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ABSTRACT 

INHIBITION OF PRO-INFLAMMATORY LIPID MEDIATORS BY YERSINIA PESTIS 

Amanda Brady 

March 25, 2024 

Yersinia pes2s 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, I 

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, I determined the kinetics of eicosanoid synthesis during pneumonic plague. I 

further demonstrated that LTB4 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). I 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 LTB4 production. Furthermore, I showed that 

activation of the CASP1/11 inflammasome is required for an enhanced LTB4 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 LTB4 synthesis is important for the delayed inflammatory 
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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 
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1-1. Yersinia pes*s: A select agent 

Within the genus Yersinia, three species are pathogenic to humans: Y. enterocoli2ca, Y. 

pseudotuberculosis, and Y. pes2s. Y. enterocoli2ca and Y. pseudotuberculosis are enteric 

gastrointesKnal pathogens that cause diarrhea and sepKcemia.1, 2 Y. pes2s, which emerged from 

Y. pseudotuberculosis, causes a more acute disease known as the plague. Plague can manifest in 

three forms: bubonic, sepKcemic, and pneumonic. TransmiMed by the flea, bubonic plague is the 

result of Y. pes2s colonizing the lymphaKc system and subsequently spreading to other organs. If 

len 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., sepKcemic plague.3-5 TransmiMed 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.5-8 

AddiKonally, Y. pes2s has a history of misuse as a biological weapon.9, 10 Thus, Y. pes2s has been 

categorized as a Tier 1 select agent. 

1-2. Biphasic inflammatory response during plague 

The reservoir hosts of Y. pes2s are rodents and it exists in an enzooKc cycle between these 

rodents and the flea vector that transmits it.11 Within the flea, Y. pes2s is exposed to a temperature 

of ~26°C and expresses transmission factors required for flea colonizaKon.12, 13 Spillover into 

humans occurs when humans come into contact with these Y. pes2s-infested fleas. As the fleas 

aMempt to feed, the fleas can regurgitate the bacteria into the open bite site.12-16 At the site of 

infecKon, which has a temperature closer to the fleas, Y. pes2s expresses TLR4 acKvaKng LPS and 

is not synthesizing the type 3 secreKon system (T3SS). This allows neutrophils and macrophages, 

the first responders to Y. pes2s, to phagocytose the bacteria.17-19 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 apoptoKc 
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cells20).21, 22 Bacteria taken up by efferocytosis, or directly by macrophages, can inhibit phagosome 

maturaKon, and survive within these phagocytes.22, 23 A subset of extracellular Y. pes2s also appear 

to directly enter the lymphaKcs to evade dermal leukocytes and establish infecKon in the draining 

lymph nodes.24 Eventually, as Y. pes2s 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 T3SS.25, 26 These changes allow Y. pes2s to conKnue to 

evade and inhibit the host innate immune response and replicate to high numbers, eventually 

resulKng in the hallmark swollen lymph nodes referred to as buboes.27  

This iniKal stage of colonizaKon is accompanied by the absence of robust inflammaKon, typically 

referred to in the field as the pre-inflammatory phase of plague.8, 27-29 Reaching exponenKal 

growth within the lymph node, the host transiKons to an inflammatory phase;6 however, Y. pes2s 

is sKll able to re-enter the lymphaKcs or disseminate into the blood, resulKng in sepKcemic plague. 

It also spreads and colonizes other organs, such as the spleen, liver, or lungs. DisseminaKon to the 

lungs results in the development of secondary pneumonic plague. As the bacteria replicate in the 

lungs, Y. pes2s can then be transmiMed 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.7, 25  

A similar biphasic inflammatory response is well documented to occur during pneumonic 

plague.6, 8, 19, 28, 30-32 In addiKon to changes in LPS, the secreKon of effector proteins through the 

T3SS allows Y. pes2s to target neutrophils to both prevent phagocytosis and inflammaKon, while 

simultaneously prolonging neutrophil survival.8, 33 19, 34 Goldman’s group showed that YopM, an 

effector protein secreted by the T3SS, promotes neutrophil survival within the lung lesions during 

pneumonic plague, potenKally by inhibiKng NET formaKon or degranulaKon.35 They also showed 

that YopH and YopE can inhibit primary granule release of neutrophils via inhibiKng Ca2+ flux and 
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Rac2 acKvaKon, respecKvely, during pneumonic plague.36 The T3SS has also been shown to delay 

cytokine and chemokine release within the lungs and lymph nodes.6, 8 Importantly, it has been 

shown that this delay in inflammaKon is crucial for the progression of disease.31 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 replicaKon.31 These data suggest that it is therefore criKcal to fully define all of the 

bacterial factors contribuKng to a non-inflammatory environment beneficial to Y. pes2s 

colonizaKon to understand the virulence of this organism.  

1-2a. The inflammatory cascade 

InflammaKon can occur in response to pathogen associated molecular paMerns (PAMPs) or 

damage associated molecular paMerns (DAMPs). These signals acKvate paMern recogniKon 

receptors (PRRs) triggering the release of lipid mediators by senKnel 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 

migraKon of circulaKng immune cells to the site of infecKon.37 These cells are further acKvated by 

the surrounding lipid mediators and cytokines, thus amplifying the inflammatory response unKl 

the pathogen has been cleared.38-40 This process, the inflammatory cascade, is a domino and 

amplifying effect triggered by the iniKal release of lipid mediators. Despite lipid mediators playing 

a criKcal role in iniKaKng the inflammatory cascade, there is liMle known about the lipid mediator 

response during plague. 

1-3. The Y. pes*s Ysc Type 3 Secre?on System 

The Y. pes2s T3SS, encoded on the pCD1 plasmid, is a molecular syringe that spans the bacterial 

inner and outer membranes and allows Y. pes2s 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 
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neutrophils and macrophages on a molecular, cellular, and host level.26, 41-45 TranscripKon of the 

T3SS is controlled by the master regulator LcrF.4, 46 LcrF is acKvated by an increase in temperature 

and a decrease in iron availability. 46-48 AddiKonally, when Ca2+ levels drop, it triggers maximum 

inducKon of the transcripKon of the T3SS components, including the Yops. The release of the Yop 

effectors occurs when the needle makes contact with the host cell.4, 49-52 

With transcripKon iniKated, 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, respecKvely.26, 53 This occurs via the acKvaKon 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. YscI 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 secreKon of the translocator proteins LcrV, YopB, and YopD. 

LcrV polymerizes with YscF forming a needle Kp complex. The Kp complex acts as a platorm, 

Kghtly 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.54 Contact with the host 

membrane iniKates the translocaKon and secreKon of the seven effector proteins YpkA, YopE, 

YopH, YopJ, YopK, YopM, and YopT into the host cell.26, 55-58 

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

The YopB/D translocase funcKons to generate a pore needed for Yop secreKon, translocaKon, 

and regulaKon.59, 60 In order for the translocase to be fully funcKonal, YopB and YopD are both 

needed to form a complex within the membrane.61, 62 YopB appears to be the major component 

responsible for inducing pore formaKon,4, 63 while YopD has chaperone-like acKvity and is primarily 
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responsible for the translocaKon of the effectors64-66 However, the translocaKon of YopB and YopD, 

and inserKon into the plasma membrane, is Kghtly controlled, and hyper-translocaKon of these 

proteins can trigger NLRP3 acKvaKon and inflammasome-mediated pyroptosis. Hyper-

translocaKon appears to be prevented by YopK.67, 68 

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

Upon translocaKon into the cell, each of the Yop effector proteins have different enzymaKc 

acKviKes and target different components of the cell (Table 1-1).41, 42, 45, 69, 70 Yersinia protein kinase 

A, or YpkA, is a serine/threonine protein kinase. Having a Rho-GTPase binding domain, YpkA binds 

to RhoA and Rac1, prevenKng acKn cytoskeleton rearrangement and phagocytosis.71, 72 

Phagocytosis is also inhibited by YpkA directly binding and phosphorylaKng acKn and G protein 

subunit Gaq. PhosphorylaKng Gaq can also inhibit Ca2+ signaling.26, 73-76 AddiKonally, RhoA, Rac1, 

and Gaq have also been linked to MAPK signaling, therefore YpkA can also contribute to MAPK 

signaling inhibiKon.44, 75, 77-81 Finally, YpkA has also been shown to induce apoptosis.82 

YopE is a GTPase acKvaKng protein (GAP) that binds RhoA, Rac1, and Cdc42 inhibiKng 

downstream signaling. The RhoA, Rac1, and Cdc42 proteins regulate acKn cytoskeleton 

rearrangement, and can trigger MAPK and NFkB signaling pathways.83-85 Thus, YopE has been 

shown to directly inhibit phagocytosis, MAPK phosphorylaKon, and cytokine release.42, 86, 87 YopE 

GAP acKvity also triggers pyrin, which leads to inflammasome acKvaKon and pyroptosis.88 

However, YopM disrupts the pyrin acKvaKon of the inflammasome via binding protein kinase C-

related kinases (PRK) and ribosomal S6 kinases (RPK), thereby prevenKng pyrin phosphorylaKon.89, 

90 AddiKonally, excessive YopE acKvity can induce macrophage cell death, but YopT competes with 

YopE in interacKng with Rho GTPases, minimizing host recogniKon of YopE.44, 91, 92 Finally, YopE can 

also inhibit degranulaKon by neutrophils36, 93, 94 and limit the translocaKon of other effectors.56 
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YopH is a tyrosine phosphatase, and thus removes phosphates from tyrosine residues on 

proteins. This enzymaKc acKvity has been shown to target focal adhesion complexes such as SLP-

76, SKAP2, PRAM, Vav, LCK, Fak, SKAP-HOM, and Fyb. 42, 95-99 TargeKng these complexes results in 

inhibiKng Ca2+ signaling,97, 98, 100 phagocytosis,99 cytokine release,101, 102 and ROS producKon.98 

Studies have also shown that YopH can inhibit ERK phosphorylaKon in neutrophils.97, 98, 100, 103 

AddiKonally, YopH has been shown to be criKcal for virulence, as an infecKon with a YopH mutant 

is aMenuated in the mouse model.104 

YopJ is a serine/threonine acetyltransferase that plays a major role in inhibiKng inflammaKon 

during plague. YopJ uses acetyl-coenzyme A (CoA) to modify the serine and threonine sites of 

proteins, such as TAK1, in the mitogen-acKvated protein (MAP), and IkB pathways, blocking their 

acKvaKon.41, 42, 55, 105, 106 It has also been shown to deubiquiKnate TRAF6 and TRAF2 in the NF-kB 

pathway as well.107 As such, YopJ inhibits pro-inflammatory cytokine release,108-110 contributes to 

inhibiKng degranulaKon by neutrophils,36, 93, 111 and induces apoptosis.112, 113 This apoptosis has 

been seen coupled with caspase-1 acKvaKon, but inflammasome assembly is prevented by YopM 

binding to IQGAP1 (IQ moKf- containing GTPase-acKvaKng protein 1)114 and to caspase-1 

prevenKng full acKvaKon in Y. pseudotuberculosis.115-117 Even further, with Y. pes2s expressing a 

TLR4-antagonist LPS, cells do not receive the primary signal required, therefore complete 

inflammasome acKvaKon is not fulfilled.118, 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 funcKons to regulate the T3SS translocase pore size, 

and thus the translocaKon rate of the effector proteins.28, 57 This regulaKon contributes to YopJ 

induced apoptosis, which in turn promotes spread of Y. pes2s and disease progression.28 YopK also 

inhibits host recogniKon of YopB from acKvaKng the NLRP3 and NLRC4 inflammasomes.67, 68 

Furthermore, studies have found YopK targets the host receptor for acKvated C kinase (RACK1) 
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prevenKng phagocytosis120 and binds directly to matrix adaptor protein matrilin-2 (MATN2) 

promoKng the bacteria binding to cells.121 YopK has also been shown to be criKcal for Y. 

pseudotuberculosis colonizing the gut.122 

YopM, which lacks catalyKc acKvity, has leucine rich repeats which allow it to bind to host 

proteins.42, 44 It has been shown to be an adaptor protein binding to RSK and PRK inhibiKng their 

acKvity.123 RSKs are downstream of MAPK signaling and are involved in cell proliferaKon, survival, 

growth, and moKlity.124, 125 PRKs regulate the phosphorylaKon of serine and threonine residues.126 

Importantly, binding to these proteins inhibits pyrin phosphorylaKon, and thereby prevents pyrin 

inflammasome acKvaKon.89, 90, 114, 115 YopM has also been shown to inhibit cytokine release,110 and 

induce caspase-3 acKvaKon, to promote bacterial survival.127 

YopT is a cysteine protease and the third Yop effector that targets RhoA, Rac1, and Cdc42. 

However, YopT renders their inhibiKon irreversible by cleaving the proteins from the plasma 

membrane.42, 87, 128 This results in YopT inhibiKng phagocytosis and MAPK signaling.26, 41, 129  

While each Yop effector targets different components in the cell, as summarized in Table 1-1, it 

is clear that there is funcKonal redundancy in the effectors. Importantly, the overarching outcome 

of targeKng these different components results in inhibiKng inflammaKon to establish a non-

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

of Y. pes2s. 
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Yop Biochemical 
func?on 

Cell targets Cellular effects 

YpkA Serine/threonine 
kinase 

Gαq, RhoA, Rac1, acKn DisrupKon of acKn cytoskeleton 
Inhibits phagocytosis 
Inhibits Gaq signaling 
Inhibits Ca2+ signaling 

Induces apoptosis 
Inhibits MAPK signaling 

YopE GTPase acKvaKng 
protein 

RhoA, Rac1, Cdc42 DisrupKon of acKn cytoskeleton 
Inhibits phagocytosis 
Inhibit degranulaKon 

Regulates Yop translocaKon 
Inhibits MAPK signaling 

YopH Protein tyrosine 
phosphatase 

Focal adhesion 
complexes 

Inhibits ROS producKon 
Inhibits phagocytosis 
Inhibits Ca2+ signaling 

Inhibits cytokine release 
Inhibits MAPK signaling 

YopJ Acetyl-transferase, 
deubiquiKnase 

MAPKK, IKK, and NF-kB 
family proteins 

Induces apoptosis 
Inhibits MAPK signaling 

YopK Yop regulator Yersinia translocaKon 
machinery 

Regulates Yop translocaKon 
Inhibits phagocytosis 

Inhibits inflammasome acKvaKon 
Promotes colonizaKon 

YopM Leucine-rich repeat 
containing protein 

Pyrin acKvaKon Inhibits pyrin acKvaKon 
Inhibits cytokine release 

YopT Cysteine protease RhoA, Rac1, Cdc42 Inhibits phagocytosis 
Inhibits MAPK signaling 

Table 1-1. Summary of Yop cellular targets and effects   
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1-4. Y. pes*s inhibits leukocyte responses 

While Y. pes2s and Y. pseudotuberculosis are closely related, studies have found disKnct 

immunomodulatory differences between them.130-133 AddiKonally, a recent review goes into detail 

of the role of neutrophils in the Yersinia infecKous model, with a strong focus on Y. 

pseudotuberculosis.134 Therefore, here I will focus on Y. pes2s specific studies . 

1-4a. Y. pes2s and neutrophils 

In 1969, Janssen and Surgalla135 using an ex vivo approach, were the first to show Y. pes2s 

survived within neutrophils and macrophages. Since then, there have been several studies to 

explore the implicaKons of the host being unable to clear the bacteria. By 12 h post infecKon, 

neutrophils have been shown to be the primary targets for Yop translocaKon during plague.19, 34 

The Yop effectors have been shown to promote neutrophil survival,8, 33 inhibiKng Ca2+ flux, and 

Rac2 acKvaKon.36 AddiKonally, using human neutrophils, Hinnebusch’s group has shown that Y. 

pes2s inhibits phagocytosis136 and YopJ inhibits IL-8 secreKon.109 Towards this, Kobayashi’s group 

has also shown the T3SS inhibits phagocytosis, ROS producKon,103, 137 and apoptosis.137 They also 

showed Y. pes2s resists neutrophil anKmicrobial responses via the two-component regulator, 

PhoP.138 Finally, studies have shown a redundant, cooperaKve role by the Yop effectors to inhibit 

neutrophil degranulaKon.93, 111  

1-4b. Y. pes2s and macrophages 

The immunomodulatory effects of Y. pes2s on macrophages have been extensively studied. It 

has been shown that Y. pes2s prevents phagolysosome fusion to prevent phagocyKc killing by the 

macrophages if the bacteria become phagocytosed.17, 139, 140 However, the bacteria can evade 

uptake enKrely, by inhibiKng macrophage recogniKon.69, 133, 141-143 Y. pes2s can also induces 

macrophage non-inflammatory apoptosis, thereby promoKng spread and the progression of 

disease.28, 112, 133, 144 Moreover, the bacterium prevents pro-inflammatory cytokine release,133, 145 
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nitric oxide synthesis,133 and proinflammatory M1 polarizaKon,133 and changes the anKgen 

presentaKon profile of macrophages.133, 146 

1-4c. Y. pes2s and mast cells 

Exploring the host-pathogen interacKon between Y. pes2s 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. pes2s and measured for degranulaKon.147 Even aner treatment 

with a powerful degranulaKon inducer, ionophore A23187, the level of mast cell degranulaKon 

was dramaKcally decreased in the Y. pes2s infected group. They further showed this inhibiKon was 

aMributed to the tyrosine phosphatase acKvity of YopH.147 

1-5. LTB4: A powerful inflammatory modulator 

Lipid mediators are omega-6 polyunsaturated faMy acids (PUFA) that play a criKcal role in 

enhancing innate and adapKve immune inflammatory responses.148 Derived from linoleic, 

arachidonic, eicosapentaenoic, and docosahexaenoic acid, the host can produce both pro-

resolving lipid mediators (lipoxin, resolvins, and protecKns) and pro-inflammatory lipid mediators 

(thromboxane, prostaglandins, and leukotrienes) (Fig 5-1).149 Of the proinflammatory mediators, 

leukotriene B4 (LTB4) is recognized as a potent chemoaMractant and acKvator of cells.150, 151  

1-5a. LTB4 synthesis 

LTB4 is synthesized by leukocytes, primarily mast cells, neutrophils, and macrophages.150, 152, 153 

A PAMP binding to a PRR iniKates MAPK and Ca2+ signaling. The combinaKon of these signaling 

pathways leads to complete acKvaKon of the enzymes cytosolic phospholipase A2 (cPLA2) and 5-

Lipoxygenase (5-LOX). These fully acKvated enzymes congregate at the nuclear membrane or 

lipidisome to form a complex with 5-LOX acKvaKng 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 (LTA4). LTA4 leaves the nuclear membrane and is hydrolyzed to LTB4 by LTA4 



 
 

12 

hydrolase (LTA4H). LTB4 is then released from the cell (Fig 1-1). Because LTB4 has a significant effect 

on inflammaKon, its synthesis must be highly regulated, otherwise chronic detrimental 

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

LTB4 is synthesized when the enzymes cPLA2 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 acKvated via phosphorylaKon and Ca2+ binding. Dashed arrows denote movement 

of molecule. Solid arrows denote signaling pathways. 
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1-5b. cPLA2 regulaKon 

Through MAPK signaling, cPLA2 is phosphorylated at Ser505, triggering the enzyme to 

translocate to the plasma membrane. Then, through Ca2+ signaling, the influx of Ca2+ leads to 

binding to cPLA2 to fully acKvate the enzymes.152, 154 Importantly, Ca2+ concentraKons need to 

reach a threshold for an extended period before returning to resKng level to acKvate cPLA2 to 

discriminate against false acKvaKon.155, 156 Ca2+ binding also induces conformaKonal changes that 

promote translocaKon of these proteins to the nuclear membrane or lipidisome.157 Prior to 

translocaKon, cPLA2 cleaves AA from the plasma membrane and carries it towards 5-LOX.157 AA 

release from the plasma membrane has been linked to epidermal growth factor (EGF) signaling.158, 

159 If this signaling conKnues longer than 24 hours, P11, a unique s100 calcium binding enzyme 

that binds to proteins instead of Ca2+, becomes transcripKonally acKvated and turns off cPLA2 

acKvity by binding directly to the enzymes catalyKc region.160, 161 Another mechanism to inacKvate 

cPLA2 is thiol modificaKon of Cys331 which alters the acKvity of the enzyme.162 

1-5c. Arachidonic acid 

Rapid synthesis of LTB4 is possible due to the quick sequenKal release of AA from the plasma 

membrane, and not requiring de novo synthesis. With PLC acKvaKon, PIP2 is cleaved to produce 

inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG). DAG then becomes cleaved into AA.163, 

164 cPLA2 is then able to cleave AA free from the plasma membrane.165, 166 

1-5d. 5-LOX regulaKon 

5-LOX becomes parKally acKvated upon phosphorylaKon at Ser-271 by p38167 or at Ser-663 by 

ERK signaling.168 Unlike cPLA2, 5-LOX does not require a high concentraKon of Ca2+, nor does that 

threshold need to be maintained.152, 169 Once Ca2+ binds, supported by the chaperone coactosin-

like protein (CLP), it sKmulates 5-LOX enzymaKc acKvity and induces nuclear membrane 

associaKon.152, 169, 170 As a form of regulaKon, glutathione peroxidase-1 (GPx-1) inhibits 5-LOX from 
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binding to lipid hydroperoxide (LOOH). LOOH converts the ferrous iron (Fe2+), located on the C-

terminus of 5-LOX, to ferric iron (Fe3+), which acKvates the catalyKc acKvity and stabilizes 5-LOX.169, 

171 In addiKon to GPx-1, 5-LOX is also inhibited by cAMP signaling acKvaKng the protein kinase A 

(PKA) pathway, which in turn phosphorylates the 5-LOX at Ser523, inacKvaKng the enzyme.169, 172 

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

TranscripKon of FLAP has been shown to be triggered by cytokines IL-3 and IL-5, granulocyte-

monocyte colony sKmulaKng factor (GM-CSF), LPS, and TNF-a depending on cell type.173-177 FLAP 

was also idenKfied as a criKcal component for 5-LOX to associate with the membrane and form 

the complex with cPLA2.178 

1-5f. LTA4 hydrolase regulaKon 

LTA4 hydrolase (LTA4H) is a soluble, monomeric zinc-metalloenzyme that has two catalyKc 

acKviKes: it is a protease and epoxide hydrolase. The N-terminus β-sheet funcKons to recognize 

pepKde substrates, and the C-terminus has an α-helical domain that faces the catalyKc domain 

and together house a zinc molecule.179, 180 The zinc is ligated to the enzyme at His-295, His-299, 

and Glu-318. Without the presence of zinc, at a 1:1 raKo, the enzyme is completely inacKve for 

both catalyKc acKviKes. In addiKon to zinc, a water molecule is required to fully acKvate LTA4H. 

Once LTA4 binds to Tyr-378 of LTA4H, and LTA4 is hydrolyzed to LTB4, LTA4H undergoes suicide 

inacKvaKon as a form of regulaKon.179, 181  

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, respecKvely. BLT1 is expressed primarily by leukocytes and BLT2 

is primarily expressed by epithelial and endothelial cells.182-185 AddiKonally, LTB4 can bind to 

peroxisome proliferator-acKvated receptor-α (PPAR-α) as a form of regulaKon. Binding to PPAR-α 

leads to the catabolism of the lipid, and thus a form of resolving the inflammatory response.186, 187 
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1-6. BLT1-LTB4 axis in disease 

1-6a. Sterile inflammaKon 

A recent detailed review summarizes numerous studies that have invesKgated the significance 

of LTB4 and inflammatory diseases.185 In brief, it has been established that the LTB4-BLT1 axis 

contributes to diseases such as rheumatoid arthriKs, obesity, diabetes, tumor development, lung 

fibrosis, and asthma.186-191 Recently, a study also showed that there is an elevated level of LTB4 in 

macrophages collected from paKents with systemic lupus erythematosus, which was increased 

through NF-κB signaling, and thus the increase of pro-inflammatory cytokine producKon.192 In the 

gout model, LTB4 induces macrophage ROS producKon, which leads to caspase-1 cleavage and 

NLRP3 inflammasome acKvaKon, compared to vehicle controls.193 Even further, LTB4 has also been 

linked to increasing inflammatory condiKons following cardiac infarcKon. BLT1-/- mice showed 

increased survival due to decreased leukocyte infiltraKon, decreased cell death, and decreased 

pro-inflammatory cytokine producKon.194  

1-6b. InfecKon-mediated inflammaKon 

While LTB4 can be detrimental during sterile inflammaKon, it is criKcal in inducing anKmicrobial 

acKvity in defense of viral, fungal, parasiKc, and bacterial infecKons.195-197 While there are reviews 

that have addressed the relaKonship between LTB4 and pathological infecKons, these reviews are 

primarily focused on viral studies.185, 196  

LTB4 has been linked to inducing acKvaKon of leukocytes in response to pathogens. Peters-

Golden’s group has shown that not only does opsonized K. pneumoniae induce LTB4 synthesis by 

alveolar macrophages (AM), but when BLT1-LTB4 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 LTB4.198 They then went on to show 

human neutrophils and mouse peritoneal neutrophils treated with LTB4 successfully phagocytosed 
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K. pneumoniae.199 Furthermore, they were able to show that AM bactericidal acKvity is enhanced 

by LTB4 acKvaKng NADPH oxidase.200 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 aMributed to the decrease in neutrophil infiltraKon into the lungs, 

phagocytosis, and intracellular killing, and an increase in bacterial survival.201  

In another study, wildtype and 5-LOX-/- mice were intranasally infected with Streptococcus 

pneumoniae and then treated with aerosolized LTB4 24 h post infecKon. Not only did they find that 

treatment dramaKcally improved macrophage and neutrophil infiltraKon and decreased bacterial 

load, compared to mice treated with the vehicle, but they also found that the mode of 

administraKon of LTB4 treatment dramaKcally changes the outcome, with aerosolized 

administraKon being the most effecKve.202 

When LTB4 synthesis is inhibited in zebrafish, there is a reducKon of macrophage aggregaKon in 

response to Streptococcus iniae. However, this phenotype was reversed when neutrophil derived 

LTB4 producing zebrafish were crossed with LTA4H deficient zebrafish.203 Also in zebrafish, a study 

showed that a balanced producKon of LTB4 is criKcal for controlling a Mycobacterium infecKon and 

prevenKng severe disease. More importantly, while they experimented with zebrafish, they were 

able to correlate these results with human suscepKbility to tuberculosis and leprosy.204 This 

balance was also observed in a 5-LOX-/- mouse model. Compared to wildtype mice, 5-LOX-/- mice 

had a beMer survival rate when infected with Mycobacterium tuberculosis, which the authors 

aMribute to the decrease in inflammatory response.205 

 An ex vivo approach showed LTB4 treatment not only increased human neutrophil secreKon of 

anKmicrobial proteins, but also decreased overall survival of Staphylococcus aureus and 

Escherichia coli.197 AddiKonally, LTB4 produced by macrophages induces neutrophil migraKon, the 
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formaKon of abscesses, and the clearance of MRSA from mouse skin infecKons.206 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.207 Another study showed mouse peritoneal macrophages 

improved phagocytosis of Salmonella enterica Typhimurium and Pseudomonas aeruginosa when 

treated with LTB4.208 More recently, it has been shown that the treatment of LTB4 to macrophages 

isolated from BLT1-/- mice restored phagocytosis of Borrelia burgdorferi.209 The same group also 

showed the augmenKng effect LTB4 has on the human neutrophil killing of Mycobacterium 

bovis.210 Another study showed Streptococcus pyogenes induces LTB4 synthesis in vivo, and when 

human and mouse macrophages are treated with LTB4, phagocytosis is improved.211 Lastly, a study 

in 1992 idenKfied the ability of intracellular bacteria, Y. enterocoli2ca and Listeria monocytogenes, 

to reduce the producKon of LTB4 by human neutrophils when compared to extracellular bacteria, 

E. coli.155 In conclusion, these studies have shown the importance of LTB4 in controlling infecKon 

models, by using exogenous LTB4 treatment. Nonetheless, these studies lack informaKon 

regarding the direct host LTB4 response to these pathogens.   

1-6c. LTB4 and the inflammasome 

LTB4 binding to BLT1 plays a criKcal role in the migraKon, acKvaKon, and proliferaKon of both 

innate and adapKve immune cells196, 212-214 and in the acKvaKon and differenKaKon of non-immune 

cells.215, 216 The role of LTB4 in inflammasome acKvity has been shown to be beneficial and 

detrimental depending on the infecKous model. In a parasiKc model, LTB4 is criKcal for clearance 

of Leishmania amazonensis. AcKvaKon of the P2X7 receptor by ATP, acKvates LTB4 synthesis, 

iniKaKng a cascade leading to NLRP3 inflammasome acKvaKon.217 Finally, a group studying 

methicillin-resistant Staphylococcus aureus (MRSA) skin infecKon found LTB4 to be criKcal in 

acKvaKng NLRP3, improving clearance of the infecKon.218 On the contrary, a study found an 

opposite effect of LTB4 on inflammasome acKvaKon. 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 aMributed to a decrease in inflammasome acKvaKon. The authors propose that in this 

context, PGE2 (an alternaKve AA product) is responsible for the inflammasome acKvaKon.219  

Regarding LTB4 synthesis specifically, Hedge et al.153 found no connecKon to the inflammasome 

during a crystalline silica sterile inflammaKon model in both macrophages and neutrophils. On the 

contrary, von Moltke et al.220 showed LTB4 synthesis in macrophages depended on MyD88/Trif in 

response to the arKficially delivered Legionella pneumophila flagellin (FlaA) fused to Bacillus 

anthracis lethal factor (LFn) mediated by the anthrax protecKve anKgen (PA) channel. Zoccal et 

al.219 idenKfied NLRP3 as an essenKal component for LTB4 synthesis in response to scorpion 

venom. These studies highlight the importance of LTB4 in acKvaKng the inflammasome, but also 

allude to a potenKal requirement of inflammasome acKvity for LTB4 synthesis in a bacterial 

infecKon model.  

1-6d. LTB4 and neutrophil swarming 

LTB4 has been shown to be absolutely required for the phenomenon known as neutrophil 

swarming.221-223 Once triggered, neutrophils release LTB4 in a feedforward amplificaKon gradient, 

which results in an exponenKal accumulaKon of neutrophils at the site of infecKon or damage.224-

226 In vivo studies have shown without LTB4, there is an absence of an effecKve neutrophil response 

to sterile injury to the dermis of mice227 and damaged Kssue in zebra fish.228, 229 InteresKngly, an 

ex vivo microscale “arena” model using human neutrophils showed the importance of LTB4 in 

swarming.230 

1-7. This disserta?on: A ra?onale for the madness 

Y. pes2s has been shown to alter the host inflammatory response resulKng in immune evasion 

and the generaKon of a non-inflammatory environment beneficial for its colonizaKon. However, 

despite the criKcal role lipid mediators play in producing a robust immune response that is 
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essenKal for the clearance of pathogens, the impact of lipid mediator synthesis on Y. pes2s 

infecKon has not previously been explored. However, our lab has shown that Y. pes2s can inhibit 

LTB4 synthesis by infected human neutrophils,93 leading to my central hypothesis that Y. pes2s 

inhibits LTB4 synthesis during infecKon to generate a non-inflammatory environment beneficial for 

the progression of disease. In my dissertaKon I set out to specifically test this hypothesis and 

explored the following quesKons: 

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

2. Does Y. pes2s manipulate this response? 

3. Does Y. pes2s target LTB4 synthesis by other leukocytes? 

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

5. How are the neutrophils recognizing Y. pes2s 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 RECOGNITION1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
1Brady A, Sheneman KR, Pulsifer AR, Price SL, Garrison TM, MaddipaK KR, Bodduluri SR, Pan J, 
Boyd NL, Zheng JJ, Rai SN, Hellmann J, Haribabu B, Uriarte SM, Lawrenz MB. Type 3 secreKon 
system induced leukotriene B4 synthesis by leukocytes is acKvely inhibited by Yersinia pes2s to 
evade early immune recogniKon. PLoS Pathog. 2024; 20(1): e1011280. PMID: 38271464 
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2-1. Introduc?on 

Yersinia pes2s causes the human disease known as the plague. Although typically characterized 

as a disease of our past, in the anermath of the 3rd plague pandemic, Y. pes2s became endemic in 

rodent populaKons in several countries, increasing the potenKal for spillover into human 

populaKons through contact with infected animals and fleas.3, 231, 232 Human plague manifests in 

three forms: bubonic, sepKcemic, or pneumonic plague. Bubonic plague resulKng from flea 

transmission arises when bacteria colonize and replicate within lymph nodes. SepKcemic plague 

results when Y. pes2s gains access to the bloodstream, either directly from a flea bite or via 

disseminaKon from an infected lymph node, and results in uncontrolled bacterial replicaKon and 

sepsis. Finally, secondary pneumonic plague, wherein Y. pes2s disseminates to the lungs via the 

blood, results in a pneumonia that can promote direct person-to-person transmission via aerosols. 

While treatable with anKbioKcs, if len untreated, all forms of plague are associated with high 

mortality rates, and the probability of successful treatment decreases the longer iniKaKon of 

treatment is delayed post-exposure.3-5, 233 Regardless of the route of infecKon, one of the key 

virulence determinants for Y. pes2s to colonize the host is the Ysc type 3 secreKon system (T3SS) 

encoded on the pCD1 plasmid.4, 234 This secreKon system allows direct translocaKon of bacterial 

effector proteins, called Yops, into host cells.4, 56, 235 The Yop effectors target specific host factors 

to disrupt normal host cell signaling pathways and funcKons.6, 8, 28, 102, 236, 237 Because the T3SS and 

Yops are required for mammalian but not flea infecKon, the expression of the genes encoding 

these virulence factors are differenKally expressed within these two hosts.4, 26, 56, 238 The primary 

signal leading to T3SS and Yop expression is a shin in temperature from that of the flea vector 

(<28°C) to that of the mammalian host (>30°C). During mammalian infecKon, Y. pes2s primarily 

targets neutrophils and macrophages for T3SS-mediated injecKon of the Yop effectors.19, 98, 239 The 

outcomes of Yop injecKon into these cells include inhibiKon of phagocytosis, reacKve oxygen 
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species (ROS) synthesis, degranulaKon by neutrophils, and inflammatory cytokine and chemokine 

release required to recruit circulaKng neutrophils to infecKon sites.36, 93, 103, 109, 136, 137 Importantly, 

previous work suggests that inhibiKon of neutrophil influx and establishing a non-inflammatory 

environment is crucial for Y. pes2s virulence.31, 240 Therefore, defining the molecular mechanisms 

used by Y. pes2s to subvert the host immune response is fundamental to understanding the 

pathogenesis of this organism. Moreover, defining the host mechanisms targeted by Y. pes2s to 

inhibit inflammaKon can also provide novel insights into how the host responds to bacterial 

pathogens to control infecKon.  

A cascade of events Kghtly regulates inflammaKon to ensure rapid responses to control infecKon 

and effecKve immune resoluKon aner clearance of pathogens to limit Kssue damage.38, 148 This 

inflammatory cascade is iniKated by synthesizing potent lipid mediators and is sustained and 

amplified by the subsequent producKon of protein mediators.37, 241 Polyunsaturated faMy acid 

(PUFA)-derived lipid mediators are potent modulators of the innate and adapKve immune 

responses.148, 242 Of these, the eicosanoids, including the leukotrienes and the prostaglandins, are 

key regulators of the inflammatory cascade during infecKon.37, 241 Leukotriene B4 (LTB4) is rapidly 

synthesized from arachidonic acid upon acKvaKon of 5-lipoxygenase (5-LOX), cytosolic 

phospholipase A2 (cPLA2), 5-LOX acKvaKng protein (FLAP), and LTA4 hydrolase (Fig 2-1A).152 Upon 

synthesis and release, LTB4 is recognized by the high affinity BLT1 receptor on immune cells to 

promote chemotaxis and iniKate the inflammatory cascade leading to producKon of pro-

inflammatory cytokines and chemokines.37, 150, 151, 183, 185, 241, 243 Together these inflammatory 

mediators promote the recruitment of circulaKng leukocytes to infected Kssue.37 Importantly, 

because of its criKcal role in iniKaKng the inflammatory cascade, disrupKon in the Kmely 

producKon 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 infecKon.  
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Despite acKve proliferaKon of Y. pes2s 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.6, 8, 28, 102, 237 This phenotype dramaKcally differs from 

pulmonary infecKon with aMenuated mutants of Y. pes2s lacking the T3SS or Yop effectors or by 

other pulmonary pathogens, such as Klebsiella pneumoniae, which induce significant 

inflammaKon within 24 hours of bacterial exposure.6, 8, 28, 102, 237 Surprisingly, despite the 

importance of lipid mediators in iniKaKng the inflammatory cascade, the role of inflammatory 

lipids during plague has not been previously invesKgated. However, using human peripheral blood 

neutrophils, Pulsifer et al.93 previously demonstrated that Y. pes2s can acKvely inhibit the synthesis 

of LTB4 in vitro in a T3SS/Yop-dependent manner, suggesKng that LTB4 synthesis may be inhibited 

during plague. In this chapter, I expand on these observaKons by invesKgaKng LTB4 synthesis by 

the mammalian host in response to Y. pes2s. Using the murine model of plague, I demonstrate 

dysregulaKon in the producKon of LTB4 by Y. pes2s and provide the lipidomic profile of other host 

inflammatory lipids during the iniKal 48 h of pneumonic plague. I further show that exogenous 

treatment with LTB4 inhibits bacterial proliferaKon in the murine model. Using Y. pes2s mutants, I 

also discovered that leukocyte interacKons with the Y. pes2s T3SS triggers LTB4 synthesis, but 

synthesis is inhibited by mulKple Yop effectors secreted via the same T3SS. Together, these data 

suggest that modulaKon in the producKon of host inflammatory lipids is an addiKonal virulence 

mechanism used by Y. pes2s to inhibit the rapid recruitment of immune cells needed to control 

infecKon.  

2-2. Results 

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

Based on my lab’s previous observaKons that Y. pes2s inhibits LTB4 synthesis by human 

neutrophils,93 I sought to determine if LTB4 was synthesized during infecKon using the murine 
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model of pneumonic plague. C57BL/6J mice were intranasally infected with Y. pes2s KIM5+ and 

LTB4 was measured in the lungs during the non-inflammatory stage of disease (6, 12, and 24 h 

post-infecKon). I did not observe a staKsKcally significant increase in LTB4 synthesis at any Kme 

point, with only 3 of the 15 samples having elevated LTB4 concentraKons over the enKre 24 h 

period (Fig 2-1B). Moreover, I did not observe a significant increase in 20-hydroxy LTB4 (Fig 2-1C), 

which is the direct degradaKon product of LTB4 (Fig 2-1A). To confirm these results, LTB4 was 

measured in the lungs from a second independent group of C57BL/6J mice, this Kme expanding 

the analysis to include the pro-inflammatory stage of disease (36 and 48 h post-infecKon). Again, 

I did not observe staKsKcally significant increases in LTB4 or 20-hydroxy LTB4 during the first 24 h 

of infecKon (Fig 2-1D and 2-1E). However, by 36 h post-infecKon, both lipids were staKsKcally 

elevated compared to uninfected samples (p ≤ 0.05). Moreover, I observed a significant increase 

in 5-HETE as early as 6 h post-infecKon (Fig 2-1F; p≤0.01), which can result if 5-LOX does not 

complete the synthesis of LTA4 from arachidonic acid.244, 245 While the synthesis of LTB4 appears 

absent during the first 24 h of infecKon, 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, I observed 

significant changes in the synthesis of 63 lipids during pneumonic plague, including lipids generally 

considered to be pro-inflammatory (18 lipids), anK-inflammatory (41 lipids), or pro-resolving (4 

lipids) (Table 2-1 & Fig 5-1).246, 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-I) C56BL/6J mice were infected with 10 x the LD50 Y. pes2s 

KIM5+ and lungs were harvested at the indicated Kmes (n=5) to measure host lipids by LC-MS. UI= 

samples from uninfected animals. (B) LTB4 concentraKons. (C) 20-hydroxy LTB4 concentraKons. (D) 

LTB4 concentraKons. (E) 20-hydroxy LTB4 concentraKons. (F) 5-HETE ConcentraKons. (G) PGE1 

concentraKons. (H) PGE2 concentraKons. (I) PGA2 concentraKons. Each symbol represents an 

individual mouse and the box plot represents the median of the group ± the range. Changes in 

lipid concentraKons were compared to the UI sample using (B-C) One-way ANOVA with DunneM’s 

post hoc test or (D-I) the LIMMA - Moderated t-test. ns = not significant, *=p≤0.05, **=p≤0.01, 

***=p≤0.001, #=p≤0.0001. 
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Table 2-1. Changes in inflammatory lipids during first 48h of pneumonic plague 

C57BL/6J mice were infected with 10x the LD50 of Y. pes2s KIM5+ and lungs were harvested at 

6, 12, 24, 36, and 48 h post-infecKon (n=5). Total lipids were isolated from homogenized lungs and 

lipids were quanKfied by LC-MS. Significant changes in lipid concentraKons were observed in at 

least one Kme point for 63 lipids. Lipids that were below the limit of detecKon for all Kme points 

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

LTB4 is recognized by the high-affinity G-protein coupled receptor BLT1, which is expressed 

primarily by innate and adapKve immune cells.183, 248 LTB4-BLT1 engagement leads to host 

inflammatory immune responses such as chemotaxis, cytokine release, phagocytosis, and ROS 

producKon that contribute to the clearance of pathogens.150, 249 Mice deficient in the expression 

of BLT1 cannot effecKvely respond to LTB4 signaling and are generally more suscepKble to 

infecKon.185, 209, 250 Because I did not observe LTB4 synthesis during the early stages of pneumonic 

plague, I hypothesized that BLT1-/- mice would not be more suscepKble to Y. pes2s infecKon. To 

test this hypothesis, I intranasally infected C57BL/6J and BLT1-/- mice with Y. pes2s KIM5+ and 

measured bacterial numbers in the lungs at 12 and 24 h post-infecKon. Bacterial numbers were 

not significantly higher in BLT1-/- mice than C57BL/6J mice (Fig 2-2A). Furthermore, independent 

experiments with a Y. pes2s strain with a luciferase bioreporter (Y. pes2s CO92 LuxpcysZK), which 

allows for monitoring bacterial proliferaKon via opKcal imaging and host survival in the same 

group,251 showed no significant differences between the two mouse lines in bacterial proliferaKon 

at later Kme points or in the mean-Kme to death (Fig 2-2B and C). These data indicate that the 

loss of LTB4-BLT1 signaling in BLT1-/- mice does not impact the infecKvity of Y. pes2s, further 

supporKng that LTB4 synthesis and signaling is disrupted during pneumonic plague.  
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Figure 2-2. BLT1-/- mice are not more suscepKble to pneumonic plague than C57BL/6J mice  

(A) C57BL/6J (green circles) or BLT1-/- (purple squares) mice were infected intranasally with 10x 

the LD50 of Y. pes2s KIM5+ and lungs were harvested at 12 and 24 h post-infecKon. Bacterial 

proliferaKon 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 BLT1-/- (purple squares) mice were 

infected intranasally with 10x the LD50 of Y. pes2s CO92 LUXpcysZK. (B) Bacterial proliferaKon in the 

lungs as a funcKon 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 staKsKcally significant (ns) differences between C57BL/6J and BLT1-/- 

groups. For C, Log-Rank anlysis revealed no staKsKcally signficant (ns) differences in surival 

between the two groups. 
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2-2c. Exogenous LTB4 treatment limits Y. pes2s proliferaKon in vivo  

Because LTB4 synthesis and signaling appears to be disrupted during infecKon, I next asked if 

exogenous administraKon of LTB4 could alter infecKon. To test this hypothesis, a previously 

described peritoneal model was used that allows for accurate administraKon of LTB4 and easy 

recovery of both elicited leukocytes and bacteria via lavage.252 As described previously, 

intraperitoneal administraKon of LTB4 resulted in an increase in the neutrophil populaKon within 

the peritoneal cavity in C57BL/6J mice as early as 1 h post-administraKon (Figs 2-3A and 2-4).252 

When challenged intraperitoneally with Y. pes2s KIM5+ aner LTB4 administraKon, a significant 

decrease in the number of viable bacteria was recovered from LTB4-treated animals, approaching 

the limit of detecKon, as compared to PBS-treated animals 3 h post-infecKon (Fig 2-3B; p≤0.0001). 

Neutrophil numbers also remained significantly elevated in the LTB4-treated animals at 3 h post-

infecKon compared to PBS-treated animals (Fig 2-3C; p≤0.05). Moreover, bacterial clearance was 

dependent on LTB4 signaling, as LTB4 treatment of BLT1-/- mice did not alter bacterial or neutrophil 

numbers at 3 h post-infecKon compared to PBS-treated C57BL/6J mice (Fig 2-3B and C). Together, 

these data indicate that LTB4-mediated recruitment and acKvaKon of leukocytes can improve the 

host response to Y. pes2s.  
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Figure 2-3. LTB4 treatment improves host killing of Y. pes2s  

(A) C57BL/6J mice were administered 1 x DPBS (PBS) or 10 nmol LTB4 intraperitoneally and 

changes in neutrophil populaKons (Ly6G+CD11b+) were measured at 1 or 4 h post-treatment. (B) 

C57BL/6J (green circles) or BLT1-/- (purple squares) mice administered DPBS or 10 nmol LTB4 were 

infected 1 h later with 105 CFU of Y. pes2s KIM5+ and bacterial numbers in the peritoneal caviKes 

were enumerated 3 h post-inoculaKon. LOD = Limit of detecKon. (C) Neutrophil populaKons 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 condiKon. *=p≤0.05, 

**=p≤0.01, ***=p≤0.001, #=p≤0.0001. 
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Figure 2-4. GaKng strategy for idenKfying neutrophil populaKons in the peritoneal cavity 

Example gaKng 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. pes2s 

Because neutrophils are robust sources of LTB4,150 are the primary cells with which Y. pes2s 

interacts during the first 24 h of pneumonic plague,19 and Y. pes2s inhibits LTB4 synthesis by human 

neutrophils,93 I next sought to determine if the LTB4 response by neutrophils differed between Y. 

pes2s and other bacteria. When bone marrow-derived neutrophils (BMNs) from C57BL/6J mice 

were sKmulated 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 infecKon (Fig 2-5A; 

p≤0.0001). However, infecKon with Y. pes2s did not elicit LTB4 synthesis, even when the MOI was 

increased to 100 bacteria per neutrophil (Fig 2-5B). Similar phenotypes were observed during 

infecKon of human peripheral blood neutrophils (hPMNs), recapitulaKng my lab’s previously 

published data for Y. pes2s (Fig 2-5C and D).93 Importantly, the absence of LTB4 synthesis did not 

appear to be due to Y. pes2s induced cell death, as no significant changes in cell permeability or 

cytotoxicity were observed during Y. pes2s infecKons 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. pes2s-infected murine neutrophils compared to uninfected cells (Fig 2-6C; 

9% vs. 28%), overall cytotoxicity was lower in Y. pes2s-infected cells (Fig 2-6D; 12% vs. 4%). 

Similarly, Y. pes2s did not induce elevated permeability or cytotoxicity in human neutrophils (Fig 

2-6E and F). These data demonstrate that while neutrophils can rapidly synthesize LTB4 in response 

to other bacterial pathogens, neither murine nor human neutrophils appear to synthesize LTB4 in 

response to Y. pes2s.  
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Figure 2-5. Neutrophils do not synthesize LTB4 in response to Y. pes2s  

(A-B) Murine (BMNs) or (C-D) human (hPMNs) neutrophils were infected with E. coli DH5α (Ec), 

S. enterica Typhimurium LT2 (ST), or K. pneumoniae manC (ΔKp) at an MOI of 20, or with Y. pes2s 

(Yp) at increasing MOIs. LTB4 was measured from supernatants 1h post infecKon by ELISA. Each 

symbol represents an independent biological infecKon and the box plot represents the median of 

the group ± the range. UI or 0 = uninfected. One-way ANOVA with DunneM’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. pes2s is not due to cell death 

(A-D) Murine (BMNs) or (E-F) human (hPMNs) neutrophils were infected with Y. pes2s (Yp) or 

mutants that either lacked the Yop effectors (T3E) or lacked the Yop effectors and the T3SS [T3(-)] 

at the indicated MOIs and cell permeability as a funcKon of trypan exclusion or cytotoxicity as a 

funcKon of LDH release was measured at 1 h post-infecKon. Each symbol represents an 

independent biological infecKon and the box plot represents the median of the group ± the range. 

UI = uninfected. One-way ANOVA with DunneM’s post hoc test compared to uninfected. *=p≤0.05, 

**=p≤0.01, ***=p≤0.001, #=p≤0.0001. 
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2-2e. Y. pes2s acKvely inhibits LTB4 synthesis  

Seven Yop effectors are secreted via the T3SS,103, 109, 136, 137 and Pulsifer et al.93 previously showed 

Yop effector-mediated inhibiKon of LTB4 synthesis in human neutrophils by YpkA, YopE, YopJ, YopH, 

and YopT at an MOI of 100. However, Yop inhibiKon of LTB4 synthesis by murine neutrophils has 

not been previously invesKgated, nor whether the same Yop effectors are sufficient to inhibit LTB4 

synthesis at a lower MOI. Therefore, murine and human neutrophils were infected at an MOI of 

20 with a Y. pes2s mutant strain that expresses the T3SS but lacks all seven Yop effectors (Y. pes2s 

T3E).111 In contrast to Y. pes2s infected cells, I observed a significant increase in LTB4 synthesis in 

response to the Y. pes2s T3E strain, indicaKng that the Yop effectors inhibit synthesis (Fig 2-7A and 

B; p ≤ 0.0001). Moreover, when neutrophils were simultaneously infected with Y. pes2s and the Y. 

pes2s T3E mutant or Y. pes2s and the K. pneumoniae manC mutant, LTB4 levels were significantly 

lower than Y. pes2s T3E or K. pneumoniae only infecKons (Fig 2-7C-F; p ≤ 0.0001). To determine if 

individual Yop effectors were sufficient to inhibit synthesis, murine neutrophils were infected with 

Y. pes2s strains that expressed only one Yop effector.111 LTB4 synthesis was significantly decreased 

if Y. pes2s expressed YpkA, YopE, YopH, or YopJ, and an intermediate phenotype was observed 

during infecKon with a strain expressing YopT (Fig 2-7G). These phenotypes recapitulated those 

previously reported for human neutrophils.93 Together these data confirm that Y. pes2s is not 

simply evading immune recogniKon but is acKvely inhibiKng LTB4 synthesis via the acKvity of 

mulKple Yop effectors.  
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Figure 2-7. Y. pes2s acKvely inhibits LTB4 synthesis  

(A) Murine (BMNs) or (B) human (hPMNs) neutrophils were infected with Y. pes2s (Yp) or 

mutants that either lacked the Yop effectors (T3E) or the Yop effectors and the T3SS [T3(-)] at an 

MOI of 20 and LTB4 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-infecKon. (G) Murine neutrophils (BMNs) were infected 

with Yp, T3E, T3(-),or Y. pes2s 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 LTB4 was measured 

at 60 min post-infecKon. Each symbol represents an independent biological infecKon and the box 

plot represents the median of the group ± the range. UI = uninfected. One-way ANOVA with 

DunneM’s post hoc test compared to uninfected for A, B, and G, or Tukey’s post hoc test compared 

to each condiKon 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 LTB4 in response to the Y. pes2s T3SS in the absence of the Yop 

effectors  

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

recognized by innate immune cells,234, 253, 254 suggesKng that T3SS interacKons with neutrophils 

may be responsible for the synthesis of LTB4 during infecKons with the Y. pes2s T3E strain. To test 

this hypothesis, I infected murine and human neutrophils with a Y. pes2s strain lacking the pCD1 

plasmid encoding the enKre Ysc T3SS [Y. pes2s T3(-)]. Unlike infecKons with Y. pes2s T3E, I did not 

observe an increase in LTB4 synthesis by neutrophils during interacKons with Y. pes2s T3(-) 

compared to uninfected or Y. pes2s infected cells, even aner 2 h of infecKon (Fig 2-7A and B). 

Importantly, Y. pes2s T3(-) infecKon 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. pes2s T3E was cultured under condiKons that alter the expression of the T3SS 

prior to infecKon of neutrophils.4, 26, 56 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. pes2s T3(-) data, LTB4 synthesis was not 

observed from neutrophils infected with Y. pes2s 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. pes2s strains was observed during the Kme 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. pes2s T3E yopB mutant, which retains the other pCD1 

encoded genes, but is defecKve in expression of the translocase that directly interacts with the 

host cell and is required for injecKon of the effector proteins.56, 67, 68, 255, 256 Similar to the Y. pes2s 

T3(-) strain, the Y. pes2s T3E yopB mutant did not induce LTB4 synthesis, but synthesis was restored 

by yopB complementaKon (yopB::cyopB) (Fig 2-9C). Together, these data indicate that neutrophils 
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recognize components of the Y. pes2s T3SS as PAMPs, leading to the inducKon of LTB4 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. pes2s T3SS in the absence of the Yop 

effectors  

(A) RelaKve expression of LcrV based on western blots normalized to total protein loaded from 

bacteria cultured at 37 or 26oC. (B) Murine neutrophils (BMNs) were infected (MOI of 20) with Y. 

pes2s (Yp) or mutants that either lacked the Yop effectors (T3E) or the Yop effectors and the T3SS 

[T3(-)] cultured at 37 or 26oC and LTB4 was measured at 60 min post-infecKon. (C) Murine 

neutrophils (BMNs) were infected (MOI of 20) with Yp, T3E, T3(-), a yopB mutant in the T3E 

background (DB), or DB complemented with yopB (DB::B) cultured at 37oC and LTB4 was measured 

at 60 min post-infecKon. (A) Each symbol represents an independent biological infecKon and and 

the bar graph represents the mean ± the standard deviaKon. (B-C) Each symbol represents an 

independent biological infecKon and the box plot represents the median of the group ± the range. 

One-way ANOVA with Tukey’s post hoc test compared to each condiKon for A and B and DunneM’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. pes2s 

(A) RepresentaKve western blot and Coomassie images of Y. pes2s 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 funcKon of bioluminescence aner 1 h infecKon of neutrophils. 

+ or Yp = Y. pes2s, - or T3(-) = Y. pes2s T3(-); E or T3E = Y. pes2s T3E; LcrV = 0.2 µg recombinant 

LcrV protein. Each symbol represents an independent biological infecKon and and the bar graph 

represents the mean ± the standard deviaKon. One-way ANOVA with Tukey’s post hoc test 

compared to each condiKon. ns = not significant. 
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2-2g. Y. pes2s inhibiKon of LTB4 synthesis is conserved during interacKons with other leukocytes  

In addiKon to neutrophils, two other lung resident leukocytes that can produce LTB4 are mast 

cells and macrophages.242 To determine if Y. pes2s inhibits LTB4 synthesis by these two cell types, 

bone marrow-derived mast cells and macrophages were isolated from C57BL/6J mice and infected 

with Y. pes2s, Y. pes2s T3E, or Y. pes2s T3(-). I observed no synthesis of LTB4 by mast cells, even 

aner 2 h of interacKng with Y. pes2s (Fig 2-10A). However, LTB4 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 sKmulated with crystalline silica, a potent inducer of LTB4 synthesi.153, 190 LTB4 synthesis by 

mast cells was also dependent on the presence of the T3SS, as the Y. pes2s T3(-) strain did not 

induce LTB4 synthesis (Fig 2-10A). For macrophages, previous reports indicate that polarizaKon 

influences the ability to produce LTB4, with M1-polarized macrophages beMer able to synthesize 

LTB4 in response to bacterial ligands than M2-polarized cells.257 Therefore, I measured LTB4 

synthesis of both M1- and M2-polarized macrophages (Fig 2-11). Again, I observed no significant 

synthesis of LTB4 by either macrophage populaKon during interacKons with Y. pes2s, even aner 4 

h post-infecKon (Fig 2-10B and C). However, significant synthesis of LTB4 was observed in M1-

polarized macrophages in response to the Y. pes2s T3E strain, which was dependent on the 

presence of the T3SS (Fig 2-10B; p ≤ 0.0001). As suggested by previous reports,258 I did not observe 

significant changes in LTB4 synthesis by M2-polarized macrophages during interacKons with any of 

the Y. pes2s strains tested (Fig 2-10C). Together, these data indicate that mast cells and M1-

polarized macrophages can synthesize LTB4 in response to the Y. pes2s T3SS, but the acKvity of the 

Yop effectors inhibits this response. 
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Figure 2-10. Lack of LTB4 response to Y. pes2s is conserved in other leukocytes  

(A) Murine bone-marrow derived mast cells (BMMCs) were infected with Y. pes2s (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/cm2 crystalline silica (Si) and LTB4 was measured at 2 h post-

infecKon. (B and C) Murine bone-marrow derived macrophages (BMDMs) differenKated towards 

(B) M1 or (C) M2 phenotypes were infected with Yp, T3E, or T3(-) at an MOI of 20 and LTB4 was 

measured at 4 h post-infecKon. UI = uninfected. Each symbol represents an independent 

biological infecKon and the box plot represents the median of the group ± the range. One-way 

ANOVA with DunneM’s post hoc test compared to uninfected. **=p≤0.01, #=p≤0.0001.  
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Figure 2-11. M1 polarizaKon required for macrophage synthesis towards Y. pes2s T3SS 

qRT-PCR measurement of TNF-a and IL-10 in murine BMDMs differenKated 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 manifestaKon of plague is the absence of inflammaKon during the early stages of 

infecKon, which is criKcal to Y. pes2s virulence.31, 236, 238, 254 While Y. pes2s has been shown to 

acKvely dampen the host immune response, there is a gap in our understanding of the role of lipid 

mediators of inflammaKon during plague. I sought to beMer define the host inflammatory lipid 

mediator response during pneumonic plague and expands our current understanding of how Y. 

pes2s manipulates the immune system. During the earliest stages of infecKon, the host appears 

unable to iniKate a Kmely LTB4 response (Fig 2-1). Moreover, I demonstrated that exogenous 

treatment with LTB4 can alter the host response to Y. pes2s (Fig 2-3), suggesKng that LTB4 

manipulaKon by Y. pes2s contributes to disease outcome. Because LTB4 is a potent 

chemoaMractant crucial for rapid inflammaKon,37, 241, 259 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. pes2s colonizaKon. First, in the absence of LTB4, senKnel leukocytes will not 

undergo autocrine signaling via LTB4-BLT1. Because LTB4-BLT1 engagement acKvates anKmicrobial 

programs in leukocytes,37, 195, 241, 250, 260, 261 the absence of autocrine signaling diminishes the ability 

of senKnel leukocytes directly interacKng with Y. pes2s to mount an effecKve anKmicrobial 

response to kill the bacteria. LTB4 synthesis is also regulated by BLT1 signaling, and autocrine 

signaling is required to amplify the producKon of LTB4 needed to rapidly recruit addiKonal Kssue-

resident immune cells to the site of infecKon.37, 227, 241, 260, 262 Therefore, the normal feed-forward 

amplificaKon of LTB4 synthesis, which is key for a rapid response to a bacterial infecKon, will also 

be inhibited by Y. pes2s. Second, because LTB4 is required for neutrophil swarming,223, 227, 228 Y. 

pes2s will also inhibit this key inflammatory mechanism.21 Neutrophil swarming is required to 

contain bacteria at iniKal sites of infecKon.225, 226 Thus, while individual neutrophils may migrate 

towards sites of Y. pes2s infecKon, effecKve neutrophil swarming of large populaKons of 
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neutrophils will be diminished. Finally, LTB4 is a diffusible molecule that can induce the 

inflammatory cascade in bystander cells.37, 263 Thus, while Y. pes2s can inhibit cytokine and 

chemokine expression by cells with which it directly interacts,6, 8 inhibiKon of LTB4 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, inhibiKon of LTB4 synthesis is 

likely another significant contributor to the generaKon of the non-inflammatory environment 

associated with the early stages of pneumonic plague.6, 8, 236 IncorporaKng these new LTB4 data 

with published findings from other laboratories,6, 8, 236 I have updated my lab’s working model of 

Y. pes2s inhibiKon of inflammaKon during pneumonic plague (Fig 2-12).  
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Figure 2-12. Working model for inhibiKon of the inflammatory cascade during plague  

(A) Normal response by senKnel leukocytes results in rapid producKon of LTB4 that leads to 

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

pes2s inhibits the producKon of LTB4 via the acKon of the Yop effectors, which delays resident 

neutrophil recruitment and subsequent producKon of cytokines and chemokines needed for 

inflammaKon. 
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These studies also revealed that components of the T3SS trigger LTB4 synthesis by leukocytes. 

Because my lab’s previous work with human samples indicated that neutrophils synthesize LTB4 in 

response to Y. pes2s in the absence of the T3SS,93 I was iniKally surprised that I did not observe 

LTB4 synthesis by murine neutrophils to the Y. pes2s T3(-) strain. However, when I infected human 

neutrophils with lower MOIs, I observed that they also did not synthesize LTB4 in the absence of 

the T3SS (Fig 2-13). Under these infecKon condiKons, neutrophils from both species only produced 

LTB4 in response to Y. pes2s expressing the T3SS but none of the Yop effectors. These data support 

that components of the T3SS are PAMPs produced by Y. pes2s that are not only recognized by 

macrophages57 but also by neutrophils. While previous studies have indicated that the Yop 

effectors are PAMPs in neutrophils,264, 265 to my knowledge the data presented here represent the 

first example that non-effector components of the Y. pes2s T3SS can also be recognized as a PAMP 

by neutrophils. In macrophages, in the absence of the Yop effectors, interacKons with the T3SS, 

notably the translocon proteins YopB and YopD, induce NLRP3-dependent acKvaKon of the 

caspase-1 inflammasome, IL1-b secreKon, and pyroptosis,68, 89 suggesKng that inflammasome 

acKvaKon may contribute to LTB4 synthesis during interacKons with Y. pes2s T3E. However, 

whether inflammasome acKvaKon is required for the Y. pes2s T3SS-mediated LTB4 synthesis 

remains unclear, as LTB4 synthesis in response to other sKmuli is not dependent on inflammasome 

acKvaKon.153, 219, 220 InteresKngly, infecKon of neutrophils with a strain of Y. pes2s that only 

expresses YopK, which has been reported to inhibit NLRP3 inflammasome acKvaKon in 

macrophages,67, 68 does not inhibit LTB4 synthesis (Fig 2-7G),93 supporKng the possibility that LTB4 

synthesis may not be dependent on inflammasome acKvaKon in neutrophils. Future studies using 

neutrophils from mice defecKve in specific NLRs and caspases will allow us to definiKvely 

determine if inflammasome acKvaKon is required for LTB4 synthesis in response to the Y. pes2s 

T3SS. I 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 LTB4 requires MAPK- 

and Ca2+-dependent acKvaKon of cPLA2 and 5-LOX.152, 266 Previous work, primarily in macrophages, 

has shown that both of these signaling pathways are efficiently inhibited by these four Yop 

effectors,42, 56, 75, 87, 98, 100, 108 suggesKng that subversion of MAPK and Ca2+ signaling by Y. pes2s is 

responsible for inhibiKon of LTB4 synthesis. SupporKng this hypothesis, Pulsifer et al.93 

demonstrated that inhibiKon of ERK phosphorylaKon by YopJ 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 beMer understanding the Y. pes2s virulence. 

One of the key anKmicrobial mechanisms inhibited by the Yop effectors is phagocytosis,4, 26, 41, 44 

and Hedge et al.153 have previously shown that phagocytosis of crystalline silica is required for LTB4 

synthesis in that model of sterile inflammaKon. These data raise the possibility that inhibiKon of 

phagocytosis by Y. pes2s may not only inhibit bacterial killing, but LTB4 synthesis and rapid 

iniKaKon of inflammatory programing in neutrophils. Studies to delineate the contribuKon of 

phagocytosis to LTB4 synthesis are ongoing, but the differences in LTB4 synthesis by cells infected 

with Y. pes2s T3E and Y. pes2s 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. pes2s T3(-) also differed from what I observed for other 

gram-negaKve bacteria without T3SS (E. coli and K. pneumoniae), indicaKng that Y. pes2s may also 

mask other potenKal gram-negaKve PAMPS that would typically be recognized by neutrophils. 

These data support that Y. pes2s has evolved both acKve (via the Yop effectors) and passive 

mechanisms to evade immune recogniKon and inducKon of LTB4 synthesis. It is worth noKng that 

unlike human neutrophils, murine neutrophils did not appear to synthesize LTB4 during infecKons 

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

species have been well documented,267-271 but these observaKons merit further invesKgaKon into 
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LTB4 responses by human neutrophils using higher MOIs to determine if human neutrophils are 

able to recognize other PAMPs during Y. pes2s infecKon.  

  



 
 

56 

 

Figure 2-13. DifferenKal recogniKon of T3(-) Y. pes2s between human and mice neutrophils 

(A) Murine (BMNs) or (B) human (hPMNs) neutrophils were infected with Y. pes2s (Yp) or 

mutants that either lacked the Yop effectors (T3E) or lacked the Yop effectors and the T3SS [T3(-)] 

at the indicated MOIs and LTB4 was measured 1 h post-infecKon. Each symbol represents an 

independent biological infecKon and the box plot represents the median of the group ± the range. 

UI = uninfected. One-way ANOVA with DunneM’s post hoc test compared to uninfected. 

***=p≤0.001, #=p≤0.0001. 
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Finally, while I focused primarily on LTB4 in this chapter, I also observed changes in the synthesis 

of other lipids during plague that merit future consideraKons (Table 2-1). The rapid cyclooxygenase 

response raises quesKons about whether prostaglandins are protecKve or detrimental during 

pneumonic plague. Historically, prostaglandins were thought to promote inflammaKon, but these 

mediators appear more nuanced under closer scruKny and can just as likely inhibit inflammaKon 

as well as parKcipate in normal development physiology without eliciKng inflammaKon.246, 247, 272 

The prostaglandins I observed as being significantly elevated during the non-inflammatory stage 

of pneumonic plague - PGA2, PGD2, PGE2, and PGJ2 - have been shown to inhibit inflammaKon in 

various models, especially as concentraKons increase.246, 247, 273-275 PGE2 can inhibit NADPH oxidase 

acKvity during infecKon with K. pneumoniae, which suppressed bacterial killing,276 and directly 

counteracts the proinflammatory acKviKes of LTB4.277, 278 The phagocyKc index of LTB4-sKmulated 

rat alveolar macrophages (AMs) is reduced when co-sKmulated with PGE2.278 Moreover, AMs 

treated with PGE2 showed a 40% reducKon in LTB4 synthesis when sKmulated with an ionophore 

known to induce a strong LTB4 response.277 This inhibiKon of LTB4 by PGE2 is suspected to be via 

an increase in second messenger cAMP that acKvates protein kinase A (PKA), which has been 

shown to inhibit LTB4 synthesis.277, 279 Together, these data suggest that the elevated levels of 

prostaglandin synthesis observed during pneumonic plague may contribute to the blunted LTB4 

response by the host.  

In conclusion, I have defined the kineKcs of the key inflammatory lipid mediator LTB4 during 

pneumonic plague, which revealed a blunted response during the early stages of infecKon. 

Furthermore, I have shown that Y. pes2s acKvely manipulates LTB4 synthesis by leukocytes via the 

acKvity of Yop effectors to generate a beneficial inflammatory outcome to the pathogen. These 

discoveries warrant further research into the role of lipids, and subsequent manipulaKon of their 
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synthesis by Y. pes2s, to fully understand the molecular mechanisms Y. pes2s 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 InsKtuKonal Animal Care and Use 

CommiMee (IACUC Protocol #22157). Use of human neutrophils was approved by the University 

of Louisville InsKtuKonal Review Board guidelines (IRB #96.0191) and wriMen consents for use 

were obtained. 

2-4b. Bacterial strains  

Bacterial strains used in this chapter are listed in Table 2-2. For mouse infecKons, Y. pes2s was 

grown at 26°C for 6-8 h, diluted to an opKcal density (OD) (600 nm) of 0.05 in Bacto brain heart 

infusion (BHI) broth (BD Biosciences Cat. No. 237500) with 2.5 mM CaCl2 and then grown at 37°C 

with aeraKon for 15-18 h.280 For cell culture infecKons, Y. pes2s was cultured with BHI broth for 

15-18 h at 26°C in aeraKon. Cultures were then diluted 1:10 in fresh, warmed BHI broth containing 

20 mM MgCl2 and 20 mM Na-oxalate and cultured at 37°C for 3 h with aeraKon to induce 

expression of the T3SS. Bacterial concentraKons were determined using a spectrophotometer and 

diluted to desired concentraKons in 1 × Dulbecco’s phosphate-buffered saline (DPBS) for mouse 

infecKons or fresh medium for in vitro studies. ConcentraKons of bacterial inoculums for mouse 

studies were confirmed by serial diluKon and enumeraKon on BHI agar plates. 
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Name in 
manuscript Genotype Strain 

ref. # Source 

Bacterial 
Strains    

Y. pes's 
KIM5+  pgm+, pMT1+, pPCP1+, pCD1Ap X17 

281 

Y. pes's CO92 
LUXpcysZK 

pgm+, pMT1+, pPCP1+, pCD1+, LuxpcysZK MBLYP043 
93 

Y. pes's  KIM1001 pgm-, pMT1+, pPCP1+, pCD1+, pML001+ JG598 111 

Y. pes's T3(-)  KIM1001 pgm-, pMT1+, pPCP1+, pCD1-, pML001+ JG597 111 

Y. pes's T3E  KIM1001 pgm-, pMT1+, pPCP1+, pCD1+ (yopHΔ3-467 yopEΔ40-197 

yopKΔ4-181 yopMΔ3-408 ypkAΔ3-731 yopJΔ4-288 yopTΔ3-320), pML001+ JG715 
111 

Y. pes's T3E 
+ypkA  

KIM1001 pgm-, pMT1+, pPCP1+, pCD1+ (yopHΔ3-467 yopEΔ40-197 

yopKΔ4-181 yopMΔ3-408 yopJΔ4-288 yopTΔ3-320), pML001+ JG684 
111 

Y. pes's T3E 
+yopE 

KIM1001 pgm-, pMT1+, pPCP1+, pCD1+ (yopHΔ3-467 yopKΔ4-181 

yopMΔ3-408 ypkAΔ3-731 yopJΔ4-288 yopTΔ3-320), pML001+ JG681 
111 

Y. pes's T3E 
+yopH 

KIM1001 pgm-, pMT1+, pPCP1+, pCD1+ (yopEΔ40-197 yopKΔ4-181 

yopMΔ3-408 ypkAΔ3-731 yopJΔ4-288 yopTΔ3-320), pML001+ JG680 
111 

Y. pes's T3E 
+yopJ 

KIM1001 pgm-, pMT1+, pPCP1+, pCD1+ (yopHΔ3-467 yopEΔ40-197 

yopKΔ4-181 yopMΔ3-408 ypkAΔ3-731 yopTΔ3-320), pML001+ JG686 
This 
work 

Y. pes's T3E 
+yopK 

KIM1001 pgm-, pMT1+, pPCP1+, pCD1+ (yopHΔ3-467 yopEΔ40-197 

yopMΔ3-408 ypkAΔ3-731 yopJΔ4-288 yopTΔ3-320), pML001+ JG682 
111 

Y. pes's T3E 
+yopM 

KIM1001 pgm-, pMT1+, pPCP1+, pCD1+ (yopHΔ3-467 yopEΔ40-197 

yopKΔ4-181 ypkAΔ3-731 yopJΔ4-288 yopTΔ3-320), pML001+ JG683 
111 

Y. pes's T3E 
+yopT 

KIM1001 pgm-, pMT1+, pPCP1+, pCD1+ (yopHΔ3-467 yopEΔ40-197 

yopKΔ4-181 yopMΔ3-408 ypkAΔ3-731 yopJΔ4-288), pML001+ JG685 
111 

Y. pes's T3E 
yopB 

KIM1001 pgm-, pMT1+, pPCP1+, pCD1+ (yopHΔ3-467 yopEΔ40-197 

yopKΔ4-181 yopMΔ3-408 ypkAΔ3-731 yopJΔ4-288 yopTΔ3-320yopB Δ7-396), 
pML001+ 

YPA322 
This 
work 

Y. pes's 
yopB::cyopB 

KIM1001 pgm-, pMT1+, pPCP1+, pCD1+ (yopHΔ3-467 yopEΔ40-197 

yopKΔ4-181 yopMΔ3-408 ypkAΔ3-731 yopJΔ4-288 yopTΔ3-320), pML001+ YPA362 
This 
work 

E. coli  E. coli DH5α pGEN222::mCherry LOU123 This 
work 

Salmonella 
enterica 
Typhimurium  

S. enterica Typhimurium LT2 pGENLux 
LOU120 
ATCC 
14028s 

This 
work 

Klebsiella 
pneumoniae 
manC 

KPPR1S ΔmanC LOU171 
282 

Plasmids     
 

pML001 Luciferase bioreporter NA 111 

pGENlux Luciferase bioreporter MBL343 283 

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

All animal work was performed at least twice to ensure reproducibility. 6-8 week-old C57BL/6J 

or BLT1-/- 252 male and female mice were infected with Y. pes2s KIM5+ or Y. pes2s CO92 LUXpcysZK. 

For lipid measurements, mice were anestheKzed with ketamine/xylazine and administered 20 µL 

of Y. pes2s KIM5+ suspended in 1× DPBS to the len nare as previously described.251, 280 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 CO2 asphyxiaKon 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 unKl preparaKon for lipid analysis. For 

CFU studies, mice were humanely euthanized by CO2 asphyxiaKon 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 pipeMe. Homogenized Kssues were serial diluted and plated onto 

BHI agar. Aner 2 days of incubaKon at 26°C, bacteria were enumerated. For opKcal imaging and 

survival curves, mice were infected with Y. pes2s CO92 LUXpcysZK and monitored for bacterial 

proliferaKon as a funcKon of bioluminescence by opKcal imaging and for the development of 

moribund disease. At each Kme point, mice were anestheKzed 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.251 For the exogenous LTB4 

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 105 CFU of Y. pes2s KIM5+ via 

intraperitoneal injecKon. At 3 h post infecKon, 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 enumeraKon or neutrophil quanKficaKon by flow cytometry.  
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2-4d. Lipid extracKon and quanKficaKon by LC-MS 

To quanKfy LTB4 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 inacKvate Y. pes2s 

and extract lipids. Aner successful inacKvaKon, samples were removed from BSL3 containment 

and stored at -80°C. Lipid extracKon was then performed as previously described.284 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 µL of supernatant was 

combined with 750 µL of 100% methanol + 0.1% BHT (final concentraKon of 75%) and incubated 

at 4°C for 24 h to inacKvate Y. pes2s and extract lipids. Aner confirmaKon of successful inacKvaKon 

of Y. pes2s, lipids were extracted and quanKfied by the Wayne State University Lipidomics Facility 

as previously described.285 The extracted samples were analyzed for the faMy acyl lipidome using 

standardized methods as described previously.286, 287 

2-4e. Flow cytometry 

To quanKfy the neutrophil populaKon from peritoneal lavages, cells were labeled with anK-Ly6G 

anKbody (1:400; BD Pharminogen Cat. No. 551460) and anK-CD11b anKbody (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 µM mesh prior to analysis on the flow 

cytometer. Neutrophils were idenKfied as cells with high expression of Ly6G and CD11b and data 
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is represented as the percent of the populaKon that were classified as neutrophils. An example of 

the gaKng strategy is shown in Fig 2-4.  

2-4f. Cell isolaKon and culKvaKon 

Human neutrophils were isolated from the peripheral blood of healthy, medicaKon-free donors, 

as described previously.288 Briefly, white blood cells were isolated from whole blood using a 6% 

dextran soluKon. 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% NaCl for 30 

seconds and followed by a quench with 5 mL 1.6% NaCl. Neutrophil isolaKons yielded ≥ 95% purity 

and were used within 1 h of isolaKon. Murine neutrophils were isolated from bone marrow of 7-

12-week-old mice using an AnK-Ly-6G Microbeads kit (Miltenyi Biotec Cat. No. 130-120-337) per 

the manufacturer’s instrucKons. Neutrophil isolaKons yielded ≥ 95% purity and were used within 

1 h of isolaKon. Macrophages were differenKated 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 

condiKoned media and 10 ng/mL of M-CSF (M2; Kingfisher Biotech Cat. No. RP0462M) throughout 

the differenKaKon. The medium was replaced on days 1 and 3 (adapted from 289). PolarizaKon was 

confirmed by qRT-PCR, as previously described 290, using markers for M1 and M2 phenotypes, TNF-

a and Il-10, respecKvely (Fig 2-11). Murine mast cells were isolated and differenKated from bone 

marrow as previously described.291 Briefly, isolated bone marrow cells were resuspended in BMMC 

culture medium [DMEM containing 10% FCS, penicillin (100 units/mL), streptomycin (100 mg/mL), 

2 mmol/L L-glutamine, and 50 mmol/L β-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 106 cells/mL 

in a T-75 cm2 flask. Nonadherent cells were transferred aner 48 hours into fresh flasks without 
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disturbing the adherent (fibroblast) cells. Mast cells were visible aner 4 weeks of culture and 

propagated further or plated for experiments in DMEM without anKbioKcs.  

2-4g. Leukocyte infecKons 

Human neutrophils were resuspended in Kreb’s buffer (w/ Ca2+ & Mg2+) then adhered to 24-well 

plates for 30 min that were coated with pooled human serum prior to infecKon (wells were 

washed twice with 1 x DPBS prior to plaKng 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 infecKon (wells were washed twice with 1 x DPBS prior to plaKng the cells). 

Neutrophils were infected at a mulKplicity of infecKon (MOI) of 20, 50, or 100 and incubated for 1 

h in a cell culture incubator at 37°C with a constant rate of 5% CO2. Co-infecKons were performed 

at a final MOI of 20 (MOI of 10 for each strain). 1 h post-infecKon, 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 

infecKon. Macrophages were infected at an MOI of 20. At 4 h post-infecKon, 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 

infecKon. Mast cells were infected at an MOI of 20 or treated with crystalline silica (100 mg/cm2). 

At 2 h post-infecKon 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 infecKons were 

synchronized by centrifugaKon (200 x g for 5 min). All samples were stored at -80°C unKl ELISA.  

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

Supernatants of neutrophils, macrophages, and mast cells were collected and measured for LTB4 

by ELISA per manufacturer’s instrucKons (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 counKng 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-

RadioacKve Cytotoxicity kit (Promega Cat. No. g1780) per the manufacturer’s instrucKons.  

2-4j. Bacterial viability assays 

To measure bacterial viability during interacKons with neutrophils, murine neutrophils were 

resuspended in RPMI + 5% FBS then adhered to 96-well white boMom plates for 30 min coated 

with FBS prior to infecKon (wells were washed twice with 1 x DPBS prior to plaKng 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 funcKon of bioluminescence using a plate reader (BioTek CytaKon 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 aeraKon. Cultures were then 

diluted 1:10 in fresh warmed BHI broth containing 20 mM MgCl2 and 20 mM Na-oxalate and 

cultured at 37 or 26°C for 3 h. 1 OD600 of bacterial pellets were collected and resuspended in 1 x 

SDS-PAGE loading buffer, boiled for 10 min, and 0.1 OD600 was separated on a 10% SDS-PAGE gel. 

As a posiKve control, 0.2 g of recombinant LcrV protein was used (BEI resources Cat. No. NR-

32875). Samples were immunobloMed with polyclonal anK-LcrV anKbody diluted to 1:4,000 (BEI 

Resources Cat. No. NR-31022). AnK-goat IgG HRP secondary anKbody was diluted to 1:5,000 (Bio-

Techne Cat. No. HAF017). Densitometry was performed using ImageJ sonware to compare LcrV 

bands between samples.292 

2-4l. StaKsKcs 
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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 Kmes. Where noted in the figure legends, figures may represent the 

combined data from mulKple 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, staKsKcal comparisons were 

performed with Prism (GraphPad) using one-way analysis of variance (ANOVA) with DunneM’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 staKsKcally 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.293-295 Briefly, raw data were transformed by taking logarithmic base 2 followed by 

quanKle normalizaKon. Missing values were then ascribed using a singular value decomposiKon 

method. Lipids missing > 40% of the values were excluded from subsequent analysis. Finally, 

differenKally abundant lipids (p ≤ 0.05) were further filtered by fold-change (FC) criteria (1 < log2FC 

< 1) and mulKple comparisons tesKng 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. Introduc?on 

A hallmark manifestaKon of plague is a biphasic inflammatory response, which is criKcal for the 

progression of Yersinia pes2s infecKon.31, 236, 238, 254 One of the key virulence determinants for Y. 

pes2s to colonize the host is the Ysc type 3 secreKon system (T3SS) encoded on the pCD1 plasmid.4, 

234 This secreKon system allows direct translocaKon of bacterial effector proteins, called Yops, 

through the YopB/D translocon into host cells.4, 56, 67, 68, 235, 255, 256 The Yops target specific host 

factors to disrupt normal host cell signaling pathways and funcKons.6, 8, 28, 102, 236, 237 During 

mammalian infecKon, Y. pes2s primarily targets neutrophils and macrophages for T3SS-mediated 

injecKon of the Yops.19, 98, 239 The outcomes of Yop injecKon into these cells include inhibiKon of 

phagocytosis, reacKve oxygen species (ROS) synthesis, degranulaKon by neutrophils, and 

inflammatory cytokine and chemokine release that is required to recruit circulaKng leukocytes to 

infecKon sites.36, 93, 103, 109, 136, 137 Importantly, previous work suggests that inhibiKon of neutrophil 

influx and establishing a non-inflammatory environment is crucial for Y. pes2s virulence.31, 240 

Therefore, defining the molecular mechanisms used by Y. pes2s 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 infecKon.  

Leukotriene B4 (LTB4), an eicosanoid that is rapidly synthesized by leukocytes, is a potent pro-

inflammatory chemoaMractant and immune cell acKvator.37, 195, 241, 250, 260, 261 LTB4 is derived from 

arachidonic acid (AA) upon acKvaKon of the enzymes 5-lipoxygenase (5-LOX) and cytosolic 

phospholipase A2 (cPLA2). The enzymes are acKvated by phosphorylaKon via MAPK signaling and 

Ca2+ binding.150, 152, 155, 296 This leads to conformaKonal changes and translocaKon of the enzymes 

to the nuclear membrane or a lipidisome, where a complex is formed with 5-LOX acKvaKng 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 LTB4, followed by LTB4 release from the cell.150, 152 Upon release, LTB4 is recognized 

by the high affinity BLT1 receptor on immune cells to promote chemotaxis and iniKate the 

inflammatory cascade leading to the producKon of pro-inflammatory cytokines and 

chemokines.37, 150, 151, 183, 185, 241, 243 In Chapter 2, I showed that Y. pes2s acKvely inhibits the synthesis 

of LTB4 in a T3SS/Yop-dependent manner.93, 297 AddiKonally, I demonstrated that an LTB4 response 

triggered by Y. pes2s requires bacterial expression of the T3SS and the YopB/D translocase.297 

However, the mechanisms leading to T3SS-dependent LTB4 synthesis by the Y. pes2s T3E mutant 

remained undefined. 

Previous studies have idenKfied that components of the T3SS are pathogen associated 

molecular paMerns (PAMPs) recognized by macrophages (previously reviewed in 57). In the 

absence of the Yops, the T3SS YopB/D translocon proteins induced NLRP3-dependent acKvaKon 

of the caspase 1 inflammasome, IL1-b secreKon, and pyroptosis.68, 89 Because expression the T3SS 

and the YopB/D translocase is required for LTB4 synthesis by leukocytes, it is possible that 

inflammasome acKvaKon may also be required for LTB4 synthesis during interacKons with the Y. 

pes2s T3E strain. However, LTB4 synthesis in response to other sKmuli is not dependent on 

inflammasome acKvaKon.153, 219, 220 Furthermore, infecKon of neutrophils with a strain of Y. pes2s 

T3E that also expresses YopK, which has been reported to inhibit NLRP3 inflammasome acKvaKon 

in macrophages,67, 68 does not inhibit LTB4 synthesis in neutrophils,93, 297 raising an alternaKve 

possibility for inflammasome-independent mechanisms leading to LTB4 synthesis. 

We have previously shown that four Yop effectors - YpkA, YopE, YopJ, or YopH - are sufficient to 

independently inhibit LTB4 synthesis by both human and murine neutrophils.93, 297 The funcKon of 

these Yop effectors have been well defined,26, 41, 42, 45, 56, 69, 70, 73-75, 83-85, 95, 96 suggesKng that these 

proteins can serve as powerful tools to elucidate the molecular mechanisms responsible for LTB4 

synthesis in response to the Y. pes2s T3SS. Of these Yop effectors, two are inKmately involved in 
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MAPK and Ca2+ 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.44, 105, 108, 298 AddiKonally, using a combinaKon of Y. pes2s mutants and chemical 

inhibitors, Pulsifer et al.93 was able to show that YopJ inhibiKon of ERK phosphorylaKon is sufficient 

to inhibit LTB4 synthesis by human neutrophils. YopH is a tyrosine phosphatase that has been 

shown to target mulKple proteins of the focal adhesion complex, including SLP-76, SKAP2, PRAM, 

Vav, and LCK.42, 95-98 Studies with Y. pseudotuberculosis have demonstrated that YopH is a potent 

inhibitor of β1-integrin-mediated Ca2+ signaling and flux, suggesKng YopH inhibiKon of Ca2+ 

signaling also inhibits LTB4 synthesis.97, 98 However, studies have also suggested that YopH can 

inhibit ERK phosphorylaKon in neutrophils,97, 98, 100, 103 suggesKng that YopH can also inhibit the 

efficient phosphorylaKon of the LTB4 synthesis enzymes. In this chapter, I apply our understanding 

of the funcKons 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, I 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 

I showed in Chapter 2 that LTB4 synthesis in response to Y. pes2s is dependent on the expression 

of the T3SS and the YopB/D translocon (Figure 2-8). I also showed that S. enterica Typhimurium, 

which encodes two T3SSs (SPI-1 and SPI-2), induces an LTB4 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; ΔinvA) and SPI-2 (Δ ssaK) encoded type 3 export 
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apparatuses. Aner 1 h of infecKon, LTB4 synthesis was significantly elevated in ST infected BMNs 

(Fig 3-1A, ST+ vs. UI, p≤0.0001) but it was not elevated in cells infected with the ΔSPI1/2 mutant 

(Fig 3-1A, p= 0.1513). To determine the contribuKon of individual T3SSs, BMNs were next infected 

with individual SPI-1 or SPI-2 mutants. No significant differences in recovered LTB4 were observed 

between cells infected with the SPI-1/2 and SPI-1 mutant strains, but LTB4 concentraKons 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 iniKate a 

robust LTB4 response, suggesKng 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. pes2s or S. 

enterica Typhimurium 

One important consequence of Yop intoxicaKon of leukocytes is the inhibiKon of phagocytosis 

via the acKon of YopE and YopT.26, 41, 42, 86, 129 Moreover, an important funcKon of SPI-1 of S. enterica 

Typhimurium is to induce phagocytosis.299 Because phagocytosis is required for LTB4 synthesis by 

leukocytes interacKng with crystalline silica,153 I next asked if phagocytosis of Y. pes2s 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 infecKon with either a Y. 

pes2s T3E or ST+. While treatment with cytoD inhibited phagocytosis of Y. pes2s T3E (Fig. 3-1B-C), 

it did not alter LTB4 synthesis by uninfected or Y. pes2s T3E-infected BMNs (Fig 3-1D-E), indicaKng 

that Yop-mediated inhibiKon of phagocytosis is not responsible for the inhibiKon of T3SS-

mediated LTB4 synthesis during Y. pes2s infecKon. Moreover, as previously reported by Golenkina 

et. al,224 cytoD treatment resulted in an increase in LTB4 synthesis by BMNs infected with ST+ (Fig 

3-1F; p p≤0.05), indicaKng that inducKon of phagocytosis by S. enterica Typhimurium is not 
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required to induce T3SS-mediated LTB4 synthesis. Together, these data suggest that phagocytosis 

is not required for T3SS-mediated LTB4 synthesis by neutrophils. 
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Figure 3-1. Phagocytosis is not triggering LTB4 synthesis in BMNs in response to Y. pes2s 

(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 

len untreated (green circles) or pre-treated with cytochalasin D (10 µM, purple circles) for 30 min. 

(B) RepresentaKve confocal images and (C) Pearson scores of cytochalasin D (10 μM) pre-treated 

(T3E / CD) or untreated (T3E) BMNs infected with Y. pes2s T3E at an MOI of 10. BMNs (D) 

uninfected or infected with (E) Y. pes2s T3E or (F) ST at an MOI of 20. (A, D-E) LTB4 was measured 

from supernatants 1h post infecKon by ELISA. Each symbol represents an independent biological 

infecKon, and the box plot represents the median of the group ± the range. (C) Pearson’s 

CorrelaKon Coefficient calculated from three biological independent experiments, four images 

each (n=12), box plot represents the median of the group ± the range. UI = uninfected. ns = not 

significant. One-way ANOVA with Tukey’s post hoc test compared to each condiKon 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 

I showed in Chapter 2 that the Yop effectors inhibit LTB4 synthesis triggered by the Y. pes2s T3SS 

in neutrophils and M1-polarized macrophages, and that synthesis by neutrophils is dependent on 

the YopB/D translocase.297 To determine whether the YopB/D translocase is also required for LTB4 

synthesis by macrophages, M1-polarized bone marrow derived macrophages (BMDMs) were 

infected with Y. pes2s, Y. pes2s T3E, a Y. pes2s strain lacking the pCD1 plasmid encoding the enKre 

Ysc T3SS [Y. pes2s T3(-)], or a Y. pes2s T3E yopB mutant that is defecKve in expression of the 

translocase that directly interacts with the host cell plasmid membrane.56, 67, 68, 255, 256 As previously 

reported for neutrophils (Fig 2-10B),297 BMDMs also did not synthesize LTB4 in response to Y. pes2s 

T3(-) or Y. pes2s T3E yopB (Fig 3-2A). Normal LTB4 synthesis was restored by yopB complementaKon 

(yopB::cyopB) (Fig 3-2A). To confirm that the S. enterica Typhimurium SPI-1 is also required for 

LTB4 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 LTB4 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 LTB4.  

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

We have previously shown that YpkA, YopE, YopJ, or YopH are individually sufficient to inhibit 

LTB4 synthesis in neutrophils (Fig 2-7).93, 297 To determine if the same individual Yop effectors could 

inhibit LTB4 synthesis by macrophages, LTB4 was measured from BMDMs infected with Y. pes2s 

strains that expressed only one Yop effector. BMDMs infected with strains expressing YpkA, YopE, 

YopH, YopK, and YopT showed significant decreases in LTB4 compared to those infected with Y. 

pes2s T3E, but sKll produced more LTB4 than uninfected cells (Fig 3-2C). In contrast, BMDMs 

infected with a strain expressing only YopJ produced the least amount of LTB4, similar to levels 

recovered from cells infected with Y. pes2s 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 LTB4 synthesis on its own. Together these data 

show that Y. pes2s uses redundant mechanisms to inhibit LTB4 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 acKvated 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. pes2s, Y. pes2s T3E, Y. pes2s T3(-), a 

yopB mutant in the T3E background (DB), or DB complemented with yopB (DB::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. pes2s, Y. pes2s T3E, Y. pes2s T3(-), or Y. pes2s 

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. LTB4 was measured from 

supernatants by ELISA. Each symbol represents an independent biological infecKon, and the box 

plot represents the median of the group ± the range. UI = uninfected. ns = not significant. One-

way ANOVA with DunneM’s post hoc test compared to uninfected for A, or Tukey’s post hoc test 

compared to each condiKon 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. pes2s 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. pes2s 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, LTB4 synthesis was significantly reduced in response 

to Y. pes2s T3E (Fig 3-3B) and trending towards reduced for ST+ (Fig 3-3C) compared to untreated 

infected BMDMs. However, LTB4 levels were sKll higher in the cytoD infected BMDMs than the 

uninfected BMDMs (Fig 3-3A), suggesKng 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 μM; purple circles) for 30 min and were 

either (A) uninfected or infected with (B) Y. pes2s T3E or (C) ST. (A-C) BMDMs were infected at an 

MOI of 20 for 4 h. LTB4 was measured from supernatants by ELISA. Each symbol represents an 

independent biological infecKon. 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 

Ca2+ flux is required for the acKvaKon of cPLA2 and 5-LOX.152, 154 However, it is unclear if the T3SS 

induces Ca2+ flux through Ca2+ migraKon through the YopB/D translocase pore or via convenKonal 

Ca2+ signaling. Phospholipase C (PLC) is the central mediator of convenKonal Ca2+ signaling in the 

cell,300-303 and chemical inhibitors of PLC have been well characterized. Therefore, to determine if 

Ca2+ signaling is required for T3SS-dependent LTB4 synthesis, leukocytes were pretreated with 

U73122, which inhibits PLCb and PLCg,304-306 prior to infecKon. When PLC signaling was inhibited, 

BMNs infected with the Y. pes2s T3E mutant were no longer able to synthesize LTB4 compared to 

untreated BMNs (Fig 3-4A), suggesKng that PLC-mediated Ca2+ signaling is required for LTB4 

synthesis. To ensure that U73122 treatment did not have off target effects on cPLA or 5-LOX, 

U73122-treated BMNs were treated with the Ca2+ ionophore, A23187, which induces Ca2+ flux and 

LTB4 synthesis independent of PLC signaling.307 Within 10 min of A23187 treatment, U73122-

treated BMNs produced LTB4 at similar levels as untreated cells, supporKng that U73122 

treatment specifically inhibits PLC and not components of LTB4 synthesis (Fig 3-4A).  

InteresKngly, U73122 treatment of Y. pes2s T3E-infected BMDMs only modestly inhibited LTB4 

synthesis compared to untreated cells (Fig 3-4B; p≤0.05), suggesKng PLC is not the primary source 

of Ca2+ flux in macrophages. Together, these data suggest that the T3SS acKvates PLC-mediated 

Ca2+ flux in neutrophils needed for LTB4 synthesis, but addiKonal 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. pes2s, Y. pes2s T3E, or Y. pes2s T3(-) at an MOI of 

20 for (A) 1 h or (B) 4 h. Leukocytes pretreated with PLC inhibitor (U73122; (A) 5 µM or (B) 20 µM) 

for 30 min (purple circles). (A) BMN supernatants were replaced with fresh media and cells were 

treated with A23187 (1 µM) for 10 min aner treatment with U73122 for 30 min (orange circles). 

(A-B) LTB4 was measured from supernatants by ELISA. Each symbol represents an independent 

biological infecKon, and the box plot represents the median of the group ± the range. UI = 

uninfected. One-way ANOVA with Tukey’s post hoc test compared to each condiKon. *=p≤0.05, 

****=p≤0.0001.   
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3-2g. STIM1-mediated Ca2+ flux of extracellular Ca2+ is required for Y. pes2s T3SS-dependent LTB4 

synthesis 

PLC-mediated Ca2+ flux is required for LTB4 synthesis in neutrophils, but PLC signaling can lead 

to both Ca2+ efflux from the ER and influx from the extracellular space.300-303, 308 To determine if 

intracellular Ca2+ efflux is sufficient to induce T3SS-dependent LTB4 synthesis, BMNs were pre-

treated with EGTA to chelate extracellular Ca2+ prior to infecKon with Y. pes2s T3E – if intracellular 

efflux is sufficient then EGTA should not inhibit LTB4 synthesis. As observed during PLC inhibiKon, 

EGTA chelaKon of extracellular Ca2+ significantly reduced LTB4 producKon compared to untreated 

BMNs (Fig 3-5A; p≤0.0001). Influx of extracellular Ca2+ also requires the cell to maintain a 

membrane potenKal by efflux of intracellular potassium (K+).309-311 312-315 Therefore, if extracellular 

Ca2+ is required, disrupKng the K+ gradient should also inhibit LTB4 synthesis. As predicted by EGTA 

treatment, increasing the extracellular K+ concentraKon significantly inhibited LTB4 synthesis by Y. 

pes2s T3E-infected BMNs (Fig 3-5A; p≤0.0001). Finally, PLC-induced extracellular Ca2+ influx can 

lead to STIM1 acKvaKon,316 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 Ca2+ flux via PLC acKvaKon in 

neutrophils. InteresKngly, while PLC does not appear to be required for LTB4 synthesis by 

macrophages, extracellular Ca2+ and STIM1 acKvaKon are required (Fig 3-5B), further supporKng 

that alternaKve pathways are involved in triggering Ca2+ flux needed for LTB4 synthesis in 

macrophages.  
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Figure 3-5. Influx of extracellular Ca2+ is required for Y. pes2s T3SS-dependent LTB4 synthesis 

(A) BMNs or (B) BMDMs were infected with Y. pes2s, Y. pes2s T3E, or Y. pes2s 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 µM; white circles) for 2 min prior 

to infecKon with Y. pes2s T3E. (A-B) Leukocytes were infected at an MOI of 20 for (A) 1 h or (B) 4 

h. LTB4 was measured from supernatants by ELISA. Each symbol represents an independent 

biological infecKon, and the box plot represents the median of the group ± the range. UI = 

uninfected. One-way ANOVA with Tukey’s post hoc test compared to each condiKon. 

****=p≤0.0001.   
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3-2h. SKAP2 is required for LTB4 synthesis by neutrophils but not macrophages in response to Y. 

pes2s T3E 

While PLC acKvaKon is required for LTB4 synthesis in neutrophils, the molecular mechanisms 

leading to T3SS-dependent PLC acKvaKon are sKll unknown. However, YopH, which inhibits LTB4 

synthesis, also inhibits PLC-mediated Ca2+ flux in neutrophils by modifying proteins of the focal 

adhesion complex,96-98 suggesKng that Y. pes2s T3E-induced LTB4 synthesis may be mediated via 

this signaling hub. Moreover, SRC Kinase Adaptor Phosphoprotein 2 (SKAP2) targeKng by YopH 

during Y. pseudotuberculosis infecKon specifically inhibits β1 integrin-induced Ca2+ signaling in 

neutrophils.97 Therefore, to determine if SKAP2 is required for T3SS-dependent LTB4 synthesis, 

leukocytes from SKAP2-/- mice were infected with Y. pes2s, Y. pes2s T3E, or Y. pes2s  

T3(-). Unlike BMNs from parental C57BL/6J mice, SKAP2-/- BMNs did not synthesize LTB4 in response 

to any of the strains tested (Fig 3-6A). To ensure that SKAP2-/- BMNs were not generally defecKve 

in LTB4 synthesis (i.e. unable to synthesize LTB4), BMNs were treated with the Ca2+ ionophore 

A23187, which bypasses PLC signaling but sKll requires cPLA2, 5-LOX, FLAP, and LTB4 hydrolase to 

synthesis LTB4, and cells were able to robustly produce LTB4 (Fig 3-6B). ComplemenKng the PLC 

inhibitor data, SKAP2-/- BMDMs were not impaired in LTB4 synthesis (Fig 3-6C; p≤0.0001). Together, 

these data demonstrate that T3SS-inducing LTB4 synthesis requires SKAP2 acKvaKon of PLC in 

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

SKAP2-/- (A) BMNs or (C) BMDMs were infected with Y. pes2s, Y. pes2s T3E, or Y. pes2s T3(-) at 

an MOI of 20 for (A) 1 h or (C) 4 h. (B) SKAP2-/- BMNs were treated with A23187 (1 µM; purple 

circles) for 1 h. (A-C) LTB4 was measured from supernatants by ELISA. Each symbol represents an 

independent biological infecKon, and the box plot represents the median of the group ± the range. 

UI = uninfected. One-way ANOVA with DunneM’s post hoc test compared to uninfected. 

****=p≤0.0001.   
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3-2i. AcKvaKon of MAPK signaling required for LTB4 synthesis is independent of the T3SS  

In addiKon to Ca2+ flux, LTB4 synthesis requires MAPK signaling to phosphorylate cPLA2 and 5-

LOX.152, 168, 317-322 While we previously showed that p38 and ERK1/2 are phosphorylated in human 

neutrophils infected with a high MOI (100 bacteria/cell) of Y. pes2s T3(-),93 the MAP kinases 

responsible for T3SS-dependent LTB4 synthesis have not been defined. Therefore, to determine 

whether p38 and ERK1/2 are phosphorylated during interacKons with Y. pes2s T3E, leukocytes 

were infected with Y. pes2s, Y. pes2s T3E, or Y. pes2s T3(-) at an MOI of 20. T3SS-dependent LTB4 

producKon was confirmed (Fig 3-7A and D) and p38 and ERK1/2 phosphorylaKon from the same 

samples was determined by western blot. As we previously reported for human PMNs,93 both p38 

and ERK1/2 were phosphorylated in BMNs infected with Y. pes2s T3E but not Y. pes2s (Fig 3-7B-

C). In the case of the BMDMs, as reported by others,323-326 we observed elevated basal levels of 

p38 and ERK1/2 phosphorylaKon in untreated M1 polarized macrophages, but phosphorylaKon, 

especially of p38, was dramaKcally lower in Y. pes2s but not Y. pes2s T3E infected cells (Fig 3-7E-

F). InteresKngly, regardless of the leukocyte, we observed similar phosphorylaKon profiles 

between Y. pes2s T3E and Y. pes2s T3(-) infected cells, indicaKng that MAPK signaling is being 

triggered by a PAMP unrelated to the T3SS.  

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

We have previously shown that YopJ inhibiKon of ERK1/2 phosphorylaKon is sufficient to block 

LTB4 synthesis,93 and Shaban et al.97 previously showed that YopH from Y. pseudotuberculosis 

inhibits ERK1/2 phosphorylaKon in neutrophils. However, whether YopH can also sufficiently 

inhibit ERK1/2 phosphorylaKon in our model has yet to be defined. As expected, phosphorylaKon 

of both MAP kinases was inhibited in BMNs infected with a Y. pes2s T3E strain expressing YopJ (Fig 

3-7B, C; +J samples). As predicted by the Y. pseudotuberculosis data, infecKon with Y. pes2s T3E 

expressing YopH inhibited ERK1/2 phosphorylaKon in BMNs (Fig 3-7C; +H samples), YopH was not 
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able to inhibit p38 phosphorylaKon (Fig 3-7B; +H samples). However, only YopJ appeared able to 

consistently inhibit p38 and ERK1/2 phosphorylaKon in BMDMs (Fig 3-7E-F; +H and +J samples). 

To our knowledge, this is the first Kme that YopH has been shown to specifically block ERK1/2 but 

not p38 phosphorylaKon. 
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Figure 3-7. p38 and ERK1/2 phosphorylaKon in neutrophils and macrophages in response to Y. 

pes2s  

(A-C) BMNs or (D-F) BMDMs were infected with Y. pes2s, Y. pes2s T3E, Y. pes2s T3(-), or Y. pes2s 

TE3 strains expressing only one Yop effector (+H = YopH; +J = YopJ) at an MOI of 20 for 1 h. (A,D) 

LTB4 measured by ELISA. (B-C, E-F) Densitometry and representaKve 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 acKn. (A-F) Each symbol represents an independent biological infecKon, and 

the box plot represents the median of the group ± the range. UI = uninfected. One-way ANOVA 

with DunneM’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 acKvaKon enhances LTB4 synthesis in macrophages but not neutrophils 

Previous studies with Y. pseudotuberculosis indicate that the T3SS translocase is recognized by 

NLRP3, leading to acKvaKon of the caspase 1 inflammasome and pyroptosis.68, 90 Inflammasome 

acKvaKon is also required for LTB4 synthesis in response to some PAMPS,219, 220 but is dispensable 

for others,153 raising the quesKon of whether inflammasome acKvaKon is required for T3SS-

dependent LTB4 synthesis. Therefore, to determine the contribuKon of the inflammasome to LTB4 

synthesis in response to the Y. pes2s T3SS, leukocytes isolated from NLRP3-/- or Casp1/11-/- mice 

were infected with Y. pes2s, Y. pes2s T3E, or Y. pes2s 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. pes2s T3E (Fig 3-8A). Furthermore, treatment with the pan-caspase 

inhibitor zVAD did not impact the ability of wild type BMNs (Fig 3-8B) or hPMNs (Fig 3-8C) to 

produce LTB4 in response to infecKon with Y. pes2s T3E. In contrast, LTB4 synthesis was significantly 

lower in both NLRP3 and Casp1/11 deficient BMDMs (Fig 3-8D; p≤0.0001). However, LTB4 synthesis 

was sKll elevated compared to uninfected, Y. pes2s, or Y. pes2s T3(-) infected cells (p≤0.0001 and 

p≤0.01, respecKvely). While treatment of Casp1/11-/- BMDMs with the PLC inhibitor did not 

dramaKcally reduce  LTB4 synthesis (Fig 3-8E), treatment with cytoD, or infecKon with the Y. pes2s 

T3E YopE expressing strain, which both disrupt the acKn cytoskeleton, reduced LTB4 levels to basal 

levels (Fig 3-8E; p≤0.0001), indicaKng that the residual LTB4 synthesis in CASP1/11-/- BMDMs was 

not due to PLC signaling. Together, these data indicate that while T3SS-dependent LTB4 synthesis 

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

significantly enhances the LTB4 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, NLRP3-/-, Casp1/11-/-
 mice were infected with Y. pes2s, Y. 

pes2s T3E, or Y. pes2s T3(-). (B) C57BL/6J BMNs or (C) human PMNs (hPMNs) pretreated with zVAD 

inhibitor (100 µM; purple circles) for 30 min prior to infecKon with Y. pes2s T3E. (E) BMDMs from 

Casp1/11-/-
 mice were infected with Y. pes2s T3E or Y. pes2s T3E strains expressing only YopE (+E). 

BMDMs were either len untreated (green circles) or pretreated with PLC inhibitor (U73122, 20 

µM; purple circles) or Cytochalasin D (10 µM; purple circles) for 30 min prior to infecKon with Y. 
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pes2s 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 

infecKon, and the box plot represents the median of the group ± the range. UI = uninfected. UT = 

untreated. ns = not significant. One-way ANOVA with Tukey’s post hoc test compared to each 

condiKon for A-D., or with DunneM’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.31 We and others have shown that Y. pes2s subverts the host innate 

immune response by inhibiKng leukocyte chemotaxis,6 phagocytosis,103, 136 neutrophil 

degranulaKon,36, 93 neutrophil ROS producKon,103, 137 and inflammatory lipid, cytokine, and 

chemokine release.93, 109, 297 Despite the T3SS being a PAMP,57 the Yop effectors are highly efficient 

at prevenKng immune cell acKvaKon, including inhibiKng the synthesis of LTB4 needed for a proper 

inflammatory host response.93, 297 In this chapter, I 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, I have developed a working model 

showing a differenKal response to the T3SS between neutrophils and macrophages in both Ca2+ 

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

LTB4 synthesis requires (A) an increase in intracellular Ca2+ and (B) acKvaKon of MAPK signaling. 

(A) Neutrophils require Ca2+ signaling through SKAP2/PLC/STIM1 to produce LTB4, while 

macrophages show a parKal requirement of STIM1 but not SKAP2 or PLC. (B) AcKvaKon of MAPK 

signaling required for LTB4 synthesis appears to be independent of the T3SS, and instead is iniKated 
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by a currently unknown PAMP and signaling pathway(s). (C) Inflammasome acKvaKon is not 

required in neutrophils for LTB4 synthesis, but enhances the inducKon in macrophages, perhaps 

through GSDMD pore formaKon increasing Ca2+ flux in the cell. (D) Phagocytosis also enhances 

LTB4 inducKon in macrophages, but not in neutrophils. (E) PotenKal receptors contribuKng to 

SKAP2 signaling in neutrophils. Purple circles = Yop effectors and either idenKfied or potenKal 

target locaKons of the LTB4 synthesis pathway. Yellow circles = calcium. Orange circles = 

phosphates. Red bold outlines = locaKons in the LTB4 synthesis pathway tested in this study. DoMed 

lines = unknown pathways. Solid lines = known pathways. Red blunted arrows = full inhibiKon of 

LTB4 synthesis. Orange blunted arrows = parKal inhibiKon of LTB4 synthesis in WT leukocytes. 
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One important discovery I report here is that recogniKon of the T3SS leading to LTB4 synthesis is 

not specific to the Y. pes2s T3SS. While the S. enterica Typhimurium SPI-1 T3SS varies structurally 

from the Y. pes2s secreKon system, S. enterica Typhimurium sKll triggers LTB4 in a SPI-1 T3SS- 

dependent manner. AddiKonally, 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. pes2s T3SS, the 

SPI-1 T3SS engages with the host cell through the plasma membrane, while SPI-2 engages through 

the Salmonella containing vacuole,327, 328 suggesKng that the host cells have evolved to sense T3SS 

interacKons across the plasma membrane and respond by synthesizing LTB4. This scenario makes 

sense, as interacKons with the plasma membrane represent the earliest interacKon that 

leukocytes would have with pathogens and allow for rapid synthesis of the lipid. It also appears 

that unlike Y. pes2s, S. enterica Typhimurium has not evolved effector proteins to inhibit this 

response, or at minimum not to the degree that the Y. pes2s Yop effectors can inhibit LTB4 

synthesis, as the WT S. enterica Typhimurium LT strain produces LTB4 at levels similar to the Y. 

pes2s T3E mutant. This difference further supports that the inhibiKon of LTB4, and iniKaKon of the 

inflammatory cascade is an important aspect in the virulence and lifestyle of Y. pes2s. 

A key virulence strategy mediated by the T3SSs of both Y. pes2s and S. enterica Typhimurium is 

the manipulaKon of phagocytosis.42, 329 Because phagocytosis of crystalline silica is required for 

LTB4 synthesis,153 defining the role of phagocytosis in the LTB4 synthesis was another criKcal 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 LTB4 synthesis in 

response to S. enterica Typhimurium. However, inhibiKng 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, LTB4 synthesis 

by macrophages was not completely inhibited by cytochalasin treatment, indicaKng that synthesis 
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is not wholly dependent on phagocytosis in macrophages. Moreover, data from infecKons with 

the Y. pes2s T3(-) mutant, which is as readily phagocytosed as the Y. pes2s T3E mutant, indicates 

that phagocytosis alone is not sufficient to trigger LTB4 synthesis in the absence of the T3SS.  

Ca2+ flux is a criKcal step in the enzyme acKvaKon required for LTB4 synthesis,152, 154 and thus 

understanding the mechanisms leading to Ca2+ influx during host cell interacKons 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 translocaKon into the host cell.61, 62 Previous work 

has shown that the pore formed by the translocase can result in the diffusion of molecules larger 

than Ca2+, but YopN appears to act as a plug to regulate whether diffusion through the YopB/D 

translocase occurs.330 While the Y. pes2s T3E strain retains YopN, it was sKll possible that Ca2+ 

diffusion through the translocase occurred in infected cells, leading to Ca2+ flux. However, using 

pharmacological inhibitors of Ca2+ signaling, I have shown that PLC signaling, and not diffusion of 

Ca2+ through the T3SS, is the primary driver of Ca2+ flux needed for LTB4 synthesis in neutrophils. 

InteresKngly, PLC inhibiKon had liMle effect on LTB4 synthesis in macrophages, strongly suggesKng 

Ca2+ diffusion across the membrane is contribuKng to the LTB4 synthesis response. This conclusion 

is further supported by the differenKal ability of YopH to inhibit LTB4 synthesis in neutrophils but 

not macrophages. AddiKonally, work primarily from Y. pseudotuberculosis shows that YopH 

dephosphorylaKon of SLP-76 and SKAP2 is directly linked to the inhibiKon of PLC phosphorylaKon 

and Ca2+ flux in neutrophils,97, 98 and I have shown here that SKAP2 is also required for LTB4 

synthesis in neutrophils. As LTB4 synthesis by macrophages is not dependent on SKAP2 or PLC 

signaling, it appears STIM1 acKvaKon 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 acKvaKon and LTB4 synthesis in neutrophils, the receptors and 

kinases responsible for SKAP2 phosphorylaKon in response to the T3SS are yet to be idenKfied. 

Several tyrosine kinase receptors, including LYN, HCK, FGR, FYN, FRK, and YES, have been shown 

to acKvate SKAP2.331 In many cases this is mediated through the kinase Syk. However, Shaban et 

al.97 have shown that during neutrophil interacKons with Y. pseudotuberculosis, ROS producKon is 

both Syk-dependent and independent, depending on which receptor is engaged. We are currently 

using a combinaKon of phosphoproteomics and kinase inhibitor regression to idenKfy other 

kinases involved in the recogniKon of the T3SS. 

In addiKon to Ca2+ flux, cPLA2 and 5-LOX phosphorylaKon via MAP kinase signaling is also 

essenKal for LTB4 synthesis. InteresKngly, while I observed phosphorylaKon of p38 and ERK1/2 in 

the leukocytes, MAPK phosphorylaKon does not appear to be dependent on the T3SS, as the Y. 

pes2s T3(-) strain, which lacks the T3SS sKll induces phosphorylaKon. These data suggest that the 

primary signal regulaKng T3SS-dependent LTB4 synthesis is the Ca2+ flux, not the MAP kinase 

signaling pathway. The PAMP that is responsible for iniKaKng MAPK signaling sKll remains 

unknown. 

 Previous work with Y. pseudotuberculosis and Y. pes2s have significantly contributed to our 

understanding of inflammasome acKvaKon and pyroptosis.70, 332 Components of the T3SS, 

including YopB, are recognized by NLRP3 and NLRC4 to acKvate the caspase 1 inflammasome and 

pyroptosis by macrophages, but inflammasome acKvaKon is limited by YopK.67, 68 Because the Y. 

pes2s T3E strain lacks YopK, I hypothesized that the inflammasome might be acKvated during 

interacKons with immune cells. However, while BLT1-LTB4 signaling has been shown to enhance 

inflammasome acKvaKon in the gout,193 asthma,261 and Staphylococcus aureus skin infecKon 

models,218 evidence that inflammasome acKvaKon induces LTB4 synthesis is much more limited.219 

Thus, it was unclear if T3SS-induced inflammasome acKvaKon contributed to LTB4 synthesis. 
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Indeed, LTB4 synthesis by neutrophils was not dependent on NLRP3 or Caspase 1/11. However, 

LTB4 synthesis was significantly reduced in NLRP3-/- and Caspase1/11-/- macrophages. Importantly, 

expression of YopK in the Y. pes2s T3E strain also reduced LTB4 synthesis in macrophages (Fig 3-2) 

but not neutrophils,93, 297 supporKng that T3SS-induced inflammasome acKvaKon contributes to 

LTB4 synthesis in macrophages. To our knowledge, this is the first evidence that inflammasome 

acKvaKon in response to bacterial infecKon leads to LTB4 synthesis, indicaKng that in addiKon to 

the processing and secreKon of protein mediators of inflammaKon (e.g., IL-1B and IL-18), 

inflammasome acKvaKon in macrophages can also increase the synthesis of lipid mediators of 

inflammaKon. It also raises the possibility that Casp1/11 and/or inflammasome acKvaKon may 

contribute to STIM1 acKvaKon in macrophages and will be explored in the future.  

In conclusion, I have shown that leukocytes have evolved to recognize the T3SS to induce LTB4 

synthesis during bacterial interacKons. However, the molecular mechanisms of recogniKon differ 

between neutrophils and macrophages. Moreover, while others have shown that the T3SS is a 

PAMP that sKmulates the inflammasome in macrophages to induce the producKon of pro-

inflammatory mediators, here I demonstrated for the first Kme that neutrophils use an 

inflammasome independent mechanism to sense the T3SS and induce the producKon of LTB4. 

Together, these data provide us with a beMer 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 InsKtuKonal Animal Care and Use 

CommiMee (IACUC Protocol #22157). Use of human neutrophils was approved by the University 

of Louisville InsKtuKonal Review Board guidelines (IRB #96.0191) and wriMen consents for use 

were obtained. 

3-4b. Bacterial strains  

Bacterial strains used in this study are listed in Table 3-1. Y. pes2s was cultured with BHI broth 

for 15-18 h at 26°C in aeraKon. Cultures were then diluted 1:10 in fresh, warmed BHI broth 

containing 20 mM MgCl2 and 20 mM Na-oxalate and cultured at 37°C for 3 h with aeraKon to 

induce expression of the T3SS. Bacterial concentraKons were determined using a 

spectrophotometer and diluted to desired concentraKons in fresh medium.  
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Name in 
manuscript Genotype Strain 

ref. # Source 

Bacteria    
Y. pes's  KIM1001 pgm-, pMT1+, pPCP1+, pCD1+, pML001+ JG598 111 

Y. pes's T3(-)  KIM1001 pgm-, pMT1+, pPCP1+, pCD1-, pML001+ JG597 111 

Y. pes's T3E KIM1001 pgm-, pMT1+, pPCP1+, pCD1+ (yopHΔ3-467 yopEΔ40-197 yopKΔ4-

181 yopMΔ3-408 ypkAΔ3-731 yopJΔ4-288 yopTΔ3-320), pGEN222+ YPA366 
This 
work 

Y. pes's T3E  KIM1001 pgm-, pMT1+, pPCP1+, pCD1+, (yopHΔ3-467 yopEΔ40-197 yopKΔ4-

181 yopMΔ3-408 ypkAΔ3-731 yopJΔ4-288 yopTΔ3-320), pML001+ JG715 
111 

Y. pes's T3E 
+ypkA  

KIM1001 pgm-, pMT1+, pPCP1+, pCD1+ (yopHΔ3-467 yopEΔ40-197 yopKΔ4-

181 yopMΔ3-408 yopJΔ4-288 yopTΔ3-320), pML001+ JG684 
111 

Y. pes's T3E 
+yopE 

KIM1001 pgm-, pMT1+, pPCP1+, pCD1+ (yopHΔ3-467 yopKΔ4-181 yopMΔ3-

408 ypkAΔ3-731 yopJΔ4-288 yopTΔ3-320), pML001+ JG681 
111 

Y. pes's T3E 
+yopH 

KIM1001 pgm-, pMT1+, pPCP1+, pCD1+ (yopEΔ40-197 yopKΔ4-181 yopMΔ3-

408 ypkAΔ3-731 yopJΔ4-288 yopTΔ3-320), pML001+ JG680 
111 

Y. pes's T3E 
+yopJ 

KIM1001 pgm-, pMT1+, pPCP1+, pCD1+ (yopHΔ3-467 yopEΔ40-197 yopKΔ4-

181 yopMΔ3-408 ypkAΔ3-731 yopTΔ3-320), pML001+ JG686 
297 

Y. pes's T3E 
+yopK 

KIM1001 pgm-, pMT1+, pPCP1+, pCD1+ (yopHΔ3-467 yopEΔ40-197 yopMΔ3-

408 ypkAΔ3-731 yopJΔ4-288 yopTΔ3-320), pML001+ JG682 
111 

Y. pes's T3E 
+yopM 

KIM1001 pgm-, pMT1+, pPCP1+, pCD1+ (yopHΔ3-467 yopEΔ40-197 yopKΔ4-

181 ypkAΔ3-731 yopJΔ4-288 yopTΔ3-320), pML001+ JG683 
111 

Y. pes's T3E 
+yopT 

KIM1001 pgm-, pMT1+, pPCP1+, pCD1+ (yopHΔ3-467 yopEΔ40-197 yopKΔ4-

181 yopMΔ3-408 ypkAΔ3-731 yopJΔ4-288), pML001+ JG685 
111 

Y. pes's T3E 
yopB 

KIM1001 pgm-, pMT1+, pPCP1+, pCD1+ (yopHΔ3-467 yopEΔ40-197 yopKΔ4-

181 yopMΔ3-408 ypkAΔ3-731 yopJΔ4-288 yopTΔ3-320yopB Δ7-396), pML001+ YPA322 
297 

Y. pes's 
yopB::cyopB 

KIM1001 pgm-, pMT1+, pPCP1+, pCD1+ (yopHΔ3-467 yopEΔ40-197 yopKΔ4-

181 yopMΔ3-408 ypkAΔ3-731 yopJΔ4-288 yopTΔ3-320), pML001+ YPA362 
297 

S. Typhimurium  Salmonella enterica Typhimurium LT2 pGENLux - 14028s LOU120 297 

S. Typhimurium 
SPI-1 null 
mutant 

Salmonella enterica Typhimurium invA::Km - 14028s MJW1301 
328 

S. Typhimurium 
SPI-2 null 
mutant 

Salmonella enterica Typhimurium ssak::Cm - 14028s MJW1835 

333 

S. Typhimurium 
SPI-1/2 mutant Salmonella enterica Typhimurium invA::Km ssak::Cm - 14028s MJW1836 

Micah 
Worley 

K. pneumoniae Klebsiella pneumoniae KPPR1S VK148 334 

K. pneumoniae 
manC Klebsiella pneumoniae KPPR1S ΔmanC LOU171 

282 

Plasmids     
 

pGEN222 GFP gene NA  

pML001 Luciferase bioreporter NA 111 

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

Leukocytes were isolated from bone marrow of 7-12-week-old mice that were either C57BL/6J, 

C57BL/6J Tyrosinase-/-, C57BL/6J Tyrosinase-/- NLRP3-/-, C57BL/6J Tyrosinase-/- Caspase1/11-/-, or 

BALB/c SKAP2-/-. Murine neutrophils were isolated using an AnK-Ly-6G Microbeads kit (Miltenyi 

Biotec Cat. No. 130-120-337) per the manufacturer’s instrucKons. Neutrophil isolaKons yielded ≥ 

95% purity and were used within 1 h of isolaKon. Macrophages were differenKated 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 differenKaKon. The medium was replaced on days 1 and 3 (adapted 

from 289). Use of human neutrophils was approved by the University of Louisville InsKtuKonal 

Review Board (IRB) guidelines (IRB #96.0191) and wriMen consents for use were obtained. Human 

neutrophils were isolated from the peripheral blood of healthy, medicaKon-free donors, as 

described previously.288 Briefly, white blood cells were isolated from whole blood using a 6% 

dextran soluKon. 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% NaCl for 30 

seconds and followed by a quench with 5 mL 1.6% NaCl. Neutrophil isolaKons yielded ≥ 95% purity 

and were used within 1 h of isolaKon. 

3-4d. Leukocyte infecKons 

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 infecKon 

(wells were washed twice with 1 x DPBS prior to plaKng the cells). BMDMs were adhered to 24-

well plates 1 day prior to infecKon. Human neutrophils were resuspended in Kreb’s buffer (w/ Ca2+ 

& Mg) then adhered to 24-well plates for 30 min that were coated with pooled human serum prior 

to infecKon (wells were washed twice with 1 x DPBS prior to plaKng the cells). Leukocytes were 
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infected at a mulKplicity of infecKon (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% CO2. 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 unKl ELISA and pellets were prepped for western blot analysis. 

All infecKons were synchronized by centrifugaKon (200 x g for 5 min).  

3-4e. Treatments and inhibitors 

Prior to infecKon, leukocytes were treated with the following for the Kmes and concentraKons 

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 Kme 

of infecKon, bacteria were added for a 500 µL final volume. 

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

Supernatants of neutrophils and macrophages were collected and measured for LTB4 by ELISA 

per manufacturer’s instrucKons (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 µL was separated on a 10% SDS-PAGE 

gel. Samples were immunobloMed with polyclonal anK-p-p38 anKbody (Cell Signaling; Cat. No. 

9211S), anK-p38 anKbody (Cell Signaling; Cat. No. 9228), anK-p-p44/42 (ERK1/2) anKbody (Cell 

Signaling; Cat. No. 9101s), anK-beta-acKn anKbody (Cell Signaling; Cat. No. 3700s) diluted to 

1:1000 or anK-p44/42 anKbody (Cell Signaling; Cat. No. 4696) diluted to 1:2,000. AnK-rabbit 

(Sigma-Aldrich; Cat. No. A9169) or anK-mouse (ThermoFisher ScienKfic; Cat. No. 31430) IgG HRP 

secondary anKbodies were diluted to 1:20,000. SuperSignal West Femto maximum-sensiKvity 
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substrate (ThermoFisher ScienKfic; cat. no. 34095) was used to detect anKgen-anKbody binding. 

Densitometry was performed using ImageJ sonware to quanKfy bands, normalized to total 

protein. 

3-4h. Confocal 

BMNs infected at an MOI of 10 with a GFP expressing Y. pes2s T3E strain were pretreated with 

10 μM cytochalasin D or DPBS. Aner 1 h of infecKon, cells were then fixed with 4% PFA (Sigma 

Aldrich: P6148-500G), blocked with 3% BSA-PBS (Sigma: A4503-100G), stained with primary 

anKbody, rabbit anK-Yersinia pes2s sera (1:1,000; lot UL25, 9/14/2013) overnight at 4°C, followed 

by secondary anKbody, donkey anK-rabbit Alexa Fluor 647 (1:1,000; JacksonImmuno Research: 

711-605-152) for 2 hours at room temperature, and finally with Hoechst (1:350; ThermoScienKfic: 

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 quanKfy the rates at which bacteria were phagocytosed, 3D volume Pearson correlaKon 

coefficients were calculated for eGFP and Alexa647.  

3-4i. StaKsKcs 

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, staKsKcal comparisons were performed with Prism (GraphPad) 

using one-way analysis of variance (ANOVA) with DunneM’s or Tukey’s post hoc test, or T-test with 

Mann-Whitney’s post hoc test. P values ≤ 0.05 were considered staKsKcally 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. pes2s strain that is missing the pCD1 plasmid (T3(-)) can induce an 

LTB4 response in human neutrophils, and that five Yop effectors can then independently inhibit 

LTB4 synthesis.93 I 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 MOIs, e.g., at MOIs of ≥50, which differs from mouse neutrophils, in which the T3(-) strain 

never triggers an LTB4 response. Because the mouse neutrophils were non-responsive, I pivoted 

and infected the cells with a Y. pes2s strain which sKll expressed the T3SS but lacked the seven Yop 

effectors. This is when I discovered both mouse and human neutrophils recognize the T3SS needle 

of Y. pes2s triggering an LTB4 response at low MOIs. 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 sKll unclear. Next, I showed the same 

phenotype in macrophages and mast cells. I further showed the Yop effectors can acKvely inhibit 

LTB4 synthesis, even when triggered by other PAMPs. Within macrophages, I showed that only one 

Yop effector can independently inhibit LTB4 synthesis, while another five may work cooperaKvely 

to inhibit LTB4.  

Having found the needle as the required PAMP for LTB4 synthesis in response to Y. pes2s, I 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 Ca2+ signaling 

pathway. In contrast, macrophages T3SS-inducKon of Ca2+ flux required for LTB4 synthesis appears 

to occur through addiKonal pathways. I also found that the needle doesn’t induce ERK1/2 

phosphorylaKon in macrophages but does in neutrophils. Surprisingly, while neutrophils do not 

require phagocytosis of Y. pes2s to trigger LTB4 synthesis, macrophages have a heightened LTB4 
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response when the bacteria are phagocytosed. AddiKonally, I found that in neutrophils, the T3SS 

triggered an inflammasome-independent pathway that induces LTB4 synthesis, but in 

macrophages, inflammasome acKvaKon enhances LTB4 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 infecKons, despite 

lipid mediators playing a pivotal role in inducing a rapid inflammatory response to pathogens. By 

performing a lipidomic analysis, I have contributed to the Yersinia field by revealing an addiKonal 

mechanism of how Y. pes2s induces a biphasic inflammatory response during plague, in which the 

iniKal target may not be protein mediators directly, but rather the rapid synthesis of lipid 

mediators which are required for Kmely protein-mediated responses.  

To my knowledge, my data also represents the first example that non-effector components of 

the Y. pes2s T3SS can also be recognized as a PAMP by neutrophils, as previous studies showed 

that only the Yop effectors themselves were recognized.264, 265  AddiKonally, I idenKfied 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 acKvaKon in response to a bacterial infecKon leads to LTB4 synthesis, 

indicaKng inflammasome acKvaKon in macrophages can also increase the synthesis of lipid 

mediators of inflammaKon. This response is especially important during a Yersinia infecKon in 

which inducKon of inflammaKon in the first 36 h of colonizaKon is criKcal for survival. 

By exploring both neutrophils and macrophages, I not only revealed two separate mechanisms 

that the host has developed to recognize the Y. pes2s T3SS, but more importantly, I discovered Y. 

pes2s has evolved virulence mechanisms to counteract both signaling pathways to inhibit LTB4 

synthesis, further highlighKng the importance and significance of LTB4 during a Yersinia infecKon. 
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I 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. pes2s has evolved effector proteins to inhibit this response, while Salmonella, and perhaps other 

pathogens, do not produce proteins which directly target LTB4 synthesis. 

Previous studies have used exogenous treatment of LTB4 to show an increase in anKmicrobial 

responses or the detrimental effects of LTB4 in sterile inflammaKon. My work implemented a 

simple infecKon model to explore the interplay of the significance of LTB4 during the host-

pathogen interacKon during Yersinia infecKon. A model that can be applied to other pathogens, 

in which inflammaKon plays a major role. 

Overall, my research has improved our understanding of the early leukocyte responses to 

bacterial pathogens and how Y. pes2s alters the host response to generate a beneficial non-

inflammatory environment for the pathogen. 

4-3. Ques?ons, ques?ons that need answering  

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

While I have shown that LTB4 synthesis is inhibited during plague, ulKmately, we sKll don’t 

completely understand the impact of this inhibiKon on disease and if targeKng LTB4 could alter the 

course of infecKon. However, data from our lab supports that inhibiKon of LTB4 is beneficial to the 

bacteria. First, exogenous LTB4 treatment in the intraperitoneal model of infecKon showed an 

increase in neutrophil influx and a decrease in bacterial survival (Fig 2-3). Moreover, I have also 

shown that LTB4 treatment of macrophages increases bacterial killing to the same level as 

treatment with IFN-g (Fig 4-1). However, the impact of LTB4 on pneumonic and bubonic plague has 

not been directly tested. Thus, it would be prudent to determine what the consequences are to 

treaKng 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 Kme of, infecKon with Y. pes2s and changes 
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in leukocyte influx, cytokine and chemokine levels, bacterial proliferaKon, and host survival could 

be measured. If LTB4 inhibiKon is important to establish the non-inflammatory environment during 

plague, then I would expect for the C57BL/6J mice to show an increase of leukocyte influx and 

cytokine/chemokine levels earlier in the infecKon, during the non-inflammatory phase of 

infecKon. This would be accompanied by a decrease in bacterial replicaKon and host survival. The 

BLT1-/- mice would show no change in phenotype, even with treatment. 
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Figure 4-1. LTB4 treatment improves host killing of Y. pes2s  

Murine bone-marrow derived macrophages (BMDM) differenKated towards M2 phenotypes, 

were pre-treated with either IFN-g (5 ng/mL) or LTB4 for a total of 4 h. 3 h into treatment, 

macrophages were infected with Y. pes2s (Y. pes2s KIM1001 pML001 (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 deviaKon. UT=untreated infected macrophages. One-way 

ANOVA with DunneM’s post hoc test comparing to the UI sample. *=p≤0.05, **=p≤0.01.  
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4-3b. How are YpkA and YopE inhibiKng LTB4 synthesis in neutrophils? 

In BMNs, YpkA and YopE can also independently inhibit LTB4 synthesis. While these proteins are 

known to limit phagocytosis, this is likely not contribuKng to LTB4 inhibiKon. Therefore, I would 

also like to determine whether these effectors are inhibiKng MAPK phosphorylaKon or Ca2+ influx 

needed for LTB4 synthesis. To determine this, I would infect BMNs with the single add back 

mutants, and measure p38 and ERK phosphorylaKon. Based on what each of these effectors target 

within the host, I suspect both would inhibit the phosphorylaKon pathways. AlternaKvely, YpkA 

has also been shown to target Ca2+ signaling, so I may not see phosphorylaKon of one or both 

pathways, showing the same phenotype seen with YopH. Ca2+ flux could then be directly 

measured. 

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

I have idenKfied the Ca2+ and phosphorylaKon pathways triggered by the T3SS in neutrophils. 

Using this informaKon, I could determine the upstream kinases that directly acKvate these 

pathways. I would start by doing a tyrosine kinase inhibitor screen, which would uKlize machine 

learning to idenKfy the phospho-signaling pathways acKvated by the T3SS.335 Using a PLC inhibitor 

as a posiKve control, a 96-well plate worth of neutrophils treated with tyrosine kinase inhibitors 

would be infected with the Y. pes2s T3E strain and LTB4 would be measured aner an hour. The 

inhibitor for the kinase(s) responsible recognizing the needle would result in a decrease or 

abrogaKon of LTB4 synthesis. 

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

The results from my lipidomic analysis showed that unlike LTB4, the cyclooxygenase pathway 

appears to be induced during pneumonic plague (Fig 2-1), suggesKng that Y. pes2s is unable to 

inhibit prostaglandin synthesis by leukocytes. Therefore, using PGE2 as a representaKve 

prostaglandin, I examined the ability of murine neutrophils, macrophages, and mast cells to 
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release prostaglandins in response to Y. pes2s. Like LTB4, neutrophils, and M1-polarized 

macrophages produce PGE2 in response to the T3SS, but release is inhibited by secreKon of the 

Yop effectors (Fig 4-2A and B; p≤0.0001). However, mast cells appeared to produce equivalent 

amounts of PGE2 in response to all three strains of Y. pes2s, indicaKng that Y. pes2s is not able to 

inhibit PGE2 synthesis in mast cells (Fig 4-2C; p≤0.05). These data suggest that signals leading to 

cyclooxygenase acKvity in mast cells differ from those in other leukocytes. AddiKonally, these data 

and the mouse lipidomic data suggest that mast cells may be a primary source of PGE2, and 

potenKally other prostaglandins, in response to Y. pes2s infecKon of the lungs. To test this 

hypothesis, I would measure the prostaglandin response in mast cell KO mice. I would also infect 

COX-/- mice and see how pneumonic plague progresses.  

The other quesKon these data raise is whether PG synthesis is protecKve or detrimental to the 

host. PGE2 has been shown to inhibit NADPH oxidase acKvity during infecKon with K. pneumoniae, 

which directly counteracts the proinflammatory acKviKes of LTB4.277, 278 The phagocyKc index of 

LTB4-sKmulated rat alveolar macrophages (AMs) is reduced when co-sKmulated with PGE2.278 

Moreover, AMs treated with PGE2 showed a 40% reducKon in LTB4 synthesis when sKmulated with 

an ionophore known to induce a strong LTB4 response.277 These data suggest that the elevated 

levels of prostaglandin synthesis observed during pneumonic plague may contribute to the 

blunted LTB4 response by the host.  

As an important side note, when I measured PGE2 as a funcKon of synthesis vs. release in human 

neutrophils, I found that while prostaglandins were not being released, they were sKll being 

synthesized (Fig 4-3). This was different than what we observed for LTB4 in which synthesis and 

release were inhibited by the Yop effectors (Fig 4-3 and 93). Together these data warrant future 

studies to beMer define if synthesis or release of PGE2 is being targeted by the Yop effectors.  
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Figure 4-2. Y. pes2s inhibits PGE2 synthesis in BMNs, BMDMs, but not BMMCs 

(A) Neutrophils isolated from bone-marrow using an AnK-Ly-6G MicroBeads UltraPure kit (B) 

BMDMs differenKated towards M1 or (C) BMMCs were infected at an MOI of 20 with Y. pes2s, Y. 

pes2s T3E, or Y. pes2s T3(-). PGE2 measured by ELISA aner 1 h of incubaKon at 37°C. UI=uninfected. 

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

of the group ± the range. One-way ANOVA with DunneM’s post hoc test comparing to the UI 

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 aner Y. pes2s infecKon 

Human neutrophils isolated from whole blood were infected at an MOI of 100 with Y. pes2s or 

a Y. pes2s T3(-) mutant. At 30- and 60-min post infecKon, 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 quanKfied 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 leMers indicate significant increase in T3(-) infected 

compared to uninfected and Yp. UI = uninfected.   
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4-3e. How do hPMNs respond to a high MOI of T3(-) and synthesize LTB4 but BMNs can’t? 

One of my early discoveries was that mouse neutrophils were unable to synthesize LTB4 in 

response to the Y. pes2s T3(-) strain, even at high MOIs, while human neutrophils can. Although 

iniKally perplexing (and for a short Kme, very inconvenient), differences in the abiliKes of human 

and murine neutrophils have been well documented.267-271 For example, there are PAMPS not 

recognized by the mouse but can be recognized by humans. TLR2 and TLR4 acKvaKon also differ 

between the two species.336, 337 Another study showed that while both species express PAR4, 

acKvaKon of the receptor results in a different host response between the two species.338 Human 

PAR4 acKvaKon has a stronger Ca2+ influx response than the mouse PAR4. Therefore, mulKple host 

responses could be responsible for the difference in this phenotype.  

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

Y. pseudotuberculosis and Y. enterocoli2ca are both enteric pathogens closely related to Y. pes2s 

and encode the Ycs T3SS and Yop effectors. However, Y. pseudotuberculosis and Y. enterocoli2ca 

both express integrin binding proteins as well as lack other virulence determinants elicited by Y. 

pes2s. Due to these differences, I wanted to determine whether the LTB4 response differed 

between the Yersinia species. To determine this, I 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 posiKve 

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. pes2s T3(-) strain did not induce an LTB4 response in the 

mouse neutrophils. While I also observed no LTB4 from the Y. pseudotuberculosis T3(-) infected 

BMNs, surprisingly there was a robust LTB4 response to the Y. enterocoli2ca T3(-) strain (Fig 4-4). 

This provides evidence that PAMPs that trigger LTB4 synthesis were lost during the divergence of 

Y. pseudotuberculosis from Y. enterocoli2ca, and these may have contributed to predispose the 

evoluKon of Y. pes2s to a vector- and blood-borne pathogen.  
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Figure 4-4. Y. enterocoli2ca 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) (CyKva, Cat. No. 

17-5445-02) were infected at an MOI of 10 with Y. pes2s with or without the T3SS (Yp+ or Yp-), Y. 

pseudotuberculosis with or without the T3SS (Ypt+ or Ypt-), Y. enterocoli2ca with or without the 

T3SS (Ye+ or Ye-), or E. coli (Ec). LTB4 measured by ELISA aner 1 h of incubaKon at 37°C. 

UI=uninfected. Each symbol represents an independent biological sample and the bar graph 

represents the mean ± the standard deviaKon. One-way ANOVA with DunneM’s post hoc test 

comparing to the UI sample. **=p≤0.01, ****=p≤0.0001. 

  



 
 

114 

4-4g. Do other bacteria inhibit an LTB4 response? 

My dissertaKon shows that Y. pes2s effecKvely limits the synthesis of LTB4 during pneumonic 

plague through a T3SS/Yop-dependent manner. While this may be a Y. pes2s 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, I also examined the inducKon of inflammatory lipids during pulmonary infecKon with 

Klebsiella pneumoniae.  Like Y. pes2s infected mice, I observed a delay in LTB4 synthesis by K. 

pneumoniae infecKon (Fig 4-5A-B and 2-1, Table 5-1). Because K. pneumoniae induces 

inflammaKon much quicker than Y. pes2s, I did not expect the same phenotype and this data was 

iniKally perplexing. However, when I challenged neutrophils with K. pneumoniae in vitro, I 

observed that they did not produce LTB4 (Fig 4-5C), even when I increased the MOI to 100 (data 

not shown). However, if I infected neutrophils with a K. pneumoniae manC mutant, which does 

not synthesize the capsule, neutrophils generated a robust LTB4 response (Fig 2-5).297 Because the 

capsule inhibits phagocytosis, these data suggest phagocytosis of the bacterium is required to 

synthesize LTB4 in the K. pneumoniae model within neutrophils. To test this hypothesis, I infected 

BMNs that were pretreated with cytoD with the K. pneumoniae manC mutant. InhibiKng 

phagocytosis completely abrogated the LTB4 response to the capsule mutant (Fig 4-5D, p≤0.001), 

validaKng that phagocytosis is required for the LTB4 response triggered by K. pneumoniae. 

Previous studies have shown opsonized K. pneumoniae induces LTB4 in alveolar macrophages.198 

In my experiment, the bacteria were not opsonized. Therefore, I would be inclined to repeat this 

experiment and see how the host responds when WT K. pneumoniae is opsonized prior to 

infecKon or when infected with the K. pneumoniae DmanC mutant. Overall, these data support 

that my work with Y. pes2s 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 LD50
 of WT K. pneumoniae. Lungs were 

harvested at the indicated Kmes (n=5) to measure host lipids by LC-MS. (A) LTB4 concentraKons. 

(B) 20-hydroxy LTB4 concentraKons. (C-D) Murine neutrophils (BMNs) were infected with Y. pes2s 

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 µM) for 30 min prior to infecKon. (A-D) Each 

symbol represents an individual mouse, or an independent biological infecKon and the box plot 

represents the median of the group ± the range. UI=uninfected. ns=not significant. One-way 

ANOVA with DunneM’s post hoc test comparing to the UI samples for A thru D or Tukey’s post hoc 

test compared to each condiKon for E. T-test with Welch’s post hoc test for F. *=p≤0.05, **=p≤0.01, 

****=p≤0.0001. 
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4-5. Conclusions 

The culminaKon of the work I have completed in this dissertaKon has provided a sturdy base in 

the understanding of LTB4 during plague. My findings have also unveiled more quesKons in the 

context of other lipid mediators, other pathogens, and different host responses during plague, 

including the host-pathogen interacKons between mast cells and Y. pes2s.  



 
 

117 

CHAPTER 5: 

APPROACHES FOR THE INACTIVATION OF YERSINIA PESTIS1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1Brady A, Tomaszewski M, Garrison TM, Lawrenz MB. Approaches for the inacKvaKon of Yersinia 
pes2s. 2024. Applied Biosafety. 2024; doi: 10.1089/apb.2023.0022  
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5-1. Introduc?on 

Yersinia pes2s is the gram-negaKve, facultaKve 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. pes2s became endemic in rodent populaKons throughout 

the world.231 Within these endemic locaKons, there is sKll the potenKal for spillover events to 

occur when fleas transfer Y. pes2s to humans, highlighted by the 2017 Madagascar and 2022 

DemocraKc Republic of Congo human plague outbreaks.339, 340 MathemaKcal modeling of the 

impact of climate change on the spread of Y. pes2s suggests that the frequency of spillovers is 

likely to increase - warmer temperatures lead to higher rodent densiKes and increases in flea 

populaKons, which in turn increases the likelihood that humans will come in contact with the 

infected vectors.341 While Y. pes2s is considered a vector-borne disease, there has been recent 

evidence towards Y. pes2s thriving in soil, further increasing the possibility of spillover events.342 

Considering these risks, research on plague is sKll necessary. To ensure laboratorian safety, Y. pes2s 

research is conducted at biosafety level 3 (BSL-3) faciliKes, 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 

potenKal 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 effecKveness of treatment 

and/or prevenKon are all considered. In addiKon to the acute progression of the plague, Y. pes2s 

also has a history of misuse as a biological weapon.9, 10 Because of the rapid nature of plague 

infecKon, potenKal for aerosols and person-to-person transmission, and its risk of deliberate 

misuse, the FSAP has categorized Y. pes2s as a Tier 1 select agent. This designaKon limits access 
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to government veMed enKKes and individuals and ensures an increased level of biosecurity to 

protect the public from accidental or intenKonal release. 

While research with Y. pes2s requires work within BSL-3 laboratories to minimize risks to 

laboratorians and potenKal release, inacKvaKon of the bacterium (i.e. rendering it non-viable and 

unable to cause infecKon) can generate products that can be safely handled at lower containment. 

However, aner the shipment of anthrax spores that were not successfully inacKvated, the FSAP 

has increased safeguards to prevent similar accidents.343 These procedures include the 

development of standardized inacKvaKon protocols that are validated prior to use, which includes 

documentaKon demonstraKng that an inacKvaKon protocol successfully inacKvates the sample. 

Important consideraKons for validaKon can include kill curves, which idenKfy either minimal 

concentraKons or Kmes required for an inacKvaKon agent to fully inacKvate the organism. 

Furthermore, each validated protocol needs to include an inacKvaKon verificaKon step, which 

provides proof of successful inacKvaKon each Kme a protocol is performed prior to removal of the 

sample from the BSL-3 laboratory. To aid in developing effecKve inacKvaKon protocols, the FSAP 

allows the use of surrogate organisms that can be handled at BSL-2 for the validaKon of these 

procedures.343 While commonly used inacKvaKon methods have been published for various select 

agents, there is an absence in the literature of a single source providing data supporKng 

inacKvaKon methods that can be used for Y. pes2s while sKll providing downstream 

applicaKons.344, 345 Albeit not all inclusive, my purpose here is to provide the community with 

examples of several common inacKvaKon approaches used with Y. pes2s that can serve as a 

foundaKon for their own in-house development of validated inacKvaKon protocols. 

5-2. Results 

5-2a. Heat inacKvaKon of Y. pes2s 
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To determine the impact of elevated temperature on the survival of Y. pes2s, I examined two 

condiKons, extended incubaKon at 50oC and boiling bacteria with and without Laemli buffer, a 

buffer commonly used for protein analyses. To determine the viability of Y. pes2s at 50oC, bacteria 

were incubated at the elevated temperature for 60 min and recovery of viable bacteria was 

determined by enumeraKon. By as early as 10 min, I observed a 10-fold decrease in viability, which 

conKnued 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 detecKon (Fig 5-3A). Using these data, I 

calculated that Y. pes2s should be completely inacKvated aner 81 min when incubated at 50oC. 

Based on this predicKon, I incubated a separate group of samples at 50oC for 120 min (a Kme 

frame exceeding the minimum inacKvaKon calculated above to ensure complete inacKvaKon 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 inacKvaKon of Y. pes2s can be achieved by incubaKng 

the bacteria at 50oC for ≥120 min. 
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Figure 5-1. Heat shock at 50°C inacKvates Y. pes2s within 2 h  

Y. pes2s was incubated at 50°C. (A) EnumeraKon of viable bacteria at 10 min intervals for 60 

min. The limit of detecKon was 103 CFU, indicated by the doMed line. Each symbol represents an 

independent biological experiment, and the box plot represents the median of the group ± the 

range. The equaKon represents the linear regression analysis of the data used to predict how much 

Kme would be required for complete in acKvaKon. (B) EnumeraKon of bacteria from a sample 

before (0 min) or aner incubaKon at 50°C (120 min). The limit of detecKon was 1 CFU. Each symbol 

represents an independent biological experiment, and the bars represent the mean of the group 

± the standard deviaKon. Two-tailed unpaired T-test. ****=p≤0.0001.  
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Samples are onen prepared for SDS-page analysis by adding Laemli buffer and boiling. To 

determine if incubaKon with Laemli buffer inacKvated Y. pes2s, bacteria were resuspended in the 

buffer with and without boiling. IncubaKon of Y. pes2s at room temperature with Laemli buffer 

significantly reduced bacterial viability compared to samples without Laemli buffer (Fig 5-4; 

Laemli-RT vs. PBS-RT, respecKvely; 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 inacKve Y. pes2s. 
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Figure 5-2. Y. pes2s is inacKvated by boiling for 10 min 

Y. pes2s 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). Aner incubaKon, viable bacteria were enumerated. The limit of detecKon was 

determined as 1 CFU. Each symbol represents an independent biological experiment, and the bars 

represent the mean of the group ± the standard deviaKon. 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 inacKvaKon of Y. pes2s 

Paraformaldehyde (PFA) and neutral-buffered formalin (NBF) inacKvate biological samples by 

covalent crosslinking amines between proteins and nucleic acids.346 Typical protocols for 

microscopy and flow cytometry applicaKons include incubaKon with 4-10% of fixaKve for 15-30 

mins.139 To define the kineKcs of PFA inacKvaKon, Y. pes2s was incubated with 0.5, 1, 2, or 4% PFA 

(final concentraKon) and CFU were enumerated every 15 min for 60 min. I observed a >6 log 

decrease within 15 min with all PFA-treated samples, below the limit of detecKon of this 

experiment (Fig 5-5A; p≤0.001). In a separate experiment, Y. pes2s was incubated with 1% PFA for 

15 min and the enKre 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 concentraKon). As observed for PFA, viable bacteria were 

below the limit of detecKon for all concentraKons within 30 min of incubaKon (Fig 5-5C; p≤0.0001), 

and all concentraKons >1.25% were below the limit of detecKon within 15 min (Fig 5-5C; 

p≤0.0001). To determine in a separate experiment if any viable bacteria were present at this 

concentraKon, bacteria were incubated for 15 min in 2.5% NBF and the enKre sample was 

transferred to an agar plate. No viable bacteria were recovered (Fig 5-5D; p≤0.0001). Together 

these data indicate that incubaKon with ³1% PFA or ³2.5% NBF for 15 min is sufficient to inacKve 

Y. pes2s.  

Formalin is also commonly used as a fixaKve for Kssues for histological examinaKon. To 

demonstrate that 10% NBF can inacKve Y. pes2s in Kssues, mice were intranasally infected with 

fully virulent Y. pes2s. 48 h post-infecKon, bacterial numbers in the lungs were 7.12 x 109 ± 2.76 x 

109 per Kssue, in the spleens were 9.68 x 104 ± 1.59 x 104 per Kssue, and the in the livers were 

2.55 x 105 ± 8.36 x 104 per Kssue (Fig 5-5E). Aner 24 h incubaKon with 10% NBF, Kssues were 

cultured in BHI broth for 48 h. Cultures were not turbid aner incubaKon, indicaKng the absence of 
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viable bacteria. Sterility was confirmed by plaKng a porKon of the broth on BHI agar plates. Again, 

no viable bacteria were recovered (Fig 5-5E). Together, these data demonstrate that 24 h 

incubaKon with 10% NBF can effecKvely inacKvate Y. pes2s in murine Kssues. 
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Figure 5-3. Low concentraKons of PFA and NBF inacKvate Y. pes2s 

Y. pes2s was incubated with indicated concentraKons of (A,B) PFA or (C, D) NBF and bacterial 

survival was measured by CFU from (A,C) 10 µL aliquots every 15 min or (B, D) the whole sample 

at 15 min. Limit of detecKon was determined as (A,C) 103 or (B,D) 1 CFU. (E) C57BL6/J mice were 

infected intranasally with 10x the LD50 of Y. pes2s KIM5+ and lungs, spleen, and liver were 

harvested 48 h post-infecKon. Incubated with 10% NBF for 24 h. (A,C) Symbols represent the mean 

of 3 biological replicates and the error bars represent ± the standard deviaKon. Two-way ANOVA 

with DunneM’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 deviaKon. Two-tailed unpaired T-test. ****=p≤0.0001. (E) Each symbol 

represents Kssues from an individual mouse, and the bars represent the mean of the group ± the 

standard deviaKon. Two-tailed unpaired T-test within each Kssue group. ****=p≤0.0001. 
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5-2c. Methanol inacKvaKon of Y. pes2s 

Methanol (MeOH) can be used to permeabilize and fix samples for microscopy and to extract 

lipids from biological samples for subsequent lipid idenKficaKon by Liquid Chromatography 

Tandem Mass Spectrometry (LC-MS/MS).347-349 To determine if MeOH inacKvates Y. pes2s, bacteria 

were treated with increasing concentraKons of MeOH and bacterial viability was determined 

every 15 min for 60 min by enumeraKon. Y. pes2s appeared relaKvely resistant to 25% MeOH but 

was sensiKve to inacKvaKon at concentraKons ³50% (Fig 5-6A). In a separate experiment, bacteria 

were incubated with 50% MeOH and the enKre sample was plated at 15, 30, and 60 min (Fig 5-

6B). In this experiment, incubaKon for 1 h was required to completely inacKvate >108 CFU of 

bacteria (p≤0.0001).  

To determine the ability of MeOH to inacKvate Y. pes2s in the presence of host Kssue, mouse 

lungs were transferred to a 2 ml tube and a known concentraKon of bacteria (5.4 x 109 CFU/mL) 

was added to the Kssues. The Kssues + bacteria were resuspended in 1X PBS with ceramic beads 

for homogenizaKon. Following Kssue homogenizaKon, bacterial viability decreased by ~3-logs (Fig 

5-6C; ‘Aner homogenizaKon’ vs. ‘Inoculum’; p≤0.0001). Viability decreased slightly if the samples 

were further incubated at 4oC for 24 h (Fig 5-6; ‘24 h PBS’). However, no viable bacteria were 

recovered from homogenized samples aner 24 h of incubaKon in 75% MeOH + 0.1% BHT, final 

concentraKon (75% was chosen as this is a concentraKon applicable to lipid extracKon) (Fig 5-6C; 

‘24 h 75% MeOH’). Based on these results, lungs were isolated from mice intranasally infected 

with fully virulent Y. pes2s at 6, 12, 24, 36, and 48 h post-infecKon, and the Kssues were 

homogenized. Prior to addiKon of MeOH, bacterial numbers were enumerated, and then samples 

were incubated with 75% MeOH + 0.1% BHT for 24 h. InacKvaKon was verified by plaKng 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 effecKvely inacKvate Y. pes2s, even in the presence of host 

Kssues. 
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Figure 5-4. Methanol inacKvaKon of Y. pes2s 

(A,B) Y. pes2s was incubated with indicated concentraKons of MeOH and bacterial survival was 

measured by CFU from (A) 10 µL aliquots every 15 min or (B) the whole sample at 15, 30, or 60 

min. Limit of detecKon was determined as (A) 103 or (B) 1 CFU. (C) EnumeraKon of the bacteria 

recovered aner lungs + Y. pes2s were incubated with 75% MeOH + 0.1% BHT. Limit of detecKon 

was calculated as 1 CFU. (D) EnumeraKon of bacteria recovered aner lungs from Y. pes2s infected 

animals were incubated with 75% MeOH + 0.1% BHT. Limit of detecKon was calculated as 50 CFU. 

(A) Symbols represent the mean of 3 biological replicates and the error bars represent ± the 

standard deviaKon. Two-way ANOVA with DunneM’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 deviaKon. 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 extracKon inacKvates Y. pes2s 

There are a variety of approaches to isolate nucleic acids from bacteria. Here, I chose two 

common approaches used to isolate genomic DNA or RNA from bacterial cultures. For DNA 

isolaKon, I used a commercial alkaline lysis approach following the manufacturer’s protocol for 

gram-negaKve bacteria. No viable bacteria were recovered in the eluKon aner extracKon, 

indicaKng that this commercial kit completely inacKvated the bacteria (Fig 5-7A). For RNA 

extracKon, I used a TRIzol extracKon approach and plated the enKre aqueous phase aner 

chloroform extracKon. No viable bacteria were recovered from the aqueous phase, indicaKng that 

TRIzol/chloroform extracKon completely inacKvates Y. pes2s (Fig 5-7B). 
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Figure 5-5. Alkaline lysis and TRIzol/chloroform extracKon successfully inacKvate Y. pes2s  

Y. pes2s was treated for nucleic acid extracKon using the (A) Promega Wizard Genomic DNA 

PurificaKon Kit or (B) TRIzol/chloroform extracKon. The limit of detecKon was determined as 1 

CFU. Each symbol represents an independent biological experiment, and the bars represent the 

mean of the group ± the standard deviaKon. Two-tailed unpaired T-test. ****=p≤0.0001. 
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5-3. Discussion 

BSL-3 containment faciliKes and procedures protect laboratorians from accidental exposure and 

infecKon by Y. pes2s. 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 inacKvated, 

and confirmed for inacKvaKon, for them to be safely removed from BSL-3 for downstream 

experimentaKon. As such, the development of validated inacKvaKon protocols is required to 

ensure samples can be safely handled at lower containment. For Y. pes2s, there have been several 

studies published demonstraKng the efficacy of common disinfectants350, 351, gas decontaminaKon 

(both hydrogen peroxide and chlorine dioxide) 352-356, and UV radiaKon.357-362 However, published 

data related to inacKvaKon methods more amenable to research applicaKons are limited.361, 363-365 

Here I built upon these studies to provide a systemaKc analysis of several inacKvaKon methods 

commonly used within the research field. My goal was to provide others with approaches and 

data that can serve as the foundaKon for the development of in-house validated inacKvaKon 

protocols.  

Y. pes2s is a mesophilic bacterium that thrives in a temperature range from 20-40°C, 

temperatures of its naKve insect and mammalian hosts, but it can also grow efficiently at 4°C.366 

Temperatures >45°C can negaKvely impact many cellular processes for mesophilic bacteria, 

including protein stability, membrane structure, metabolic acKvity, and DNA repair.365, 367-369 

Therefore, exposure to elevated temperatures can result in loss of viability over Kme.367 Wang et 

al. reported previously that incubaKon at 68oC for 10 h completely inacKvated Y. pes2s, but also 

briefly menKoned that one CFU was recovered from treatments at lower temperatures for shorter 

periods of Kme.361 In my hands performing mulKple biologically independent experiments, I was 

unable to recover viable bacteria from samples at a starKng concentraKon of ~2.65 x 109 CFU/ml 

when the bacteria were incubated at 55oC for 2 hours. Because specific details on the bacterial 
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concentraKon of the samples, how many Kmes the inacKvaKon was performed, the amount of 

sample enumerated, and whether the single colony recovered was verified as Y. pes2s were not 

provided by Wang et al., it is difficult determine why I observed differences in my evaluaKons. 

However, simple differences in the validaKon of the temperature of the heaKng elements or 

sample diluent (e.g., PBS vs. water) could explain the differences and highlight the need to have 

in-house validaKon of inacKvaKon procedures.  

Wang et al. also reported that incubaKon with 4% PFA at 4oC overnight inacKvated Y. pes2s.361 

By applying both Kme- and dose-dependent kill curve analysis, I expanded on these data to show 

that concentraKons of 1% PFA or 2.5% NBF can fully inacKvate Y. pes2s 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 acKvity for confocal 

imaging and flow cytometry should be sufficient to inacKvate Y. pes2s.370-374 In the context of 

formaldehyde fixaKon of infected Kssues, Chua et al.363 previously reported that incubaKon of 

Kssues from Y. pes2s infected rabbits and guinea pigs with glutaraldehyde or formaldehyde 

fixaKves for 6 or 13 days, respecKvely, resulted in bacterial inacKvaKon. However, whether shorter 

incubaKon periods were sufficient was not reported. As Kssues from mice are significantly smaller 

than those from rabbits or guinea pigs, I hypothesized that shorter incubaKon Kmes would be 

sufficient to perfuse the Kssues, and as predicted, incubaKon with 10% NBF for 24 h was sufficient 

to inacKvate Y. pes2s in murine Kssues of different densiKes (lungs, spleens, and livers). However, 

as indicated by Chua et al.363 and Buesa and Peshkov375, the Kme required for sufficient perfusion 

of Kssues and bacterial inacKvaKon may differ for other Kssues like the skin. Therefore, fixaKon of 

Kssues other than the ones tested here may require different incubaKon periods that will need to 

be empirically determined. 
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In addiKon to formaldehyde, alcohols are also commonly used to inacKvate and fix biological 

samples for imaging.365, 376-379 Moreover, these chemical fixaKves are amenable to both lipid and 

proteomic analysis by LC-MS/MS.297 Lin et al. previously reported that incubaKon of Y. pes2s with 

40% ethanol for 30 min was sufficient to inacKvate the bacteria without significantly impacKng 

proteomic data quality.365 Wang et al. also reported that incubaKon with 100% methanol at 4oC 

for 10 min inacKvated Y. pes2s while retaining cell morphology as assessed by atomic force 

microscopy.361 However, for both studies, bacterial concentraKons were not reported and only a 

porKon of the inacKvated cultures were plated for viability (10% and 1%, respecKvely). I have 

expanded on these studies to show that while methanol can rapidly inacKve Y. pes2s, at a 

concentraKon of 50%, incubaKon for 1 h was required to completely inacKvate ~3.2 x 109 CFU. I 

did not determine if shorter periods of Kme were required for 100% methanol, but this Kme frame 

could easily be determined following a similar protocol. I also showed that incubaKon with 75% 

methanol for 24 h in the presence of host Kssue lysates was sufficient to inacKvate Y. pes2s. 

Moreover, I show inacKvaKon in the presence of BHT, an anKoxidant that prevents oxidaKon of 

lipids for downstream lipid analysis.380, 381 

Together these studies provide other researchers with a foundaKon as they develop their own 

in-house inacKvaKon procedures. As protocols are being developed, careful consideraKons need 

to be made regarding the bacterial concentraKons used in the validaKon process to ensure that 

protocols will not be applied later to experimental situaKons in which the bacterial concentraKons 

are greater than the concentraKons for which the protocols were validated. Moreover, as 

recommended by the CDC, protocols should also include a verificaKon step to ensure inacKvaKon 

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

5-4a. Bacteria 

For in vitro studies, I used aMenuated derivaKves of the Y. pes2s KIM biovar missing the high 

pathogenesis island (pgm) and the large virulence plasmid (pCD1), which are exempt from Select 

Agent regulaKon.382 These strains also harbored bioluminescent bioreporters (pLUX or LuxptolC) to 

monitor bacterial viability as a funcKon of bioluminescence.111, 251 These strains represents a 

surrogate for fully virulent Y. pes2s that can be handled safely at BSL-2 to develop and validate 

inacKvaKon procedures .343, 382 Bacteria were rouKnely 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. OpKcal 

densiKes at 600nm (OD600) were determined with a spectrophotometer and used as a reference 

to dilute samples to the desired bacterial concentraKons. Final bacterial concentraKons were 

enumerated by serial diluKons 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 inacKvaKon of Y. pes2s 

Approximately 2.65 x 109 CFU of bacteria were resuspended in 1 mL of phosphate buffered 

saline (1X PBS) in 1.5 mL eppendorf tubes and placed in a heaKng block that was pre-heated to 

50°C. For one hour, 10 µL aliquots were removed every 10 min and bacterial numbers were 

enumerated. EnumeraKon was performed with three technical replicates for each biological 

replicate at each Kme point. The limit of detecKon was determined as 103 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 µL 1X PBS. The enKre 100 µL sample was plated onto BHI 

agar and incubated for 2 days at 26°C. The limit of detecKon was determined as 1 CFU. The 

inacKvaKon was performed 4 Kmes. 

5-4c. Laemli buffer and boiling inacKvaKon of Y. pes2s 
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Approximately 2 x 1010 CFU of bacteria were resuspended in 200 μL 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-HCl) 

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. Aner each condiKon, the enKre sample was 

inoculated onto BHI agar and incubated for 2 days at 26°C. The limit of detecKon was determined 

as 1 CFU. The inacKvaKon was performed 5 Kmes. 

5-4d. Paraformaldehyde and formalin inacKvaKon of Y. pes2s 

Approximately 1.95 x 109 CFU of bacteria were resuspended in 1X PBS. Freshly prepared 4% 

paraformaldehyde (PFA; Sigma-Aldrich, Cat. No. P6148) was added at final concentraKons of 0.5, 

1, 2, or 4% (n=3). Neutral-buffered formalin (NBF; VWR, Cat. No. 89370) was added at final 

concentraKons of 1.25, 2.5, 5, or 10% (n=3). Final volumes were 1 mL for each condiKon. As a 

growth control, 1 mL of 1X PBS was added to a separate sample. Samples were then mixed by 

pipe�ng and incubated at 4°C. Every 15 min for 60 min, 10 μL aliquots were removed to measure 

bacterial concentraKon. To confirm starKng concentraKons, untreated bacteria incubated in 1 mL 

of 1X PBS were serially diluted and plated on BHI agar. The limit of detecKon was determined as 

103 CFU. InacKvaKon was performed 3 Kmes. 

Approximately 1.8 x 109 CFU of bacteria were resuspended in 1 mL of freshly prepared 1% 

paraformaldehyde or 2.5% NBF. Samples were then mixed by pipe�ng 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 μL of 1X PBS. The enKre sample was transferred to a BHI agar plate and 

incubated for 2 days at 26°C. To confirm starKng concentraKons, untreated bacteria incubated in 

1 mL of 1X PBS were serially diluted and plated on BHI agar. The limit of detecKon was determined 

as 1 CFU. The inacKvaKon was performed 3 Kmes. 
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5-4e. Formalin inacKvaKon of Y. pes2s in the presence of Kssues  

Y. pes2s was grown at 26°C for 6-8 h, diluted to an opKcal density (OD) (600 nm) of 0.05 in Bacto 

brain heart infusion (BHI) broth (BD Biosciences Cat. No. 237500) with 2.5 mM CaCl2 and then 

grown at 37°C with aeraKon for 15-18 h.280 C57BL/6J mice (University of Louisville IACUC approval 

# 22157) were anestheKzed with ketamine/xylazine and administered 20 µL of fully virulent Y. 

pes2s suspended in 1X Dulbecco’s PBS (DPBS) to the len nare as previously described.251, 280 At 48 

h post infecKon, lungs, spleen, and liver were removed by sterile necropsy. Tissues from 5 mice 

were cut in half, prior to adding to Kssue casseMes, and submerged in 10% NBF for 24 h, 12 mL 

per Kssue. Untreated Kssues from 4 mice were macerated, and bacterial numbers were 

enumerated by serial diluKon and plated on BHI agar. Aner 24 h, Kssues were removed from the 

10% NBF and washed with 1X PBS. The NBF-treated Kssues 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 μL (5%) were plated on BHI agar to confirm absence of growth.  

5-4f. Methanol inacKvaKon of Y. pes2s  

Approximately 3.2 x 109 CFU of bacteria were resuspended in 1 mL of 1X PBS + methanol (MeOH; 

Fisher Chemical, Cat. No. A412) at final concentraKons of 0, 25, 50, 75, and 100% methanol. 

Samples were mixed by pipe�ng and incubated at 4°C. Every 15 min for 60 min, 10 μL aliquots 

were removed to enumerate bacterial numbers. To confirm starKng concentraKons, untreated 

bacteria incubated in 1X PBS were serially diluted and plated on BHI agar. The limit of detecKon 

was determined as 5 x 103 CFU. The inacKvaKon was performed 3 Kmes. 

Approximately 3.22 x 109 CFU of bacteria were resuspended in 1 mL of 50% MeOH. Samples 

were mixed by pipe�ng 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 μL of 1X PBS. The enKre 

sample was transferred to BHI agar and incubated for 2 days at 26°C. To confirm starKng 
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concentraKons, untreated bacteria incubated in 1X PBS were serially diluted and plated on BHI 

agar. The limit of detecKon was determined as 1 CFU. The inacKvaKon was performed 3 Kmes. 

5-4g. Methanol inacKvaKon of Y. pes2s in Kssues  

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 109 CFU of bacteria in 1X PBS were added. 

AddiKonal 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 overheaKng. 

Bacterial CFU were enumerated by serial diluKon of 100 μL of the homogenized samples to 

determine the effects of the homogenizaKon 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 μL aliquots were added to methanol + butylated hydroxy toluene 

(BHT) (75% + 0.1% final concentraKon, respecKvely) and incubated at 4°C for 24 h. Aner 

incubaKon, samples were pelleted for 1 min at 16,000 x g. Methanol + BHT was removed, and 

pellets were washed 3 Kmes with 1X PBS. Samples were then resuspended in 250 μL of 1X PBS 

and the enKre sample was transferred to BHI agar supplemented with irgasan (1 μg/ml) and 

polymyxin B (12.5 μg/ml) (the Y. pes2s strain used is resistant to these anKbioKcs and allows for 

differenKaKon from potenKal contaminaKon by the host microbiota) and incubated for 2 days at 

26°C. The limit of detecKon was determined as 1 CFU. The inacKvaKon was performed 4 Kmes. 

C57BL/6J mice were anestheKzed with ketamine/xylazine and administered 20 µL of fully 

virulent Y. pes2s as previously described.251, 280 At 6, 12, 24, 36, and 48 h post infecKon, whole 

lungs were necropsied and homogenized as described above. Bacterial CFU were enumerated 

from each sample by serial diluKon of 100 μL of the homogenized samples to determine the 
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bacterial concentraKon prior to inacKvaKon. 250 μL aliquots from the fresh Eppendorf tube were 

added to methanol + butylated hydroxy toluene (BHT) (75% + 0.1% final concentraKon, 

respecKvely) and incubated at 4°C for 24 h. Aner incubaKon, 50 μL from each sample was 

transferred to a BHI agar plate supplemented with irgasan (1 μg/ml) and polymyxin B (12.5 μg/ml) 

then incubated for 2 days at 26°C. The limit of detecKon was determined as 50 CFU. The 

inacKvaKon included 5 biological replicates. 

5-4h. Y. pes2s inacKvaKon with Promega Wizard Genomic DNA PurificaKon kit 

Approximately 5.7 x 109 CFU of bacteria were collected into 1.5 mL Eppendorf tubes. Bacteria 

were pelleted for 1 min at 12,000 x g and DNA extracKon was performed per manufacturer’s 

instrucKons (Promega; Cat. No. A1120). The enKre eluKon aner purificaKon was transferred to BHI 

agar and incubated for 2 days at 26°C. The limit of detecKon was determined as 1 CFU. The 

inacKvaKon was performed 3 Kmes. 

5-4i. Y. pes2s inacKvaKon with TRIzol and chloroform 

Approximately 5.4 x 109 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 ScienKfic; Cat. No. 15596026) and incubated for 5 min at room temperature. 200 μL of 

chloroform (Fisher Chemical; Cat. No. 513-35-9) was added, followed by 15 seconds of vigorous 

shaking and a 3 min incubaKon 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 detecKon was determined as 1 CFU. InacKvaKon was performed 3 Kmes. 

5-4j. StaKsKcs 

Prior to staKsKcal analysis, values for samples that were below the limit of detecKon were 

converted to the limit of detecKon and log transformed. All staKsKcal calculaKons 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 DunneM’s post hoc test was used. 

For comparing mulKple 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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Chapter 2 and Chapter 5 have both been previously published. Chapter 2 was published in PLoS 

pathogens, which applies the CreaKve Commons AMribuKon 4.0 InternaKonal (CC BY) license, 

“allow(ing) free and unrestricted use” of published works. Chapter 5 was published in Applied 

Biosafety, which gives permission to publish under the exempKon of dissertaKons. 
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Eicosanoid synthesis pathways 
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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 Kme point; Blue – significant decrease compared to 

uninfected in at least one Kme point; Grey – below the limit of detecKon; Green – enzyme 

responsible for lipid conversion (no enzyme indicates a non-enzymaKc conversion via redox); 

Underlined – no change; DoMed line – epimers. Of the significant hits: Bold-pro-inflammatory; 

Italicized- anK-inflammatory/pro-resolving. 
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K. pneumoniae lipidomic data
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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 LD50
 and lungs were 

harvested at 6, 12, 24, and 48 h post-infecKon (n=5). Total lipids were isolated from homogenized 

lungs and lipids were quanKfied by LC-MS. Significant changes in lipid concentraKons were 

observed in at least one Kme point for 59 lipids. Lipids that were below the limit of detecKon for 

all Kme points were excluded from staKsKcal analysis. Green boxes = staKsKcal p-value in at least 

one Kme point. Yellow boxes = LogFC was higher than control (UI). Blue boxes = LogFC was lower 

than control (UI). Red font = ³ 3 values were below the limit of detecKon.  
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Isola?on of BMNs: Percoll vs posi?ve selec?on 

As I was performing experiments, I noKced an increase in the basal (i.e. uninfected) levels of 

LTB4 synthesis in my neutrophils. I suspected the purity of the neutrophil isolaKon may be the 

cause, so to determine this, I isolated neutrophils using my regular protocol of Percoll Plus density 

gradient or an Ultrapure AnK-Ly6G MacsBead posiKve selecKon kit and measured neutrophil 

purity by flow cytometry. I found that the Percoll isolated neutrophils were nearly 40% less pure 

than the posiKve selecKon kit (Fig 5-2, p≤0.0001). AddiKonally, the Percoll isolated neutrophils 

also exhibited a significantly higher level of LTB4 synthesis when uninfected than the posiKve 

selecKon isolated neutrophils (Fig 5-2, p≤0.01). While this difference in synthesis was also 

observed in the Y. pes2s infected neutrophils (p≤0.01), there was no significant difference in the 

Y. pes2s T3E infected neutrophils (Fig 5-2). I 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 posiKve selecKon 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, I examined their morphology via cytospin. Neutrophils that were uninfected, 

infected with Y. pes2s or Y. pes2s T3E showed consitently healthy neutrophils (Fig 5-2). 

AddiKonally, the cytospins exhibited phagocytosis of the Y. pes2s T3E, but not the Y. pes2s strain 

(Fig 5-2B & C). Moving forward, I decided to solely isolate neutrophils using the AnK-Ly6G kit.  
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BMN isolaKon with AnK-Ly6G +selecKon microbeads yields a higher purity more consistently than 

Percoll 

Neutrophils isolated from bone-marrow using a Percoll Plus density gradient (Percoll) (CyKva, 

Cat. No. 17-5445-02) or an AnK-Ly-6G MicroBeads UltraPure (+selecKon) kit (Miltenyi Biotec, Cat. 

No. 130-120-337). (A) Neutrophil purity (+Ly6G+CD11b) measured by flow cytometry aner 

isolaKon. (B) Basal LTB4 levels measured from uninfected BMNs. (C) LTB4 from BMNs infected with 

Y. pes2s (Yp) or a Y. pes2s T3E mutant (T3E) at an MOI of 20. (D) Cytospins showing the morphology 

of BMNs stained with H&E aner AnK-Ly6G +selecKon isolaKon either uninfected or infected with 

Y. pes2s, or Y. pes2s T3E at an MOI of 20. (B-C) LTB4 measured by ELISA aner 1 h of incubaKon at 

37°C. UI=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 deviaKon, respecKvely. T-test with Welch’s post hoc test. **=p≤0.01, 

****=p≤0.0001.  
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