=p<0.05, **=p<0.01, ***=p<0.01,

**%%=p<0 0001.
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3-2k. Inflammasome activation enhances LTB4 synthesis in macrophages but not neutrophils

Previous studies with Y. pseudotuberculosis indicate that the T3SS translocase is recognized by
NLRP3, leading to activation of the caspase 1 inflammasome and pyroptosis.®® *° Inflammasome
activation is also required for LTB4 synthesis in response to some PAMPS,?'% 220 put is dispensable

for others,*°3

raising the question of whether inflammasome activation is required for T3SS-
dependent LTB,4 synthesis. Therefore, to determine the contribution of the inflammasome to LTB,
synthesis in response to the Y. pestis T3SS, leukocytes isolated from NLRP3”" or Casp1/117" mice
were infected with Y. pestis, Y. pestis T3E, or Y. pestis T3", and LTB4 synthesis was compared to
cells isolated from the parental background. Absence of NLRP3 or Casp1/11 did not alter the
neutrophil response to Y. pestis T3E (Fig 3-8A). Furthermore, treatment with the pan-caspase
inhibitor zZVAD did not impact the ability of wild type BMNs (Fig 3-8B) or hPMNs (Fig 3-8C) to
produce LTB4 in response to infection with Y. pestis T3E. In contrast, LTB,4 synthesis was significantly
lower in both NLRP3 and Casp1/11 deficient BMDMs (Fig 3-8D; p<0.0001). However, LTB,4 synthesis
was still elevated compared to uninfected, Y. pestis, or Y. pestis T3 infected cells (p<0.0001 and
p<0.01, respectively). While treatment of Casp1/117- BMDMs with the PLC inhibitor did not
dramatically reduce LTB,4 synthesis (Fig 3-8E), treatment with cytoD, or infection with the Y. pestis
T3E YopE expressing strain, which both disrupt the actin cytoskeleton, reduced LTB4 levels to basal
levels (Fig 3-8E; p<0.0001), indicating that the residual LTB, synthesis in CASP1/11-/- BMDMs was
not due to PLC signaling. Together, these data indicate that while T3SS-dependent LTB,4 synthesis

in neutrophils is independent of inflammasome activation, the Casp1/11 inflammasome

significantly enhances the LTB, response by macrophages.
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Figure 3-8. Inflammasomes enhance LTB4 synthesis in BMDMs but are dispensable in BMNs

(A) BMNS or (D) BMDMs from WT, NLRP37, Casp1/117" mice were infected with Y. pestis, Y.
pestis T3E, or Y. pestis T3(-). (B) C57BL/6J BMNSs or (C) human PMNs (hPMNs) pretreated with zVAD
inhibitor (100 uM; purple circles) for 30 min prior to infection with Y. pestis T3E. (E) BMDMs from
Casp1/117 mice were infected with Y. pestis T3E or Y. pestis T3E strains expressing only YopE (+E).
BMDMs were either left untreated (green circles) or pretreated with PLC inhibitor (U73122, 20

uM; purple circles) or Cytochalasin D (10 uM; purple circles) for 30 min prior to infection with Y.
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pestis T3E. Leukocytes were infected at an MOI of 20 for (A-C) 1 h or (D-E) 4 h. (A-E) LTB4 was
measured from supernatants by ELISA. Each symbol represents an independent biological
infection, and the box plot represents the median of the group * the range. Ul = uninfected. UT =
untreated. ns = not significant. One-way ANOVA with Tukey’s post hoc test compared to each
condition for A-D., or with Dunnett’s post hoc test compared to untreated/T3E for E. *=p<0.05,

**=p<0.01, ***=p<0.001, ****=p<0.0001.
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3-3. Discussion
Establishing a non-inflammatory environment during the early stages of plague is crucial for the
progression of disease.3® We and others have shown that Y. pestis subverts the host innate

136

immune response by inhibiting leukocyte chemotaxis,® phagocytosis,® neutrophil

103, 137 and inflammatory lipid, cytokine, and

degranulation,®® % neutrophil ROS production,
chemokine release.® 10% 297 Degpite the T3SS being a PAMP,>” the Yop effectors are highly efficient
at preventing immune cell activation, including inhibiting the synthesis of LTB, needed for a proper
inflammatory host response.” 27 |n this chapter, | sought to understand how the T3SS is
recognized by the host, leading to the synthesis of LTB4,and to define how the pathogen uses
specific effectors to block this response. Using these data, | have developed a working model

showing a differential response to the T3SS between neutrophils and macrophages in both Ca?*

signaling and phosphorylation pathways needed for LTB,4 synthesis (Fig 3-9).
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Figure 3-9. T3SS translocase triggered LTB4 synthesis differs between leukocytes

LTB, synthesis requires (A) an increase in intracellular Ca?* and (B) activation of MAPK signaling.
(A) Neutrophils require Ca** signaling through SKAP2/PLC/STIM1 to produce LTBs, while
macrophages show a partial requirement of STIM1 but not SKAP2 or PLC. (B) Activation of MAPK

signaling required for LTB, synthesis appears to be independent of the T3SS, and instead is initiated
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by a currently unknown PAMP and signaling pathway(s). (C) Inflammasome activation is not
required in neutrophils for LTB, synthesis, but enhances the induction in macrophages, perhaps
through GSDMD pore formation increasing Ca®* flux in the cell. (D) Phagocytosis also enhances
LTB,4 induction in macrophages, but not in neutrophils. (E) Potential receptors contributing to
SKAP2 signaling in neutrophils. Purple circles = Yop effectors and either identified or potential
target locations of the LTB, synthesis pathway. Yellow circles = calcium. Orange circles =
phosphates. Red bold outlines = locations in the LTB4 synthesis pathway tested in this study. Dotted
lines = unknown pathways. Solid lines = known pathways. Red blunted arrows = full inhibition of

LTB,4 synthesis. Orange blunted arrows = partial inhibition of LTB4 synthesis in WT leukocytes.
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One important discovery | report here is that recognition of the T3SS leading to LTB,4 synthesis is
not specific to the Y. pestis T3SS. While the S. enterica Typhimurium SPI-1 T3SS varies structurally
from the Y. pestis secretion system, S. enterica Typhimurium still triggers LTB4 in a SPI-1 T3SS-
dependent manner. Additionally, LTB4 synthesis by S. enterica Typhimurium infected leukocytes
appears to be in response to the SPI-1 T3SS and not the SPI-2 system. Like the Y. pestis T3SS, the
SPI-1 T3SS engages with the host cell through the plasma membrane, while SPI-2 engages through

the Salmonella containing vacuole,3%”-3%

suggesting that the host cells have evolved to sense T3SS
interactions across the plasma membrane and respond by synthesizing LTBa. This scenario makes
sense, as interactions with the plasma membrane represent the earliest interaction that
leukocytes would have with pathogens and allow for rapid synthesis of the lipid. It also appears
that unlike Y. pestis, S. enterica Typhimurium has not evolved effector proteins to inhibit this
response, or at minimum not to the degree that the Y. pestis Yop effectors can inhibit LTB,
synthesis, as the WT S. enterica Typhimurium LT strain produces LTB4 at levels similar to the Y.
pestis T3E mutant. This difference further supports that the inhibition of LTB,, and initiation of the
inflammatory cascade is an important aspect in the virulence and lifestyle of Y. pestis.

A key virulence strategy mediated by the T3SSs of both Y. pestis and S. enterica Typhimurium is
the manipulation of phagocytosis.*> 32° Because phagocytosis of crystalline silica is required for
LTB, synthesis,*>3 defining the role of phagocytosis in the LTB4 synthesis was another critical aspect
in understanding the leukocyte response to the T3SS. In neutrophils, phagocytosis was clearly not
required for LTB4 synthesis, and cytochalasin treatment induced even greater LTB, synthesis in
response to S. enterica Typhimurium. However, inhibiting phagocytosis reduced LTB4 synthesis by
macrophages, providing the first evidence that host cell signaling leading to LTB4 synthesis may

differ between these two cell types. It is important to note that for both bacteria, LTB, synthesis

by macrophages was not completely inhibited by cytochalasin treatment, indicating that synthesis
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is not wholly dependent on phagocytosis in macrophages. Moreover, data from infections with
the Y. pestis T3") mutant, which is as readily phagocytosed as the Y. pestis T3E mutant, indicates
that phagocytosis alone is not sufficient to trigger LTB,4 synthesis in the absence of the T3SS.

Ca?* flux is a critical step in the enzyme activation required for LTB, synthesis,>* ** and thus
understanding the mechanisms leading to Ca?* influx during host cell interactions with the T3SS is
key to understanding how the cells are sensing this PAMP. YopB and YopD insert into the plasma
membrane to form a pore needed for effector translocation into the host cell.® ®2 Previous work
has shown that the pore formed by the translocase can result in the diffusion of molecules larger
than Ca?*, but YopN appears to act as a plug to regulate whether diffusion through the YopB/D
translocase occurs.®* While the Y. pestis T3E strain retains YopN, it was still possible that Ca?*
diffusion through the translocase occurred in infected cells, leading to Ca?* flux. However, using
pharmacological inhibitors of Ca% signaling, | have shown that PLC signaling, and not diffusion of
Ca?* through the T3SS, is the primary driver of Ca?* flux needed for LTB, synthesis in neutrophils.
Interestingly, PLC inhibition had little effect on LTB,4 synthesis in macrophages, strongly suggesting
Ca?* diffusion across the membrane is contributing to the LTB,4 synthesis response. This conclusion
is further supported by the differential ability of YopH to inhibit LTB4 synthesis in neutrophils but
not macrophages. Additionally, work primarily from Y. pseudotuberculosis shows that YopH
dephosphorylation of SLP-76 and SKAP2 is directly linked to the inhibition of PLC phosphorylation

and Ca?* flux in neutrophils,®” %

and | have shown here that SKAP2 is also required for LTB,
synthesis in neutrophils. As LTB, synthesis by macrophages is not dependent on SKAP2 or PLC
signaling, it appears STIM1 activation and SOCE in macrophages requires a different signaling

pathway. Future work to define this pathway is necessary to understand how macrophages

recognize and respond to the T3SS.
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While SKAP2 is required for PLC activation and LTB,4 synthesis in neutrophils, the receptors and
kinases responsible for SKAP2 phosphorylation in response to the T3SS are yet to be identified.
Several tyrosine kinase receptors, including LYN, HCK, FGR, FYN, FRK, and YES, have been shown
to activate SKAP2.33! In many cases this is mediated through the kinase Syk. However, Shaban et
al.®” have shown that during neutrophil interactions with Y. pseudotuberculosis, ROS production is
both Syk-dependent and independent, depending on which receptor is engaged. We are currently
using a combination of phosphoproteomics and kinase inhibitor regression to identify other
kinases involved in the recognition of the T3SS.

In addition to Ca?* flux, cPLA; and 5-LOX phosphorylation via MAP kinase signaling is also
essential for LTB, synthesis. Interestingly, while | observed phosphorylation of p38 and ERK1/2 in
the leukocytes, MAPK phosphorylation does not appear to be dependent on the T3SS, as the Y.
pestis T3") strain, which lacks the T3SS still induces phosphorylation. These data suggest that the
primary signal regulating T3SS-dependent LTB4 synthesis is the Ca?* flux, not the MAP kinase
signaling pathway. The PAMP that is responsible for initiating MAPK signaling still remains
unknown.

Previous work with Y. pseudotuberculosis and Y. pestis have significantly contributed to our
understanding of inflammasome activation and pyroptosis.”” 332 Components of the T3SS,
including YopB, are recognized by NLRP3 and NLRC4 to activate the caspase 1 inflammasome and
pyroptosis by macrophages, but inflammasome activation is limited by YopK.®” ¢ Because the Y.
pestis T3E strain lacks YopK, | hypothesized that the inflammasome might be activated during
interactions with immune cells. However, while BLT1-LTB,4 signaling has been shown to enhance

1

inflammasome activation in the gout,'®* asthma,?®! and Staphylococcus aureus skin infection

218

models,?*® evidence that inflammasome activation induces LTB,4 synthesis is much more limited.?*®

Thus, it was unclear if T3SS-induced inflammasome activation contributed to LTB, synthesis.
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Indeed, LTB, synthesis by neutrophils was not dependent on NLRP3 or Caspase 1/11. However,
LTB4 synthesis was significantly reduced in NLRP37- and Caspase1/117 macrophages. Importantly,
expression of YopK in the Y. pestis T3E strain also reduced LTB,4 synthesis in macrophages (Fig 3-2)
but not neutrophils,®® 2°7 supporting that T3SS-induced inflammasome activation contributes to
LTB,4 synthesis in macrophages. To our knowledge, this is the first evidence that inflammasome
activation in response to bacterial infection leads to LTB,4 synthesis, indicating that in addition to
the processing and secretion of protein mediators of inflammation (e.g., IL-1B and IL-18),
inflammasome activation in macrophages can also increase the synthesis of lipid mediators of
inflammation. It also raises the possibility that Casp1/11 and/or inflammasome activation may
contribute to STIM1 activation in macrophages and will be explored in the future.

In conclusion, | have shown that leukocytes have evolved to recognize the T3SS to induce LTB,
synthesis during bacterial interactions. However, the molecular mechanisms of recognition differ
between neutrophils and macrophages. Moreover, while others have shown that the T3SS is a
PAMP that stimulates the inflammasome in macrophages to induce the production of pro-
inflammatory mediators, here | demonstrated for the first time that neutrophils use an
inflammasome independent mechanism to sense the T3SS and induce the production of LTB,.
Together, these data provide us with a better understanding of the early response of leukocytes

to bacterial pathogens.
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3-4. Material and Methods

3-4a. Ethics statement

All animal work was approved by the University of Louisville Institutional Animal Care and Use
Committee (IACUC Protocol #22157). Use of human neutrophils was approved by the University
of Louisville Institutional Review Board guidelines (IRB #96.0191) and written consents for use
were obtained.

3-4b. Bacterial strains

Bacterial strains used in this study are listed in Table 3-1. Y. pestis was cultured with BHI broth
for 15-18 h at 26°C in aeration. Cultures were then diluted 1:10 in fresh, warmed BHI broth
containing 20 mM MgCl, and 20 mM Na-oxalate and cultured at 37°C for 3 h with aeration to
induce expression of the T3SS. Bacterial concentrations were determined using a

spectrophotometer and diluted to desired concentrations in fresh medium.
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Name in Genotvoe Strain Source
manuscript P ref. #
Bacteria
Y. pestis KIM1001 pgm-, pMT1+, pPCP1+, pCD1+, pMLOO1+ JG598 1
Y. pestis T3t) KIM1001 pgm-, pMT1+, pPCP1+, pCD1-, pMLOO1+ JG597 m

. KIM1001 pgm-, pMT1+, pPCP1+, pCD1+ (yopHA23-467 yopEA40-197 yopKA4- This
Y. pestis T3E 181 yopIVI83-408 ypk A3-731 yop)84-288 yopTA3-320) nGEN222+ YPA366 work

. KIM1001 pgm-, pMT1+, pPCP1+, pCD1+, (yopH23-467 yopEA40-197 yopKAs- 1
Y. pest'ls T3E 181 yopMA3—408 ypkAA3-731 yopJA4-288 yopTAS—BZO)’ pM LOO1+ JG715
Y. pestis T3E KIM1001 pgm-, pMT1+, pPCP1+, pCD1+ (yopHA23-467 yopEA40-197 yopKA4- 1G684 1t
+ypkA 181 yopMA3—408 yopJA4—288 yOpTA3'320), pM LOO1+
Y. pestis T3E KIM1001 pgm-, pMT1+, pPCP1+, pCD1+ (yopHA3-467 yopKA4-181 yopMA3- 16681 m
+yOpE 408 ypkAA3-731 yopJA4-288 yopTA3-320)l pM LOO1+
Y. pestis T3E KIM1001 pgm-, pMT1+, pPCP1+, pCD1+ (yopEA®157 yopKa+18 yopMes- | - o 1
+yOpH 408 ypkAA3-731 yopJA4-288 yopTA3-320)l pM LOO1+
Y. pestis T3E KIM1001 pgm-, pMT1+, pPCP1+, pCD1+ (yopHA3-467 yopEA40-197 yopKAs- 16686 297
+yOpJ 181 yopMA3—408 ypkAA3-731 yopTA3—320)’ pM LOO1+
Y. pestis T3E KIM1001 pgm-, pMT1+, pPCP1+, pCD1+ (yopH23-467 yopEA40-197 yopMA3- 1G682 m
+yOpK 408 ypkAA3-731 yopJA4-288 yopTA3-320)l pM LOO1+
Y. pestis T3E KIM1001 pgm-, pMT1+, pPCP1+, pCD1+ (yOpH?3-467 yopEMO17 yopkat | - oo m
+yOpM 181 ypkAA3-731 yopJA4-288 yopTA3-320)l pM LOO1+
Y. pestis T3E KIM1001 pgm-, pMT1+, pPCP1+, pCD1+ (yOpH?*467 yopES®197 yopKes | o mu
+yOpT 181 yopMA3—408 ypkAA3-731 yopJA4-288)l pM LOO1+
Y. pestis T3E KIM1001 pgm-, pMT1+, pPCP1+, pCD1+ (yopH23-467 yopEA40-197 yopKA4- 297
yOpB 181 yopMA3—408 ypkAA3-731 yopJA4-288 yo pTAS—BZOyopB A7-396)’ pM LOO1+ YPA322
Y. pestis KIM1001 pgm-, pMT1+, pPCP1+, pCD1+ (yopH23-467 yopEA40-197 yopKA4- VYPA362 297
yopB::cyopB 181 yopIVIA3-408 y pk AN3-731 yop J84-288 yopTA3-320) pMLOOL+
S. Typhimurium | Salmonella enterica Typhimurium LT2 pGENLux - 14028s LOU120 7
S. Typhimurium 328
SPI-1 null Salmonella enterica Typhimurium invA::Km - 14028s MJW1301
mutant
S. Typhimurium 333
SPI-2 null Salmonella enterica Typhimurium ssak::Cm - 14028s MJW1835
mutant

; ; Micah
gplﬁr;zlrr:tj,;;un? Salmonella enterica Typhimurium invA::Km ssak::Cm - 14028s MIW1836 | \Worley
K. pneumoniae Klebsiella pneumoniae KPPR1S VK148 334

i 282

25::“"70”’06 Klebsiella pneumoniae KPPR1S AmanC LouU171
Plasmids
pGEN222 GFP gene NA
pMLO001 Luciferase bioreporter NA 1

Table 3-1. Bacterial strains and plasmids used in this chapter
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3-4c. Cell isolation and cultivation

Leukocytes were isolated from bone marrow of 7-12-week-old mice that were either C57BL/6J,
C57BL/6) Tyrosinase”", C57BL/6J Tyrosinase”’ NLRP37,, C57BL/6J Tyrosinase” Caspasel/117, or
BALB/c SKAP2”". Murine neutrophils were isolated using an Anti-Ly-6G Microbeads kit (Miltenyi
Biotec Cat. No. 130-120-337) per the manufacturer’s instructions. Neutrophil isolations yielded >
95% purity and were used within 1 h of isolation. Macrophages were differentiated from murine
bone marrow (BMDMs) in DMEM supplemented with 1 mM Na-pyruvate, and 10% FBS for 6 days.
Macrophages were polarized with 20 ng/mL of GM-CSF (M1; Kingfisher Biotech Cat. No.
RP0407M) throughout the differentiation. The medium was replaced on days 1 and 3 (adapted
from 289). Use of human neutrophils was approved by the University of Louisville Institutional
Review Board (IRB) guidelines (IRB #96.0191) and written consents for use were obtained. Human
neutrophils were isolated from the peripheral blood of healthy, medication-free donors, as
described previously.?®® Briefly, white blood cells were isolated from whole blood using a 6%
dextran solution. Neutrophils were then separated from monocytes using a percoll gradient of
42% and 50.5%. RBCs were then lysed from the neutrophil containing layer using 0.2% NacCl for 30
seconds and followed by a quench with 5 mL 1.6% NaCl. Neutrophil isolations yielded = 95% purity
and were used within 1 h of isolation.

3-4d. Leukocyte infections

Neutrophils were cultured in RPMI + 5% FBS and macrophages were cultured in DMEM + 10%
FBS. BMNs were adhered to 24-well plates for 30 min that were coated with FBS prior to infection
(wells were washed twice with 1 x DPBS prior to plating the cells). BMDMs were adhered to 24-
well plates 1 day prior to infection. Human neutrophils were resuspended in Kreb’s buffer (w/ Ca*
& Mg) then adhered to 24-well plates for 30 min that were coated with pooled human serum prior

to infection (wells were washed twice with 1 x DPBS prior to plating the cells). Leukocytes were
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infected at a multiplicity of infection (MOI) of 20 and incubated for 1 h or 4 h in a cell culture
incubator at 37°C with a constant rate of 5% CO,. Supernatants or pellets were then collected,
centrifuged for 1 min at 6,000 x g, and supernatants devoid of cells were transferred to a fresh
eppendorf tube and stored at -80°C until ELISA and pellets were prepped for western blot analysis.
All infections were synchronized by centrifugation (200 x g for 5 min).

3-4e. Treatments and inhibitors

Prior to infection, leukocytes were treated with the following for the times and concentrations
indicated in the figure legends: phagocytosis inhibitor cytochalasin D (VWR; Cat. No. 100507-376),
calcium ionophore A23187 (Sigma-Aldrich; Cat. No. C7522), PLC inhibitor U73122 (Abcam; Cat.
No. ab120998), STIM1 inhibitor SKF-96365 (VWR; Cat. No. 89156-792), extracellular calcium
chelator EGTA, KCl, or pan-caspase inhibitor Z-Vad-FMK (Enzo; Cat. No. ALX-260-020). At the time
of infection, bacteria were added for a 500 pL final volume.

3-4f. Measurement of LTB4 by enzyme-linked immunosorbent assay

Supernatants of neutrophils and macrophages were collected and measured for LTB, by ELISA
per manufacturer’s instructions (Cayman Chemicals; Cat. No. 520111).

3-4g. Western blots

Pellets were lysed over ice in 1x Novex lysis buffer and processed through Qiashredders (Qiagen,
Cat. No. 79654). Samples were boiled for 10 min, and 10 puL was separated on a 10% SDS-PAGE
gel. Samples were immunoblotted with polyclonal anti-p-p38 antibody (Cell Signaling; Cat. No.
9211S), anti-p38 antibody (Cell Signaling; Cat. No. 9228), anti-p-p44/42 (ERK1/2) antibody (Cell
Signaling; Cat. No. 9101s), anti-beta-actin antibody (Cell Signaling; Cat. No. 3700s) diluted to
1:1000 or anti-p44/42 antibody (Cell Signaling; Cat. No. 4696) diluted to 1:2,000. Anti-rabbit
(Sigma-Aldrich; Cat. No. A9169) or anti-mouse (ThermoFisher Scientific; Cat. No. 31430) IgG HRP

secondary antibodies were diluted to 1:20,000. SuperSignal West Femto maximum-sensitivity
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substrate (ThermoFisher Scientific; cat. no. 34095) was used to detect antigen-antibody binding.
Densitometry was performed using Imagel software to quantify bands, normalized to total
protein.
3-4h. Confocal

BMNs infected at an MOI of 10 with a GFP expressing Y. pestis T3E strain were pretreated with
10 uM cytochalasin D or DPBS. After 1 h of infection, cells were then fixed with 4% PFA (Sigma
Aldrich: P6148-500G), blocked with 3% BSA-PBS (Sigma: A4503-100G), stained with primary
antibody, rabbit anti-Yersinia pestis sera (1:1,000; lot UL25, 9/14/2013) overnight at 4°C, followed
by secondary antibody, donkey anti-rabbit Alexa Fluor 647 (1:1,000; Jacksonlmmuno Research:
711-605-152) for 2 hours at room temperature, and finally with Hoechst (1:350; ThermoScientific:
62249) at room temperature for 15 minutes. Cells were then mounted in Prolong Gold (Invitrogen:
P36980) and visualized with z-stack images using a confocal Olympus Fluoview FV3000 UPlanxApo.
To quantify the rates at which bacteria were phagocytosed, 3D volume Pearson correlation
coefficients were calculated for eGFP and Alexa647.
3-4i. Statistics

For all studies, male and female mice or human donors were used and no sex biases were
observed for any phenotype. For all experiments, each data point represents data from
biologically independent experiments performed on different days. Where appropriate and as
indicated in the figure legends, statistical comparisons were performed with Prism (GraphPad)
using one-way analysis of variance (ANOVA) with Dunnett’s or Tukey’s post hoc test, or T-test with
Mann-Whitney’s post hoc test. P values < 0.05 were considered statistically significant and

reported.
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CHAPTER 4:

SUMMARY OF MY DISCOVERIES, SIGNIFICANCE OF MY DISCOVERIES,

QUESTIONS, QUESTIONS THAT NEED ANSWERING, & CONCLUSIONS
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4-1. Summary of my discoveries

My lab discovered that a Y. pestis strain that is missing the pCD1 plasmid (T3") can induce an
LTB,4 response in human neutrophils, and that five Yop effectors can then independently inhibit
LTB, synthesis.®® | decided to explore this phenotype further and made quite a few discoveries of
my own.

My first discovery was that the human neutrophil LTB4 response to the T3 strain only occurs at
high MOlIs, e.g., at MOIs of 250, which differs from mouse neutrophils, in which the T3 strain
never triggers an LTB4 response. Because the mouse neutrophils were non-responsive, | pivoted
and infected the cells with a Y. pestis strain which still expressed the T3SS but lacked the seven Yop
effectors. This is when | discovered both mouse and human neutrophils recognize the T3SS needle
of Y. pestis triggering an LTB, response at low MOlIs. Specifically, the YopB/D translocase of the
T3SS is required for this response, whether it be the translocase itself or the non-effector proteins,
the translocase allows to pass through into the cell is still unclear. Next, | showed the same
phenotype in macrophages and mast cells. | further showed the Yop effectors can actively inhibit
LTB4 synthesis, even when triggered by other PAMPs. Within macrophages, | showed that only one
Yop effector can independently inhibit LTB4 synthesis, while another five may work cooperatively
to inhibit LTBa.

Having found the needle as the required PAMP for LTB, synthesis in response to Y. pestis, | next
determined the mechanism in which the needle is triggering the synthesis in neutrophils and
macrophages. Neutrophils recognize the needle in a SKAP2/PLC/STIM1-dependent Ca* signaling
pathway. In contrast, macrophages T3SS-induction of Ca* flux required for LTB4 synthesis appears
to occur through additional pathways. | also found that the needle doesn’t induce ERK1/2
phosphorylation in macrophages but does in neutrophils. Surprisingly, while neutrophils do not

require phagocytosis of Y. pestis to trigger LTB4 synthesis, macrophages have a heightened LTB,4
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response when the bacteria are phagocytosed. Additionally, | found that in neutrophils, the T3SS
triggered an inflammasome-independent pathway that induces LTBs synthesis, but in
macrophages, inflammasome activation enhances LTB, synthesis.

4-2. Significance of my discoveries

The first novelty of my research is in exploring the global lipid mediator response during plague.
Previous research focused on the protein mediator response during Yersinia infections, despite
lipid mediators playing a pivotal role in inducing a rapid inflammatory response to pathogens. By
performing a lipidomic analysis, | have contributed to the Yersinia field by revealing an additional
mechanism of how Y. pestis induces a biphasic inflammatory response during plague, in which the
initial target may not be protein mediators directly, but rather the rapid synthesis of lipid
mediators which are required for timely protein-mediated responses.

To my knowledge, my data also represents the first example that non-effector components of
the Y. pestis T3SS can also be recognized as a PAMP by neutrophils, as previous studies showed
that only the Yop effectors themselves were recognized.?®* 26> Additionally, | identified a previously
undescribed inflammasome-independent mechanism that neutrophils use to sense and respond
to the bacterial T3SS to rapidly produce LTB4. Furthermore, in macrophages, my work is the first
evidence that inflammasome activation in response to a bacterial infection leads to LTB4 synthesis,
indicating inflammasome activation in macrophages can also increase the synthesis of lipid
mediators of inflammation. This response is especially important during a Yersinia infection in
which induction of inflammation in the first 36 h of colonization is critical for survival.

By exploring both neutrophils and macrophages, | not only revealed two separate mechanisms
that the host has developed to recognize the Y. pestis T3SS, but more importantly, | discovered Y.
pestis has evolved virulence mechanisms to counteract both signaling pathways to inhibit LTB,4

synthesis, further highlighting the importance and significance of LTB, during a Yersinia infection.
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| also showed that the sensing of the T3SS across the plasma membrane is responsible for
triggering the rapid LTB4 response, and this response is conserved against other T3SS. Importantly,
Y. pestis has evolved effector proteins to inhibit this response, while Salmonella, and perhaps other
pathogens, do not produce proteins which directly target LTB, synthesis.

Previous studies have used exogenous treatment of LTB, to show an increase in antimicrobial
responses or the detrimental effects of LTB, in sterile inflammation. My work implemented a
simple infection model to explore the interplay of the significance of LTBs during the host-
pathogen interaction during Yersinia infection. A model that can be applied to other pathogens,
in which inflammation plays a major role.

Overall, my research has improved our understanding of the early leukocyte responses to
bacterial pathogens and how Y. pestis alters the host response to generate a beneficial non-
inflammatory environment for the pathogen.

4-3. Questions, questions that need answering

4-3a. What are the consequences of LTB4 inhibition on plague?

While | have shown that LTB, synthesis is inhibited during plague, ultimately, we still don’t
completely understand the impact of this inhibition on disease and if targeting LTB,4 could alter the
course of infection. However, data from our lab supports that inhibition of LTB, is beneficial to the
bacteria. First, exogenous LTB, treatment in the intraperitoneal model of infection showed an
increase in neutrophil influx and a decrease in bacterial survival (Fig 2-3). Moreover, | have also
shown that LTB, treatment of macrophages increases bacterial killing to the same level as
treatment with IFN-y (Fig 4-1). However, the impact of LTB1 on pneumonic and bubonic plague has
not been directly tested. Thus, it would be prudent to determine what the consequences are to
treating mice with LTB4 during pneumonic and bubonic plague. To do this, C57BL/6J and BLT1"

mice could be treated with LTB4 1 h prior to, or at the time of, infection with Y. pestis and changes
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in leukocyte influx, cytokine and chemokine levels, bacterial proliferation, and host survival could
be measured. If LTB, inhibition is important to establish the non-inflammatory environment during
plague, then | would expect for the C57BL/6J mice to show an increase of leukocyte influx and
cytokine/chemokine levels earlier in the infection, during the non-inflammatory phase of
infection. This would be accompanied by a decrease in bacterial replication and host survival. The

BLT17- mice would show no change in phenotype, even with treatment.
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Figure 4-1. LTB4 treatment improves host killing of Y. pestis

Murine bone-marrow derived macrophages (BMDM) differentiated towards M2 phenotypes,
were pre-treated with either IFN-y (5 ng/mL) or LTB, for a total of 4 h. 3 h into treatment,
macrophages were infected with Y. pestis (Y. pestis KIM1001 pML0O01 (Lux plasmid)) that expressed
the T3SS (Yp) and bacterial survival was measured at 8 h (MOI 5). Each symbol represents the
average of three technical replicates from independent biological replicates and the bar graph
represents the mean + the standard deviation. UT=untreated infected macrophages. One-way

ANOVA with Dunnett’s post hoc test comparing to the Ul sample. *=p<0.05, **=p<0.01.
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4-3b. How are YpkA and YopE inhibiting LTB4 synthesis in heutrophils?

In BMNs, YpkA and YopE can also independently inhibit LTB4 synthesis. While these proteins are
known to limit phagocytosis, this is likely not contributing to LTB, inhibition. Therefore, | would
also like to determine whether these effectors are inhibiting MAPK phosphorylation or Ca?* influx
needed for LTB4 synthesis. To determine this, | would infect BMNs with the single add back
mutants, and measure p38 and ERK phosphorylation. Based on what each of these effectors target
within the host, | suspect both would inhibit the phosphorylation pathways. Alternatively, YpkA
has also been shown to target Ca?* signaling, so | may not see phosphorylation of one or both
pathways, showing the same phenotype seen with YopH. Ca?* flux could then be directly
measured.

4-3c. Which PRR is the T3SS needle activating in neutrophils?

| have identified the Ca?* and phosphorylation pathways triggered by the T3SS in neutrophils.
Using this information, | could determine the upstream kinases that directly activate these
pathways. | would start by doing a tyrosine kinase inhibitor screen, which would utilize machine
learning to identify the phospho-signaling pathways activated by the T35S.3%® Using a PLC inhibitor
as a positive control, a 96-well plate worth of neutrophils treated with tyrosine kinase inhibitors
would be infected with the Y. pestis T3E strain and LTB, would be measured after an hour. The
inhibitor for the kinase(s) responsible recognizing the needle would result in a decrease or
abrogation of LTB, synthesis.

4-3d. What is the role of prostaglandins during plague?

The results from my lipidomic analysis showed that unlike LTB,4, the cyclooxygenase pathway
appears to be induced during pneumonic plague (Fig 2-1), suggesting that Y. pestis is unable to
inhibit prostaglandin synthesis by leukocytes. Therefore, using PGE, as a representative

prostaglandin, | examined the ability of murine neutrophils, macrophages, and mast cells to
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release prostaglandins in response to Y. pestis. Like LTB4, neutrophils, and M1-polarized
macrophages produce PGE; in response to the T3SS, but release is inhibited by secretion of the
Yop effectors (Fig 4-2A and B; p<0.0001). However, mast cells appeared to produce equivalent
amounts of PGE; in response to all three strains of Y. pestis, indicating that Y. pestis is not able to
inhibit PGE; synthesis in mast cells (Fig 4-2C; p<0.05). These data suggest that signals leading to
cyclooxygenase activity in mast cells differ from those in other leukocytes. Additionally, these data
and the mouse lipidomic data suggest that mast cells may be a primary source of PGE;, and
potentially other prostaglandins, in response to Y. pestis infection of the lungs. To test this
hypothesis, | would measure the prostaglandin response in mast cell KO mice. | would also infect
COX”" mice and see how pneumonic plague progresses.

The other question these data raise is whether PG synthesis is protective or detrimental to the
host. PGE; has been shown to inhibit NADPH oxidase activity during infection with K. pneumoniae,
which directly counteracts the proinflammatory activities of LTB4.2’”- 278 The phagocytic index of
LTBs-stimulated rat alveolar macrophages (AMs) is reduced when co-stimulated with PGE,.?’8
Moreover, AMs treated with PGE; showed a 40% reduction in LTB4 synthesis when stimulated with
an ionophore known to induce a strong LTB4 response.?’” These data suggest that the elevated
levels of prostaglandin synthesis observed during pneumonic plague may contribute to the
blunted LTB,4 response by the host.

As an important side note, when | measured PGE; as a function of synthesis vs. release in human
neutrophils, | found that while prostaglandins were not being released, they were still being
synthesized (Fig 4-3). This was different than what we observed for LTB, in which synthesis and
release were inhibited by the Yop effectors (Fig 4-3 and ). Together these data warrant future

studies to better define if synthesis or release of PGE; is being targeted by the Yop effectors.
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Figure 4-2. Y. pestis inhibits PGE, synthesis in BMNs, BMDMs, but not BMMCs

(A) Neutrophils isolated from bone-marrow using an Anti-Ly-6G MicroBeads UltraPure kit (B)
BMDMs differentiated towards M1 or (C) BMMCs were infected at an MOI of 20 with Y. pestis, Y.
pestis T3E, or Y. pestis T3(-). PGE; measured by ELISA after 1 h of incubation at 37°C. Ul=uninfected.
Each symbol represents an independent biological sample and the box plot represents the median
of the group + the range. One-way ANOVA with Dunnett’s post hoc test comparing to the Ul

sample. *=p<0.05, *=p<0.01, ***=p<0.001, ****=p<0.0001.
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Figure 4-3. Lipidomic analysis of human neutrophils after Y. pestis infection

Human neutrophils isolated from whole blood were infected at an MOI of 100 with Y. pestis or
a Y. pestis T3(-) mutant. At 30- and 60-min post infection, cells were pelleted, and supernatants
were transferred to a fresh eppendorf tube. Cells were then lysed with miliQ water. Lysates and
supernatants were spiked with protease and phosphatase inhibitors. Samples were frozen and
lipids were quantified by LC-MS. Results were reported as ng per sample. Changes in leukotriene
synthesis from (A) supernatants and (B) lysates. Changes in prostaglandin synthesis from (C)
supernatants and (D) lysates. Bolded letters indicate significant increase in T3(-) infected

compared to uninfected and Yp. Ul = uninfected.
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4-3e. How do hPMNs respond to a high MOI of T3" and synthesize LTB, but BMNs can’t?

One of my early discoveries was that mouse neutrophils were unable to synthesize LTB, in
response to the Y. pestis T3" strain, even at high MOls, while human neutrophils can. Although
initially perplexing (and for a short time, very inconvenient), differences in the abilities of human
and murine neutrophils have been well documented.?®”?"! For example, there are PAMPS not
recognized by the mouse but can be recognized by humans. TLR2 and TLR4 activation also differ
between the two species.®*® 33 Another study showed that while both species express PAR4,
activation of the receptor results in a different host response between the two species.>*® Human
PAR4 activation has a stronger Ca?* influx response than the mouse PAR4. Therefore, multiple host
responses could be responsible for the difference in this phenotype.

4-3f. Do the other Yersinia inhibit LTB4?

Y. pseudotuberculosis and Y. enterocolitica are both enteric pathogens closely related to Y. pestis
and encode the Ycs T3SS and Yop effectors. However, Y. pseudotuberculosis and Y. enterocolitica
both express integrin binding proteins as well as lack other virulence determinants elicited by Y.
pestis. Due to these differences, | wanted to determine whether the LTB, response differed
between the Yersinia species. To determine this, | infected BMNs with strains of all three Yersinia
species that expressed the T3SS or were missing the pCD1 plasmid or with E. coli as a positive
control. As expected, all three WT strains inhibited LTB4 synthesis in the presence of the Yop
effectors (Fig 4-4). Also as expected, the Y. pestis T3" strain did not induce an LTB4 response in the
mouse neutrophils. While | also observed no LTB, from the Y. pseudotuberculosis T3 infected
BMNSs, surprisingly there was a robust LTB4 response to the Y. enterocolitica T3" strain (Fig 4-4).
This provides evidence that PAMPs that trigger LTB4 synthesis were lost during the divergence of
Y. pseudotuberculosis from Y. enterocolitica, and these may have contributed to predispose the

evolution of Y. pestis to a vector- and blood-borne pathogen.
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Figure 4-4. Y. enterocolitica does not require the T3SS needle to trigger LTB4 synthesis, when Yop

effectors are absent

Neutrophils isolated from bone-marrow using a Percoll Plus gradient (Percoll) (Cytiva, Cat. No.
17-5445-02) were infected at an MOI of 10 with Y. pestis with or without the T3SS (Yp+ or Yp-), Y.
pseudotuberculosis with or without the T3SS (Ypt+ or Ypt-), Y. enterocolitica with or without the
T3SS (Ye+ or Ye-), or E. coli (Ec). LTB, measured by ELISA after 1 h of incubation at 37°C.
Ul=uninfected. Each symbol represents an independent biological sample and the bar graph

represents the mean * the standard deviation. One-way ANOVA with Dunnett’s post hoc test

comparing to the Ul sample. **=p<0.01, ****=p<0.0001.
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4-4g. Do other bacteria inhibit an LTB4 response?

My dissertation shows that Y. pestis effectively limits the synthesis of LTB, during pneumonic
plague through a T3SS/Yop-dependent manner. While this may be a Y. pestis specific virulence
mechanism, it is likely that other bacteria have also evolved virulence strategies to inhibit this
important immune mediator. Case in point, during my global lipidomics screen of pneumonic
plague, | also examined the induction of inflammatory lipids during pulmonary infection with
Klebsiella pneumoniae. Like Y. pestis infected mice, | observed a delay in LTB4 synthesis by K.
pneumoniae infection (Fig 4-5A-B and 2-1, Table 5-1). Because K. pneumoniae induces
inflammation much quicker than Y. pestis, | did not expect the same phenotype and this data was
initially perplexing. However, when | challenged neutrophils with K. pneumoniae in vitro, |
observed that they did not produce LTB, (Fig 4-5C), even when | increased the MOI to 100 (data
not shown). However, if | infected neutrophils with a K. pneumoniae manC mutant, which does
not synthesize the capsule, neutrophils generated a robust LTB, response (Fig 2-5).2° Because the
capsule inhibits phagocytosis, these data suggest phagocytosis of the bacterium is required to
synthesize LTB, in the K. pneumoniae model within neutrophils. To test this hypothesis, | infected
BMNs that were pretreated with cytoD with the K. pneumoniae manC mutant. Inhibiting
phagocytosis completely abrogated the LTB,4 response to the capsule mutant (Fig 4-5D, p<0.001),
validating that phagocytosis is required for the LTB; response triggered by K. pneumoniae.
Previous studies have shown opsonized K. pneumoniae induces LTB, in alveolar macrophages.'%®
In my experiment, the bacteria were not opsonized. Therefore, | would be inclined to repeat this
experiment and see how the host responds when WT K. pneumoniae is opsonized prior to
infection or when infected with the K. pneumoniae AmanC mutant. Overall, these data support
that my work with Y. pestis will have a broader impact on the effect pathogens may have on

inflammatory lipids.
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Figure 4-5. Lipid mediator response to K. pneumoniae

(A-D) C57BL/6J mice were infected with 10x the LDsp of WT K. pneumoniae. Lungs were
harvested at the indicated times (n=5) to measure host lipids by LC-MS. (A) LTB4 concentrations.
(B) 20-hydroxy LTB4 concentrations. (C-D) Murine neutrophils (BMNs) were infected with Y. pestis
mutant that lacked the Yop effectors (T3E) or WT K. pneumoniae (Kp) at an MOI of 20 for 1 h. (D)
BMNs were pre-treated with cytochalasin D (10 uM) for 30 min prior to infection. (A-D) Each
symbol represents an individual mouse, or an independent biological infection and the box plot
represents the median of the group *+ the range. Ul=uninfected. ns=not significant. One-way
ANOVA with Dunnett’s post hoc test comparing to the Ul samples for A thru D or Tukey’s post hoc
test compared to each condition for E. T-test with Welch'’s post hoc test for F. *=p<0.05, **=p<0.01,

*#x%=p<0,0001.
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4-5. Conclusions

The culmination of the work | have completed in this dissertation has provided a sturdy base in
the understanding of LTB4 during plague. My findings have also unveiled more questions in the
context of other lipid mediators, other pathogens, and different host responses during plague,

including the host-pathogen interactions between mast cells and Y. pestis.
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CHAPTER 5:

APPROACHES FOR THE INACTIVATION OF YERSINIA PESTIS*

Brady A, Tomaszewski M, Garrison TM, Lawrenz MB. Approaches for the inactivation of Yersinia
pestis. 2024. Applied Biosafety. 2024; doi: 10.1089/apb.2023.0022
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5-1. Introduction

Yersinia pestis is the gram-negative, facultative intracellular bacterium that causes the disease
known as plague. Historically, there have been three plague pandemics. While the last plague
pandemic officially ended in 1945, Y. pestis became endemic in rodent populations throughout

the world.?3!

Within these endemic locations, there is still the potential for spillover events to
occur when fleas transfer Y. pestis to humans, highlighted by the 2017 Madagascar and 2022
Democratic Republic of Congo human plague outbreaks.?3> 34 Mathematical modeling of the
impact of climate change on the spread of Y. pestis suggests that the frequency of spillovers is
likely to increase - warmer temperatures lead to higher rodent densities and increases in flea
populations, which in turn increases the likelihood that humans will come in contact with the
infected vectors.®** While Y. pestis is considered a vector-borne disease, there has been recent
evidence towards Y. pestis thriving in soil, further increasing the possibility of spillover events.3*?
Considering these risks, research on plague is still necessary. To ensure laboratorian safety, Y. pestis
research is conducted at biosafety level 3 (BSL-3) facilities, which provide the appropriate
safeguards to minimize accidental exposures and environmental release.

The Federal Select Agent Program (FSAP) was established in 1996 and supervises the possession,
use, and transfer of select agents. Select agents are pathogens or toxins determined to have the
potential to pose a severe threat to public health and safety. To be considered a select agent, the
danger to human health, speed of transmission, and the availability and effectiveness of treatment
and/or prevention are all considered. In addition to the acute progression of the plague, Y. pestis
also has a history of misuse as a biological weapon.> 1° Because of the rapid nature of plague

infection, potential for aerosols and person-to-person transmission, and its risk of deliberate

misuse, the FSAP has categorized Y. pestis as a Tier 1 select agent. This designation limits access
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to government vetted entities and individuals and ensures an increased level of biosecurity to
protect the public from accidental or intentional release.

While research with Y. pestis requires work within BSL-3 laboratories to minimize risks to
laboratorians and potential release, inactivation of the bacterium (i.e. rendering it non-viable and
unable to cause infection) can generate products that can be safely handled at lower containment.
However, after the shipment of anthrax spores that were not successfully inactivated, the FSAP
has increased safeguards to prevent similar accidents.?*® These procedures include the
development of standardized inactivation protocols that are validated prior to use, which includes
documentation demonstrating that an inactivation protocol successfully inactivates the sample.
Important considerations for validation can include kill curves, which identify either minimal
concentrations or times required for an inactivation agent to fully inactivate the organism.
Furthermore, each validated protocol needs to include an inactivation verification step, which
provides proof of successful inactivation each time a protocol is performed prior to removal of the
sample from the BSL-3 laboratory. To aid in developing effective inactivation protocols, the FSAP
allows the use of surrogate organisms that can be handled at BSL-2 for the validation of these
procedures.®* While commonly used inactivation methods have been published for various select
agents, there is an absence in the literature of a single source providing data supporting
inactivation methods that can be used for Y. pestis while still providing downstream
applications.3** 3% Albeit not all inclusive, my purpose here is to provide the community with
examples of several common inactivation approaches used with Y. pestis that can serve as a
foundation for their own in-house development of validated inactivation protocols.

5-2. Results

5-2a. Heat inactivation of Y. pestis

119



To determine the impact of elevated temperature on the survival of Y. pestis, | examined two
conditions, extended incubation at 50°C and boiling bacteria with and without Laemli buffer, a
buffer commonly used for protein analyses. To determine the viability of Y. pestis at 50°C, bacteria
were incubated at the elevated temperature for 60 min and recovery of viable bacteria was
determined by enumeration. By as early as 10 min, | observed a 10-fold decrease in viability, which
continued to decrease over the next 50 min. By 60 min, bacterial viability decreased by >5 orders
of magnitude, with one sample below the limit of detection (Fig 5-3A). Using these data, |
calculated that Y. pestis should be completely inactivated after 81 min when incubated at 50°C.
Based on this prediction, | incubated a separate group of samples at 50°C for 120 min (a time
frame exceeding the minimum inactivation calculated above to ensure complete inactivation of
the bacteria). No viable bacteria were recovered from the 120 min samples (Fig 5-3B; p<0.0001).
Together these data indicate that complete inactivation of Y. pestis can be achieved by incubating

the bacteria at 50°C for 120 min.
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Figure 5-1. Heat shock at 50°C inactivates Y. pestis within 2 h

Y. pestis was incubated at 50°C. (A) Enumeration of viable bacteria at 10 min intervals for 60
min. The limit of detection was 10% CFU, indicated by the dotted line. Each symbol represents an
independent biological experiment, and the box plot represents the median of the group * the
range. The equation represents the linear regression analysis of the data used to predict how much
time would be required for complete in activation. (B) Enumeration of bacteria from a sample
before (0 min) or after incubation at 50°C (120 min). The limit of detection was 1 CFU. Each symbol
represents an independent biological experiment, and the bars represent the mean of the group

+ the standard deviation. Two-tailed unpaired T-test. ****=p<0.0001.
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Samples are often prepared for SDS-page analysis by adding Laemli buffer and boiling. To
determine if incubation with Laemli buffer inactivated Y. pestis, bacteria were resuspended in the
buffer with and without boiling. Incubation of Y. pestis at room temperature with Laemli buffer
significantly reduced bacterial viability compared to samples without Laemli buffer (Fig 5-4;
Laemli-RT vs. PBS-RT, respectively; p<0.0001). However, boiling the bacteria for 10 min with or
without Laemli buffer resulted in no recovery of viable bacteria (Fig 5-4; PBS-Boil and Laemli-Boil
vs. PBS-RT; p<0.0001). Together, these data demonstrate that boiling samples for 10 min, with or

without Laemli buffer, is sufficient to inactive Y. pestis.
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Figure 5-2. Y. pestis is inactivated by boiling for 10 min

Y. pestis was incubated at room temperature in 1X PBS for 15 min (PBS-RT), in 1X Laemli buffer
for 5 min (Laemli-RT), or in a boiling water in 1X PBS (PBS-Boil) or in 1X Laemli Buffer for 10 min
(Laemli-Boil). After incubation, viable bacteria were enumerated. The limit of detection was
determined as 1 CFU. Each symbol represents an independent biological experiment, and the bars
represent the mean of the group + the standard deviation. One-way ANOVA with Tukey’s post hoc

test. ***=p<0.001. ****=p<0.0001. PBS, phosphate-buffered saline; RT, room temperature.
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5-2b. Paraformaldehyde and formalin inactivation of Y. pestis

Paraformaldehyde (PFA) and neutral-buffered formalin (NBF) inactivate biological samples by
covalent crosslinking amines between proteins and nucleic acids.?*® Typical protocols for
microscopy and flow cytometry applications include incubation with 4-10% of fixative for 15-30
mins.!3® To define the kinetics of PFA inactivation, Y. pestis was incubated with 0.5, 1, 2, or 4% PFA
(final concentration) and CFU were enumerated every 15 min for 60 min. | observed a >6 log
decrease within 15 min with all PFA-treated samples, below the limit of detection of this
experiment (Fig 5-5A; p<0.001). In a separate experiment, Y. pestis was incubated with 1% PFA for
15 min and the entire sample was transferred to an agar plate to determine if any viable bacteria
were present. No viable bacteria were recovered (Fig 5-5B; p<0.0001). For NBF, bacteria were
incubated with 1.25, 2.5, 5, or 10% (final concentration). As observed for PFA, viable bacteria were
below the limit of detection for all concentrations within 30 min of incubation (Fig 5-5C; p<0.0001),
and all concentrations >1.25% were below the limit of detection within 15 min (Fig 5-5C;
p<0.0001). To determine in a separate experiment if any viable bacteria were present at this
concentration, bacteria were incubated for 15 min in 2.5% NBF and the entire sample was
transferred to an agar plate. No viable bacteria were recovered (Fig 5-5D; p<0.0001). Together
these data indicate that incubation with >1% PFA or >2.5% NBF for 15 min is sufficient to inactive
Y. pestis.

Formalin is also commonly used as a fixative for tissues for histological examination. To
demonstrate that 10% NBF can inactive Y. pestis in tissues, mice were intranasally infected with
fully virulent Y. pestis. 48 h post-infection, bacterial numbers in the lungs were 7.12 x 10° + 2.76 x
10° per tissue, in the spleens were 9.68 x 10* + 1.59 x 10* per tissue, and the in the livers were
2.55 x 10° + 8.36 x 10* per tissue (Fig 5-5E). After 24 h incubation with 10% NBF, tissues were

cultured in BHI broth for 48 h. Cultures were not turbid after incubation, indicating the absence of
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viable bacteria. Sterility was confirmed by plating a portion of the broth on BHI agar plates. Again,
no viable bacteria were recovered (Fig 5-5E). Together, these data demonstrate that 24 h

incubation with 10% NBF can effectively inactivate Y. pestis in murine tissues.
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Figure 5-3. Low concentrations of PFA and NBF inactivate Y. pestis

Y. pestis was incubated with indicated concentrations of (A,B) PFA or (C, D) NBF and bacterial
survival was measured by CFU from (A,C) 10 ulL aliquots every 15 min or (B, D) the whole sample
at 15 min. Limit of detection was determined as (A,C) 10° or (B,D) 1 CFU. (E) C57BL6/J mice were
infected intranasally with 10x the LDso of Y. pestis KIM5+ and lungs, spleen, and liver were
harvested 48 h post-infection. Incubated with 10% NBF for 24 h. (A,C) Symbols represent the mean
of 3 biological replicates and the error bars represent + the standard deviation. Two-way ANOVA
with Dunnett’s post hoc test comparing to untreated. ***=p<0.001, ****=p<0.0001. (B,D) Each
symbol represents an independent biological experiment and the bars represent the mean of the
group * the standard deviation. Two-tailed unpaired T-test. ****=p<0.0001. (E) Each symbol
represents tissues from an individual mouse, and the bars represent the mean of the group + the

standard deviation. Two-tailed unpaired T-test within each tissue group. ****=p<0.0001.
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5-2c. Methanol inactivation of Y. pestis

Methanol (MeOH) can be used to permeabilize and fix samples for microscopy and to extract
lipids from biological samples for subsequent lipid identification by Liquid Chromatography
Tandem Mass Spectrometry (LC-MS/MS).343% To determine if MeOH inactivates Y. pestis, bacteria
were treated with increasing concentrations of MeOH and bacterial viability was determined
every 15 min for 60 min by enumeration. Y. pestis appeared relatively resistant to 25% MeOH but
was sensitive to inactivation at concentrations >50% (Fig 5-6A). In a separate experiment, bacteria
were incubated with 50% MeOH and the entire sample was plated at 15, 30, and 60 min (Fig 5-
6B). In this experiment, incubation for 1 h was required to completely inactivate >10% CFU of
bacteria (p<0.0001).

To determine the ability of MeOH to inactivate Y. pestis in the presence of host tissue, mouse
lungs were transferred to a 2 ml tube and a known concentration of bacteria (5.4 x 10° CFU/mL)
was added to the tissues. The tissues + bacteria were resuspended in 1X PBS with ceramic beads
for homogenization. Following tissue homogenization, bacterial viability decreased by ~3-logs (Fig
5-6C; ‘After homogenization’ vs. ‘Inoculum’; p<0.0001). Viability decreased slightly if the samples
were further incubated at 4°C for 24 h (Fig 5-6; ‘24 h PBS’). However, no viable bacteria were
recovered from homogenized samples after 24 h of incubation in 75% MeOH + 0.1% BHT, final
concentration (75% was chosen as this is a concentration applicable to lipid extraction) (Fig 5-6C;
24 h 75% MeOH’). Based on these results, lungs were isolated from mice intranasally infected
with fully virulent Y. pestis at 6, 12, 24, 36, and 48 h post-infection, and the tissues were
homogenized. Prior to addition of MeOH, bacterial numbers were enumerated, and then samples
were incubated with 75% MeOH + 0.1% BHT for 24 h. Inactivation was verified by plating 5% of

the sample, of which no viable bacteria were recovered (Fig 5-6D; p<0.0001). Together, these data
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demonstrate that 75% MeOH can effectively inactivate Y. pestis, even in the presence of host

tissues.
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Figure 5-4. Methanol inactivation of Y. pestis

(A,B) Y. pestis was incubated with indicated concentrations of MeOH and bacterial survival was
measured by CFU from (A) 10 pl aliquots every 15 min or (B) the whole sample at 15, 30, or 60
min. Limit of detection was determined as (A) 10° or (B) 1 CFU. (C) Enumeration of the bacteria
recovered after lungs + Y. pestis were incubated with 75% MeOH + 0.1% BHT. Limit of detection
was calculated as 1 CFU. (D) Enumeration of bacteria recovered after lungs from Y. pestis infected
animals were incubated with 75% MeOH + 0.1% BHT. Limit of detection was calculated as 50 CFU.
(A) Symbols represent the mean of 3 biological replicates and the error bars represent * the
standard deviation. Two-way ANOVA with Dunnett’s post hoc test. **=p<0.01, ***=p<0.001,
****=p<0.0001. (B-D) Each symbol represents an independent biological experiment, and the bars

represent the mean of the group + the standard deviation. One-way ANOVA with Tukey’s post hoc

test. *=p<0.05, **=p<0.01, ****=p<0.0001.
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5-2d. Nucleic acid extraction inactivates Y. pestis

There are a variety of approaches to isolate nucleic acids from bacteria. Here, | chose two
common approaches used to isolate genomic DNA or RNA from bacterial cultures. For DNA
isolation, | used a commercial alkaline lysis approach following the manufacturer’s protocol for
gram-negative bacteria. No viable bacteria were recovered in the elution after extraction,
indicating that this commercial kit completely inactivated the bacteria (Fig 5-7A). For RNA
extraction, | used a TRIzol extraction approach and plated the entire aqueous phase after
chloroform extraction. No viable bacteria were recovered from the agueous phase, indicating that

TRIzol/chloroform extraction completely inactivates Y. pestis (Fig 5-7B).
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Figure 5-5. Alkaline lysis and TRIzol/chloroform extraction successfully inactivate Y. pestis

Y. pestis was treated for nucleic acid extraction using the (A) Promega Wizard Genomic DNA
Purification Kit or (B) TRIzol/chloroform extraction. The limit of detection was determined as 1
CFU. Each symbol represents an independent biological experiment, and the bars represent the

mean of the group + the standard deviation. Two-tailed unpaired T-test. ****=p<0.0001.
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5-3. Discussion

BSL-3 containment facilities and procedures protect laboratorians from accidental exposure and
infection by Y. pestis. However, many pieces of equipment needed for research may not be
available or amenable to use within the BSL-3 laboratory. Thus, samples need to be inactivated,
and confirmed for inactivation, for them to be safely removed from BSL-3 for downstream
experimentation. As such, the development of validated inactivation protocols is required to
ensure samples can be safely handled at lower containment. For Y. pestis, there have been several

studies published demonstrating the efficacy of common disinfectants®® 35!

, gas decontamination
(both hydrogen peroxide and chlorine dioxide) 323%, and UV radiation.3*”3¢2 However, published
data related to inactivation methods more amenable to research applications are limited.361,363-36>
Here | built upon these studies to provide a systematic analysis of several inactivation methods
commonly used within the research field. My goal was to provide others with approaches and
data that can serve as the foundation for the development of in-house validated inactivation
protocols.

Y. pestis is a mesophilic bacterium that thrives in a temperature range from 20-40°C,
temperatures of its native insect and mammalian hosts, but it can also grow efficiently at 4°C.3¢®
Temperatures >45°C can negatively impact many cellular processes for mesophilic bacteria,
including protein stability, membrane structure, metabolic activity, and DNA repair.3> 367369
Therefore, exposure to elevated temperatures can result in loss of viability over time.®” Wang et
al. reported previously that incubation at 68°C for 10 h completely inactivated Y. pestis, but also
briefly mentioned that one CFU was recovered from treatments at lower temperatures for shorter
periods of time.3*! In my hands performing multiple biologically independent experiments, | was

unable to recover viable bacteria from samples at a starting concentration of ~2.65 x 10° CFU/ml

when the bacteria were incubated at 55°C for 2 hours. Because specific details on the bacterial
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concentration of the samples, how many times the inactivation was performed, the amount of
sample enumerated, and whether the single colony recovered was verified as Y. pestis were not
provided by Wang et al,, it is difficult determine why | observed differences in my evaluations.
However, simple differences in the validation of the temperature of the heating elements or
sample diluent (e.g., PBS vs. water) could explain the differences and highlight the need to have
in-house validation of inactivation procedures.

Wang et al. also reported that incubation with 4% PFA at 4°C overnight inactivated Y. pestis.3%!
By applying both time- and dose-dependent kill curve analysis, | expanded on these data to show
that concentrations of 1% PFA or 2.5% NBF can fully inactivate Y. pestis within 15 min when
incubated at room temperature (Fig 5-5). These data support that standard treatments with
formaldehyde that conserve cell morphology and retaining fluorophore activity for confocal
imaging and flow cytometry should be sufficient to inactivate Y. pestis.3’>3’* In the context of
formaldehyde fixation of infected tissues, Chua et al.>®® previously reported that incubation of
tissues from Y. pestis infected rabbits and guinea pigs with glutaraldehyde or formaldehyde
fixatives for 6 or 13 days, respectively, resulted in bacterial inactivation. However, whether shorter
incubation periods were sufficient was not reported. As tissues from mice are significantly smaller
than those from rabbits or guinea pigs, | hypothesized that shorter incubation times would be
sufficient to perfuse the tissues, and as predicted, incubation with 10% NBF for 24 h was sufficient
to inactivate Y. pestis in murine tissues of different densities (lungs, spleens, and livers). However,
as indicated by Chua et al.>®3 and Buesa and Peshkov®’%, the time required for sufficient perfusion
of tissues and bacterial inactivation may differ for other tissues like the skin. Therefore, fixation of
tissues other than the ones tested here may require different incubation periods that will need to

be empirically determined.
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In addition to formaldehyde, alcohols are also commonly used to inactivate and fix biological
samples for imaging.3®*> 376379 Moreover, these chemical fixatives are amenable to both lipid and
proteomic analysis by LC-MS/MS.27 Lin et al. previously reported that incubation of Y. pestis with
40% ethanol for 30 min was sufficient to inactivate the bacteria without significantly impacting
proteomic data quality.3®®> Wang et al. also reported that incubation with 100% methanol at 4°C
for 10 min inactivated Y. pestis while retaining cell morphology as assessed by atomic force
microscopy.>®! However, for both studies, bacterial concentrations were not reported and only a
portion of the inactivated cultures were plated for viability (10% and 1%, respectively). | have
expanded on these studies to show that while methanol can rapidly inactive Y. pestis, at a
concentration of 50%, incubation for 1 h was required to completely inactivate ~3.2 x 10° CFU. |
did not determine if shorter periods of time were required for 100% methanol, but this time frame
could easily be determined following a similar protocol. | also showed that incubation with 75%
methanol for 24 h in the presence of host tissue lysates was sufficient to inactivate Y. pestis.
Moreover, | show inactivation in the presence of BHT, an antioxidant that prevents oxidation of
lipids for downstream lipid analysis.38% 38!

Together these studies provide other researchers with a foundation as they develop their own
in-house inactivation procedures. As protocols are being developed, careful considerations need
to be made regarding the bacterial concentrations used in the validation process to ensure that
protocols will not be applied later to experimental situations in which the bacterial concentrations
are greater than the concentrations for which the protocols were validated. Moreover, as
recommended by the CDC, protocols should also include a verification step to ensure inactivation

was achieved each time the protocol is performed.
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5-4. Methods and Materials

5-4a. Bacteria

For in vitro studies, | used attenuated derivatives of the Y. pestis KIM biovar missing the high
pathogenesis island (pgm) and the large virulence plasmid (pCD1), which are exempt from Select
Agent regulation.®® These strains also harbored bioluminescent bioreporters (pLUX or LuXptoic) to
monitor bacterial viability as a function of bioluminescence.!' 2! These strains represents a
surrogate for fully virulent Y. pestis that can be handled safely at BSL-2 to develop and validate
inactivation procedures .34* 38 Bacteria were routinely cultured for 15 to 18 h at 26°C in Bacto
brain heart infusion (BHI) broth (BD Biosciences; Cat. No. 237500) on a roller drum. Optical
densities at 600nm (ODgno) were determined with a spectrophotometer and used as a reference
to dilute samples to the desired bacterial concentrations. Final bacterial concentrations were
enumerated by serial dilutions of samples and growth on Diffco BHI agar plates (BD Biosciences;
Cat. No. 241830) for two days at 26°C. Data is reported as colony forming units (CFU) per mL.

5-4b. Heat inactivation of Y. pestis

Approximately 2.65 x 10° CFU of bacteria were resuspended in 1 mL of phosphate buffered
saline (1X PBS) in 1.5 mL eppendorf tubes and placed in a heating block that was pre-heated to
50°C. For one hour, 10 plL aliquots were removed every 10 min and bacterial numbers were
enumerated. Enumeration was performed with three technical replicates for each biological
replicate at each time point. The limit of detection was determined as 10° CFU. In a separate
experiment, samples (n = 3 biological replicates) were incubated for two hours, pelleted for 1 min
at 16,000 x g, and resuspended in 100 uL 1X PBS. The entire 100 pL sample was plated onto BHI
agar and incubated for 2 days at 26°C. The limit of detection was determined as 1 CFU. The
inactivation was performed 4 times.

5-4c. Laemli buffer and boiling inactivation of Y. pestis
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Approximately 2 x 10'° CFU of bacteria were resuspended in 200 pL of 1X PBS. Samples were
either incubated at room temperature in 1X PBS for 15 min, in 1X Laemli buffer (6X Laemli buffer
is 5% 2-mercaptoethanol, 2% SDS, 10% glycerol, 0.012% bromophenol blue, and 0.375M Tris-HCI)
for 5 min, in 1X PBS in a boiling water bath for 10 min, or in 1X Laemli Buffer for 5 min at room
temperature followed by boiling for 10 min. After each condition, the entire sample was
inoculated onto BHI agar and incubated for 2 days at 26°C. The limit of detection was determined
as 1 CFU. The inactivation was performed 5 times.

5-4d. Paraformaldehyde and formalin inactivation of Y. pestis

Approximately 1.95 x 10° CFU of bacteria were resuspended in 1X PBS. Freshly prepared 4%
paraformaldehyde (PFA; Sigma-Aldrich, Cat. No. P6148) was added at final concentrations of 0.5,
1, 2, or 4% (n=3). Neutral-buffered formalin (NBF; VWR, Cat. No. 89370) was added at final
concentrations of 1.25, 2.5, 5, or 10% (n=3). Final volumes were 1 mL for each condition. As a
growth control, 1 mL of 1X PBS was added to a separate sample. Samples were then mixed by
pipetting and incubated at 4°C. Every 15 min for 60 min, 10 pL aliquots were removed to measure
bacterial concentration. To confirm starting concentrations, untreated bacteria incubated in 1 mL
of 1X PBS were serially diluted and plated on BHI agar. The limit of detection was determined as
103 CFU. Inactivation was performed 3 times.

Approximately 1.8 x 10° CFU of bacteria were resuspended in 1 mL of freshly prepared 1%
paraformaldehyde or 2.5% NBF. Samples were then mixed by pipetting and incubated at 4°C. At
30 min, samples were centrifuged for 1 min at 16,000 x g, washed once with 1X PBS, and then
resuspended in 100 pL of 1X PBS. The entire sample was transferred to a BHI agar plate and
incubated for 2 days at 26°C. To confirm starting concentrations, untreated bacteria incubated in
1 mL of 1X PBS were serially diluted and plated on BHI agar. The limit of detection was determined

as 1 CFU. The inactivation was performed 3 times.

136



5-4e. Formalin inactivation of Y. pestis in the presence of tissues

Y. pestis was grown at 26°C for 6-8 h, diluted to an optical density (OD) (600 nm) of 0.05 in Bacto
brain heart infusion (BHI) broth (BD Biosciences Cat. No. 237500) with 2.5 mM CaCl, and then
grown at 37°C with aeration for 15-18 h.%8° C57BL/6J mice (University of Louisville IACUC approval
# 22157) were anesthetized with ketamine/xylazine and administered 20 uL of fully virulent Y.
pestis suspended in 1X Dulbecco’s PBS (DPBS) to the left nare as previously described.?% 289 At 48
h post infection, lungs, spleen, and liver were removed by sterile necropsy. Tissues from 5 mice
were cut in half, prior to adding to tissue cassettes, and submerged in 10% NBF for 24 h, 12 mL
per tissue. Untreated tissues from 4 mice were macerated, and bacterial numbers were
enumerated by serial dilution and plated on BHI agar. After 24 h, tissues were removed from the
10% NBF and washed with 1X PBS. The NBF-treated tissues were transferred to 3 ml of BHI and
incubated for 2 days at 26°C. Cultures were visually inspected for turbidity as a sign of bacterial
growth, and 150 pL (5%) were plated on BHI agar to confirm absence of growth.

5-4f. Methanol inactivation of Y. pestis

Approximately 3.2 x 10° CFU of bacteria were resuspended in 1 mL of 1X PBS + methanol (MeOH;
Fisher Chemical, Cat. No. A412) at final concentrations of 0, 25, 50, 75, and 100% methanol.
Samples were mixed by pipetting and incubated at 4°C. Every 15 min for 60 min, 10 pl aliquots
were removed to enumerate bacterial numbers. To confirm starting concentrations, untreated
bacteria incubated in 1X PBS were serially diluted and plated on BHI agar. The limit of detection
was determined as 5 x 10° CFU. The inactivation was performed 3 times.

Approximately 3.22 x 10° CFU of bacteria were resuspended in 1 mL of 50% MeOH. Samples
were mixed by pipetting and incubated at 4°C. At 15, 30, and 60 min, samples were centrifuged
for 1 min at 16,000 x g, washed once with 1X PBS, and resuspended in 100 pL of 1X PBS. The entire

sample was transferred to BHI agar and incubated for 2 days at 26°C. To confirm starting
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concentrations, untreated bacteria incubated in 1X PBS were serially diluted and plated on BHI
agar. The limit of detection was determined as 1 CFU. The inactivation was performed 3 times.

5-4g. Methanol inactivation of Y. pestis in tissues

Lungs from C57BL/6J mice (University of Louisville IACUC approval # 22157) were removed by
sterile necropsy and immediately frozen in a 2 mL tube pre-filled with 2.8 mm ceramic beads
(VWR, Cat. No. 10158-612). Lungs were thawed and ~5 x 10° CFU of bacteria in 1X PBS were added.
Additional 1X PBS was added to fill the remaining air space within the tube. Tissues were
homogenized with an Omni Bead Ruptor 4 at speed 5 (5 m/s) for 3 cycles of 30 seconds with 1-
minute pauses in which the lungs were placed on ice to prevent samples from overheating.
Bacterial CFU were enumerated by serial dilution of 100 pL of the homogenized samples to
determine the effects of the homogenization process on bacterial survival. Tissue debris was then
centrifuged for 10 min at 1,500 x g. The supernatants (~1.5 mL) were then transferred to a fresh
Eppendorf tube. From this, 250 pL aliquots were added to methanol + butylated hydroxy toluene
(BHT) (75% + 0.1% final concentration, respectively) and incubated at 4°C for 24 h. After
incubation, samples were pelleted for 1 min at 16,000 x g. Methanol + BHT was removed, and
pellets were washed 3 times with 1X PBS. Samples were then resuspended in 250 pL of 1X PBS
and the entire sample was transferred to BHI agar supplemented with irgasan (1 pg/ml) and
polymyxin B (12.5 ug/ml) (the Y. pestis strain used is resistant to these antibiotics and allows for
differentiation from potential contamination by the host microbiota) and incubated for 2 days at
26°C. The limit of detection was determined as 1 CFU. The inactivation was performed 4 times.

C57BL/6J mice were anesthetized with ketamine/xylazine and administered 20 pL of fully
virulent Y. pestis as previously described.? 2% At 6, 12, 24, 36, and 48 h post infection, whole
lungs were necropsied and homogenized as described above. Bacterial CFU were enumerated

from each sample by serial dilution of 100 pL of the homogenized samples to determine the
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bacterial concentration prior to inactivation. 250 pL aliquots from the fresh Eppendorf tube were
added to methanol + butylated hydroxy toluene (BHT) (75% + 0.1% final concentration,
respectively) and incubated at 4°C for 24 h. After incubation, 50 uL from each sample was
transferred to a BHI agar plate supplemented with irgasan (1 pg/ml) and polymyxin B (12.5 pg/ml)
then incubated for 2 days at 26°C. The limit of detection was determined as 50 CFU. The
inactivation included 5 biological replicates.

5-4h. Y. pestis inactivation with Promega Wizard Genomic DNA Purification kit

Approximately 5.7 x 10° CFU of bacteria were collected into 1.5 mL Eppendorf tubes. Bacteria
were pelleted for 1 min at 12,000 x g and DNA extraction was performed per manufacturer’s
instructions (Promega; Cat. No. A1120). The entire elution after purification was transferred to BHI
agar and incubated for 2 days at 26°C. The limit of detection was determined as 1 CFU. The
inactivation was performed 3 times.

5-4i. Y. pestis inactivation with TRIzol and chloroform

Approximately 5.4 x 10° CFU of bacteria were collected into a 1.5 mL RNase free Eppendorf tube.
Bacteria were pelleted for 1 min at 10,000 x g and gently resuspended in 1 mL TRIzol reagent
(Thermo Scientific; Cat. No. 15596026) and incubated for 5 min at room temperature. 200 uL of
chloroform (Fisher Chemical; Cat. No. 513-35-9) was added, followed by 15 seconds of vigorous
shaking and a 3 min incubation at room temperature. Samples were then centrifuged for 15 min
at 12,000 x g at 4°C. The aqueous phase was transferred to BHI agar and incubated for 2 days at
26°C. The limit of detection was determined as 1 CFU. Inactivation was performed 3 times.
5-4j. Statistics

Prior to statistical analysis, values for samples that were below the limit of detection were
converted to the limit of detection and log transformed. All statistical calculations were performed

using GraphPad Prism and the tests used for comparison are reported in the figure legends. When
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comparing groups to untreated samples, a One-way ANOVA with Dunnett’s post hoc test was used.
For comparing multiple groups to each other, a One-way ANOVA with Tukey’s post hoc test was

used. When there were only two groups in the experiment, a Two-tailed unpaired T-test was used.
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Synthesis pathways of eicosanoids

(A) Eicosapentaenoic acid, (B) docosahexaenoic acid, (C) linoleic acid, and (D) arachidonic acid
pathways and the products measured in LC-MS. Black — Not screened; Red — significant increase
compared to uninfected in at least one time point; Blue — significant decrease compared to
uninfected in at least one time point; Grey — below the limit of detection; Green — enzyme
responsible for lipid conversion (no enzyme indicates a non-enzymatic conversion via redox);
Underlined — no change; Dotted line — epimers. Of the significant hits: Bold-pro-inflammatory;

Italicized- anti-inflammatory/pro-resolving.
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EPA 00015 00015 00485 00015 00444 | 00015 00015 00724 00015 005
EPA  17(18)EpETE 00015 00015 00015 00052 00015 00015 00015 00134 00042 00015
EPA 5,6-DiHETE(EPA) 0.0015 0.0015 0.0015 0.0151 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015
EPA LXAS 0.0015 0.0047 0.0015 0.0015 0.0013 0.0015 0.0015 0.0015 0.003 0.0015
EPA RvE3 0.6231 19823 1.2107 1.5691 0.3361 2.2328 2.1334 1171 0.6929 0.4454
DHA/EPA 19,20-DiHDoPE 0.1499 0.2146 0.1943 0.2219 0.083 0.269 0.4062 0.3043 0.1516 0.0854
DHA  4-HDoHE 01009 0.1166 _ 0.1178  0.1438  0.2012 02052 0.1402 _ 0.2024 _ 0.1475 _ 0.197
DHA  [7-HDoHE 00884 0.078 00788 0.1264 _ 0.1118 03751 _ 0.2634__ 0.5356__ 0.1232__ 0.1795
DHA 8-HDoHE 0.0938 0.1141 0.1405 0.0758 0.1676 0.2302 0.1411 0.2917 0.1314 0.2029
DHA  [10-HDoHE 01791 00015 02581 02886 03397 03303 03666 0.67  0.2583  0.3563 |
DHA  11-HDOHE 0.0015 00015 0.4672 00015 0.0015 00015 06923 00015 0.0015 0.0015
DHA 15264 15491 14563 | 1.637 11393 2386 12781 17422
DHA E X } 82815 10.3198 55975
DHA 0.3834 0.4385 0.5883 0.4609 0.3837 0.6644 0.3919
DHA 0.1855 0.1926 0.2292 0.2906 0.4894 0.3922 0.8726 0.5056 0.301
DHA  20-HDOHE 04596  0.5278 0.4812 05438 05025 0.5803 0.6057 0.8026 0.4283 0.6752
DHA 7(8)-EpDPE 0.0033 0.0054 0.0054 0.0074 0.0108 0.004 0.0066 0.0015 0.0039 0.0184
DHA  10(11)-EpDPE 00326 00156 00317 00196 00443 00407 00166 00172 00187  0.0607
DHA 13(14)-EpDPE 0.0112 0.0098 0.0015 0.0096 0.0132 0.0098 0.014 0.0015 0.0143 0.0193
DHA 16(17)-EpDPE 0.0097 0.0126 0.0015 0.008 0.0183 0.0166 0.0119 0.0096 0.0097 0.0015
oHA  [15(20)-EpDPE 00298 00203 00284 00189 00378 | 00374 00302 0.0404 00222 00577
DHA RvD1 & AT-RvD1 0.1682 0.0015 0.0015 0.0015 0.1145 0.4834 0.0015 0.0015 0.0015 0.0015
DHA  RVD6 (4,17-DiHDoHE) 00015 00015 00015 00015 00015 00015 00015 00015 0.0079  0.0015
DHA  RvDS(n-3DPA) (7,17-DiHDoPE) 00356 0.0633 00591 00926 00284 00543 00967 00534 00528 0.0201
oHA  [PD1(n3, DPA) 3.8907 110489 41335 63073  1.6294 | 8.0493 9739 67326 3.2542 1.8407
DHA  [105,175-DiHDOHE 00015 00015 00015 00015 00015 12959 05766 0.0015 _ 0.0015 _ 0.0015 |
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Green =
Yellow =
Blue=
Red =

EPA=
DHA=

Statistical p-value found

LogFC was higher than control group
LogFC was lower than control group
23 values below the limit of detection

Linoleic acid
Arachidonic acid
eicosapentaenoic acid
docosahexaenoic acid



ul Kp
a8 hr 12hr
Lipid 1-A 18 1€ 1D 1€ 4-A 48 ac 4D 4

LA 13,14dh-15k-PGE1 0.0182 0.0099 0.0176 0.0015 0.017 0.0015 0.0287 0.0185 0.0295 0.0293
LA PGE1 0.1287 0.2363 0.1247 0.1645 0.1673 I 0.2665 0.2516 0.2308 0.2825 0.2969 I
LA 15(R)-PGE1 0.0959 0.1149 0.0778 0.0793 0.0015 0.072 0.0015 0.0015 0.19 0.1562
LA 0.0015 0.0015 0.0015 0.0015 0.0015 0.0071 0.0219 0.0145 I
LA 4.1312 2.1103 3.5703 2.7277 2.3301 2.4057 ]
LA 6kPGF1a 3.6156 6.157 5.2604 5.9817 6.4715 41311 0.0015 3.8716 149301 8.7684
LA 6-keto PGE1 0.0015 0.0172 0.0149 0.0154 0.0136 0.0097 0.017 0.0123 0.0015 0.0015
AA E 10.9409 12.1142 10.5898 10.3617 10.0851 I 109693 17.5176 119192 22,6208 17.6967 ]
AA 15-keto PGE2 0.2065 0.4942 0.406 0.4265 0.3602 0.1933 0.7138 0.3211 1.0339 0.7219
AA 13,14dh-15k-PGE2 0.4777 0.5916 0.5485 0.5033 0.411 0.5118 1.1525 0.5435 1.3706 0.9934
AA Bicyclo PGE2 0.0401 0.0476 0.0262 0.0309 0.0386 0.0307 0.0847 0.0551 0.1095 0.0708
AA PGA2 0.354 0.3827 0.3073 0.2715 0.3636 0.4129 0.6629 0.4345 0.8895 0.76
AA tetranor PGEM 0.0022 0.0015 0.0018 0.0015 0.0011 0.0016 0.0023 0.0015 0.0015 0.0019
AA PGD2 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.7555 0.0015 0.0015 0.0015
AA Iﬂ 0.1498 0.1779 0.1303 0.131 0.1644 I 0.1899 0.3452 0.2284 0.4485 0.3472 I
AA 15d-D12,14-PGJ2 0.0519 0.0727 0.0757 0.0773 0.0691 0.0701 0.0659 0.0571 0.0877 0.0786
AA 13,14dh-15k-PGD2 1.696 1.5422 1.2874 1.2029 1.1678 1.202 2.366 1.2442 2.56 2.4218 ]
AA PGFla 0.036 0.0483 0.0286 0.017 0.0389 0.0312 0.0532 0.0447 0.0496 0.0522
AA PGF2a 1.3802 1.3584 1.2208 0.6895 1.2415 0.9904 1.5466 1.2126 1.9472 1.9178
AA 15-keto PGF2a 0.5871 0.6055 0.5364 0.5491 0.4648 0.5395 1.0379 0.6056 1.2433 0.9292 I
AA 13,14dh-15k-PGF2a 0.0547 0.0785 0.0912 0.0525 0.081 0.0774 0.1036 0.0812 0.1133 0.0949 I
AA 19(R)-OH PGF2a & 20-OH PGF2a 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0107 0.0015
AA 8-isoPGF2a & 11bPGF2a 0.0015 0.1033 0.0638 0.0015 0.097 0.0015 0.1107 0.074 0.1597 0.0015
AA TXB2 0.0015 3.6118 2.967 2.9934 2.9566 3.2956 4.2458 4.0087 5.0769 4.5667
AA 11dh-TXB2 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0064 0.0015 0.01 0.0161
AA 11dh-2,3-dinor TXB2 0.0108 0.0148 0.0071 0.02 0.008 0.0363 0.0201 0.0219 0.044 0.0245
AA LTB4 0.0283 0.0446 0.0495 0.0015 0.0388 0.1945 0.1793 0.1184 0.21 0.1658
AA |Woavl.m 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015
AA 18-carboxy dinor LTB4 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015
AA 5(S),12(S)-DiHETE 0.12 0.2146 0.138 0.1362 0.1033 0.1098 0.0436 0.1611 0.2307 0.1567
AA 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0027 0.0015 0.0015 0.0015
AA 13.1826 179999 14.7776 15.0953 0.0015 | 15.3168 0.0015 0.0015 13.8187 11.2935
AA 102.5982 95.7632 76.3926 74.8717 73.3199 | 68.0189 69.4235 61.9668 76.3762 66.2997
AA 0.1078 0.1475 0.114 0.1546 0.1888 0.1291 0.1849 0.2808 0.3165 0.1862
AA 0.0015 0.0089 0.0072 0.0015 0.0178 0.0193 0315 0.0158 0308 165
AA 1.1215 1.3183 1.0202 1.3526 1.6977 2.6646 6687 3.8812 5.8134 2.9401
AA 1.0683 0.7753 0.9253 1.0993 0.9928 0.556 0.8445 1.2941 1.1471 1.1679 I
AA 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015
AA 79.7221 93.6908 66.3016 712922 70.8498 | 61.2496 81.2088 76.568 98.1535 96.5233
AA 61.3581 68.0563 87.5217 144.9424 140.511 122.8057
AA . 18.4581 17.3597 21.0824 20.3477 27.1312 27.7763
AA 20-HETE 0.0015 0.7678 0.8797 0.7748 1.0269 0.0015 0.0015 0.9183 1.3782 0.0015
AA - |tetranor 12-HETE 0055 0.0659 _ 0.0563 _ 0.0908 _ 0.0015 | 0.2228 _ 0.221 _ 0.0967__ 0.2157 _ 0.0829 |
AA 12(S}HHTFE 25.4892 26.803 23.4114 17.5795 20.8156 14.5411 18.1839 21.4144 30.5334 28.2001
AA 9(10)-EpOME 1.2526 0.9361 1.0894 0.778 1.2517 1.0766 1301 14118 212 1.2676
AA 12(13)-EpOME 0.615 0.4682 0.4531 0.4299 0.5792 0.5639 0.5328 0.6206 0.8896 0.6134
AA 0.1314 0.1363 0.1291 0.1562 0.0786 0.1142 0.1083 0.1661 0.1103
AA 8(9)-EpETrE 0.0015 0.0015 0.0395 0.0015 0.0015 0.0015 0.0015 0.0015 0.1026 0.0015
AA 0.1706 0.1312 0.197 0.1169 0.2349 0.2141 0.318 0.2179
AA 0.0015 0.0015 0.0015 0.0015 0.0015 0.1195 0.0015 0.0015 I
AA 1.1798 1.2964 0.5984 1.0883 0.461 0.417 0.7774 0.4992
AA i 1.4632 1.5488 0.6811 1.4089 0.6309 0.7442 1.2957 0.8028
AA 5,6-DiHETrE 0.0116 0.0015 0.0015 0.0144 0.0052 0.0015 0.0015 0.0068 0.0139 0.0104
AA 8,9-DiHETrE 0.0321 0.0314 0.0422 0.0336 0.0253 | 0.0235 0.015 0.0204 0.0419 0.0355
AA 11,12-DiHETrE 0.3019 0.3424 0.2642 0.3698 0.1507 0.2672 0.1062 0.1702 0.3733 0.2814
AA 14,15-DiHETrE 0.4157 0.5778 0.5527 0.4511 0.2352 0.3941 0.1874 0.1882 0.4699 0.4232
AA 9-Ox00DE 4.1273 3.4742 3.2389 2.9265 3.3894 2.3814 3.0936 2.6615 3.7399 2.7069
AA 13-Ox0ODE 4.11 3.5354 3.4325 2.6608 4.4553 I 6.1663 2.9167 3.0145 3.7234 3.6457
AA 9-Ox00TrE 0.0664 0.0015 0.0438 0.0509 0.0824 0.0489 0.0433 0.0516 0.0447 0.048
AA 5-oxoETE 0.0881 0.0988 0.1752 0.1365 0.2091 0.14 0.1915 0.241 0.2674 0.1688
AA 15-OxoETE 0.0015 0.4128 0.5018 0.0015 0.4084 0.0015 0.0774 0.2319 0.0015 0.0015
AA 15-epi LXA4 0.0015 0.005 0.0015 0.0015 0.0025 0.0015 0.0015 0.0015 0.0015 0.0015
EPA 0.0273 0.038 0.0373 0.0356 0.0826 0.0374 0.0658 0.0439
EPA 0.0956 0.1062 0.0015 0.082 0.0319 0.1294 0.0015 0.1883 0.1303
EPA X 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015
EPA 0.0015 0.0954 0.0015 0.0015 0.035 I 0.0015 0.0015 0.0015 0.0015 0.0015
EPA 9(S)-HOTrE 0.3026 0.1751 0.2697 0.2057 0.4403 0.1606 0.0015 0.2248 0.3837 0.2442
EPA 13(S)-HOTrE 1.8809 1.0374 1.2444 13337 1.1165 | 0.9869 0.9365 1.0588 1.2926 0.894
EPA 11(R)-HEDE 1.7474 1.6548 1.4651 1.4726 1.8574 1.2591 2.1551 1.5214 1.863 1.6931
EPA 15(S)}-HEDE 0.1069 0.089 0.113 0.109 0.1254 0.0697 0.1303 0.0957 0.1258 0.1104
EPA |_s4u: 0.0015 0.0015 0.0015 0.0754 0.0854 0.0962 0.1483 0.1282 0.1449 0.1446
EPA 8-HEPE 0.0015 0.0015 0.0015 0.0015 0.0498 0.0015 0.0015 0.0382 0.0501 0.0015
EPA 9-HEPE 0.1265 0.0015 0.1298 0.1464 0.2553 0.0936 0.1533 0.3641 0.3373 0.1779
EPA  |11-HEPE 0.3896 0.2435 0.3743 0.3234 0.3701 0.354 0.5124 0.2789 0.4969 0.3655
EPA  |12-HEPE 2.9162 2.2473 2.4298 3.0685 6.7805 3.5338 4.676 8.0672 8.0281 5.0892
EPA 15(S)-HEPE 0.4564 0.0015 0.2618 0.2662 0.2317 0.1382 0.2028 0.1446 0.2117 0.1556
EPA 18-HEPE 0.0015 0.0015 0.0485 0.0015 0.0444 0.0544 0.0015 0.0015 0.0434 0.0463
EPA 17(18)-EpETE 0.0015 0.0015 0.0015 0.0052 0.0015 0.0015 0.0015 0.0015 0.0015 0.006
EPA 5,6-DiHETE(EPA) 0.0015 0.0015 0.0015 0.0151 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015
EPA LXAS 0.0015 0.0047 0.0015 0.0015 0.0013 0.0015 0.0015 0.0015 0.0015 0.0027
EPA M 0.6231 1.9823 1.2107 1.5691 0.3361 I 1.1046 0.2445 0.4268 0.81 0.8672

DHA/EPA 19,20-DiHDoPE 0.1499 0.2146 0.1943 0.2219 0.083 0.1863 0.0818 0.069 0.1518 0.1227
DHA 4-HDoHE 0.1009 0.1166 0.1178 0.1438 0.2012 0.1343 0.2024 0.2018 0.1877 0.1829
DHA 7-HDoHE X 0.078 0.0788 0.1264 0.1118 0.1763 0.1985 0.1976 0.2516 614
DHA 8-HDoHE 0.0938 0.1141 0.1405 0.0758 0.1676 0.0635 0.1464 0.1902 0.1836 0.1496
DHA Ilm 0.1791 0.0015 0.2581 0.2886 0.3397 I 0.24 0.2705 0.235 0.2967 O.ﬂl
DHA 11-HDoHE 0.0015 0.0015 0.4672 0.0015 0.0015 0.3681 0.0015 0.0015 0.0015 0.0015
DHA 13-HDoHE 1.1767 1.5264 1.2935 1.5491 1.4563 I 13325 1.6993 1.1829 1.8955 15715
DHA 14-HDoHE 4.085 3.8589 4.0309 5.0897 5.2854 3.8008 4.1304 4.6884 5.3688 4.2584
DHA 03769 05927 04047 0.5255  0.6289
DHA 17-HDoHE 0.3356 0.1855 0.1926 0.2292 0.2906 0.162 0.2912 0.2818 0.2851 0.2614
DHA 20-HDoHE 0.4596 0.5278 0.4812 0.5438 0.5025 0.4708 0.5169 0.367 0.6146 0.5579
DHA 7(8)-EpDPE 0.0033 0.0054 0.0054 0.0074 0.0108 0.0054 0.0158 0.0096 0.0132 0.0133
DHA 10(11)-EpDPE 0.0326 0.0156 0.0317 0.0196 0.0443 0.0308 0.0623 0.0558 0.0703 0.047
DHA 13(14)-EpDPE 0.0112 0.0098 0.0015 0.0096 0.0132 0.0079 0.0277 0.0155 0.0226 0.0239
DHA 16(17)-EpDPE 0.0097 0.0126 0.0015 0.008 0.0183 0.0125 0.0153 0.0173 0.0271 0.0141
DHA 19(20)-EpDPE 0.0298 0.0203 0.0284 0.0189 0.0378 0.0185 0.0464 0.0409 0.049 0.0508
DHA RvD1 & AT-RvD1 0.1682 0.0015 0.0015 0.0015 0.1145 0.0015 0.0836 0.0816 0.0015 0.0015
DHA RvD6 (4,17-DiHDoHE) 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015
DHA RvD5(n-3DPA) (7,17-DiHDoPE) 0.0356 0.0633 0.0591 0.0926 0.0284 0.0553 0.0121 0.0015 0.0275 0.0225
DHA PD1(n-3, DPA) 3.8907 11.0489 4.1335 6.3073 1.6294 2.8265 0.8625 1.118 2.5176 2.2475 ]
DHA 10S,175-DiHDoHE 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015
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Green =
Yellow =
Blue=
Red =

AA=
EPA=
DHA=

Statistical p-value found

LogFC was higher than control group
LogFC was lower than control group
23 values below the limit of detection

Linoleic acid
Arachidonic acid
eicosapentaenoic acid
docosahexaenoic acid



ul Kp
ashr 24hr
Lipid 1-A 18 1€ 1D 1€ 6A 68 6C 6D 6E
LA 13,14dh-15k-PGE1 0.0182 00099 00176  0.0015 0017 00235 00015 00122 0021  0.0234
LA [peer 01287 02363 0.1247 _ 0.1645  0.1673 | 03545  0.5591  0.4228  0.4129 _ 0.5243 |
LA 15(R)}-PGEL 0.0959  0.1149 00778  0.0793 00015 01262 02327 01722 0167  0.1864
LA [15-ketoPGEL 00015 00015 00015 0.0015 0.0015 | 00015  0.0079  0.0055  0.0015  0.0095
LA [Bicyclo PGE1 3.2853 56863  4.1312  3.156 41412 | 1.2875 14609 16754  1.4012  1.7342 |
LA 6kPGFla 3.6156 6157 52604 59817 6.4715 89961 7.0321 8.4985  4.6059  0.0015
LA 6-keto PGEL 0.0015  0.0172  0.0149  0.0154  0.0136 0021 _ 0.0203  0.0015  0.0128  0.0015
AA E 10,9409 12.1142 10.5898 10.3617 10.0851 I 21.0323  29.4933 18.3468 18.9937 25.0177 |
AA - 15-keto PGE2 02065 0.4942  0.406 _ 0.4265  0.3602 _ 0.5837  0.6664 _ 0.394 _ 0.3746__0.6662
AA 13,14dh-15k-PGE2 04777 05916  0.5485  0.5033 0.411 0.9089 12217 07811  0.7557 1.1309
An |Bicyclo PGE2 0.0401 00476 00262 0.0309 00386 | 0.0987 0.1429  0.1069  0.1063 _ 0.2043
AA PGA2 0.354 0.3827 03073 02715 0.3636 | 0.8396 1.229 0.91 0.8424 1.4833
AAtetranor PGEM 0.0022 00015 00018 00015 00011 00028 00029 00024 00022 0.0018
AA PGD2 0.0015  0.0015 00015  0.0015  0.0015  0.4458 0.0015  0.0015  0.0015  0.0015
m [peiz 0498 01779 01303 0131 _ 0.1644 | 0.4298  0.6083  0.4065 _ 0.4082 _ 0.6872 |
AA15d-D12,14-PGJ2 0.0519  0.0727 00757 0.0773 _ 0.0691 _ 0.0812 0.0876 _ 0.0505  0.0513  0.0603
Aa |13,14dh-15k-PGD2 1696 15422 12874 12029 11678 | 2755  3.8069  2.0748 19415  2.9571 |
AA PGFla 0.036 00483 00286 0017 00389 00517 0038 00543 00556 0.0777
AA PGF2a 13802 13584 12208  0.6895 12415 15469 09796 15086 12796 1747
Ar - |15-keto PGF2a 05871  0.6055 0.5364 05491 04648 | 10562 14321 10499 09774  1.3889
Aa - |13,14dh-15k-PGF2a 0.0547 00785 00912 00525 0081 | 00232 00731 00015  0.0622  0.0404
AA |19(R)-OH PGF2a & 20-OH PGF2a 0.0015 00015 00015 00015 00015 | 00015 00127 00015 00015 0.0015
A 8-is0PGF2a& 11bPGF2a 0.0015  0.1033 00638 00015 0097 00015 0.1447 00015 00883 0.1431
AA - TXB2 0.0015  3.6118  2.967 29934 29566 00015 57561 3.6538 34136  4.3992
A |11dh-TXB2 0.0015 00015  0.0015  0.0015 00015 | 0.0015  0.0073  0.0067 _ 0.0015 _ 0.0015
Aa - |11dh-2,3dinor TXB2 0.0108 00148 00071  0.02 0.008 | 00474 01097 0039 0.015 _ 0.0782
A |LTBa 00283 00446 0.0495 0.0015 0.0388 00821 00586 0.0504 00679 0.0804
an - [20-hydroxyLTBA 0.0015 00015 00015  0.0015 00015 | 00015 00015 00015 00015 0.0015
AA  18-carboxydinor LTB4 0.0015 = 0.0015 00015 0.0015 00015 00166 0.0094 00015 00089  0.0015
AA5(5),12(S)-DIHETE 012 02146 0138 01362 0.1033 01618 00768 0.1351 01353 0.1176
A 0.0015 00015 00015 00015 00015 | 0.0015 00104 0.0015  0.0015  0.0046
A 13.1826  17.9999 147776 15.0953  0.0015 | 13.6497 0.0015  0.0015 _ 0.0015  0.0015
A 102.5982 95.7632 76.3926 74.8717 73.3199 | 120.0167 125.6052 134.5304 92.5377 135.0084
AL 0.1078 01475 0114 01546 01888 | 02287 0228 03314 02435 0.3803
AL 0.0015 0.0072 00015 00178 | 00181 00364 _ 0.024 _ 0.0319 _ 0.0295
A 10202 13526 1.6977 | 3.9423  4.4906 _ 4.1817  5.4693  7.1324
AL [ i 09253  1.0993 09928 | 2.2569  1.5581 12963  1.2802 _ 1.9151
AA - 9-HETE 0.0015  0.0015  0.0015  0.0015  0.0015 _ 0.0015  0.0015  0.0015  0.0015 0.0015
A |11-HETE 79.7221 93.6908  66.3016 71.2922 70.8498 | 126.1694 92.4727 92.3358 74.9885 113.8029
an [12-HETE 72.5816  78.9431 61.3581  78.744 122.5452| 132.7051 124.7226 157.3238 127.4447 178.9694
An - |15-HETE 2013 23.4669 18.4581 17.9891 21.4737 | 37.4739  26.7927 26.5613 21.7353 30.9692
AA - 20-HETE 0.0015 07678 0.8797 07748 1.0269 09179 0.7526  0.0015 0.0015  0.9483
AA - |tetranor 12-HETE 0055 00659 0.0563 0.0908 0.0015 0.1805 0.0015 0.1288 0.1508  0.1587 ]
AA - 12(S}HHTIE 25.4892  26.803 23.4114 17.5795 20.8156 24.3759 25.0567 25.5405 15.0375 30.4354
AA 9(10)-EpOME 12526 09361 10894 0778 12517 11038 15313 17569 15358  1.6039
A 0615 04682 04531 04295 05792 | 05688 07158 0.8027 06577 07165 |
A 01433 01314 01363 0.1291  0.1562 | 0.0608  0.0484  0.0402 _ 0.0377 _ 0.0293
A 0.0015  0.0015  0.0395  0.0015  0.0015 00015 0.0015 00015 00015 0.0015
A 0.0782 00015 01706 01312 0197 | 00015 01298  0.188  0.1723  0.1835
AL 0.0015  0.0015  0.0015  0.0015  0.0015 | 0.0015
AL 2301 11255 11798  1.2964  0.5984
AL 2158 1797 14632 15488  0.6811
AA5,6-DiHETrE 00116 0.0015 00015  0.0144 00052 0011  0.0039 00018 00073 0.0052
AA - |8,9-DiHETrE 0.0321 00314 00422 00336 00253 | 00308 00299 00293 00387 0.0201
A |11,12-DIHETE 03019 03424 0.2642 3698 0.1507 | 0.2747 02002 0.182 018  0.1636
AA 14,15-DIHETIE 0.4157 05778  0.5527  0.4511 0.2352 0.4332 03084 0.2737 02658 0.2577
AA 9-Ox0ODE 41273 34742 3.2389 29265 3.3894  3.8585 47184 4.4477 29599 57628
Ar |13-Ox00DE 411 35354 34325 26608  4.4553 | 4.2839 5.8375 47954 3.3265  6.6445 |
AA 9-0x00TrE 0.0664 00015 00438 00509 00824 00783 00366 00015 00499 0.0793
AA S-oxoFTE 0.0881 00988  0.1752 0.1365 0.2091 02137 0.1506 0.1994 01398 0.3063
AA 15-OxoETE 0.0015 04128 05018 0.0015 04084 15153 0.4963 1.1408 00015 0.2733
AA - 15-epiLXA4 0.0015  0.005 00015  0.0015  0.0025 00015 0.0015  0.0024  0.0015  0.0023
EPA 0.0314 00405 00273  0.038 00373 | 01096 02762 0.1282  0.1384 _ 0.2288
ePA  [PGD3 0.0258  0.0956  0.1062 _ 0.0015 0082 | 0.0778 0.0015  0.0015  0.0015 _ 0.0015
ePA  [TXB3 0.0015 00015 00015 0.0015 00015 | 00331 00624 0034 _ 00373 0.0518
€PA  |5(5),15(S)}-DIHEPE 0.0015 00954 00015 00015 0035 | 01032 00191  0.0449  0.1062__ 0.0235
EPA  9(S}HOTTE 03026 0.1751  0.2697 _ 0.2057 _0.4403  0.4829  0.2858  0.4505  0.1939  0.3515
ePA  [13(s)}HOTrE 1.8809  1.0374 12444 13337 11165 | 3.4966  3.2917 19539 13888  2.1463 |
EPA  [11(R}HEDE 17474 1.6548 14651  1.4726 _ 1.8574 | 3.0414  2.8961  3.2521 23606 3.5495 |
EPA  15(S}HEDE 0.1069 0089 0113 0109  0.1254 02633 0.2777 _0.2192 _ 0.1858  0.3164
EPA  [S-HEPE 0.0015  0.0015 00015  0.0754 00854 | 0.2002  0.3644 _ 0.2669 _ 0.2905 _ 0.4611
EPA  |8-HEPE 0.0015  0.0015  0.0015  0.0015 00498 | 0.0671  0.0915  0.0901 _ 0.0823 _ 0.1141
EPA  [9-HEPE 0.1265 00015 0.1298  0.1464 02553 | 04201  0.8631  0.8967 _ 0.6717 _ 0.8016
EPA  |11-HEPE 0.3896  0.2435 03743 0.3234 03701 | 0.8822 1.6176  0.9801  0.9859 1.1276
EPA  |12-HEPE 29162 22473 24298 30685 6.7805 | 8.6584 18.5483 20.2591 15.7728 20.6724
EPA  |15(S}-HEPE 0.4564  0.0015 0.2618  0.2662  0.2317 | 0.7812 19213  0.8015 0.7832  0.8903
EPA  [18-HEPE 00015 00015 00485 00015 00444 | 00015 00862 0.0674 0.0662 _ 0.1041
EPA  17(18)-EpETE 0.0015 00015 00015 00052 00015 00015 00114 00015 0008  0.0015
EPA  5,6-DIHETE(EPA) 0.0015 00015 00015 00151 00015 00015 00015 0003 00015 0.0048
EPA  LXAS 0.0015_ 0.0047 _ 0.0015 _ 0.0015  0.0013 _ 0.0015 _ 0.0015 _ 0.0015 _ 0.0015 _ 0.0015
EPA IE 0.6231 1.9823 1.2107 1.5691  0.3361 I 03879 03771  0.1237  0.2366__ 0.0986 I
DHA/EPA  19,20-DiHDoPE 0.1499 02146  0.1943 02219  0.083 02496 0.025 0.1648 01504  0.1502
DHA  4-HDoHE 01009 0.1166  0.1178  0.1438  0.2012  0.2489 02233 0251 _ 0.2417 _ 0.4164
DHA  [7-HDoHE 00884 0078 00788 01264 01118 | 02474 01915 02433 02526 02992 |
DHA  8-HDoHE 0.0938  0.1141  0.1405  0.0758  0.1676 _ 0.0015  0.1822  0.1646 _ 0.1444 _ 0.3035
DHA  [10-HDOHE 01791 00015 0.2581 0.2886 03397 | 0.574 0709 0.5384 _ 0.5489 _ 0.7907
DHA  11-HDOHE 0.0015  0.0015  0.4672__ 0.0015  0.0015  0.0015  0.0015  0.0015  0.0015  0.0015
DHA  [13-HDOHE 11767 15264 12935  1.5491  1.4563 | 3.8205  3.4087  3.0002 _ 3.1154  3.8321
DHA  [14-HDOHE 4.085  3.8589  4.0309  5.0897  5.2854 | 11.6945 147264 10.7255 118411 14.5475
DHA  [16-HDOHE 0.4735 03834 04376 0.4385 05883 | 0.9489 09715 0.8518  0.7509 1137
DHA  [17-HDOHE 03356 0.1855  0.1926  0.2292 0.2906 | 19596 12792  1.0944 10675 _ 1.5597
DHA  20-HDOHE 0.4596 05278 04812 05438 05025 1111  0.822 10167 07845  1.0497
DHA  7(8)-EpDPE 00033 00054 00054 00074 00108 00084 00071 00107 00045 00099 Greens
DHA  10(11)}EpDPE 0.0326 00156 00317 00196 00443 00338 00323 00341 00364 00531 Yellow=
DHA  13(14)}-EpDPE 00112 00098 00015 00096 00132 00015 0.0015 00177 00015 0.0292 Blue=
DHA  16(17)}-EpDPE 0.0097 00126 00015 0008 00183 00186 00118 00015 00112 00153 pog.
DHA |19(zu)-£pm 00298 00203 00284 00189  0.0378 | 00615  0.0379  0.0575  0.0422 _ 0.0496 |
DHA  RvD1& AT-RvD1 0.1682 00015 00015 00015 0.1145 02551 0.0015 0.0494 01134 0.0015
DHA  RvD6 (4,17-DiHDOHE) 0.0015 00015 00015 00015 00015 00015 0.0015 00015 00015 0.0015 =
DHA  RVDS5(n-3DPA)(7,17-DiHDoPE) 00356 00633 00591  0.0926 _ 0.0284 _ 0.0402 00276 003 _ 00333 00157 AA=
DHA  |PD1(n-3, DPA) 3.8907 110489 4.1335 63073 1.6294 | 2.5796  0.8684  0.6302  1.1817 05771 | EPA=

0.0015

0.0015 0.0015 0.0015

0.0015
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Statistical p-value found

LogFC was higher than control group
LogFC was lower than control group
23 values below the limit of detection

Linoleic acid
Arachidonic acid
eicosapentaenoic acid
docosahexaenoic acid



ul Kp
aghr aghr
Lipid 1-A 18 1< 1D 1E 9-A 98 9-C 9-D 9E
LA 13,14dh-15k-PGEL 00182 0.0099 00176 00015 0017 00116 00219  0.0252  0.0157  0.0238
LA [peer 01287 02363 01247 0.1645 01673 | 06398 0.545 06947 10266 07337
LA 15(R)}PGEL 00959  0.1149 00778 0.0793  0.0015  0.2475 01962 02714 0275  0.3028
LA [15-keto PGEL 00015 00015 00015 00015 00015 | 0.0062 00015  0.0015  0.0015 0.0015
LA |Bicyclo PGEL 3.2853 56863 41312 3156 41412 | 08512 34445 26966 23555 19704 |
LA 6kPGFla 3.6156  6.157 52604 59817 6.4715 80596 11.4721 147188 59937  9.1885
LA 6-keto PGE1 0.0015 0.0172 0.0149 0.0154 0.0136 0.0053 0.0015 0.0015 0.0162 0.012
A |peE2 109409 121142 10.5898 10.3617 100851 | 26.2314 23.8297 40.0288 38.7041  37.648 |
AA 15-keto PGE2 0.2065 0.4942 0.406 0.4265 0.3602 0.3674 0.4806 0.5838 0.6016 0.5714
aa - |13,14dh-15k-PGE2 04777 05916 05485  0.5033  0.411 | 1.2414 10058 16763  1.7746 _ 1.8361
an  |Bicyclo PGE2 00401 00476 00262 00309 0.0386 | 0.2057 0.1628 02917  0.2639 _ 0.3239
an |PGA2 0354 03827 03073 02715 03636 | 17932 14049 23353  2.2924  2.1026
AAtetranor PGEM 00022 = 00015 00018 00015 00011 00017 00011 0.0032 00024 0.0042
AA - PGD2 00015 0.0015  0.0015  0.0015  0.0015 _ 0.0015  0.9875  0.0015 _ 0.0015 _ 0.0015
m [peiz 0498 01779 01303 031 _ 0.1644 | 09203 07029 1.0966__ 1.0912 _ 1.0527 |
AA 15d-D12,14-PGJ2 00519 0.0727 _0.0757 __0.0773 _ 0.0691 _ 0.0615__ 0.0791 _ 0.0715 _ 0.0581 _ 0.0711
an [13,14dh-15k-PGD2 1696 15422 12874 12029 11678 | 2.4702 _ 2.656__ 3.6419 _ 3.8531  3.8629 |
AA PGFla 0036 00483 00286 0017 00389 0039 00692 0.0574 00521 0.0441
A PGF2a 13802 13584 1.2208  0.6895 12415  0.8598 14343 17901 13031 13332
an - |15-keto PGF2a 0.5871  0.6055 0.5364  0.5491 0.4648 | 16324 12417  2.048 226 2.0469 |
aa - |13,14dh-15k-PGF2a 00547 00785 00912 00525 0081 | 00342 00766 0.0675 0.0374 _0.0516
An |19(RMOHPGF2a&20-0HPGF2a _ 0.0015  0.0015 00015 00015 00015 | 00044 00063 0012 _ 0.0015  0.005 |
AA B-s0PGF2a& 11bPGF2a 00015 = 0.1033 00638 00015 0097 0096 01212 0.1301 00015 0.1043
AA TXB2 00015 36118 2967  2.9934 29566  3.9883  4.061 47334  3.5814  0.0015
An [11dh-TxB2 00015 0.0015 00015 0.0015  0.0015 | 00015 00015 0.0015 0.0053 0.0151
Aa - |11dh-2,3-dinor TXB2 00108 0.0148 00071 002 _ 0.008 | 00062 00206 0015 _ 0.0246 __ 0.017
an LTS 00283 0.0446__ 0.0495 _ 0.0015__ 0.0388 | 0.3237 _ 0.1853 _ 0.3483 _ 0.6914 _ 0.5464 |
Aa |20-hydroxyLTBA 0.0015__ 0.0015 _ 0.0015__ 0.0015__ 0.0015 | 0.0054 _ 0.0038 _ 0.0015__ 0.0046__ 0.0059 |
AA 18-carboxy dinor LTB4 0.0015 0.0015 0.0015 0.0015 0.0015 0.0022 0.0036 0.0015 0.0071 0.0053
AA 5(5),12(S)}-DIHETE 012 02146 0138 01362 0.1033 00839 0.4 _ 0.1066  0.0772 0.0513
AA 00015 00015 00015 00015  0.0015 | 00041 00042 0005 00117  0.0133
AA 13.1826 17.9999 14.7776 15.0953  0.0015 | 0.0015  0.0015  0.0015 _ 0.0015 _ 0.0015
AA 102.5082 957632 76.3926  74.8717 73.3199 | 113.6335 98.8232 197.9931 127.9384 164.1104
AA 03853 0.4082 _ 0.2501 _ 0.4208 _ 0.4201
An 00702 0.0275 _ 0.071 _ 0.0568 _ 0.0807
An 10.2491 52164 10.0207 _16.4168 18.0179
An [ X 16201 13031  1.5334 14248 17057
AA 9HETE 0.0015_ 0.0015  0.0015 _ 0.0015  0.0015 _ 0.0015 __ 0.0015  0.0015 _ 0.0015 _ 0.0015
An 72.4572_ 88.8838 101.6297 109.9225 114.0362]
AA 153.9741 203.6111 183.6814 162.7366_125.4316)
An . i 219837 21.4077 257038 30.6602 31.4807
AA 20-HETE 0.0015 07678 _ 0.8797 _0.7748 _ 1.0269 _ 0.0015__ 0.0015 _ 0.0015 _ 0.9248 _ 0.0015
AA - |tetranor 12-HETE 0055 0.0659 _ 0.0563 _ 0.0908 _ 0.0015 | 0.188  0.1532 _ 0.2263 _ 0.1062__ 0.1469 |
AA 12(S}-HHTrE 25.4892 26.803 23.4114 17.5795 20.8156 13.5153 17.0084 30.7323 15.5715 19.1766
AA 9(10}-EpOME 12526 09361  1.0894 0778 12517 14148 19546 22122 14135 2.0371
AA 05792 | 08213 11278 13301 05401 _ 0.8151 |
AA 01562 | 00338 00454 00343 00251 0.0247 |
AA B(9)-EDETIE 0.0395  0.0015  0.0015  0.0237 _ 0.0351  0.0207 _ 0.0015__0.0015
AA 01706 01312 0197 | 0.1394  0.1647 _ 0.1401 _ 0.1681 _ 0.1618
AA 0.0015 00015 00015 | 0.0015 03199  0.2447 _ 0.1205 _ 0.0926
An 0.5984 | 05186 0.4567 _ 0.6912 07113 0.9343
An 14632 1.5488  0.6811 | 0.4799  0.5349 0728 0.5992 _ 0.7931
AA 5,6-DIHETFE 0.0015 00144 0.0052__ 0.0051 _ 0.0077 _ 0.0015 _ 0.0073 _ 0.0048
an  [8,9-DiHETE 0.0422 00253 | 00154 00217 00278 0.017
an [11,12-DiHETE 0.2642 01599 01916  0.1429  0.1483
AA 14,15-DiHETE 0.5527 04511 02352 0.3852 04358 02427  0.254
AA 9-0x0ODE 32389 29265  3.3894 33792 3.1769  6.175 28172
aa [13-0x00DE 34325 2.6608 44553 | 2.6447 33191 67989  3.2489
AA 9-0x0OTrE 00438 = 00509 00824 0032 00556 0.0752 0.0015
AA S-oxofTE 01752 01365 02091 0.2353 01685 0.2698  0.2329
AA 15-OxoETE 0.5018 0.0015 0.4084 0.4264 0.5199 0.0015 0.5833
AA 15-epi LXM 00015 0.0015  0.0025  0.0013  0.0018  0.0015  0.0059
EPA 00273 0038 00373 | 03211  0.1986__ 0.4364 _ 0.3497
ePA  |PGD3 01062 0.0015 0082 | 0.0481 0.0015  0.0015__ 0.0015
ePA  |Tx83 0.0015 00015 00015 | 0.0697  0.0392 _ 0.0617 _ 0.0368
€pA  [5(5),15(5)-DiHEPE 00015 00015 0035 | 00446 0022 00529 _ 0.024
EPA  9(S}HOTrE 0.2697 _ 0.2057  0.4403 _ 0.2565 _ 0.4037 _ 0.6746 _ 0.2239
ePA  [13(s)HOTRE 12444 13337 11165 | 2.0121  1.6627 _ 3.8046 _ 1.1907
ePA  |11(R}HEDE 14651  1.4726 18574 | 43563 3.7785  4.112 _ 4.0948
EPA  15(S)-HEDE 0113 009 0.1254 03204 0.2305 _ 0.3614 __ 0.267
ePA  [S-HEPE 0.0015__ 00754 0.0854 | 07294 03335 _ 0.7371 __ 0.9436
EPA  |8-HEPE 0.0015__ 00015 0.0498 | 0.0835  0.0814 _ 0.1663__ 0.1145
EPA  |9-HEPE 01298 0.1464 _ 0.2553 | 0.7379 _ 0.8043 _ 1.0064 _ 0.6766
EPA  |11-HEPE 03743 03234 03701 | 0.861 _ 0.8147 _ 1.794 _ 1.0791
epa  [12-HEPE 24298  3.0685 67805 | 17.5191 18.0899 235702 16.9391
epA  [15(S)HEPE 02618 02662 02317 | 1.0967 11842  1.8378  0.9596
epa  [18-HEPE 00485 00015 00444 | 0086 00775 0.0848  0.0905
EPA  17(18)-EpETE 00015 = 00052 00015 00015 00015 0.0015 0.0015
EPA  5,6-DiHETE(EPA) 00015 00151 0.0015 00056 00042 0.0015 0.0015
EPA LXAS 0.0013 0.0015 0.0015 0.0015 0.0015
A [RvES 0.3361 | 0.0647  0.0812 0.2226
DHA/EPA 19,20-DiHDoPE 0.083 0.1626 0.1483 0.1308
DHA  4-HDOHE 02012 02649 0.2923 0.339
DHA  [7-HDoHE 01118 | 06071 04596 0.787
DHA  8-HDOHE 0.1676 02339 0.2211 0.2689
DHA  [10-HDOHE 0.3397 | 0.7828 6366
DHA  11-HDoHE 00015 0.0015  0.4672__ 0.0015 _ 0.0015 0.0015 0.0015_ 0.0015__ 0.0015
DHA  [13-HDoHE 11767 1.5264 12935 15491 _ 1.4563 | 3.5659 3.0958  4.2139  3.9399
DHA  |14-HDOHE 4.085  3.8589  4.0309 50897  5.2854 | 14.351 9.8781  11.7489 103192
DHA  |16-HDOHE 0.4735 03834 0.4376__ 0.4385 _ 0.5883 | 1.0177 0.8746__ 1.0066__ 1.1109
DHA  [17-HDOHE 03356 0.1855  0.1926_ 0.2292 _ 0.2906 | 1.2626__ 0.7442 _ 1.1758 _ 1.1952 _ 1.2199
DHA  20-HDoHE 04596 05278 0.4812 0.5438 05025 09135 08585 0.9337 1.1688  1.0281
DHA  7(8}-EpDPE 00033 00054 00054 00074 00108 00059 00066 0.0074 0.0042
DHA  10(11)}EpDPE 00326 00156 00317 00196 00443 0024 00287 00323  0.056
DHA 13(14)-EpDPE 0.0112 0.0098 0.0015 0.0096 0.0132 0.0015 0.0015 0.0162 0.0193 0.0171
DHA  16(17)-EpDPE 0.0097  0.0126 00015 0008  0.0183 00101 00094  0.0015  0.0205 _ 0.027
oHA  [IS@20yEpDPE 00298 0.0203 00284 00189 0.0378 | 00486 0.0444 _ 0.0438 _ 0.0595
DHA  RvD1&AT-RVD1 0.1682  0.0015 00015 00015 0.1145 00593 00015 0122  0.0822
DHA RvD6 (4,17-DiHDoOHE) 0.0015 0.0015 0.0015 0.0015 0.0015 0.0037 0.0064 0.0015 0.0015
DHA  RVDS(n-3DPA)(7,17-DiHDoPE) 00356 0.0633 00591  0.0926  0.0284  0.0094 00171  0.0368  0.0222
DHA  [PD1(n3,DPA) 3.8907 110489  4.1335 63073 16294 | 01615 025  0.6527 _ 0.7637
DHA  |105,175-DiHDOHE 00015 00015 00015 00015 00015 | 0.154 00957 03721  0.1938

175
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Statistical p-value found

LogFC was higher than control group
LogFC was lower than control group
23 values below the limit of detection

Linoleic acid
Arachidonic acid
eicosapentaenoic acid
docosahexaenoic acid



Changes in inflammatory lipids during first 48 h of pneumonic K. pneumoniae

C57BL/6J mice were infected with WT K. pneumoniae (Kp) at 10x the LDso and lungs were
harvested at 6, 12, 24, and 48 h post-infection (n=5). Total lipids were isolated from homogenized
lungs and lipids were quantified by LC-MS. Significant changes in lipid concentrations were
observed in at least one time point for 59 lipids. Lipids that were below the limit of detection for
all time points were excluded from statistical analysis. Green boxes = statistical p-value in at least
one time point. Yellow boxes = LogFC was higher than control (Ul). Blue boxes = LogFC was lower

than control (Ul). Red font = > 3 values were below the limit of detection.
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Isolation of BMNs: Percoll vs positive selection

As | was performing experiments, | noticed an increase in the basal (i.e. uninfected) levels of
LTB,4 synthesis in my neutrophils. | suspected the purity of the neutrophil isolation may be the
cause, so to determine this, | isolated neutrophils using my regular protocol of Percoll Plus density
gradient or an Ultrapure Anti-Ly6G MacsBead positive selection kit and measured neutrophil
purity by flow cytometry. | found that the Percoll isolated neutrophils were nearly 40% less pure
than the positive selection kit (Fig 5-2, p<0.0001). Additionally, the Percoll isolated neutrophils
also exhibited a significantly higher level of LTB4 synthesis when uninfected than the positive
selection isolated neutrophils (Fig 5-2, p<0.01). While this difference in synthesis was also
observed in the Y. pestis infected neutrophils (p<0.01), there was no significant difference in the
Y. pestis T3E infected neutrophils (Fig 5-2). | later found the cause for the decrease in purity was
due to an abnormal amount of band cells in the Percoll isolated samples (data not shown). It
should be noted that the positive selection protocol called for pressure to be applied to the
neutrophils to release them from the column, therefore, to confirm the neutrophils were not
becoming distressed, | examined their morphology via cytospin. Neutrophils that were uninfected,
infected with Y. pestis or Y. pestis T3E showed consitently healthy neutrophils (Fig 5-2).
Additionally, the cytospins exhibited phagocytosis of the Y. pestis T3E, but not the Y. pestis strain

(Fig 5-2B & C). Moving forward, | decided to solely isolate neutrophils using the Anti-Ly6G kit.
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BMN isolation with Anti-Ly6G +selection microbeads vields a higher purity more consistently than

Percoll

Neutrophils isolated from bone-marrow using a Percoll Plus density gradient (Percoll) (Cytiva,
Cat. No. 17-5445-02) or an Anti-Ly-6G MicroBeads UltraPure (+selection) kit (Miltenyi Biotec, Cat.
No. 130-120-337). (A) Neutrophil purity (+Ly6G+CD11b) measured by flow cytometry after
isolation. (B) Basal LTB, levels measured from uninfected BMNs. (C) LTB4 from BMNs infected with
Y. pestis (Yp) or a Y. pestis T3E mutant (T3E) at an MOI of 20. (D) Cytospins showing the morphology
of BMNs stained with H&E after Anti-Ly6G +selection isolation either uninfected or infected with
Y. pestis, or Y. pestis T3E at an MOI of 20. (B-C) LTB, measured by ELISA after 1 h of incubation at
37°C. Ul=uninfected. ns=not significant. (A-C) Each symbol represents an independent biological
sample and the box plot or bar graph represents the median of the group * the range or the mean
+ the standard deviation, respectively. T-test with Welch’s post hoc test. **=p<0.01,

**k%%=p<0 0001.
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