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Abstract

Many microbial pathogens have evolved to replicate within host cells. While a
number of these pathogens reside within vacuolar compartments, others escape from
host endosomal pathways to replicate intracytosolically. To counter microbial invasion,
host cells employ numerous defense proteins to limit microbial growth and mediate
pathogen destruction. Among these host defense proteins are a number of dynamin-like
GTPases expressed in response to the cytokine Interferon-gamma, including the p65
Guanylate Binding Proteins (GBPs). Murine GBPs have previously been shown to target
both vacuolar and cytosolic pathogens to mediate pathogen destruction and potentiate
host inflammatory responses via both the canonical (caspase-1) and noncanonical
(caspase-11) inflammasomes. However, whether these functions are conserved among
the human orthologs of murine GBPs has remained unclear.

To determine whether the ability to physically target pathogens is conserved
among the human GBPs, I monitored the localization of all seven human GBPs within
cells infected with the cytosol-resident Gram-negative bacterium Shigella flexneri, the
causative agent of bacillary dysentery. Among the human GBP paralogs, I identified the
unique ability of GBP1 to physically associate with S. flexneri, and showed that GBP1-
targeting extends to a second cytosolic Gram-negative bacterium, Burkholderia

thailandensis, but not to the cytosolic Gram-positive bacterium Listeria monocytogenes.
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Using mutational analysis, I determine that GBP1 targeting is directed by a C-terminal
Polybasic Motif (PBM) centered around three arginine residues, and further relies on a
lipidated CaaX motif and protein oligomerization via the GBP1 Large GTPase domain.
Among the human GBP paralogs, the combination of a PBM and CaaX motif is unique
to GBP1. Furthermore, I found that rough lipopolysaccharide (LPS) mutants of S.
flexneri co-localize with GBP1 less frequently than wildtype S. flexneri, suggesting that
host recognition of O-antigen promotes GBP1 targeting to Gram-negative bacteria.
GBP1-targeting to S. flexneri led to co-recruitment of four additional human GBP
paralogs (GBP2, GBP3, GBP4, and GBP6).

S. flexneri and a number of other cytosolic bacteria promote bacterial
dissemination by hijacking host actin cytoskeleton machinery to form actin comet tails
which emanate from one pole of the bacterium and provide mechanical force to propel
bacterium-containing extensions into neighboring cells. I found that while GBP1-
targeted bacteria remain viable, they replicate within intracellular aggregates and fail to
form actin comet tails. Accordingly, wildtype but not a PBM-deficient GBP1 mutant
restricts S. flexneri cell-to-cell spread in plaque assays. I also found that S. flexneri
counters GBP1-mediated host defenses using a secreted effector, IpaH9.8. Accordingly,
human-adapted S. flexneri, through the action of IpaH9.8, is more resistant to GBP1

targeting than the non-human-adapted bacillus B. thailandensis.



Finally, I examined the role of human GBP1 in shaping the host cell
transcriptional response in S. flexneri infected cells, and found that GBP1 promotes the
expression of several chemokines, including CXCL1, CXCL9, CXCL10, and CCL2, which
act as chemoattractants for professional immune cells. This role in chemokine expression
was independent of the GBP1 PBM and CaaX motif necessary for bacterial targeting,
and extended not only to B. thailandensis, but also L. monocytogenes, which is untargeted
by GBP1. Furthermore, GBP2 could functionally substitute for GBP1 to support
expression of CXCL10, implicating other GBPs in the process.

Together, the work encompassed in this dissertation sheds light on the role of the
human GBPs in host cell defense against intracellular pathogens, and identifies
previously unknown roles for the GBPs in precluding bacterial actin-based motility and

shaping the host transcriptional response to pathogens.
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1. Introduction to Shigella pathogenesis and Interferon-
gamma primed host response to bacterial infection

1.1 Overview

Pathogens have evolved to take advantage of their hosts, and employ a toolbox
of strategies and molecular aids to support survival and replication within host
organisms. Likewise, hosts have evolved countermeasures, which lead to containment
and elimination of invading pathogens. Accordingly, a molecular arms race exists
between pathogens and hosts, with each side ever evolving to outdo the other. One
group of pathogens, Gram-negative bacteria of the genus Shigella, have evolved
numerous measures to exploit their primate hosts while avoiding immune
detection/elimination. Chief among these is a strategy for dissemination centered
around subversion of host cytoskeletal components to facilitate cell-cell spread, a
strategy shared by multiple other bacterial pathogens.

Hosts are not defenseless in the face of Shigella infection, and indeed, infections
often prove self-limiting in healthy individuals. Among the defensive countermeasures
employed by hosts are a group of GTPases, the p65 Guanylate Binding Proteins (GBPs),
which are expressed in response to the cytokine Interferon-gamma secreted in the
vicinity of Shigella infections. The interplay between these GBPs and the Shigella

virulence program is the subject of this dissertation.



1.2 Introduction to the Shigella pathogenesis
1.2.1 Shigella species as the causative agent of Shigellosis

Many pathogens have evolved an intracellular lifestyle, allowing them to exploit
the resources available within cells while simultaneously avoiding the circulating
antibodies and complement proteins that constitute humoral immunity. While some of
these pathogens reside within specialized vacuolar compartments, others escape the
endosomal compartment to replicate within the host cell cytosol. Among these cytosol-
resident pathogens are several Gram-negative bacteria, an archetype of which is Shigella
flexneri.

S. flexneri is the most prevalent and best studied of four pathogenic Shigella
species, which spread via a fecal-oral route as contaminants of food and water and cause
diarrheal disease, termed Shigellosis, primarily in the Developing World[1, 2].
Shigellosis is an acute intestinal infection with symptoms ranging from mild diarrhea to
severe bacillary dysentery typified by intestinal inflammation, fever, and stool
containing bloody mucus[1]. While Shigellosis is generally self-limiting in healthy
individuals, the infection can become life-threatening in immunocompromised patients
or those without access to adequate medical care[1]. Accordingly, Shigellosis accounts
for approximately 700,000 deaths each year[3]. Typical medical intervention involves
oral rehydration and treatment with antibiotics[1, 3]. However, in recent years, antibiotic

resistant strains have been reported, limiting the future efficacy of this approach[3].



1.2.2 Evolution of Shigella virulence

Members of the Shigella genus evolved from the closely related bacterium
Escherichia coli (E. coli)[1, 4]. One of the hallmarks of Shigella species is the presence of a
large (approximately 220 kb) virulence plasmid encoding numerous secreted effector
proteins and a needle-like Type 3 Secretion System (T3SS), which plays a central role in
virulence by allowing delivery of effector proteins from the bacterial cytosol to the
cytosol of host cells to subvert host cell processes[1, 5-7]. Secretion via the T3SS is
regulated to ensure that effectors are only secreted when necessary, and host cell contact
serves as a marked inducer of T3SS activation[5, 7-10]. Between the virulence plasmid
and bacterial chromosome, the S. flexneri genome encodes approximately twenty five
T3SS-secrtetd effector proteins, which can be subdivided into two groups: i.)
constitutively expressed effectors that largely play a role in host cell invasion, and ii.)
effectors that are only expressed following T3SS activation via host cell contact, many of
which facilitate downregulation of inflammatory responses [5, 7, 11]. Together, these

effectors subvert host cell processes to favor bacterial survival and dissemination.

1.2.3 The Shigella flexneri infection pathway

The S. flexneri infection pathway is summarized in Figure 1. Following ingestion,
S. flexneri traffics through the digestive tract to the colon, aided by a highly effective acid

resistance system[1, 12]. However, despite being a pathogen of colonic epithelial cells,



S.flexneri uptake
via fecal-oral route
as food contaminant

*‘“

Acid reistance
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activation NK Cell

Figure 1: Summary of the Shigella flexneri infection pathway. S.flexneri traffics
to the colon. M cells transport bacteria to the gut lumen, where macrophages engulf
them. Macrophage escape depends on inflammasome activation and pyroptosis. T35S
and effectors facilitate epithelial cell invasion. Bacteria escape to the cytosol to form actin
tails using IcsA to recruit host N-WASP/Arp2/3. Resulting protrusion are resolved by
noncanonical clathrin pathway. Effectors block host responses such as NF-«xB signaling
and autophagy. However, peptidoglycan (PGN) fragments lead to IL-8 production via
Nod to recruit polymorphonuclear neutrophils (PMN). Cytokines produced by
macrophage pyroptosis lead to activation of NK cells and IFNy production.
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S. flexneri is unable to effectively infect polarized epithelial cells from their apical
surface, preferring instead to infect from their basolateral membranes|[1, 5, 6]. Thus, the
intestinal epithelium serves as a physical barrier, and the bacteria must cross from the
gut lumen to the sub-mucosa to initiate infection. To circumvent this problem, S. flexneri
stimulates uptake by specialized gut epithelial cells, termed microfold cells (M cells),
which transport particles from the gut lumen to the sub mucosal lymphoid tissue, a
process termed transcytosis[1, 5, 6]. Following transcytosis, S. flexneri faces another
challenge. The sub mucosal lymphoid tissue is populated by macrophages which
phagocytose and degrade transcytosed material and prove an inhospitable host cell to S.
flexneri. Thus, escape from the macrophage is paramount to successful pathogenesis. To
overcome the challenge posed by macrophage-engulfment, S. flexneri induces the
inflammatory cell death pathway, termed pyroptosis[5, 13-15]. However, by utilizing
pyroptosis as an escape route from macrophages, the bacterium balances itself
precariously on a fulcrum that tips in both pro- and anti-bacterial directions.
Specifically, inflammasome activation is accompanied by secretion of proinflammatory
cytokines interleukin-18 and -1 (IL-18 and IL-1B) which lead to activation of Natural
Killer Cells (NK Cells) and subsequent production of the key immune signaling
molecule interferon-gamma (IFNy)[1].

Following macrophage escape, S. flexneri invades epithelial cells from their

basolateral surface via interaction with cholesterol-rich microdomains (lipid rafts) within



the plasma membrane[1, 5, 7]. These lipid rafts serve as important centers for membrane
protein-actin cytoskeleton contact, and bacterial invasion is accompanied by local
cytoskeletal rearrangements|1, 5, 7, 11, 16]. The invasion process involves multiple
events orchestrated by the T3SS and secreted effectors, which together culminate in actin
reorganization and bacterial engulfment[5, 11, 16]. One essential step in this process is
the insertion of the T3SS translocon, formed by two proteins, IpaB and IpaC, into the
host cell membrane to form a 25 A pore continuous with the remainder of the secretion
apparatus to allow effector deliveryl[5, 8, 11].

Once internalized, S. flexneri rapidly escapes the vacuolar compartment to
replicate within the host cell cytosol[5, 7, 16, 17]. This process is driven by the T3SS, with
the translocon protein IpaC sufficient to drive vacuolar lysis[18, 19]. Vacuolar escape is
followed by dissemination to neighboring cells via a strategy reliant on hijacking host
cytoskeletal machinery. Specifically, Shigella forms actin comet tails that emanate from
one pole of the bacterium and provide mechanical force to drive formation and
elongation of bacteria-containing protrusions into neighboring cells [5, 20, 21]. These
protrusions are resolved into vacuoles via a noncanonical Phosphatidyl Inositol (3)
Kinase-dependent clathrin pathway involving epsin-1 and dynamin[7, 11, 22]. Finally,
the resulting vacuoles are lysed by the bacteria to allow escape to the cytosol and

propagation of the infection.



1.2.4 Shigella flexneri actin-based motility

To facilitate protrusion formation, Shigella utilizes the effector IcsA (formerly
VirG), which localizes to one pole of the bacterium and recruits host actin
polymerization proteins. Specifically, IcsA recruits the actin nucleation factor neural
Wiskott-Aldrich syndrome protein (N-WASP), which subsequently recruits Actin-
Related Proteins 2/3 (Arp2/3) to induce formation and growth of a dense curved tail via
barbed end actin polymerization and crosslinking of filamentous actin [5, 7, 20, 21]. N-
WASP natively adopts an auto-inhibitory confirmation, and N-WASP recruitment, in
and of itself, is not sufficient to drive actin-based motility. Thus, S. flexneri must activate
N-WASP via recruitment of the host protein TOCA-1, a transducer of Cdc42 Rho
GTPase signaling [7, 11, 23]. This activation is dependent on the presence of the T3SS,
implicating secreted effector proteins[23]. In addition to TOCA-1, N-WASP auto-
inhibition is relieved by host Tyrosine Kinases, including Bruton’s Tyrosine Kinase (Btk),
which is upregulated during infection and phosphorylates N-WASP to increase its
Arp2/3 affinity [7, 11, 24, 25]. Together, these N-WASP activation pathways lead to
formation and growth of an actin comet tail to propel the bacteria into neighboring cells.
This actin-based motility plays a central role in the Shigella virulence program, and is
paramount to the success of the bacterium as a pathogen, allowing the infection to
spread beyond the confines of the original cell while avoiding exposure to the

extracellular environment.



1.2.5 Interplay between the Shigella flexneri virulence program and
antibacterial host responses

Within epithelial cells, there is dynamic interplay between host responses, which
tavor pathogen killing and cell death, and the S. flexneri virulence program, which
blocks these responses to support bacterial survival and maintenance of the replicative
niche. To this end, S. flexneri blocks both apoptotic and pyroptotic cell death pathways in
epithelial cells[5, 26-30]. S. flexneri also promotes intracellular survival by preventing
autophagic killing. While the actin-motility effector IcsA is essential for Shigella cell-cell
spread, IcsA poses a risk to the bacteria due to affinity for autophagy protein Atg5. To
counter this, S. flexneri secretes an IcsA-mimic, IcsB, which acts as a decoy and binds
cytosolic Atgb to prevent bacterial targeting[5, 7, 28, 31]. S. flexneri further staves off
autophagic killing by inducing Golgi fragmentation and loss of ER-Golgi trafficking
essential to anti-bacterial autophagy[32-34]. Finally, S. flexneri obstructs downstream
immune activation by dampening NF-kB signaling via a multipronged approach that
includes ubiquitination and degradation of key NF-«B signaling molecules and
stabilization of the signaling inhibitor IkBa [5, 7, 13, 28, 35]. Together, these approaches
block host responses to support cell survival and maintenance of epithelial cells as a
replicative niche. However, S. flexneri is not impervious to host defenses, and
peptidoglycan (PGN) fragments produced by the bacteria lead to robust interleukin-8
(IL-8) production via activation of the host cytosolic surveillance protein Nod1[1, 13, 36].

IL-8 production leads to subsequent recruitment of polymorphonuclear neutrophil
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(PMN) leukocytes, which help to contain the infection[1]. Furthermore, the key host
defense cytokine IFNy is produced by NK Cells recruited to the site of infection during

pyroptosis-dependent bacterial escape from macrophages[1].

1.3 Other Cytosolic Bacterial Pathogens Engage in Actin-Based
Motility

In addition to Shigella species, a cytosolic lifestyle featuring actin-based motility

has been adopted by other pathogenic bacteria, including Listeria monocytogenes,

Burkholderia species, and members of the Spotted Fever Group of the genus Rickettsia.

1.3.1 Actin-based motility by the Gram-positive bacterium Listeria
monocytogenes

Listeria monocytogenes is a foodborne Gram-positive bacterium that causes febrile
gastroenteritis in heavily colonized patients, with potential for invasive infections in
immune compromised individuals, pregnant women, and infants[37]. Invasive L.
monocytogenes infection can lead to the condition Listeriosis, with symptoms including
meningitis, encephalitis, and septicemia[37]. Furthermore, intrauterine/cervical infection
in pregnant women can result in passage of the bacterium to newborns, spontaneous
abortion, or stillbirth[37]. Like Shigella, L. monocytogenes escapes the vacuolar
compartment to replicate in the host cell cytosol, where it nucleates host actin through
the effector ActA, an Arp2/3 recruitment factor that mimics host WASP[37]. This allows
Listeria to spread to neighboring cells in a manner that mirrors the IcsA-dependent

strategy used by Shigella, yet is independent of N-WASP recruitment.



1.3.2 Actin-based motility by Gram-negative bacteria of the genus
Burkholderia

Members of the genus Burkholderia comprise a group of Gram-negative bacteria
that includes the pathogens B. mallei, B. pseudomallei, and the opportunistic pathogen B.
thailandensis. B. mallei is an equine pathogen that causes the severe infection known as
Glanders in horses, donkeys, and mules, and can cause zoonotic infection in
humans[38]. Likewise, the closely related bacterium B. pseudomallei is a human pathogen
that causes both chronic and acute infections[39]. B. pseudomallei infects numerous
tissues, and chronic infection, termed Melioidosis, results in symptoms including
abscesses in the liver or spleen, lung nodules, and pneumonia[39]. Left untreated,
Melioidosis displays a high mortality rate of up to 90%, while treatment outcomes are
variable with mortality rates ranging from 10-50%[39]. The opportunistic pathogen B.
thailandensis rarely causes infections, yet commonly serves as a laboratory model of B.
pseudomallei[40-42]. Both species utilize a similar arsenal of virulence factors and
replicate in the host cytosol, where they display actin-based motility dependent on the
effector BIimA[40, 41, 43]. Interestingly, the mechanism of actin-nucleation differs
between the BIimA orthologs of B. thailandensis and B. pseudomallei. Actin nucleation via
B. thailandensis BimA mirrors that of Shigella IcsA, and relies on recruitment of host
Arp2/3, leading to formation of branched actin networks that result in dense comet tails

with a distinctive curvature [44]. However, B. psudomallei BimA forgoes Arp2/3
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recruitment and directly nucleates actin by mimicking the activity of host Ena/VASP,

resulting in a straight actin tail with a braided appearance[44].

1.3.3 Actin-based motility of Gram-negative bacteria belonging to the
Spotted Fever Group of the genus Rickettsia

Actin-based motility is also used by Gram-negative bacteria belonging to the
Spotted Fever Group (SFG) of the genus Rickettsia[45, 46]. These bacteria are spread via
arthropod vectors, and are causative agents of spotted fevers, including Rocky Mountain
Spotted Fever (R. rickettsia), Mediterranean Spotted Fever (R. conorii), Queensland Tick
Typhus (R. australis), and Rickettsialpox (R. akari)[47]. Interestingly, unlike other known
actin-polymerizing bacteria, which utilize a single actin-nucleation strategy, SFG
Rickettsia display biphasic actin-based motility dependent on two different actin-
nucleators that lead to actin tails with two distinct structures[48]. Directly following
infection, the effector RickA recruits Arp2/3 to form dense curved tails reminiscent of
those formed by S. flexneri[48]. However, this initial phase of actin-polymerization is
followed by a second phase, in which the formin-like effector Sca2 forms long straight
tails[46, 48]. Intriguing though it may be, the purpose of this biphasic motility strategy is
not yet understood.

Taken together, the frequency of a Shigella-like lifestyle among bacterial
pathogens necessitates an understanding of the effectors that favor cytosolic replication
and actin-based motility, and invites exploration of the host factors that counter intra-

cytosolic survival and actin-based dissemination.
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1.4 Interferon-gamma Potentiates Host Defense Against
Pathogens

The cytokine Interferon-gamma (IFNY) is the sole member of the Type II
Interferon family and plays a central role in orchestrating host defense against
pathogens, including viruses, bacteria, and protists. IFNy is produced by numerous
immune cells, chiefly NK Cells, CD4+ T helper cells type 1 (Th1), and CD8+ cytotoxic
lymphocytes, but also B cells, Natural Killer T Cells (NKT cells), and professional
antigen presenting cells such as monocytes/macrophages and dendritic cells[49].

Secreted IFNy initiates a JAK/STAT signaling cascade through activation of the
IFNy-receptor present on virtually all cells of the body[49]. Resulting JAK/STAT
signaling culminates in expression of dozens of genes containing Gamma Interferon
Activation Sites (GAS) or Interferon-Stimulated Response Elements (ISRE) within their
promoters[49]. Overall, these IFNy-induced expression changes convert a cell to a state
that is inhospitable for viral or microbial survival/replication, and additionally aid in
immune modulation. Antimicrobial changes include production of reactive oxygen and
nitrogen species via NADPH-Dependent Phagocyte Oxidase (NADPH oxidase) and
inducible Nitric Oxide Synthase (iNOS), respectively, depletion of intracellular
Tryptophan stores by Indoleamine 2,3-dioxygenase (IDO), and the expression of
numerous GTPases belonging to the dynamin superfamily, including the p47 Immunity-
Related GTPases (IRGs), and the p65 Guanylate Binding Proteins, which have both

antimicrobial and antiviral functions[49, 50]. Additionally, IFNy plays
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immunomodulatory roles that include upregulation of antigen presentation via Class I
and II MHC and production of pro-inflammatory chemokines such as CXCL10 (IP-10),
CCL2 (MCP-1) and CCL5 (RANTES)[49].

The importance of IFNy-signaling in host defense is underscored the
consequences of its loss. Accordingly, mice bearing deletions in the IFNy receptor
succumb to low virulence pathogens that are unable to kill their wildtype counterparts,
including vaccinia virus, L. monocytogens, low virulence Mycobacterial species, and
protists such as Toxoplasma gondii, and Leishmania major[49]. Additionally, mutations in
the human IFNy receptor result in often fatal susceptibility to rare infections, including

those caused by avirulent environmental Mycobacteria[49].

1.5 The Guanylate Binding Proteins Defend Against Intracellular
Pathogens

The p65 Guanylate Binding Proteins (GBPs) are a family of Interferon-inducible
GTPases that mediate host defense against pathogens. The GBPs are conserved across
vertebrate species, with eleven genes in mice and seven in humans[51, 52], and the
revelation that they are amongst the most highly induced genes within the IFNy-
program was an early indication of their importance[52-54]. The GBPs defend against
numerous viruses in human, murine, and porcine cells, including Vesicular Stomatitis
Virus (VSV), Encephalomyocarditis Virus (EMCV), Hepatitis C Virus (HCV), Human
Immunodeficiency Virus 1 (HIV-1), and Classical Swine Fever Virus (CSFV)[52, 55-59].

However, much important work has focused on the GBPs in IFNy-induced defense
13



against intracellular microbes[52]. Within this context, the GBPs play targeting-
dependent and -independent roles, and have been characterized as mediators of
pathogen destruction and potentiators of inflammasome activation, although it remains

unclear how these dual roles interrelate.

1.5.1 Loss of Guanylate Binding Proteins results in susceptibility to
pathogens

Much of our knowledge of GBP function has been gathered from murine studies.
In mice, loss of GBPs results in susceptibility to pathogens, including the protist T. gondii
and bacteria, such as L .monocytogenes and Francisella novicidia [60-64]. Loss of murine
GBP1 also results in higher bacterial burden following infection with Mycobacterium
tuberculosis or L. monocytogenes[65], and a study published concurrently with the
research in Chapter 2 of this dissertation revealed that loss of a subset of GBPs renders
mice susceptible to a mutant strain of S. flexneri lacking the anti-GBP effector
IpaH9.8[66]. These in vivo studies are further supported by in cellula studies, where
murine GBPs restrict replication of the aforementioned pathogens and other bacteria,
such as Legionella pneumophila and Chlamydia species[62-65, 67-70]. Finally, these anti-
pathogen functions have been extended to human cells, where GBP1 restricts replication
of T. gondii[71, 72]. While human GBP1-dependent T. gondii restriction appears to be
independent of targeting[71], the protein has been reported to target the T. gondii
vacuole in certain cell types[72]. Together, these studies highlight the importance of the

GBPs in host defense.
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1.5.2 Guanylate Binding Protein targeting pathways

The GBPs physically localize to vacuolar compartments occupied by an array of
pathogens. These include bacteria such as M. tuberculosis, L. pneumophila, Yersinia
pseudotuberculosis, Salmonella enterica serovar Typhimurium, and Chlamydia species, as
well the protist T. goindii and phagosomes containing the Gram-positive bacterium L.
monocytogenes[52, 63-65, 67, 69, 70, 72-77]. To date, two GBP targeting pathways have
been described. The first relies on the presence of bacterial secretion systems, a common
feature of pathogenic bacteria that allow translocation of bacterial effector molecules to
the host cell cytosol[78]. These secretion systems lead to pathogen vacuole (PV)
instability and cytosolic exposure of sugar moieties normally restricted to the vacuolar
interior, which serve as binding platforms for cytosolic surveillance lectins, the galectins,
which deliver GBPs to the PV[73, 79]. A second pathway has been described in murine
cells infected with C. trachomatis or T. gondii, and relies on another family of IFNy-
inducible GTPases, the p47 Immunity Related GTPases (IRGs). A subset of these IRGs
physically localize to the PV membrane, and lead to an initial round of ubiquitination by
yet uncharacterized ubiquitin E3 ligases[70]. This initial ubiquitination leads to further
ubiquitination via the E3 ligase Tumor Necrosis Factor (TNF) Receptor Associated
Factor 6 (TRAF6), and cooperative binding of p62/sequestome-1 (p62), which escorts
murine GBP1 and GBP2 to the PV[70]. In addition to these PV-targeting pathways,

recent studies have shown that murine GBP2 and GBP5 target the cytosolic Gram-
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negative bacterium F. novicidia through a yet uncharacterized mechanism[60, 80], an
observation that necessitate the existence of additional targeting pathways which may

be specific to cytosolic bacteria.

1.5.3 The Guanylate Binding Proteins mediate pathogen destruction

The GBPs cooperate in several host defense pathways that culminate in pathogen
destruction and/or inflammasome activation. To this end, both murine GBP1 and GBP7
aid in autophagic destruction of pathogens by escorting the autophagy adaptor p62 and
autophagy protein Atgdb, respectively, to bacteria containing phagosomes[65].
Furthermore, murine GBP7 interacts with subunits of NADPH Oxidase in macrophage
to recruit the complex to bacteria containing phagosomes and aid in oxidative burst[65].
While conclusive evidence for GBP-dependent PV/pathogen lysis has remained elusive,
GBP-recruitment is often accompanied by PV rupture and/or death of the pathogen[60,
62, 63, 66, 67, 75]. This has been best shown for T. gondii, where murine GBPs not only
target and disrupt the T. gondii PV, but also attack the pathogen therein[67].
Furthermore, in murine macrophages, GBP targeting to Salmonella Typhimurium, S.
flexneri, and F. novicidia is accompanied by bacterial death[60, 66, 75]. Finally, in murine
embryonic fibroblasts (MEFs), loss of GBP-recruitment factors TRAF6 or p62 leads to

stabilization of C. trachomatis PVs[70].
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1.5.4 The Guanylate Binding Proteins potentiate inflammasome
activation

The GBPs are potentiators of both canonical (caspase-1) and noncanonical
(caspase-11 in mice and caspase-4/5 in humans) inflammasome activation[52, 60, 61, 68,
75, 80-82]. These inflammasomes are mediators of inflammatory “pyroptotic” cell death
and secretion of cytokines interleukin-1 beta (IL-1p) and interleukin-18 (IL-18) in
response to conserved pathogen associated molecular patterns (PAMPs) and damage
caused by microbial invasion (damage associated molecular patters/DAMPs)[83]. The
canonical inflammasome is a modular multi-subunit activation platform for the protease
caspase-1[83]. Caspase-1 activation relies on ligand recognition by numerous cellular
surveillance proteins, which together with the adaptor protein ASC, engage caspase-1 to
initiate inflammasome activation in response to PAMPs/DAMPs[83]. Caspase-1
activation leads to proteolytic cleavage of pro-IL-1B and pro-IL-18 to their secreted
forms[83]. Additionally, Caspase-1 cleaves the protein Gasdermin D to release an N-
terminal fragment that oligomerizes and forms pores in the plasma membrane at sites
containing phosphatidylinositol phosphates, leading to membrane permeability[83, 84].
While the canonical inflammasome is modular and responds to multiple
PAMPs/DAMPs, the noncanonical inflammasome directly recognizes cytosolic LPS from
Gram-negative bacteria and facilitates Gasdermin D proteolysis and membrane
permeabilization[85-87]. Furthermore, noncanonical inflammasome-induced membrane

permeability leads to potassium efflux, a potent DAMP that triggers caspase-1 activation
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and IL-1B/IL-18 processing by activating the canonical inflammasome surveillance
protein NLRP3[87, 88].

The GBPs support both canonical and noncanonical inflammasome activation in
response to numerous pathogens, including Salmonella Typhimurium, L. pneumophila, F.
novicidia, and Chlamydia species, among others [52, 60, 61, 68, 74, 75, 80, 81]. Indeed,
murine GBPs are indispensable for robust activation of the canonical inflammasome in
macrophages infected with F. novicidia, which fails to activate the caspase-11
noncanonical inflammasome due to hypoacylation of its LPS, yet triggers canonical
inflammasome activation via the cytosolic DNA surveillance protein AIM2[60, 80].
Furthermore, the GBPs potentiate noncanonical inflammasome activation in response to
L. pneumophila and Chlamydia species[68, 81]. These observations, in combination with
the observation that murine GBP targeting often coincides with pathogen death, invite a
model wherein the GBPs mediate pathogen destruction to liberate PAMPs to the cytosol
where they can initiate inflammasome activation. However, two lines of evidence run
counter to this model. First, the GBPs are necessary for inflammasome activation in
response to non-GBP targeted pathogens. For example, the mouse adapted Chlamydia
species C. muridarum evades GBP targeting in murine macrophages, yet the murine
GBPs play an integral role in noncanonical inflammasome activation in response to C.
muridarum infection[81]. Second, the GBPs are necessary for both canonical and

noncanonical inflammasome activation in response to both cytosolic bacteria and
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PAMPs artificially delivered to the cytosol. For example, both the AsdhA mutant of L.
pneumophila and AsifA mutant of Salmonella Typhimurium fail to maintain their
replicative vacuoles and enter the host cytosol, yet require murine GBPs to induce
noncanonical inflammasome activation[68]. Additionally, both murine GBP5 and human
GBP5 are required for canonical NLRP3-inflammasome activation in response to soluble
NLRP3-agonists delivered to the cytosol[61]. Finally, the GBPs are necessary for
noncanonical inflammasome activation in response to transfected LPS species, as well as
outer-membrane vesicles derived from E. coli[68, 82]. Together, these observations
suggest that the GBPs play an intimate role in inflammasome activation that extends
beyond their function in PV rupture and pathogen destruction. Accordingly, a recent
publication highlighted a role for human GBP2 in noncanonical (caspase-4)
inflammasome activation in macrophages infected with F. novicidia[89]. This study
showed that while human caspase-4 has the intrinsic ability to recognize hypoacylated
F. novicidia LPS not displayed by its murine caspase-11 counterpart, caspase-4 activation
was enhanced by GBP2, even when hypoacylated F. novicidia LPS was delivered to the

cytosol.

1.5.5 Human GBP1 modulates actin cytoskeleton dynamics

In addition to pathogen destruction and inflammasome activation roles, at least
one GBP plays a role in modulating actin cytoskeleton dynamics. This unique

cytoskeleton remodeling function has been ascribed to human GBP1, and may be
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particularly relevant in the context of host defense against cytosolic pathogens that
utilize actin-based motility. Human GBP1 robustly binds to globular actin (G-actin) and
loosely binds to filamentous actin (F-actin), and is a key factor in the gross actin
cytoskeleton rearrangements seen in IFNy-stimulated cells[90]. Accordingly, IFNy-
treatment or ectopic expression of GBP1 leads to a marked reduction of actin stress
fibers, and regions of GBP1 localization coincide with punctate actin structures[90].
Furthermore, addition of purified GBP1 to in vitro actin polymerization assays results in
formation of quantifiably shorter actin filaments[90]. Together, these data suggest that
human GBP1 inhibits actin polymerization, likely by sequestering G-actin and/or by
capping actin fibers. Within the context of actin-based motility, this raises the possibility
that GBP1 may inhibit formation or growth of nascent actin tails by targeting cytosolic

bacteria to sequester G-actin or cap tails, thereby inhibiting tail extension.

1.5.6 Pathogen evolution to evade Guanylate Binding Proteins

The importance of GBPs in host defense is underscored by the existence of anti-
GBP effector programs among pathogens. T. gondii secretes two effectors, ROP5 and
ROP18, to avoid detection by murine IRGs and GBP1[63]. Furthermore, while human
GBP1 targets murine-tropic C. muridarum, the closely related human-adapted species C.
trachomatis evades targeting[76]. Mixed infections with these two Chlamydia species in
human cells have revealed that C. trachomatis actively avoids GBP1 acquisition though a

yet uncharacterized mechanism, such that C. trachomatis can block deposition of GBP1
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on C. muridarum PVs[76]. Finally, both research contained in Chapter 2 of this
dissertation and two concurrent publications have revealed a central role for the
secreted S. flexneri E3 ubiquitin ligase IpaH9.8 in preventing localization of human GBP1
to bacteria[66, 91]. Taken together, these evolutionary adaptations to evade GBP

targeting point to the importance of GBP function in antimicrobial host defense.

1.6 Structural insights into Guanylate Binding Protein function

The crystal structure of human GBP1 has been determined, and consists of three
gross structural elements (Figure 2)[92]. These include an N-terminal Large G-Domain
(LG domain) involved in GTP binding, hydrolysis, and protein oligomerization, an
elongated central a-helical region (HR), and a C-terminal Effector Domain (ED) that
includes two alpha helices (a12/a13) and a short tail[92]. Sequence alignment with other
family members reveals that these structural characteristics are largely shared amongst
the GBPs, with a striking degree of homology within the LG Domains[52]. Indeed, the
various GBPs differ largely within their C-terminal EDs. Among the human GBPs, GBP1
and two paralogs, GBP2 and GBP5, contain CaaX motifs within their C-termini[93].
These CaaX motifs are sites for lipid modification, more specifically, isoprenylation,
which enables them to interact with membranes. While the CaaX motifs of GBP2 and
GBP5 are modified through addition of a geranylgeranyl isoprene moiety, the GBP1
CaaX motif is attached to a slightly smaller farnesyl moiety[93]. The C-terminal GBP1

ED is further distinguished from other human GBPs by the presence of a stretch of basic
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Figure 2: The structure of human GBP1. The structure of human GBP1 consists
of a large GTPase (LG) domain (red) that facilitates protein oligomerization and
cooperative GTP hydrolysis, a helical region (green), and a C-terminal effector domain
(ED, yellow). This ED contains a farensylated CaaX motif and a Polybasic Motif (PBM)
centered around three arginine residues. The presence of a farensylated CaaX motif and
PBM makes GBP1 unique among the human GBPs.
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lysine and arginine residues, a Polybasic Motif (PBM), proximal to the CaaX motif[93].
Such PBMs have been identified in other GTPases, including Rho and Ras GTPases,
where they play various roles including association with anionic lipids within
membranes and support of protein-protein interactions[94].

The LG domain of the GBPs facilitates oligomerization[93, 95-98] and several
GBP LG domains, such as those of human GBP1 and GBP2, are unique in their ability to
hydrolyze GTP not only to GDP, but also to GMP[95, 97]. The human GBP1 LG domain
shows cooperative GTP-hydrolysis activity, and the GTP-cycle induces structural
changes that displace the C-terminal ED and facilitate membrane-binding via the
farnesylated CaaX motif[95, 96]. Cellular human GBP1 localizes to both the cytoplasm
and punctate structures, which may be either polymers or lipid-containing vesicular
structures, and GTP-binding is a prerequisite for punctate localization[93, 96].
Interestingly, in vitro association of human GBP1 with artificially derived vesicles can
induce VLS-tethering, although the in cellula ramifications of this effect have not been
explored[96]. LG domain-dependent multimerization and structural changes play a key
role in GBP trafficking, and in the ability of GBPs to target pathogens[67, 77, 93].
Accordingly, mutations that disrupt GTP-binding and hydrolysis render murine GBP2,
incapable to targeting T. gondii[67, 77]. Within cells, GBPs can form both homo- and
hetero-oligomers, with homo-oligomers of murine GBP2 shown to reach thousands of

subunits in size[67]. Furthermore, a hierarchical relationship exists amongst the GBPs,
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such that human GBP1 can induce redistribution of GBP2,3,4, and 5 to punctate

structures[93].

24



2. Detection of cytosolic Shigella flexneri via a C-
terminal triple-arginine motif of GBP1 inhibits actin-
based motility

2.1 Introduction

Cell-autonomous immunity describes the ability of a single cell to defend itself
against intracellular pathogens and constitutes an essential branch of the immune
system [99, 100]. Cell-autonomous immunity in vertebrates is often orchestrated by IFN-
inducible genes (ISGs) [100]. Amongst the most robustly expressed ISGs are those
encoding dynamin-like guanylate binding proteins (GBPs) [52-54]. GBPs control
intrinsic antiviral, antiprotozoan and antibacterial immunity, are highly expressed in
inflamed tissue, and can be predictive of infectious disease progressions [52, 58, 65, 101-
103]. Since their discovery, seven human GBP orthologs and one pseudogene have been
identified. The GBP genes are located within one gene cluster on chromosome 1 [104].
Other vertebrate genomes contain comparable numbers of GBP orthologs: e.g. mice
possess 11 genes in addition to 2 pseudogenes [51]. Human and mouse GBPs share a
high degree of homology with the most conserved region found within their N-terminal
G domains. However, GBP protein family members are highly divergent from each
other at their very C-terminal ends, both within and across different vertebrate species
[104]. The functional consequence of this C-terminal amino acid sequence variability has

not been previously explored.

This chapter contains excerpted text from: Piro et al, Detection of Cytosolic Shigella flexneri via a C-terminal
triple-arginine motif of GBP1 inhibits actin based motility, 2017. mBio 8(6):e01979-17.
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To exert many of their anti-microbial functions, GBPs specifically associate with
intracellular microbes residing in the host cell cytosol or at pathogen-occupied
supramolecular structures, which include viral replication complexes [103] and
pathogen-containing vacuoles [52-54]. Following pathogen recognition, GBPs are
thought to deliver antimicrobial host factors to pathogen-containing vacuoles and to
bacteria residing in the host cell cytosol, thereby enabling the execution of distinct
defense pathways which include membranolytic destruction of cytosolic bacteria [60,
80], capture of microbes within degradative autolysosomes [65], and activation of
inflammasomes [60, 61, 68, 75, 80-82]. These studies clearly demonstrated the
importance of GBPs in host defense against a broad spectrum of pathogens in a
vertebrate host. However, because these previous studies were conducted almost
exclusively in mouse models, it remains to be determined whether human GBPs execute
functions comparable to their murine counterparts.

In this study we systematically tested all seven members of the human GBP
protein family for their ability to co-localize with the cytosolic bacterial pathogens
Listeria monocytogenes, Shigella flexneri and Burkholderia thailandensis. All of these bacterial
species are equipped with the ability to co-opt the host actin polymerization machinery
for actin-based cytosolic motility and cell-to-cell spread [105]. While we failed to detect
any co-localization between human GBPs and the Gram-positive bacterium, L.

monocytogenes, we found that GBP1, independent of other human GBP paralogs, targeted
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both Gram-negative bacteria, B. thailandensis and S. flexneri. This specific interaction
between GBP1 and bacteria, which is determined by a unique C-terminal triple-arginine
motif, inhibits actin-tail formation of GBP1-decorated bacteria resulting in a reduction of
bacterial cell-to-cell spread. We further observed that GBP1 targeted the non-human-
adapted microbe B. thailandensis more efficiently than the human-adapted pathogen

S. flexneri leading us to hypothesize that S. flexneri actively interferers with GBP1
function. In agreement with this hypothesis and confirming similar results published
during the preparation of this manuscript [66, 91], we identified the bacterial ubiquitin
E3 ligase IpaH9.8 as a S. flexneri virulence factor that interferes with GBP1 recruitment to
this professional cytosolic bacterium. Thus, this study provides a novel understanding
of the role of human GBPs in immunity to bacterial pathogens and also defines a
virulence strategy employed by a human-adapted microbe to escape from GBP1-

regulated host defense.

2.2 Results

2.2.1 Human GBP1 co-localizes with cytosolic S. flexneri and
B. thailandensis

Most known GBP-mediated antimicrobial functions require that GBPs directly
localize to intracellular microbes or their surrounding vacuoles [52-54]. Based on this
premise we screened the entire set of human GBPs (GBP1 - 7) as ectopically expressed
mCherry N-terminal fusion proteins in the human epithelial lung carcinoma cell line

A549 for co-localization with the cytosolic bacterial pathogen S. flexneri. Expression of

27



O

& N b D ok O o A X A
@ TR RLT LXK LKL K Q Q
«’b‘\é FFEFELLLELSEL &
A\

wa F FFFFLFFFE &&

192: ———— - _
mCherry 50 —|

37— e

25—

Long Exposure

GAPDH o @ GEES> CESD GOS oIED cmmD @D @sw—

Figure 3: Expression of N-terminal mCherry-GBP fusion proteins in 293T cells.
293T cells were transiently transfected with mCherry-tagged human GBPs or control.
Cells were lysed in RIPA buffer approximately 24 h post transfection and probed with

anti-GBP1 and anti-GAPDH antibodies.
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each fusion protein was detectable by Western blotting (Figure 3) and by
immunofluorescence (Figure 4). Unexpectedly, only a single member, GBP1, associated
with cytosolic S. flexneri, as assessed at 1 and 3 hours post infection (hpi) in either naive
or IFNy-primed A549 cells (Figure 4). Association of GBP1 with individual S. flexneri
bacteria was observed as early as 10 minutes post host cell invasion (data not shown).
Similarly, we observed that GBP1 was the sole human GBP family member to co-localize
with the cytosolic Gram-negative bacterium B. thailandensis in either naive or IFNy-
primed A549 cells (Figure 5A). In contrast to the observed targeting of GBP1 to these
Gram-negative bacteria, we failed to detect any co-localization of any human GBP

paralog with L. monocytogenes, a cytosolic Gram-positive pathogen (Figure 5B).

2.2.3 Targeting of GBP1 to S. flexneri is dependent on its
functional G domain, CaaX box and a C-terminal triple-arginine
motif

To determine which protein motifs and properties of GBP1 (Figure 6A) render it
uniquely capable to detect cytosolic Gram-negative bacteria, we generated and screened
a large set of GBP1 mutant variants for co-localization with cytosolic S. flexneri. Mutant
variants previously established to be defective for GTP hydrolysis (GBP1®#4) or
nucleotide binding (GBP1¥5'4 and GBP1%N) [98, 106] failed to associate with S. flexneri
(Figure 6B). These findings were expected, because GTP binding and hydrolysis are
required for GBP1 dimerization, protein polymerization and membrane binding [92, 93,

96, 98, 106, 107]. We also found that targeting to S. flexneri was dependent on the
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Figure 4: Ectopically expressed human GBP1 co-localizes with S. flexneri.A549
cells were transfected with indicated GBP paralogs fused to mCherry at their N-termini
or transfected with mCherry control. Cells were primed with IFNy at 200 U/ ml
overnight or left untreated. Cells were infected with GFP-positive S. flexneri at a
multiplicity of infection (MOI) of 50 and microscopy images were taken at 1 hpi. Graphs
represent combined data from 3 independent experiments counted at 1 and 3 hpi. Per
experiment >200 bacteria were scored in transfected, i.e. mCherry-positive cells. Error
bars indicate SEM. Significance was determined by 2-way ANOVA. ** p<0.001;
**#%p<0.0001; n.s. = non-significant. n.d. = not detectable.
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Figure 5: Ectopically expressed human GBP1 co-localizes with Gram-negative
B. thailandensis but not Gram-positive L. monocytogenes in human A549 cells.A549
cells were transfected with indicated GBP paralogs fused to mCherry at their N-termini
or transfected with mCherry control. Cells were primed with IFNy at 200 U/ ml
overnight or left untreated. (A) Cells were infected with GFP-positive B. thailandensis at a
multiplicity of infection (MOI) of 100 and microscopy images were taken at 8 hpi. (B)
Cells were infected with GFP-positive L. monocytogenes at an MOI of 5 and monitored at
1 hpi and 3hpi (1 hpi image and 1h data are shown). Graphs represent combined data
from 3 independent experiments counted at 1 and 3 hpi. Per experiment >200 bacteria
were scored in transfected, i.e. mCherry-positive cells. Error bars indicate SEM.
Significance was determined by 2-way ANOVA. ** p<0.001; ***p<0.0001; n.s. = non-
significant. n.d. = not detectable.
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C-terminal CaaX box of GBP1 (Figure 6B). This finding was also expected as CaaX box-
dependent prenylation of GBP1 provides a lipid anchor critical for the membrane
association of GBP1 [93, 96, 108].

Both GBP1 and GBP2 contain highly homologous N-terminal G domains and
carry C-terminal CaaX boxes [104], yet only GBP1 efficiently associates with S. flexneri in
A549 cells (Figure 4). We therefore generated protein chimeras between GBP1 and GBP2
to map the motif that uniquely directs GBP1 to cytosolic bacteria. Most of the divergence
between GBP1 and GBP2 sequences is found within the C-terminal subdomain (CTSD)
consisting of a-helices a12 and a13, a short flexible region, and the CaaX box. We
therefore swapped the CTSDs of GBP1 and GBP2 to generate two complementary
chimeric proteins and found that the GBP1- but not GBP2-derived CTSD determined
protein targeting to S. flexneri (Figure 6C). Swapping the CaaX boxes on the other hand
only moderately reduced GBP1 targeting to bacteria (Figure 6C), indicating the existence
of an additional motif within the GBP1-CTSD critical for bacterial recognition. Within
the flexible region of CTSD we identified a GBP1-specific poly-basic protein motif
(PBM), a 6 amino acid stretch containing 5 basic residues (KMRRRK). Deletion of these 6
residues or mutation of the triple-arginine cassette to triple-alanine abrogated co-
localization of GBP1 with S. flexneri (Figure 6C). In a complementary approach, we
found that insertion of the GBP1-PBM between GBP2 residues 586 and 587 (GBP2BM)

was sufficient to drive significant targeting of GBP2 to S. flexneri (Figure 6C).
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Figure 6: Targeting of GBP1 to S. flexneri is dependent on its functional G
domain, CaaX box and a C-terminal triple-arginine motif. (A) A schematic depiction
of critical protein motifs, domains and specific residues within the structure of human
GBP1. (B) A549 cells were transfected with the indicated mCherry (control), mCherry-
tagged wildtype GBP1 and mCherry-tagged GBP1 variants defective in GTP hydrolysis

(R48A), nucleotide binding (K51A and S52N) or farnesylation (A589-592 and C589A).
Cells were infected with GFP+ S. flexneri at an MOI of 50 and assessed for co-
localization with mCherry at 3 hpi inside mCherry-expressing cells. (C - D) HEK 293T
were transfected with the indicated mCherry (control), mCherry-tagged wildtype (GBP1
and GBP2), indicated chimeras (GBP1/2CTSD; GBP1/2CaaX; GBP2/1CTSD;
GBP2/1CaaX), deletion mutant (GBP1APBM), triple-point mutant (R584-586A) or
insertion mutants (GBP2+PBM; GBP2+PBM+GBP1-CaaX). Cells were infected with GFP+
S. flexneri at an MOI of 50 and assessed for co-localization with mCherry at 3 hpi inside
mCherry-expressing cells. CTSD = C-terminal subdomain; PBM = poly-basic protein
motif. Combined data from 3 independent experiments are shown. Per experiment >200
bacteria were scored. Error bars indicate SEM. Significance was determined by 1-way
ANOVA relative to GBP1 (B) or as indicated (C and D). *p<0.05; *** p<0.001;

% p<0.0001; n.s. = non-significant. (A) Performed with assistance from Azeb Yirga.
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Swapping the GBP2 with the GBP1 CaaX box further improved the bacteria-targeting
efficiency such that GBP2BM+GBP1-CaaX s recruited to Shigella at levels comparable to
wildtype GBP1 (Figure 6D). These data demonstrate that a triple-arginine motif within
the C-terminal PBM of GBP1 is essential and sufficient to equip both GBP1 and GBP2
with the ability to detect cytosolic S. flexneri, while the GBP1 CaaX box further improves

targeting efficiency.

2.2.4 Triple-arginine motif controls delivery of GBPL1 to sterilely
damaged vacuoles.

To identify possible molecular targets for the C-terminal PBM of GBP1, we
followed up on our previous published observation that GBP1 but none of its human
paralogs detect sterilely damaged endogenous vacuoles in human embryonic kidney
(HEK) 293T cells [73]. The disruption of vacuoles leads to the cytosolic exposure of
glycans that are normally confined to the vacuolar lumen. These exposed sugars then
prompt the recruitment of the -galactoside-binding lectin Galectin-3 as an established
marker for loss of vacuolar integrity [79]. To determine whether the PBM of GBP1 could
promote the recognition of glycans, we tested its role in the delivery of GBP1 to
ruptured vesicles. We first determined whether the structural requirements for the
delivery of GBP1 to ruptured endosomes generally resembled those for the targeting of
GBP1 to bacteria. In support of this premise, we observed that delivery of GBP1 to
damaged endosomes was dependent on its functional G domain and CaaX box (Figure

7A). We further noticed that the CTSD of GBP1 was essential for the delivery of GBP1,
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and sufficient to promote recruitment of chimeric GBP2 protein, to damaged vesicles
(Figure 7B). Deletion of PBM or mutation of the triple-arginine motif led to substantially
reduced co-localization between Galectin-3-marked vacuoles and GBP1 (Figure 7B),
indicating a functional role for the triple-arginine motif in the delivery of GBP1 to
disrupted vesicles. These observations suggested that the triple-arginine motif of GBP1

directly or indirectly detects glycans.

2.2.5 S.flexneri mutants lacking O-antigen are targeted
infrequently by GBP1

Because GBP1 detects broken vacuoles that are marked by cytosolically exposed
polysaccharides normally confined to the vacuolar lumen, we speculated that bacterial
surface-exposed polysaccharides could similarly underlie the recruitment of GBP1 to
S. flexneri. We thus investigated whether GBP1 either directly or indirectly detects
lipopolysaccharide (LPS), the main building block of Gram-negative bacterial envelope.
Because O-antigen forms the outward sugar portion of LPS on the surface of bacteria, we
tested GBP1 recruitment to the O-antigen-deficient gallUl and rfaL ‘rough’ S. flexneri
mutants, which enter the host cell cytosol of non-polarized epithelial cells at comparable
frequencies [109]. We found that co-localization of ectopically expressed (Figure 8B) or
endogenous GBP1 (Figure 8C) to S. flexneri rough mutants was substantially diminished
relative to GBP1 targeting to wildtype S. flexneri, indicating that O-antigen recognition

plays an important role in GBP1 recognition of cytosolic Gram-negative bacteria.
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Figure 7: Localization of GBP1 to damaged endosomes is dependent on its
triple-arginine motif. 293T cells stably expressing YFP-Galectin-3 (Gal3) were
transiently transfected with the indicated expression constructs and approximately 1
day later treated with calcium phosphate precipitates to induce endosomal damage
leading to YFP-Gal3 puncta formation. (A and B) Combined data from 3 independent
experiments are shown. Per independent experiment >400 YFP-Gal3 puncta were
scored for GBP1 co-localization in mCherry-positive cells. Error bars denote SEM. 1-way
ANOVA was used to assess significance. **p<0.01; *** p<0.001; ***p<0.0001; n.s. = non-
significant. (B) Arrows within representative images point to Galectin-3-positive
vacuoles.
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Figure 8: Bacterial targeting of GBP1 is diminished for S. flexneri rough
mutants. (A) Arrows indicate site of truncation to LPS structure resulting from the loss-
of-function mutations in bacterial genes galll and rfa. (B) 293T cells were transfected
with mCherry-GBP1 or mCherry control, whereas (C) HeLa cells were left
untransfected. Following infection with wildtype or the indicated S. flexneri mutants at
an MOI of 50, co-localization of (B) ectopically expressed GBP1 or (C) endogenous GBP1
was quantified. Combined data from at least 3 independent experiments are shown. Per
experiment >400 bacteria were scored per experimental condition. Cells were fixed at 3
hpi, and the percentage of GBP1-positive bacteria was determined by microscopy.
Graph represents the mean percentage of GBP1-positive bacteria from three
independent experiments. Error bars represent SEM. 2-way ANOVA was used to assess
statistical significance. *** p<0.001; ****p<0.0001; n.s. = non-significant. (C) Performed in
collaboration with Dulcemaria Hernandez.
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We previously demonstrated that Galectin-3 interacts with a subset of murine
GBPs and promotes their recruitment to Legionella- as well as Yersinia-containing
vacuoles [73]. Because Galectin-3 binds to O-antigen as well as the inner core of LPS
[110], we hypothesized that Galectin-3 could promote the delivery of GBP1 to the Gram-
negative bacterium S. flexneri. However, we observed that ectopically expressed GBP1
co-localized with S. flexneri with comparable frequencies in wildtype and Galectin-3
deficient mouse embryonic fibroblasts (MEFs) (Figure 9). Together, these data suggest
GBP1 detects cytosolic S. flexneri in an O-antigen-dependent but Galectin-3-independent

manner.

2.2.6 GBP1-decorated S. flexneri replicate within intracellular
bacterial clusters

Previous work demonstrated the lytic destruction of GBP-bound cytosolic
bacteria in mouse cells [60, 80]. To assess whether recruitment of human GBP1 to S.
flexneri would similarly drive bactericidal effects, we used an IPTG-inducible GFP
reporter system as a bacterial viability indicator. In these experiments, we infected HeLa
cells with reporter-positive S. flexneri, then induced GFP expression with IPTG at 2 hpi
and stained cells for endogenous GBP1 and LPS at 4 hpi (Figure 10A). As expected,
inhibition of bacterial translation with chloramphenicol treatment at 2 hpi blocked
detectable GFP expression at 4hpi (Figure 10B), thus validating the reporter system. We
then primed HeLa cells with IFNy to induce endogenous GBP1 expression and to assess

the effect of GBP1 targeting on bacterial viability. We found that GBP1-targeted and-
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Figure 9: GBP1 localization to S. flexneri is independent of Galectin-3. Primary
WT (C57BL/6]) and Galectin-3-- MEFs were transiently transfected with expression
constructs for mCh-GBP1 or an mCherry control, and subsequently infected with GFP*
S. flexneri at an MOI of 50. Cells were fixed at 3 hpi, and the percentage of GBP1-positive
bacteria was determined by microscopy. Per experiment >400 bacteria were scored per
experimental condition. Graph represents the mean percentage of GBP1-positive
bacteria from three independent experiments. Error bars represent SEM. 2-way ANOVA

was used to assess statistical significance. n.s. = non-significant. Performed in

collaboration with Ryan Finethy.
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untargeted bacteria were GFP-positive at comparable frequencies, indicating that GBP1
recruitment to S. flexneri fails to promote bacterial killing at this time point (Figure 10B).
Instead, we noticed that GBP1-positive bacteria form intracellular clusters. To measure
clustering, we developed an automated scoring matrix (Figure 11A), as described in
Materials and Methods. To determine whether GBP1 could be responsible for this
clustering effect, we generated HeLa cells that lack GBP1 (GBP1¥°) (Figure 11B).
Following IFNy priming to induce expression of GBPs, we observed reduced bacterial
clustering in two independent GBP1XO clonal cell lines as compared to the parental HeLa
cells (Figure 11C and D). Bacterial clustering was restored in GBPIX® cells by ectopically
expressing wildtype GBP1 but not a triple-arginine mutant (Figure 11C and D).
Furthermore, we found that GBP1-decorated, clustered bacteria not only remained
viable but continued to divide (Figure 12). Thus, our observations indicate that triple-
arginine-dependent delivery of GBP1 to cytosolic S. flexneri promotes bacterial clustering

but fails to execute bactericidal or bacteriostatic activities.

2.2.7 GBP1 inhibits actin-based motility in a triple-arginine motif-
dependent manner

GBP1-decorated S. flexneri cluster intracellularly and therefore phenocopy
S. flexneri AicsA mutants (Figure 13) that lack the ability to form actin tails and hence are
non-motile inside the host cell cytosol [111]. Thus, we hypothesized that GBP1 blocks S.
flexneri actin tail formation. In support of this hypothesis we observed a marked

reduction in actin tails associated with GBP1-tagged versus -untagged S. flexneri in 293T
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Figure 10: GBP1 targeted S. flexneri remain viable. (A) IFNy-primed and
unprimed HeLa were infected at an MOI of 50 with S. flexneri carrying an IPTG-
inducible GFP reporter plasmid. IPTG, and where indicated also chloramphenicol (Cm),
were added to the culture medium at 2 hpi. At 4 hpi cells were fixed and stained with
anti-LPS (blue) and anti-GBP1 (red). A representative image of infected, IFNy-primed
HeLa cells is shown. (B) GFP expression was used as a proxy for bacterial viability.
Combined data from 3 independent experiments as described under (A) are shown. 2-
way ANOVA was used to assess statistical significance. ****p<0.0001; n.s. = non-
significant. Performed in collaboration with Dr. Eric Feeley.
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Figure 11: GBP1-tagged S. flexneri replicate within intracellular bacterial
aggregates. (A) Cells were infected with S.flexneri at an MOI of 50 and fixed at 3 hpi.
Bacteria were then stained with an anti-LPS antibody (blue). Shown here is a
representative maximum projection of Z stacks containing LPS signals. Yellow outlines
depict non-clustered objects and blue outlines depict clustered objects. (B) Protein
lysates from IFNy-primed parental HeLa (WT) and two independent GBP1X° clones were
transferred to membranes and probed with anti-GBP1 and anti-GAPDH antibodies. (C
and D) Two independent GBP1¥° HeLa cell clones were transfected with wildtype GBP1
or GBP1®545%A mCherry fusion proteins and then infected with S. flexneri at an MOI of
50. Bacteria were visualized via with anti-LPS (blue) immunostaining. Cluster analysis
was performed as described in Materials and Methods and the percentage of total
bacterial volume occupied by clusters of greater than three bacteria was determined in
mCherry(+) cells using the Image] 3D-OC plugin. Graph depicts the combined data from
three independent experiments. Error bars represent SEM. 2-way ANOVA was used to
assess statistical significance. **p<0.01; n.s. = non-significant. (A and D) performed in
collaboration with Dr. Eric Feeley.
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Figure 12: GBP1 targeted S. flexneri remain replication-competent within
bacterial aggregates. GBP1X° HeLa cells were transfected with mCherry-GBP1 and
infected with poly-D-Lysine pre-treated S. flexneri at an MOI of 10. Cells were infected
for 30 minutes, washed and then placed in Phenol-red free DMEM. Video microscopy
was begun at 2 hpi (2:00). Images of 6-minute intervals between 2:00 and 2:42 are shown.
Arrowheads point at bacteria that have undergone cell division. Performed in
collaboration with Dulcemaria Hernandez.
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cells expressing mCherry-GBP1 (Figure 13). To complement these GBP1 overexpression
studies, we scored actin tail-positive bacteria in wildtype versus GBP1*° HeLa cells. We
found that IFNy priming reduced the number of bacteria with actin tails in wildtype but
not in GBP1¥C cells (Figure 14). Complementation of GBP1XC cells with wildtype GBP1
but not the triple-arginine mutant (GBP1R%+5%A) dramatically reduced the number of
actin tail-positive bacteria to levels observed in IFNy-primed wildtype cells (Figure 14).
Because actin-based motility is required for bacterial cell-to-cell spread, we measured
the impact of IFNy-induced GBP1 expression on bacterial dissemination by performing
bacterial plaque assays. As expected, GBP1-mediated inhibition of actin tail formation
correlated with a GBP1-mediated block in cell-to-cell spread (Figure 15A). Inhibition of
cell-to-cell spread was restored in GBPIX© cells complemented with wildtype but not the
triple-arginine mutant (GBP1®%+5%4) (Figure 15B), indicating that GBP1 targeting to

bacteria is required for inhibition of bacterial cell-to-cell spread.

2.2.8 Endogenous GBP1 associates with S. flexneri and recruits
additional GBP paralogs in HeLa but not in A549 cells

GBP1 frequently forms heterodimers with other members of the GBP family such
as GBP2 [52-54]. To determine whether GBP1 recruits other GBP paralogs to cytosolic S.
flexneri, we ectopically expressed mCherry-tagged human GBP1-7 in wildtype and
GBP1*° HeLa cells and monitored for subcellular localization of each with cytosolic S.
flexneri. We found that ectopically expressed GBP2, and to a lesser extent GBP3, GBP4

and GBP6 co-localized with S. flexneri in HeLa cells in a GBP1-dependent manner
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Figure 13: GBP1 restricts actin tail formation. 293T cells were transfected with
mCh-GBP1 and then infected with wildtype (WT) or dicsA S. flexneri at an MOI of 50.
Confocal images were taken at 3 hpi and analysed for actin tail formation as described
under Materials and Methods. Data are combined from 3 independent experiments. Per
experiment and condition >550 bacteria were examined in mCherry-positive cells. Error
bars depict SEM (A - C) or standard deviation (D). 2-way (A - B) or 1-way ANOVA (C -
D) were used to determine statistical significance. ***p<0.001; ****p<0.0001; n.s. = non-
significant. Data analysis performed in collaboration with Sarah Luoma.
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Figure 14: GBP1 restricts actin tail formation via its triple-arginine motif.
Parental HeLa-Cas9 (WT) and GBP1KO cells were transfected with mCherry-GBP1 or
mCherry-GBP1R%45%4 as indicated, then primed with IFNy overnight and infected with
S. flexneri at an MOI of 50. Cells were fixed and stained at 3 hpi and representative
images are shown. Bacterial actin tail formation inside mCherry-positive cells was
quantified and combined data from 3 independent data are shown. Error bars depict
SEM. 2-way ANOVA was used to determine statistical significance. **p<0.01;
##%p<0.0001; n.s. = non-significant. Data analysis performed in collaboration with Sarah
Luoma.
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Figure 15: GBP1 restricts cell-to-cell spread via its triple-arginine motif. Plaque
assays on IFNy-primed cells were performed as described under Materials and Methods
and combined data from 3 independent experiments as well as representative images
are shown. (A) HeLa-Cas9 (WT) cells or GBP1X° (clone #1) (B) with stably integrated
pInducer-GBP1 or pInducer-GBP1?%+584 expression constructs where either primed
with IFNy or stimulated with 1 pg/ml of aTc, as indicated. Combined data from 3
independent experiments are shown. Error bars depict SEM (A) or standard deviation
(B). 1-way ANOVA was used to determine statistical significance.***p<0.001;
##%p<0.0001; n.s. = non-significant. Data analysis performed in collaboration with Sarah

Luoma.
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(Figure 16). This finding was curious, as we had not observed any co-localization of
these GBP paralogs with S. flexneri in wildtype A549 cells (Figure 4). We therefore
monitored the subcellular localization of endogenous GBP1 in A549 cells and found that
endogenous GBP1 targeted S. flexneri in HeLa but not in A549 cells (Figure 17A), which
correlated with reduced expression of GBP1 protein in A549 compared to HeLa cells
(Figure 17B). While endogenous GBP1 failed to decorate S. flexneri in A549 cells, we
noticed that in the same cell line about 40% of cytosolic B. thailandensis stained positive
for endogenous GBP1 (Figure 17A). These data suggested that B. thailandensis is more
susceptible to GBP1 targeting than S. flexneri. To test this hypothesis, we generated a
titratable, i.e. anhydrotetracycline (aTc)-inducible expression system for GBP1 (Figure
18A). As expected, higher GBP1 expression levels promoted more frequent co-
localization with either bacterium. However, the overall frequency of GBP1 co-
localization was significantly higher for B. thailandensis than for S. flexneri (Figure 18B).
These data indicated that S. flexneri is more resistant to GBP1 targeting than

B. thailandensis and therefore suggested that S. flexneri actively interferes with cytosolic

detection by GBP1.

2.2.9 IpaH9.8 blocks GBP1 recruitment and GBP1-mediated
inhibition of actin-based motility

To account for our observations, we hypothesized that an effector secreted by the

Shigella type 3 secretion system (T3SS) interferes with GBP1 targeting to cytosolic
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Figure 16: Endogenous GBP1 co-localizes with S. flexneri and recruits
additional GBP paralogs. HeLa-Cas9 (WT) and GBP1X° cells were transfected with
indicated mCherry-GBP expression constructs and primed with IFNy overnight. Cells
were infected with GFP* S. flexneri at an MOI of 50, fixed at 3 hpi and mCherry-positive
cells were analysed for bacterial co-localization with GBPs. The combined data from 3
independent experiments are shown. Per experiment and condition >300 bacteria were
scored. Error bars denote SEM and student t-tests were used to determine statistical
significance. *p<0.05; **p<0.01, n.s. = non-significant. Performed in collaboration with
Dulcemaria Heranadez.
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Figure 17: . Endogenous GBP1 co-localizes with S. flexneri in HeLa but not in

A549 cells. (A) IFNy-primed HeLa and A549 cells were infected with GFP* S. flexneri at

an MOI of 50 or GFP* B. thailandensis at an MOI of 100 and fixed and stained with anti-
GBP1 at 3 hpi or 8 hpi, respectively. Combined data are from 3 independent experiments
(>600 bacteria counted per experiment) are shown. Error bars represent SEM and 2-way

ANOVA was used to assess significance. (B) Expression of endogenous GBP1 in IFNy-

primed HeLa and A549 cells was assessed by Western blotting. ***p<0.001; n.s. = non-

significant. (A) Performed in collaboration with Dulcemaria Hernandez.
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Figure 18: Burkholderia thailandensis acquires more GBP1 than Shigella
flexneri across GBP1-expression levels. (A) GBP1X0 HelLa cells with stably integrated
pInducer-GBP1 were stimulated overnight with indicated concentrations of aTc and
protein lysates were subjected to Western blotting. Protein lysates from IFNy-primed
A549 and HeLa-Cas9 were included for comparison. (B) GBP1¥° HeLa cells with stably
integrated pInducer-GBP1 were stimulated overnight with indicated concentrations of
aTc, then infected with GFP* S. flexneri (MOI of 50) for 3 h or GFP* B. thailandensis (MOI
100) for 8 h and analyzed for bacterial co-localization with endogenous GBP1. Combined
data from 3 independent experiments (>400 bacteria counted per experiment) are shown.
Error bars represent SEM. *p<0.05; **p<0.01; ***p<0.001; n.s. = non-significant.

51



bacteria. To test this hypothesis, we monitored co-localization of GBP1 with two S.
flexneri mutants deficient for the secretion of distinct subsets of type III effectors. A
bacterial mutant lacking Spal5, the chaperone required for the secretion of the effectors
IpaA, IpgB1, IpgB2, OspB, OspC1, OspC2, OspC3, OspD1 and OspD2 [112-115], was
targeted with the same efficiency as wildtype S. flexneri (Figure 19A). However, AmxiE
Shigella, a strain lacking the transcription factor that controls expression of second phase
S. flexneri effectors including all IpaH effectors as well as OspB, OspC1, OspE1, OspE2,
OspF, OspG and VirA [116-118], co-localized more frequently with GBP1 than wildtype
S. flexneri in both A549 and HelLa cells (Figure 19A). These findings indicated that one or
more mxiE-dependent T3SS effectors interfered with GBP1 function. To identify this
virulence factor, we screened S. flexneri mutants deficient in individual mxiE-dependent
T3SS effectors encoded on the S. flexneri virulence plasmid and found that AipaH9.8
mimicked the AmxiE phenotype (Figure 19B), confirming similar results published
during the preparation of this manuscript [66, 91]. Further, we found that AipaH9.8 was
deficient for cell-to-cell spread in parental HeLa but not in GBP1X° cells (Figure 20),
indicating that IpaH9.8-mediated interference with GBP1 targeting is critical for S.
flexneri dissemination throughout the colonic epithelium. Cell-to-cell spread of the
AmxiE mutant compared to wildtype S. flexneri was still moderately diminished in
GBP1¥©cells, suggesting that one or more additional mxiE-controlled effectors other

than ipaH9.8 promote cellular dissemination (Figure 20B).
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Figure 19: IpaH9.8 blocks GBP1 recruitment. (A) IFNy-primed HeLa and A549
cells were infected with the indicated S. flexneri strains at an MOI of 50 and at 3 hpi
processed and analyzed for co-localization with endogenous GBP1. Data are combined
from 3 independent experiments scoring 600 bacteria per experiment. 1-way ANOVA
was used to determine significance. (B) Experiments were conducted as in (A) with the
S. flexneri mutant strains, as listed. 2-way ANOVA was used to determine significance of
combined data from 3 independent experiments. **p<0.01; **p<0.001; ****p<0.0001; n.s.
= non-significant.
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Figure 20: IpaH9.8 blocks GBP1-mediated inhibition of actin-based motility.
(A) IFNy-primed HeLa-Cas9 and derived GBP1XO cells were infected with the indicated
S. flexneri mutant strains. Representative images of plaques are shown. Combined data
from 3 independent experiments are depicted. Error bars indicate SD. 2-way ANOVA
was used to determine significance. **p<0.01; ***p<0.001; ***p<0.0001; n.s.=non-
significant. (B) Data analysis performed by Sarah Luoma.



2.3 Discussion

Many cell-autonomous defense mechanisms depend on the ability of the host cell
to detect the precise location of an intracellular microbe inside an infected host cell [119].
Pathogen-containing vacuoles are targeted by GBPs following immune recognition
through missing-self or aberrant-self mechanisms [70, 73, 120], but the mechanism by
which GBPs detect cytosolic pathogens had not previously been investigated. Here, we
demonstrate that human GBP1 contains a unique triple-arginine motif within its flexible
C-terminal region, which mediates the delivery of GBP1 to the Gram-negative cytosolic
pathogen S. flexneri. We also demonstrate in this study that S. flexneri rough mutants
lacking LPS O-antigen are targeted less efficiently by GBP1 than the co-isogenic
wildtype strain. These observations suggest that the triple-arginine motif of human
GBP1 either directly or indirectly interacts with the polysaccharide portion of LPS on the
bacterial surface.

GBP1 binding to bacteria still occurs in the absence of O-antigen, albeit less
efficiently. One possible explanation for this observation is that GBP1 associates with
LPS through two or more distinct interactions, as has been described for Galectin-3.
Galectin-3 binds to LPS through a high-affinity interaction with O-antigen as well as a
low-affinity interaction with the inner LPS core [110]. Alternatively, GBP1 could be
recruited to bacteria through an additional LPS-independent mechanism. Future in vitro

binding studies are required to test whether GBP1 binds to Gram-negative bacteria
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directly or indirectly, and to identify the specific binding substrate(s) or interaction
partner(s) of the C-terminal triple-arginine motif essential for immune targeting of
cytosolic S. flexneri by GBP1.

Previous work demonstrated that deposition of murine GBP2 on the cytosolic
bacterial pathogen Francisella novicida results in bacteriolysis [60, 80]. Similarly, murine
GBPs also promote the lytic destruction of S. flexneri [66]. Unexpectedly, we found that
the delivery of human GBP1 to cytosolic S. flexneri is insufficient to kill bacteria or halt
their replication. Instead, we observed that GBP1-bound bacteria fail to form actin tails
and are consequentially restricted for efficient cell-to-cell spread. These observations
were confirmed by an independent report published during the preparation of our
manuscript [91]. The differences between mouse and human in regards to the
consequences of GBP targeting are intriguing and warrant future investigations to
determine, for instance, whether the lytic pathway present in mouse cells is absent from
human cells. The latter model is supported by a report demonstrating that GBP-
dependent recruitment of the IFN-inducible GTPases Irgb10 to cytosolic F. novicida is
required for bacteriolysis in mouse cells [121]. Importantly, genes encoding Irgb10 and
its paralogous subset of immunity related GTPases (IRGs) with a canonical GxxxxGKS
P-loop sequence are absent from the human genome [122, 123], potentially accounting

for the absence of an intracellular bacteriolytic pathway in human cells.
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The dysregulation of cell-autonomous defense programs by S. flexneri is
paramount to the microbes’ ability to colonize its human host and establish an infection
[124]. In agreement with two studies published during the preparation of our
manuscript [66, 91], we found that the translocated bacterial ubiquitin E3 ligase IpaH9.8
inhibits the association of GBP1 with cytosolic S. flexneri in human cells. We did not
investigate the mechanism by which IpaH9.8 interferes with GBP1 localization to
bacteria, but the aforementioned studies demonstrated that IpaH9.8 ubiquitinates GBP1
and promotes its degradation via the proteasome [66, 91]. While proteolytic degradation
was clearly demonstrated at infections with high multiplicity of infection (MOI) or in
cells ectopically expressing IpaH9.8 [66, 91], we failed to observe a pronounced decrease
in GBP1 protein expression in cells infected with S.flexneri under the infection conditions
used in our studies (Figure 17B). Furthermore, video microscopy data suggest that GBP1
ubiquitination by IpaH9.8 helps to dislodge GBP1 from targeted bacteria [91]. We
therefore propose that ubiquitination by IpaH9.8 not only tags GBP1 for proteolytic
degradation but also directly blocks binding of GBP1 to bacteria and/or removes GBP1
from already targeted bacteria. Importantly, Li et al. demonstrated that IpaH9.8
promotes poly-ubiquitination of the GBP1 residues K582 and K587 [66], which flank the
triple-arginine motif essential for recruiting GBP1 to S. flexneri. Whether PBM
ubiquitination blocks GBP1 binding to bacteria through steric hindrance will be

investigated in future studies.
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2.4 Materials and Methods
2.4.1 Cell Lines and Culture

Primary WT and Galectin-3%°[125] MEFs were made from C57BL/6] background
mice acquired from the Jackson Laboratory. MEFs, A549, 293T, and HeLa cells were
maintained at 37° and 5% CO: in DMEM supplemented with 10% heat inactivated fetal
bovine serum, nonessential amino acids (Gibco), and 55 uM -mercaptoethanol. GBP1¥©
lines were derived from HelLa-Cas9 cells, which contains a stably integrated Cas9
expression vector, lentiCas9-Blast [126]. HeLa-Cas9 cells were transiently transfected
with two guide RNAs directed against exon 6, GBP1-2 (TTGATCGGCCCGTTCACCGC)
and GBP1-3 (TCCGGATACAGAGTCTGGGC), to introduce a predicted 64 bp deletion.
Single clones were isolated by dilution. Resulting alleles are described in Table 1. All

instances of IFNy priming were done overnight at 200 U/ml.

2.4.2 Bacterial Strains and Infections

Bacterial strains are summarized in Table 2. 2457T S.flexneri-derived AmxiE,
AospB, AospC1, AvirA, AlpaH1.4, AlpaH4.5, AlpaH7.8 and AlpaH9.8 were constructed
using the A red recombinase-mediated recombination system [127] using DNA
oligomers listed in Table 3. GFP* S.flexneri stains contain the vector pGFPmut2 [128]. The
IPTG-inducible GFP vector pRK2-IPTG-GFP was a gift from Wendy Picking. S.flexneri
was grown at 37° on tryptic soy agar plates containing 0.01% Congo Red, as well as 50

ug/ml carbenicillin for pGFPmut2 and PRK2-IPTG-GFP containing strains. For
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infections, 5 ml tryptic soy broth (TSB) was inoculated with a single Congo red-positive
colony and grown overnight at 37° with shaking. Saturated cultures were diluted 1:50 in
5 ml fresh TSB and incubated for 2.5-3 h at 37° with shaking. Bacteria were diluted in
pre-warmed cell culture medium, and spun onto cells for 10 minutes at 700 x g. Plates
were incubated at 37° for 30 minutes, then washed twice with Hanks Balanced Salt
Solution (HBSS), followed by addition of cell culture medium containing 25 pig/ml
gentamicin and further incubation at 37°. Unless otherwise specified, cells were infected
at an MOI of 50. For time lapse microscopy and plaque assays, 5x10” bacteria were
harvested by centrifugation and incubated in 1 ml phosphate buffered saline (PBS)
containing 5 ng/ml poly-D-lysine at 37° for 15 minutes with shaking, as described [129].
Poly-D-lysine pre-treated bacteria were then used for infection, as above. B. thailandensis
wiltype strain E264 carrying a GFP-expression construct was a gift from Edward Miao.
B.thailandensis +GFP was grown at 37° on LB plates containing 100 ug/ml trimethoprim.
For infections, overnight cultures were diluted 1:20 in LB + trimethoprim and grown for
3 h at 37° with shaking. Cells were infected at an MOI of 100, as above. Infected plates
were incubated at 37° for 2.5 h, washed twice with HBSS, and incubated in the presence
of 30 pg/ml kanamycin for 2 h. Kanamycin containing medium was then replaced with
medium without antibiotics, and plates were incubated at 37° to 8 hpi. GFP* wildtype L.
monocytogenes strain 10403S was previously described [130] and grown at 37° on brain

heart infusion (BHI) plates containing 10 ug/ml streptomycin and 7.5 pug/ml
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chloramphenicol. Infections were carried out in an identical manner to S.flexneri using
saturated overnight cultures grown at 37° with shaking. Cells were infected with L.

monocytogenes at an MOI of 5.

2.4.4 Design of GBP Expression Constructs

Vectors containing mCherry-tagged constructs are derivatives of pmCherry-C1
(Clontech), and were constructed using DNA oligomers and restriction endonucleases
listed in Table 4. For the chimeric constructs, GBP1/2¢TP and GBP2/1¢TSP, two
synonymous mutations were introduced into GBP1 codons 478 and 479 of pmCherry-
GBP1 using Quickchange site directed mutagenesis with GBP1-Bcll oligomers (Table
S5). These mutations introduced a Bcll restriction endonuclease site within the sequence
encoding the flexible region between helices 11 and 12. Following propagation of
pmCherry-GBP18! and pmCherry-GBP2 in dam-/dcm- E.coli (New England Biolabs), Bcll
digestion and T4 Ligase-dependent repair was used to exchange the fragment encoding
the C-terminal regions of the two proteins. All other mCherry-tagged chimeric and
mutant constructs were constructed using Quickchange site directed mutagenesis with
the primers listed in Table S5. GBP2"BM+GBP1-CaaX yyas constructed stepwise from
pmCherry-GBP28M mutated with GBP2/1¢X- and then GBP2"¥A-oligomers.
Tetracycline-inducible GBP1 was constructed by inserted the GBP1 ORF into the third
generation Tet-On vector, pInducer20 [131], using Gateway Cloning Technology with

GBP1-attB oligomers listed in Table 5. GBP1R%+5%A was constructed by mutating the
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entry vector, PDONR221-GBP1, via Quickchange SDM using GBP1®*+5¢6A-oligomers

prior to Gateway LR reactions.

2.4.5 Immunofluorescence Microscopy, actin tail analysis, Time-
Lapse Microscopy and CPP assays

For standard microscopy cells were fixed in 4% paraformaldehyde and
permeabilized with 0.25% Triton X-100 in PBS. Coverslips were probed with a 1:150
dilution of a rabbit monocolonal antibody against human GBP1 (Abcam ab131255)
and/or a 1:50 dilution of a mouse monoclonal antibody against LPS (Raybiotech DS-MB-
01267), followed by AlexaFluor conjugated secondary antibodies and 4 ug/ml of the
nuclear dye Hoechst, where appropriate. For actin tail analysis, 1:40 Phalloidin
conjugated to AlexFluor488 was added to the secondary antibody mix. For each field of
view, Z-stacks were taken at 0.5 um intervals on a Zeiss 710 inverted confocal to
encompass the thickness of the cells. The percentage of bacteria with tails was
determined by referencing across the collected Z-stacks through blinded analysis. For
time-lapse microscopy GBP1*° HeLa cells were plated in 35 mm glass bottom plates
(MatTek) and transfected with pmCherry-GBP1. Cells were infected with GFP* S.flexneri
pre-treated with poly-D-lysine at an MOI of 10. Cells were imaged in DMEM without
phenol red containing 5% FBS and 25 pug/ml gentamicin. Calcium phosphate precipitate
(CPP) assays were carried out in 293T cells stably expressing YFP-Galectin-3 and
transiently transfected with mCherry-tagged GBP constructs, as described in[73].

Calcium phosphate precipitate (CPP) assays were carried out in 293T cells stably
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expressing YFP-Galectin-3 and transiently transfected with mCherry-tagged GBP

constructs, as described in[73].

2.4.6 IPTG-Inducible GFP Viability Assay

HeLa cells were stimulated overnight with 200 U/ml IFNy and infected with
S.flexneri containing the IPTG-inducible GFP vector, pRK2-IPTG-GFP. At 2 hpi, IPTG
was added to a concentration of ImM. Chloramphenicol was also added to a
concentration of 60 pg/ml for negative controls. Coverslips were incubated for an
additional 2 h before being fixed and stained with anti-LPS and anti-GBP1 antibodies, as

described above.

2.4.7 S.flexneri Cluster Analysis

Three-color Z stack images were acquired on a Zeiss 710 inverted confocal
microscope. For cluster analysis, these images were separated into individual color Z
stacks. Z stacks not containing bacterial signal were discarded. The image was then
thresholded to remove background signals, and the three-dimensional object counter
(3D-OC) plugin (Image]) [132] was used to identify connected objects. To exclude
nonspecific signals, an object was defined as a minimum of 10 connected voxels above a
set signal threshold and each object was assigned a unique tag. The average size of an
individual bacterium was approximated to be 50 voxels. Therefore, objects with a

volume of greater than 150 voxels (3 or more bacteria) were defined as a cluster.
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2.4.8 Plaque Assays

Plaque assays were performed essentially as previously described [133]. Cells
were plated to confluence in 35 mm glass bottom plates and stimulated overnight with
200 U/ml IFNy. Cells were infected at an MOI of 5x10-* with GFP* S.flexneri pre-treated
with poly-D-lysine. Following 30 minutes of infection at 37°, plates were washed twice
with HBSS and overlaid with 1.5 ml DMEM without phenol red supplemented with 5%
FBS and containing 25 ug/ml gentamicin, 200 U/ml IFNy, 50 ug/ml carbenicillin, and
0.5% agarose. Plates were incubated for 10 minutes at room temperature before addition
of 1 ml of cell culture medium without agarose. Plaques were visualized using phase
contrast and fluorescence microscopy at 24 hpi, and the Feret diameter of individual
bacterial plaques was determined using FIJI. For plaque assays using GBP1*° cells
complemented with pInducer-GBP1 or -GBP1?®*#+5%, cells were stimulated overnight

with 1 ug/ml aTc.

2.4.9 Titration of GBP1 Expression from Tet-Inducible Expression
System and Immunoblots

GBP1*© cells stably transduced with pInducer-GBP1 constructs were incubated
overnight with cell culture medium containing the indicated concentrations of aTc. Cells
were lysed in RIPA buffer containing 1X protease inhibitor cocktail (Sigma) for 5
minutes on ice. Lysates were spun for 10 minutes at maximum speed in a
microcentrifuge at 4° C, then combined with an equivalent volume of 2X Laemmli

Sample Buffer containing 3-mercaptoethanol, and incubated at 95° for 10 minutes.
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Samples were run on 4-15% Mini-PROTEAN TGX gels (Bio Rad) and transferred to
nitrocellulose. Immunoblots were probed with 1:1,000 anti-GBP1 (Abcam ab131255),
1:1,000 anti-mCherry rabbit polyclonal (Abcam ab183628), or anti-GAPDH rabbit
polyclonal (Abcam ab9485), followed by horseradish peroxidase-conjugated anti-rabbit
IgG (Invitrogen).
2.4.10 Statistical Analyses

Data analysis was performed using GraphPad Prism 6.0 software. Data shown
are mean + standard error of the mean (SEM) unless otherwise indicated. Statistical

significance was calculated using 1-way or 2-way ANOVA or student t-test, as indicated.

Significance was defined as (****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05).
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Table 1: Alleles detected in GBP1X° HelL a cells.

Protein
Mutation Notes Size
Deletion nucleotides Deletion resulting in frame shift and early 234 aa
668-729 stop codon
Deletion nucleotides Deletion resulting in frame shift and early
667-730 stop codon 245 aa

Table 2: List of bacterial strains used in this study.

Species Strain Characteristics Reference
S.flexneri WT 2457T
icsA 2457T AicsA [111]
galu 2457T [109]
rfaL 2457T [109]
mxiE 2457T AmXIE This work
spals 2457T Aspalb [113]
ospB 2457T AospB This work
ospCl | 2457T AospCl This work
0sSpE1/2 | 2457T AospE1/2
ospF 2457T AospF
VirA 2457T AvirA This work
ipaH1.4 | 2457T AipaH1.4 This work
ipaH4.5 | 2457T AdipaH4.5 This work
ipaH7.8 | 2457T AipaH7.8 This work
ipaH9.8 | 2457T AiapH9.8 This work
American Tissue
Culture Collection
700388
B.thailandensis WT expressing GFP [41]
10403S
L.monocytogenes | WT expressing GFP [65]
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Table 3: List of oligomers used in mutagenesis of Shigella flexneri.

Oligo Sequence

MXxE-5' 5'-CTATCATGAGAATGATCTTCGGGATAGTTGAATACCGAAGTGTAGGCTGGAGCTGCTTC-3'
MXxE-3' 5'-CTAACCGCCAAGTGTTCAGTTGTTCTTTGACTTTTGCCCCCATATGAATATCCTCCTTAG-3'
OspB-5' 5-TTTATAAAACAATATATGGAGTCATGTAGGTATGAATTTAGTGTAGGCTGGAGCTGCTTC-3'
OspB-3' 5'-CCCTCCATAGCCTGATACAGGCTGTCCAGCTTTATGGGGTCATATGAATATCCTCCTTAG-3'
OspC1-5' 5-ATTAAAACTGTTTTCATATAAGGTTCATTTTATGAATATAGTGTAGGCTGGAGCTGCTTC-3'
OspC1-3' 5-CTGCCTTTTGCTAAACGATATTCAATTTTGATTAAATATACATATGAATATCCTCCTTAG-3'
VirA-5' 5'-ATTAATAGGAAAATACATCAGGAGAAATCAAATGCAGACAGTGTAGGCTGGAGCTGCTTC-3'
VirA-3' 5-TTTACAGTCTGGCAGCCAATATAATATTGGCTTAAACATCCATATGAATATCCTCCTTAG-3'
IpaH1.4-5' 5-ATCTGGTTAACCCATATACAAGGGAGACAGAATGACCGAAGTGTAGGCTGGAGCTGCTTC-3'
IpaH1.4-3' 5-GGGGGGTGCCCCTATTAAGTTGTCAAGCATGTTATGACCCCATATGAATATCCTCCTTAG-3'
IpaH4.5-5' 5'-GACCAAGATATGAATAGTGAGGGGTTAATAAATGAAACCGGTGTAGGCTGGAGCTGCTTC-3'
IpaH4.5-3' 5-GAAGTTTAGTCTCCAGGATTCCCGGGGCGGTTCAGGCCAGCATATGAATATCCTCCTTAG-3'
IpaH7.8-5' 5'-ATTCTCACAAATATAAGGTGGACCTAGCATTATGTTCTCTGTGTAGGCTGGAGCTGCTTC-3'
IpaH7.8-3' 5-CCGGTCTGCGGTTTATGCTTATGCGACGTGATTATGAATGCATATGAATATCCTCCTTAG-3'
IpaH9.8-5' 5-AACTCCTACTTATTTCTTTTAACAAAGCCATTTGTCCACCGTGTAGGCTGGAGCTGCTTC-3'
IpaH9.8-3' 5-TCACTGGCGCTGACAGTTTTATGCGATGTGATTATGAATGCATATGAATATCCTCCTTAG-3'
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Table 4: List of oligomers and restriction sites used to generate mCherry GBP

fusion expression constructs.

Restriction
Oligomer |Sequence Site
GBP1-F |5'-AAGAACTAGATCTATGGCATCAGAGATCCACATGACAG-3' Bglll
GBP1-R |5'-CGGCCGCCCGGGTTAGCTTATGGTACATGCCTTTCGTCG-3' Xmal
GBP2-F |5'-AAGAACTAGATCTATGGCTCCAGAGATCAACTTGCC -3' Bglll
GBP2-R |5'-CGGCCGCCCGGGTTAGAGTATGTTACATATTGGCTCCAATGATTTGC-3' |Xmal
GBP3-F |5'-CTGGAACTCGAGGGATGGCTCCAGAGATCCACATGAC-3' Xhol
GBP3-R |5'-CGGCCGCCCGGGTTAGATCTTTAGCTTATGCGACATATATCTCTTGG-3' |Xmal
GBP4-F |5'-AAGAACTAGATCTATGGGTGAGAGAACTCTTCACGC-3' Bglll
GBP4-R |5'-CGGCCGCCCGGGTTAAATACGTGAGCCAAGATATTTTGTCCCT-3' Xmal
GBP5-F |5'-CTGGAACTCGAGGGATGGCTTTAGAGATCCACATGTCAGA-3' Xhol
GBP5-R |5'-CGGCCGCCCGGGTTAGAGTAAAACACATGGATCATCGTTATTAACAG-3' |[Xmal
GBP6-F |5'-AAGAACTAGATCTATGGAATCTGGACCCAAAATGTTGG-3' Bglll
GBP6-R |5'-CGGCCGCCCGGGTTAAAAGGGGAGCTTATGCTTTTTAAAGAGTG-3' Xmal
GBP7-F |5'-AAGAACTAGATCTATGGCATCAGAGATCCACATGC-3' Bglll
GBP7-R |5'-CGGCCGCCCGGGTCAGCTTATAATTTTCTTACCAGGATTTCTCAGC-3' Xmal

67




Table 5: List of oligomers used to generate GBP mutant and chimeric variants.

Oligomer Sequence

GBP1-Bcll-F 5-GACTGATGCAATTCTCCAGACTGATCAGACTCTCACAGAA-3'
GBP1-Bcll-R 5 - TTCTGTGAGAGTCTGATCAGTCTGGAGAATTGCATCAGTC-3'
GBP1R*®AE 5-GCAATTGTGGGCCTCTACGCCACAGGCAAATCCTACCTGATG-3'
GBP1R*AR 5-CATCAGGTAGGATTTGCCTGTGGCGTAGAGGCCCACAATTGC-3'
GBP1MAF 5-ATTGTGGGCCTCTACCGCACAGGCGCATCCTACCTGATGAACAAG-3'
GBP1"R 5-CTTGTTCATCAGGTAGGATGCGCCTGTGCGGTAGAGGCCCACAAT-3'
GBP1%?N.F 5-CTCTACCGCACAGGCAAAAACTACCTGATGAACAAGCTGGCT-3'
GBP1%?N.R 5-AGCCAGCTTGTTCATCAGGTAGTTTTTGCCTGTGCGGTAGAG-3'

GBP 1D589-592_ E

5-GAAAATGAGACGACGAAAGGCATAACCCGGGATCCA-3

GBP 1D589-592_ R

5-TGGATCCCGGGTTATGCCTTTCGTCGTCTCATTTTC-3'

GBP1°%AF

5-AGACGACGAAAGGCAGCCACCATAAGCTAACCCGGGAT-3'

GBP1°¥AR

5-ATCCCGGGTTAGCTTATGGTGGCTGCCTTTCGTCGTCT-3

GBP1/2%%%

5-CGAAAGGCATGTAACATACTCTAACCCGGGATCCACCGG-3

GBP1/2°**R

5-CCGGTGGATCCCGGGTTAGAGTATGTTACATGCCTTTCG-3'

GBP2/1%% F

5-GAGCCAATATGTACCATAAGCTAACCCGGGATCCACCGG-3'

GBP2/1°°* R

5-CCGGTGGATCCCGGGTTAGCTTATGGTACATATTGGCTC-3'

GBP1PPEM.E

5-GATCTCCAGACGAAAGCATGTACCATAAGC-3'

GBP1°PEM.R

5-GCTTATGGTACATGCTTTCGTCTGGAGATC-3'

GBP 1R584-586A_ =

5-GAGATACAGGATCTCCAGACGAAAATGGCAGCAGCAAAGGCATGTACCATAAGCTAAC-3

GBP 1R584-586A_ R

5-GTTAGCTTATGGTACATGCCTTTGCTGCTGCCATTTTCGTCTGGAGATCCTGTATCTC-3'

GBP2"BME 5-GAGAAGCAAATCATTGGAGCCAAAAATGAGACGACGAAAGATATGTAACATACTC-3'
GBP2"EMR 5-GAGTATGTTACATATCTTTCGTCGTCTCATTTTTGGCTCCAATGATTTGCTTCTC-3'
GBP2AF 5-AGAAGCAAATCATTGGAGCCAGCATGTAACATACTCTAACCC-3'

GBP2™¥AR 5-GGGTTAGAGTATGTTACATGCTGGCTCCAATGATTTGCTTCT-3'

GBP1-attB1-F 5-GGGGACAAGTTTGTACAAAAAAGCAGGCTGCCACCATGGCATCAGAGATCCACATGACAG-3'
GBP1-attB2-R 5-GGGGACCACTTTGTACAAGAAAGCTGGGTCTTAGCTTATGGTACATGCCTTTCGTC-3'
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3. The Polybasic Motifs of nonhuman primates can
functionally substitute for the human GBP1 Polybasic
Motif to target the protein to Shigella flexneri

3.1 Introduction

Shigella flexneri is the causative agent of bacillary dysentery, a condition that
sickens more than 100 million individuals each year and accounts for some 700,000
deaths[3]. However, S. flexneri infection generally proves self-limiting in healthy
individuals[1], suggesting that co-evolution between host and pathogen has equipped
humans with effective defensive strategies to contain and eliminate the infection.
Accordingly, I have demonstrated that an Interferon-inducible host defense protein
belonging to the family of p65 Guanylate Binding Proteins, GBP1, physically targets S.
flexneri, and blocks the formation of actin comet tails necessary for bacterial
dissemination (Chapter 2). To circumvent the restrictions imposed by GBP1, S. flexneri
has developed an anti-GBP1 counter defense in the form of the secreted effector IpaH9.8
(Chapter 2 and [66, 91]). IpaH9.8 possesses ubiquitin E3 ligase activity and leads to K-48
(and K-27) linked ubiquitination of multiple lysine residues within GBP1 and other
GBPs (human GBP1,2,4 and 6)[66, 91].

GBP1 localization to cytosolic Gram-negative bacteria relies on a Polybasic Motif
within the C-terminus of the protein, which facilitates targeting in a manner dependent
on bacterial surface sugars that compose the O-antigen chains of lipopolysaccharide

(Chapter 2). The GBP1 PBM consists of the sequence (582 - KMRRRK - 587), and the C-
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terminal lysine residue within this sequence (K587) is a natural target of IpaH9.8, while
the N-terminal lysine (K582) can be ubiquitinated when multiple other GBP1 lysines are
mutated to arginine[66]. While hyperinfection with S. flexneri or ectopic overexpression
of IpaH9.8 leads to GBP1 proteasomal-degradation, it remains unclear whether this
effect is secondary, and whether the main role of ubiquitination is to facilitate
degradation or to hinder GBP1 targeting by sterically blocking binding.

S. flexneri pathogenesis is naturally restricted to humans and great apes|[1, 5, 7,
134], and the pathogen has been a historically important threat to human health. S.
flexneri evolved from Escherichia coli some 35,000 to 270,000 years ago[1], giving the
bacterium ample time to shape the evolution of host defenses. Likewise, selective
pressure imposed by the evolution of such host defenses has doubtlessly honed the
virulence program of S. flexneri.

To test how co-evolution of S. flexneri and its human host has shaped the
sequence of the human GBP1 PBM, I determined whether divergent PBM sequences
from nonhuman primates could functionally substitute for the PBM of human GBP1. To
this end, I constructed a series of N-terminal mCherry- human GBP1 fusions in which
the PBM was replaced with PBM sequences from the GBP1 orthologs of the lesser ape
gibbon, the Old World monkey Rhesus macaque, and the New World night monkey,
and assessed their targeting to wildtype and 4ipaH9.8 S. flexneri. All three PBM

sequences were capable of substituting for the human GBP1 PBM to facilitate targeting
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to S. flexneri. Interestingly, insertion of the PBM from night monkey resulted in greater
targeting than that of human GBP1 in both wildtype and AipaH9.8 S. flexneri infected

cells.

3.2 Results

3.2.1 IpaH9.8-dependent degradation of human GBPL1 requires
hyperinfection with S. flexneri

Previous publications have reported that S. flexneri infection or ectopic
overexpression of the secreted bacterial E3 ubiquitin ligase IpaH9.8 leads to
proteasomal-degradation of human GBP1[66, 91]. While I have observed IpaH9.8-
dependent preclusion of GBP1 targeting, I have formerly been unable to detect such
degradation (Chapter 2). However, the infection strategies used by these publications
differed significantly form my own, as they utilized a high multiplicity of infection and
Poly-D-Lysine pretreatment of bacteria to induce hyperinfection. To test whether my
failure to detect IpaH9.8-dependent GBP1 degradation was due to lack of
hyperinfection, I infected Interferon-y (IFNy)-primed HeLa cells with wildtype S. flexneri
expressing GFP or a 4ipaH9.8 control in the presence or absence of Poly-D-Lysine
pretreatment, and monitored GBP1 protein levels from extracts collected at three hours
post infection using an immunoblot with a GBP1 specific monoclonal antibody.
Furthermore, I used the immunoproteasome inhibitor Epoxomicin to determine whether

degradation was due to immunoproteasome activity.
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Unsurprisingly, as monitored by microscopy of GFP expressing bacteria, Poly-D-
Lysine pretreatment led to markedly greater bacterial burden relative to an untreated
control, with the majority of the cytosol occupied by bacteria by 1 hour post infection
(data not shown). Furthermore, while infection with untreated bacteria failed to induce
robust GBP1 degradation, Poly-D-Lysine mediated hyperinfection resulted in IpaH9.8-
dependent reduction of GBP1 protein levels (Figure 21). Interestingly, Epoxomicin

treatment largely failed to abrogate IpaH9.8-dependent GBP1 degradation.

3.2.2 The Polybasic Motifs of nonhuman primates can drive GBP1
targeting to Shigella flexneri

Human GBP1 has evolved in the context of selective pressure imposed by S.
flexneri. The human GBP1 PBM targets the protein to S. flexneri and is conserved across
the primate lineage, yet shows slight divergence in nonhuman primates, primarily
amongst the New World monkeys (Figure 22). One difference amongst these PBM
sequences is the presence of an arginine residue at the position occupied by human
lysine 587 beyond the great apes. Along with seven other lysine residues, Lysine 587 is a
target for IpaH9.8-dependent GBP1 ubiquitination in the wildtype protein[66].

To test whether the human GBP1 PBM has been optimized to target S. flexneri, or
conversely, whether the pathogen has evolved to specifically resist targeting via the
human PBM, I constructed three anhydrotetracycline (aTc)-inducible N-terminal
mCherry-tagged GBP1 constructs in which the human PBM was replaced with PBM

sequences from the lesser ape gibbon, the Old World monkey Rhesus macaque, and the
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GBP1

GAPDH

Figure 21: IpaH9.8-mediated GBP1 degradation is dependent on
hyperinfection with Shigella flexneri. WT HeLa cells or GBP1X° control were
stimulated overnight with 200 U/ml IFNy and infected with WT or AipaH9.8 S. flexneri at
a multiplicity of infection (MOI) of 100. Hyperinfection was induced by pre-treating
bacteria with 5 mg/ml Poly-D-Lysine for 15 minutes at 37°. Following 30 minutes of
infection, cells were treated with 100 nM of the immunoproteasome inhibitor
Epoxomicin (Epm). Cell lysates were prepared at 3 hours post infection, and
immunoblots were probed with anti-GBP1 monoclonal and anti-GAPDH polyclonal
antibodies.
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Figure 22: Alignment of Polybasic Motifs from nonhuman primate GBP1
orthologs reveals slight sequence divergence. Analysis performed by Dr. Matthew



New World night monkey. I then monitored localization of these constructs to both
wildtype and 4ipaH9.8 S. flexneri expressing GFP.

In accordance with my previous data, human GBP1 targeted S. flexneri in a PBM-
dependent manner, and targeting was enhanced by loss of IpaH9.8 (Figure 23). Similar
levels of targeting were seen in constructs in which the human PBM was replaced with
sequences from gibbon or Rhesus macaque. Interestingly, the PBM sequence from the
New World night monkey drove more targeting to wildtype S. flexneri, and targeting
was further enhanced by loss of IpaH9.8. This indicates that the night monkey PBM is
better equipped to target S. flexneri than those of human, gibbon, or Rhesus macaque, yet

this is not due to resistance to IpaH9.8.

3.3 Discussion

IpaH9.8-driven GBP1 degradation appears to depend on hyperinfection, as it
was induced only in cells infected with Poly-D-Lysine pretreated S. flexneri at a high
multiplicity of infection. This raises the possibility that in a physiologically relevant
setting, IpaH9.8 may act locally at the bacterium-cytosol interface to prevent GBP1-
targeting. Conversely, proteasomal-degradation of GBP1 may be a secondary effect, and

the main role of ubiquitination may be to sterically hinder GBP1 binding or dislodge the
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Figure 23: Polybasic Motifs from nonhuman primate GBP1 orthologs can
functionally substitute for the human GBP1 Polybasic Motif to direct targeting to
Shigella flexneri. GBP1X° HeLa cells were complemented through stable transduction of
N-terminal mCherry-fusion GBP1 derivatives in which the human GBP1 PBM was
replaced with PBM sequences from Gibbon, Rhesus macaque, or night monkey.
mCherry alone and mCherry-GBP1®5845% served as non-targeting controls. Cells were
treated overnight with 0.5 pg/ml aTc to induce construct expression prior to infection
with GFP expressing WT and AipaH9.8 S.flexneri at a multiplicity of infection of 50. Cells
were fixed at 3 hours post infection and immunostained with an anti-GBP1 monoclonal
antibody. Data from 2 independent experiments. >400 bacteria counted per sample.
Error bars indicate standard deviation. Performed in collaboration with Dr. Miriam
Kutsch.
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protein. Consistent with a model in which the IpaH9.8 acts to dislodge GBP1 is my
previous observation that cytosolic S. flexneri is rapidly decorated with GBP1 following
invasion, with targeting detectable within ten minutes of infection. However, IpaH9.8 is
part of a “second wave” of S. flexneri effectors whose expression is only induced
following Type III Secretion System binding to the host cell[5, 7, 11].

The PBM sequences of GBP1 orthologs from nonhuman primates can
functionally substitute for that of human GBP1, highlighting this motif as a conserved
mediator of GBP1 targeting. While primates outside of the great ape lineage are not
natural hosts of Shigella, evolutionary conservation of the PBM among primate species
suggests that the motif originated to cope with other pathogens. I have previously
demonstrated that sugars that comprising the O-antigen of bacterial LPS are necessary
for robust GBP1 targeting (Chapter 2). The PBM may be a general targeting motif for
GBP1-polysaccharide binding. Consistent with this idea, I have shown that human GBP1
also targets the cytosolic Gram-negative bacterium Burkholderia thailandensis, as well as
damaged endosomes decorated with host surface sugars. Significantly, damaged
endosome targeting is dependent on the PBM (Chapter 2), confirming a role for the PBM
beyond the confines of S. flexneri infection.

The PBM sequence from the night monkey, a member of the New World
monkeys, led to more robust targeting than that of human GBP1. This suggests that the

night monkey PBM has higher affinity for S. flexneri, and that the human PBM is not
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optimized to target the bacterium. However, whether this represents a physiological
adaptation on the part of S. flexneri to reduce human GBP1 targeting remains to be
determined.

Substitution the various primate PBM sequences failed to render human GBP1
resistant to IpaH9.8, despite the presence of arginine residues in place of Lysine 587, a
site of IpaH9.8-dependent ubiquitination[66]. This confirms that other ubiquitinated
lysine residues are important in preventing GBP1 targeting. Interestingly, a recent study
showed that a mutant version of GBP1 in which all fifteen possible IpaH9.8-tageted
residues were mutated to arginine was still able to associate with S. flexneri and was
resistant to IpaH9.8[66]. This suggests that either Shigella has not imposed sufficient
selective pressure to drive the alteration of these residues, or that these lysine residues
play a role in other GBP1-dependent processes. Furthermore, this lysine to arginine
mutant has not been assessed for the ability to block S. flexneri dissemination by
preventing actin comet tail formation. Further studies are necessary to assess the role of

these lysines in GBP1-function.

3.4 Materials and Methods

3.4.1 Strains and cell lines

Derivation of GBP1¥0 HeL a cells is described in Chapter 2 Materials and
Methods. Wildtype and co-isogenic GBP1¥° HeLa cells were maintained at 37° and 5%

COz in Dulbeccos’s Modified Eagle’s Medium (DMEM, Gibco) containing 4.5 g/L D-
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glucose and 110 ng/L Sodium Pyruvate supplemented with 10% fetal bovine serum, 1X
Nonessential Amino Acids (Gibco) and 55 uM beta-mercaptoethanol using standard cell
culture procedures.

Wildtype serovar 2457T and co-isogenic AipaH9.8 Shigella flexneri strains are
described in Chapter 2 Materials and Methods. These strains were transfected with the

Green Fluorescent Protein (GFP) expression vector pGFPmut2 [128].

3.4.2 Construct derivation

All constructs used in these studies are derivatives of the third-generation
tetracycline-inducible lentiviral plasmid pInducer-20[131]. mCherry control, mCh-GBP1,
and mCh-GBP1®545%A were constructed through amplification of the ORFs from
corresponding pmCherry-C1 derivatives (Chapter 2 Materials and Methods) using
primers that maintain the 5’-Kozak sequence and add Gateway attB1 and attB2 sites
(Table 6). Resulting PCR products were inserted into pPDONR221 (Thermo Fisher)
through Gateway BP reactions (Thermo Fisher). mCherry-GBP1®%+%%¢ was produced by
Quickchange Site Directed Mutagenesis (Agilent) of pPDONR-mCherry-GBP1.
pDONR221-derivatives were sequenced using M13F and M13R primers, and sequence-
confirmed constructs were inserted into pInducer-20[131] via Gateway LR
recombination reactions (Thermo Fisher).

To construct mCh-GBP1 derivatives containing nonhuman primate PBM

sequences, pmCherry-GBP1 (Chapter 2 materials and methods) was first mutated by
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Quickchange Site Directed Mutagenesis to remove a BgllI site between the mCherry-tag
and GBP1 using the primers in Table 6 The resulting construct was amplified with a
Gateway forward primer that maintains the 5’-Kozak sequence and a Gateway reverse
primer that both introduces a synonymous mutation at the codon encoding Q577 to
form a BgllI site and truncates the ORF beyond the codon encoding L579 (Table 6). The
resulting PCR product was inserted into pPDONR221 via a Gateway BP reaction to form
pDONR221-GBP1s¢, Nonhuman primate PBM sequences were inserted into BglII
digested pDONR221-GBP1P#AC using In-Fusion cloning (Clontech) with ligated primers
encoding codon-optimized PBM sequences flanked by codons for human GBP1 Q580-
T581 and C589-5592, as well as a termination codon (Table 6). This resulted in formation
of GBP1 constructs that differ from wildtype GBP1 only in their PBM sequences.
Finally, these constructs were confirmed through sequence analysis with M13F and

M13R primers, followed by Gateway LR recombination into pInducer-20.

3.4.3 Shigella flexneri infection

S. flexneri strains were grown at 37° on tryptic soy agar (TSA) plates containing
0.01% Congo Red and 50 pg/ml carbenicillin. Tryptic soy broth (TSB) containing 50
ug/ml carbenicillin was inoculated with a single Congo red-positive colony and grown
overnight at 37° with shaking. Saturated cultures were diluted 1:50 in 5 ml fresh TSB
with carbenicillin and incubated for 2.5-3 h at 37° with shaking. Bacteria were diluted in

pre-warmed cell culture medium, and spun onto cells for 10 minutes at 700 x g. Plates
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were incubated at 37° for 30 minutes, then washed twice with Hanks Balanced Salt
Solution (HBSS), followed by addition of cell culture medium containing 25 pg/ml
gentamicin and further incubation at 37°.

To allow hyperinfection of cells, bacteria were harvested from log-phase cultures
by centrifugation and incubated in 1 ml phosphate buffered saline containing 5 mg/ml
Poly-D-Lysine for 15 minutes at 37° with shaking. Bacteria were then pelleted by

centrifugation, resuspended in cell culture medium, and using in infection, as above.

3.4.4 Immunoblots

For immunoblots, cells were infected with either Poly-D-Lysine pretreated or
untreated S. flexneri at an MOI of 100. After 30 minutes of infection at 37°, cells were
washed twice with Hank’s Balanced Salt Solution, and cell culture medium containing
25 pg/ml gentamicin with either 100 nM Epoxomicin in DMSO or an equivalent volume
of DMSO.

After 3 hours of infection, cells were lysed in RIPA buffer containing 1X protease
inhibitor cocktail (Sigma) for 5 minutes on ice. Lysates were spun for 10 minutes at
maximum speed in a microcentrifuge at 4° C, then combined with an equivalent volume
of 2X Laemmli Sample Buffer containing 3-mercaptoethanol, and incubated at 95° for 10
minutes. Samples were run on 4-15% Mini-PROTEAN TGX gels (Bio Rad) and

transferred to nitrocellulose. Immunoblots were probed with 1:1,000 anti-GBP1 (Abcam
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ab131255) or 1:1,000 anti-GAPDH rabbit polyclonal (Abcam ab9485), followed by

horseradish peroxidase-conjugated anti-rabbit IgG (Invitrogen).

3.4.5 Microscopy

Cells containing mCherry-tagged human GBP1, GBP1r4586A GBP]Gibbon FBM,
GBP1RheM.PBM GBP1NisMM.PBM, or an mCherry control were plated on glass coverslips, and
expression of mCherry-tagged constructs was induced by overnight incubation in cell
culture medium containing 0.5 ug/ml anhydrotetracycline. Cells were infected with
GFP-expressing S. flexneri at a multiplicity of infection of fifty and fixed at three hours
post infection using paraformaldehyde for fifteen minutes. Coverslips were mounted
using Mowiol/PPD. For each construct, greater than 200 bacteria were examined per
experiment to determine the proportion of bacteria that colocalized with mCherry-

tagged GBP1 constructs.
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Table 6: Oligomers used to clone Polybasic Motifs of GBP1 orthologs of
nonhuman primates into pInducer-mCherry-GBP1.

Oligomer Sequence Note
5-GGGGACAAGTTTGTACAAAAAAGCAGGCTGCCACCA

mCh_F TGGTGAGCAAGGGCGAGG-3' Used for all mCherry-fusions
5-GGGGACCACTTTGTACAAGAAAGCTGGGTCTTATCTA

mCh R GATCCGGTGGATCCCGGGCCCGCGGTA-3'

N 5-GGGGACCACTTTGTACAAGAAAGCTGGGTCTTAGCTT

ATGGTACATGCCTTTCGTC-3'

G BP1R584-586A _F

5'-GAGATACAGGATCTCCAGACGAAAATGGC
AGCAGCAAAGGCATGTACCATAAGCTAAC-3'

GBP1 R584-586A _R

5-GTTAGCTTATGGTACATGCCTTTGCTGCT
GCCATTTTCGTCTGGAGATCCTGTATCTC-3'

mCh-GBP1_no |5-GCTGTACAAGTCCGGACTCAGGTCCATGGCATCAGA |Used to destroy Bglll site
_Bglll_F GATC-3' between mCherry and GBP1
mCh-GBP1_no |5-GATCTCTGATGCCATGGACCTGAGTCCGGACTTGTA |Used to destroy Bglll site
_Bglll_R CAGC-3 between mCherry and GBP1

mCh-GBP1°%9""¢

5'-GGGGACCACTTTGTACAAGAAAGCTGGGTCTTAGAGA
TCTTGTATCTCATTTTTCATTATTCTGCTTTC-3'

Introduced Bglll site and C-
terminal deletion

GCCGTCCGTGTACCATAAGCTAAGATCTCTAAGACCCA-

Gibbon_PBM_F 3
, 5 TGGGTCTTAGAGATCTTAGCTTATGGTACACGGACGG
Gibbon PBM_R | 06 GACGCATTTTCGCCTGGAGATCTTGTATCTCAT-3'
5_ATGAGATACAAGATCTCCAGAAGAAAATGCGTCAGC
RheM_PBM_F |5 ccGTACCTGTACCATAAGCTAAGATCTCTAAGACCCA-3'
5 TGGGTCTTAGAGATCTTAGCTTATGGTACAGGTACGG
RheM_PBM_R | cGCTGACGCATTTTCTTCTGGAGATCTTGTATCTCAT-3'
5 ATGAGATACAAGATCTCCAGAACGCGATGCGTCCGC
NightM_PBM_F |CGCGTCGCCGTTGTACCATAAGCTAAGATCTCTAAGACC
CA-3
_ CGCGGCGGACGCATCGCGTTCTGGAGATCTTGTATCTC
NightM_PBM_R

AT-3'
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4. Human GBP1 promotes chemokine production in
Shigella flexneri infected cells independently of C-
terminal motifs necessary to target bacteria

4.1 Introduction

Cytokines comprise a large group of immunoregulatory molecules with a broad
range of functions, including immune cell maturation, differentiation, upregulation of
cellular defenses proteins, and both suppression and promotion of inflammatory
responses[135]. Amongst these cytokines are the so-called chemokines, a group of
molecules that control recruitment of professional immune cells to the site of
infection[135, 136]. These chemokines include chemoattractants for neutrophils,
monocytes/macrophages, T cells, and Natural Killer (NK) cells, and help to orchestrate
host defense and containment of infections[136].

The vertebrate cell cytosol is patrolled by numerous surveillance proteins which
detect microbial invasion through recognition of conserved pathogen-derived
molecules, so-called Pathogen Associated Molecular Patterns (PAMPs), and damage
caused by microbial invasion (Damage Associated Molecular Patters/DAMPs)[137].
These surveillance proteins include sensors such as Nod1 and Nod2, which detect
peptidoglycan fragments derived from the bacterial cell wall, as well as RIG-I, which
recognizes cytosolic 5 -triphosphated uncapped RNA species and non-self 5'-
triphosphorylated double stranded RNA species transcribed from AT-rich DNA

sequences by RNA Polymerase III[137-139]. Immune surveillance is further
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accomplished by a group of lectins, the galectins, which recognize pathogen vacuoles
(PVs) destabilized by bacterial secretion systems by detecting cytosolically exposed
sugar moieties normally restricted to the interior lumen of vacuoles[73, 79].
Furthermore, the canonical (caspase-1) inflammasome is a modular host cell-response
complex that responds to numerous PAMPs and DAMPs through interaction with
cytosolic surveillance modules, including AIM2 (cytosolic DNA), NLRC4 (flagellin and
secretion system rod proteins), and NLRP3 (cell damage, including potassium efflux)[83,
88, 140]. Finally, the noncanonical inflammasome (caspase-11 in mouse/caspase-4/5 in
human) binds to cytosolic lipopolysaccharide from the outer membrane of Gram-
negative bacteria[86]. Together, these cytosolic surveillance proteins alert host cells to
the presence of microbial invasion and shape host defense responses.

Host cells respond to microbial invasion in various ways, and the surveillance
protein triggered shapes this response. For example, the inflammasomes are activation
platforms for proteases caspase-1 and caspase-11, and mediate the inflammatory cell
death pathway termed pyroptosis through cleavage of and subsequent plasma
membrane pore formation by the protein Gasdermin D[84]. Furthermore, the caspase-1
inflammasome processes the pro-forms of Interleukin-1f and Interleukin-18 to their
mature secreted forms[83] while Gasdermin D-cleavage by caspase-11 leads to
subsequent activation of the caspase-1 inflammasome and IL-1B/IL-18 processing[87].

Conversely, multiple other surveillance proteins, such as Nod1, Nod2, and RIG-I,
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converge on NF-«B signaling cascades to induce transcriptional changes, including
production of cytokines/chemomkines[137, 138, 141], and the galectins mediate the
physical targeting of host defense proteins to damaged vacuoles[73, 79].

The p65 Guanylate Binding Proteins (GBPs) are a group of interferon-inducible
GTPases with important host defense functions against viral, bacterial, and protozoan
pathogens[52]. Within the context of bacterial and protozoan infection, the GBPs
mediate pathogen destruction, likely by serving as recruitment factors for additional
host defense proteins[52, 65]. Furthermore, the GBPs serve as important potentiators of
both canonical and noncanonical inflammasome activation[52, 60, 61, 74, 75, 80-82, 89].
However, whether the GBPs play a role in host cell transcriptional responses remains
unknown.

The pathogenic Gram-negative bacterium Shigella flexneri is a causative agent of
bacillary dysentery, termed Shigellosis[1]. Upon infection, S. flexneri rapidly escapes the
endosomal compartment to replicate within the host cell cytosol, where it induces robust
IL-8 production by activating the cytosolic surveillance protein Nod1[1, 5, 36].
Furthermore, in mouse embryonic fibroblasts infected with S. flexneri, stimulation with
IFN-gamma (IFNy) leads to IRF1-dependent RIG-I expression and subsequent RIG-I
activation, likely via recognition of RNA Polymerase IlI-transcribed bacterial DNA[142].

As IFNy is a strong inducer of GBP expression and leads to RIG-I activation in S.

flexneri infected murine cells, I examined the role of human GBPs in shaping the host
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transcriptional response to S. flexneri infection. Accordingly, I undertook a RNA-
sequencing approach in IFNy-stimulated WT and GBP1X° A549 lung carcinoma cells in
both the presence and absence of S. flexneri infection. This approach revealed a role for
GBP1 in supporting expression of several chemokines, including CXCL1, CXCL9,
CXCL10, and CCL2. Interestingly, GBP1 was dispensable for both inflammasome
activation and IL-8 production. This chemokine-production role extended to other
bacterial pathogens, including a second cytosolic Gram-negative bacterium Burkholderia
thailandensis, and the cytosolic Gram-positive bacterium Listeria monocytogenes.
Finally, GBP1-dependent CXCL10 production was independent of bacterial targeting,
and ectopically expressed GBP2 could functionally substitute for GBP1. Together, these
data suggest that GBP1 helps to shape host response to bacterial infection by supporting
chemokine production, yet is dispensable for Nod1-dependent IL-8 production typical
of S. flexneri infection. These observations highlight a novel targeting-independent role

for GBPs in shaping host transcriptional response to infection.

4.2 Results

4.2.1 Human GBP1 is dispensable for inflammasome activation in
Shigella infected cells

Murine orthologs of human GBP1 are potentiators of both canonical and
noncanonical inflammasome activation[52]. S. flexneri effectively blocks inflammasome
activation through the secreted effector, OspC3, which binds to the human caspase-4

noncanonical inflammasome to inhibit activation[27]. Therefore, to assess the role of
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GBP1in S. flexneri-induced inflammasome activation, I made use of a AospC3 strain in an
IL-18 Elisa-based assessment of inflammasome activation, with LPS serving as a robust
inducer of GBP1-expression.

In agreement with previously published data[27], infection with WT S. flexneri
did not result in inflammasome activation, as indicated by the lack of IL-18 secretion
(Figure 24). Conversely, infection with the 4ospC3 mutant led to robust IL-18 secretion.
However, LPS-priming was not necessary for IL-18 production, and the level of secreted
IL-18 was indistinguishable between WT and GBP1X© cells, indicating that GBP1 is

dispensable for inflammasome activation in response to S. flexneri.

4.2.2 Human GBPL1 is dispensable for IL-8 production in response to
Shigella infection

During the course of S. flexneri infection, peptidoglycan fragments from the
bacterial cell wall are recognized by the cytosolic surveillance protein Nod1 to induce
robust IL-8 production[1, 36]. To examine the role of GBP1 in IL-8 production in S.
flexneri infected cells, I assessed the level of IL-8 transcript in WT and GBP1X0 cells
stimulated with IFNy. Relative uninfected cells, S. flexneri infection led to robust
expression of the IL-8 gene (Figure 25). While there was a slight downward trend in IL-8

production between WT and GBP1X cells, this trend was very modest and not
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Figure 24: GBP1 is dispensable for inflammasome activation in response to
infection with S. flexneri. WT and GBP1K° A549 cells were treated overnight with 100
ng/ml Salmonella S595 LPS. Cells were infected with WT or AospC3 S. flexneri at an MOI
of 50, and supernatants were collected at 8 hours post infection. The concentration of
secreted IL-18 was analyzed by Elisa assay. Data represents the average concentration of
IL-18 from three replicate wells per sample. Error bars represent standard deviation.
Statistical significance was determined by two-way ANOVA. n.s. = not significant.
Performed in collaboration with Ryan Finethy.
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Figure 25: GBP1 is dispensable for IL-8 expression in response to Shigella
flexneri. WT and GBP1X0 A549 cells were stimulated overnight with 200 U/ml IFNy and
infected with S. flexneri at an MOI of 50 for 8 hours. RNA was extracted, reverse
transcribed, and the relative levels of IL-8 transcript were determined by normalizing to
a RPL19 constitutively expressed control. Data represents three separate experiments.
Transcript levels from three replicate wells were analyzed per experiment. Error bars
represent standard error of the mean, and statistical significance was determined using a
two-way ANOVA. n.s. = not significant.
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statistically significant, indicating that GBP1-deficient cells are able to robustly express

IL-8 in response to S. flexneri.

4.2.3 Human GBP1 supports chemokine production in Shigella
infected cells

In murine embryonic fibroblasts, IFNy-stimulation leads to IRF1-dependent
expression and subsequent activation of the cytosolic surveillance protein RIG-I in
response to S. flexneri[142]. As the GBPs are strongly induced by IFNy-stimulation, I
sought to determine whether GBP1 shapes the transcriptional profile of IFNy-stimulated
cells infected with S. flexneri by undertaking an RN A-sequencing approach.

Principle Component Analysis revealed that the infection status of my samples
was the main driver of gene expression differences (Figure 26). However, there were
also expression differences between WT and GBP1X© cells, suggesting that GBP1 plays a
role in shaping the transcriptional profile of human cells in response to infection.
Analysis of expression differences between S. flexneri infected WT and GBP1X° cells
treated with IFNy revealed that multiple chemokines reliant on NF-kB signaling were
less robustly expressed in the absence of GBP1 (Figure 27). These included CXCL1,
CXCL9, CXCL10, and CCL2.

To confirm the role of GBP1 in supporting chemokine production in S. flexneri
infected cells, I performed RT-qPCR with newly prepared RNA extracted from WT and

GBP1¥0 cells. As GBP1 expression is induced by IFNy, unstimulated cells served as a
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Figure 26: Principle Component Analysis of RNA-sequencing results. WT and
GBP1X0 A549 cells were stimulated overnight and infected with S. flexneri at an MOI of
50 for 8 hours. RNA was extracted and analyzed via RNAseq. Figure represents
Principle Component Analysis from three replicate wells submitted for RNAseq.
Analysis performed by Dr. Joseph Saelens.
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Figure 27: Loss of GBP1 results in reduced transcription of chemokines in
Shigella flexneri infected cells. WT and GBP1K° A549 cells were stimulated overnight
with 200 U/ml IFNy and infected with S. flexneri at an MOI of 50 for 8 hours. RNA was
extracted and transcript levels were determined by RN Aseq. Data representative of
three replicate wells. Analysis performed by Dr. Joseph Saelens.
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control. Likewise, RNA was prepared from uninfected cells to confirm that expression
differences were due to bacterial PAMPs/DAMPs. In agreement with my RNA-
sequencing results, I saw a statistically significant decrease in the expression of multiple
chemokines in the absence of GBP1, reliant on infection (Figure 28). IFNy is necessary for
expression of multiple chemokines, including CXCL10 and CXCL11[49]. Accordingly,
these IFNy-dependent chemokines were expressed only in IFNy-stimulated samples.
While there was a trend toward decreased CXCL11 expression in GBP1-deficient cells,
this trend was not statistically significant. Interestingly, even in the absence of IFNy,
GBP1 contributed to the expression of CXCL1 and CCL2, indicating that the small pool
of GBP1 expressed in unstimulated cells was still sufficient to enhance chemokine

expression.

4.2.4 Human GBP1 supports chemokine production in response to
multiple pathogens

To confirm that these expression differences result in differences in the level of
chemokines secreted by cells, I used an Elisa-based approach to measure the
concentration of CXCL10 in cell culture media from WT and GBPIX° cells infected with
S. flexneri. Furthermore, to determine whether these results extend to other pathogens, I
infected cells with two additional bacteria that escape to the cytosol, the Gram-negative
opportunistic pathogen Burkholderia thailandensis and the Gram-positive bacterium

Listeria monocytogenes, as well as nonvirulent K-12 Escherichia coli.
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Figure 28: GBP1 supports expression of CXCL1, CXCL9, CXCL10, and CCL2 in
Shigella flexneri infected cells. WT and GBP1X°© A549 cells were stimulated overnight with
200 U/ml IFNy and infected with S. flexneri at an MOI of 50 for 8 hours. RNA was
extracted, reverse transcribed, and relative levels of indicated chemokine transcripts
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were determined by qPCR against the constitutively expressed RPL19 transcript. Data

represents three separate experiments, three replicate wells per experiment. Statistical

significance was determined by two-way ANOVA. * p <0.05, *** p <0.0001, n.s. = not
significant.
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In confirmation of my RNA-sequencing and RT-qPCR results, GBP1X© cells
infected with S. flexneri showed less CXCL10 secretion than their WT counterparts
(Figure 29). Likewise, these differences were recapitulated in cells infected with B.
thailandensis, L. monocytogenes, and K-12 E. coli. Significantly, infection with the
opportunistically pathogen B. thailandensis, which rarely causes infections, resulted in
much more robust CXCL10 production than infection with professional pathogens S.
flexneri and L. monocytogenes. This likely reflects the bacterium’s poor evolutionary
adaptation to human cells. Conversely, despite being ill adapted for intracellular
survival, infection with K-12 E. coli resulted in only modest CXCL10 production. This is
potentially explained by the poor infectivity of this strain. Together, these results
indicate that GBP1-dependent CXCL10 production extends beyond S. flexneri, and the
poorly adapted opportunistic pathogen B. thailandensis is a stronger inducer of CXCL10

production that professional pathogenic bacteria.

4.2.5 Human GBP1-dependent chemokine production is independent
of bacterial targeting, and GBP2 can functionally substitute for GBP1

Murine GBPs can potentiate inflammasome activation independent of pathogen
targeting[52, 68, 81]. Therefore, I accessed whether the ability of human GBP1 to support
chemokine production depended on bacterial localization in cells infected with the
strong CXCL10 inducer B. thailandensis. To this end, I complemented GBPIXO cells with a
targeting-incompetent GBP1 mutant (Gbp1AC) lacking the C-terminal Polybasic and

farensylated CaaX motifs necessary to target to bacteria (Chapter 2). Surprisingly,
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Figure 29: GBP1 supports CXCL10 production in response to other cytosolic
pathogens and non-virulent E. coli. WT and GBPIX° A549 cells were treated overnight
with 200 U/ml IFNy and infected with S. flexneri (MOI 50), B. thailandensis (MOI 100), K-

12 E. coli (MOI 50), or L. monocytogenes (MOI 20). Supernatants were collected at 10 hours
post infection, and the concentration of secreted CXCL10 was determined by Elisa. Data
representative of three replicate wells. Statistical significance was determined by two-
way ANOVA. **=p <0.01.
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similar to a full length GBP1 control, Gbp1AC was able to reverse the CXCL10-secretion
deficiency of GBP1X0 cells (Figure 30A). CXCL10 secretion was also restored by ectopic
expression of GBP2, which is recruited to S. flexneri in a GBP1-dependent manner
(Chapter 2), and therefore should not be recruited in GBP1X° cells. Indeed,
complementation with both Gbp1AC and GBP2 supported more CXCL10 secretion than
a full length GBP1 control. Together, these data indicate that GBP1 functions to support

CXCL10 secretion independently of bacterial targeting.

4.2.6 Human GBP1 supports CXCL10 production in response to a
poorly targeted Shigella mutant

I have previously demonstrated that GBP1 localization to S. flexneri relies on the
O-antigen of bacterial LPS (Chapter 2). Accordingly, the rfal. mutant strain of S. flexneri,
which lacks O-antigen, is a poor target for GBP1. To confirm that GBP1-dependent
CXCL10 production is independent of bacterial targeting, I infected cells with WT and
rfal. mutant S. flexneri. B. thailandensis served as an additional control. Furthermore, to
control for phenotypic bias imposed by working with a single GBP1X° clone, I extended
my analysis to a second independently derived clonal population.

In support of my previous observation that GBP1-targeting activity is
dispensable for CXCL10 production, I saw robust GBP1-dependent CXCL10 production
in cells infected with either WT or rfal mutant S. flexneri (Figure 30B). Significantly,
CXCL10 production was decreased in both GBP1X° clonal populations, as was response

to B. thailandensis.
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Figure 30: GBP1 supports chemokine production independently of its ability
to target bacteria. (A) GBP1X0 A549 cells were stably transduced with
anhydrotetracycline (aTc) inducible GBP1, GbplAC, or GBP2 constructs, and expression
was induced overnight using 1.5 pg/ml aTc. WT and GBP1X° controls were stimulated
overnight with 200 U/ml IFNy. Cells were infected with B. thailandensis at an MOI of 100
for 10 hours. Supernatants were collected, and the concentration of CXCL10 was
determined by Elisa. (B) WT and two co-isogenic GBP1¥° A549 cell lines were stimulated
overnight with 200 U/ml IFNy and infected with WT or rfaL mutant S. flexneri (MOI 50)
or B. thailandensis (MOI 100) for 10 hours, and supernatants analyzed as in A. Data
representative of three replicate wells. Statistical significance determined by one-way
ANOVA (A) or two-way ANOVA (B). *=p <0.05, * =p <0.01, **=p <0.001, *** =p <
0.0001, n.s. = not significant. (B) Performed with the help of Dulcemaria Hernandez.
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4.3 Discussion

I 'have previously demonstrated that GBP1 counters the S. flexneri virulence
program by physically localizing to bacteria to prevent actin-based motility (Chapter 2).
The data presented here extend the role of GBP1 to chemokine production, an important
host response to recruit professional immune cells to the site of infection. Together, these
observations highlight dual roles for GBP1 in both direct antagonism of bacterial
dissemination and promotion of host inflammatory responses to eliminate infection.

Murine orthologs of human GBPs play dual roles in host cells, cooperating in
both pathogen destruction and promotion of inflammatory responses. Accordingly,
murine GBPs physically localize to vacuole-resident and cytosolic pathogens to facilitate
pathogen killing and potentiate inflammasome activation in response to pathogens and
pathogen-derived molecules[52, 60, 61, 65, 67, 68, 80-82]. Within this context, murine
GBPs have been reported to act as rheostats, promoting both anti-inflammatory
autophagic clearance of bacteria and inflammasome activation to balance inflammatory
response[52]. While human GBP1-targeted S. flexneri remain viable (Chapter 2), and
GBP1 is dispensable for S. flexneri-induced inflammasome activation, GBP1 precludes
bacterial dissemination (Chapter 2 and [91]) and promotes chemokine production. These
observations highlight similar anti-virulence and pro-inflammatory roles between

human GBP1 and murine GBPs, albeit using divergent mechanisms.
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Physical localization to pathogens is not a prerequisite for murine GBP-
dependent inflammasome activation[61, 68, 81, 82, 89]. Accordingly, murine GBPs are
required for robust inflammasome activation in response to cytosolically delivered
canonical and noncanonical inflammasome activators[61, 68, 81, 82, 89]. Similarly, GBP1
was able to promote CXCL10 production independently of a C-terminal Polybasic Motif
and lipidated-CaaX motif necessary for bacterial targeting. This reveals that GBP1 plays
both targeting-dependent and -independent functions within bacterially infected cells,
and extends the role of GBP1 beyond the confines of bacteria that serve as physical
targets. Accordingly, GBP1 was necessary for robust CXCL10 production in cells
infected with the bacterium L. monocytogenes, which is untargeted by GBP1 (Chapter 2).
Furthermore, GBP2 lacks the inherent ability to target cytosolic Gram-negative bacteria,
yet was able to functionally substitute for GBP1 to support chemokine production. This
suggests that the ability to promote chemokine production extends to other non-
targeting GBPs, and that these GBPs may function as broad-acting enhancers of
chemokine production.

An evolutionary arms race exists between hosts and pathogens, wherein
pathogens have evolved strategies to obstruct host responses to infection and promote
bacterial survival and propagation. Accordingly, S. flexneri has evolved to resist the
antibacterial pressures imposed by the GBPs through secretion of the effector IpaH9.8,

an E3 ligase which ubiquitinates GBPs (human GBP1,2,4, and 6) to induce their
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proteasomal-degradation[66, 91]. Furthermore, S. flexneri utilizes a multipronged
approach to dampen host NF-«B signaling that lies downstream of multiple cytosolic
surveillance proteins, including RIG-I. Such anti-NF-«B signaling programs include
inhibition of ubiquitination/proteasome degradation of the NF-«kB inhibitor IxkBa. via the
effector OspG, IpaH4.5-dependent degradation of the p65 subunit of NF-«B, and
IpaH9.8-driven degradation of the NF-«kB signaling mediator NEMOI5, 7, 13, 28, 35]. As
an inducer of both NEMO and GBP degradation, the effector IpaH9.8 plays a central role
in circumventing host response to S. flexneri infection. Further studies are warranted to
specifically examine how the GBP-degradative activity of IpaH9.8 relates to chemokine
production.

The host surveillance protein(s) responsible for GBP1-dependent chemokine
production in S. flexneri infected cells remain to be identified. GBP1 was dispensable for
Interleukin-8 expression. During infection, II-8 is produced in response to Nod1
activation by S. flexneri peptidoglycan fragments[1, 5, 36]. However, IFNy-stimulation
leads to expression and subsequent activation of the cytosolic RNA surveillance protein
RIG-Iin S. flexneri infected murine embryonic fibroblasts[142]. As an inducer of NF-xB
signaling, this points to RIG-I as a candidate for GBP1-dependent chemokine
production. Furthermore, murine GBPs promote inflammasome activation in response
to outermembrane vesicles (OMVs) produced by Gram-negative bacteria[82], raising the

possibility that OMVs may also play a role in targeting-independent functions of human
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GBPs. Further studies are necessary to identify the sensor(s) and pathways involved in

GBP-promotion of chemokine expression.

4.4 Materials and Methods
4.4.1 Cell culture and bacterial strains

Wildtype and GBP1KC[71] A549 epithelial lung carcinoma cells were maintained
at 37° and 5% COz in Dulbeccos’s Modified Eagle’s Medium (DMEM, Gibco) containing
4.5 g/L D-glucose and 110 ng/L Sodium Pyruvate supplemented with 10% fetal bovine
serum, 1X Nonessential Amino Acids (Gibco) and 55 uM beta-mercaptoethanol using
standard cell culture procedures. Where indicated, cells were stimulated overnight with
200 U/ml human IFNy.

Wildtype serovar 2457T and co-isogenic AospC3 Shigella flexneri strains are
previously described[27], as is rfalL mutant S. flexneri serovar 2457T[109]. S. flexneri was
grown on Tryptic Soy Agar plates containing 0.01% Congo Red at 37°. B. thailandensis
wiltype strain E264 was a gift from Edward Miao, and was grown on LB plates at 37°.
Wildtype L. monocytogenes strain 10403S was previously described [130] and grown at
37° on brain heart infusion (BHI) plates. Standard laboratory K-12 E. coli was grown on

LB at 37°.

4.4.2 Construct derivation and complementation

GBP1, Gbp1AC (lacking codons corresponding to amino acids K582-5591), and

GBP2 were inserted into the lentiviral anhydrotetracycline [aTc]-inducible vector
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pInducer-20 [131] via Gateway recombination (Thermo Fisher). Derivation of pInducer-
GBP1 is described in Chapter 2 Materials and Methods. pInducer-Gbp1AC was
amplified for Gateway Cloning using primers GBP1-F: 5-GGGGACAAGTTT
GTACAAAAAAGCAGGCTGCCACCATGGCATCAGAGATCCACATGACAG-3" and
GbplAC-R: 5-GGGGACCACT TTGTACAAGAAAGCTGGGTCTTACGTCTGGAGATC
CTGTATCTCATTTTTCATTA-3'. pInducer-GBP2 was constructed using primers GBP2-
F: 5-GGGGACAAGTTTGTACAAAAAAGCAGGCTGCCACCATGGCTCCAGAGA
TCAACTTGCC-3" and GBP2-R: 5-GGGGACCACTTTGTACAAGAAAGCTGGGTCTTA
GAGTATGTTACATATTGGCTCCAATGATTTGC-3'. To assess complementation via
CXCL10 Elisa, GBP1X© cells were stably transduced with pInducer-20 lentiviral
constructs, and expression was induced through treatment with 1.5 pg/ml aTc in cell

culture medium overnight at 37°, 5% CO2 before subsequent infection.

4.4.3 Bacterial infections

For S. flexneri infections, 5 ml tryptic soy broth (TSB) was inoculated with a single
Congo red-positive colony and grown overnight at 37° with shaking. Saturated cultures
were diluted 1:50 in 5 ml fresh TSB and incubated for 2.5-3 h at 37° with shaking before
being used to infect at a multiplicity of infection (MOI) of 50. Bacteria were diluted in
pre-warmed cell culture medium, and spun onto cells for 10 minutes at 700 x g. Plates
were incubated at 37° for 30 minutes, then washed twice with Hanks Balanced Salt

Solution (HBSS), followed by addition of cell culture medium containing 25 ug/ml
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gentamicin and further incubation at 37°. Infection with K-12 E.coli was carried out in
the same manner using an MOI of 50. For B. thailandensis infections, overnight cultures
were diluted 1:20 in LB and grown for 3 h at 37° with shaking. Cells were infected at an
MOI of 100 and spun, as above. Infections were incubated for 3 house at 37°, as washed
twice with HBSS before addition of cell culture medium containing 30 pg/ml
Kanamycin. Kanamycin containing medium was removed after 2 hours, and replaced
with cell culture medium without antibiotics. Cells were infected with saturated

overnight cultures of L. monocytogenes grown at 30° using an MOI of 20.

4.4.4 RNA extraction and reverse transcription

For RT-qPCR, RNA was extracted from cells using a Qiagen RNeasy miniprep
kit, and was reverse transcribed using an iScript Reverse Transcription kit (BioRad). For

RNAseq, RNA was extracted using a Qiagen RNeasy PLUS miniprep kit.

4.45 RT-gPCR

RT-qPCR was carried out on reverse-transcribed transcripts using the primers in

Table 7. The ribosomal transcript RPL19 served as a constitutively expressed control.

4.4.6 RNAseq

RNAseq was carried out in collaboration with Joseph Saelens and the Duke
Sequencing and Genomic Technologies Core. Results were analyzed according to[143],

followed by gene-set enrichment in GAGE. Results were visualized with Pathview. Cells
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stimulated with 200 U/ml IFNy, and infected with S. flexneri at an MOI of 50, as above.

RNA was harvested at 8 hours post infection.

4.4.7 Analysis of chemokine secretion by Elisa

To assess inflammasome activation by IL-18 Elisa, cells were stimulated
overnight with 100 ng/ml Salmonella S595 lipopolysaccharide (List Labs) to induce GBP1
expression. Cells were infected with WT and AospC3 S. flexneri, as above, and
supernatants were collected at 8 hours post infection and analyzed using an IL-18 Elisa
(eBioscience). For CXCL10 analysis, infections with indicated bacteria were carried out,
as above. Levels of secreted CXCL10 from supernatants were analyzed by CXCL10 Elisa

(Biolegend).
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Table 7: RT-qPCR oligomers used to assess chemokine transcript levels.

Oligomer Sequence

IL-8_F 5'-TTTTGCCAAGGAGTGCTAAAGA-3'
IL-8_R 5'-AACCCTCTGCACCCAGTTTTC-3'
CXCL1_F 5'-AACCGAAGTCATAGCCACAC-3'
CXCL1_R 5'-GTTGGATTTGTCACTGTTCAGC-3'
CXCL9_F 5'-CCAGTAGTGAGAAAGGGTCGC-3'
CXCL9_R 5'-AGGGCTTGGGGCAAATTGTT-3'
CXCL10_F 5'-GTGGCATTCAAGGAGTACCTC-3'
CXCL10_R 5'-TGATGGCCTTCGATTCTGGATT-3'
CXCL11_F 5'-GACGCTGTCTTTGCATAGGC-3'
CXCL11_R 5'-GGATTTAGGCATCGTTGTCCTTT-3'
CCL2_F 5'-CAGCCAGATGCAATCAATGCC-3'
CCL2_R 5'-TGGAATCCTGAACCCACTTCT-3'
RPL19_F 5'-GATGCCGGAAAAACACCTTG-3'
RPL19_R 5'-TGGCTGTACCCTTCCGCTT-3'
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5. Conclusions

5.1 Overview

Pathogens present a formidable challenge to hosts by reducing their fitness or
robbing them of viability. Accordingly, pathogens impose selective pressure that drives
the evolution of novel host defense programs or refinement of existing programs.
Likewise, these barriers to pathogenesis drive the evolution of countermeasures in
pathogens to maintain virulence. Thus, hosts and pathogens are locked in an
evolutionary arms race, with hosts evolving defensive strategies and pathogens evolving
counter-defenses.

Shigella species are the causative agents of bacillary dysentery, and actin-based
motility is central to the Shigella virulence program, allowing bacterial dissemination
while avoiding extracellular host defenses such as complement and circulating
antibodies[1]. This dissemination strategy is shared with other cytosolic Gram-negative
bacteria, including members of the genus Burkholderia and Spotted Fever Group
Rickettsia species[43, 44, 46, 48]. The central role of actin-based motility in the virulence
of these pathogens makes it a convenient target for host defenses. Accordingly, human
Guanylate Binding Protein 1 (GBP1) has evolved as a host defense factor to preclude
actin-based motility.

The human genome encodes seven GBPs, and GBP1 is unique in its ability to

physically target cytosolic Gram-negative bacteria (Figure 4). This targeting is driven by
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a C-terminal Polybasic Motif (PBM) unique to GBP1, and further depends on a
farensylated CaaX motif and protein oligomerization via a Large GTPase (LG) domain
(Figure 6). Among the human GBPs, the presence of these structural features makes
GBP1 uniquely suited to target cytosolic Gram-negative bacteria, and the protein
appears to have affinity sugars that comprise the O-antigen chains of lipopolysaccharide
(LPS), a major component of the Gram-negative outer membrane. Accordingly, GBP1
targeting to S. flexneri mutant strains lacking O-antigens is severely impaired (Figure 8),
and the protein fails to target the cytosolic Gram-positive bacterium Listeria
monocytogenes, which lacks LPS (Figure 5).

GBP1 targeting to S. flexneri precludes actin-based motility and bacterial
dissemination by blocking actin comet tail formation (Figures 13-15). This is in line with
previous observations that GBP1 controls actin cytoskeleton dynamics in Interferon-y
(IFNy) stimulated cells, a strong inducer of GBP1 expression[90]. GBP1 likely alters actin
dynamics by sequestering globular actin (G-actin) or capping filamentous actin (F-actin)
fibers[90]. This presents a model wherein GBP1 physically localizes to cytosolic Gram-
negative bacteria and blocks actin comet tail formation through local sequestration of G-
actin or by capping the nascent tail. The anti-motility role of GBP1 represents a formerly
unreported function for the GBPs, and similar function has only been ascribed to one
other class of host proteins, the Septins, which entrap S. flexneri in so-called “Septin

Cages” to facilitate autophagic elimination[144].
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In addition to its anti-motility role, GBP1 supports production of chemokines in
response to bacterial infection, including CXCL1, CXCL9, CXCL10, and CCL2 (Figures
28-30). This function is independent of the PBM and CaaX motif necessary for bacterial
targeting, and represents a novel targeting-independent function (Figure 30).
Accordingly, GBP1 supports CXCL10 production in response to L.monocytogenes
infection (Figure 29), a Gram-positive bacterium that fails to serve as a GBP1 target
(Figure 5B). Furthermore, GBP2 can functionally substitute for GBP1 to support CXCL10
production (Figure 30A), raising the possibility that chemokine production may extend
to other non-targeting GBPs.

Similar dual roles have been reported for murine GBPs, which target pathogens
to facilitate their destruction through recruitment of host defense factors [52, 65, 67] and
also act as rheostats for host inflammatory responses centered around inflammasome
activation[50, 52]. While the interrelation of these dual roles remains unclear, the murine
GBPs potentiate inflammasome activation in response to non-targeted pathogens and
cytosolically delivered pathogen-derived molecules, representing a targeting-
independent role[68, 81]. The presence of both targeting-dependent antimicrobial
functions and targeting-independent inflammatory functions underscores similarities
between murine and human GBPs orthologs, albeit via divergent mechanisms.

In the molecular arms race between host and pathogen, human GBP1 represents

a barrier to S. flexneri virulence. Accordingly, the bacterium has developed an anti-GBP1
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countermeasure in the form of the effector IpaH9.8 (Figure 19B). IpaH9.8 is a secreted
ubiquitin E3 ligase, and work encompassed in this dissertation, as well as two
concurrent publications, have highlighted the effector as a potent anti-GBP1 factor [66,
91]. IpaH9.8 supports actin-based dissemination by relieving the motility blockade
imposed by GBP1 (Figure 20). The importance of IpaH9.8 in supporting bacterial
dissemination is underscored by the observation that a mutant S. flexneri strain lacking
IpaH9.8 is unable to disseminate beyond the initial cell of infection due to GBP1 anti-
motility functions.

IpaH9.8 ubiquitinates multiple human GBPs to target them for proteasomal
degradation[66, 91]. Therefore, the effector represents a broad-acting anti-GBP factor
that disrupts the repertoire of GBPs within cells. While the role of IpaH9.8-driven GBP
degradation in suppressing chemokine production remains to be examined, IpaH9.8-
dependent GBP degradation likely dampens production, warranting further exploration.
Taken together, these observations represent one struggle for superiority within the
broader molecular arms of a co-evolving host-pathogen pair. Within this struggle,
evolution has modified one member of a GBP arsenal existent in other vertebrates
arming it with structural components necessary to target the enemy. In the face of these
defenses, Shigella has evolved countermeasures to maintain the balance of power.
Accordingly, the secreted effector IpaH9.8 represents a potent anti-GBP factor that

preserves bacterial virulence to counterbalance host defense.
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Figure 31: Model of GBP1 function in Shigella flexneri infected cells. Following
transcytosis through M-cells, S. flexneri is phagocytosed by macrophages and induces
their pyroptotic death, leading to IL-1P and IL-18 production. This activates NK cells,
leading to IFNy production in the vicinity of the infection. IFNy induces expression of
GBP1, which physically localizes to the bacteria in a Polybasic Motif (PBM) dependent
manner, likely via binding to the O-Antigens of bacterial LPS. GBP1-targeting further

relies on the farensylated GBP1-CaaX motif and multimerization via the Large G-
domain (LG). GBP1-targeting precludes bacterial actin-based motility by preventing
formation of actin comet tails. GBP1-targeted S. flexneri remains viable, yet the bacteria
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replicate within aggregates. To counter the motility blockade imposed by GBP1, S.
flexneri secretes the effector IpaH9.8, a ubiquitin E3 ligase which ubiquitinates GBP1. In
addition to its targeting-dependent role, GBP1 also promotes the expression of
chemokines in a targeting-independent fashion. These include CXCL1, CXCL9, CXCL10,
and CCL2, and are recruitment factors for professional immune cells, including
neutrophils, T cells, NK cells, and monocytes.
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5.2 Human GBP1 localization to Shigella flexneri represents a
novel GBP targeting mechanism

To date, two targeting pathways have been described for GBPs. However,
definition of these pathways has relied on observations in murine cells infected with
vacuolar pathogens, and how they relate to cytosolic pathogens has remained unclear.
The first of these pathways centers around the presence of bacterial secretion systems, a
common feature of pathogenic bacteria. Presence of these secretion systems serves as a
marker of pathogenesis, allowing cells to distinguish between pathogen vacuoles (PVs)
and the innocuous vacuoles typically present within cells. Within this context, bacterial
secretion systems lead to PV instability and exposure of sugar moieties normally
restricted to the vacuole interior. Subsequently, these sugar moieties serve as binding
platforms for a group of host lectins, the galectins, which act as recruitment factors for
the GBPs[73, 79]. However, as S. flexneri rapidly escapes the vacuolar compartment to
the cytosol, the relevance of this targeting pathway is in doubt. Indeed, GBP1 targeting
to S. flexneri is independent of host Galectin-3, suggesting that another targeting
mechanism is involved.

The second GBP targeting pathway relies on a ubiquitin-cascade initiated by a
second group of interferon-inducible GTPases, the p47 Immunity Related GTPase
(IRGs)[70]. This pathway has been described in murine cells infected with the vacuolar

pathogens Chlamydia trachomatis and Toxoplasma gondii, and relies on an initial round of
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IRG-induced ubiquitination, followed by cooperative recruitment of the E3 ubiquitin
ligase Tumor Necrosis Factor (TNF) Receptor Associated Factor 6 (TRAF6) and
p62/sequestrome-1, which escorts murine GBP1 and GBP2 to the PV. However, the IRG
system has effectively collapsed in humans[122], and while the rodent-adapted
Chlamydia species C. muridarum is ubiquitinated and subsequently targeted by human
GBP1, GBP1 recruitment to S. flexneri appears to be independent of ubiquitination. This
is supported by the observation that GBP1 itself is the main target of ubiquitination at
the bacterium-cytosol interface, and this ubiquitination is orchestrated by Shigella
IpaH9.8, which antagonizes GBP1 recruitment[66, 91]. Thus, neither the galectin- nor
ubiquitin-driven GBP targeting mechanisms previously described seem to extend to
GBP1-targeting to S. flexneri, suggesting a novel mechanism.

My observation that GBP1 fails to effectively target S. flexneri mutants with
truncated LPS O-antigens reveals a unique role for bacterial LPS in GBP-recruitment.
This is further supported by the observation that GBPs fail to target the cytosolic Gram-
positive bacterium L. monocytogenes, which lacks LPS. Through mutational analysis, I
have mapped LPS-dependent targeting to a Polybasic Motif (PBM) within the C-
terminus of GBP1. Use of a PBM to bind S. flexneri suggests a negatively charged
binding partner at the bacterium-cytosol interface. Significantly, bacteria have the ability
to modify the sugar components of their LPS through covalent attachment of negatively

charged moieties, such as sulfate groups[145]. These negatively charged modifications
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are an attractive target to explain PBM-dependent affinity for bacterial LPS, and warrant
further studies to examine the role of LPS-modification in supporting GBP1 localization.
Furthermore, while my data demonstrate that GBP1 is capable of targeting S. flexneri in
the absence of other interferon-inducible factors, this does not exclude the possibility
that non-interferon-inducible host factors may play a role. In vitro studies with purified
GBP1 are necessary to distinguish between direct and indirect binding.

S. flexneri hypoacylates the Lipid A portion of its LPS to dampen detection by
host defense proteins, such as the noncanonical inflammasoe, which recognize the Lipid
A portion of LPS[26]. The presence of a host defense protein that recognizes a second
portion of the LPS molecule (i.e. the O-Antigen) may represent a means of ensuring that
such hypoacylation does not leave the cell defenseless against bacterial invasion.

While I have identified the GBP1 PBM as the main driver of bacterial targeting,
GBP1 localization further relies on an active large GTPase domain (LG domain) and an
isoprenylation-competent CaaX motif. The GBP1 LG domain supports protein
oligomerization and is responsible for structural changes that displace the C-terminal
effector domain, containing both the PBM and CaaX motif, during the GTP-hydrolysis
cycle[95, 96]. Therefore, this LG domain is integral to the function of the protein. The
necessity for both the GBP1 PBM and CaaX motif in targeting suggests that these
features collaborate at the bacterial surface. The GBP1 CaaX motif is modified through

covalent attachment of a farnesyl lipid moiety[93]. Such lipid modifications support
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interaction with membranes. Together with my observations that the PBM is required
for LPS-dependent GBP1 localization, this supports a model in which the PBM facilitates
initial recruitment via O-antigen interaction, allowing subsequent interaction of the
farensylated CaaX motif with the bacterial outer membrane. This model would allow
initial PBM-dependent GBP1 interaction and subsequent farnesyl-dependent anchoring
at the bacterial surface. However, future studies will be needed to test the veracity of

this model.

5.3 GBP1 may represent a broad-acting host defense factor to
prevent bacterial actin-based motility

My data, along with a concurrent publication, have demonstrated that GBP1
prevents bacterial dissemination by blocking actin-based motility[91]. Previous work has
revealed a role for GBP1 in modulating actin cytoskeletal rearrangements in cellula. This
study identified GBP1 as the main IFNy-inducible factor responsible for the gross actin
cytoskeleton rearrangements seen in IFNy-treated cells, including loss of stress fibers
and formation of actin puncta[90]. Furthermore, addition of GBP1 to in vitro actin-
polymerization assays leads to formation of significantly shorter actin fibers. GBP1 has
strong affinity for globular actin (G-actin) and lower affinity for filamentous actin (F-
actin)[90]. This suggests a model wherein GBP1 localizes to cytosolic Gram-negative
bacteria to prevent formation/elongation of actin comet tails either by sequestering G-

actin or capping nascent tails. Such a direct antagonism function is in line with
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observations that GBP1-targeted S. flexneri fails to form tails, despite recruitment of host
actin polymerization machinery (N-WASP and Arp2/3)[91].

Direct antagonism of actin-polymerization would make GBP1 a broad-acting
host factor to prevent dissemination of cytosolic Gram-negative bacteria. While actin-
based motility is common to numerous cytosolic bacterial pathogens, including Spotted
Fever Group (SFG) Rickettsia species and members of the genus Burkholderia, these
bacteria have evolved disparate methods to facilitate tail formation. Such methods
include N-WASP-independent Arp2/3 recruitment and direct actin-nucleation[44, 46,
48]. Thus, by either sequestering G-actin or cap nascent tails, GBP1 would be effective

against a range of actin-polymerizing Gram-negative bacteria.

5.4 Human GBP1 may tether targeted bacteria together

In vitro studies have revealed that human GBP1 can act as a tether to link
artificially derived membranes[96]. However, the in cellula ramifications of this
observation have remained unexplored. GBP1-targeted S. flexneri form aggregates that
often resemble tight balls of bacteria, suggesting that GBP1 acts as a “molecular glue” to
tether captured bacteria together. Such tethering holds the potential to make the bacteria
more convenient targets for clearance by host processes, such as autophagy, or may

ensure that the bacteria are unable to escape and disseminate once captured.
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5.5 Human GBP1-targeted Shigella remains viable

In murine cells, GBPs have been shown to converge on pathogen vacuoles (PVs)
and cytosolic bacteria to facilitate pathogen killing. This is exemplified by observations
that murine GBPs localize to PVs containing the protist T. gondii, where they not only
aid in PV disruption, but attack and kill the pathogen therein[67]. Furthermore, in
murine macrophages, targeting to Salmonella enterica serovar Typhimurium, F. novicidia,
and S. flexneri is accompanied by bacterial death[60, 66, 75, 80]. Within the context of
pathogen killing, GBPs likely act as recruitment factors for host anti-microbial proteins.
Accordingly, they have been shown to recruit subunits of NADPH oxidase and
components of the host autophagy network to pathogen containing phagosomes in
macrophages infected with L. monocytogenes and Mycobacterium tuberculosis[65]. While it
remains to be determined, the intracellular structural homolog of the Membrane Attack
Complex of Complement, Perforin-2, is another attractive candidate for GBP-dependent
pathogen lysis. This pore-forming protein is interferon-inducible and effective against a
broad range of intracellular pathogens, offering a tantalizing route of GBP-dependent
lysis[146].

In light of the bactericidal activities reported for murine GBPs, I was surprised to
observe that GBP1-targeted S. flexneri remains not only viable, but replication-
competent. Indeed, in time lapse microscopy experiments, I observed that GBP1-

targeted bacteria tethered together within aggregates continued to actively divide. This
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observation raises two distinct possibilities: 1.) Unlike its murine counterparts, human
GBP1 is incapable of initiating pathogen destruction, or 2.) As a primate-adapted
pathogen, S. flexneri can resist GBP1-mediated-killing. Significantly, in opposition to my
observations with S. flexneri, I failed to observe aggregate formation in cells infected
with the non-professional pathogen B. thailandensis.

S. flexneri is known to block host bactericidal pathways, such as autophagy, using
secreted effectors[5, 31]. This argues for the later model, in which S. flexneri resists GBP1-
mediated killing. However, further studies are necessary to determine whether GBP1
has retained bactericidal activity. Recently, an engineered strain of E. coli containing the
minimal repertoire of S. flexneri effectors necessary for cellular invasion and vacuolar
escape has been developed[19]. This strain offers a means of assessing bacterial survival
in the absence of most S. flexneri effectors, and will serve as a tool for future studies to

explore potential GBP1-mediated bacterial killing.

5.6 IpaH9.8 opposes human GBP1 targeting

I observed that the secreted S. flexneri E3 ubiqutin ligase IpaH9.8 inhibits GBP1
targeting to bacteria. These results were confirmed by two concurrent publications[66,
91]. Interestingly, while these groups saw robust GBP1 degradation in S. flexneri infected
cells, I failed to detect substantial loss of the protein using immunoblots. This likely
represents technical differences between my infection protocol and those used in these

publications, which utilized a higher multiplicity of infection and bacteria pre-treated
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with Poly-D-Lysine to induce hyperinfection. However, I was able to observe IpaH9.8-
driven GBP1-degradation upon similar hyperinfection. These data suggest that
degradation requires hyperinfection, and that under physiologically relevant
circumstances, IpaH9.8 may act at the bacterium-cytosol interface to prevent GBP1
targeting.

It remains unclear whether the main role of IpaH9.8 in anti-GBP1 defense is GBP-
degradation, or whether such degradation is a simply secondary effect. In time-lapse
microscopy studies, I was able to detect GBP1 recruitment to S. flexneri within ten
minutes of infection. However, IpaH9.8 is part of a “second wave” of effectors
transcribed only after the bacterial secretion system is activated by host cell contact[5, 7,
11]. Accordingly, GBP1 targeting precedes IpaH9.8 expression, and the bacteria must
play catch-up. Such circumstances would require the bacterium to dislodge bound
GBP1, and future studies will assess the role of IpaH9.8 in dislodging GBP1, beyond its

degradative roles.

5.7 Polybasic Motifs from nonhuman primates can functionally
substitute for the human GBP1 Polybasic Motif

In the context of the molecular arms race between humans and S. flexneri,
adaptive pressure imposed by the pathogen might be expected to optimize affinity of
the PBM for the pathogen. S. flexneri is a natural pathogen of humans and great apes,
and the PBM is mildly divergent among the primate lineage. The PBM sequences for the

lesser ape Gibbon, the Old World monkey Rhesus macaque, and the New World night
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monkey were all able to substitute for the human GBP1 PBM. Surprisingly, the night
monkey PBM appeared to have the greatest affinity for S. flexneri, despite night monkey
not being a natural S. flexneri host. Whether this represents an evolutionary adaptation
on the part of S. flexneri to reduce the proclivity of human GBP1 to target the bacterium
remains to be determined.

One distinction between the human GBP1 PBM and several orthologs from
nonhuman primates is the presence of a lysine at position 587, rather than an arginine.
Among other lysines, lysine 587 serves as a target for IpaH9.8-dependent
ubiquitination[66]. However, none of the tested nonhuman PBMs reduced the ability of
IpaH9.8 to prevent GBP1 targeting, despite the presence of arginine residues. This
suggests that lysine 587 ubiquitination is not the main driver of IpaH9.8-mediated S.
flexneri resistance to GBP1. Interestingly, a GBP1 mutant containing arginine residues in
place of all fifteen lysines that could serve as IpaH9.8 targets has been reported. This
mutant is both IpaH9.8-resistant and targeting competent[66], suggesting either that
Shigella has not imposed sufficient selective pressure to drive the alteration of these
residues, or that these lysines play a role in other GBP1-dependent processes. Of note is
the fact that this mutant has not been assessed for the ability to block S. flexneri actin

comet tail formation.
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5.8 GBP1-dependent chemokine production represents a novel
role in the host inflammatory response to infection

The role of GBPs in shaping the host transcriptional profile in response to
infection has previously been neglected. Thus, my examination of transcriptional
differences between wildtype and GBP1X° cells in the face of S. flexneri infection
represents a first in the field of GBP-biology. This approach revealed that human GBP1
supports the production of chemokines necessary to recruit professional immune cells to
the site of infection. Significantly, this function was independent of the ability of GBP1 to
target bacteria, as a mutant lacking structural motifs necessary for bacterial targeting (i.e.
the GBP1 PBM and CaaX) was capable of functionally substituting for wildtype GBP1.
Furthermore, while human GBPs fail to target the cytosolic Gram-positive bacterium L.
monocytogenes, GBP1 supported chemokine production in response to L. monocytogenes
infection. Together, these observations confirm this function is independent of bacterial
targeting, and raise the possibility that other GBPs that lack the intrinsic ability to target
bacteria may also play a role. Accordingly, ectopic expression of GBP2 in GBP1-deficient
cells was also able to restore chemokine production. Future studies will assess the role
of other GBPs in supporting chemokine production and aim to identify the sensor(s)
involved. A previous publication has demonstrated that IFNy-stimulation of S. flexneri
infected murine embryonic fibroblasts leads to expression and activation of the cytosolic
RNA sensor RIG-1[142]. Thus, RIG-I serves as a potential candidate for GBP-dependent

chemokine production.
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