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ABSTRACT

Francisella tularensis is the etiological agent of tularemia, one of the most infectious
pathogens known and one of few pathogens capable of infecting host neutrophils
(polymorphonuclear leukocytes; PMNs). PMNs are vital innate immune cells that undergo
constitutive apoptosis 24 hours after entering circulation, and disruption of this tightly regulated
process leads to an impaired immune response that is incapable of resolving infection. Our
laboratory discovered that Francisella tularensis delays human PMN apoptosis by inhibiting the
intrinsic, extrinsic, and phagocytosis-induced cell death pathways, but the mechanisms by which

this is achieved are not fully understood.

We demonstrate here that metabolic reprogramming of neutrophils, including induction
of glycolysis, is an important and previously unappreciated aspect of neutrophil longevity.
Specifically, our data indicate that Francisella-infected PMNs released significantly more lactate
and upregulated expression of genes encoding glucose transporters and 10 of 11 glycolytic
enzymes. Direct measurements made using a Seahorse XF analyzer demonstrate that glycolysis
(measured as the extracellular acidification rate) nearly quadrupled, and glycolytic capacity
doubled by 12 hours after Francisella infection. Inhibition of glycolysis or glucose uptake using
2-deoxy-D-glucose or WZB-117 blocked the ability of Francisella tularensis to delay PMN
apoptosis, thus confirming that these processes are mechanistically linked. Intriguingly,
Francisella-infected PMNs also contained significantly more glycogen than their uninfected
counterparts. Furthermore, inhibition of glycogen breakdown with the glycogen phosphorylase
inhibitor CP-91149 was sufficient to delay uninfected PMN apoptosis and significantly enhanced

the apoptosis delay in Francisella-infected PMNs. Finally, we show that treating PMNs with the
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pan-caspase inhibitor Q-VD-OPH not only caused delayed apoptosis, but also significantly
upregulated glycolysis and glycogen content, further supporting the hypothesis that PMN

metabolism and lifespan are fundamentally linked.

p38 mitogen-associated protein kinase (MAPK) and class IA phosphoinositide-3 kinase
(PI3K) influence PMN lifespan in a stimulus-specific manner, and also have established roles as
glycolytic regulators. Our laboratory demonstrated that inhibition of p38 MAPK or PI3K
signaling blocks Francisella-mediated apoptosis delay, and we hypothesize that Francisella-
mediated glycolytic upregulation is mechanistically linked to extension of PMN lifespan by host

p38 MAPK and PI3K signaling.
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PUBLIC ABSTRACT

Many kinds of bacteria invade the human body every day and the immune system
protects the body against infection or illness from these bacteria. The immune system is
composed of various types of cells, and one important cell type for preventing infections is the
neutrophil. Neutrophils are on the front lines defending the body, meaning they are one of the
first cells to recognize invading bacteria. Neutrophils eat and kill the bacteria with toxic
compounds, and once they have fulfilled this function, neutrophils die and are subsequently
eaten by another type of immune cell, the macrophage. Macrophages consume neutrophils after
they die to prevent the toxic compounds contained inside neutrophils from leaking out and
damaging the body’s tissues.

However, some bacteria that are eaten by neutrophils are able to avoid being killed,
which prevents neutrophils from fulfilling their function, ultimately preventing the neutrophils
from dying and hindering resolution of the infection. Francisella tularensis is one of few
bacteria capable of blocking neutrophil function, preventing neutrophils from dying, surviving
and hiding inside neutrophils to avoid detection from other immune cells.

We believe that infection with Francisella tularensis may be changing how certain
components inside the neutrophil are interacting with each other, a process referred to as
“signaling”. We also believe that infection changes neutrophil metabolism, and the combined
changes in signaling and metabolism are extending neutrophil lifespan. The goal of this research
is to understand how Francisella tularensis prevents neutrophils from dying by examining how
the signaling and metabolism inside the neutrophil changes following infection. This work
establishes that signaling and metabolism are both altered in neutrophils infected with

Francisella tularensis, and these changes are required for the neutrophils to be able to live



longer. These data provide insight into the mechanism by which Francisella-infected neutrophils
evade death, and are among some of the first to establish that neutrophil metabolism and lifespan

are intimately linked.
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CHAPTER 1: INTRODUCTION

Francisella tularensis

Francisella tularensis is a Gram-negative, intracellular coccobacillus and the causative
agent of the zoonotic disease tularemia (1). Francisella tularensis was initially identified in
ground squirrels in Tulare County, California (from which the pathogen’s name is partially
derived) in 1911 and described as a “plague-like illness”, while the first human infection with
this pathogen was reported in 1914 (2-4). Initially named Bacterium tularense, Dr. Edward
Francis was the first to characterize the clinical presentation of infection with this organism and
ultimately named the disease tularemia (1). The organism was designated a genus of its own in
1947, Francisella, to honor the innumerable contributions to our understanding of tularemia
symptoms, epidemiology, and clinical features by Dr. Francis (5).

Francisella tularensis is one of three known species within the Francisella genus and
comprises three subspecies: tularensis, holarctica and mediastatica (6-8) though subspecies
mediastatica is seldom studied due to its relatively low virulence and the extreme rarity of
human infections by this subspecies (6, 8). Francisella tularensis subspecies (ssp) tularensis
(type A) is almost completely restricted to North America, while Francisella tularensis ssp
holarctica (type B) is distributed throughout the entire Northern Hemisphere (6, 7). Type A
organisms require biosafety level 3 (BSL-3) containment, are the most virulent, with fewer than
10 bacteria being sufficient to cause life-threatening illness, and underlie the majority of lethal
cases of tularemia. Type B organisms are less virulent, incurring milder infections that are
seldom fatal, though the type B strain still requires BSL-3 containment (9). A commonly studied,

human-attenuated strain of Francisella tularensis ssp holarctica is the live vaccine strain (LVS)



(9). Despite its name, LVS has not been approved for use as a vaccine in the United States
because its exact mode of attenuation is unknown (10). Developed by the former Soviet Union
and obtained by the United States in the 1950s, LVS induces many of the same phenotypes as the
fully virulent organisms in cell culture and is safe to use in a BSL-2 laboratory (10, 11). As such,
LVS has become a widely studied model organism for tularemia research.

Francisella infects a remarkably broad range of hosts including over 200 species of
mammals, fish, birds, amoebae, ticks and other arthropod vectors (1, 12-14). While ticks act as a
permanent reservoir for Francisella tularensis in the environment, rabbits are a prominent source
of human infection, garnering tularemia the nickname “rabbit fever” (15). Humans have proven
to be highly vulnerable to tularemia, despite being considered accidental hosts of Francisella
tularensis, with human outbreaks often mirroring outbreaks in other animals (16). Those most at
risk include landscapers, farmers, hunters, butchers, and any other individuals in frequent contact
with potentially infected wildlife or insects.

Francisella is transmitted to humans most frequently through direct contact with the
tissues or bodily fluids of an infected animal or being bitten by an infected arthropod vector (13).
This results in ulceroglandular tularemia, which comprises ~80% of the clinical manifestations
of the disease (13). Individuals suffering from ulceroglandular tularemia typically present with
an ulcer at the infection site and bacteria can disseminate to, and causes extensive swelling of,
the draining lymph nodes (17). While ulceroglandular tularemia is not the most immediately
dangerous manifestation of this infection, bacterial egress from the lymph nodes can occur in
untreated infections, allowing the bacteria to enter the circulation and disseminate to the lungs,
spleen, and liver. Transmission can also occur through ingestion of meat from an infected

animal, or other contaminated food or fluids, which causes oropharyngeal tularemia. Entry



through the eyes via contaminated fluid is also a possible route of transmission and results in
oculoglandular tularemia, though both oropharyngeal and oculoglandular tularemia are less
common. The most dangerous mode of infection is entry through the respiratory route, where
inhalation of as few as 10 aerosolized Type A organisms can culminate in a rapidly fatal
pneumonic tularemia, with mortality rates nearing 60% in untreated infections (13, 17, 18).
Pneumonic tularemia features rapid expansion of the pulmonary infection followed by bacterial
dissemination to the spleen and liver, with patients usually succumbing to significant damage to
their lung tissue (1, 18, 19). However, lethality and clinical presentation of tularemia is
contingent on the infective strain and transmission route, and the average mortality rate for all
cases of untreated tularemia is 5-15% (1).

The capacity of type A Francisella tularensis to cause rapid onset of severe disease,
combined with its highly infectious nature and ability to aerosolize and enter via the respiratory
route make it a potential candidate for bioweapon development. Several countries, Japan, the
former Soviet Union, and the United States weaponized Francisella tularensis during the Cold
War, with the Soviet Union reportedly continuing Francisella bioweapon development well into
the 1990s (20). It is estimated that release of 50 kg of dried Francisella tularensis over a
metropolitan area containing 5 million people would culminate in approximately 250,000 cases
of disease and nearly 20,000 deaths, as assessed by the World Health Organization (WHO) (20).
The United States Centers for Disease Control and Prevention (CDC) estimate that the economic
burden of an attack with Francisella tularensis would cost over $5 billion per 100,000 people
exposed (9). As such, the CDC have classified virulent strains of Francisella tularensis as Tier 1

Select Agents, a classification reserved for potential bioweapons.



Modern tularemia research has focused primarily on vaccine development, but there is
still much to learn about the etiological agent, Francisella tularensis, particularly its immune
evasion strategies, and this work seeks to address that gap in understanding. Francisella
tularensis wields a devastating potential that demands our further understanding to mitigate the
threat of fatal disease and to guide tularemia vaccine development.

Francisella tularensis can infect neutrophils, macrophages, dendritic cells, epithelial
cells, and the intracellular lifecycle of this organism in each cell type is similar, though this
process has mostly been studied in human and murine macrophages (21-25). These studies
established that Francisella-containing phagosomes appear to successfully start the digestion
process as they recruit early endosome antigen 1 (EEA1), late endosome membrane protein
(LAMP)-1 and CD63 (cluster of differentiation 63) (21-23, 25). However, assembly of the
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase is impaired, severely limiting
production of reactive oxygen species (ROS) (26, 27). Furthermore, Francisella-containing
phagosomes fail to acquire the vacuolar proton ATPase and lysosomal enzymes, preventing
sufficient acidification of the phagosome. In fact, these phagosomes are typically only acidified
to pH 6.7, which is incidentally the approximate optimal pH for growth of Francisella tularensis,
though there is no evidence indicating that this organism can replicate within the phagosome.
This effectively precludes phagosome maturation, trafficking to lysosomes, and ultimately
elimination of the bacteria. Francisella then escapes from the phagosome, though the process of
phagosomal egress is still not well understood, and replicates in the cytosol (21-23, 25). Several
genes in the Francisella pathogenicity island (FPI), ig/l and iglJ, and their regulators MigR and
FevR, have been identified as required for phagosomal escape and intracellular replication (28-

32). Francisella tularensis replicates tremendously in macrophages and epithelial cells, though



macrophages are infected more frequently and are the typical replicative niche (13). One notable
aspect of the infection strategy of Francisella tularensis is that it is one of extremely few

pathogens capable of infecting and parasitizing neutrophils (Figure 1).

Neutrophils

Neutrophils, also known as polymorphonuclear leukocytes (PMNs), comprise the
majority of white blood cells in human circulation, with the body producing approximately 100
billion neutrophils each day (33, 34). Truly a professional phagocyte, neutrophils are incredibly
adept at recognizing and eliminating a wide variety of pathogens (35). Almost immediately
following infection, neutrophils sense chemotactic factors produced by the host and/or invading
organism, extravasate from the bloodstream towards the infection source, and are usually the
first immune cell to reach the infection (33, 36). Neutrophils contain a vast repertoire of
antipathogen armaments including ROS produced by the NADPH oxidase, antimicrobial
peptides, and cytotoxic granules, which empower neutrophils to be incredibly efficient at killing
and degrading an array of microbes (35, 37). Within seconds of pathogen binding, neutrophils
undergo a powerful respiratory burst and mobilize their granules against the microbe; one feature
of many that distinguishes neutrophils from other immune cells.

Another distinctive feature of neutrophils is their short, tightly-regulated lifespan.
Approximately 24 hours after entering circulation, neutrophils undergo constitutive (spontaneous)
apoptosis wherein they are inherently programmed to die, and strict control of neutrophil turnover
is fundamental to disease resolution, as well as maintenance of homeostasis (38). Phagocytosis

prompts neutrophils to die earlier than they are programmed to, in a process known
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Figure 1. Francisella tularensis is one of few pathogens capable of infecting neutrophils.

Scanning electron micrograph of Francisella tularensis-infected neutrophils 24 hours post
infection (hpi). (A) Arrowheads emphasize several associated bacteria. (B) One bacterium being
engulfed by the neutrophil. Inset: view of the whole neutrophil. Images captured by Dr. Lauren

Kinkead in the Allen laboratory.



as phagocytosis-induced cell death (PICD) (39). PICD is a complex pathway that precipitates
downregulation of proinflammatory factors to prevent the release of cytotoxic components from
the neutrophil and ultimately promotes the clearance of spent neutrophils by macrophages and

homeostasis restoration.

Neutrophil apoptosis

Neutrophil fate decisions occur when the balance of apoptosis regulators shifts in favor of
either the pro-apoptotic factors or the anti-apoptotic factors. This shift is regulated by
intracellular signaling and global transcriptional changes referred to as an “apoptosis
differentiation program" (40-42). The onset of apoptosis is distinguished by specific
morphological and biochemical changes including accumulation of externalized
phosphatidylserine on the plasma membrane, nuclear condensation, DNA fragmentation,
membrane blebbing and fragmentation into apoptotic bodies. Neutrophils employ three main cell
death mechanisms: PICD, the extrinsic apoptosis pathway, and the intrinsic apoptosis pathway,
which all rely on varying combinations of caspase-3, caspase-8 and caspase-9 activity (39). As
mentioned, phagocytic events typically precipitate neutrophil death in a process known as PICD,
wherein expression of the proapoptotic protein, BAX, increases and the surge in NADPH
oxidase-derived ROS promotes release of cathepsins from granules, which activate caspase-8
(41, 43-46). Extracellular signals, such as FasL or TNF, activate the extrinsic apoptosis pathway
via formation of receptor signaling complexes which leads to caspase-8 activation (44, 45).
Mitochondria are a key regulator of neutrophil lifespan, as they mediate both PICD and the
intrinsic apoptosis pathway. Mitochondrial apoptosis is also linked to the extrinsic pathway by

tBID for essential amplification in PMNs. Permeabilization of the outer mitochondrial membrane



(OMM) is an early apoptotic event that is thought to irrevocably commit cells to apoptosis (38,
47, 48). OMM pores are formed when oligomerized BAX is activated by tBID at the
mitochondria, enabling BAX to insert into the OMM (49). The generation of OMM pores
disrupts mitochondrial membrane potential and allows for release of cytochrome ¢ and other
proapoptotic proteins which trigger caspase-9 activation. It is critical that neutrophil apoptosis is
tightly controlled spatially and temporally in order to effectively eliminate infection in a manner
that limits discharge of cytotoxic components and minimizes destruction of host tissues (42, 50,
51). Disruption of neutrophil turnover promotes tissue necrosis and aberrant inflammation that

serves to sustain, rather than eradicate, the infection (43, 51).

Modulation of neutrophil lifespan during Francisella tularensis infection

Infection resolution generally follows the same general steps wherein neutrophils are
rapidly mobilized to the infection site where they phagocytose the invading pathogen, kill and
degrade the microbe intracellularly, undergo cell death, and are subsequently cleared by
macrophages (Figure 2) (52). Strict control of this process is critical for resolution of disease and
disruption of any of these steps can derail the inflammatory response. Of particular importance
are pathogen killing and the timely progression of neutrophils through the appropriate cell death
pathway. It is nearly impossible for pathogens to avoid death by neutrophils, but some have
evolved mechanisms enabling them to not only avoid intracellular killing, but to also escape the
phagosome, replicate intracellularly and manipulate neutrophil lifespan (53, 54). Several
pathogens that achieve this are Coxiella burnetii, Chlamydia pneumoniae, Leishmania major,
Anaplasma phagocytophilum, and Francisella tularensis. Each pathogen subverts neutrophil

apoptosis via a distinct mechanism involving modulation of host apoptosis regulators and at least
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Figure 2. Neutrophil-pathogen interactions and outcomes.

Infection resolution depends on phagocytosis, intracellular killing of microbes using reactive
oxygen species (ROS) and granule components, neutrophil apoptosis, and subsequent clearance
of dead neutrophils by macrophages. Pathogen subversion of this process can manipulate
neutrophil lifespan leading to neutrophil destruction, pathogen escape and dissemination.
Alternatively, delay of neutrophil apoptosis provides a potential replication site for pathogens
and results in an accumulation of infected neutrophils. Manipulation of neutrophil lifespan in
either direction promotes tissue damage, inflammation, and exacerbated disease. Reprinted under

Creative Commons license from Rigby et al 2012 (52).



one survival signaling pathway, but the outcome is similar in that it enables all these pathogens to
replicate freely while remaining relatively hidden from other immune cells (53, 54).

As mentioned, Francisella tularensis is one such pathogen capable of dysregulating
neutrophil apoptosis pathways, effectively extending neutrophil lifespan and rendering the
neutrophils dysfunctional (55). Studies by our laboratory have revealed that Francisella
tularensis-infected neutrophils exhibit significant decreases in the processing, activation and
activity of caspase-3, caspase-8, and caspase-9 (56). These data, combined with the discovery that
assembly of the NADPH oxidase at Francisella-containing phagosomes is blocked, effectively
inhibiting PICD, established that all three cell death pathways in neutrophils are inhibited by this
infection. We have also observed that Francisella-infected neutrophils feature increased
mitochondrial stabilization, sustained mitochondrial membrane potential and organelle integrity,
which are mediated by downregulation of BAX mRNA, decreased BAX translocation to
mitochondria and diminished BID processing to tBID (57, 58). Beyond pro- and anti-apoptosis
factors, neutrophil cell death is governed by coordinated changes in gene expression which
comprise an “apoptosis differentiation program” (36, 40, 41). Our work has demonstrated that
Francisella tularensis LVS reshapes the transcriptional landscape of infected neutrophils during
the first 24 hours of infection, ultimately manipulating the expression of ~3,500 neutrophil genes,
365 of which are involved in apoptosis and survival (59). Upregulated among these genes were
BIRC3 and BIRC4, which encode the anti-apoptotic proteins cIAP2 (baculoviral IAP repeat-
containing protein 3) and XIAP (X-linked inhibitor of apoptosis protein), respectively (57). These
proteins promote survival by inhibiting caspases and XIAP, which specifically inhibits caspase-3
and caspase-9, is the strongest caspase inhibitor found in neutrophil cytosol (60). Calpain is a

lysosomal cysteine protease that degrades XIAP during apoptosis, however Francisella tularensis

10



also hinders calpain through upregulation of CAST, which encodes calpastatin, an endogenous
inhibitor of calpain (57, 58). A final notable change observed in Francisella-infected neutrophils
is the sustained expression of MCL-1 (57, 58). MCL-1 promotes neutrophil survival by binding to
BAX to prevent the formation of pores in the outer mitochondrial membrane (OMM), and
continual expression of MCL-1 is a requirement of neutrophil survival (46, 61). Intriguingly,
MCLI gene expression is reduced in Francisella-infected neutrophils and the mechanisms by

which MCL-1 protein levels are maintained have yet to be determined (57).

The role of neutrophils in tularemia pathogenesis

Tight regulation of neutrophil lifespan is vital for homeostasis maintenance and
resolution of disease (36, 37). As Francisella tularensis aberrantly extends neutrophil lifespan,
accumulation of infected neutrophils at the nidus is a prominent feature of tularemia (62).
Studies of non-human primates infected with Francisella tularensis aerosols in the 1970s
demonstrated that neutrophils contribute to host tissue destruction and tularemia progression (63-
67). Neutrophils were highly abundant in the lungs, which culminated in the presence of necrotic
debris, and granulomas comprising infected neutrophils and viable bacteria (63-67). In mouse
models of pulmonary Francisella infection, alveolar macrophages are the most highly infected
cell type on day one, but by day three the majority of infected cells are neutrophils (68, 69).
Matrix metalloproteinase-9 (MMP9) has been identified as a key mediator of leukocyte
recruitment during Francisella infection, and induction of this protease correlates with increased
bacterial burden, more predominant histopathology characterized by neutrophil infiltration,
increased morbidity, and increased mortality (62). Notably, loss of MMP9 in mice effectively

blocked neutrophil migration into the lungs following aerosol infection with Francisella
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tularensis, which enhanced host resistance to the infection and improved morbidity and mortality
of the mice (62). Complementary experiments were also done demonstrating that conditions
which induce neutrophilia significantly exacerbate tularemia severity (70, 71). Similar data were
obtained from rabbits and rats infected with Francisella tularensis (72), and these animals, as
well as many humans, succumb to pneumonic infections with Francisella tularensis (64, 67).
This high mortality rate can be attributed, in part, to the overwhelming accumulation of infected
neutrophils in the airway, precipitating the release of cytotoxic components, the presence of
necrotic debris, and immense host tissue damage, which can lead to death so quickly, it often
occurs before the adaptive immune cells are able to mobilize against the infection (69, 73, 74). In
fact, the overwhelming necrosis of infected tissues that characterizes tularemia directly correlates
to neutrophil density. These data taken together highlight that neutrophils contribute distinctly to

tularemia disease progression, rather than conferring protection to the host.

Immunometabolism & the metabolic control of neutrophil function

Immunometabolism is a rapidly expanding field of study, which seeks to understand how
metabolism regulates immune cell function. Improving our understanding of how immune cells
fuel effective responses, and how their metabolic pathways may be reprogrammed during
infection or other disease states, could provide new avenues for therapeutic intervention. While
immunometabolism research has increased remarkably in recent years, most studies have
focused on T lymphocytes and macrophages, and the few that have investigated neutrophil
metabolism utilized murine neutrophils, which are metabolically quite different from mature,

human neutrophils (75-81).
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Seminal studies by Niels Borregaard established neutrophils as metabolically distinctive due to
their reliance on glycolysis for ATP generation (82). Since then, the other major metabolic
pathways in mature, human neutrophils that have been identified are the tricarboxylic acid
(TCA) cycle, the pentose phosphate pathway (PPP), fatty acid oxidation and synthesis, and
glycogen metabolism (Figure 3) (75-79, 83, 84). Interestingly, developing, immature neutrophils
rely primarily on oxidative phosphorylation for energy production, but following maturation and
release into circulation, human neutrophils perform very little oxidative phosphorylation (76,
77). While glycolysis yields much fewer ATP than oxidative phosphorylation, glycolysis occurs
approximately 100 times more quickly than oxidative phosphorylation, and thus can ultimately
generate more ATP at a faster rate (85, 86). In neutrophils, which must rapidly expend huge
portions of their energy stores to fuel immune responses, glycolysis allows for faster ATP
production. Glycolysis is also a more advantageous mode of energy production from a
competition standpoint, as glycolysis-using cells will more rapidly consume glucose from the
environment, effectively starving and outcompeting cells which rely on oxidative
phosphorylation (85). In addition to the thermodynamic advantages, glycolysis endows cells with
a degree of flexibility, in that it enables cells to produce ATP in the absence of oxygen (87).
Neutrophils must survive and function in varying nidi, in which oxygen and nutrient availability
are unreliable, and glycolysis empowers these cells to be a flexible and competitive component
of the immune response. Further metabolic flexibility is imparted on neutrophils by their ability
to access three separate pools of glucose: 1) extracellular glucose, 2) cytosolic glycogen, a
branched glucose polymer surrounding a glycogenin core, and 3) glucose-6-phosphate stored in
the endoplasmic reticulum.

However, in certain disease contexts, such as cancer, neutrophils are metabolically
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adapted, and metabolic alterations have significant effects on neutrophil function which directly
impact disease progression (88). Tumor-associated neutrophils (TANs) exhibit a more immature
phenotype, which is demonstrated in part by their reliance on oxidative phosphorylation and
renders the cells functionally incapable of resolving the disease (88). Emerging evidence
suggests that shifts in neutrophil metabolism are stimulus- and context-dependent, with at least
seven distinctive metabolic states described thus far: 1) immature, bone marrow-localized
neutrophils and tumor-associated neutrophils, 2) mature PMNs under homeostasis, 3) migrating
neutrophils, 4) canonically-activated neutrophils, 5) neutrophils undergoing degranulation, 6)
NET-releasing neutrophils, and 7) apoptosing neutrophils (77, 78, 88, 89). Specifically,
immature and tumor-associated PMNs rely on fatty acid oxidation, TCA cycle and oxidative
phosphorylation, whereas resting mature cells utilize glycolysis and actively phagocytosing cells
activate glycogenolysis. Glycolysis and mitochondrial purinergic signaling fuel chemotaxis,
while NET formation requires glycolysis and PPP. Canonical activation is characterized by
glycolysis, glycogenolysis, PPP, TCA and glutaminolysis, and apoptosing cells selectively
downregulate glycolysis and glycogenesis (42, 77, 78). These studies highlight metabolism as a
key regulator of neutrophil function, but there is a lack of data evaluating the role of neutrophil

metabolism as a regulator of neutrophil lifespan.

Summary

Francisella tularensis is one of few pathogens capable of surviving neutrophil killing and
one aspect of this pathogen’s infection strategy is inhibition of neutrophil apoptosis. While this
phenotype has been extensively characterized by our laboratory, the mechanisms by which

Francisella-infected neutrophils are able to commandeer the highly conserved, tightly-regulated
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pathways that dictate neutrophil survival to ultimately evade death are unclear. Francisella
tularensis infection causes global changes in the neutrophil transcriptome, including
dysregulation of over 800 metabolism-associated genes, but the role of neutrophil metabolism
during infection has barely been explored (59). It is established that neutrophil lifespan and
function are intimately linked, but the role of metabolism in regulating lifespan or is unknown. In
addition to being distinctly short-lived, human neutrophils are also metabolically unique in that
they rely primarily on glycolysis for energy production (76-78, 82). Thus, it is attractive to
predict that infection with Francisella tularensis may reprogram neutrophil metabolism, and that
metabolic reprogramming may be linked to the observed apoptosis delay. The research
described herein will advance our understanding of neutrophil metabolism and determine the role

of metabolism in regulation of neutrophil lifespan.
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Hypothesis and specific aims

The research described herein endeavored to characterize the metabolic and signaling
reprogramming that occurs in human neutrophils following infection with Francisella tularensis.
This work sought to advance previous findings from our laboratory, which established that
Francisella infection significantly delays neutrophil apoptosis, but the mechanism by which
these cells commandeer the strictly regulated pathways governing cell lifespan are not fully
characterized. We hypothesize that Francisella-infected neutrophils feature reprogramming of
their metabolism, which promotes induction of survival signaling and subsequent extension of
neutrophil lifespan. This research will establish, for the first time, a comprehensive
understanding of the kinetics and mechanisms of metabolic reprogramming of human
neutrophils infected with Francisella tularensis. These studies will also determine the role of
metabolism in regulation of neutrophil lifespan. This work will have a broad impact by
improving our comprehension of, and ultimately our capacity to treat, inflammatory diseases
characterized by dysregulation of neutrophil apoptosis. This thesis comprises the following

specific aims:

L. Determine the pro-survival signaling pathways required for apoptosis inhibition in

human neutrophils infected with Francisella tularensis.

IIL. Characterize the metabolic reprogramming of human neutrophils infected with

Francisella tularensis.

III.  Define the extent to which metabolic reprogramming of human neutrophils

contributes to apoptosis inhibition.
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CHAPTER 2: NEUTROPHIL SURVIVAL SIGNALING DURING FRANCISELLA
TULARENSIS INFECTION

Introduction

Neutrophils are critical innate immune cells that are among the first cells recruited to a
site of an infection. These cells comprise the majority of the white blood cells in circulation and
are turned over on the order of 10! cells per day (34). Notably, these phagocytes are essential for
innate host defense and utilize a combination of ROS, antimicrobial peptides, and proteolytic
enzymes to kill invading microorganisms (35).

Neutrophils have an intrinsically short lifespan of less than 24 hours in the bloodstream
and undergo constitutive apoptosis, an active, tightly regulated form of cell death that is essential
for homeostasis (49, 54, 90). Various stimuli can alter the rate of constitutive apoptosis including
cytokines, microbial molecular patterns, and phagocytosis (37, 54). In particular, phagocytosis
and ROS production typically accelerate neutrophil cell death and lead to efficient engulfment of
dying cells by macrophages (52). Not only does this process aid in pathogen elimination, it also
reprograms macrophages to a pro-resolving, anti-inflammatory phenotype that is essential for
resolution of the inflammatory response (37, 52).

Neutrophil apoptosis occurs when the levels of numerous proapoptotic factors outweigh
the levels of antiapoptotic factors in the cell. Constitutive apoptosis is governed by the intrinsic
pathway, and at the core of this pathway are mitochondria. Outer mitochondrial membrane
(OMM) permeabilization is one of the early events in the intrinsic apoptotic pathway (54) and is
mediated by two major proapoptotic factors of the BCL-2 family, BAX and BAK. These proteins

oligomerize and insert into the OMM, thus disrupting membrane potential and mediating release
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of inner membrane space (IMS) proteins cytochrome ¢, Smac, and HtrA2 which initiate
apoptosis via caspase-9 and the apoptosome (54, 59). Antiapoptotic factors such as MCL-1 and
Al prevent OMM disruption and are present in excess in healthy neutrophils but diminish in
abundance as cells age (54, 91). Additional regulation is mediated by cellular inhibition of
apoptosis proteins such XIAP, which acts downstream of mitochondria and inhibits caspase-9
and caspase-3 by direct binding (92).

To avert apoptosis, neutrophils must receive one or more survival cues that are robust
enough to sustain an excess of pro-survival/antiapoptotic regulators that control cell lifespan.
The major pro-survival pathways in neutrophils are overlapping and interconnected and include
signaling cascades mediated by phosphoinositide 3-kinase (PI3K)/AKT, MEK/ERK and p38

MAP kinases (MAPKSs) and NF-kB which are differentially activated by growth factors, ligation

of B2 integrins, inflammatory mediators such as IL-8 and C5a and microbial products and
pathogens (60, 90, 92).

Several pathogenic microbes have evolved strategies to circumvent neutrophil
antimicrobial mechanisms and promote neutrophil survival to maintain a site for replication and
immune evasion inside the host (53, 54). This group of pathogens includes, but is not restricted
to, Anaplasma phagocytophilum, Chlamydia pneumoniae, Leishmania major and Coxiella
burnetii. Each of these microbes utilizes a specific mechanism of apoptosis inhibition that
involves manipulation of anti-apoptosis regulators and one or more of the survival signaling
cascades (54, 93-97).

Francisella tularensis is a Gram-negative, facultative intracellular bacterium and the
causative agent of the zoonosis tularemia. F. tularensis, subspecies tularensis (type A), and

subspecies holarctica (type B) differ in geographic distribution and account for nearly all human
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infections with this organism (20). Inhalation of as few as ten bacteria can result in a severe
bronchopneumonia that is coupled to bacterial dissemination to the liver, spleen and other organs
and has a mortality rate of approximately 30-60% if untreated (98). F. tularensis utilizes a
variety of strategies to modulate the innate immune response and its effectors and infects several
cell types, including macrophages and neutrophils (55). We demonstrated previously that both
type A and type B F. tularensis strains modulate the major apoptotic pathways in neutrophils and
significantly delay apoptosis (56, 58, 59). This delay involves inhibition of caspase processing
and activation and sustained mitochondrial membrane integrity that coincides with impaired
BAX translocation, and increased expression of genes encoding antiapoptotic factors such as
XIAP, A20, FLIP, cIAP2 and calpastatin (56, 58, 59).

Despite prior studies, the molecular mechanisms of F. tularensis-mediated neutrophil
apoptosis inhibition are incompletely defined. The objective of this study was to elucidate the
pro-survival signaling pathways that are required to extend neutrophil lifespan during this
infection. As NF-kB controls expression of many anti-apoptosis factor genes, we hypothesized
that activity of this transcription factor would be essential. On the other hand, we also
hypothesized that pathways linked to growth factor signaling and IL-8 (CXCLS8) would be
dispensable, as our studies utilize a serum-free infection model and because F. tularensis-
infection does not elicit PMN IL-8 secretion (56). Herein, we demonstrate that survival of F.
tularensis-infected human neutrophils is specifically dependent on the activity of NF-xB, PI3Ka

and p38 MAPK, but not MEK/ERK, AKT or other Class I PI3K isoforms.
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Materials and Methods

Isolation of human neutrophils.

Heparinized venous blood was obtained from healthy adult volunteers with no history of
tularemia in accordance with protocols approved by the Institutional Review Board for Human
Subjects at the University of lowa (201609850 and 200307026). Neutrophils were isolated using
a sequential dextran sedimentation, density-gradient separation with Ficoll-Hypaque (GE
Healthcare, Little Chalfont, UK) and hypotonic erythrocyte lysis as previously described (99).
Using this method, purity was >95% PMNs. PMNs were suspended in Hank’s balanced salt
solution (HBSS) without divalent cations (Fisher Scientific, Hampton, NH) enumerated, and
diluted to 2x107/ml. In all cases, replicate experiments were performed using PMNs from

different donors.

Bacterial strains and growth conditions.

F. tularensis LVS has been previously described (26, 56, 59). Bacteria were inoculated
onto Difco cysteine heart agar (BD Biosciences, San Jose, CA) supplemented with 9%
defibrinated sheep blood (Remel, Lenexa, KS) (CHAB) and grown for 48 hours at 37°C in 5%
COs. Unless otherwise stated, cultures of LVS were started at an ODgoo of 0.01 in Bacto brain
heart infusion (BD Biosciences) (BHI) broth and incubated overnight (14-18 hours), shaking at
200 rpm. Overnight cultures were diluted to an ODsoo = 0.200 in BHI broth and incubated at
37°C in 5% COo, shaking at 200 rpm, for 2-4 hours. Mid-exponential growth phase bacteria were

harvested and washed once with HBSS containing divalent cations (Fisher Scientific).
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Infection and culture of neutrophils.

Washed bacteria were quantified by measurement of absorbance at 600 nm. Unless
otherwise stated, PMNs (5x10°/ml) were diluted in HEPES-buffered RPMI-1640 containing L-
glutamine and phenol red (Lonza, Walkersville, MD) in the absence of serum and infected with
LVS as previously described (58). Cultures (1-2 ml each) were incubated in 14 ml polypropylene

snap-cap tubes at 37°C with humidity and 5% CO. for 0-24 hours.

Phospho-MAPK Dot Blots.

The Proteome Profiler™ human phospho-MAPK slide array kits (R&D Systems Inc.,
Minneapolis, MN) were used for detection of 24 different MAPK proteins in PMNs. Whole-cell
lysates were prepared according to the manufacturer’s instructions. Briefly, neutrophils were left
untreated or were infected with LVS, and 10 hours later neutrophils were pelleted by
centrifugation at 250 g. Cell pellets were resuspended in lysis buffer containing aprotinin,
leupeptin, PMSF, AEBSF, levamisole, bestatin, E-64, and pepstatin A (Sigma Aldrich),
supplemented with the Pierce Halt™ phosphatase inhibitor cocktail (sodium fluoride, sodium
orthovanadate, sodium pyrophosphate and B-glycerophosphate) (Thermo Fisher Scientific,
Waltham, MA). Protein concentrations were determined by performing a Pierce bicinchoninic
acid (BCA) protein assay (Thermo Fisher Scientific), according to the manufacturer’s

instructions. Array dot blots were processed according to the manufacturer’s protocol.

Assessment of neutrophil apoptosis.

Neutrophil apoptosis was measured by flow cytometric analysis of phosphatidylserine

(PS) externalization using an Accuri C6 flow cytometer (BD Biosciences, Franklin Lakes, NJ).
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PMNs (5x10°) were co-stained with Annexin V-FITC (BioVision, Milpitas, CA) and propidium

iodide (PI) (BioVision) in binding buffer (10mM HEPES pH 7.4, 140mM NaCl, 2.5mM CaCl,)

according to the manufacturer’s instructions. PI staining was used to differentiate early apoptotic
from late apoptotic/necrotic PMNs. For each sample, approximately ten thousand events were

collected, and the data were analyzed using cFlow software (BD Biosciences).

Inhibition of signaling pathways.

All inhibitors were resuspended from powder in tissue culture-grade dimethyl sulfoxide
(DMSO) (Sigma Aldrich, St. Louis, MO). Neutrophils were pretreated with various inhibitors of
survival signaling (Table 1) at 37°C with 5% CO- for 30-60 min, as indicated, after which F.
tularensis LVS was added to corresponding cultures. Neutrophil apoptosis was measured by

Annexin V-FITC/PI staining and flow cytometry, as described above, after further incubation at

37°C for 4, 10, 18, and 24 hours.

Detection of phosphorylated, intracellular proteins via flow cytometry.

Neutrophils were left untreated, infected with LVS as described above or stimulated with
N-formyl-L-methionyl-L-leucyl-L-phenylalanine (fMLF) (Sigma Aldrich) for 3 minutes. PI3K
activity was inhibited using 100 uM LY?294002 (Cell Signaling Technology, Danvers, MA) and
phosphorylation of its downstream target, AKT was assessed. At the indicated time points,
PMNs were fixed in IC fixation buffer (eBioscience, Waltham, MA) for 30 minutes at room
temperature. Following fixation, cells were pelleted by centrifugation at 250 g and permeabilized
in 100% ice-cold methanol for 30 minutes on ice. After two washes in blocking buffer

(Dulbecco’s phosphate-buffered saline (DPBS) without divalent cations (Fisher Scientific)
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Inhibitor Target [Final] Pre-treatment Supplier
Afuresertib AKT1/2/3 10 pM 60 min SelleckChem,
(GSK2110183) Houston, TX
GDC-0941 PI3Ka,d 20 pM 60 min Cayman Chemical,
Pictilisib Ann Arbor, MI
HS-173 PI3Ka 10 uM 60 min SelleckChem
IC-87114 PI3KB, v, 6* 1 uM 60 min SelleckChem
LY294002 Pan PI3K 50 uM 30 min Cell Signaling
Technology,
Danvers, MA
MK-2206 AKT1/2/3 1 uM 30 min SelleckChem
NF-xB Al NF-xB 20 uM 60 min Calbiochem,
San Diego, CA
PD98059 MEK1/2 50 uM 30 min Calbiochem
PIK-294 PI3KB, v, 6* 1 uM 60 min Calbiochem
SB203580 p38 MAPK 30 uM 60 min Calbiochem
SB202474 SB03580 30 uM 30 min Calbiochem
negative control
TGX-221 PI3KB*, 7, d 100 uM 30 min Cayman Chemical

*preferentially inhibited

Table 1. List of inhibitors used in this study.
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supplemented with 0.5% bovine serum albumin (Sigma Aldrich)), neutrophils were resuspended
in blocking buffer at a concentration of 107 cells/ml. Aliquots of neutrophils (10°) were mixed
with purified human Fc binding inhibitor and either mouse anti-human phospho-AKT (S473)-
APC (clone SDRNR, #17-9715) or phospho-p38 MAPK (T180/Y 182)-APC (clone 4NIT4KK,
#17-9078-42) (all from eBioscience). After incubation for 30 minutes at room temperature,
stained cells were washed twice in blocking buffer and resuspended in DPBS without divalent

cations for analysis on an Accuri C6 flow cytometer.

Statistical analyses.

Data are presented as the mean + standard error of the mean (SEM) and were analyzed by
two-way ANOVA followed by Tukey’s multiple comparisons post-tests. All analyses were
performed using GraphPad Prism version 7or 8 software (GraphPad, San Diego, CA). p-values

less than 0.05 were considered statistically significant.

Results

p38 MAPK is activated and required for prolonged survival of F. fularensis-infected neutrophils.

MAPK signaling can be triggered by many stimuli that engage distinct cell surface
receptors, including lipopolysaccharide (LPS) and other toll-like receptor (TLR) agonists, growth
factors, and cytokines (49). MEK/ERK MAPK and p38 MAPK pathways can act separately or
together to modulate neutrophil apoptosis in response to specific stimuli (54, 60, 97, 100-102).
To elucidate possible effects of F. tularensis on activation of MAPK signaling, we initially
utilized phospho-MAPK dot blot arrays to survey intermediates in several MAPK cascades. To

this end, dot blots were probed with lysates prepared from control neutrophils and their LVS-
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infected counterparts after 10 hours at 37°C. These data show that infection triggered increased
phosphorylation of p38a MAPK and to a lesser extent ERK2 (Figure 4A). The dot blot spot map
is shown in Figure 5.

To examine the possible significance of these pathways in neutrophil apoptosis inhibition
by F. tularensis we utilized first the p38 MAPK inhibitor SB203580 and included the related
compound SB202474 as a negative control (102). Specifically, neutrophils were left in medium
alone or pretreated with 30 uM inhibitor prior to infection with LVS, and apoptosis was
quantified 4, 10, 18 and 24 hours later using Annexin V-FITC/PI staining and flow cytometry as
we previously described (58, 103). In all cases, uninfected/untreated cells were included as an
additional control. Our data show that inhibition of p38 MAPK markedly accelerated apoptosis
of infected PMNs by 18 hours post-infection (hpi) and completely eliminated the ability of LVS
to extend neutrophil lifespan by 24 hpi, whereas the rate of apoptosis of uninfected neutrophils
was unchanged (Figure 4B). Specificity for p38 MAPK is indicated by the lack of effect of the
negative control compound, SB202474. DMSO, the diluent/vehicle control for all drugs used in
this study, was also without effect (Figure 6). Next, we utilized intracellular antigen staining and
flow cytometry to define the kinetics of p38 MAPK activation (Figure 4C). By this assay,
phosphorylation, and activation of p38 MAPK was low or absent in early infection, was elevated
6-12 hpi, and returned to baseline by 24 hpi.

In marked contrast to the data obtained for p38 MAPK, inhibition of MEK1/2 signaling
using 50 uM PD98059 did not significantly alter the rate of PMN apoptosis in the presence or
absence of LVS (Figure 4D). Taken together, these data indicate that both p38 MAPK and
MEK/ERK signaling are activated in infected PMNs, but only p38 MAPK is required for F.

tularensis to extend cell lifespan.
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Figure 4. Infected neutrophil survival requires p38 MAPK but not MEK/ERK activity.

(A) Dot blot arrays show increased phosphorylation of p38a and ERK2 10 hours after LVS
infection. Corner spots are positive and negative controls. Data shown are representative of three
independent determinations. These data are shared by Dr. Lauren C. Kinkead. (B) Effects of the
p38 MAPK inhibitor SB203580 and its negative control SB202474 on apoptosis of control and
LVS-infected neutrophils was quantified using Annexin V-FITC/PI staining and flow cytometry
at 4, 10, 18 and 24 hours. Data are the mean + SEM of three independent experiments. ns, not
significant. ****p < (.0001, as indicated. (C) Kinetics of p38 phosphorylation determined by
intracellular straining and flow cytometry. Control cell data are in green and LVS-infected cell
data (iPMNs) are shown in blue. Representative of three determinations. (D) Similar to (B)
except cells were treated with PD98059 to inhibit MEK. Data are the mean = SEM of three

independent experiments. ns, not significant and ****p < 0.0001, as indicated.
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REF1 REF2
Akt1 Akt2 Akt3 | Aktpan CREB | ERK1 ERK2 [GSK3u/p GSK3p
HSP27 | JNK1 JNK2 | JNK3 JNK pan| MKK3 MKK6 | MSK2
p38a | p38p p38s p38y p53 | p70 S6K RSK1 | RSK2 TOR
PBS (1)

REF3

Figure 5. Key for Phospho-MAPK Dot Blots.

Spot map for R&D Systems human phospho-MAPK slide arrays. Each box contains two spots.

Corner spots are positive (REF1-3) and negative (lower right) controls.
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Figure 6. DMSO does not alter the kinetics of neutrophil apoptosis.

Control and LV S-infected neutrophils were incubated in medium with and without DMSO as the
diluent control for the indicated amounts of time prior to analysis by Annexin V-
FITC/Propidium lodide co-staining and flow cytometry. Data show the percentage of Annexin

V-FITC-positive cells at each time point and are the mean + standard error of the mean, n=3.
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PI3K activity is required for survival of both infected and uninfected neutrophils.

Class I PI3Ks catalyze conversion of PI(4,5)P, to PI(3,4,5)P3 and have been extensively
studied (104-106). Class IA PI3K isoforms (PI3Ka, PI3Kf3, and PI3K0) are important for growth
and survival of many types of cells and in neutrophils and macrophages play additional roles in
regulation of phagocytosis, cell adhesion, priming and NADPH oxidase activation. On the other
hand, the lone Class IB PI3K isoform (PI3KY) is activated by heterotrimeric G-protein coupled
receptors (GPCRs) and plays a specific role in regulating neutrophil migration to sites of
infection and inflammation.

LY?294002 is a competitive, reversible pan-Class I PI3K inhibitor (107, 108) and we
show here that pretreatment of neutrophils with this drug markedly accelerated constitutive
apoptosis of control, uninfected PMNs as indicated by Annexin V-FITC/PI staining at 10 hours,
and remained significantly elevated at 18 hours (Figure 7). Apoptosis of LVS-infected cell was
also profoundly accelerated by LY294002 at 10, 18 and 24 hpi (Figure 7). These data
demonstrate that PI3K activity is required for delayed apoptosis of F. tularensis-infected

neutrophils and also regulates constitutive apoptosis of the uninfected controls.

PI3Ka plays a specific role in extended survival of F. tularensis-infected neutrophils

Our next objective was to determine if a specific Class IA PI3K isoform was required for
longevity of F. tularensis-infected neutrophils. To this end, we took advantage of inhibitors that
have been designed to target PI3K isoforms individually or in combination (Table 1).
Specifically, we pretreated neutrophils with 10 uM HS-173, a specific PI3Ka inhibitor, 20 uM
of the PI3Ka/PI3K&-selective inhibitor GDC-0941 (also called Pictilisib), 1 uM of the PI3K35-

selective inhibitors IC-87114 and PIK-294, or 100 uM of the PI3K(3-selective inhibitor TGX-221
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Figure 7. The pan-PI3K inhibitor LY294002 accelerates neutrophil death.

The effect of LY294002 on apoptosis of control and LVS-infected neutrophils was assessed at 4,
10, 18, and 24 hours using Annexin V-FITC/PI staining and flow cytometry. Data are the mean +
SEM of three independent experiments. Ns, not significant. *p < 0.05, **p <0.01, ***p <0.001,
*F*%kp <0.0001, as indicated.
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(108-111) (Table 1) and monitored apoptosis over the course of 24 hours in the presence and
absence of LVS.

Our data demonstrate that HS-173 had no effect on apoptosis at 4 or 10 hours. Thereafter,
apoptosis of the LVS-infected cells was markedly accelerated, whereas death of the uninfected
control cells was significantly reduced (Figure 8A). On the other hand, treatment with the
selective PI3Ko/PI3K& inhibitor GDC-0941 significantly increased apoptosis of both control and
LVS-infected PMNs at 10, 18 and 24 hours (Figure 8B). Based on these data, we conclude that
the Class I PI3K isoforms required to prevent apoptosis of control and infected PMNs are
distinct. Specifically, the data demonstrate that inhibition of PI3Ka is sufficient to trigger
apoptosis after F. tularensis infection. In contrast, inhibition of both PI3Ka and PI3K3 is
required for accelerated apoptosis of the uninfected controls.

In another series of experiments, PMNs were treated with 1 uM IC-87114 or 1 uM PIK-
294, both of which preferentially inhibit PI3KJ but have some activity against PI3K(3 and PI3Ky.
Neither of these drugs altered the rate of apoptosis of control or LVS-infected PMNs (Figures
9A-B). In our final series of PI3K experiments we tested TGX-221, which preferentially inhibits
PI3K}, but has some activity against PI3K6 and PI3Ky. We now show that 100 uM TGX-221
profoundly diminished apoptosis of uninfected PMNSs at 18 and 24 hours, yet had no significant
effect on LVS-infected cells at any of the time points examined (Figure 9C).

Based on these data, we conclude that Class I PI3Ks play complex roles in PMN survival
and death. In particular, we identify PI3Ka activity as critical for survival of neutrophils infected
with F. tularensis whereas inhibition of PI3Kf3 enhanced survival of the uninfected controls. The

data also indicate that simultaneous inhibition of PI3Ka and PI3K3, but not specific or selective
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Figure 8. Class IA PI3Ka activity is required for survival after F. fularensis infection.

PMNs were treated with HS-173 (A) or GDC-0941 (B) and then incubated for up to 24 hours in
the presence and absence of LVS. Apoptosis was assessed at 4, 10, 18, and 24 hours using
Annexin V-FITC/PI staining and flow cytometry. Data are the mean = SEM of three independent

experiments. Ns, not significant. **p < 0.01, ***p <0.001, ****p <0.0001, as indicated.
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Figure 9. Inhibition of Class I PI3K isoforms PI3K, PI3KJ, and PI3KYy does not prevent
neutrophil apoptosis inhibition by F. tularensis.

PMNs were left in medium alone or treated with IC-87114 (A) or PIK-294 (B) or TGX-221 (C)
prior to further incubaction in the presence and absence of LVS. Apoptosis was quantified at 4,
10, 18, and 24 hours using Annexin V-FITC/PI staining and flow cytometry. Data are the mean +
SEM of three independent experiments. Ns, not significant. *p < 0.05, ****p <(0.0001, as

indicated.
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inhibition of either isoform alone significantly accelerates PMN apoptosis in the absence of

infection.

AKT activity is dispensable for infected neutrophil survival

One of the major downstream effectors of Class I PI3Ks is AKT, also known as protein
kinase B. There are three isoforms of AKT, and AKT1 and AKT?2 are expressed in neutrophils
(112). To determine if AKT played a role in modulating neutrophil apoptosis, we treated cells
with the allosteric pan-AKT inhibitor MK-2206 (113). In our hands, pretreatment of neutrophils
1 uM MK-2206 had no discernible effect on the rate of neutrophil apoptosis in the presence or
absence of LVS (Figure 10A). As the effects of MK-2206 can be transient (114, 115), we also
tested the newer and more potent AKT inhibitor, Afuresertib (113). Consistent with the
aforementioned data, pretreatment with 10 uM Afuresertib had no significant effect on the
lifespan of neutrophils infected with LVS, but significantly reduced the rate of apoptosis of the
uninfected cells at 18 and 24 hours (Figure 10B).

Notably, our dot blot arrays did not detect AKT phosphorylation in resting or infected
cells at 10 hours (Figures 4A and 5). As an alternative approach for detection of active AKT we
also utilized flow cytometry. In this case, cells were stained with antibodies specific for AKT
phosphorylated at S473 and were treated with fMLF for 3 minutes as a positive control. As
shown in Figure 10C (/eft panel), fMLF enhanced phosphorylation of AKT above baseline, as
indicated by an increase in MFI, and this was sensitive to inhibition by LY294002. Conversely,
AKT phosphorylation appeared unchanged at 1, 3 and 6 hpi with LVS as compared with the
uninfected controls (Figure 10C, right panels). At 12 hours, phospho-AKT was slightly lower in

the infected PMNs yet was slightly higher than the controls at 24 hpi.
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Figure 10. AKT activity is not required for neutrophil survival.

(A-B) Neutrophils were treated with MK-2206 for 30 minutes (A) or Afuresertib for 60 minutes
(B)6prior to further incubation in the presence or absence of LVS. Apoptosis was assessed at 4,
10, 18, and 24 hours using Annexin V-FITC/PI staining and flow cytometry. Data are the mean +
SEM of three independent experiments. Ns, not significant. *p < 0.05, **p <0.01, ***p <0.001,
**%%p < 0.001, as indicated. (C) Detection of intracellular phospho-AKT by flow cytometry.
Neutrophils were left in medium alone (PMN), stimulated with fMLF for 3 minutes, treated with
LY294002 for 30 minutes, or treated with LY294002 prior to stimulation with fMLF (left panel)
or were incubated for 1, 3, 6, 12, and 24 hours in the absence (PMN) or presence (iPMN) of LVS

(right panels). Data shown are representative of three determinations.
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Based on these data, we conclude that AKT does not play a significant role in regulating

apoptosis of neutrophils during F. tularensis infection.

F. tularensis requires NF-kB activation to prolong neutrophil lifespan.

NF-kB plays an important role in neutrophil survival during infection and inflammation
by controlling expression of genes that encode important anti-apoptotic regulatory factors (59).
We have shown that several NF-kB target genes are significantly differentially expressed during
LVS infection, including BCL2A1, BIRC3, BIRC4, TNFAIP3, CFLAR and CAST, which encode
Al, cIAP2, XIAP, A20, FLIP and calpastatin, respectively (116). Thus, we predicted that NF-xB
activity may be essential in our system for infected cell survival. To test this hypothesis, we
utilized NF-«xB AI (NF-kB Activation Inhibitor) (117). The data in Figure 11 clearly show that
NF-«B Al significantly accelerated apoptosis of LVS-infected PMNs at all time points
examined. Moreover, at both 4 and 10 hpi, 26.5% and 39.5% of the NF-xB Al-treated cells that
were infected with LVS had already undergone apoptosis as compared with only 5.5% and
15.4% of the uninfected, untreated controls (**p < 0.01). In sharp contrast, inhibition of NF-xB
did not significantly alter the rate of apoptosis of uninfected PMNs, confirming published data
(118). We therefore conclude that NF-kB is essential for viability of F. tularensis-infected

neutrophils and for the ability of this bacterium to delay apoptosis and extend PMN lifespan.
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Figure 11. Inhibition of NF-kB selectively accelerates death of F. tularensis-infected
neutrophils.

PMNs were pretreated with NF-kB Al for 30 minutes and then incubated for up to 24 hours in
the presence and absence of LVS. Apoptosis was assessed at 4, 10, 18, and 24 hours using
Annexin V-FITC/PI staining and flow cytometry. Data are the mean = SEM of three independent

experiments. Ns, not significant. **p < 0.01, ***p <0.001, ****p <0.0001, as indicated.
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Discussion

The ability of MAPKSs, Class I PI3Ks and NF-kB to influence diverse neutrophil
functions including migration, phagocytosis, oxidant production, cytokine secretion and lifespan
is unequivocal. At the same time, a majority of studies have focused on responses to individual
receptor ligands of host or microbial origin, such as GM-CSF or LPS. Much less is known about
responses to whole microbes or other complex stimuli, and in most studies roles for enzyme
isoforms were not interrogated. The results of this study demonstrate specific roles for p38
MAPK, PI3Ka and NF-kB in PMN apoptosis inhibition by F. tularensis and identify a distinct
requirement for PI3Ka and PI3K$ in regulation of human neutrophil lifespan in the absence of
infection. The results of this study are summarized in Figure 12.

MEK/ERK signaling is activated in neutrophils in response to growth factors such as G-
CSF and GM-CSF, LPS, hypoxia, or host inflammatory mediators such as IL-8, C5a, and LTB4
(49, 60, 119, 120). The central mechanisms of ERK-mediated apoptosis inhibition are
phosphorylation of caspase-9, which curtails its activity, and phosphorylation of BAD at S112
which favors its sequestration in the cytosol, thereby helping to sustain mitochondrial outer
membrane integrity (121, 122). We show here that although ERK2 phosphorylation was
enhanced in neutrophils 10 hours after infection with F. tularensis, inhibition of ERK1/2 with
PD90859 did not alter the rate of PMN apoptosis in the presence or absence of infection. This is
likely due to redundant mechanisms of apoptosis inhibition in our system. For example, PIM2
can also phosphorylate BAD, and we have shown that PIM?2 expression is upregulated by LVS
infection (59, 123). In addition, MCL-1 and A1 are abundant in LVS-infected neutrophils and
sustain mitochondrial integrity by binding and sequestering BAX and BAK, which are generally

believed to play a greater role in disrupting neutrophil mitochondria than BAD (54, 58, 59).
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Finally, XIAP is an inhibitor of apoptosis protein that binds directly to caspase-9 and caspase-3
to block their catalytic activity and also inhibits processing of the respective proenzymes to their
mature, active forms (59, 60). XIAP is maintained at high levels in LVS-infected PMNs via
increased expression of the BIRC4 gene and by upregulation of calpastatin (CAST), which
prevents calpain-mediated XIAP degradation in healthy cells and during LVS infection (54, 58,
59, 124).

p38 MAPK is of interest as it can enhance, inhibit, or have no effect on PMN apoptosis in
a context-specific manner (54, 60, 124). In neutrophils, the pro-death effects of p38 MAPK are
commonly linked to phosphorylation of p477"**, NADPH oxidase activation and toxic oxidant
production, whereas constitutive apoptosis of PMNs at rest is p38-independent (60, 120, 124,
125) (Figure 4B). In this regard it is of interest that F. fularensis uses multiple strategies to
disrupt NADPH oxidase assembly and activity in PMNs, and phosphorylation p477°* is
significantly diminished (26, 55). A role for p38 MAPK in prolonging PMN survival has been
demonstrated in hypoxia, exposure to dexamethasone or IL-32y and during infection with
Coxiella burnetii, and we extended this list to include F. tularensis (97, 118, 120, 126, 127).

At the molecular level, p38 favors survival by enhancing MCL-1 abundance, by direct
phosphorylation and inhibition of caspase-3 and caspase-8 or by stimulating IL-8 secretion, and
in many instances collaborates with PI3K or NF-xB (60, 97, 118, 127, 128). Notably, p38 also
has effects on metabolism, and like AKT can phosphorylate glycogen synthase kinase-[3
(GSK3p) to relieve inhibition of glycogen synthase (129). p38 stimulates glucose uptake via
membrane translocation of GLUT1 and phosphorylates MK2 to stimulate PFKFB3 and amplify
glycolysis at the level of PFK (130, 131). Precisely how p38 contributes to apoptosis inhibition

in our system remains to be determined. Live F. tularensis does not trigger secretion of IL-8, but
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a role for glucose metabolism is attractive, as expression of SCL2A 1, which encodes GLUT1,
and PFKFB3 is enhanced (56, 59).

A central finding of this study is our identification of distinct roles for Class IA PI3K
isoforms in neutrophil survival in the presence and absence of F. tularensis infection. We
identified a critical role for PI3Ka in delayed apoptosis of LVS-infected PMN whereas
simultaneous inhibition of PI3Ka and PI3K6 was required to undermine survival of the
uninfected controls. Our findings support and extend published data which demonstrate that the
roles of PI3K isoforms in cell survival are complex sometimes contradictory. Thus, although
deactivation of PI(3,4,5)P;s signaling accompanies constitutive PMN apoptosis, simultaneous
inhibition or deletion of at least three Class I PI3K isoforms is required to overcome the pro-
survival effects of GM-CSF, and in keeping with this combined loss of PI3Kd and PI3KY is not
sufficient to alter resting PMN lifespan (108, 132). On the other hand, the ability of PI3K[3 to
accelerate PMN apoptosis under certain circumstances may explain the increased longevity of
TGX-221-treated cells shown in Figure 9C. Precisely what accounts for the survival-enhancing
effect of HS-173 on uninfected PMNs remains to be determined, but this is negated and reversed
by GDC-0941 (Figure 8B). Although PI3KJ is generally dispensable for PMN survival (108)
(Figures 9A-B), a role for p38 and PI3K$ in IL-8 and MIP-mediated apoptosis inhibition has
been described (104). Whether p38 MAPK is directly linked to PI3Ka and/or PI3K$ in our
system remains to be determined.

PIK3CA, which encodes the p110a catalytic subunit of PI3Ka, is mutated and
overexpressed in many human cancers, and for this reason isoform-specific inhibitors have been
developed as candidate therapeutics (133). HS-173 binds with high affinity to p110a and

exhibits antitumor activity in vivo and in vitro (134). In cancer cell lines, HS-173 causes cell
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cycle arrest and apoptosis via the intrinsic pathway which has been linked to disruption of
growth factor, insulin and TGFf receptor signaling (133, 135). Relevant downstream targets and
pathways include AKT-dependent phosphorylation of BAD, caspase-9, and GSK3 in addition
to effects on mTOR and autophagy (136, 137). Expression of HIF 14 (HIF-1a) and VEGFA
(VEGF) are also impaired. Notably, HIF-1a is important for neutrophil survival in normoxia as
well as hypoxia, and VEGFA and many other HIF-1a target genes, but not HIF'14 itself, are
upregulated following LVS infection including HK2, LDHA, PDK1 and SCL2A1 (59, 138).
Based on these data and evidence that p38 MAPK is also linked to GLUT1 and GSK3p, as noted
above, it is attractive to predict that glycolysis and glucose metabolism may play a role in
regulating PMN lifespan during F. tularensis infection. Other genes of interest that are
differentially expressed in our system and have been linked to PI3K signaling include
GADD45B, SOD2, BNIP3 and CDKNIA (54, 59).

In contrast to the central role of PI3Ka in survival and proliferation of many cell types,
PI3K, PI3K3, and PI3Ky are linked to PMN activation (108, 109). PI3Kp plays a specific role
in Fc receptor signaling during phagocytosis and immune complex stimulation in collaboration
with PI3K3. Accordingly, adhesion, spreading and ROS production are sensitive to inhibition by
TGX-221 and IC-87114, but not HS-173. PI3Ky is required for extravasation, chemotaxis and
ROS production triggered by GPCR ligands. PI3K3d has some influence on polarization and
migration but plays a broader role cytokine production and NADPH oxidase activation in PMNs
following exposure to a wide range of stimuli of host and microbial origin including LPS, TNFa,
IL-8, fMLF and C5a.

AKT is an extensively studied PI3K effector. The fact that AKT phosphorylation was not

significantly induced by LVS despite the prominent role of PI3K in infected neutrophil survival
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was unexpected, as was the failure of AKT inhibitors to accelerate neutrophil death. However,
this latter outcome is not without precedent, as PI3K-dependent/AK T-independent apoptosis
inhibition has also been reported following treatment with IGF-1 and after infection by L. major
(139, 140). Paradoxically, Afuresertib and other AKT inhibitors can also lead to PI3K activation,
providing a potential explanation for the ability of Afuresertib to delay neutrophil death in our
hands (115). At the same time, redundancy with XIAP and p38 may negate any requirement for
AKT with respect to inhibition of caspase-9, BAD or GSK3f (141-144), as noted above. One
potential downstream target of PI3Ka signaling during this infection could be the atypical
isoform of protein kinase C (PKC) PKC ¢, which has been established as pro-survival factor
because of its effects on NF-kB, though its role as a regulator of neutrophil lifespan is unknown
(145). PI3K can signal through 3-phoshoinositide dependent protein kinase-1 (PDK1), which
subsequently interacts with PKC ¢, but the extent to which this signaling axis regulates
neutrophil lifespan, or is modulated during infection with Francisella tularensis, is unknown
(146).

The ability of NF-kB Al to significantly accelerate apoptosis of F. tularensis-infected
cells within four hours underscores the central role of this pathway in neutrophil survival.
In keeping with this, genes encoding NF-xB subunits p105 (NFKBI), p100 (NFKB2) and p65
(RELA) are upregulated by LVS as are the NF-xB target genes /LB, SOD2, GADD45B, CFLAR,
TNFAIP3, BCL2A1, BIRC3, and BIRC4 that encode IL-13, MnSOD, GADD45, c-FLIP, A20,
Al, cIAP2, and XIAP, respectively, and which act at various points to directly inhibit intrinsic
and extrinsic apoptosis pathway activation, detoxify ROS, or promote survival (59). In particular,
IL-1pB is a PMN survival factor that can act in an autocrine and paracrine manner to stimulate

NF-kB signaling (59). Moreover, GADD45f connects p38 MAPK to NF-kB; and MSK1/2, a
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downstream target of p38, phosphorylates NF-xB p65 leading to activation of this pathway (59,
147, 148). These data provide critical insight into how the expression of numerous distinct
factors involved in cell survival are rapidly and concurrently altered, but precisely how NF-xB is
linked to p38 MAPK and/or PI3K activation in F. tularensis-infected neutrophils remains to be
determined.

Maximal inhibition of neutrophil apoptosis is achieved by the combined effects of
intracellular bacteria, as well as bacterial lipoproteins (BLPs) and other factors that are
secreted/released by extracellular F. tularensis prior to phagocytosis (103, 149). F. tularensis
PAMPs are detected by TLR2/1 and TLR2/6 but not TLR4, and a specific role for TLR2/1 in
BLP-mediated survival signaling has been described (55, 103). In contrast, F. tularensis LPS has
an atypical structure and is not a TLR4 agonist, and LPS and capsule do not modulate PMN
lifespan (56, 103). Based on studies of whole blood, TLR2/1 survival signaling has been linked
to PI3K, AKT and NF-kB and is associated with increases in A1 and MCL-1 as well as
phosphorylation of BAD. In this case, PI3K is upstream of p38 and ERK, and apoptosis
inhibition is sensitive to both PI3K and NF-«kB inhibitors (150). The receptors that mediate
uptake of unopsonized F. tularensis by PMNs are unknown. Nevertheless, we hypothesize that
both TLR2 and phagocytic receptor signaling will contribute to apoptosis inhibition in our
system. Approximately four hours after uptake, F. tularensis escapes the phagosome and
replicates in the cytosol (27, 55, 56). As inhibition of NF-kB signaling undermines infected
PMN survival as early as four hours after infection (Figure 11), it is attractive to predict that
TLR2 signaling is critical for this pro-survival response, but additional studies are needed to
elucidate the roles of individual PMN receptors and the influence of bacterial localization on

p38, PI3Ka and NF-kB and their shared and distinct downstream targets.
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In summary, the results of this study provide fundamental insight into the role pro-
survival signaling pathways in delayed apoptosis of human neutrophils infected with F.
tularensis. We identified p38 MAPK, PI3K and NF-kB as essential yet excluded roles for ERK
and AKT, results that distinguish F. tularensis from other stimuli described to date. In
identifying critical roles for PI3Ka and PI3KS$ in resting PMN survival and PI3Ka in longevity
of cells infected with F. tularensis, our data also fundamentally advance insight into the biology
of Class IA PI3K isoforms in this cell type. Overall, our findings also underscore the complexity

of the signaling pathways that regulate life and death in this cell type.
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CHAPTER 3: METABOLIC REPROGRAMMING MEDIATES DELAYED APOPTOSIS
OF HUMAN NEUTROPHILS INFECTED WITH FRANCISELLA TULARENSIS

Introduction

Neutrophils comprise the majority of circulating white blood cells within the human body
and are produced at a rate of approximately 100 billion per day (33). As one of the first immune
cells to be recruited to infection sites, neutrophils are a vital component of the immune system
that rapidly identify, engulf, and eradicate invading microbes (33, 35, 151). Neutrophils have a
uniquely short lifespan of 18-24 hours in circulation before undergoing constitutive apoptosis,
and disruption of this tightly regulated, pre-programmed cell death mechanism disrupts
neutrophil function and capacity to resolve infection (36, 37). Mature neutrophils are also
metabolically distinctive, as they rely primarily on glycolysis for energy production (82).
Although it is known that the idiosyncratic lifespan and metabolism of neutrophils each
contribute distinctly to supporting neutrophil function, the extent to which neutrophil metabolism
influences lifespan, or vice versa is not well understood (37, 76).

Constitutive apoptosis is tightly regulated and requires global changes in PMN gene
expression (37, 42). Overall, cell viability and death are governed by the relative abundance of
pro-survival and pro-apoptosis BCL-2 family proteins as well as Inhibitor of Apoptosis Proteins
and calpastatin (47). The key event in early apoptosis is permeabilization of the outer
mitochondrial membrane by pro-apoptosis BCL-2 proteins BAX and BAK. Thereafter,
cytochrome c released into the cytosol initiates apoptosome formation for activation of caspsase-
9, which in turn activates caspase-3 for execution of cell death. In healthy cells mitochondrial

integrity is maintained by pro-survival BCL-2 proteins MCL-1 and BCL2A1 which block
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translocation of BAX and BAK. At the same time, Inhibitor of Apoptosis Proteins such as XIAP
prevent processing activation of procaspase-9 and procaspase-3 by direct binding. Additional
layers of regulation are provided by cIAP1, cIAP2, calpastatin, cyclin-dependent kinases,
extrinsic pathway regulators and signaling mediated by growth factor receptors and
inflammatory mediators (37, 47). As survival factors are short-lived, continued expression of the
encoding genes is critical for PMN viability, but the internal signal that tips the balance toward
apoptosis in aging PMNs is unknown (37, 47).

Francisella tularensis is a Gram-negative, facultative, intracellular coccobacillus, the
causative agent of the zoonotic disease tularemia, and one of the most infectious pathogens
known (1, 12, 19, 64, 65, 152). One of few bacteria capable of parasitizing neutrophils, F.
tularensis evades elimination via a multifaceted strategy that includes inhibition of NADPH
oxidase assembly and activity, followed by phagosome escape and replication in the cytosol (26,
153). At the same time, F. tularensis inhibits neutrophil apoptosis and accumulation of
dysfunctional neutrophils at the infection site contributes to disease exacerbation rather than
resolution (43, 62, 68, 69). These properties are shared by F. tularensis subspecies tularensis
(type A) strains that are exclusive to North America as well as F. tularensis subspecies
holarctica (type B) strains that are found throughout the Northern Hemisphere (55). Although it
is unequivocal that F. tularensis extends neutrophil lifespan by delaying apoptosis, the
mechanisms enabling infected cells to override these highly conserved, tightly regulated
apoptosis programs are still incompletely defined (56, 58, 59).

Metabolic regulation of inflammation and immune cell function is a rapidly growing field
of study. Although most studies to date have focused on macrophages and T lymphocytes,

distinct metabolic states of neutrophils are beginning to be described (75-79, 83, 84). Thus,
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recent data demonstrate that neutrophil metabolism can be reprogrammed and that these
adaptations contribute directly to elimination of infection or disease progression in a context-
specific manner (78, 83, 84, 88, 154). On the other hand, there are limited data regarding
potential links between changes in neutrophil behavior elicited by metabolic reprogramming and
cell lifespan. In previous work, our laboratory demonstrated that F. tularensis significantly
extends human neutrophil lifespan via effects on apoptosis pathway signaling and changes in
gene expression leading to upregulation of prosurvival factors such as XIAP, calpastatin and
BCL2A1 that inhibit caspase activation and sustain mitochondrial integrity (56, 58). We
undertook the current study as our transcriptional profiling data suggested that F. tularensis may
also manipulate neutrophil metabolism. Herein, we demonstrate that F. tularensis elicits a
distinct metabolic program that is defined by dynamic changes in glycolysis and glycogen
abundance that are essential for cell longevity. In addition, we also show that pan-caspase
inhibition can alter metabolism in the absence of infection. Collectively, these data advance
understanding of PMN metabolic plasticity and support the hypothesis that metabolism and PMN

lifespan are intimately linked.

Materials and Methods

Cultivation of bacteria

F. tularensis subspecies holarctica live vaccine strain (LVS) or the LVS fevR mutant (29)
were inoculated onto Difco cysteine heart agar (BD Biosciences, East Rutherford, NJ)
supplemented with 9% defibrinated sheep blood (Hemostat Labs, Dixon, CA) and grown at 37°C
in 5% CO for 48-72 hr. Bacteria were transferred from the plate into 1 ml of sterile Hank’s

Balanced Salt Solution (HBSS) containing divalent cations (Thermo Fisher Scientific, Waltham,
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MA) and quantified by measurement of absorbance at 600 nm. Broth cultures were started at an
ODgoo 0f 0.01 for LVS cultures and an ODsoo of 0.025 for fevR mutant cultures in 5 ml pH 6.8
Bacto brain heart infusion (BHI) broth (BD Biosciences, East Rutherford, NJ) in a 50-ml conical
tube. All broth cultures were incubated at 37°C in 5% COx», shaking at 200 RPM and grown to
mid-exponential phase either by 1) being incubated for 12 hr, followed by immediate harvest; or
2) by being incubated for 15-17 hr, diluted to an ODeoo of 0.200 in 5 ml BHI broth and incubated
for 2—4 more hr prior to harvest. Mid-exponential growth phase bacteria were pelleted at 12,000
RPM for 2 min, washed once in 1 ml HBSS with divalent cations and quantified by measurement

of absorbance at 600 nm.

Ethics Statement

Heparinized, venous blood was obtained from healthy adult volunteers who provided
written informed consent according to protocols approved by the Institutional Review Board for

Human Subjects at the University of lowa (#201609850 and #200307026).

Isolation of neutrophils from human blood

Neutrophils were isolated via sequential dextran sedimentation (Pharmacosmos, Holbak,
Denmark), density separation through a Ficoll-Hypaque gradient (GE Healthcare, Chicago, IL)

and hypotonic lysis of erythrocytes (99). This method routinely yielded >95% neutrophil purity.
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Neutrophil ultrapurification

As indicated, certain experiments utilized ultrapure PMNs. To achieve this, neutrophils,
isolated as described above, were counted and centrifuged at 1,100 x g for 5 min. Cells were
resuspended to 5 x 107/ml in PBS without cations supplemented with 2% fetal bovine serum
(Hyclone Laboratories, Pittsburgh, PA) and 1mM EDTA and transferred to 5 ml round-bottomed
polypropylene tubes in 0.25-2.5 ml aliquots. Neutrophils were purified using the EasySep™
Human Neutrophil Isolation Kit from Stem Cell Technologies (Vancouver, Canada), according
to manufacturer’s instructions. Following the ultrapurification process, neutrophil purity was
assessed by staining cells (1 x 10° cells/staining condition) with CD15-Allophycocyanin (APC)
(Invitrogen, Carlsbad, CA) and/or CD16-R-Phycoerythrin (PE) (Biolegend, San Diego, CA) in
flow cytometry staining (FACS) buffer (HBSS with cations (Thermo Fisher Scientific, Waltham,
MA), 0.2% human serum albumin (Grifols, Los Angeles, CA), 0.2% NaN3). Approximately
10,000 events per sample were collected using an Accuri C6+ flow cytometer (BD Biosciences,
East Rutherford, NJ) and the percentage of CD15+/CD16+ cells was quantified using Accuri
C6+ software (BD Biosciences, East Rutherford, NJ). This method routinely yielded >99%

neutrophil purity.

Infection of neutrophils with F. tularensis wild-type LVS or the isogenic fevR mutant

Neutrophils were resuspended in HBSS without divalent cations (Thermo Fisher
Scientific, Waltham, MA) for enumeration and diluted to 2x107/ml. Unless otherwise stated,
neutrophils (5x10%/ml) were cultured in suspension (1-2 ml) in serum-free HEPES-buffered
RPMI-1640 containing L-glutamine and phenol red (Lonza, Walkersville, MD). For lactate

supplementation experiments, 4.7 mM sodium lactate (Sigma-Aldrich) was added to serum-free
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HEPES-buffered RPMI-1640 at time zero. For pyruvate feeding experiments, neutrophils
(5x10%/ml) were cultured in suspension (1 ml) in serum-free HEPES-buffered SILAC RPMI
1640 Flex Media (Thermo Fisher Scientific, Waltham, MA) without glucose or glutamine and
supplemented with 2 g/L. sodium pyruvate (Sigma Aldrich, Burlington, MA). Cultures were
incubated in 14 ml polypropylene tubes at 37°C with 5% CO: in the absence or presence of F.
tularensis LVS wild-type or the fevR mutant as we previously described (103, 155). All

experimental replicates were generated using neutrophils from at least three different donors.

RNA isolation and gRT-PCR

Total RNA was isolated from ultrapurified neutrophils at the indicated times using a
Qiagen RNeasy kit (Hilden, Germany) according to the manufacturer’s instructions. RNA
concentrations were measured by Nanodrop ND-1000 spectrophotometry. In an Eppendorf
Mastercycler pro (Hamburg, Germany), RNA was reverse transcribed using the Invitrogen Super
Script III First Strand Kit (Carlsbad, CA) and cDNA was then amplified with gene-specific
primer pairs (Origene, Rockville, MD) (primer sequences are in Table 2) using Quanta
Biosciences Perfecta SYBR Green Fast Mix (Gaithersburg, MD), all according to the
manufacturer’s instructions. Melting curve analysis was used to check product specificity. The

relative expression level of each transcript was determined using the 224t method and

normalized to B-actin.

Measurement of the extracellular acidification rate (ECAR) using Seahorse analysis

Neutrophils were resuspended in XF assay media (Agilent Technologies, Santa Clara,

CA) at a concentration of 1x107/ml and 5x10° cells per condition were plated onto a XF24 cell
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Gene

Forward Sequence

Reverse Sequence

SLC2A3

TGCCTTTGGCACTCTCAACCAG

GCCATAGCTCTTCAGACCCAAG

HK?2

GAGTTTGACCTGGATGTGGTTGC

CCTCCATGTAGCAGGCATTGCT

PFKFB3

GGCAGGAGAATGTGCTGGTCAT

CATAAGCGACAGGCGTCAGTTTC

PFKL

AAGAAGTAGGCTGGCACGACGT

GCGGATGTTCTCCACAATGGAC

LDHA

GGATCTCCAACATGGCAGCCTT

AGACGGCTTTCTCCCTCTTGCT

GBE]

GCCTTGACTTACCTCATGTTGGC

AGCACAGAGCTGGCATTCCTGA

UGP2

GCAGGAGCAAAATGCCATTGACA

CAGAAAACGGCTCCTTGGCACA

GYSI

CCGCTATGAGTTCTCCAACAAGG

AGAAGGCAACCACTGTCTGCTC

Table 2. Glycolytic and glycolytic enzyme primer-pair sequences.
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plate (Agilent Technologies, Santa Clara, CA) pre-coated with 0.1 mg/ml poly-L-lysine (Sigma
Aldrich, Burlington, MA). Plates were incubated at 37°C for 1 hr in the absence of CO,. ECAR
was measured at 8.6-min intervals over a period of 95 min using a Seahorse XF24 analyzer and
the Glycolysis Stress Test Kit (both from Agilent Technologies, Santa Clara, CA) according to
manufacturer’s instructions. All data were analyzed using Seahorse Wave software (Agilent

Technologies, Santa Clara, CA).

Measurement of extracellular lactate

Supernatants (1 ml) from neutrophil cultures (1x107/condition) were deproteinated by
adding 1 ml ice-cold 0.5 M metaphosphoric acid, vortexing and placing on ice for 5 min.
Supernatants were centrifuged at 10,000 x g at 4°C for 5 min to pellet proteins. Deproteinated
supernatants were transferred to tubes containing 100 ul potassium carbonate to neutralize the
acid and centrifuged at 10,000 x g at 4°C for 5 min to remove any precipitated salts. Lactate
concentrations were measured using a luminescence assay kit from Cayman Chemical (Ann

Arbor, MI) according to the manufacturer’s instructions.

Measurement of intracellular ATP

Neutrophils (5x10°/condition) were transferred directly from culture tubes into a black
96-well plate and ATP concentrations were measured using a luminescence assay kit (Perkin

Elmer, Waltham, MA) according to the manufacturer’s instructions.
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Measurement of pyruvate

Supernatants (0.5 ml) from neutrophil cultures (5x10%condition) were deproteinated by
adding 0.5 ml ice-cold 0.5 M metaphosphoric acid, vortexing and placing on ice for 5 min.
Supernatants were centrifuged at 10,000 x g at 4°C for 5 min to pellet proteins. Deproteinated
supernatants were transferred to tubes containing 50 pl potassium carbonate to neutralize the
acid and centrifuged at 10,000 x g at 4°C for 5 min to remove any precipitated salts. Pyruvate
concentrations were measured using a luminescence assay kit from Cayman Chemical (Ann

Arbor, MI) according to the manufacturer’s instructions.

Gas Chromatography-Mass Spectrometry (GC-MS) metabolite analysis

At indicated timepoints, ultrapure neutrophils (2.5x10%/condition) were washed with 1 ml
HBSS without cations and pelleted at 1,000 x g for 5 min. Pellets were snap frozen and stored at
-80°C. Data were obtained using a Trace 1310 Gas Chromatograph (Thermo Fisher Scientific,
Waltham, MA) coupled with an ISQ LT Singe Quadrupole mass spectrometer (Thermo Fisher
Scientific, Waltham, MA) and Xcalibur Software (Thermo Fisher Scientific, Waltham, MA).
Metabolite peaks were detected using TraceFinder General Quant (Thermo Fisher Scientific,
Waltham, MA) and metabolites were identified using a library of standards developed by the

University of lowa Metabolomics core facility. Metabolomics data were normalized to total ion

signal and analyzed by MetaboAnalyst (http://www.metaboanalyst.ca).

Quantitation of apoptosis

At the indicated time points, apoptosis was measured by flow cytometric analysis of

phosphatidylserine (PS) externalization using Annexin V-FITC, with addition of propidium
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iodide (PI) to detect plasma membrane permeabilization and progression to late
apoptosis/secondary necrosis as we described (56, 103). In brief, neutrophils (5x10%/condition)
were costained with Annexin V=FITC and PI (both from BioVision, Milpitas, CA) in binding
buffer (10 mM HEPES pH 7.4, 140 mM NaCl, 2.5 mM CaCl,) for 5 min, in the dark.
Approximately 10,000 events per sample were collected using an Accuri C6+ flow cytometer
(BD Biosciences, East Rutherford, NJ) and the data were analyzed using Accuri C6+ software

(BD Biosciences, East Rutherford, NJ).

Inhibitor treatments

Inhibitors were added to neutrophils at the following final concentrations 1 hr prior to
infection, unless otherwise indicated: 20 uM WZB-117 (20 mM stock in DMSO, Sigma Aldrich,
Burlington, MA), 5 mM 2-deoxy-D-glucose (2-DG) (100 mM stock in RPMI-1640, Sigma
Aldrich, Burlington, MA), 50-100 uM 3-(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-one (3PO, 100
mM stock in DMSO, Sigma Aldrich, Burlington, MA), 20 uM CP-91149 (20 mM stock in
DMSO, Sigma Aldrich, Burlington, MA), 40 pg/ml chlorogenic acid (40 mg/ml stock in DMSO,
Sigma Aldrich, Burlington, MA), 30 uM SB216763 (30 mM stock in DMSO, Sigma Aldrich,
Burlington, MA), 25 uM BPTES (25 mM stock in DMSO, Sigma Aldrich, Burlington, MA), or
25 uM 3-Mercaptopicolinic acid (3-MPA) (25 mM stock in DMSO, Cayman Chemical, Ann
Arbor, MI). Q-VD-OPh (10 mM stock in DMSO, Cayman Chemical, Ann Arbor, MI) was added
to a final concentration of 10 pM, at time zero simultaneously with initiation of infection (no

pretreatment).
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Immunoblotting

Neutrophils were lysed with 10% NP-40 containing protease and phosphatase inhibitors
in Tris-buffered saline (36.76 pg/ml Aprotinin, 43.2 mM Levamisole, 8.65 mM AEBSF, 40.5
pg/ml Leupeptin, 1.76 mM PMSF, 13.2 nM Pepstatin A, 6.76X Protease inhibitor cocktail (all
Sigma Aldrich, Burlington, MA) and 6.76X phosphatase inhibitor cocktail (Thermo Fisher
Scientific, Waltham, MA). Proteins were separated on NuPAGE 4-12% Bis—Tris gradient gels
(Invitrogen, Carlsbad, CA) and transferred to polyvinylidene difluoride membranes (Perkin
Elmer, Waltham, MA). Membranes were blocked with 5% bovine serum albumin in Tris-
buffered saline with 0.1% Tween 20, then probed with 1:500 rabbit anti-XIAP (23453-1-AP,
Proteintech, Rosemont, IL), 1:300 rabbit anti-MCL-1 (16225-1-AP, Proteintech). 1:500 mouse
anti-caspase-3 (clone C33, 3004, BioVision), 1:500 rabbit anti-GBE1 (HPA038073, Sigma
Aldrich, Burlington, MA), 1:500 rabbit anti-UGP2 (HPA034697, Sigma Aldrich, Burlington,
MA), or 1:500 rabbit anti-GYS1 (38938, Cell Signaling Technology, Danvers, MA). The anti-3-
actin (NB600-503SS, Novus Biologicals, Littleton, CO) loading control was used at 1:2,000.
Bands were detected using 1:2000 horseradish-peroxidase-conjugated secondary antibodies
(Cytiva, Marlborough, MA) and the Pierce SuperSignal West Femto chemiluminescent substrate
(Thermo Fisher Scientific, Waltham, MA) and the Odyssey Fc imaging system (LI-COR

Biosciences, Lincoln, NE).

Quantitation of glucose uptake

Glucose uptake was measured at indicated times using the zero trans method, as
previously described (156). Specifically, neutrophils (2x10%/condition) were centrifuged at 1,400

x g for 5 min, resuspended in glucose-free RPMI 1640 and incubated at 37°C with 5% CO; for 5
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minutes. [*H]2-deoxy-D-glucose (1 pCi/ml) was added to a final concentration of 100 uM (0.1
uCi/ml, 1 pCi/sample) and samples were incubated at 37°C for 3 min. Ice-cold glucose free-
RPMI 1640 containing 0.3 mM phloretin (Cayman Chemical, Ann Arbor, MI) was added and
samples were placed on ice for 5 min to stop glucose uptake. Samples were centrifuged through
a 50 pl cushion of ice-cold 10% (w/v) bovine serum albumin at 8,800 x g for 30 sec and cells
were lysed in 100 pl of 1% Triton X-100. Lysates were transferred to scintillation vials along
with 5 ml Econo-Safe Economical Biodegradable Counting Cocktail (Research Products
International, Mount Prospect, IL) and vials were shaken for 10 sec before counting in a LS6500

Multi-Purpose Liquid Scintillation Counter (Beckman Coulter, Brea, CA).

Measurement of intracellular glycogen stores

Neutrophils (1x10° /condition) were lysed with 200 pl ice-cold ddH>O and boiled at 95°C
for 10 min. Lysates were centrifuged at 18,000 x g at 4°C for 10 min to remove insoluble
material. Glycogen concentrations were measured by colorimetric assay, according to kit

instructions (BioVision, Milpitas, CA).

Statistical analyses

All data are plotted as mean = SEM and represent at least three independent experiments.
Data were analyzed using GraphPad Prism version 8 or 9 with p < 0.05 dictating statistical
significance. Data from experiments with one variable were analyzed via Student’s #-test. Data
from experiments with multiple variables were analyzed via two-way ANOVA and Tukey’s

multiple-comparisons posttest. Additional details are provided in the figure legends.
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Results

Genes encoding glycolytic enzymes and glucose transporters are upregulated by LVS infection

We demonstrated previously that both type B (LVS) and type A (Schu S4) F. tularensis
strains significantly delay the onset of apoptosis as a means to extend human neutrophil lifespan
and this is achieved, at least in part, by transcriptional reprogramming (56, 58, 59). Our prior
analysis of the microarray dataset focused on differential expression of genes encoding apoptosis
regulators and cell survival factors. However, these data also revealed significant differential
expression of ~800 genes linked to metabolism, and glycolysis was among the top pathways
identified by KEGG analysis at all timepoints examined 3-24 hours post infection (hpi) (59).
Specifically, 10 of 11 genes encoding glycolysis enzymes were induced by LVS along with the
two main glucose transporters (GLUTs) that human neutrophils express (Figure 13A) (59, 157).

Herein, we validated the microarray data using qRT-PCR and our data demonstrate that
expression of genes encoding hexokinase-2 (HK2), lactate dehydrogenase (LDHA) and GLUT-3
(SLC2A43) were significantly increased by 6 hpi (Figure 13B). PFKFB3 (6-phosphofructo-2-
kinase/fructose-2,6-bisphosphatase) expression followed a similar trend of upregulation but did
not reach statistical significance (Figure 13B). Phosphofructokinase (PFKL) expression was
significantly higher in LVS-infected neutrophils immediately following infection and at 6 hpi
(Figure 13B). Thus, our current and published data demonstrate upregulation of genes linked to

glycolysis during LVS infection.

Francisella infection increases glycolysis and glycolytic capacity

Based on our gene expression data, we hypothesized that glycolytic activity was

increased in LVS-infected neutrophils. To address this, we used a Seahorse metabolic analyzer to
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Figure 13. LVS significantly upregulates PMN genes encoding glycolytic enzymes and
glucose transporters.

(A) Glycolysis pathway genes shown in red are significantly upregulated relative to uninfected
cells by microarray analysis (22). (B) Validation of the microarray data by qRT-PCR analysis of
SLC2A3 (6 hpi), HK2 (6 hpi), PFKFB3 (6 hpi), PFKL (0 hpi and 6 hpi), and LDHA (6 hpi), n=3,
*p <0.05.
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measure glycolysis and glycolytic capacity in neutrophils at various timepoints after infection
with comparison to the uninfected controls (Figure 14). Seahorse curves obtained at 12 hr are
shown in Figure 14A. Pooled data show that in agreement with our microarray data, glycolysis
(Figures 14B-D) and glycolytic capacity (Figures 14E-G) of LVS-infected neutrophils were
significantly increased by 12 hpi (Figures 14C, 14F) and were sustained thereafter, although
overall responses for both infected and control cells were lower at 24 hr (Figures 14D, 14G).

A key outcome of glycolysis is lactate secretion, which drives ECAR detected by
Seahorse analysis. Congruent with the data shown in Figure 2, lactate progressively increased in
neutrophil extracellular medium and was significantly more abundant following LVS infection
than the uninfected controls (Figure 15A). Conversely, extracellular pyruvate levels were
significantly reduced (Figure 15B). In addition, LVS-infected neutrophils contained
significantly more intracellular lactate (p < 0.001) and a significantly higher ratio of lactate to
pyruvate than control neutrophils (p < 0.01) at all timepoints examined (Figure 16). In
agreement with the fact that mature human neutrophils rely primarily on glycolysis for ATP
generation (82), we also show that LVS-infected neutrophils contained significantly more ATP
than their uninfected counterparts at 24 hpi (Figure 15C). LVS lactate, pyruvate, and ATP were
also quantified (Figures 15A-C), and these data demonstrate that bacterial metabolites cannot
account for the differences between control and infected neutrophils. Significant induction of
glycolysis was independently confirmed by quantitation of metabolites using GC-MS (Figure
17). These data confirm the differential abundance of lactate and pyruvate shown in Figure 3 and
extend these data to demonstrate that fructose-6-phosphate and glucose-6-phosphate were also
more abundant in the infected PMNs by 9 hpi. In contrast, levels of the TCA cycle intermediates

succinate and citrate were unchanged (data not shown).
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Figure 14. LVS infection upregulates PMN glycolysis.

Glycolytic function measured by Seahorse analysis as extracellular acidification rate (ECAR) in
control and LVS-infected PMNs, n=3. (A) ECAR curves at 12 hr. Glucose was injected to a final
concentration of 10 mM at 20.84 min, oligomycin was injected to a final concentration of 1 uM
at 46.78 min and 2-DG was injected to a final concentration of 50 mM at 72.83 min. Where not
visible, error bars are smaller than symbols. Quantitation of glycolysis (B—D) and glycolytic
capacity (E-G) in control and LVS-infected PMNs at 8, 12 and 24 hpi. *p < 0.05. **p <0.01. ns,

not significant.
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Figure 15. Differential effects of LVS on PMN lactate, ATP, and pyruvate.

(A) Amount of lactate released by control and infected PMNs or LVS alone at 0, 6 and 24 hpi,
n=3-4. ****p <0.0001, *p < 0.05 vs. uninfected control cells at the indicated time points. (B, C)
Pyruvate (B) and ATP (C) levels of control and infected PMNs or LVS alone at 24 hr, n=3. *p <
0.05, **p <0.01 vs. control PMNSs as indicated.
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Figure 16. LVS-infected PMNs contain significantly more intracellular lactate.

(A-B) Lactate abundance (A) and lactate/pyruvate ratios (B) measured by GC-MS in control and
LVS-infected PMNs at the indicated timepoints, n=3-6. **p < 0.01, ***p < 0.001 compared to

control PMNSs at each timepoint. Where not visible, error bars are smaller than symbols.
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Figure 17. Differential effects of LVS infection on PMN metabolite levels.

The signal intensities of glucose-6-phosphate (G-6-P), fructose-6-phosphate (F-6-P), pyruvate,
lactate and 6-phosphogluconate, relative to total ion signal, measured by GC-MS in control and

LVS-infected PMNs at 9 hpi, n=3-6. *p < 0.05, ****p < (0.0001 as indicated.
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KEGG analysis of our microarray data also identified the pentose phosphate pathway
(PPP)/hexose monophosphate shunt (HMS), but in this case expression of genes encoding
pathway enzymes was significantly downregulated rather than induced between 6 and 24 hpi,
including glucose-6-phosphate dehydrogenase (G6PDH), 6-phosphogluconate dehydrogenase
(PGD), 6-phosphogluconolactonase (6PGLS) and ribose-5-phosphate epimerase (RPIA4) (59). In
agreement with this, 6-phosphogluconate was slightly less abundant in neutrophils after LVS
infection by GC-MS (Figure 17).

Following phagocytosis, Francisella escapes the phagosome and replicates in the cytosol
(21-23). To determine whether phagosome egress and bacterial localization in the cytosol were
required for the observed glycolytic upregulation, we infected with an isogenic LVS fevR
mutant, which remains viable but is incapable of phagosome egress (29), and measured
glycolysis via lactate release (Figure 18). We have previously demonstrated that this mutant
retains the ability to extend neutrophil lifespan (103), and in keeping with our hypothesis that
neutrophil apoptosis and glycolysis are linked, we observe that these mutant organisms also
triggered glycolysis induction (Figure 18). These data indicate that localization of the bacteria to
the cytosol is not required for glycolysis induction to occur in F. tularensis-infected PMNs.

Taken together, our biochemical analyses demonstrate significant induction of glycolysis
and glycolytic capacity in LVS-infected PMNs leading to enhanced ATP production, lactate

release and extracellular acidification that was not coupled to induction of the PPP.

Glycolysis inhibition blocks the ability of LVS to delay PMN apoptosis

Our next objective was to determine if glycolysis induction contributed to the ability of

F. tularensis to extend neutrophil lifespan. To interrogate this potential link, we inhibited
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Figure 18. Infection with F. tularensis LVS fevR significantly increased PMN lactate
release.

Amount of lactate released by control or fevR-infected PMNs at 12 hpi, n=3. *p < 0.05.
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hexokinase by treatment with the glucose analog, 2-deoxy-D-glucose (2-DG) (158), and used our
established methods to quantify the kinetics of PMN apoptosis using Annexin V-FITC/PI co-
staining and flow cytometry (Figure 19A) (103, 155). Consistent with our published data,
significantly fewer LVS-infected PMNs were apoptotic at 24 hpi as compared with the
uninfected controls (45.75 £ 8.9% vs. 82.2 + 3.8%, p < 0.0001, n=4). However, inhibition of
PMN glycolysis with 2-DG prior to infection ablated the ability of LVS to extend neutrophil
lifespan and at the same time accelerated constitutive apoptosis of uninfected PMNs as indicated
by detection of externalized PS by Annexin V-FITC staining at 10 hr (p < 0.0001) (Figure 19A).

Similarly, the PFK and PFKFB3-inhibitor 3PO (159) undermined PMN survival in a
dose-dependent manner and increased the percentage of cells that were Pl-positive at 24 hr,
indicating progression from early apoptosis to late apoptosis/secondary necrosis (58). Pooled
data are shown in Figure 19B, and representative flow cytometry dot plots are shown in Figure
20. Based on these data, we conclude that glycolysis was essential for PMN survival and the

ability of LVS to delay apoptosis.

Pyruvate preferentially accelerates death of LVS-infected neutrophils

As neutrophils have the capacity for gluconeogenesis and can convert pyruvate into glucose-6-
phosphate (83), we tested the ability of pyruvate to support PMN survival. To this end, cells
were cultured in either in normal RPMI-1640 (which contains 2 g/L glucose) or in medium
where glucose was replaced with 2 g/L pyruvate. Under these conditions, apoptosis of LVS-
infected PMNs was significantly increased by 6 hpi and glycogen stores and lactate production
were significantly diminished (Figure 21A-C). At this same time point, lactate production by

uninfected PMN was also significantly reduced, but glycogen stores and apoptosis were
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Figure 19. Glycolysis inhibition blocks the ability of LVS to delay PMN apoptosis.

(A) Effects of 2-DG on the kinetics of apoptosis of control and LVS-infected cells were
measured using Annexin V-FITC staining and flow cytometry at the indicated time points, n=4.
*Hkp < 0.001, *#***p <0.0001, ns, not significant, as indicated. (B) Effects of 3PO on PMN
viability at 24 hr as measured by PI staining and flow cytometry, n=3. *p < 0.05, ns = not

significant, as indicated.
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Figure 20. Representative 24 hr 3PO flow plots associated with Figure 19.

Flow cytometry dot plots of PMNs stained with Annexin V-FITC and PI at 24 hr. (A) PMNs. (B)
PMNSs treated with 100 uM 3PO. (C) LVS-infected PMNSs. (D) LV S-infected PMNs treated with

100 uM 3PO. Data shown are representative of three independent determinations.
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Figure 21. Differential effects of forced pyruvate feeding on apoptosis, glycolysis, and
glycogen abundance.

(A) Measurement of apoptotic uninfected and LVS-infected PMNSs in the presence of either 2
g/L glucose or 2 g/L. pyruvate using Annexin V-FITC/PI staining and flow cytometry at the
indicated timepoints, n=3-6. **p < 0.01, ns, not significant, as indicated. (B) Glycogen
abundance in uninfected and LV S-infected PMNs in the presence of either 2 g/L glucose or 2 g/L
pyruvate at 6 hr, n=6. **p < 0.01, ns, not significant, as indicated. (C) Amount of lactate released
by control and LVS-infected PMNss in the presence of either 2 g/L glucose or 2 g/L pyruvate at 6
hr, n=3-4. ***p < 0.001, ****p < 0.0001, ns, not significant, as indicated. (D) ATP levels in
uninfected and LV S-infected PMNSs in the presence of either 2 g/L glucose or 2 g/L pyruvate at
24 hr, n=3. **p < 0.01, ns, not significant, as indicated. (E) Percentage of Annexin V-FITC
positive cells that are also PI-positive at 24 hr, n=3-6, ****p <0.0001.
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unchanged relative to the glucose-fed controls. These data suggest that pyruvate can sustain
viability of uninfected PMNs for at least 6 hr. By 24 hr, nearly all pyruvate fed cells were
Annexin V-positive and ATP depleted (Figure 21A and 21D). Moreover, a majority of cells had
progressed to late apoptosis/secondary necrosis by 24 hr, but ~80% of infected PMNs were PI-
positive as compared with only ~60% of their uninfected counterparts (p < 0.0001) (Figure
21E). These data identify additional differences between uninfected and infected PMNs and
further support the hypothesis that glycolysis was vital for neutrophil survival and extended

lifespan after LVS infection.

Glucose uptake is also increased and required for delayed apoptosis

To understand what could be linking apoptosis and glycolysis, we sought to determine
what fueled the glycolytic upregulation in LV S-infected neutrophils. As glucose is the substrate
of glycolysis, and expression of the genes encoding GLUT-1 (SLC2A41) and GLUT-3 (SLC243)
were significantly increased after infection (Figures 22A-B) (59), we hypothesized that glucose
uptake may also be enhanced. To test this, we used a sensitive and quantitative radiolabeled
glucose uptake assay (156), and the data in Figure 22A indicate that by 12 hpi, transport of
glucose into LV S-infected PMNs was significantly increased relative to the uninfected controls.
WBZ-117 inhibits all glucose transporter isoforms that are expressed in PMNs (GLUT-1,
GLUT-3 and GLUT-4 (160)) and pretreatment of PMNs with WBZ-117 significantly diminished
the ability of LVS to sustain PMN viability at 18 and 24 hpi (Figure 22B-C), but unlike 2-DG
(Figure 19A) did not accelerate constitutive apoptosis of the uninfected controls. Pooled data are
shown in Figures 22B-C and representative flow cytometry dot plots are shown in Figure 23.

Neutrophils can also store glucose-6-phosphate in the endoplasmic reticulum for later use, but
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Figure 22. Glucose uptake is increased in LVS-infected PMNs and is required for apoptosis
delay.

(A) [*H]2-deoxy-D-glucose uptake was measured at 12 hr. *p < 0.05, n=6. (B, C) Apoptosis of
control and LVS-infected PMNss in the presence or absence of WZB-117 measured by Annexin
V-FITC staining and flow cytometry at the indicated timepoints (B) and at 24 h (C). *p <0.05,
*x%kp <0.001, ****p <0.0001 compared to untreated, control PMNs, $ifip <0.0001 compared
to untreated, LV S-infected PMNSs as indicated, n=4.

79



24h PMN 5 24h PMN + WZB-117

PE-A

D
s i 24h PMN + LVS + WZB-117
g g Q1-UR
5 5 24.8%
% %

% “

<y <%

w w

= i |
5 e
g %

Figure 23. Representative 24 hr WZB-117 flow plots associated with Figure 22.

Flow cytometry dot plots of PMNs stained with Annexin V-FITC and PI at 24 hr. (A) PMN. (B)
PMNSs treated with 20 uM WZB-117. (C) LVS-infected PMNs. (D) LVS-infected PMNs treated

with 20 uM WZB-117. Data shown are representative of four independent determinations.
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we detected no effects on apoptosis when we treated cells with the glucose-6-phosphate
translocase (G6PT) inhibitor, chlorogenic acid (161) (Figure 24). These data demonstrate that
glucose uptake was significantly increased by LVS and was essential for delayed apoptosis of
PMN after infection, whereas glucose-6-phosphate storage in the endoplasmic reticulum did not

appear to play a role.

Glycogen dynamics are complex and differ in control and infected neutrophils

To ascertain the role of glycogen as a candidate regulator of PMN lifespan, we first
quantified glycogen levels at multiple time points over 48 hr and the data shown in Figure 25 are
noteworthy for several reasons. First, we predicted that LVS-infected neutrophils would
consume more glycogen to fuel increased glycolysis, and that glycogen levels would therefore be
lower in these cells, but to our surprise LV S-infected neutrophils contained significantly more
glycogen than the controls at nearly every assayed timepoint. Second, we show that glycogen
was most abundant in all PMNs at 3 hr, the earliest time point examined. Thereafter, glycogen
stores of the control PMNs declined progressively. In marked contrast, glycogen stores of LVS-
infected PMNs reached a nadir at 9 hpi but were then replenished. Thus, at 12-24 hpi, glycogen
stores of LVS-infected PMNs were similar to the control cells at 6 hr and declined significantly
only at 32 and 48 hpi. Taken together, these data demonstrate that glycogen stores are
dynamically regulated, and that this storage form of glucose was significantly more abundant in
LVS-infected PMNs at both early and later stages of infection. Nonetheless, genes encoding the
three main enzymes of glycogenesis, UDP-glucose pyrophosphorylase 2 (UGP2), glycogen
branching enzyme (GBET) and glycogen synthase (GYS7) were not differentially expressed as

judged by qRT-PCR (Figure 26A) and LVS also had no apparent effect on the levels of each
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Figure 24. G6PT inhibition does not impact PMN lifespan.

Effect of chlorogenic acid (CA) on apoptosis of control and LVS-infected PMNs was measured

using Annexin V-FITC staining and flow cytometry at the indicated time points, n=3-5.
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Figure 25. LVS modulates PMN glycogen dynamics and abundance.

Glycogen stores of control and LVS-infected PMNs were quantified at the indicated timepoints,

n=3-5. **p <0.01 compared to control PMNs at each timepoint.
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Figure 26. LVS infection does not alter expression of glycogenesis enzyme genes or protein
abundance.

(A) qRT-PCR analysis of GBEI, UGP2 and GYSI at 12 hr, n=3, ns, not significant. (B)
Immunoblotting analysis of GBE1, UGP2 and GYS1 in neutrophil lysates from three different

donors prepared at 12 hr, with B-actin as the loading control, n=3.
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enzyme as judged by immunoblotting of cell lysates (Figure 26B). Thus, the ability of LVS-
infected PMNss to replenish glycogen stores at 12 hpi cannot be attributed to changes in the
abundance of biosynthetic pathway enzymes.

To demonstrate a definitive link between glycogen abundance and cell longevity we
assessed the extent to which pharmacologically increasing glycogen affected apoptosis. To this
end, we treated cells with CP-91149, a glycogen phosphorylase inhibitor that effectively prevents
glycogen breakdown (162). Following CP-91149 treatment we quantified glycogen levels,
apoptosis, and lactate release (Figure 27). As expected, neutrophils treated with CP-91149
contained significantly more glycogen at 6 hr (Figure 27A) and 24 hr (Figure 27B) than their
untreated counterparts. Specifically, CP-91149 increased glycogen levels ~10-fold at 6 hr in the
uninfected PMNs and ~2-fold in the LV S-infected PMNs. At the same time, CP-91149 treatment
significantly delayed apoptosis of both control and LVS-infected PMNs as indicated by Annexin
V-FITC staining (Figure 27C), and significantly increased glycolysis as indicated by
quantitation of lactate release (Figure 27D). We also treated cells with the GSK3 inhibitor,
SB216763, which relieves inhibition of glycogen synthesis, and observed that SB216763
treatment is sufficient to extend lifespan in control and LV S-infected neutrophils (Figure 28).
We therefore conclude that pharmacologically increasing glycogen was sufficient to delay
constitutive apoptosis and increase glycolysis of uninfected control PMNs and further enhanced

the ability of LVS to extend PMN lifespan and upregulate glycolysis.

Glutaminolysis and gluconeogenesis are not required for apoptosis delay of LVS-infected PMNs

It was recently demonstrated that gluconeogenesis and glutaminolysis are key metabolic

pathways for fueling antimicrobial responses and maintaining glycogen levels in neutrophils

85



[Glycogen] (ug)

*%

200 . 20-
— *%k%
i i S 154
15 i g °
T
10+ } o |° >
o)
® S 54 o
" N
° 0+
o-AI L | L | L
PMN PMN + LVS PMN PMN + LVS
=] Untreated
= CP-91149
C = PMN Kokokok sk
= PMN +CP — r
ZZ2 PMN +LVS e -
EZ2 PMN+LVS+CP -
100+ AHkK 1
—
sekkk ﬁ—l ﬁ 4
o 80 % ﬁ****
:E — ﬁ . o
= i
8_ 60 .—l * °
< s 8 .
g 404 ) ;
ns [ ] ’
f\o 20~ a 4
[ ] ® ’
/
LELT ,
0' T L § |
4 10 18 24
Time (hr)
D
*% *%
6000~
3 = Untreated
® R
= 4000 Em CP-91149
)
1]
£ 2000+
«
=
0-

PMN PMN + LVS

86



Figure 27. Glycogen abundance correlates with delayed apoptosis.

(A, B) Glycogen abundance in uninfected and LV S-infected PMNs in the presence or absence of
CP-91149 at 6 hr (A) and 24 hr (B), n=3-4. **p < 0.01, ***p < 0.001 as indicated. (C) Apoptosis
of uninfected and LVS-infected PMNSs in the presence or absence of CP-91149 quantified using
Annexin V-FITC staining and flow cytometry at the indicated timepoints, n=3-5. **p < 0.01,
*a*kEp <0.0001, ns, not significant, as indicated. (D) Amount of lactate released by control and
LVS-infected PMNSs in the presence or absence of CP-91149 at 12 hr, n=3. **p <0.01 as

indicated.
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Figure 28. GSK3p inhibition extends neutrophil lifespan.

Effect of SB216763 treatment on apoptosis of control and LV S-infected PMNs was measured
using Annexin V-FITC staining and flow cytometry at the indicated time points, n=3, *p < 0.05,
*H*Ep <0.0001 as indicated.
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(83). To determine the involvement of these pathways in the delayed apoptosis of LV S-infected
PMNs we treated PMNs with the glutaminolysis inhibitor, BPTES, or the gluconeogenesis
inhibitor, 3-Mercaptopicolinic acid (3-MPA), measured apoptosis (Figure 29) and glycogen
levels (Figure 30). Interestingly, loss of glutaminolysis or gluconeogenesis had no discernible
effect on apoptosis of control neutrophils and only modestly decreased apoptosis in LV S-
infected cells (Figure 29). Similarly, BPTES or 3-MPA treatment did not significantly alter
glycogen levels, regardless of infection (Figure 30). However, culturing cells in media that lack
glutamine modestly increased necrosis, as measured by propidium iodide staining, compared to
cells cultured in glutamine-containing media (Figure 31). These data demonstrate that
glutaminolysis and gluconeogenesis play little, if any, role in increasing glycogen levels or

extending lifespan in neutrophils during LVS infection.

Caspase inhibition increases PMN glycolysis. glycolytic capacity, and glycogen stores

To further examine the link between neutrophil metabolism and apoptosis, we asked if
inhibiting caspases pharmacologically with the pan-caspase inhibitor Q-VD-OPh (163) would
phenocopy the increased glycolysis and glycogen abundance observed in LVS-infected
neutrophils. As shown in Figure 32, Q-VD-OPh treatment nearly ablated PMN apoptosis over
the time course examined, as 94.13 + 1.7% of drug-treated cells remained viable at 24 hr (Figure
32A). We next measured glycolytic function using Seahorse analysis and show that this pan-
caspase inhibitor increased neutrophil glycolysis and glycolytic capacity ~7-fold at 12 hr (Figure
32B). Finally, we demonstrate that Q-VD-OPh-treated cells also contained significantly more
glycogen at 24 hr (Figure 32C). These data further support the hypothesis that neutrophil

survival and glycolysis are fundamentally linked and reinforce the notion that glycogen
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Figure 29. Inhibition of glutaminolysis or gluconeogenesis does not impact neutrophil
lifespan.

Effect of (A) BPTES or (B) 3-Mercaptopicolinic acid (3-MPA) treatment on apoptosis of control
and LVS-infected PMNs was measured using Annexin V-FITC staining and flow cytometry at
24 hr, n=3, ****p < 0.0001 compared to untreated control PMNs, p < 0.05 compared to
untreated LV S-infected PMNSs.
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Figure 30. Inhibition of glutaminolysis or gluconeogenesis does not impact neutrophil
glycogen levels.

Glycogen abundance in uninfected and LVS-infected PMNSs in the presence or absence of (A)
BPTES or (B) 3-Mercaptopicolinic acid (3-MPA) at 7 hr, n=6. **p < 0.01, ns = not significant,

as indicated.
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Figure 31. Glutamine starvation modestly increases neutrophil necrosis.

Measurement of apoptotic uninfected and LV S-infected PMNs cultured in either RPMI
containing glutamine (+ glutamine) or RPMI lacking glutamine (- glutamine) using PI staining

and flow cytometry at 24 hr, n=6. *p < 0.05, as indicated.
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Figure 32. Caspase inhibition increases PMN glycolysis, glycolytic capacity, and glycogen
abundance.

(A) Kinetics of apoptosis of control and Q-VD-OPh-treated PMNs were measured using
Annexin V-FITC staining and flow cytometry. Data are the mean + SEM, n=3. ****p < (.0001
compared to untreated, uninfected PMNs, Ip < 0.05 and ${ifp <0.0001 compared to untreated,
LVS-infected PMNs at the indicated time points. (B) Quantitation of glycolysis and glycolytic
capacity measured by Seahorse analysis as extracellular acidification rate (ECAR) in PMNs in
the presence or absence of Q-VD-OPh at 12 hr, n=4. ***p < 0.001. (C) Measurement of
glycogen abundance in PMNs in the presence or absence of Q-VD-OPh at 24 hr, n=6-7. **p <
0.01.
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abundance correlates with delayed apoptosis.

Effects of lactate and 2-DG on apoptosis and apoptosis regulatory factors

Precisely how glycolysis is linked to PMN longevity in our system is unknown. Thus, we
tested whether the amount of lactate secreted by LVS-infected PMNSs (4.7 mM) was sufficient to
alter constitutive apoptosis. Specifically, lactate was added to uninfected PMNs at time zero, and
the rate of apoptosis was determined using Annexin V-FITC/PI staining over 24 hr. By this
assay, lactate had no discernible effect on constitutive PMN death (Figure 33).

To interrogate the effects of 2-DG, we used western blotting. As shown in Figure 34A,
2-DG treatment increased processing of procaspase-3 to its cleaved, disappearance of XIAP from
control PMNs by 24 hr and its sustained abundance in cells infected with LV, but to our
surprise, 2-DG did not cause XIAP to disappear from infected PMNs.

However, XIAP expression does appear to decrease with 2-DG treatment, compared to
untreated, LV S-infected cells (Figure 34B). On the other, 2-DG had no apparent effect on levels

MCL-1, regardless of infection (Figure 34C).

Discussion

Neutrophils are key mediators of infection resolution that are inherently short-lived and
undergo constitutive apoptosis approximately 24 hours after release into circulation (37). This
tightly regulated lifespan is intimately linked to cell function, as disruption of neutrophil turnover
can lead to exacerbated disease and tissue destruction (43, 62, 69). Published data from our

group demonstrate that infection with F. tularensis strains, including LVS and Schu S4,

95



ns ns

1009 =3 PmMN —_ —
== PMN + Lactate oy of ° i
80 ‘{ 1
o I °
8. 60- o * .
>
=
X 40-
g ns
£ S
X 20+ ° é o] |®
0 ﬁ ] | | ||
4 10 18 24
Time (hr)

Figure 33. Exogenous lactate does not alter PMN apoptosis kinetics.

Neutrophils were incubated in medium with or without 4.7 mM sodium lactate supplementation,
and the rate of apoptosis was quantified using Annexin V-FITC staining and flow cytometry.

Data shown are the mean + SEM, n=3. ns, not significant.

96



A

B
Procaspase-3 - ! ~ ' v

Cleaved Caspase-3 ... . XIAP . . MCL1 . . . '
Beta Beta Beta
Actin Actin Actin

PMN + + + + PMN + + + + PMN + + + +
2-DG - + - + 2-DG - + - + 2-DG - + - +
LvVS - - + + LvS - - + + LVS - - + +

Figure 34. Effects of 2-DG on caspase-3 processing and abundance of XIAP and MCL-1.

Neutrophils were left untreated or infected with LVS in the presence or absence of 2-DG for 24
hr. Immunoblots of cell lysates were probed to detect caspase-3 (pro and mature forms) (A),
XIAP (B), and MCL-1 (C). b-actin was used as the loading control. Data shown are

representative of three independent determinations.
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significantly extends neutrophil lifespan (56, 59, 153), but the mechanisms enabling infected
neutrophils to override this strictly regulated cell death program are not fully understood.

The realization that metabolism can directly regulate inflammation and immune cell
function has significant implications for our understanding of the molecular mechanisms
associated with control or exacerbation of infection as well as cancer, obesity, autoimmunity and
atherosclerosis. A majority of studies in the rapidly advancing field of immunometabolism have
focused on macrophages and T lymphocytes, and relatively few have included or focused on
neutrophils or other leukocyte types (75-78, 83, 88). The central finding of this study is that F.
tularensis elicits a metabolic program in human neutrophils that is distinct from other stimuli
described to date and is essential for cell longevity and delayed apoptosis.

Our published data establish that LVS infection significantly dysregulates over 800
neutrophil genes associated with metabolism, including upregulation of genes encoding nearly
every glycolytic enzyme and the two main glucose transporters used by neutrophils (59). PFKL
and HK2 are the two most prominent regulatory enzymes of glycolysis, and we confirm that in
LVS-infected neutrophils HK2 expression increased nearly 6-fold and PFKL expression
increased ~3-fold by 6 hpi (Figure 13). Notably, significant induction of PFKL expression was
apparent within minutes of LVS addition (0 hpi), reinforcing the notion that F. tularensis can act
at a distance and begin to alter neutrophil function at the earliest stages of infection prior to
bacterial binding and phagocytosis (149). At the biochemical level, changes in PMN gene
expression led to increases in glucose uptake (Figure 22A) as well as glycolysis and glycolytic
flux (Figure 14) that peaked at 12 hpi and were accompanied by accumulation of pathway
intermediates as well as ATP and lactate (Figures 15-17). The LDHA isoform of lactate

dehydrogenase catalyzes the conversion of pyruvate to lactate (164), and following LVS
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infection, LDHA expression increased ~6-fold by 6 hpi (Figure 13). Furthermore, increases in
lactate and the lactate/pyruvate ratio and reduction of pyruvate were apparent by GC-MS as early
as 3 hpi and were sustained to at least 24 hpi (Figures 15, 16B and 17), and lactate also
accumulated in the extracellular medium (Figure 15A). The opposing effects of LVS on lactate
and pyruvate abundance contrasts with simultaneous increases in both metabolites that typically
accompany PMN activation and microbe killing, and it has been proposed that changes in the
ratio of these metabolites may be a hallmark of metabolic reprogramming (84, 154).

PMNs store glucose as glycogen, a branched glucose polymer that surrounds a
glycogenin core. *C-glucose pulse-chase experiments demonstrated that glycogen stores are
highly dynamic and are constantly adding and removing glucose units even at steady state (165).
Accordingly, glycogenolysis ensues immediately in glucose free medium, reducing stores by up
to 38% in 60 min, and glycogen is rapidly resynthesized when exogenous glucose is restored. As
little as 5.3 pg glucose /10° cells/60 min is sufficient to maintain glycogen stores and 74 ug/10°
cells supports maximum resynthesis (165). Enzymes that mediate glycogen synthesis and their
encoding mRNAs are long-lived, and both glycogen synthase and glycogen phosphorylase bind
glycogen (165). It has long been believed that neutrophils use glycogen for fuel only during
phagocytosis and when extracellular glucose is scarce (76, 82, 89). However, recent reports (83)
and the results of this study (Figure 25) contest this model. We show here that glycogen levels in
uninfected neutrophils declined progressively as cells aged despite being cultured in glucose-
replete medium. On the other hand, glycogen dynamics of LVS-infected cells were characterized
by waves of net glycogenolysis and glycogenesis. Glycogen stores were highest at 3 hr and were
more abundant in LVS-infected cells than the uninfected controls. Although glycogen stores

declined to a nadir at 9 hpi, they were replenished in the infected cells by 12 hpi and then
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maintained at a distinct intermediate level, before declining again at 32-48 hpi. To our
knowledge, changes in glycogen stores of aging PMNs have not previously been reported. As
near total glycogen depletion in control PMNs at 9-12 hr coincides with the onset of caspase-3
activation and progression to apoptosis (Figures 25 and 27C) (56), our data suggest that the
ability of LVS-infected cells to replenish their glycogen stores 12-24 hpi is critical to their
longevity, and as such suggests that glycogen abundance may be a key determinant that dictates
PMN lifespan.

The results of this study demonstrate that glucose metabolism and glycolysis are critical
for PMN survival. We extend prior results of Healy ef al. (166) to show that blockade of
glycolysis with 2-DG and replacement of glucose with pyruvate significantly accelerated
apoptosis of both control and LVS-infected cells. At the same time, the dynamic changes in
glycogen stores reported here and the survival-enhancing effects of CP-91149 confirm that
glycogen is critical for PMN viability (83), which contrasts markedly with the ability of CP-
91149 to cause death of hepatocellular carcinomas (167). Finally, the fact that Q-VD-OPh-
mediated caspase inhibition was sufficient to profoundly enhance glycolysis and glycolytic
capacity and markedly increased glycogen stores in parallel with ablation of apoptosis at 24 hr
(Figure 32) is additional definitive evidence that PMN metabolism and lifespan are intimately
linked. These data are summarized in Figure 35.

Thus far, two direct links between glycolysis and apoptosis have been described. First,
HK2 translocates to mitochondria and binds VDAC which enhances mitochondrial integrity,
diminishes cytochrome c release and reduces sensitivity to BAX and other pro-apoptosis BCL-2
proteins (168, 169). Mitochondrial association of HK correlates directly with increased

glycolytic flux and this may be regulated by phosphoinositide 3-kinase and Akt pro-survival
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signaling (168). Second, PKM2 has been linked to apoptosis resistance via its ability to
phosphorylate and stabilize pro-survival BCL-2 family proteins (170, 171). PKM2 also
translocates into the nucleus to modulate NF-kB-dependent gene expression and may inhibit
caspase-3 indirectly via effects on miR-143 (170, 172). Our published data show that
mitochondrial integrity is significantly prolonged by LVS infection, and in keeping with this,
BAX mRNA and protein are diminished and BAX translocation to mitochondria is significantly
delayed (58, 59), but whether this is attributable to HK2-VDAC interactions at mitochondrial
surfaces and/or phosphoinositide 3- kinase signaling remains to be determined. In addition,
several anti-apoptosis genes of PMNs are regulated by NF-kB including BCL2A41, A20, XIAP
and MCL]1 (47). Caspase activation is inhibited in LVS infection by the concerted actions of
XIAP, cIAPs and calpastatin (58, 59). PKM?2 expression is induced by LVS, but its specific role
in our system is currently unknown. Conversely, HK expression is downregulated during
apoptosis and caspases inhibit PFK and pyruvate kinase to block glycolysis during cell death (42,
173). To gain further insight into links between glycolysis and apoptosis we utilized western
blotting to elucidate the effects of 2-DG on caspase-3 processing and the abundance of XIAP and
MCL-1. Although procaspase-3 processing was enhanced, XIAP and MCL-1 were unchanged
(Figure 34). Thus, another possibility that must be considered is the ability of 2-DG to trigger
cell death by inducting oxidative stress (56). Addressing this question in greater detail is of
interest but is beyond the scope of this study.

Lactate is a major end-product of PMN glycolysis and is emerging as a key regulator of
metabolism (174). Similar to pyruvate, lactate can be used for gluconeogenesis, but its major
established role is as a signaling intermediate that functions inside and between cells to alter

function and activation state. For example, in monocytes, macrophages and T lymphocytes,
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elevated levels of lactate inhibit glycolysis and have been linked to immunosuppression as
indicated by impaired production of proinflammatory cytokines by monocytes, changes in
macrophage gene expression leading to M2 polarization, and impaired CD8+ T cell proliferation
and toxicity (58, 59). In contrast, lactate signaling in tumor cells increases glucose uptake,
enhances expression and activity of glycolysis enzymes, and reduces mitochondrial function via
mechanisms linked to HIF-1a and PIK3CA (57). Regarding neutrophils, 10 mM exogenous
lactate is sufficient to induce NETosis, but its effects on other aspects of cell function are
unknown (57, 60). Our data indicate that the average amount of lactate released by LVS-infected
PMNs over 24 hr (4.7 mM) had no discernible effect on the rate of constitutive apoptosis in the
absence of infection (Figure 33) and did not induce NETs (data not shown).

Although the apoptosis differentiation program of neutrophils has been extensively
studied, the intracellular trigger that initiates changes in gene expression that lead to cell death is
unknown. Recently, Sadiku et al. showed that the capacity to synthesize glycogen is required for
neutrophil survival in mice and that blockade of glycogen breakdown with CP-91149 in glucose-
free medium causes PMN death within 12 hr (83). The notion that glycogen levels directly
control neutrophil longevity is also supported by our data which demonstrate that inhibition of
glycogen breakdown by CP-91149 expanded glycogen stores and extend neutrophil lifespan
(Figure 25A-C). At the same time, the data in Figure 20 lead us to speculate that depletion of
glycogen stores may trigger constitutive PMN death. Precisely what accounts for this remains to
be determined, as GYS1, UGP2 and GBE1 enzymes and mRNA are unchanged (Figure 26). A
comparison of the data in Figure 25 and Figure 21 confirms that although pyruvate can be used
for gluconeogenesis it is less able to sustain glycogen stores, ATP production and PMN viability

than glucose (83).
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Glucose-6-phosphate that is not used for glycolysis or stored as glycogen can be
transported into the endoplasmic reticulum. Mutations in G6PT prevent glucose-6-phosphate
uptake into the endoplasmic reticulum that is associated with apoptosis and neutropenia in
patients and can be mimicked by treating wild-type cells with the G6PT inhibitor chlorogenic
acid (175). However, Veiga-da-Cunha et al. demonstrated that PMN death is not due to impaired
G6P transport, as has long been believed (176). Rather, toxicity is due to a long-lived common
dietary glucose analog, 1,5-anhydroglucitol (1,5AG), that is abundant in blood and serum and is
converted to 1,5AG6P by HK after uptake. In the absence of functional G6PT, 1,5AG6P cannot
be further metabolized and accumulates, leading to inhibition of HK and PMN death. The lack of
effect of chlorogenic acid on PMN viability in our hands (Figure 24) supports this model as all
our studies of F. tularensis and PMNs are performed using serum-free RPMI-1640 that is devoid
of 1,5AG (56-58, 103).

The major metabolic pathways of neutrophils are aerobic and anaerobic glycolysis, TCA
cycle, PPP, fatty acid biosynthesis and oxidation, glycogenolysis, glycogenesis, glutaminolysis,
and in immature cells oxidative phosphorylation (76, 77, 83). These pathways are differentially
utilized by PMNs under different conditions, and at least seven metabolic states have been
described that distinguish 1) immature and tumor-associated neutrophils, 2) resting, mature
PMNS, 3) cells undergoing chemotaxis, 4) phagocytosis, 5) canonical activation and ROS
production, 6) elaboration of NETSs or 7) apoptosis (42, 77, 78, 88, 89). Although additional
studies are needed, the metabolic profile of LVS-infected PMNs described here is distinct from
other metabolic profiles described to date. Specifically, the major metabolic pathways used by
immature and tumor-associated PMNs are fatty acid oxidation, TCA cycle and oxidative

phosphorylation, whereas resting mature cells rely on glycolysis and phagocytosis selectively
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stimulates glycogenolysis. Chemotaxis is driven by glycolysis and mitochondrial purinergic
signaling, NET formation requires glycolysis and PPP, and canonical activation is notable for
glycolysis, glycogenolysis, PPP, TCA and glutaminolysis, and glycolysis and glycogenin
synthesis are downregulated during apoptosis (42, 77, 78). In contrast, LVS-infected PMNs are
notable for sequential glycogenolysis and glycogenesis, as well as induction of glycolysis and
glucose uptake and downregulation of the PPP. As the PPP supplies NADPH that is essential for
production of superoxide during the respiratory burst, downregulation of PPP enzymes and
intermediates (Figure 17) (59) is in keeping with the ability of F. tularensis to elicit rapid, global
inhibition of superoxide production via effects on NADPH oxidase assembly and activation (26,
153).

Metabolic reprogramming does not occur during or following every phagocytic event or
infection, despite phagocytosis consuming half of a neutrophil’s total ATP (82). Kobayashi et al.,
demonstrated that although glycolysis genes are expressed in PMNs at rest, most are not
differentially expressed during constitutive or phagocytosis-induced apoptosis, though
expression of HK and genes linked to glycogen synthesis declined (42). Among other bacterial
pathogens that persist or replicate in neutrophils, there are relatively little data regarding their
effects on glycolysis or other aspects of host cell metabolism. Like F. tularensis, Anaplasma
phagocytophilum, Chlamydia pneumoniae and Neisseria gonorrhoeae replicate intracellularly
and modulate apoptosis (94, 177, 178). However, effects of C. pneumoniae and N. gonorrhoeae
on expression of genes linked to glycolysis have not been reported, and although 4.
phagocytophilum elicits upregulation of PFKFB3 and downregulation LDHA, consequences for
cell metabolism, if any, remain to be determined (177). On the other hand, the periodontal

pathogen Filofactor alocis modulates cholesterol homeostasis and selectively increases
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expression of genes linked to glycogen synthesis and glycosphingolipid metabolism rather than
glycolysis (179). Upregulation of glycolysis has been observed in the context of infection with
Legionella pneumophila or Leishmania donovani (84, 180) and LPS stimulation in vitro (83), but
in these models glycolysis is coupled to PMN activation and bacterial clearance which contrasts
sharply with the ability of F. tularensis to evade oxidative host defense, escape the phagosome
and replicate in PMN cytosol (26, 56, 153).

The bacterial factors that mediate PMN metabolic reprogramming remain to be
determined. Our published data demonstrate that maximum extension of neutrophil lifespan is
independent of capsule and LPS and is mediated by the combined effects of intracellular bacteria
along with F. tularensis lipoproteins and other factors that are rapidly released into conditioned
media (56, 57, 103). Thus, it is tempting to speculate that bacterial lipoproteins and other
secreted factors may begin to influence PMN metabolism, including PFKL expression, at the
earliest stages of infection as noted above. Addressing this knowledge gap is the focus of on-
going studies by our group.

In summary, neutrophil turnover is disrupted during F. tularensis infection and,
consequently, neutrophils contribute distinctly to tularemia pathogenesis by exacerbating host
tissue destruction. Herein, we extended our previous studies of apoptosis inhibition to
demonstrate neutrophil metabolic reprogramming by F. tularensis. We show that this bacterium
elicits a distinct metabolic signature in human neutrophils that differs from other stimuli studied
date. At the molecular level, this response is notable for induction of glycolysis, elevated
lactate/pyruvate ratios, and complex glycogen dynamics. Although many questions remain

unanswered, and other pathways and intermediates need to be explored, our findings reinforce
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links between metabolism and PMN longevity and set the stage for additional studies that may

include other infections and disease states.

107



CHAPTER 4: SYNTHESIS

Introduction

Francisella tularensis is a Gram-negative, facultative, intracellular coccobacillus, and the
etiological agent of the disease tularemia (1). The high infectivity, low infectious dose, and
ability to aerosolize and enter the respiratory route make this organism a potential bioterrorism
threat, for which no vaccine is currently available. For this reason, tularemia research has largely
focused on vaccine development, however our understanding of the modulation of the host
immune system by Francisella tularensis infection is lacking. Our laboratory has established that
infection with this organism aberrantly extends neutrophil lifespan, and while this phenotype has
been partially characterized, the complex mechanisms enabling Francisella-infected neutrophils
to live longer are not fully understood (55, 59). Addressing this gap in knowledge could provide
avenues for development of novel tularemia therapeutics, as well as inform studies of other
disease models which are characterized by aberrant extension of neutrophil lifespan.

The research described in this thesis endeavored to characterize the mechanisms by
which Francisella tularensis-infected neutrophils survive longer by determining how neutrophil
signaling and metabolism were modulated in these cells. This work identified several neutrophil
signaling pathways that exhibit increased activation in Francisella-infected neutrophils, and are
required for these cells to live longer (see Chapter 2). Furthermore, we determined the metabolic
signature of neutrophils infected with Francisella tularensis and defined the kinetics of
metabolic reprogramming in these cells. We also established a link between neutrophil apoptosis
and metabolism (see Chapter 3). These data significantly further our understanding of neutrophil

biology, establish that neutrophil lifespan is regulated by metabolism, and vice versa, and
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provide a foundation for future studies exploring metabolism as a regulator of neutrophil

function.

Neutrophil survival signaling during Francisella tularensis infection

As the most abundant leukocyte in circulation and one of the first responders to infection
sites, neutrophils are a vital component of the innate immune system (33, 34, 151). Uniquely,
neutrophils undergo constitutive apoptosis ~24 hours after entering circulation and tight
regulation of neutrophil lifespan and turnover is required for maintenance of host homeostasis, as
well as inflammation resolution (36, 37). Due to their short lifespan, neutrophils have long been
understudied and discounted as incapable of contributing consequentially to a disease’s
progression. However, it is now evident that aberrant extension of neutrophil lifespan underlies
the pathogenesis of many inflammatory diseases, affirming that tight regulation of neutrophil
apoptosis is crucial for resolution of disease. Francisella tularensis disrupts neutrophil turnover
by delaying apoptosis, which elicits a dysfunctional immune response that is incapable of
eradicating the pathogen (55, 59). Furthermore, delay of neutrophil apoptosis distinctly
contributes to tularemia pathogenesis, as it leads to a profound accumulation of neutrophils in
host tissues, which favors aberrant release of histotoxic components and enhanced host tissue
destruction (62). We have previously demonstrated that Francisella tularensis infection inhibits
the three main death mechanisms in neutrophils, PICD, the extrinsic apoptosis pathway, and the
intrinsic apoptosis pathway (26, 55, 58, 59). This is mediated, in part, by delayed caspase
processing and activation, assembly of a dysfunctional NADPH oxidase, which culminates in a
severely weakened respiratory burst that is ineffective at killing the pathogen, sustained

mitochondrial integrity, global transcriptional reprogramming, which includes dysregulation of
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365 genes linked to apoptosis and survival, and manipulation of key apoptosis regulators
including XIAP, cIAP2, BAX, MCL-1, calpastatin, and others (55, 59). However, the
mechanisms by which Francisella-infected neutrophils overcome the strict regulation of these
pathways in order to live longer require further characterization.

Neutrophil survival is also regulated by signaling pathways that are not strictly relegated
to control of apoptosis, and indeed we identified p38 MAPK, PI3Ka and NF-kB as being more
highly activated and/or required for apoptosis delay in neutrophils infected with Francisella
tularensis. p38 MAPK specifically is more highly activated in Francisella-infected neutrophils
and required for these cells to live longer. p38 MAPK has context-dependent effects on
neutrophil apoptosis and can function to promote either apoptosis or survival (54, 60, 124). The
apoptosis-promoting effect of p38 MAPK in neutrophils is often attributed to phosphorylation of
priming sites in p477%*, which promotes NADPH oxidase activation and ROS production,
though constitutive apoptosis of resting neutrophils does not require p38 MAPK (60, 120, 124,
125). Thus, it is advantageous for Francisella tularensis to commandeer p38 MAPK signaling as
further means to disrupt NADPH oxidase activation, but the pro-survival function of p38 MAPK
signaling during infection by this organism requires further exploration.

We also established a role for PI3Ka signaling, though AKT activation was surprisingly
not induced or required for the extended lifespan of these cells. This suggests that PI3Ka must
signal outside of the PI3K/AKT signaling axis to regulate neutrophil lifespan, and one
downstream candidate could be isoform PKCJ{. It has been demonstrated that PI3Ka can activate
PKC{ by signaling through PDK1, but this has not been directly demonstrated in human
neutrophils, and the role of this signaling axis during infection with Francisella tularensis is not

known (146).
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Finally, we determined the requirement of NF-kB signaling for apoptosis delay of
Francisella-infected neutrophils. This result was unsurprising as NF-kB is a well-established
regulator of neutrophil apoptosis that transcriptionally controls an extensive list of key anti-
apoptotic factors (59). Though the exact means by which NF-kB is modulated in Francisella-
infected neutrophils is not known, a number of pro-survival NF-kB target genes are upregulated
following infection, and warrant further study (59). These genes include IL1B, SOD2,
GADD45B, CFLAR, TNFAIP3, BCL2A1, BIRC3, and BIRC4 that encode IL-13, MnSOD,
GADDA458, c-FLIP, A20, A1, cIAP2, and XIAP, respectively (59).

The requirement and modulation of these signaling pathways during apoptosis delay of
Francisella-infected neutrophils have further interesting implications as these signaling
pathways also regulate glycolysis, though the extent to which these signaling pathways regulate

neutrophil glycolysis has not been explored.

Neutrophil metabolism and lifespan are linked

The emerging field of immunometabolism has highlighted metabolism as a key regulator
of immune cell function, but only a handful of studies have investigated neutrophil metabolism
to date (75-80). It has long been known that the idiosyncratic lifespan of neutrophils is tightly
linked to their functional capacity, and it is beginning to be appreciated that neutrophil
metabolism influences function, but the extent to which metabolism regulates lifespan, or vice
versa, in these cells has not been explored. This research establishes that metabolic
reprogramming of neutrophils, specifically glycolysis induction, is a key and previously
unappreciated feature of prolonged neutrophil lifespan. Further support for the link between

neutrophil metabolism and lifespan was provided by the results of our experiments with the pan-
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caspase inhibitor, Q-VD-OPh, wherein pharmacological inhibition of caspases also induced
glycolysis.

Following infection with Francisella tularensis, neutrophils exhibit transcriptional
reprogramming which includes dysregulation of over 800 metabolism-associated genes, and this
research highlighted the importance of glycolysis specifically. This work defines the kinetics of
glycolytic upregulation in neutrophils infected with Francisella tularensis. In short, metabolic
reprogramming of Francisella-infected PMNs begins at the transcriptional level immediately
following infection (0-6 hpi), glycolytic upregulation reaches its peak in infected neutrophils at
12 hpi, and glycolysis induction is sustained in infected neutrophils at 24 hpi, though at a much
lower level overall than earlier timepoints. This contrasts with Francisella infection of
macrophages, wherein Francisella prevents macrophages from shifting to aerobic glycolysis,
effectively impairing inflammatory cytokine production and promoting bacterial replication
(181).

Glycolytic upregulation does not occur during or following every phagocytic event,
despite phagocytosis consuming half of a neutrophil’s total ATP (82), and it is not a hallmark of
all infections. Anaplasma phagocytophilum and Neisseria gonorrhoeae also delay neutrophil
apoptosis (177, 182), but glycolysis enzyme genes are not upregulated in these infection models.
Furthermore, transcriptome analysis of neutrophils isolated from human volunteers 3-6 hr after
Escherichia coli LPS injection to induce transient endotoxemia demonstrates that HK2
expression decreases, suggesting glycolysis is downregulated in these cells (183). Neutrophil
glycolytic upregulation has been observed in the context of Legionella infection (180),
Leishmania infection (84) and E. coli LPS stimulation in vitro (83). However, the observed

glycolytic upregulation in these infection models occurs within the first 6 hr following infection
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and is reported as key to mediating neutrophil function and bacterial clearance (83). Sadiku et al
also report that stimulation with E. coli LPS in vitro significantly increased neutrophil glycogen
stores, and this is also key for maintaining neutrophil antimicrobial activities (83). While
Francisella-infected neutrophils also displayed increases in glycogen and glycolysis, glycolytic
upregulation occurred much later, at 12 hpi. Furthermore, we have previously demonstrated that
neutrophils infected with Francisella tularensis are highly dysfunctional, exhibit diminished
antimicrobial activity and fail to clear the infection (55, 59), indicating that the metabolic
reprogramming elicited by Francisella tularensis is distinct from what occurs following LPS
stimulation.

Glycolysis is the main ATP-generating pathway in human neutrophils, but the role of
glycolysis in regulation of neutrophil lifespan is not well understood. Neutrophil apoptosis that is
triggered by phagocytosis requires downregulation of /K2 mRNA and correlates precisely with
increased mRNA expression of UQCRB (encodes Ubiquinol-cytochrome c reductase binding
protein), which is a marker of oxidative phosphorylation activation (42). It has also been reported
that increasing extracellular glucose and glucose metabolism protects against spontaneous and
anti-Fas antibody-induced apoptosis in human neutrophils (166). The work presented here are
congruent with these studies and support the notion that neutrophil glycolysis promotes
neutrophil longevity. However, it has also been reported that TANs revert to an immature
phenotype, which includes a shift back to mitochondrial metabolism, and TANSs are able to
survive this metabolic adaptation, even in a low-glucose environment (88). The role of
neutrophil metabolic reprogramming during various disease contexts is a realm of study that is
still in its infancy, but the work that has been done to date has revealed that alterations in

neutrophil metabolism are complex, distinct, and highly context dependent. However, it is
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notable that Q-VD-OPh treatment phenocopied Francisella infection with regard to glycolytic
upregulation. This suggests that the mechanism connecting neutrophil apoptosis and glycolysis
may be specifically linked via caspase inhibition, though further research is required to explore

this mechanism.

Potential signaling mediators of neutrophil glycolysis and apoptosis

The signaling pathways identified by this research as being more highly activated and
required for apoptosis delay of Francisella-infected neutrophils are also notable for their ability
to regulate metabolism. Specifically, p38 MAPK has been shown to phosphorylate GSK3p to
encourage glycogenesis (129), stimulate glucose uptake via membrane translocation of GLUT1
and phosphorylate MK2 to stimulate PFKFB3 and amplify glycolysis at the level of PFK (130,
131). PI3Ka is also capable of upregulating glycolysis in an AKT-independent mechanism,
which involves Rac-dependent mobilization of glycolytic enzymes from the actin cytoskeleton,
but the ability of neutrophil metabolism to be regulated in this way is unknown (184). As
Francisella-infected neutrophils require the activity of the PI3Ka isoform specifically,
independently of AKT activity, in order to delay apoptosis, it is attractive to predict that PI3Ka
could also be functioning to induce glycolysis in our system.

TLR signaling is upstream of both p38 MAPK and PI3Ke, and our data demonstrate a
role for TLR2/1 signaling in the prolonged lifespan of Francisella-infected neutrophils (103).
Specifically, we have identified Francisella tularensis BLPs as an anti-apoptotic factor that
achieves neutrophil apoptosis delay by binding and activating TLR2/1 (103). Thus, it is possible
that TLR is signaling upstream of either or both p38 MAPK and PI3Ka to effectively prolong

neutrophil lifespan and upregulate glycolysis. This proposed model is summarized in Figure 36.
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Additional support for the notion that TLR signaling contributes to the Francisella tularensis
infection strategy is provided by the determination that neutrophils infected with Francisella
tularensis fevR live even longer than WT LVS (103). This is notable because it is established that
TLR2 accumulates on phagosomes and fevR mutants are unable to escape the phagosome, thus
highlighting a potentially important role for intraphagosomal signaling (185). Indeed, it is
possible that the enhanced apoptosis delay exhibited by fevR-infected neutrophils is due to
sustained or amplified signaling through TLR2 from the phagosomal compartment, however, the
contributions of TLR signaling to apoptosis inhibition or glycolysis induction in Francisella-

infected neutrophils requires further investigation.

Glycogen as a candidate regulator of neutrophil lifespan

This research uncovered a surprising role for glycogen as a regulator of neutrophil
apoptosis and metabolism. We have revealed that glycogen is much more functionally dynamic
than previously thought and is not simply an inert fuel. Specifically, we demonstrate that
prolongation of neutrophil lifespan, whether via Francisella tularensis infection or Q-VD-OPh
treatment, elicited increases in glycogen content. Further interrogation of this phenotype
established that neutrophil glycogen levels progressively decrease as the cells age, but
sustenance of glycogen levels with CP-91149 treatment was sufficient to extend neutrophil
lifespan and induce glycolysis, highlighting glycogen as a pro-survival factor that could mediate
crosstalk between metabolism and apoptosis.

Although neutrophil apoptosis has been extensively studied and characterized, the
intracellular trigger that initiates changes in gene expression ultimately leading to cell death is

unknown. This research and the recent work from the Walmsley group support the notion that
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Figure 36. Hypothetical model for glycolytic upregulation.
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During Ft infection, p38 MAPK could phosphorylate MK2, thereby promoting phosphorylation
of PFKFB3 and increasing glycolytic flux. PI3Ka could be signaling via Rac to release
glycolytic enzymes, such as aldolase, from the actin cytoskeleton to further enhance glycolysis

induction.

116



glycogen levels directly control neutrophil longevity (83).

As the timing of near total glycogen depletion correlates with the onset of caspase-3
activation (~9-12 hr) in control neutrophils, it is attractive to predict that the ability of
Francisella-infected neutrophils to replenish and sustain their glycogen stores are critical for
their prolonged lifespan. This research has revealed glycogen as a candidate regulator of
apoptosis, and in fact loss of glycogen may be the intracellular trigger that initiates neutrophil
apoptosis. Future studies will endeavor to understand the mechanism by which glycogen levels
regulate neutrophil lifespan and it would be interesting to investigate if glycogen metabolism

enzymes are able to interact with caspases or other apoptosis regulators.

Future directions

Neutrophil turnover is disrupted during Francisella infection and, as a direct
consequence, neutrophils contribute distinctly to tularemia pathogenesis by exacerbating host
tissue destruction. Our data provide new insight into this phenomenon by demonstrating that
neutrophil metabolism and apoptosis are fundamentally linked. We determined that glycolysis
induction and glycogen abundance are directly linked to neutrophil lifespan, as both are
increased during apoptosis delay, either via infection with Francisella tularensis or pan-caspase
inhibition with Q-VD-OPh.

Our data provide a basis for additional studies to investigate the role of neutrophil
metabolism in the context of other disease states that feature dysregulated neutrophil lifespan. As
our laboratory has also identified a role for Francisella tularensis conditioned media (CM) and
BLPs in neutrophil apoptosis delay, future studies are needed to ascertain the contributions of

CM or BLPs to glycolysis induction or increased glycogen abundance. Further work must also
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be done to identify which bacterial factors mediate glycolytic upregulation and glycogen
maintenance. It would also be important to understand how bacterial metabolism is changing, if
at all, following engulfment by the neutrophil. What is the metabolic crosstalk between host and
pathogen, and what is the impact of this cross talk on our observed phenotypes?

The timing of glycolytic upregulation correlates with the timing of glycogen
replenishment in Francisella-infected neutrophils (~12 hpi), but whether the glycolytic
upregulation and glycogen replenishment are directly linked is not known and warrants further
exploration. One possibility is that neutrophil glycolysis and glycogen dynamics are linked to an
internal checkpoint wherein the status of either or both glycolysis and glycogen at the 12 hr
timepoint dictates whether the cell proceeds towards apoptosis or survival.

Another interesting avenue of investigation would be to further interrogate the
metabolomic changes that occur in neutrophils following infection with Francisella tularensis.
Specifically, we observe increases in the ketone body S-hydroxybutyrate and the TCA
metabolite malate (data not shown). f-hydroxybutyrate would be interesting to investigate
because there are almost no data on the contribution of this metabolite to neutrophil biology,
though it has been shown to increase viability in neurons by increasing flux through autophagy.
Is f-hydroxybutyrate contributing to or required for prolonged neutrophil lifespan during
infection with Francisella tularensis? Is f-hydroxybutyrate also modulating autophagy in
neutrophils? Finally, it is intriguing that we observe increases in malate in Francisella-infected
neutrophils, and indeed it is reproducibly the most highly upregulated metabolite following
infection, but as we see no change in the other TCA metabolites, the significance of this finding

is unclear and requires further examination.
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Summary

This work endeavored to understand how neutrophil metabolism is reprogrammed
following infection with Francisella tularensis. We identified glycolysis and glycogen as key
components of the metabolic program and established a link between neutrophil metabolism and
apoptosis. This research contributed not only to our understanding of the Francisella tularensis
infection strategy, but also to our comprehension of the basic biology and metabolic processes
that control neutrophil function. Immunometabolism is a new, rapidly evolving scientific
frontier, and the notion that neutrophil function is influenced by metabolism is an intriguing one

that deserves further exploration.
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