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Manipulation of the unfolded protein response pathway by Legionella pneumophila
By
Nnejiuwa U. Ibe

Abstract

The intracellular bacterial pathogen Legionella pneumophila (L.p.) secretes over 300
bacterial proteins (effectors) to establish its replicative niche within host cells. Through its
infectious life cycle, L.p. deploys its effectors to disrupt numerous host cell processes,
including endoplasmic reticulum (ER) homeostasis. My dissertation explored the
interaction between L.p. and the major homeostatic response pathway in the ER, the
unfolded protein response (UPR). The results from my dissertation provide evidence that
L.p. infection induces cleavage of the UPR sensor, activating transcription factor-6 (ATF6).
Furthermore, I show that L.p.-mediated ATF6 cleavage is independent of proteasomal
processing and does not require ER-associated degradation pathways. L.p. infection caused
downstream activation of ATF6 target genes which include both lipid metabolism and
proteostasis related genes. Interestingly, ATF6 activation during L.p. infection bypassed
the requirement of conventional ATF6 pathway components. For example, chemical
inhibition of ER to Golgi translocation of ATF6 with Ceapin A7 did not block its activation
during L.p. infection. Furthermore, conventional site 1 and 2 protease (S1P and S2P)
activities were dispensable during L.p. infection, as were the S1P and S2P cleavage sites on
the ATF6 sensor. Additionally, time-lapse and confocal microscopy revealed that L.p.-
mediated ATF6 activation bypasses ER to Golgi translocation and showed a direct
recruitment of ATF6 to the L.p.-containing vacuole. Next, | compared ATF6 cleavage in the

L.p. Philadelphia strain to the L.p. Paris strain, and showed that the Paris strain failed to

Vi



activate the ATF6 pathway. Bioinformatic comparison between the Philadelphia and Paris
strains revealed 17 effectors that were unique to the Philadelphia strain. When individually
expressed, L.p. effectors Lpg2131, Lpg0519, Lpg2523, and Lpg2465 could induce
expression of an ATF6-specific luciferase reporter. Subsequent analysis showed that
Lpg0519 could induce ATF6 processing without affecting other UPR sensors, such as PERK.
Thus, my findings highlight the unique regulatory control that L.p. exerts upon the UPR
sensors and discovers a novel strategy by which an intracellular bacterium can selectively

perturb host homeostatic pathways.
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Chapter 1

Introduction: Intracellular bacterial pathogens can serve as discovery tools of cell
biology

Principles of Cell Biology

Even though higher order eukaryotes are made up of billions of cells that enable
them to perform elaborate tasks, many organisms exist as single cells. Cells can be
extremely diverse in their levels of organization and function. However, the fundamental
principles that govern most life forms are remarkably conserved at the molecular level.
Arguably, the most vital of these is the presence of genetic information that informs the cell

on how to produce its building blocks and replicate itself.

The two major classes of cells include prokaryotes and eukaryotes. These two
classes share many similar features including the presence and heritability of genetic
material, proteins to perform structural and enzymatic function, and a selectively
permeable barrier that controls what can enter and exit the cell. However, the differences
between these two classes are what allow the complex molecular specialization within the
cells. The most striking differences between the two classes are the compartmentalization
of the genetic material and the compartmentalization of biochemical activities and cellular
processes within the cell [2]. Prokaryotes have no nucleus to enclose the genetic
information, whereas eukaryotes compartmentalize their genetic material within a nucleus.
Secondly, all biochemical activities of a prokaryote exist on or within the single
compartment that is the cell. However, eukaryotes contain membrane-bound organelles
which are unique subcellular compartments with distinctive structural, macromolecular,

and biochemical features.



Organelles within eukaryotic cells permit the sequestration of components needed
to perform specialized tasks within the cell [3, 4]. The isolated environments serve to
benefit cellular fitness because they enable coordination and regulation of specific
metabolic tasks to increase efficiency and control without interference from other cellular
processes [4]. In fact, the proteome, lipid composition, and enclosed environment of an
organelle will often be substantially different than the rest of the cell [5]. For example, the
specialized lipid cardiolipin can be found in greatest abundance within the mitochondrial

inner membrane, enabling specialized signaling responses to occur at the mitochondria [6].

Aside from the nucleus, one of the most vital subcellular compartments within a
eukaryotic cell is the endoplasmic reticulum (ER). The ER is a vast interconnected
membranous network that forms a labyrinth throughout the cell. The ER is a major site for
lipid and protein biosynthesis, and the inter-organelle interaction between the ER and
nearly all other organelles highlights its central role in a variety of cellular processes [7, 8].
A major physiological function of the ER is to serve as the entry point to the secretory
pathway for nearly one-third of newly synthesized proteins [9]. The ER houses specialized
machinery to help fold nascent proteins and covalently modify them with post-
translational modifications [10, 11]. Additionally, the ER architecture is maintained by
domain-specific scaffolding proteins that are important for the formation of the elaborate
tubular structures and the stabilization of sheet structures [12]. As such, understanding the
biological processes of various organelles is critical towards understanding molecular

mechanisms within the cell.



The molecular mechanisms that govern biological processes present a blueprint for
life. Understanding cellular functions and how various pathways in our cells work together
to maintain homeostasis in an ever-changing environment are the underpinnings of cell
biology. Shortly after the introduction of cell theory in the late 1900’s, German
physician/pathologist Rudolf Virchow postulated that the pathology of an organism is the
result of cellular pathology which brought to pass the idea that pathological alterations to
normal cellular function can cause disease [13]. Using this reductionist comparative
approach, biologists have uncovered significant information about various cellular
functions, and researchers have since continued to devise new strategies to compare

normal cellular function to a perturbed state.

Studying Biological Processes During Cellular Perturbations

In modern biology, one of the most successful strategies in identifying cellular
regulators is through pharmacological and genetic perturbations [14, 15]. Early
developments in molecular genetics introduced mechanisms to induce mutations within
the genome and characterize how these perturbations alter cellular functions [16, 17].
Progressive developments, including the use of yeast artificial chromosomes and
recombinant DNA technology permitted the exogenous expression of transgenes and
regulatory sequences that facilitated the advancement in our understanding of gene
function in biology [18, 19]. The more recent advances in genetic tools, like the
CRISPR/Cas9 system, in combination with data from large scale projects to map the entire
genomes of various species, now allow researchers to further elucidate the functions of

gene and protein networks [20, 21]. Though these advances in genetic analysis have



provided excellent tools for unbiased investigations of cellular processes, additional

perturbation strategies exist that allow for more targeted investigations.

A very successful perturbation strategy involves the use of pathogenic
microorganisms that subvert eukaryotic cell function. Pathogens have been shown to
utilize a diverse range of strategies to overcome, undermine, reprogram, or co-opt various
eukaryotic processes to promote survival [22]. Intracellular pathogens that replicate and
survive within the host cell have adopted unique strategies to exploit and modify host cell
processes. They participate in a very sophisticated arms race with their host. Even though
they disrupt host cell function to ensure survival, this disruption is not severe enough for
host cell death, thus allowing for pathogen replication [51]. This balance between toxicity
and survival is the result of intricate strategies to target host cell components. Classical
examples of cellular processes perturbed under pathogenic infection include targeted
disruption of the cytoskeletal network, membrane trafficking pathways, and signal
transduction pathways [23-25]. More so, it is very common for pathogens to use virulence
factors to target vital regulatory proteins within the host cell and early on it was realized
that studying how pathogens manipulate host responses not only allows us to understand
more about pathogenic strategies, but also provides insight into fundamental biological

principles. Thus, pathogenic microorganisms have become common tools for cell biologists.

Cell biologists have realized practical applications from the study on microbial
pathogenesis. Several pathogens, including Yersinia spp., make use of cytoskeletal functions
to induce internalization of the pathogen and increase invasiveness [28]. The Yersinia

pseudotuberculosis virulence protein, invasin, was shown to interact with eukaryotic



integrin family proteins [29]. This interaction triggered cystokeletal rearrangements of
actin, talin, and filamin to promote bacterial uptake [30]. Unlike Yersinia spp. that target
cytoskeletal elements from outside the cell, Listeria monocytogenes and Shigella flexneri
target actin and actin regulators intracellularly [53]. When studying Listeria monocytogenes
infection, researchers observed the rearrangement of actin cytoskeletal elements that
enabled the pathogen to spread intercellularly [26, 31]. Through these observations, it was
shown that the bacterial surface protein, ActA, was important for the recruitment of actin
polymerization factors [32]. The subsequent purification of actin polymerization-
promoting factors led to the identification of the Arp2/3 complex as the factor to initiate
actin polymerization at the bacterial surface [33]. Importantly, these discoveries
contributed to our fundamental understanding of actin dynamics and cytoskeletal

regulation [27].

Legionella pneumophila subverts host cell processes

The intracellular bacterial pathogen, Legionella pneumophila (L.p.), has also
emerged as an excellent tool to study biological mechanisms. During infection, L.p. is
internalized and uses a specialized Dot/Icm Type IV secretion system (T4SS) to translocate
over 300 effector proteins into the eukaryotic host cytosol [38]. Beyond the sheer number
of translocated effectors, these T4SS substrates use sophisticated strategies such as novel
post-translational modifications, unique catalytic mechanisms, and molecular mimicry of
eukaryotic proteins, to disrupt host cellular processes including membrane trafficking

pathways [34-37, 42] [39-41].



Formation and maturation of the Legionella-containing vacuole (LCV), involves
diversion away from the endocytic pathway and the establishment of an ER-like replicative
niche [39, 44] [Figure 1.1]. Investigations into L.p. mediated subversion of membrane
trafficking pathways revealed an intricate control over host GTPase proteins [43]. In fact,
targeting of host Rab1 and Arfl GTPases are vital to vacuolar maturation, yet they function
independently and are targeted by L.p. effectors in distinct ways [44, 45]. L.p. effectors DrrA
and AnkX dynamically regulate Rab1l function, in part, through post-translational
modification of the switch Il region with AMPylation and phosphocholination, respectively
[46, 47]. These Rab1 modifications disrupt interactions between Rab1 and Rab1 regulators
like the Rab1 GDP dissociation inhibitor (GDI) [48]. Similar to Rab1, the Arfl GTPase is also
targeted by L.p. effectors during infection. In the case of Arfl, the L.p. effector RalF uses an
intrinsic GEF activity and induces recruitment of Arfl to the LCV which in turn promotes
the recruitment of ER-markers to the intravacuolar compartment [52]. These results also
allowed researchers to speculate whether eukaryotic cells utilize similar mechanisms

outside of an infection setting.

The interaction between the LCV and ER occurs very early during infection and
takes on different forms throughout the intracellular life cycle and as vacuolar maturation
progresses. In fact, the importance of the ER in L.p. infection precedes internalization, as
perturbations in ER calcium stores were shown to negatively impact L.p. uptake into host
cells [49]. However, once inside the cell, ER luminal markers, including calnexin, are
detected on the LCV within 60 minutes [50]. The dynamic tubular network of the ER is
maintained by several GTPase families as well as membrane-shaping proteins [55].

Multiple smooth ER proteins are recruited to the LCV at early stages of infection, including

6



the ER curvature-generating protein, Reticulon 4 (Rtn4). Targeting of Rtn4 during infection
involves recruitment to the LCV and post-translational ubiquitination by the Sde family of
effectors [54]. Interaction between Sde family members and Rtn4 was shown to induce
structural rearrangements of ER tubules around the LCV. Additional proteins known to
regulate tubular ER dynamics have also been shown to play important roles in LCV
maturation. The ER tubule GTPase Atlastin3 (Atl3) was shown to be important for the
recruitment of ER markers, and RNAi-mediated knockdown of Atl3 in RAW 264.7
macrophages reduced bacterial growth by nearly 50% [56]. Altogether, these ER-LCV
associations are critical to the establishment of a replication-competent compartment

within the host cell.

Disruption of ER homeostasis by pathogenic infection

The ER is the major entry point for the production and trafficking of many proteins
and lipids within the cell, as well as a vital site for maintaining cellular calcium homeostasis
[57-59]. The ER is sensitive to a variety of intrinsic and extrinsic perturbations that can
affect ER function and lead to an accumulation of unfolded proteins or misfolded proteins
[60]. Under these conditions, the ER triggers an adaptive response known as the unfolded
protein response (UPR). The UPR is an inter-organelle signaling network mediated by
three ER transmembrane sensors: PRK-like ER kinase (PERK), inositol-requiring
transmembrane kinase/endonucleases (IRE1), and activating transcription factor 6 (ATF6)
[61]. In each case, an ER stress signal is detected by the luminal domains to induce a
cascade of events that together lead to alterations in mRNA stability, repression of global

translation, and induction of stress-responsive transcriptional programs [62].



Though the UPR is primarily thought to safeguard protein-folding capacity within
the ER, additional cellular signals integrate into the UPR pathway including Toll-like
receptor (TLR) stimulation and pathogen infection [63]. During infection, microbial
pathogens are detected by pathogen recognition receptors (PRR), such as TLRs [64]. Upon
stimulation, it was shown that TLRs can engage the UPR by activation of the IRE1 pathway
and induction of XBP1 splicing. It was also reported that PERK can directly and indirectly
regulate the NF-kB pathway. The impact of UPR activation during pathogen infection was
shown to promote the production of pro-inflammatory molecules and in many cases, UPR
induction restricts pathogen replication [65, 66]. Yet non-PRR dependent activation of the
UPR also occurs during infection. Of note, intracellular pathogens that interact with the ER
can interfere with its homeostatic functions. The single-stranded RNA virus Hepatitis C
virus (HCV) depends on the ER for processing of its viral envelope proteins, formation of
viral replication complex, as well as egress of budding viral particles through the secretory

pathway. HCV can elicit activation of all three arms of the UPR [67].

Some pathogens are capable of subverting or exploiting one or more UPR functions
for the benefit of survival and replication within the host [68]. The chlamydial organism
Simkania negevensis forms extensive interactions with the ER and triggers UPR induction.
However, through the course of infection the ER-stress response is downregulated allowing
for the formation of its vacuolar compartment and bacterial growth [69]. In contrast, the
bacterial pathogen Brucella abortus can target the UPR through the use of the T4SS effector
VceC, which was shown to localize to the ER and interact with the UPR master regulator,
BiP/GRP78 [70]. In the case of B. abortus, UPR induction was shown to enhance bacterial

replication [71].



As the intracellular life cycle of L.p. involves substantial interactions with the
smooth and rough ER [72, 73], our lab investigated how this interaction might impact ER
homeostasis and UPR activation during infection. To our surprise, L.p. was shown to
differentially regulate various arms of the UPR [74]. Our laboratory identified five L.p.
encoded glucosyltransferases (Lgt) that can inhibit the IRE1 arm of the UPR when
individually expressed. It was shown that exogenous expression of the Lgt family of
effectors could block IRE1 mediated splicing of XBP1 upon chemical induction of the UPR.
Though the IRE1 pathway was inhibited during L.p. infection, the study also revealed
activation of the ATF6 pathway. However, the mechanisms by which ATF6 is activated was
not clear. In Chapter 2, I present the results of my thesis work that reveal a novel, non-

canonical mode of ATF6 activation.



Figure 1.1
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Figure 1.1: L.p. intracellular life cycle

Upon uptake, L.p. injects effector proteins (green) into the host cell through the Dot/Icm
type IV secretion system (1). Secreted effectors allow L.p. to acquire early ER markers
(blue) and escape the default endo-lysosomal pathway (2-3). The LCV is slowly
transformed into a ribosome-studded compartment that mimics host-cell rough ER and
supports replication of L.p. (4). Phagosomes containing an avirulent bacterium traffic along
the endosomal route and eventually fuses with the lysosome (5), which kills and degrades
the bacterium (6).
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Abstract

The intracellular bacterial pathogen Legionella pneumophila (L.p.) secretes ~330 effector
proteins into the host cell to sculpt an Endoplasmic Reticulum (ER)-derived replicative
niche. We previously reported five L.p. effectors that inhibit IRE1, a key sensor of the
homeostatic unfolded protein response (UPR) pathway. In this study, we discovered a
subset of L.p. toxins that selectively activate the UPR sensor ATF6, resulting in its cleavage,
nuclear translocation and target gene transcription without affecting other UPR sensors
such as PERK. In a deviation from the conventional model, this L.p.-dependent activation of
ATF6 does not require its transport to the Golgi or its cleavage by the S1P/S2P proteases.
We believe that our findings highlight the unique regulatory control that L.p. exerts upon
the three UPR sensors and expand the repertoire of bacterial proteins that selectively

perturb host homeostatic pathways.
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Introduction

Several intracellular pathogens, including Legionella pneumophila (L.p.), expertly
manipulate host cell function to create their replicative niche. L.p. uses the specialized
Dot/Icm Type IVB secretion system (T4SS) to translocate roughly 300 bacterial effector
proteins into the host cytosol (Berger & Isberg, 1993, Hubber & Roy, 2010, Isberg,
O'Connor et al,, 2009, Vogel, Andrews et al.,, 1998). Once deposited into the cytosol, the
effectors target a vast array of host proteins and can influence diverse biological processes
which permit the use of L.p. as a tool to uncover novel biological mechanisms. During
infection, L.p. uses its effectors to prevent fusion of the Legionella-containing vacuole (LCV)
with the host endosomal machinery. Instead these effectors facilitate the remodeling of the
LCV into a compartment that supports pathogen replication (Marra, Blander et al., 1992,
Roy, Berger et al., 1998, Wiater, Dunn et al., 1998). Though fusion with lysosomes is evaded
during infection, there is substantial interaction between the LCV and other host organelles
including the endoplasmic reticulum (ER) (Horwitz & Silverstein, 1983, Swanson & Isberg,

1995, Tilney, Harb et al,, 2001).

The ER-LCV interactions take on different forms as LCV maturation progresses. L.p.
induces tubular ER rearrangements and intercepts ER-derived vesicles destined for the
Golgi early in infection (Kotewicz, 2017). However, the mature LCV is studded with
ribosomes and reticular ER proteins presenting a vacuolar environment that is
substantially different and highlights the complexity of interactions between the ER and
LCV. The ER serves as a critical regulatory site for protein and membrane lipid

biosynthesis, and imbalances in protein load or membrane lipid perturbations can disrupt
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many of its vital homeostatic functions (Rapoport, 2007, Halbleib, 2017). The unfolded
protein response (UPR) serves as a prominent regulatory pathway that has been shown to
respond to the burden of accumulating unfolded or misfolded proteins in the ER (Ron &
Walter, 2007). In mammalian cells, the UPR is coordinated by three ER-localized
transmembrane proteins, inositol-requiring protein-1 (IRE1), protein kinase RNA (PKR)-
like ER kinase (PERK) and activating transcription factor-6 (ATF6), each of which initiate
pathways designed to modulate the cellular response (Cox, Shamu et al, 1993, Lee,

Tirasophon et al.,, 2002, Mori, Ma et al.,, 1993).

ATF6 is a type Il transmembrane protein that is retained in the ER under normal
homeostatic conditions through interactions with the resident chaperone BiP/GRP78
(Shen, Chen et al., 2002). Upon accumulation of unfolded proteins, the ER stress stimulates
ATF6 translocation from the ER to the Golgi. At the Golgi, ATF6 is sequentially cleaved first
by site-1 protease (S1P) in the luminal domain, then by site-2 protease (S2P) liberating the
cytosolic ATF6-N terminal fragment, ATF6(NT) (Shen & Prywes, 2004, Ye, Rawson et al,
2000). Once cleaved, ATF6(NT) is recruited to the nucleus where it binds to cis-acting ER
stress response elements (ERSE) in the promoter region of UPR target genes (Kokame,
Kato et al, 2001, Yoshida, Okada et al., 2000). ATF6 activation is thought to facilitate
cytoprotective adaptation to ER stress through the regulation of genes that improve
protein folding and processing in the ER. ATF6 has been shown to suppress the UPR-
induced apoptotic program once the stress is resolved (Wu et al., 2007), highlighting the

pro-survival contributions of this signaling network.
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Studies emphasizing cross talk between the UPR and bacterial infection have
revealed an interconnectedness of ER stress-sensing and pathogen-sensing mechanisms in
the cell (Li, Wang et al,, 2011, Urano, Wang et al., 2000). Pathogenic perturbations endured
during infection can impact ER homeostasis in a manner that can also induce ER stress
responses. Intracellular pathogens across all kingdoms, from viruses to protozoans, have
devised strategies to subvert or utilize one or more UPR program to benefit survival and
replication within the host (Celli & Tsolis, 2015, Galluzzi, Diotallevi et al., 2017, Verchot,
2016). As further evidence, studies have demonstrated pathogen-mediated targeting of
ATF6 can be beneficial for survival (Ambrose & Mackenzie, 2013, Hou, Dong et al,, 2019,
Hou, Wei et al,, 2017) and replication (Yoshikawa, Sugimoto et al., 2020). Our previous
analysis on L.p. mediated manipulation of the UPR revealed a dynamic reduction in full-
length ATF6 protein levels during infection (Treacy-Abarca & Mukherjee, 2015). To further
understand the relationship between L.p. infection and ATF6 processing, we sought to
understand the mechanism by which L.p. modulates the ATF6 pathway. Here, we present
evidence of a unique, non-canonical mode of ATF6 activation by L.p. that does not rely on
host proteins that were previously thought to be essential for ATF6 activation. Surprisingly,

we discover novel L.p. effectors that play a role in activation of ATF6 during infection.

Results

Proteasome-dependent degradation pathways are not required for ATF6 loss during L.p.

infection

Upon infection with wild type L.p. (WT-L.p.), we observed near complete processing

of endogenous full length ATF6 (Figure 2.1). The level of processing was similar to that
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induced by the strong reducing agent and non-specific ER stress inducer, dithiothreitol
(DTT) (Figure 2.1). An isogenic strain of L.p. that lacks a functional secretion system
(AdotA-L.p.) was unable to downregulate ATF6 protein levels, suggesting that one or more
bacterial effectors could be responsible for its targeting (Figure 2.1). Processing of ATF6
through regulated intramembrane proteolysis (RIP) by the S1P and S2P proteases has been
studied extensively (Okada, 2003; Ye, 2000), yet degradative processing events have also
been shown to control ATF6 levels even in the absence of ER stress (Hong, Li et al., 2004,
Horimoto, Ninagawa et al., 2013). Interestingly, protein synthesis attenuation during L.p.
infection has been shown to influence the IRE-1 branch of the UPR (Hempstead, 2015,

Treacy-Abarca, 2015); but its impact on ATF6 has not been elucidated.

To test if proteasomal degradation contributed to the observed loss of ATF6, we
monitored ATF6 processing in the presence or absence of proteasome inhibition, under
conditions of protein synthesis arrest, or during L.p. infection. HEK293 cells stably
expressing the Fcy receptor (HEK293-FcyR) (to allow for antibody-mediated opsonization
of L.p.) were pre-treated for 3 hours with the proteasome inhibitor MG-132 or control
media. ER stress induction using DTT led to rapid ATF6 processing after 1 hour, whereas
prolonged exposure to DTT for 3 hours resulted in recovery of ATF6 signal due to
autoregulatory feedback from UPR induction (Figure 2.1). In contrast to UPR induction,
cells treated with protein synthesis inhibitor cycloheximide (CHX) showed loss of full-
length ATF6 signal after 3 hours post-treatment (Figure 2.1). While CHX treatment alone
resulted in reduced levels of ATF6, pre-treatment with MG-132 stabilized ATF6 in the
presence of CHX to pre-treatment levels (Figure 2.1), consistent with previously described

observations (Haze et al,, 1999). We next tested whether proteasomal inhibition could
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stabilize ATF6 protein levels in cells infected with WT-L.p. or AdotA-L.p. strains (Figure
2.1). Similar to UPR induction using DTT (Figure 2.1), MG-132 treatment did not protect
ATF6 from processing during WT L.p. infection (Figure 2.1). When cells were infected with
AdotA L.p., ATF6 remained at pre-infection levels and treatment with MG-132 did not have
a significant impact (Figure 2.1). Previous studies have identified ATF6 as an ER-
associated degradation (ERAD) substrate that undergoes constitutive degradation
mediated by SEL1L (Horimoto et al., 2013). It was shown that ATF6 is a short-lived protein
with a half-life less than 2 hours and the stability of ATF6 can be markedly increased by
SellL disruption (Horimoto et al., 2013). To test if SellL dependent ERAD contributes to
loss of ATF6 during infection, we next compared ATF6 processing in HEK293-FcyR cells
that were treated with non-targeting or SEL1L-targeting siRNA. SEL1L knock-down led to
an increase in ATF6(FL) levels by 1.5-fold in samples not treated with CHX (Figure 2.1).
Similarly, while CHX treatment for 2 hours caused a reduction in ATF6(FL) levels in non-
targeting siRNA cells, ATF6(FL) levels were again increased by 1.5-fold in SEL1L knock-
down cells (Figure 2.1). However, there was no significant increase in ATF6(FL) signal
intensity under L.p. infection when normalized to loading controls (Figure 2.1). As L.p.
infection causes downregulation of protein synthesis (Belyi, Niggeweg et al., 2006, Fontana,
Banga et al,, 2011, Tzivelekidis, Jank et al., 2011), we considered this deregulation might
contribute to loss of ATF6 during infection. To evaluate the impact of protein synthesis
inhibition, we tested ATF6 processing in a L.p. strain lacking T4SS effectors that are known
to block protein synthesis; A7-Translation (47-Trans-L.p.) (Barry, Fontana et al, 2013,
Fontana et al,, 2011). Consistent with our previous results, we observed ATF6 processing

to similar levels under infection using the A7-Trans-L.p. strain as seen with WT-L.p. (Figure
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2.1). Together, these experiments suggest ATF6 processing during L.p. infection is not a
direct result of enhanced proteasomal degradation or a consequence of protein synthesis

arrest.

L. p. induces ATF6-mediated gene induction

We next considered how ATF6 processing affected its distal function as a nuclear
transcription factor. To evaluate transcriptional activation, we used RT-qPCR to compare
mRNA levels of ATF6 target genes, including UPR regulator/ER chaperone BiP (HSPA5), in
HEK293-FcyR cells under conditions of ER stress and L.p. infection. UPR induction with
DTT increased expression of ER quality control genes BiP and HERPUD1 by greater than 5-
fold compared to control (DMSO-treated) cells (Figure 2.2). Interestingly, these ATF6-
regulated genes were also induced in wild-type infected cells by greater than five-fold.
When compared to protein synthesis inhibition using CHX, we found CHX did not induce
BiP gene expression (Figure 2.2). To gain more insight into ATF6 induction patterns
during L.p. infection, we examined the gene activation profile of BiP over the course of
infection. Analysis of BiP mRNA expression using RT-qPCR indicated a spike in BiP
expression between 4-5 hours post DTT treatment (Figure 2.2). When the expression
profile was examined under avirulent AdotA-L.p. infections, BiP expression spiked between
1-3 hours post-infection, but quickly dropped to pre-infection levels by 5 hours post-
infection. In contrast, infection with wild-type L.p. stimulated BiP expression around 3
hours post-infection, with pronounced gene induction even after 5 hours post-infection.
The results were corroborated when ATF6 processing was monitored over the same time

period. As shown previously, ATF6 is rapidly cleaved under DTT treatment (30 minutes),
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but the ATF6(FL) signal recovers after sustained stress due to autoregulatory feedback
(Figure 2.2). In comparison, AdotA-L.p. infection did not induce significant changes in
ATF6(FL) levels over the course of infection (Figure 2.2). Yet, the appearance of a cleavage
product at 1 hour correlated with the spike in BiP mRNA expression (Figure 2.2). When
monitoring ATF6 processing under wild-type L.p. infection, the ATF6 processing profile
also correlated with the changes in BiP mRNA expression. ATF6 signal intensity at 1-hour
post-infection was approximately 90% of pre-infection levels (Figure 2.2). Within 3 hours
of infection, the ATF6 signal intensity had decreased by roughly 50%. By 5 hours post-
infection, BiP mRNA levels peaked and the ATF6 signal intensity dropped below 25% of
pre-infection levels. In contrast to pharmacological ER stress induction, the loss of
ATF6(FL) signal persisted throughout the infection. Taken together, the gene expression
changes and ATF6 processing analysis demonstrate activation of the ATF6 pathway during
L.p. infection. It is possible that L.p. could induce ATF6 downstream gene activation via
effector(s) that don’t require ATF6 cleavage. We thus determined whether ATF6 itself was
required for UPR gene induction during infection. The ATF6 gene was targeted for
knockdown in HEK293-FcyR cells using siRNA achieving greater than 80% knockdown
efficiency (Figure 2.2). Though ATF6 knockdown nearly ablated BiP induction using DTT,
ATF6 knockdown under L.p. infection markedly reduced BiP mRNA induction, suggesting
that the endogenous ATF6 cleavage is indeed being utilized to induce downstream gene
activation. However, BiP mRNA levels were still elevated nearly 4-fold compared to
chemical induction in the knockdown cells (Figure 2.2). The residual BiP induction in WT-
L.p. infection could be the result of the remnant ATF6 produced from incomplete

knockdown. An alternate scenario is that certain L.p. effectors might bypass the
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requirement for ATF6 cleavage by directly inducing ATF6 gene activation, suggestive of a
redundant strategy often employed by L.p. during infection. Taken together, the data

suggest that L.p. infection stimulates ATF6 processing and targets gene induction.

L. p. induces a non-canonical ATF6 activation

L.p.’s vast effector repertoire permits its subversion of numerous host pathways
(Alix, 2011, Cornejo, 2017, Noack, 2020). However, it remains unknown which aspects of
ATF6 activation during infection are host-driven or effector-driven. To further understand
the mechanism of ATF6 activation, we performed pharmacological inhibition of host
pathways that are thought to be essential for ATF6 activation. First, we utilized Ceapin
inhibitors that selectively block ATF6 activation by inhibiting its translocation to the Golgi
(Gallagher, Garri et al., 2016, Gallagher & Walter, 2016). Treatment of cells with DTT
resulted in processing of ATF6 (Figure 2.3) and a greater than 5-fold induction of BiP
mRNA (Figure 2.3). In contrast, co-treatment of cells with DTT and Ceapin A7 (+A7)
partially protected ATF6 from cleavage (Figure 2.3) and reduced gene activation of BiP by
nearly 50%. As shown earlier, WT-L.p. infection alone for 6 hours leads to complete
processing of ATF6 and strong induction of BiP mRNA. Yet surprisingly, pre-treatment with
Ceapin A7 did not prevent processing of ATF6 by the WT-Lp. strain (Figure 2.3).
Additionally, BiP mRNA persisted at levels similar to untreated infections. This result
suggests that ATF6 translocation from the ER to the Golgi is not a pre-requisite step
required for its processing during infection. L.p. is known to exploit ER-to-Golgi trafficking
and individual effectors have been identified that can disrupt Golgi homeostasis

(Mukherjee, Liu et al,, 2011). As disrupted homeostasis could result in mis-localization of
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Golgi proteins, the impact of direct inhibition of S1P on ATF6 activation was tested using
the inhibitor PF-429242 (Lebeau, Byun et al., 2018). Inhibition of S1P proteolysis activity
using PF-429242 (PF) in the presence of DTT resulted in the appearance of a slower
migrating species of ATF6 at a higher molecular weight likely due to extensive
glycosylation in the Golgi (Figure 2.3). Further validating S1P inhibition, BiP mRNA
induction was reduced by nearly 80% compared to DTT treatment alone (Figure 2.3).
Remarkably, S1P inhibition did not alter ATF6 processing in WT-L.p. infected cells, and BiP
mRNA was induced to similar levels as in untreated infected cells (Figure 2.3). The
cleavage of ATF6 during L.p. infection even in the presence of Ceapin A7 and S1P inhibition
are suggestive of an alternative proteolytic mechanism induced by L.p.. Because the S1P
protease was not required for L.p. induced ATF6 processing, we next tested whether the
canonical cleavage sites were a prerequisite for cleavage. To test this, a construct harboring
a point mutation at the ATF6 S1P cleavage site ATF6(R415A/R416A) was used (Figure
2.3). HEK293-FcyR cells transiently expressing GFP-ATF6(R415A/R416A) were treated
with UPR inducer DTT or infected with WT-L.p. or AdotA-L.p. strains. DTT treatment
indicated processing of full-length ATF6 was greatly impaired in the S1P cleavage site
mutant construct compared to wild type ATF6 (Figure 2.3) with over 75% of ATF6
remaining after DTT treatment. Yet, processing of ATF6 constructs was not attenuated
under WT-L.p. infection even in the absence of a functional S1P cleavage site (Figure 2.3).
Cumulatively, the data suggests L.p. infection stimulates the ATF6 pathway through means

that circumvent the requirement of canonical pathway components.
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L. p. infection stimulates translocation of ATF6 to the nucleus

We next examined whether L.p. infection causes nuclear accumulation of ATF6.
Using a previously validated N-terminal GFP fusion protein, GFP-ATF6, the canonical
activation pathway as induced with DTT was monitored using live-cell time-lapse
microscopy (Chen et al,, 2002). HeLa cells stably expressing the Fc Gamma receptor (HeLa-
FcyR) were co-transfected with GFP-ATF6 and Golgi marker GalT-RFP. DTT treatment
caused a rapid translocation of ATF6 from the ER to the Golgi within 30 minutes, and ATF6
signal colocalized with the Golgi marker GalT-RFP (Figure 2.4). After 120 minutes of DTT
treatment, the ATF6 signal was predominantly localized to the nucleus. We then monitored
the ATF6 localization pattern during L.p. infection using JF-644-stained Halo-tagged L.p.
strains (Figure 2.4) (Grimm, 2017). Analysis of time-lapse micrographs revealed an
increase in nuclear signal intensity during WT-L.p. infection (Figure 2.4). Strikingly, ATF6
activation during L.p. infection did not produce the robust Golgi/perinuclear recruitment as
seen with DTT induction (Figure 2.4). The ability of L.p. to activate ATF6 in a manner that
bypasses a need for Golgi translocation further corroborates our S1P mutants and Ceapin
A7 studies that showed that ATF6 processing does not occur at the Golgi during infection.
As infection progresses, the LCV is remodeled from a plasma membrane derived vacuole to
an ER-like compartment in a process that involves the recruitment of host ER proteins to
the LCV and the disruption of ER-to-Golgi trafficking (Swanson, 1995, Tinley, 2001). When
monitoring ATF6 localization, confocal microscopy revealed substantial recruitment of
ATF6 to the LCV membrane at 6 hours post-infection with over 80% of LCVs marked
positive for ATF6 (Figure 2.4). Whereas a majority of LCVs were marked positive for ATF6

in WT-L.p., the recruitment required a functional Dot/Icm system as the AdotA-L.p. infected
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cells exhibited ATF6 recruitment to approximately 30% of LCVs. These data support the

hypothesis that ATF6 is activated through a non-canonical mechanism.

ATF6 activation is strain- and species-specific

The data presented here highlight a T4SS-dependent activation strategy requiring
the translocation of Legionella effector proteins. Therefore, we sought to identify effector
proteins capable of inducing ATF6 activation by identifying Legionella strains that fail to
efficiently process ATF6. Genomic analysis of over 30 Legionella strains and species
revealed largely non-overlapping effector repertoires (Burstein, Amaro et al, 2016);
therefore, we sought to use a comparative approach to test for ATF6 processing in different
Legionella strains and species. Four Legionella species - Legionella pneumophila, Legionella
micdadei (L. mic), Legionella wadsworthii (L. wad), and Legionella longbeachae (L. lon) -
were tested in addition to Legionella pneumophila strains - Philadelphia str. (WT L.p.-Phila
or AdotA L.p.-Phila), Paris str. (L.p.-Paris), Lens str. (L.p.-Lens), and Serogroup 6 str. (L.p.-
SG6). The Legionella species and strains were used to infect HEK293-FcyR cells and
endogenous ATF6 processing was monitored by immunoblot. While majority of the species
and strains tested recapitulated the ATF6 processing seen with wild type L.p., both
Legionella wadsworthii and Legionella pneumophila Paris str. showed greatly reduced ATF6
processing (Figure 2.5). To test whether the infection resulted in a functional Legionella
containing vacuole (LCV), we next tested the recruitment of ubiquitin to the vacuole.
Ubiquitination of the LCV has been seen as a hallmark of successful infection (Horenkamp,

2014). Whereas the Legionella wadsworthii strain failed to show ubiquitin recruitment, the
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Paris strain exhibited a robust recruitment of ubiquitin-modified substrates around the

LCV in the HEK293-FcyR cells as observed by immunofluorescence (Figure 2.5).

Comparative genomic analysis between the Philadelphia str. and Paris str. revealed 17
known Philadelphia str. effector proteins that were absent from L.p. Paris str. effector
repertoire (Figure 2.5). To identify effectors capable of activating the ATF6 pathway, a
previously validated HEK293T cell line comprising of a stably integrated tandem ER stress
response element with regulatory control over Luciferase expression (HEK-ERSE-Luc)
(Gallagher, Garri et al.,, 2016) was used (Figure 2.5). The 17 Myc-tagged effectors were
transiently expressed into the HEK-ERSE-Luc cell line and screened for luciferase
induction. UPR induction as caused by thapsigargin (Tg) treatment produced a greater
than 6-fold induction of luciferase activity (Figure 2.5). Control vectors expressing WT-
ATF6 and S1P/S2P-ATF6-null were also evaluated in the luciferase cell line. As reported
previously (Ye et al.,, 2000), overexpression of ATF6 led to an increased basal level of
activation producing a 4-fold increase in luciferase activity over control vector, whereas the
cleavage-deficient ATF6 mutant did not lead to an increase in baseline luciferase activity.
These data exclude the possibility that simply overexpressing an ER protein triggers ATF6
expression. Our assay revealed that expression of 11 of the 17 effectors did not increase
luciferase activity as compared to the control vector. While L.p. Philadelphia str. effectors
Ipg1948, Ipg2523, and Ipg2525 stimulated a 2-fold increase in luciferase activity, the
effectors Ipg0519 and Ipg2131 produced a greater than 2-fold increase in luciferase activity
when expressed individually (Figure 2.5). Together, these results indicated that multiple
effectors possess the capacity to induce the ATF6 pathway. Most of the effectors identified

in this screen had little or no known function assigned to them.
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Lpg0519 localizes to the ER and activates ATF6

To experimentally validate the results from the screen, the ATF6 targeting effectors
were transiently expressed in HEK293T cells and UPR activation was monitored by
immunoblot. Upon Tg treatment, a reduction in endogenous ATF6 was observed by 2 hours
(Figure 2.5). By 4 hours of Tg treatment, the level of endogenous ATF6 was restored
(Figure 2.5). Downstream of ATF6, UPR induction through Tg treatment also resulted in
elevated levels of BiP/GRP78 compared to untreated cells. More broadly, Tg treatment also
stimulated PERK pathway activation (a transmembrane UPR sensor at the ER) as shown by
elevated ATF4 levels after 4 hours. When compared to Tg treatment, cells transfected with
the GFP control vector did not exhibit a reduction in ATF6 levels, and BiP and ATF4 levels
were not increased compared to untreated cells (Figure 2.5). However, cells transfected
with N-terminally tagged GFP-Lpg0519 exhibited a dramatic reduction in endogenous
ATF6 levels (Figure 2.5). Further validating ATF6 activation, BiP levels were also elevated
in GFP-Lpg0519 transfected cells. However, the levels of ATF4 were not elevated in
Lpg0519 transfected cells. These results highlight the UPR pathway specificity by Lpg0519
in activating the ATF6 pathway without targeting the UPR more generally. To further
characterize Lpg0519, we investigated its subcellular localization in mammalian cells. GFP-
Lpg0519 was transiently transfected in U20S cells, and then examined in live cells using
confocal microscopy. Whereas the GFP control vector was uniformly distributed
throughout the cell (Figure 2.5), Lpg0519 co-localized with the ER-marker mCherry-ER-3
(Figure 2.5). Together these data suggest that Lpg0519 localizes to the ER and has the
capacity to specifically induce the cytoprotective branch of the UPR (ATF6) without

affecting the apoptotic branch (PERK).
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Discussion

The UPR represents a critical node for re-establishing ER homeostasis under
perturbations caused by the accumulation of misfolded proteins. Importantly, the three
branches of the UPR work synergistically to maximize the response, yet the modalities by
which each sensor contributes to homeostatic restoration differ considerably (Ron &
Walter, 2007). Of importance, the PERK and IRE1 pathways are also UPR components that
integrate signals from pathogen-associated molecular patterns that enable cross-talk
between the UPR sensors and host cell innate immunity responses to defend again
pathogen invasion (Martinon, 2010, Janssens, Pulendran et al, 2014, Smith, 2018).
Therefore, the targeted inactivation of IRE1- and PERK-mediated enhancement of cytokine
production by L.p. likely contributes to pathogen survival. The ATF6 pathway has also
been linked as a modulator of pro-inflammatory responses and ATF6 was shown to
enhance NF-kB signaling in ER stressed macrophages (Rao, 2014). Paradoxically, multiple
L.p. effectors have been identified that have the capability of activating this inflammatory

response pathway (Losick, 2010, Ge, 2009).

As the ATF6 pathway is mainly associated with the production of chaperones, ERAD
components and lipid synthesis enzymes, the pro-survival attributes associated with ATF6
activation make it an attractive target that might serve to benefit pathogen survival and
replication. Especially with respect to L.p., an attractive model to test in future studies
would be to examine whether L.p. utilizes ATF6 for lipid synthesis to actively contribute to
the growing membrane of the LCV during the course of the infection. Indeed, targeting of

the ATF6 branch of the UPR has been utilized by protozoan, bacterial, and viral pathogens
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alike, and has been shown to contribute to intracellular replication in each system (Celli &
Tsolis, 2015, Galluzzi et al., 2017, Jheng, Lau et al., 2010). Studies involving viruses have
reported on a strategic activation of the UPR as a means to repurpose the autophagic
response to benefit the virus where ATF6 knockdown reduced viral loads (Hou et al,, 2019,
Sharma, Bhattacharyya et al.,, 2017). However, this differs drastically from what is seen
under L.p. infection, as the autophagy pathway is downregulated in L.p. infection (Choy,
2012). While bacteria have been shown to modulate UPR activity, it is striking how L.p.
differentially modulates the different arms of the UPR by inhibiting IRE1, while activating

ATF6 (Hempstead, 2015, Treacy-Abarca, 2015).

In this work, we aimed to further characterize the molecular mechanisms governing
ATF6 processing in response to L.p. infection. ATF6 protein levels are tightly regulated
through constitutive degradation via SEL1L/HRD1 dependent ERAD in conditions absent of
ER stress and the impact of the constitutive degradation is revealed most strikingly under
conditions of protein synthesis arrest (Fonseca, 2010, Horimoto, 2013). L.p.-induced
translational inhibition occurs via host and pathogen mediated mechanisms and has been
documented to have an impact on UPR induction under infection (Hempstead, 2015,
Treacy-Abarca, 2015). Thus, we considered constitutive degradation of ATF6 to be the
source for the reduction in protein levels during infection. Yet, we found impaired SEL1L-
dependent ERAD and pharmacological inhibition of proteasomal degradation failed to

stabilize ATF6 protein levels during infection (Figure 2.1).

Though proteasomal degradation pathways are active, our data suggest that

degradation of ATF6 is not a major contributor to the loss of ATF6 signal during L.p.
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infection. Furthermore, our data revealed that reduction in ATF6(FL) protein levels
correlated with the appearance of an ATF6 cleavage fragment during wild-type infections
(Figure 2.2). We considered the hypothesis that ATF6 is processed to form an active
transcription factor capable of increasing the expression of target genes. Indeed, we found
ATF6-regulated genes to be expressed under infection, and silencing of ATF6 reduced
target gene expression, directly linking the sensor to downstream transcriptional
activation (Figure 2.2). Though many UPR genes are highly expressed during infection, the
genes are not translated at the rates observed under ER stress (Hempstead, 2015, Treacy-

Abarca, 2015).

We then determined host and pathogen components required for ATF6 activation
under infection. To our surprise, the major host pathway components were dispensable for
L.p. mediated activation. Blockage of ATF6 specific ER-to-Golgi translocation and inhibition
of S1P/S2P proteolytic activity traditionally restrict ATF6 activation under ER stress,
however, neither impacted L.p. induced pathway activation in terms of ATF6 processing
and downstream gene activation (Figure 2.3). Using time-lapse microscopy, we observed
L.p. infection stimulated nuclear recruitment of ATF6 without the preceding Golgi
translocation observed under ER stress-induced activation. Furthermore, ATF6 was
detected around the LCV at 6 hours post infection, suggesting a mechanism for direct
recruitment to the pathogen vacuole (Figure 2.4). More so, the capacity for wild type L.p.
infection to induce processing of S1P- and S2P-site null mutants suggests a potentially
unique site of cleavage under infection. However, the instability of the ATF6-NT cleavage

fragment has so far hindered our efforts to the identify the novel cleavage site.
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Our observations that ATF6 activation required a functional T4SS and the lack of a
dependency for canonical host factors on ATF6 activation suggested one or more L.p.
secreted effectors were involved. Using a phylogenetic approach, we determined that the
L.p. Paris strain lacks the capacity to cleave ATF6. In doing so, we were able to identify
several effectors unique to the L.p. Philadelphia strain that, when expressed individually,
increased expression of an ATF6 specific reporter (Figure 2.5). Though the L.p. Paris strain
lacks effectors shown to cleave ATF6, we do not dismiss the potential for the Paris strain to
also contain negative regulators of ATF6 cleavage which could contribute to the observed
reduction in ATF6 activation. Taken together, our results are the first example of a bacterial
pathogen that can activate the ATF6 pathway independently of host pathway factors.
Future work on these newly identified effectors might elucidate novel mechanisms of ATF6
activation and has the potential to open up new paradigms by which intracellular

pathogens manipulate the cytoprotective UPR sensor ATF6.
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Materials and Methods

Bacterial strains

All Legionella strains were gifts from Craig Roy's laboratory at Yale University. Legionella
strains used in this study were routinely cultivated on Charcoal Yeast Extract (CYE) agar.
The AdotA, AsidC-sdcA, and IPTG-inducible Halo-expressing strains were derived from the
parental Lp01 strain. The 42,3,4,6,7, A2,3,6,7, A2,3,6 L.p. strains (O’Connor et al., 2011), and
A7-translation L. pneumophila strain (Barry, 2013) were a gift from Russell Vance’s lab and
are thymidine auxotrophs derived from the Legionella pneumophila serogroup 1 Lp02
(Berger and Isberg, 1993) . Legionella pneumophila Paris B1 strain was purchased from
ATCC (ATCC 700833). Chloramphenicol (10 ug/mL), IPTG (0.1 mM), and thymidine (100
ug/mL) were added to CYE agar plates as needed. L.p. were harvested from 2-day heavy

patches and used to infect cells.

Cell culture

HEK-293 FcyRII and HeLa FcyRII cells were obtained from Craig Roy's laboratory at Yale
University. All cells were cultured in DMEM (Life Technologies) supplemented with 10%
fetal bovine serum (FBS) at 37 °C and 5% CO2. RAW 264.7 macrophages were cultured in
Roswell Park Memorial Institute media (RPMI) (Corning) supplemented with 10% FBS at
37°C and 5% COq. Cells were placed in poly-L-lysine-treated plates and grown to 90%
confluency. Drug treatments were performed at final concentration, 200 nM Tg (Enzo Life
Sciences, Farmingdale, NY), 1 mM DTT (Research Products International (RPI), Mt
Prospect, IL), 300 pM 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF) (Sigma-Aldrich,

St. Louis, MO), 1 uM Pf-429242 (Sigma-Aldrich), 20 uM MG-132 (Enzo Life Sciences), 25 uM
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Cycloheximide (Sigma-Aldrich), 10 uM Ceapin A7 (Gallagher et al., 2016). Ceapin A7 was

provided as a gift from the Peter Walter laboratory at UC San Francisco.

For transient transfections, cells were grown to 70% confluency and transfected with 2 ug
of plasmid for 60 mm and 35 mm dishes, or 1 pg per well for 24-well plates using JetPRIME
(Polyplus-transfection) according to the manufacturer’s instructions. Cells were incubated
with transfection reagent for 4 hours, then media replaced with fresh DMEM supplemented
with 10% FBS. For siRNA transfections, cells were grown to 30-50% confluency and
transfected using Oligofectamine (Thermo Fisher Scientific, Waltham, MA) according to the
manufacturer’s protocol. Cells were grown for 72 hours prior to application of treatment
conditions. The following siRNA oligos used were purchased from Sigma-Aldrich: SEL1L-
TTAACTTGAACTCCTCTCCCATAGA, Scramble-GCATACTCAACTACTTCGCATACTT; ATF6-

GAACAGGGCTCAAATTCTC, Scramble-GCTAGTGCACAAGTACCTA.

Infection

Cells were infected at a multiplicity of infection (MOI) of 100 or 5. If cells required
opsonization, Legionella polyclonal antibody (Invitrogen, Cat: PA1-7227) was used at
1:2,000 and incubated for 20 min at room temperature. Immediately after infection, cells
were centrifuged for 5 min at 1,000 rpm. After centrifugation, cells were left at 37 °C for an
additional 60 min. After 1hour, cells were washed with 1x PBS to remove extracellular
bacteria. DMEM supplemented with 10% FBS or the same media supplemented with
treatment reagent was replaced after the washes in PBS. Infected cells were harvested at

the designated times.
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Quantitative RT-PCR

HEK-293 FCy cell mRNA was harvested and isolated using Direct-zol™ RNA Miniprep Plus
(Zymo Research, Irvine, CA) according to the manufacturer’s protocol. cDNA synthesis was
performed using QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Germany) and
cDNA reactions were primed with poly dT. Relative Quantitative PCR was performed using
iTaq Universal SYBR Green Supermix (Bio-Rad, Hercules, CA). Endogenous GAPDH mRNA
was used for normalization. Uninfected and untreated HEK-293 FCyRII cells were used as
the endogenous control for each qPCR analysis. The following RT-qPCR primers were used:
BiP (Human) forward- CATCACGCCGTCCTATGTCG, reverse- CGTCAAAGACCGTGTTCTCG;
HERPUD1 (Human) forward- AACGGCATGTTTTGCATCTG, reverse-
GGGGAAGAAAGGTTCCGAAG; Selll (Human) forward- AAACCAGCTTTGACCGCCAT, reverse-
GTCATAGGTTGTAGCACACCAC; Hyoul (Human) forward- GAGGAGGCGAGTCTGTTGG,
reverse- GCACTCCAGGTTTGACAATGG; ATF6 (Human) forward-

AGAGAAGCCTGTCACTGGTC, reverse- TAATCGACTGCTGCTTTGCC

Immunoblot analysis

Mammalian cells were lysed in Radioimmunoprecipitation assay buffer (RIPA) buffer with
the addition of protease (Roche cOmplete), and phosphatase inhibitors (GB Sciences).
Protein levels of lysates were determined using the BioRad DC/RC assay. Equal amounts of
protein lysate were boiled with SDS load buffer, and equal amounts of protein were loaded.
Immunoblotting was performed with the following antibodies: GAPDH (Proteintech, Cat:
60004-1-1g), ATF6 (Proteintech, Cat: 60004-1-lg), beta-Actin (Proteintech, Cat: 20536-1-

AP), alpha-Tubulin (Proteintech, Cat: 66031-1-Ig), SellL. (Abcam, Cat: ab78298), GFP tag
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(Proteintech, Cat: 66002-1-Ig), BiP (Proteintech, Cat: 11587-1-AP), ATF4 (Cell Signaling

Technology, Cat: 11815S).

Immunofluorescence Microscopy

Cells were plated on 12 mm glass coverslips in 24-well plates. After 24 hours, cells were
fixed, treated with drugs, or infected with L.p. as needed. For ubiquitin recruitment assay
RAW cells were infected with L.p. at MOI = 5. 1 hour after infection, cells were washed
twice with PBS to remove extracellular bacteria and incubated for 2 hours more. For co-
localization assays, Cos7 cells were co-transfected with pcDNA-FcyRII (Arasaki, 2010) and
GFP-ATF6q, then infected with L.p. at MOI = 10 and infected for 1, 4, or 8 hours. For 4- and
8-hour time points, cells were washed with PBS after 1 hour to remove extracellular
bacteria. Coverslips were mounted with ProLong Diamond Antifade Mountant (Thermo
Fisher Scientific) incubated at 37°C for 10 minutes, then imaged directly. For
immunofluorescence, coverslips were washed with cold 1x PBS, fixed with 4%
paraformaldehyde in PBS for 10 min at room temperature, permeabilized in 0.1% saponin
in PBS, and blocked in 3% bovine serum albumin (BSA) in PBS, and then incubated with the
appropriate primary and secondary antibodies diluted in 3% BSA. Nuclei were stained with
Hoechst 33342 dye for 10 min before mounting on microscope slides. Coverslips were
imaged using an inverted Nikon Eclipse Ti-E spinning disk confocal microscope equipped
with a Prime 95B 25mm CMOS camera (Photometrics) camera. Antibodies used were
Ubiquitin (Millipore, Cat: ST1200-100UG), and Secondary Antibody, Alexa Fluor 546 or

Alexa Fluor 488 (Thermo Fisher Scientific).
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Live Cell Microscopy

HeLa FcyRII cells expressing GFP-ATF6 were plated on 35 mm poly-lysine-coated imaging
dishes (Cellvis, Mountain View, CA). Cells were infected at MOI = 5 with WT- or AdotA L.p.
that were previously stained with HaloTag-Janelia Fluor 646 conjugates (Grimm et al,,
2017). For staining, briefly, L.p. maintaining a HaloTag-expressing plasmid were harvested
from a 2-day heavy patch and incubated at liquid culture overnight with 0.1 mM IPTG.
Liquid culture at OD = 3.0 was then pelleted and resuspended in 5 mM Janelia Fluor 646
HaloTag ligand (JF646) in order to facilitate HaloTag-JF646 conjugation. After 15 min
incubation with ligand in the dark, L. pneumophila were washed 1x with water. Stained
bacteria were resuspended in 2 mL of DMEM lacking phenol red (Gibco) and used for
infection of cells. Imaging of cells took place in a controlled chamber maintaining 37°C with
5% CO2. A random selection of cells was imaged at 60X magnification at 5- or 10-minute
intervals for 12 hours using a Nikon Eclipse TiZ microscope with a Nikon DS-Qi2 camera.

Cells that died or lost focus over the time course were omitted from analysis.

Luciferase assay

ONE-Glo Luciferase assay system was purchased from Promega. HEK-293T ERSE-
Luciferase cells, provided as a gift from the Peter Walter laboratory at UC San Francisco
and described previously (Gallagher et al. 2016), were seeded onto 6-well dishes at 70%
confluency. Cells were transfected with Myc-tagged Legionella effectors as previously
described (Barry, 2013) for 24 hours. Cells were suspended in 1mL DMEM and 50 uL
aliquots were transferred to assay plate (Falcon, Cat:353296) in triplicate. One-Glo

Luciferase reagent was pre-equilibrated to room temperature and added at equal volume
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into each well. Assay plate measurements were performed on Tecan Saphire? with 1 s
exposure. Background signal was subtracted from untreated untransfected cells. Treatment

conditions were normalized to control Myc-tag expressing cells.

Quantification Statistical analysis

GraphPad Prism 6 software was used for statistical analysis. Where statistical analysis was
performed an unpaired student's t-test was performed using three biological replicates.
Statistical significance (*) was determined as a p-value < 0.05. Image analysis was

performed using Image].
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Figure 2.1

L.p. infection induces ATF6 processing independently of proteasomal degradation
and ERAD.

(A) HEK293-FcyR cells were treated with 1 mM DTT for 1 hour or infected with Legionella
pneumophila (WT or AdotA) for 6 hours prior to harvesting. Lysates were subjected to
immunoblot analysis using anti-ATF6 and anti-Actin antibody. The precursor full-length
ATF6 (ATF6-FL) fragment is shown.

(B and C) HEK293-FcyR cells were pre-treated with 20 uM MG-132 for 3 hours prior to
indicated treatment conditions. (B) Cells were treated with 1mM DTT and 25 uM
Cycloheximide (CHX) for 1 hour or 3 hours as indicated, or (C) infected with WT- or AdotA-
L.p. for 6 hours (MOI = 5) and analyzed by immunoblot using anti-ATF6 and anti-GAPDH
antibody. Quantitation from full length ATF6 signal from replicate experiments (n=3).

(D) Cell lysates from scramble or SEL1L siRNA-transfected HEK293-FcyR cells were
analyzed by immunoblot using anti-ATF6, anti-SellLl, and anti-Tubulin antibodies. CHX
treatment was performed with 25 uM CHX for 2 hours. Quantitation from full length ATF6
signal from replicate experiments (n=3).

(E) HEK293-FcyR cells were treated with 1 mM DTT or infected with WT L.p., AdotA L.p. and
A7-translation (A7-Trans) L.p. strain as described in (A).
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Figure 2.2
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Figure 2.2

L.p. infection stimulates ATF6 target gene induction.

(A) HEK293-FcyR cells were treated with 1 mM DTT for 6 hours or infected with L.p. (WT
or AdotA) for 6 hours prior to harvesting and RT-qPCR analysis using ER quality control
genes ATF6, BiP, SEL1L, HYOU1, HERPUD1. Fold change shown relative to GAPDH.

(B) Cells were treated with 1mM DTT or 25 uM CHX for 6 hours, or infected with L.p. (WT
or AdotA) for 6 hours. RT-qPCR analysis of bip was performed and fold change was
calculated against GAPDH as a reference gene.

(C, D) L.p. infected HEK293-FcyR cells were harvested post- infection at indicated times,
then (C) analyzed by RT-qPCR using primers against bip, or (D) lysed and analyzed by
immunoblot using anti-ATF6 and anti-GAPDH antibodies. MOI = 100.

(E) Quantitation from full length ATF6 signal from replicate experiments relative time point
0 (n=3).

(F, G) ATF6 siRNA or scramble siRNA transfected HEK293-FcyR cells were analyzed by (F)
immunoblot using anti-ATF6 and anti-actin antibodies, or (G) analyzed by RT-qPCR using
primers against BiP.
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Figure 2.3
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Figure 2.3

L.p. induces non-canonical activation of ATF6.

(A, B) HEK293-FcyR cells were treated 6 uM Ceapin A7 or 1 mM PF-429242 for 1 hour prior
to infection or DTT treatment. DTT treated samples were incubated with 1 mM DTT for (A)
1 hour or (B) 4 hour. Infected cells were incubated with L. p. (WT or AdotA) for 6 hours,
then lysed and (A) analyzed by immunoblot analysis using anti-ATF6 and anti-Actin
antibody, or (B) analyzed by RT-qPCR using primers against BiP.

(C) Schematic of membrane bound N-terminal GFP-tagged ATF6 (red) with relevant
features highlighting S1P and S2P cleavage site sequences (blue) and mutated residues for
S1P and S2P cleavage site mutations (red letters).

(D) HEK293-FcyR cells were transfected with GFP-ATF6(WT) or GFP-
ATF6(R415A/R416A). Transfected cells were incubated with 1 mM DTT for 1 hour, or
infected with L. p. (WT or AdotA) for 6 hours and analyzed by immunoblot using anti-GFP
and anti-GAPDH antibodies.

(E) Densitometry analysis showing the percentage of ATF6-FL signal remaining in treated
cells relative to mock control cells.
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Figure 2.4
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Figure 2.4

L.p. infection stimulates ATF6 nuclear recruitment.

(A, B) Representative image stills from time-lapse wide-field fluorescent microscopy of
HeLa-FcyR cells (A) transiently transfected with GalT-RFP and GFP-ATF6, then treated with
1 mM DTT or (B) transfected with GFP-ATF6, then infected with JF-646 stained Halo-tag
WT-L.p. Live-cell epifluorescence image stills at timepoint 0 (t=0) (panel 1, scale bar =
25um), with white box denoting location of inset. GFP-ATF6 signal (inset, panel 2-6, scale
bar =10 pm)

(C, D) Quantitation of temporal changes in nuclear localized GFP-ATF6 relative corrected
total cell fluorescence (CTCF) of ATF6 in single cells followed over a 9-hour period analyzed
between 1 hour (C) and 6 hours. Signal intensities analyzed from of control (n = 25), WT
L.p. (n = 30,) or AdotA L.p. (n = 30) at designated time points were normalized to signal at
30 min post infection.

(E) Confocal micrographs of FcyRIl and GFP-ATF6 transfected Cos7 cells infected with JF-
646 stained Halo-tag L. p. (WT or AdotA). Values are the Mean + SEM of three independent
experiments in which at 50 LCVs were scored for each condition.
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Figure 2.5
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Figure 2.5

L.p. Paris strain does not induce ATF6 processing.

(A, B) Immunoblots of HEK293-FcyR cells infected with Legionella pneumophila strains -
Philadelphia str. (WT L.p.-Phila or AdotA L.p.-Phila), Paris str. (L.p.-Paris), Lens str. (L.p.-
Lens), and Serogroup 6 str. (L.p.-SG-6), and Legionella micdadei (L. mic), Legionella
wadsworthii (L. wad), and Legionella longbeachae (L. lon).

(C) Immunofluorescence micrographs from L.p. (WT, dotA, or Paris str.) infected HEK293-
FcyR cells stained with Hoechst (blue) and antibodies against Ubiquitin (green) and
Legionella (red).

(D) Identification of gene of orthologs of L.p. Philadelphia strain effectors through pairwise
sequence alignments against L.p. Paris strain. Listed are Philadelphia strain effectors that
are absent from the Paris strain.

(E) Schematic representation of ERSE-luciferase construct stably expressed in a HEK-293T
based cell line (HEK293T-ERSE-Luciferase). Two copies of the ER stress response element
(ERSE, blue) are cloned upstream of a minimal promoter driving Luciferase (green) gene
expression. Once cleaved, ATF6(NT) binds the ERSE sequence and stimulates Luciferase
expression.

(F) Primary screen data from ERSE-Luciferase reporter. HEK293T-ERSE-Luciferase cells
were transiently transfected with Myc-tagged Legionella effectors or empty vector, GFP-
ATF6(WT), or GFP-ATF6(R415A/R416A, N390F/P393L) (S1P/S2P). Treatments were
internally normalized to non-treated control cells. Fold induction of luciferase activity from
transfected samples taken relative to empty control vector transfected cells is charted.
Baseline luciferase activity from control cells (red line) and 2-fold induction cutoff (grey
line) are indicated.

(G) Confocal micrographs from U20S cells transfected with GFP-C2 vector (right, center) or
GFP-Lpg0519 (left, center) and mCherry-Calreticulin (red, top).

(H) Immunoblot of HEK293T cells treated with thapsigargin (Tg) for 2 hours or 4 hours, or
transiently transfected with GFP-C2 vector or GFP-Lpg0519. Antibodies against ATF6,
ATF4, BiP, GFP, and GAPDH were used.

(I) Quantification of replicate experiments (n=3) from (A) of BiP signal intensity relative
non-treated control cells. Mean * SEM, (*, p < 0.05).
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Chapter 3

Redundant targeting of the ATF6 pathway by L.p. translocated substrates

Introduction

L.p. uses over 300 secreted effectors to disrupt host cell processes to support
bacterial replication within the cell. The substantial number of effector proteins that are
translocated into the host during L.p. infection is considerably larger than other well
studied intracellular bacterial pathogens. L.p. has nearly three times the number of Coxiella
sp. secreted effectors (>100 effectors) and roughly 20 times the number of Brucella sp.
secreted effectors (~15 effectors) [1, 2]. Once translocated, these effectors employ
specialized mechanisms to disrupt, circumvent, or make use of a variety of host cellular
pathways. Most intriguingly, the presence of a strikingly large number of translocated

substrates permits multiple layers of regulation and redundancy in virulence strategies.

Studies involving L.p. have revealed the existence of multiple effector proteins that
can modulate a single host protein. An example resides in the activities of the L.p.
glucosyltransferases Lgt1-Lgt3 and SidI/SidL [3]. Amongst the characterized activities, the
effectors can individually inhibit IRE1 mediated splicing of XBP1 in ER-stress treated cells
when exogenously expressed, or during infection [4, 5]. Several instances of functional
redundancy have also been observed, when multiple effectors target different components
of the same pathway. For example, whereas the effector proteins Lgt1-3 inhibit translation

through post-translational targeting of eukaryotic elongation factor eEF1A, the L.p. kinase
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LegK4 exerts its inhibitory effect over translation through phosphorylation of the cytosolic

chaperone Hsc70 [3, 6].

The previous chapter highlighted a non-canonical ATF6 activation strategy by L.p.
that was coordinated by the multiple secreted effectors. From our analysis we highlighted
activation of ATF6 by the L.p. effector Lpg0519 which was also shown to localize to the ER.
Interestingly, our report also identified that the effector Lpg2131 was able to induce an
ATF6-specific luciferase reporter by greater than two-fold. Additionally, effectors Lpg1948,
Lpg2523, and Lpg2525 also stimulated luciferase induction by nearly two-fold. These
findings highlight the potential for L.p. to redundantly target the ATF6 branch of the UPR
through multiple effectors, yet the mechanisms by which they act remains unresolved. In
this chapter, I introduce unpublished data that supports the existence of redundant ATF6

targeting mechanisms employed by L.p. during infection.

Identification of ATF6-targeted protease-like effectors

Our findings indicate ATF6 processing can occur independently of canonical
proteases, membrane-bound transcription factor site-1 protease (S1P) and membrane-
bound transcription factor site-2 protease (S2P) (see Chapter 2). As ATF6 processing
occurred in the presence of S1P and S2P inhibition, we considered the possibility of L.p.
effectors that can directly cleave ATF6. Using pairwise sequence analysis, we assessed the
homology of known L.p. effectors to S1P and S2P as well as a comparison to the MEROPS
database resource for peptidases [7]. From this search, we identified nine effectors with

varying degrees of homology with a peptidase [Table 1]. Analysis of these effectors

67



revealed that overexpression of Lpg1960 resulted in a dramatic reduction in full length

ATF6 levels [Figure 3.1].

We then considered if Lpg1960 could access the ER which would suggest the
potential for direct interaction with ATF6. Using a GFP-tagged Lpgl1960 construct, we
monitored the localization pattern by fluorescence microscopy [Figure 3.2]. Whereas ER
localized mCherry-KDEL exhibited a restricted ER localization pattern, Lpg1960 exhibited a
dimorphic localization pattern with some cells showing a largely diffuse signal throughout
the cytoplasm, while others showed a striking localization at the nucleus. Quantitation
revealed that an equal percentage of cells exhibited cytoplasmic and nuclear localization
under similar conditions (FIG3.2?7). Importantly, when GFP-Lpg1960 expression was
monitored via immunoblot, there was only a single band corresponding to the molecular
weight of the full length GFP-Lpg1960 [Figure 3.1]. This suggested that the dimorphic

localization pattern was not the product of post-translation processing.

We then sought to determine if Lpg1960 exhibited proteolytic activity. Lpg1960 was
sub cloned into a GST-tagged construct to facilitate bacterial expression and GST-
purification of the effector. To test for proteolytic activity, we monitored the cleavage
potential of purified Lpg1960 against the model substrate casein. Co-incubation of casein
with model protease Trypsin led to noticeable increase in cleaved casein products [Figure
3.3]. However, GST-Lpg1960 did not induce casein cleavage significantly above casein
cleavage with GST alone. The results suggest Lpg1960 does not possess catalytic activity,
however we cannot exclude the potential that accessory cofactors are required for the

catalytic activity of Lpg1960.
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ATF6-independent target gene induction under L.p. infection

Results from Chapter 2 suggested that ER-to-Golgi translocation and S1P/S2P-
dependent cleavage were dispensable for ATF6 activation during L.p. infection. We then
sought to determine if ATF6 target gene induction seen during L.p. infection was caused by
the ATF6 sensor itself. To our surprise, target gene induction was dampened, but persisted
under L.p. infection with siRNA knockdown of ATF6 [Chapter 2, Figure 2.2]. In contrast
DTT-induced target gene induction was nearly completely attenuated under ATF6 siRNA
knockdown. Though the residual target gene induction could be the result of incomplete
knockdown, we considered how molecular mimicry through the use of L.p. effectors could
stimulate ATF6 target gene induction. Further support for this hypothesis was the
suggestive observation that the antibody against human ATF6 detects a single band in L.p.

lysates [Figure 3.4].

ATF6 is a member of the leucine zipper family of proteins that can heterodimerize
with the NF-Y transcription factor complex to bind the ER stress response element (ERSE)
consensus sequence (5'-CCAAT-N9-CCAC[GA]-3") and ERSE II sequence (5'-ATTGG-N-
CCACG-3") in the promoters of target genes [9]. To search for an ATF6-like L.p. effector, we
performed a homology search of L.p. effectors against human ATF6. When the search
criteria were restricted to the transcriptional activation domain of ATF6 (a.a. 1-150), the
L.p. effector Lpg2519 was identified. To our surprise, Lpg2519 (SnpL) was characterized as
a nuclear-localized effector which can upregulate host gene expression upon ectopic
expression [8]. Using a GFP-tagged SnpL, we confirmed its nuclear localization when

expressed in HeLa cells [Figure 3.5]. Through its DNA binding interaction to ERSE
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sequences, when overexpressed, ATF6 can increase the basal expression levels of target
genes, including BiP and ATF6 itself [10]. However, our preliminary results did not reveal
changes in ATF6 protein expression levels or BiP mRNA levels when Lpg2519 was

overexpressed in HEK293T cells [Figure 3.6].

Conclusions and Future Work

Additional investigations into alternative ATF6 targeting mechanisms revealed that
over-expression of a protease-like effector, Lpg1960, decreased ATF6 levels. When tested
against the model protease substrate, casein, Lpg1960 failed to exhibit proteolytic activity.
However, further investigation needs to be done to test for the requirement of additional
cellular factors that enhance the catalytic activity of Lpg1960. Alternatively, Lpg1960
might exert its function on ATF6 indirectly. We also observed homology between the
transactivation domain of ATF6 and the L.p. effector Lpg2519. Though Lpg2519 did not
directly impact ATF6 protein levels, the effect on ATF6 target gene induction has not been
explored. L.p. effectors Lpgl1948, Lpg2131, Lpg2523, and Lpg2525 all stimulated an
increase in an ATF6-specific luciferase reporter. However, toxicity associated with
overexpression of these effectors has hampered further examination of their molecular
modes of action. The use of low expression or inducible expression vectors might

circumvent the toxicity restrictions that have precluded their examination.
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Materials and Methods

Cell culture

HeLa FcyRII cells were obtained from Craig Roy's laboratory at Yale University. Cells were
cultured in DMEM (Life Technologies) supplemented with 10% fetal bovine serum (FBS) at
37°C and 5% CO:. ER stress treatments were performed at final concentration, 200 nM Tg
(Enzo Life Sciences, Farmingdale, NY) or 1 mM DTT (Research Products International

(RPI), Mt Prospect, IL).

Transient transfections were performed in cells grown to 70% confluency and transfected
with 2 ug of plasmid for 60 mm and 35 mm dishes, or 1 pg per well for 24-well plates using
JetPRIME (Polyplus-transfection) according to the manufacturer’s instructions. Cells were
incubated with transfection reagent for 4 hours, then media replaced with fresh DMEM

supplemented with 10% FBS.

Immunoblot analysis

Cells were lysed in Radioimmunoprecipitation assay buffer (RIPA) buffer with the addition
of protease (Roche cOmplete), and phosphatase inhibitors (GB Sciences). Protein levels of
lysates were determined using the BioRad DC/RC assay. Equal amounts of protein lysate
were boiled with SDS load buffer, and equal amounts of protein were loaded.
Immunoblotting was performed with the following antibodies: GAPDH (Proteintech, Cat:
60004-1-1g), ATF6 (Proteintech, Cat: 60004-1-1g), GFP tag (Proteintech, Cat: 66002-1-Ig),

Myc (Proteintech, Cat: 16286-1-AP).
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Live Cell Microscopy

HeLa FcyRII cells expressing GFP-Lpg1960 or co-expressing GFP-Lpg2519 and mCherry-
KDEL were plated on 35 mm poly-lysine-coated imaging dishes (Cellvis, Mountain View,
CA). A random selection of cells was imaged at 60X magnification using a Nikon Eclipse Ti2

microscope with a Nikon DS-Qi2 camera.

In-vitro Cleavage Assay

Protein samples were diluted to 0.1, 0.01, 0.001, and 0.0001 ug/uL with water to a final
volume of 200 uL. Pierce™ Colorimetric Protease Assay Kit was used for in-vitro cleavage
assay (Thermo Scientific Cat: 23263). Succinylated casein solution was added to treatment
wells. Succinylated casein solution was replaced with Assay buffer for control treatments.

The enzyme activity was measured using Magellan Tecan Saphire2 at 450 nm.

Quantitative RT-PCR

HEK-293 FCy cell mRNA was harvested and isolated using Direct-zol™ RNA Miniprep Plus
(Zymo Research, Irvine, CA) according to the manufacturer’s protocol. cDNA synthesis was
performed using QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Germany) and
cDNA reactions were primed with poly dT. Relative Quantitative PCR was performed using
iTaq Universal SYBR Green Supermix (Bio-Rad, Hercules, CA). Endogenous GAPDH mRNA
was used for normalization. Uninfected and untreated HEK-293 FCyRII cells were used as
the endogenous control for each qPCR analysis. The following RT-qPCR primers were used:

BiP (Human) forward- CATCACGCCGTCCTATGTCG, reverse- CGTCAAAGACCGTGTTCTCG

72



Table 3.1: Bioinformatically identified Legionella effectors with protease homology

L.p. Effector Protein | Protease Homology

Lpg1110 (Lem5) ATP-dependent Clp protease ATP-binding subunit ClpA
Lpgl111l Zinc Protease

Lpgl166 Rhomboid family intramembrane serine protease
Lpg1426 (VpdC) ATP-dependent protease subunit HslV

Lpg1884 (LegC2/ylfB) | ATP-dependent protease/YifB protease family
Lpg1960 (LirA) Zinc metalloprotease

Lpg1963 (PieA) Zn-dependent protease

Lpg2131 (LegA6) Zn-dependent protease

Lpg2444 Zinc metalloprotease
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Figure 3.1
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Figure 3.1: Lpg1960 induces ATF6 processing

Immunoblot from HEK293T cells transiently transfected with Myc-tagged effectors.
Antibodies against ATF6 (top), GAPDH (middle) and Myc (bottom) are shown. DTT treated
cells were treated with 1mM DTT for 1 hr.
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Figure 3.2
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Figure 3.2: GFP-Lpg1960 has a dimorphic localization pattern

Image stills from live cell time lapse widefield microscopy of HelLa cells transiently
transfected with GFP tagged Lpg1960 (top), scale bars indicate 20 um distance. Magnified
insets from two regions of interest, ROl 1 and ROI 2, scale bars indicate 10 um distance
(bottom).
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Figure 3.3

0.250
8 o0.200 |
c
8
§ € 0.150 | m0.1ug/mL
.& g ®0.01 ug/mL

[Ts]

g = 0.100 | @ 0.001 ug/mL
b= 00.0001 ug/mL
© |
g o0.050

oo LI | Moy me WL

Trypsin GST Lpgl960 Lpg2465

Figure 3.3: Lpg1960 is not catalytically active against casein substrate

10-fold dilution series of TPCK-Trypsin, GST, GST-Lpgl1960, and GST-Lpg2465 were
assayed using default kit procedure. Absorbance at 450 nm was plotted relative to control
well containing substrate only.
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Figure 3.4
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Figure 3.4: ATF6 like protein detected in L.p. lysates

Wild type and AdotA L.p. lysates from exponentially growing liquid cultures were prepared
by sonication and immunoblotted using antibodies against human ATF6. Serial dilutions of
the indicated MOI are shown.
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Figure 3.5
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Figure 3.5: Lpg2519 exhibits nuclear localization

Image stills from live cell time lapse widefield microscopy of HeLa cells transiently co-
transfected with GFP tagged Lpg2519 (top, green) and mCherry-KDEL (middle, red). Scale
bars indicate 10 um distance.
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Figure 3.6
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Figure 3.6: Lpg2519 does not activate the ATF6 pathway

Immunoblot from HEK293T cells transiently transfected with the indicated vector, or
treated with 200 nM Thapsigargin (Tg) for 2h or 6h. Antibodies against ATF6 (top), GAPDH
(middle), and GFP (bottom) were used. BiP mRNA levels were analyzed by qPCR from
transfected HEK293T cells (right).
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Chapter 4

Dissertation Conclusions

The use of intracellular pathogens to study biological processes provides many
advantages over conventional tools, one being that host-pathogen interactions have
evolved over hundreds of millions of years. As such, pathogens are capable of subverting
cellular processes that are highly conserved and fundamental to the inner workings of the
cell. My study has provided the first example of a bacterial pathogen that exhibits the
capacity to activate the ATF6 pathway of the UPR in a manner that bypasses the
requirement of conventional pathway components. This observation allows us to consider
whether similar activation strategies are conserved within the host cell in the absence of an

infection.

The major activation signal for the UPR pathway is the accumulation of unfolded
proteins in the ER lumen. It is now becoming apparent that additional input signals can
trigger activation of UPR sensors in the absence of unfolded proteins. Changes in the lipid
composition within the ER membrane have been shown to trigger activation of the IRE1
and PERK pathways [1]. In either case, removal of the luminal domains of IRE1 and PERK
that are responsible for monitoring the unfolded protein status in the ER lumen does not
disrupt the sensitivity of these sensors to lipid perturbations. Rather, it was shown that the
lipid sensing regions were within the ER-spanning transmembrane domains [2]. Similar to
IRE1 and PERK, ATF6 has also been shown to respond to lipotoxic stress within the ER [3].

However, though IRE1 and PERK responded to bulk changes in the lipid composition
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within the ER membrane, ATF6 was activated by a specific subset of sphingolipids,
dihydrosphingosine and dihydroceramide [3]. Surprisingly, lipid activation of IRE1 and
ATF6 induced a transcriptional program that was distinct from the proteotoxic stress-
induced transcriptional program [3, 4]. Through our observations, we noted upregulation
of both proteotoxic and lipotoxic stress-induced genes during ATF6 activation under L.p.

infection.

Our results from the ATF6-specific luciferase screen in Chapter 2 implicate multiple
L.p. effectors in activating the ATF6 pathway. However, the extent by which L.p. targets the
ATF6 pathway is unclear and whether additional L.p. effectors can modulate ATF6 activity
remains unknown. The fact that four out of the 17 effectors tested showed a capacity to
activate the ATF6 reporter leads me to speculate that additional untested L.p. effectors
might also impact the ATF6 pathway or UPR more broadly. Additionally, it was not tested
whether L.p. effectors can act as negative regulators of the ATF6 pathway similar to what is
seen with the impact of the Lgt family of effectors on the IRE1 pathway [7]. A thorough
survey of all L.p. effectors might reveal alternative strategies used to target the UPR

pathways.

Our study suggests that activation of ATF6 during L.p. infection can occur
independently of ATF6 ER-to-Golgi translocation. In this case, the addition of the Ceapin A7
inhibitor blocked pharmacological ATF6 activation, but not ATF6 activation by L.p.
infection. Yet, we also observed a direct recruitment of ATF6 to the LCV interface at 6 hours
post infection when there was no Ceapin A7. The striking correlation in the timing between

ATF6-LCV interaction and ATF6 processing would suggest that ATF6 recruitment to the
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LCV is a driver of activation. Yet it is not clear whether ATF6 is recruited to the LCV surface
in the presence of the Ceapin A7 inhibitor. In this case, a persistent localization of ATF6 to
the LCV in the presence of Ceapin A7 inhibitor would also suggest deregulation of ER cargo

export, or an alternative trafficking route by which ATF6 exits the ER during L.p. infection.

Our data also suggest that ATF6 processing occurs independently of S1P and S2P activity.
In fact, mutation of S1P and S2P cleavage sites does not impair ATF6 processing during L.p.
infection. These data strongly suggest the use of an alternative ATF6 processing sites
during infection. Conventionally, ATF6 requires two processing events to liberate the N-
terminal ATF6 fragment. The first cleavage is performed by S1P in the ER luminal domain
of ATF6. Once the luminal domain is cleaved, ATF6 can then be cleaved by S2P within the
transmembrane region. It was shown that without prior cleavage of the luminal domain,
the full length ATF6 precursor protein is not a good substrate for S2P cleavage and the
presence of a luminal domain in ATF6 prevents S2P activity [5]. Our results suggest ATF6
processing during L.p. infection deviates from the conventional pathway. However, it is
unknown whether a single L.p. effector can catalyze the productive processing of ATF6,

individually, or if it is acted upon by additional L.p. factors or host proteins.

Beyond our investigations on ATF6, the use of L.p. effectors as branch-specific UPR
modulators could be a useful tool towards probing the inner workings of the UPR
pathways. Many of the well-studied chemical UPR inducers can also cause off target effects
within the cell. Thapsigargin acts by depleting calcium (Ca%*) stores within the ER which
ultimately alters the activity of Ca2+-dependent chaperones and ER homeostasis. However,

the depletion of Ca%* in the ER is accompanied by increased cytosolic Ca2* concentrations.
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The by-product could result in changes in activities of proteins and intracellular Ca2*
signaling networks such as lipid-acting enzymes that produce bio-reactive molecules [6]. In
the end, the broad acting UPR inducers might cause cellular changes that could obfuscate
the true functions of the UPR sensors. If L.p. effectors are found that can act directly on the
UPR sensors to activate or inhibit their function, many fundamental questions can be
probed to understand the contributions of each sensor towards the overall homeostatic

response.

Altogether, further experimentation will help elucidate molecular mechanisms
underlying the unconventional activation of ATF6 during L.p. infection. Understanding how
L.p. activates the ATF6 pathway would not only provide additional examples of how
pathogens subvert UPR function, but could also lead to the discovery of novel host
strategies that act in a similar fashion. Expanding upon this research by screening more
broadly for L.p. effectors that can target each branch of the UPR might lead to the discovery
of novel UPR regulators. Furthermore, the use of L.p. effectors as an alternative to chemical
agents to modulate UPR activity might permit more sensitive investigations into the

functions of the individual sensors or the UPR in its entirety.
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