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Summary

Francisella tularensis in an intracellular bacterial pathogen that causes a potentially lethal disease
called tularemia. Studies performed nearly 100 years ago revealed that neutrophil accumulation in
infected tissues correlates directly with the extent of necrotic damage during £ tularensis
infection. However, the dynamics and details of bacteria-neutrophil interactions have only recently
been studied in detail. Herein we review current understanding regarding the mechanisms that
recruit neutrophils to £ tularensis infected lungs, opsonization and phagocytosis, evasion and
inhibition of neutrophil defense mechanisms, as well as the ability of £~ fularensisto prolong
neutrophil lifespan. In addition, we discuss distinctive features of the bacterium, including its
ability to act at a distance to alter overall neutrophil responsiveness to exogenous stimuli, and the
evidence which suggests that macrophages and neutrophils play distinct roles in tularemia
pathogenesis, such that macrophages are major vehicles for intracellular growth and dissemination
whereas neutrophils drive tissue destruction by dysregulation of the inflammatory response.
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Introduction

Neutrophils and innate host defense

Polymorphonuclear leukocytes (PMNs) are the most abundant leukocyte population in
humans and are rapidly recruited from the bloodstream to sites of infection by chemotactic
factors of host and/or microbial origin (1). In this locale PMNs phagocytose microbes and
utilize a combination of NADPH oxidase-derived reactive oxygen species (ROS), cytotoxic
granule components and antimicrobial peptides to generate a highly lethal intraphagosomal
environment that is essential for efficient microbe killing and degradation (1, 2). The ability
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of neutrophils to mobilize their intracellular granules within seconds of microbe binding and
a robust respiratory burst are features that distinguish neutrophils from macrophages, which
modify phagosome composition slowly over the course of 30—60 min or more via sequential
fusion with endosomal pathway organelles (3).

PMNs are also distinguished from macrophages and other leukocytes by their short lifespan.
Thus, whereas tissue macrophages can survive for months and are self-renewing (4),
neutrophils are inherently programmed to die by constitutive (spontaneous, physiological)
apoptosis approximately 24 h after release into circulation, and at sites of infection PMN
death is accelerated further by phagocytosis and oxidant production, a process called
phagocytosis-induced cell death (PICD) (5-7). At the molecular level, PMN apoptosis is
regulated not only by intracellular signaling, but also by global changes in gene expression
that comprise an ‘apoptosis differentiation program’ (7-9). Tight spatial and temporal
control of PMN apoptosis is critical for elimination of infection and resolution of the
inflammatory response, thus, phagocytic and proinflammatory capacity are down-regulated,
release of toxic cell component is prevented, and tissue damage is minimized (7, 10, 11). If
this process is disrupted PMNSs can develop a proinflammatory phenotype that promotes
tissue necrosis and granuloma formation and sustains infection (11, 12). For this reason,
defects in PMN turnover are indicative of an ineffective and dysregulated inflammatory
response (13, 14). Consistent with this notion, recent data indicate that neutrophils can
exhibit significant phenotypic plasticity /n vivo and are also important immunoregulatory
cells with the capacity to directly influence the function of other leukocytes including
natural killer cells, dendritic cells, macrophages and lymphocytes (14-16).

Francisella tularensis and tularemia

Francisella tularensis is a small, hardy, Gram-negative, coccobacillus and the causative agent
of tularemia. This disease was first described as a plague-like illness of ground squirrels in
Tulare County, California in the early 20™ century, and £~ tularensis is now known to be
distributed throughout the Northern Hemisphere in association with both terrestrial and
acquatic environments (17-21). This pathogen infects more than 200 species of mammals
including but not limited to rabbits, hares, coyotes, ground squirrels, beavers, rats, voles and
other rodents, as well as ticks and other arthropod vectors (21-23). Ticks are a permanent
reservoir that maintains £ fu/arensisin the environment (20), perhaps in conjunction with
infection of resistant mammals such as horses, cattle, red foxes and wild boars (20, 21).
Three subspecies of £ tularensis have been described that differ in geographic distribution
and virulence (24-26). £. tularensis subspecies tularensis (type A) is the most virulent,
accounts for nearly all lethal infections with this bacterium in humans, and is exclusive to
North America. £. tularensis subspecies holarctica (type B) is less virulent and is found
throughout the Northern Hemisphere, whereas £, tularensis subspecies mediasiatica exhibits
low virulence, is found only in central Asia, and is rarely studied.

Humans are highly susceptible to tularemia, and individuals particularly at risk include
hunters, butchers, farmers, landscapers, hikers, and other individuals with an increased
probability of contact with infected animals, the carcasses or bodily fluids of these animals,
or infected ticks. Several routes of infection and disease manifestations have been described
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(20, 27). Ulceroglandular tularemia is the most common, and ensues following the bite of an
infected arthropod vector or bacterial contact with broken or abraded skin. A papule forms at
the site of inoculation, which ulcerates concomitant with bacterial dissemination, massive
enlargement of draining lymph nodes that may progress to suppuration, and spreading of the
infection to the spleen, liver and lungs. A similar disease course without ulceration follows
bacterial penetration of intact skin. Oropharyngeal tularemia is caused by consumption of
contaminated water, food or undercooked meat, whereas oculoglandular tularemia is caused
by self-inoculation of the eye with subsequent bacterial penetration of the conjunctiva.
Pneumonic tularemia is by far the most severe form of this disease and can ensue following
inhalation of as few as 10 type A organisms, and in this case extensive replication of bacteria
in lung phagocytes is followed by dissemination to the liver and spleen. Mortality rates for
pneumonic tularemia can be as high as 30-60% in the absence of appropriate antibiotic
treatment, and the proximal cause of death is almost invariably bronchopneumonia (20, 28—
30). In contrast, the overall mortality for all types of untreated tularemia is 5-15%, with
convalescence of survivors lasting for 3—-12 months and lymph node suppuration occurring
as long as 22-24 months after infection (20). Regardless of infection route, tularemia is
noted for very sudden onset of fever and extensive necrosis of infected tissues that directly
parallels neutrophil density (20).

There has long been a biosafety concern regarding £ tularensis (31-33). Due to the
bacterium’s extraordinarily low infectious dose and ability to be easily aerosolized, in
addition to the high mortality rate of untreated pneumonic tularemia, the Center for Disease
Control and Prevention has classified £ tularensisas a Tier 1 select agent. Moreover, the
United States, Japan, and the former Soviet Union stockpiled £ tularensis for potential use
as a bioweapon; however, these biowarfare programs were subsequently dissolved and were,
in at least some cases, replaced with research programs aimed at counteracting the threat
posed by F. tularensis and other Tier 1 pathogens (31, 33). Studies of type A and type B £
tularensis strains require biosafety level (BSL)-3 containment. However, an attenuated
variant of £ tularensis subspecies holarctica was developed by the former Soviet Union.
This live vaccine strain (LVS) can be used in BSL-2 and retains many features of fully
virulent organisms in cell culture and mouse models, but is not licensed for use as a vaccine
in the United States as little is understood about its mode of attenuation (32). In the past few
years it has become apparent that £ tfularensis infects several types of cells including
endothelial cells, alveolar type (AT) Il cells, macrophages, neutrophils, and hepatocytes, and
manipulates multiple aspects of innate host defense (32, 34—-37). A majority of studies have
focused on £ tularensis infection of macrophages, as these cells appear to be major vehicles
for bacterial growth and dissemination /n7 vivo. Herein we summarize the results of recent
studies by our laboratory and others that provide fundamental insight into the unique role
that neutrophils play during infection with this complex and fascinating bacterial pathogen.

Bacterial virulence factors

F. tularensis has a small genome and many incomplete metabolic pathways, consistent with
its fastidious growth requirements and adaptation to an intracellular lifestyle (32). Major
virulence factors of this bacterium include lipopolysaccharide (LPS) and capsule that are
essential for virulence and confer resistance to complement-mediated lysis, and several
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genes required for LPS O-antigen and capsule synthesis have recently been identified (32,
38-42). F. tularensis LPS also contributes directly to immune evasion via its atypical
structure that does not interact efficiently with host endotoxin binding proteins, and for this
reason does not elicit signaling via Toll-like receptor (TLR)4 or TLR2 (32, 43, 44). A
capacity for TLR and IL-1 receptor signaling later in infection is also undermined by
miR-155-mediated downregulation of MyD88 in macrophages (45). These findings
underscore the stealth-like nature of £ tularensis and its ability to prevent induction of a
potentially protective inflammatory response until very late stages of infection when
bacterial load is overwhelming. At the same time, studies of capsule and O-antigen-deficient
mutants suggest that these surface carbohydrates may also enhance bacterial structural
integrity, favoring bacterial replication to high density and perhaps enhancing evasion of
cytosolic host defense mechanisms (40, 46).

The Francisella pathogenicity island (FPI) is a 30 kb region of the genome that is present in
two identical copies, each of which contain 19 genes organized in two large operons (47,
48). Nearly all genes in the FPI are essential for phagosome escape, intracellular growth, and
in vivovirulence, including 7g/C, ig/l and iglJ (48, 49). Although the specific functions of
FPI genes remain elusive, this locus may encode a type VI-like secretion system (48). In
contrast, £ tularensis lacks genes for type 111, type IV, and type V secretion systems that are
common in other bacterial pathogens and modulate host cell function via secretion of
effector proteins (32). Three major regulatory factors, MglA, FevR and MigR, control
expression of approximately 100 genes in £ tularensis, including those in the FPI, and are
also essential for intracellular bacterial growth and virulence (48, 50-52). MigR and FevR
are also critical for inhibition of oxidative host defense at the level of the phagocyte NADPH
oxidase complex (discussed below), but in this case relevant downstream target genes appear
to reside outside of the FPI (51, 53). Finally, the £ tularensis genome encodes three fo/C
homologues despite its lack of known toxins, which are some of the primary substrates for
type | secretion (32, 54).

Neutrophils and tularemia pathogenesis

Insights from in vivo studies

Aerosol infection of nonhuman primates with virulent type B £ fularensis isolates in the
1970s confirmed and extended prior knowledge regarding the features of pneumonic
tularemia and provided additional evidence to demonstrate that neutrophils play a role in
host tissue destruction and disease progression (55-57). In particular, the data demonstrate
that neutrophils are abundant in infected lungs and alveoli, and that bronchioles become
progressive clogged with PMNSs, bacteria and necrotic debris. Also present are granulomas
that contain live neutrophils, bacteria and necrotic debris surrounded by epithelial syncytia.
Similar data were obtained for infected rabbits, rats and mice, and ex vivo analyses of
infected PMNs confirmed the presence of viable intracellular bacteria (58). Rhesus
monkeys, mice, rabbits and many humans succumb to acute pneumonic infection with type
A F. tularensis (20, 56, 59). These organisms replicate faster than type B strains, and
progression to moribund status is characterized by profound accumulation of PMNs in the
airway and extensive necrotic tissue damage such that death often ensues prior to the
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development of a potentially protective adaptive immune response (60-62). In agreement
with the histopathology findings, detailed analyses by flow cytometry of lung cells following
intranasal infection of mice demonstrated that alveolar macrophages are infected first and
account for 70-90% of infected cells at 4-24 h post-infection with either the type A £
tularensis strain Schu S4 or LVS (63, 64). At later time points this pattern changes markedly,
as neutrophils account for at least 50% of £ tularensis-infected cells by day three of
infection, whereas infected AT |1 cells and dendritic cells were rare at all time points
examined (63).

Neutrophil recruitment into the lung

Mechanisms of neutrophil chemotaxis, including cell migration into the lung, have been
studied extensively (65-68). Inhaled bacteria that are not removed by mucociliary clearance
typically engage TLRs or other receptors on alveolar macrophages and AT 11 cells, leading
to synthesis and secretion of neutrophil chemoattractants such as IL-8 (in humans) and KC
(in mice), as well as GRO-a., MIP-2 and MCP-1. Other relevant factors include G-CSF,
IL-1pB, LIX/CXCLS5, C5a, the eicosanoids LTB,4 and PGEy, and proline-glycine-proline
(PGP), a peptide that is generated by cleavage of collagen in the extracellular matrix by
matrix metalloproteinase (MMP)-8 and MMP-9 (69). Microbial factors such as formyl
peptides also stimulate PMN chemotaxis, and neutrophils themselves can contribute to this
process by secretion of IL-8, IL-1p, LTB4, and/or MMP-9. As the signals mediating
recruitment can influence PMN phenotype and function (70, 71), it is noteworthy that a
specific subset of signals appears to control neutrophil migration into the lungs during
tularemia. For example, it is established that relatively little 1L-8 is secreted by
macrophages, AT |1 cells or the vascular endothelium under these conditions, and neither
IL-8 nor MCP-1 is essential for neutrophil recruitment (71, 72). Instead, F. tularensis
upregulates MMP-9, thereby driving PMN accumulation via the collagen-MMP-9-PGP
pathway (73). Notably, PGP can initiate and sustain tissue neutrophil accumulation in the
absence of other stimuli and N-acetylation enhances its activity and stability (74), but
whether PGP is modified in this manner during tularemia remains to be determined.
Mechanisms that mediate PMN migration into other infected tissues or into the lung
following F. tularensis inoculation into the skin have not been characterized. Nevertheless, it
is noteworthy that neutrophils also play a major role in the pathology associated with
chronic obstructive pulmonary disease (COPD), and in this case PMN accumulation in the
lungs is also PGP-dependent (69).

Effects of local or systemic PMN depletion

The increased susceptibility to infection that characterizes persons with neutropenia or or
inherited defects in neutrophil function underscores the critical role of PMNs in innate
immunity and host defense (2, 75). Accordingly, neutrophil depletion strategies are often
used to discern the role of this cell type in animal models of various infectious or
inflammatory disorders. Two different antibodies have been developed for this purpose (76).
RB6-8C5 was developed first, and because it efficiently depletes neutrophils in mouse
models has been used in numerous studies. However, it was later revealed that this antibody
binds to Ly6C into addition to Ly6G and, at a minimum, causes depletion of inflammatory
monocytes, plasmacytoid dendritic cells, and some CD8+ T-cell populations in addition to
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neutrophils (77-79). As multiple cell types are depleted by RB6-8C5, the desired specificity
for PMNs cannot be achieved. To address this limitation, the Ly6G-specific antibody 1A8
was developed, which appears to be PMN-specific and is currently the preferred reagent for
studies of neutrophil depletion in mice (76, 79). Direct comparisons of RB6-8C5 and 1A8
have shown that some phenotypes previously attributed to PMN depletion are actually
caused by loss of monocytes or other cell populations, necessitating reinterpretation of prior
results (77, 78).

With regard to £ tularensis, no data for antibody1AS8 are available. However, a 1994 study
concluded that neutrophils are essential for innate defense against intradermal ~. tularensis
LVS, as RB6-8C5-treated mice succumbed to what would otherwise be a sublethal infection
(80). Conversely, a subsequent study found that RB6-8C5 did not increase lethality
following intranasal infection with type A £ tularensis Schu S4 (81). Differences in bacterial
virulence, route of infection, or RB6-8C5 concentration may contribute to these discordant
findings, and based on these data the role of neutrophils in tularemia cannot be discerned.
For this reason, the study of Malik et a/. is particularly important (73). These investigators
used MMP-9 null mice to demonstrate that inhibition of PMN migration into the lungs
significantly reduces tissue damage and is sufficient to enhance mouse survival following
intranasal infection with either Schu S4 or LVS. These data therefore confirm the role of
neutrophils in tissue destruction following F. fularensis infection, and also definitively
demonstrate that neutrophils contribute to tularemia pathogenesis and disease progression
rather than effective host defense. This conclusion is further supported by additional studies
which show that hepatotoxicity and tularemia severity are significantly enhanced by
conditions that induce neutrophilia (82, 83). Notably, neutrophils are also detrimental during
infection with Mycobacterium tuberculosis, and in this case the beneficial effects of IFNy
are in part due to prevention of tissue PMN accumulation (15). IFNvy is also important for
control of £ tularensis, but studies to date have focused on its role in upregulation of
macrophage iNOS, and whether tissue neutrophil load is influenced, particularly in humans,
is unknown (84, 85). Thus, additional studies that include analyses of PMN
immunoregulatory properties are needed to determine the specific mechanisms of
neutrophil-mediated disease exacerbation.

Opsonization and phagocytosis

Phagocytosis is a fundamental aspect of innate defense against infection that requires
ligation of specific cell surface receptors and is driven by local actin polymerization. Some
receptors that mediate phagocytosis bind directly to microbe surface molecules, whereas
others bind indirectly to microbes that have been opsonized with complement components or
IgG. Complement opsonization markedly enhances the efficiency of £ tularensis
phagocytosis by neutrophils as well as macrophages, yet at the same time the extent of C3
fixation to the bacterial surface is low, and recent studies by us and others provide insight
into the underlying molecular mechanisms (86-91). F. tularensis does not efficiently trigger
the alternative pathway and does not engage mannose-binding lectin, the critical initiating
factor of the lectin complement pathway (88, 89, 92). Rather, opsonization occurs via the
classical pathway and is absolutely dependent on natural IgM that is present in normal, non-
immune human serum at low levels and binds to LPS O-antigen and/or capsule on the
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bacterial surface (91, 93). Consistent with classical pathway activation, C1q and C3 are also
essential, whereas C5 is not (90, 91). Nevertheless, C3b deposition on the bacterial surface is
relatively inefficient, which together with Factor H binding is likely important for evasion of
complement-mediated lysis (89-91). In keeping with this, £~ tularensis capsule and O-
antigen mutants are highly serum-sensitive, trigger robust complement activation via the
alternative pathway, and are profoundly attenuated /n vivo (40, 41, 90, 91, 94).

Receptor blocking studies indicate that phagocytosis of opsonized £ tfularensis is mediated
by complement receptor 1 (CR1, CD35) and CR3 (CD11b/CD18) on neutrophils, and by
CR3, CR4 (CD11c/CD18), and/or scavenger receptor A on macrophages and dendritic cells
(91, 95, 96). On the other hand, the mannose receptor and nucleolin mediate uptake of
unopsonized F. tularensis by macrophages (88, 97), whereas the receptors used for uptake of
unopsonized bacteria by PMNSs are as yet unknown. It is established that mechanism of
uptake influences microbe fate (98), and the mannose receptor and CR3 are generally
considered ‘safe portals of entry’ that are exploited by many pathogens, including to ~
tularensis, as they are not strongly coupled to host microbicidal mechanisms (88, 98, 99).
For example, opsonins influence the magnitude of the respiratory burst (53, 92, 98, 100,
101), and a direct comparison of opsonized and unopsonized £ tfularensis shows that CR3-
mediated phagocytosis curtails TLR2-dependent proinflammatory signaling and NF-xB
activation in human macrophages (99). In our hands, both opsonized and unopsonized ~
tularensis grow to very high density in primary human macrophages in independent studies
and direct side-by-side comparisons (40, 49), whereas other investigators report that
opsonization with human serum diminishes bacterial growth in murine macrophages (102).
What accounts for this discordance is unknown, but differences in bacterial growth
conditions, inherent difference between these two macrophage types, effects of human
complement on murine cells, or other aspects of experimental design should be considered.

Regulation of NADPH oxidase assembly and activation

The phagocyte NADPH oxidase complex is comprised of six subunits: two integral
membrane proteins p2279X and gp91”7°X (Nox2) that form a heterodimer called
flavocytochrome bssg, and four soluble proteins p47P710X pe7P10X n40PM19X and the GTPase
Rac2 (103, 104). This enzymatic complex catalyzes the conversion of molecular oxygen into
superoxide anions, and its importance to innate host defense is exemplified by the fact that
persons with inherited defects in genes that encode the subunits of this enzyme have chronic
granulomatous disease (CGD) and suffer from repeated, life-threatening bacterial and fungal
infections (105). As superoxide anions and other ROS can be toxic to host cells as well as
microbes, NADPH oxidase activity is tightly controlled. In resting neutrophils the enzyme is
unassembled and inactive with subunits segregated in distinct in distinct subcellular
compartments (104). Flavocytochrome bgsg is enriched in the membranes of specific
granules (SG) and to a lesser extent is also found in gelatinase granules (GG), secretory
vesicles (SV) and at the plasma membrane, whereas the other subunits are distributed
throughout the cytosol. Soluble NADPH oxidase agonists (such as formyl peptides) trigger
enzyme assembly at cell surface, whereas particulate agonists (such as bacteria and fungi)
induce enzyme assembly on forming phagosomes. Regardless of the stimulus, a critical
aspect of NADPH oxidase assembly and activation is membrane translocation of the soluble
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subunits, with subsequent docking on flavocytochrome bssg leading to formation of an
active holoenzyme. Rac2 translocates to the membrane independently of the other subunits,
whereas p47PM10x pe7P1oX and p40P7oX translocate en bloc as a tripartite complex via a
process that requires phosphorylation of several serine residues in p47779X by protein kinase
C (PKC) (104).

The dynamics of NADPH oxidase assembly and activation on neutrophil phagosomes has
been extensively studied, with significant insight resulting from the use of sensitive assays to
quantify the kinetics of oxidant production together with synchronized phagocytosis and
confocal microscopy to assess subunit localization and trafficking (106-108). The
microscopy data demonstrate that NADPH oxidase assembly on forming phagosomes is
extremely rapid and is apparent within 30 sec of particle binding (106). Both membrane and
soluble enzyme components accumulate selectively on forming phagocytic cups and
colocalize with F-actin and actin binding proteins such as coronin (106, 107). Restricting
NADPH oxidase assembly and activation to phagosomes prevents host tissue damage and
favors efficient microbe killing by concentrating oxidants in close proximity to the engulfed
microbe. Measurements of PMN oxygen consumption using a Clark electrode and ROS
production using sensitive luminescent probes confirms rapid activation of this enzyme
during phagocytosis, and nitroblue tetrazolium (NBT) staining demonstrates directly that
superoxide anions accumulate in the phagosome lumen and not the in extracellular space
(107-109). Notably, superoxide anions are only weakly microbicidal and are subsequently
converted into more toxic ROS. In neutrophils this is driven by myeloperoxidase (MPO),
which is delivered into the phagosome lumen by fusion with azurophilic granules (AG),
mediates dismutation of superoxide anions into hydrogen peroxide and also catalyzes
conversion of hydrogen peroxide into highly lethal HOCI (1, 110, 111).

Oxidant production peaks 15-20 min after initiation of phagocytosis and then wanes slowly,
returning to baseline after about 90 min (107, 108). Mechanisms that regulate termination of
the respiratory burst are incompletely defined, but this correlates with enzyme disassembly,
Rac deactivation, and changes in p47P/9% phosphorylation (107, 112). In addition, oxidants
can directly damage the enzyme, and for this reason exchange of ‘fresh’ subunits may be
required to sustain catalytic activity (112, 113). Additional insight as been gained by studies
of neutrophils from persons with CGD. For example, studies of neutrophils lacking gp91//10x
revealed that signals required for membrane translocation of the soluble enzyme components
are intact in the absence of flavocytochrome bssg (106), whereas an absence of p40P9X has
no apparent effect on NADPH oxidase activation at the plasma membrane, and instead plays
a selective and essential role in sustaining NADPH oxidase assembly on maturing
phagosomes (114).

Multiple mechanisms of NADPH oxidase inhibition

Inhibition of enzyme assembly

As noted above, phagocytosis is normally coupled to rapid and robust NADPH oxidase
activation, and toxic oxidants kill most bacteria within the first 60 min of infection (2, 8,
107). A study published in 1975 was the first to suggest that neutrophil activation is
impaired by infection with £ tularensis Schu S4 or LVS (115). Specifically, Proctor et al.,
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demonstrated that in marked contrast to Sa/monella typhi, Escherichia coli and latex beads
assayed under identical conditions, . tularensis that had been opsonized with normal human
serum did not activate rhesus monkey neutrophils as indicated by measurements of hexose
monophosphate shunt activity. We confirmed and extended these findings to show that £
tularensis opsonized with normal human serum does not activate human neutrophils for
production of ROS even at very high multiplicities of infection (100). This phenotype is
specific for live bacteria, as it is ablated by formalin fixation or periodate treatment, and is
shared by virulent type A and type B strains of £~ tularensis as well as LVS, indicating a
conserved mechanism of virulence (53, 100). Confocal microscopy studies revealed a
profound defect in NADPH oxidase assembly on £ tularensis-containing phagosomes, as
indicated by exclusion of gp91P79X and p22°/1°X as well as p47P7X and p67P°X and as a
result, fewer than 5% of these compartments contained superoxide anions as indicated by
NBT staining (53, 100). Although the absence of flavocytochrome bssg on £ tularensis
compartments deprives the soluble subunits of their docking site and is therefore sufficient to
account for the enzyme assembly defect, /n vivo radiolabeling experiments revealed that the
soluble subunits were also directly affected, as indicated by a profound defect in
phosphorylation of p47#7/°X that also extended to other PKC substrates (53). Thus, the data
demonstrate that £ tfularensis acts at multiple points to prevent NADPH oxidase assembly.
Mechanisms that account for phagosome exclusion of flavocytochrome bgsg have not been
precisely defined, but this correlates with a general defect in phagosome-granule fusion that
is apparent by transmission electron microscopy (TEM) (100) and is the subject of ongoing
studies in our laboratory. Additional studies of the effects of £ fularensis on PKC signaling
and p47P7ox phosphorylation are also warranted.

Effects of other pathogens

Microorganisms that survive in neutrophils must evade or withstand toxic oxidants.
Consistent with this, other pathogens that manipulate NADPH oxidase assembly as part of
their virulence strategies have also been identified. For example, Anaplasma
phagocytophilum specifically blocks phagosome acquisition of flavocytochrome bssg and
Rac (116, 117). In contrast, phagosomes containing Opa-negative Nefsseria gonorrhoeae
accumulate both gp912719X and p22P79X, yet exhibit a partial defect in recruitment of p47°/1ox
and p67PM0X that is associated with reduced phosphorylation of p47°10x (118). Coxiella
burnettialso inhibits membrane translocation of p477/19% and p677/19% in PMNs by an
unknown mechanism (119). Unlike pathogens that act at various points to inhibit NADPH
oxidase assembly, a distinctly different strategy is used by Helicobacter pylori (108). In this
case, live, unopsonized bacteria are avidly phagocytosed by PMNs and trigger a robust
respiratory burst, yet at the same time NADPH oxidase targeting is altered, leading to
enzyme accumulation at the cell surface rather than bacterial phagosomes. In this manner H.
pylori evades intracellular killing and enhances host tissue damage via release of toxic
oxidants into the extracellular milieu.

Post-assembly NADPH oxidase activity defects

An additional unexpected and distinctive feature of £~ fularensis s its ability to significantly
inhibit neutrophil activation by heterologous stimuli. Specifically, we were surprised to
discover that within 10 min of infection with £ tularensis, the ability of neutrophils be
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activated by phorbol myristate acetate (PMA) was reduced by 75% (53, 100). As PMA is a
diacylglycerol analog that directly activates PKC, we also tested soluble and particulate
stimuli that trigger NADPH oxidase activation via ligation of surface receptors, including
formyl peptides, opsonized zymosan (OpZ), Staphylococcus aureus, and H. pylori, and
obtained similar results (53, 100). Notably, global perturbation of neutrophil activation is
dose- and time- dependent, specific for live bacteria, and can also be achieved if £ tularensis
is added along with or shortly after control stimuli (53, 100, 120). NBT staining confirmed a
defect in superoxide production, and the significance of this effect is indicated by a 60%
reduction in the ability of PMNs to kill S. aureus even though other aspects of cell function,
such as phagocytosis, are unchanged (53).

Chemiluminescence assays provided insight into the dynamics of this response (53, 100). In
particular, the data show that initiation of the respiratory burst occurs normally for all
heterologous stimuli tested, as lag times and initial rates of oxidant production elicited by
each agonist were indistinguishable from their respective controls, but shortly thereafter
chemiluminescence declines sharply, and both peak and total oxidant production are
profoundly diminished. These data strongly suggest that £~ fularensis acts distal to enzyme
assembly to curtail the magnitude and duration of the respiratory burst. We predicted that £
tularensis may accelerate enzyme disassembly as means to curtail ROS production, perhaps
via effects on p47p’7‘”f as continuous phosphorylation of this protein is required to maintain
superoxide production (112, 121). However, these predictions were incorrect as infection did
not alter the extent of Jn vivo p47P9X phosphorylation at 15 and 60 min after stimulation
with OpZ or PMA, and detailed microscopy studies of OpZ phagosomes using antibodies to
all six enzyme components demonstrated definitively that enzyme disassembly was not
enhanced (53). Indeed, we obtained the opposite result, as NADPH oxidase accumulation at
the membrane was significantly prolonged. Thus, whereas 80% of OpZ phagosomes in
control PMNs shed p40P10X p47Ph0X n67PM0X 3and Rac2 by 60 min after uptake, these
subunits, as well as gp91279X and p22P119X, remained enriched on OpZ compartments during
F. tularensis co-infection (53).

Taken together, the data indicate that global disruption of neutrophil activation is mediated
by a post-assembly mechanism that is characterized by prolonged accumulation at the
membrane of dysfunctional NADPH oxidase complexes. Notably, a similar if not identical
mechanism undermines PMN activation by £ fularensis that have been opsonized with anti-
LVS immune serum, indicating an ability of this pathogen to diminish the efficacy of a
potentially protective adaptive immune response (53). How oxidase activity is disrupted
remains to be determined. Potential mechanisms could potentially include effects on a
conserved signaling intermediate, impaired capacity to renew enzyme complexes by
exchange of fresh and spent subunits, site-specific changes in p47#7°X phosphorylation at the
membrane or in the cytosol, altered phosphorylation of other subunits, disruption of
membrane microdomains or protein-protein interactions within the assembled complex that
are required to sustain electron flow, or loss of NADPH or FAD. Inactivation of Rac2 is less
likely, as the antibody we used for microscopy is specific for the active form of this GTPase.
It is also possible that the residual amount of NADPH oxidase activity that remains under
these conditions is sufficient to prevent disassembly of the complex. Effects of £ tularensis
on the phagocyte NADPH oxidase are summarized in Figure 1.
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Bacterial factors required for disruption of oxidative host defense

Studies by us and others have begun to define the bacterial factors that are required for
NADPH oxidase inhibition. FevR and MigR are major regulatory factors in £ tularensis that
control expression of nearly 100 genes and are essential for many aspects of virulence
including blockade of phagosome maturation, intracellular growth and /n vivo virulence (48,
50-52). We used site-directed mutagenesis to disrupt fevR and migRin Schu S4 and LVS
and demonstrated that these virulence regulators are essential for inhibition of the respiratory
burst triggered by F. tularensis uptake as well as exposure to heterologous stimuli (51, 53).
Although the relevant downstream target genes within the FevR and MigR regulons remain
elusive, additional mutagenesis studies excluded a role for FPI genes /g//and iglJ (53).
Based on these data it is attractive to predict that the factors required for evasion of oxidative
host defense are distinct from those that mediate phagosome escape, and as such may be
encoded by genes that reside outside the FPI. A critical but indirect role has also been
demonstrated for carA, carB, and pyrB, which are required for bacterial pyrimidine
biosynthesis (101).

On the other hand, the contribution of £ fu/arensis acid phosphatase, AcpA, to NADPH
oxidase inhibition is controversial due to conflicting results. This enzyme is periplasmic and
secreted, and in purified or recombinant form exhibits strong, nonspecific
phosphomonoesterase activity at pH 6.0 that can inhibit activation of porcine neutrophils by
an unknown mechanism (122, 123). Thus, it was proposed that AcpA secreted by ~
tularensis may gain access to the cytosol and undermine phosphorylation of NADPH
oxidase subunits as a means to inhibit enzyme assembly and activation. However, AcpA
secretion, which is first apparent 30 min after synchronized phagocytosis (124), is too slow
to prevent oxidase assembly on forming phagosomes, and AcpA activity is very low at
cytosolic pH (122). Moreover, disruption of acpA in Schu S4 ablated bacterial acid
phosphatase activity, yet in our hands had no effect on the ability of £ tfularensisto curtail
oxidant production at its own phagosome or elsewhere in infected PMNSs (53). AcpA
mutants generated by two other groups also exhibited no apparent /n vitro or in vivo
virulence defects (125, 126). In contrast, Mohapatra et al., reported that acpA mutants were
unable to prevent p477°X translocation to phagosomes or ROS production (127). What
accounts for these discordant findings is unknown, particularly as flavocytochrome bssg
targeting was not analyzed in the latter study, and basal phosphorylation of p477°X in
uninfected neutrophils, which should be absent, was very high.

Several factors that allow £ fularensisto resist endogenous and/or exogenous oxidative
stress and contribute to intracellular survival have also been identified. These include a
glutamate transporter (GadC) (128), superoxide dismutase (SodB) (129), and catalase
(KatG) (130). Type A F. tularensis strains also maintain lower intrabacterial iron stores than
type B isolates (131), which may account at least in part for the fact that type A organisms
are more resistant to killing by direct exposure to HOCI and hydrogen peroxide than LVS
(131, 132). It is also worth noting that bacterial growth conditions influence the extent of
NADPH oxidase inhibition and capacity to resist oxidative stress. Specifically, we find that
NADPH oxidase inhibition is maximized when £ tularensisis grown in brain heart infusion
or on cysteine heart agar supplemented with sheep blood, conditions that have been shown
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to mimic the phenotype of bacteria that are actively replicating in host cells and confer
optimal inhibition of host immune and inflammatory responses (133, 134). Conversely, we
find that the capacity of bacteria grown in Mueller Hinton broth to prevent oxidant
production is diminished, as is their ability to prevent macrophage proinflammatory cytokine
production (133, 134).

Phagosome maturation, phagosome escape and replication in the cytosol

The intracellular lifecycle of £ tularensis was defined by studies of human and murine
macrophages (135-138), which demonstrate that phagosomes containing the bacterium
transiently acquire early endosome antigen 1 (EEAL), and then accumulate late endosome
membrane protein (lamp)-1 and CD63, yet exclude the vacuolar proton ATPase and
lysosomal enzymes such as cathepsin D and are only moderately acidified (pH 6.7). These
data indicate that £ fularensis avoids trafficking to lysosomes and arrests phagosome
maturation at a late endosome-like stage. Shortly thereafter £ tfularensis escapes from its
phagosome into the cytosol and replicates to very high density (135-138). How the
phagosome membrane is breached is unclear, but multiple breaks in the membrane are
apparent by TEM (135-138), and both phagosome egress and intracellular growth, as well
as /n vivovirulence, are absolutely dependent on MigR and FevR, as well as genes in the
FPI, including /g// and iglJ, that appear to encode components of a type VI-like secretion
system (47, 49-52, 139). These same general features also characterize the F. tularensis
lifecycle in epithelial cells (140), and there is no evidence to suggest that £ fularensis can
replicate inside phagosomes or other vesicular compartments in mammalian cells.

Less is known about the £~ tularensis phagosome in neutrophils. Phagosome maturation in
this cell type is defined by rapid fusion with GG, SG and AG (141). The fact that nearly all
F. tularensis phagosomes are devoid of flavocytochrome bssg suggests a defect in
phagosome-GG and phagosome-SG fusion (53, 100), and preliminary analyses of AG
markers suggests that this aspect of phagosome maturation may also be impaired. TEM
studies demonstrate that during the first few hours of infection £ tfularensis occupies close-
fitting phagosomes that do not appear to fuse with surrounding granules (100).
Approximately 4 h after uptake the phagosome membrane is breached, bacteria are released
into the cytosol and begin to replicate in this locale (100, 142). Thus, £ tularensisis one of
few pathogens that can grow in neutrophils as well as mononuclear phagocytes (8, 36, 100,
143, 144), and a light microscopy image of bacteria replicating in PMN cytosol is shown in
Figure 2. Of note, a subset of ingested bacteria fail to reach the cytosol and are eventually
degraded, which coincides with phagosome-granule fusion and is first apparent by TEM at 9
h after uptake (100). Taken together, these data suggest that £ tfularensis actively prevents
phagosome maturation for several hours after entry into neutrophils. However, the capacity
to prevent phagosome-granule fusion eventually wanes, thereby making bacteria that fail to
reach the cytosol sensitive to intracellular killing. Additional studies are needed to define the
composition of the early £ tularensis phagosome in detail, and to determine how disruption
of phagosome-granule fusion is achieved.
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Inhibition of neutrophil apoptosis

As critical effector cells of the innate immune system neutrophils are rapidly recruited to
sites of infection, and under normal circumstances phagocytosed microbes are efficiently
killed and degraded. This, in turn, accelerates PMN apoptosis via the PICD pathway and
promotes clearance of dying cells by macrophages. During this process neutrophil
proinflammatory capacity is downregulated, release of cytotoxic cell content is prevented,
and macrophages are reprogrammed to a pro-resolving phenotype that is required for
restoration of tissue homeostasis (1, 6, 8, 145). Conversely, defects in PMN turnover and
clearance are hallmarks of an ineffective and dysregulated inflammatory response that favors
PMN progression to secondary necrosis and markedly enhances tissue destruction,
granuloma formation, and disease progression, particularly in the lungs (12, 13, 146-148).
Summarized here are recent data which demonstrate that £ tu/arensis strains Schu S4 and
LVS inhibit PMN apoptosis and prolong cell lifespan, findings that demonstrate additional
mechanisms of innate immune evasion by this pathogen, and at the same time begin to
define molecular molecular mechanisms to account for the profound neutrophil
accumulation and necrotic tissue damage that is characteristic of pneumonic tularemia (20,
36, 142).

There are distinct biochemical and morphological changes that occur in all cells undergoing
apoptosis that include externalization of plasma membrane phosphatidylserine (PS),
membrane blebbing, nuclear condensation, and DNA fragmentation. These processes are
significantly diminished and delayed in human neutrophils by £ tularensis, and activation of
caspase-8, and caspase-9, and caspase-3 is impaired (36). Inhibition of apoptosis is dose-
dependent and specific for live bacteria, and the vast majority of neutrophils remain viable
until at least 48 h post-infection. Importantly, our data also show that £~ tu/arensis not only
fails to induce PICD, but also extends cell lifespan relative to aged, uninfected, controls,
indicating that constitutive neutrophil apoptosis is impaired (36).

Mitochondria play an important role in regulation of PMN viability via control of the
intrinsic apoptosis pathway, which mediates both constitutive and phagocytosis-induced
PMN death. In healthy cells mitochondria are intact, whereas disruption of the outer
mitochondrial membrane (OMM) is a very early event that may irreversibly commit cells to
death (6, 146, 149). Loss of OMM integrity dissipates membrane potential and releases pro-
apoptotic inner membrane space (IMS) proteins, including cytochrome ¢, into the cytosol.
Liberated cytochrome ¢, in turn, initiates caspase-9 activation via apoptosome formation. At
the molecular level OMM disruption is mediated by the pro-apoptotic protein BAX, which
translocates to mitochondria from the cytosol, oligomerizes, and via its activation by tBID,
inserts into the OMM, generating pores that mediate IMS protein release (as illustrated in
Figure 3). Our data demonstrate that mitochondrial membrane potential and organelle
integrity are sustained by LVS, BAX translocation to mitochondria is delayed, and
conversion of BID to tBID is curtailed (150). Thus, mitochondrial stabilization is one
mechanism used by £ tularensisto extend PMN lifespan, and this is due to downregulation
of BAX mRNA and protein as well as defects in BID processing (142, 150).
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Under normal circumstances phagocytosis accelerates PMN death in a dose-dependent
manner (5, 8, 9), and the established hallmarks of PICD are upregulation of BAX and
oxidant-driven activation of caspase-8 (8, 12, 151-154). Under these conditions, increased
BAX abundance favors mitochondrial permeabilization and intrinsic pathway activation,
whereas the extrinsic pathway is activated by mechanisms that are independent of surface
death receptor ligation, and in this case caspase-8 is activated by cathepsin D that is released
into the cytosol from AG that have been damaged by NADPH oxidase-derived ROS (153,
154). Similarly, the ability of Pseudomonas aeruginosato trigger very rapid PMN apoptosis
is cathepsin D-dependent, and during this process oxidants and bacterial pyocyanin act in
concert to induce AG damage (155). Thus, the ability of £ tularensisto downregulation of
BAX and prevent NADPH oxidase-driven AG damage likely accounts for the fact that PICD
is not induced, and in keeping with this caspase-8 activation is nearly ablated (36).

During both constitutive and phagocytosis-induced PMN death apoptosis is controlled by
global changes in gene expression that extend beyond upregulation of BAX and together
comprise an ‘apoptosis differentiation program’ (7-9). We have shown that £ tu/arensis LVS
alters the PMN transcriptome during the first 24 h of infection, significantly influencing the
expression of nearly 3,500 PMN genes, including 365 distinct genes linked to apoptosis and
survival (142). Among these are several genes that antagonize the extrinsic pathway
including CFLAR (which encodes FLIP), SODZ2, TNFAIP3 (which encodes A20), and
TINFRSF10. NF-xB pro-survival signaling is also important for PMN viability, and we find
that NF-xB transcription factors (MFKBI1, NFKBZ, and RELA) as well as several anti-
apoptotic target genes are rapidly induced. Among these, GADD45 is of interest as it can
counteract FAS-stimulated cell death (156). Also upregulated are B/RC4and B/IRC3, which
encode the caspase-inhibitors XIAP and clAP-2, respectively. XIAP binds directly to
caspase-9 and caspase-3 and is the most potent caspase inhibitor in PMN cytosol (151).
During apoptosis XIAP is degraded by calpain. However, £. tularensis prevents XIAP
degradation by upregulating CAST, which encodes the endogenous calpain inhibitor,
calpastatin (142, 150). The effects of £ tularensis on PMN apoptosis pathways are
summarized in Figure 3.

It is also worth noting that £~ tularensis has atypical effects on some PMN survival factors
including Mcl-1 and proliferating cell nuclear antigen (PCNA) (142, 150, 152). Mcl-1 is a
short-lived protein that binds directly to BAX and prevents its ability to form pores in the
OMM (146, 152). Continued synthesis of Mcl-1 is required for PMN survival, and up-
regulation of MCL 1 contributes to the ability of GM-CSF and pathogens such as A.
phagocytophilum to extend neutrophil lifespan (146, 152). In contrast, MCL 1 expression is
slightly but significantly reduced by £ tularensis, but despite this Mcl-1 protein levels are
sustained by an unknown mechanism (142, 150). PCNA is a scaffolding protein that resides
in the nucleus of most cell types but is exclusively cytosolic in mature human neutrophils
(152, 157). In this locale PCNA binds to procaspase-9 and procaspase-3 and impairs their
activation. As PCNA is upregulated by G-CSF and disappears during apoptosis, it has been
suggested that PCNA may also be essential for neutrophil survival (152, 157). However,
PCNA expression is progressively downregulated beginning 6 h after infection with £
tularensis, and PCNA protein disappears rapidly and selectively from infected neutrophils by
18 h after infection, despite sustained cell viability (142, 150). What accounts for this is
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uncertain, but loss of PCNA correlates directly with £ tularensis-mediated induction of
p21Wafl (142), and peptides derived from p21Wafl can displace PCNA from procaspase-9,
leading to its degradation by the proteasome (152, 157). These data demonstrate that PCNA
is not required for neutrophil survival in the context of £~ fularensisinfection, and as such
underscore the ability of bacterial pathogens to inform studies of fundamental biological
processes, including apoptosis.

Manipulation of neutrophil function and phenotype does not require direct

infection

F. tularensis can markedly delay PMN apoptosis at very low doses and when only a subset of
cells in the population are infected (36). Separation of cells and bacteria using a Transwell
provided direct evidence that LVS can act at a distance to influence PMN function, and
suggested a role for secreted or shed factors in apoptosis inhibition (36). In addition,
Moreland et al., demonstrated that human neutrophils will traverse polarized monolayers of
human pulmonary microvascular endothelial cells in response to LVS, and in this process
acquire an altered phenotype that impairs their ability to produce ROS or secrete elastase
when exposed to OpZ or other stimuli (71). Moreover, although endothelial cells were
infected with LVS under the conditions of this study, the PMNs were not. Based on these
data, we propose a model in which £ tularensis acts at a distance to influence neutrophil
function and phenotype as these cells enter infected tissues at early stages of infection, and
that manipulation of neutrophil function is subsequently reinforced by mechanisms linked to
phagocytosis and intracellular growth. These data are consistent with the notion that
macrophages and PMNs play distinct roles in tularemia; with avid replication in
macrophages promoting £ tularensis dissemination, and manipulation of neutrophil
activation state and lifespan driving tissue necrosis and granuloma formation. As apoptosis
inhibition and phagocytosis can be uncoupled, the data also distinguish £ tularensis from
obligate intracellular pathogens, such as A. phagocytophilum and Chlamydia pneumoniae,
that must delay PMN apoptosis to sustain viability of their replicative niche (146).

Potential for therapeutic intervention

Challenges in treatment of pneumonic tularemia patients include the nonspecific nature of
the presenting symptoms and the potentially short interval between the onset of symptom
and severe illness or death. For this reason there is interest in the development of adjunctive
treatment strategies that can be used in combination with antibiotics to enhance control of
this potentially lethal infection (158). Cyclin-dependent kinases (CDKSs) control the growth
of most cell types and are essential for PMN survival (152). R-roscovitine is a CDK
inhibitor and apoptosis-inducing agent that is currently in clinical trials and was developed
for the treatment of cancer (158). Recent studies have shown that R-roscovitine also induces
apoptosis in neutrophils, and in this manner reverses the pro-survival effects of GM-CSF,
promotes resolution of inflammatory disorders that are characterized by aberrant PMN
accumulation including carrageenan-induced pleurisy, bleomycin-induced lung injury and
arthritis, (159, 160), and also synergizes with antibiotics for treatment of pneumococcal
meningitis (161). We confirmed the ability of R-roscovitine to induce human neutrophil
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apoptosis, yet also found that its efficacy is undermined by F. tularensis LS, which
correlates directly with LVS-mediated upregulation of COK2and CDK7 (142, 150).
Whether other PMN-targeted strategies may be beneficial for treatment of tularemia is
unknown, but another candidate of interest is Roflumilast, which has shown promise in pilot
studies of persons with COPD and blocks PMN migration into the lungs via direct effects on
the MMP-9/PGP pathway (162).

Summary and conclusions

F. tularensis is a facultative intracellular pathogen capable of causing severe disease at low
infectious doses. The pathogenicity of this organism is dependent on its ability to evade
innate immune defenses and infect a number of cell types, including phagocytes and
epithelial cells. In the past few years our understanding of neutrophil-~ tularensis
interactions has increased dramatically. Neutrophils are recruited to the £ tularensis-infected
lung by an MMP-9 and PGP-dependent pathway (73). LPS and capsule play multiple roles
in virulence, conferring serum resistance and also mediating a specific mechanism of
complement opsonization that promotes infection of macrophages as well as neutrophils, but
does not elicit TLR4-mediated proinflammatory responses (32, 43, 91, 99). A fundamental
characteristic of £ tularensis is its ability to disrupt neutrophil host defense mechanisms,
including NAPDH oxidase-derived ROS production, and this is achieved not merely by
controlling the composition of its own phagosome, but also by rapidly altering global cell
responsiveness (53, 71, 100), and it is attractive to predict that additional studies of post-
assembly NADPH oxidase inhibition during £ tularensis infection may provide fundamental
insight into mechanisms that control termination of the respiratory burst. Early evasion of
oxidative defense mechanisms and phagosome-granule fusion is followed by phagosome
escape and bacterial replication in PMN cytosol, as well as initiation of profound changes in
gene expression that inhibit apoptosis and markedly extend PMN lifespan (36, 100, 142,
150). Our understanding of the bacterial factors that control this complex mechanism of
virulence are only beginning to be defined. Finally, £ tularensis also reduces the efficacy of
the apoptosis-inducing drug R-roscovitine, and infected neutrophils may therefore provide a
model system for future studies of CDKSs and their role in PMN survival (150).

Since the earliest studies of £ tfularensisin the 1920s it has been apparent that extensive
neutrophil accumulation and necrotic damage are defining features of tissues infected with
this pathogen (20). Although our understanding of £ tfularensissPMN interactions has
increased significantly, many important questions remain unanswered. Major challenges
include identification and characterization of the virulence factors that curtail apoptosis and
disrupt neutrophil defense mechanisms, both before and after phagocytosis. As the
inflammatory response is aberrantly regulated during tularemia, studies of neutrophil
immunomodulatory properties and interactions with other leukocytes are also warranted.
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Fig. 1. Inhibition of NADPH oxidase assembly and activity by F. tularensis
F. tularensis opsonized with iC3b binds CR3 on neutrophils, whereas unopsonized bacteria

bind a receptor that is not yet defined. NADPH oxidase assembly at the £. tularensis
phagosome is blocked, and this is followed by disruption of the phagosome membrane and
bacterial growth in the cytosol. In addition, £ tularensis also acts by a post-assembly
mechanism to inhibit NADPH oxidase activity triggered by heterologous soluble and
particulate stimuli such as formyl-methionine-leucine-phenylalanine (fMLF) and opsonized
zymosan particles (OpZ). V/G includes secretory vesicles, gelatinase granules and specific
granules (which together comprise the intracellular stores of flavocytochrome bgsg in resting
neutrophils).
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Fig. 2. F. tularensisreplicatesin PMN cytosol
The light microcopy image shows a human neutrophil at 24 h post-infection (hpi) with £

tularensis (Ft). DNA in the PMN nucleus was stained red using TOPRO-3. The arrow
indicates clusters of green fluorescent protein-expressing bacteria replicating in the cytosol.

Immunol Rev. Author manuscript; available in PMC 2017 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Kinkead and Allen

Page 27

Extrinsic
apoptosis

. Death Receptor (Fas)

¢ Intrinsic
—Bax = apoptosis
l Bid — i - =
VBid _\’
Maw)
vivs 7%
proteins s

NFKB1, NFKB2, RELA
Nucleus XIAP, clAP2, A20, FLIP

Fig. 3. Mechanismsthat contributeto PMN apoptosisinhibition during F. tularensis infection
The extrinsic, phagocytosis-induced, and intrinsic pathways are shown. F. tularensis inhibits

extrinsic pathway activation triggered by Fas crosslinking, whereas blockade of NADPH
oxidase activity prevents cathepsin D-mediated caspase-8 activation during PICD. At the
same time, Bax translocation to mitochondria and tBID-mediated Bax activation are
impaired. Sustained mitochondrial integrity prevents intrinsic pathway activation triggered
by intermembrane space (IMS) protein release and apoptosome formation. Calpastatin also
contributes to caspase-9 and caspase-3 inhibition by preventing calpain-mediated
degradation of XIAP. Effects of £ tularensis on expression of genes that contribute to
apoptosis regulation is also depicted. Please see the text for additional details.
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