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Abstract of the Dissertation

A tale of two lipids: A role for compartmentalized generation of PIP,
in Yersinia infection, & Characterization of a small molecule inhibitor of PA

generation by Phospholipase D enzyme family members

by
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Doctor of Philosophy

in
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2009

Generation of the lipid phosphatidylinositol-4,5-bisphosphate (PIP,) by PI4P-5-kinase
(PIP5SK) isoforms is critical for many cell biological processes triggered by signaling
events. I found that PIP5Ko” mice exhibit diminished resistance to infection by Yersinia
pseudotuberculosis, a model agent for pathogenic gram-negative bacteria. The
susceptibility ensues from inadequately suppressed systemic bacterial replication at late
infective stages concomitant with reduced serum IFNy, a CD4 T-cell-produced cytokine
that is key in the host response. Mechanistically underlying this outcome, the loss of

PIP5Ka decreases macrophage phagocytosis when synergistically combined with action

il



of YopE, a Yersinia-produced toxin that lowers PIP, levels by deactivating Racl, a key
stimulator for all PIP5Ks. Moreover, MHC II cell-surface expression is lowered on
macrophages and dendritic cells, as a result of cis-Golgi sequestration. Taken together,
my finding reveals a PIPSKa requirement in innate and adaptive immune responses for

pathogens that subvert host defenses dependent on generation of PIP;.

The signaling enzyme Phospholipase D (PLD) and the lipid second messenger it
generates, phosphatidic acid (PA), are implicated in many cell biological processes
including Ras activation, cell spreading, stress fiber formation, chemotaxis, and
membrane vesicle trafficking. PLD production of PA is inhibited by the primary alcohol
I-butanol, which has thus been widely employed to identify PLD/PA-driven processes.
However, 1-butanol does not always effectively reduce PA accumulation, and its use may
result in PLD-independent deleterious effects. Consequently, identification of potent
specific small molecule PLD inhibitors would be an important advance for the field. I
examine one such here, denoted “FIPI”, which was identified recently in an in vitro
chemical screen for PLD2 inhibitors, and show that it rapidly blocks in vivo PA
production with sub-nM potency. Moreover, FIPI inhibits PLD regulation of F-actin
cytoskeleton reorganization, cell spreading, and chemotaxis, indicating potential utility

for it as a therapeutic for autoimmunity and cancer metastasis.
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Chapter 1

Introduction

1. 1 Objective and specific aims

The overall objective of this thesis is to study the function of two lipid-modifying
enzymes: phosphatidylinositol 4-phosphate 5-kinase o and phospholipase D (PLD).

PIP5SK, the major enzyme responsible for the generation of PIP,, has three isoforms
designated a, 3, and y. PIP5K and PIP, have been implicated in many cellular processes
including vesicle trafficking, exocytosis, cell motility, and cytoskeleton reorganization
(Santarius et al., 2006). PIPSK[3 was reported to be involved in Fcy receptor-mediated
phagocytosis (Coppolino et al., 2002). Overexpression of the catalytically inactive mutant
of PIP5Kf diminished PIP, production and the F-actin accumulation at the phagosomal
cup, resulting in decreased phagocytosis. PIP5Ka and [ also localize to the phagosomal
cup during the uptake of Yersinia (Y.) pseudotuberculosis (Wong and Isberg, 2003),
which is a gram-negative enteropathogenic bacterium. In COS cells, overexpression of
PIP5Ka can bypass the inhibition of Racl activity by the bacterial toxin YopE, a Rho
GAP protein. However, the role of PIPSK in the uptake of Y. pseudotuberculosis in
professional phagocytes such as macrophages has not been clarified, and the
physiological role of PIP5Ka in host defense is largely unknown.

PIP5Ka knockout mice were generated by our collaborator, and they found that

PIP5Ka negatively regulates anaphylaxis caused by FceRI-mediated responses of mast



cells (Sasaki et al., 2005). Taking advantage of this mouse model, the first part of my
thesis was to examine the physiological role of PIP5Ka in Y. pseudotuberculosis
infection.

The second lipid-modifying enzyme studied here is phospholipase D (PLD).
Mammalian PLD1 and PLD2 perform a transphosphatidylation reaction using water to
hydrolyze phosphatidylcholine (PC) to generate PA, which is a key signaling lipid. PLD
has been shown to be involved in many biological processes and diseases including
phagocytosis, chemotaxis and inflammatory diseases; exocytosis, insulin secretion;
survival, metastasis and tumorigenesis (Huang and Frohman, 2007). Thus, PLD is an
attractive therapeutic target. Several inhibitors of PLD activity have been described
including 1-butanol, ceramide (Vitale et al., 2001), neomycin (Huang et al., 1999), and
natural products (Garcia et al., 2008), but these compounds work indirectly to inhibit
PLD activity, or have many other effects on signaling pathways that complicate their use
and interpretation. Identification of small molecule inhibitor is a big advance in the field.
Such one, denoted “FIPI”, was characterized in the second part of my thesis.

The specific aims of this thesis were (1) to examine the role of PIP5Ka in the uptake
of Y. pseudotuberculosis using bone marrow-derived macrophages (BMDMs) from wild
type (wt) and PIP5Ko ™™ mice infected with wt bacteria or Yop inactive mutants; (2) to
determine the physiological role of PIP5Ka in host defense against Y. pseudotuberculosis
using oral infection mouse model; (3) to dissect the cellular mechanism of how PIPSKa
acts as a protective factor in host defense using the cell culture system; and (4) to
characterize pharmacological properties of the small molecule PLD inhibitor FIPI and

identify its potential applications.



1. 2 An overview of phosphatidylinositol 4-phosphate 5-kinase (PI1P5K)

PIP, has a long established role as a precursor of signaling molecules including
inositol 1,4,5-triphosphate (InsP3) and diaglycerol (DAG) generated after hydrolysis of
PIP, by phospholipases, and PIP; generated by the phosphorylation of PIP, by
phosphoinositide 3-kinases (PI3K) (Watt et al., 2002). PIP, is now recognized to play
more direct roles as a key signaling and targeting lipid in regulation of diverse cellular
activities, including gating of ion channels (Hilgemann and Ball, 1996; Suh and Hille,
2005), exocytosis (Aikawa and Martin, 2003; Gong et al., 2005), cytoskeleton
reorganization, cell motility (Golub and Caroni, 2005; Insall and Weiner, 2001), vesicular
trafficking (Downes et al., 2005), and apoptosis (Halstead et al., 2006; Mejillano et al.,
2001).

PIP; is particularly abundant at the plasma membrane (PM) and proposed to be a PM
marker, distinguishing the PM from other organelles that are highly enriched in other
types of phosphoinositides (Di Paolo and De Camilli, 2006; Roth, 2004). At the PM, PIP,
is the hub for the docking of multi-components of signaling pathways and the regulation
of cytoskeleton dynamics. By doing so, PIP, becomes a master regulator in receptor-
related signaling. In addition, it also appears as smaller pools in intracellular membranes
including the Golgi, endosomes and the endoplasmic reticulum (Watt et al.,, 2002).
Except that PIP, may be important for the maintenance of Golgi integrity, the role of PIP,
at those organelles is far less studied.

PIP, is generated from phosphatidylinositol monophosphates (PIPs) by two distinct

enzymes: the phosphatidylinositol 4-phosphate 5 kinases (PIP5Ks) and the



phosphatidylinositol 5-phosphate 4 kinases (PIP4Ks). These two types of PIP kinases
recognize different substrates: PI4P versus PISP. As PI4P is much more abundant than
PISP (Toker and Cantley, 1997), PIP5Ks are likely to be the major source of PIP,, which
has been confirmed by pulse-labeling studies (Stephens et al., 1991). PIP5K catalyzes the
phosphorylation of PI4P at the D5 position of the inositol ring to generate PIP,. To date,
three mammalian PIP5K isoforms, o, B, and y, and three splicing variants of the y
isoforms, y635, y661, and y 687, have been identified (Giudici et al., 2004). It is
important to note that human and mouse PIP5K have different nomenclature: mPIP5Ka
is hPIPSK3; mPIP5SKp is hPIP5Ka.

Although PIP5K isoforms share virtually identical activation loops, they have specific
and distinct intracellular localizations (Doughman et al., 2003b). PIP5Ky661, which
specifically interacts with a component of focal adhesion assembly, locates at the focal
adhesion (Di Paolo et al., 2002; Ling et al., 2002). However, the subcellular distribution
of the other two isoforms is controversial. Overexpressed PIP5Ka and [ localize in the
cytosol in HeLa cells (Honda et al., 1999). Endogenous hPIP5Ko (mPIP5SKf) locates in
the nuclei and cytosol while hPIPSKB(mPIPSKa) mainly locates to vesicular structure in
the perinuclear region (Doughman et al., 2003a)). Furthermore, PIP5Ko and 3 appear to
translocate to the limited area of the plasma membrane when cells are activated
(Coppolino et al., 2002; Doughman et al., 2003b; Honda et al., 1999), which suggests that
the intracellular location of PIP5K and local production of PIP, by PIP5K is dynamically
regulated by upstream signaling pathways.

There is now overwhelming evidence suggesting that some pools of PIP, are

generated in a spatially and temporally regulated manner (Brown et al., 2001; Critchley,

4



2005). In response to upstream signaling stimulation, PIPSK activity can be regulated by
small GTPases, phosphatic acid and phosphorylation (Doughman et al., 2003a). Among
these, small G-proteins as well as their regulators are likely to be important factors
determining the localization of PIP5SK and regulating their activities (Santarius et al.,
2006). The super-family of small G-protein can be classified into five subfamilies: Ras,
Rho, Arf (ADP-ribosylation factor), Rab and Ran. They are shuttled between membranes
and cytosol, and act as molecular switches to spatially and temporally modulate a variety
of cellular functions through diverse signaling networks. Their ability to modulate
downstream signaling process depends on the tight regulation of their activation and
inhibition through interactions with regulators including guanine nucleotide-exchange
factors (GEFs), GTPase-activating proteins (GAPs), as well as GDP-dissociation
inhibitors (GDISs).

Individual PIP5K isoforms have been identified as downstream effectors of small G-
protein to generate PIP, at specific cellular sites. Rho and Rac have been shown to
physically interact with PIPSK regardless of whether they are in active, GTP-bound form
or not (Chatah and Abrams, 2001). However, only GTP-bound form of RhoA, Rac1, and
Arf6 has the capacity to activate PIPSK. Both Rac and Rho’s GTP forms have been
shown to mediate translocation and activation of PIP5Ko upon thrombin receptor
activation (Yang et al., 2004). Under some circumstances, different small G-proteins
coordinate together to manipulate localization and activity of PIP5K. In COS cells

challenged with Y. pseudotuberculosis, Racl recruits PIPSKa to nascent phagosomal cup

and then Arf6 activates PIPSKa there (Wong and Isberg, 2003).



The majority of studies of PIPSK were done in cell culture systems; however, the
significance of PIP,/PIP5K in vivo has not been well studied. Recently, with isoform-
specific knockout mice, the physiological role of each isoform of PIP5K has begun to be
defined. PIP5Ky is the major isoform in the brain. Mice lacking the PIP5SKy gene are
postnatal lethal due to synapse transmission defects. PIP5Ko”" mice show higher allergic
reaction and histamine release upon Fce receptor activation, suggesting that PIP5SKa is a
negative regulator of anaphylaxis. Platelets lacking PIP5SK[P exhibited impaired
aggregation accompanied by disaggregation and failed to form arterial thrombi properly
in vivo due to the deficiency in PIP, synthesis and IP; formation (Wang et al., 2008). The
physiological role of PIPSK will be further clarified by using these isoform-specific

knockout mice.

1. 3 An overview of host defense against Yersinia

Yersinia is a gram-negative extracellular bacterium, and three Yersinia species
including Y. pseudotuberculosis, Y. endocolitica and Y. pestis are pathogens for humans.
Y. pseudotuberculosis and Y. enterocolitica are food-borne enteropathogenic bacteria and
typically cause self-limiting infections restricted to the intestinal tract and intestinal
lymphoid system such as Peyer’s patches (PPs) and mesenteric lymph nodes (MLNs)
(Carniel, 2002). In certain predisposed patients (e. g. with iron overload states), a
systemic infection with focal abscess formation can develop (Abbott et al., 1986). A
similar disease appears in an oral mouse infection model, which is widely used to study

the pathogensis of enteropathogenic Yersiniae and host defense against them. Y. pestis



displays a different mode of transmission by either a flea vector or the aerosol route, and
causes plague, an often fatal disease (Brubaker, 2003).

In several animal models of intestinal infection e.g., rodent or pig, the
enteropathogenic Yersinia initially infects terminal ileum and cecum. Bacteria begin to
colonize PPs within several hours. The bacteria specifically associate with microfold (M)
cells, which are located in the follicle-associated epithelia. Invasin expressed by Yersinia
interacts with B1 integrin, resulting in efficient bacterial attachment and entry into M
cells (Viboud and Bliska, 2005). Once internalized by M cells, Yersinia is transported
across the epithelial barrier and enters PPs. Underneath the follicle-associated epithelia,
there are dendritic cells, macrophages, and lymphocytes. The possibility has been
proposed that internalized bacteria are transported within phagocytes such as
macrophages or dendritic cells to MLNs. Highly virulent stains of enteropathogenic
Yersinia also spread systemically to colonize in spleen and liver, which can cause lethal
infections in rodents. The route of this dissemination is not clear. One possibility is via
the blood stream since this dissemination appears to bypass colonization of the PPs. This
process may involve phagocytes that uptake bacteria in the intestine and carry them to
spleen and liver through blood stream. In PPs, MLNSs, spleen, or liver, the bacteria
replicate extracellularly and form microabscesses. Within these lesions, the bacteria form
microcolonies and are resistant to phagocytosis.

When faced with a bacterial pathogen such as Y. pseudotuberculosis, the mammalian
host raises a series of defense responses involving both the innate and adaptive immune
system. During early stage of infection, innate host defenses such as polymorphonuclear

leukocytes (PMNs), macrophages, and natural killer (NK) cells control Yersinia infection



(Autenrieth and Firsching, 1996; Carter et al., 1979; Kerschen et al., 2004; Lian et al.,
1987). Macrophages and neutrophils, professional phagocytes, directly attack the
invading pathogen, mediate secretion of pro-inflammatory cytokines and mount a
protective inflammatory response. Eventually, however, a strong adaptive immune
response is needed to overcome Yersinia infection. Specific antibodies (Igwe et al., 1999;
Vogel et al., 1993) and IFNy-producing CD4" and CD8" T cells (Autenrieth et al., 1994;
Autenrieth et al., 1992; Autenrieth et al., 1993) are known to mediate protection against
Yersinia infection, and this has been shown in adoptive transfer experiments (Autenrieth
et al., 1992; Falgarone et al., 1999).

On the other hand, to overcome host defense mechanisms, Yersiniae translocate a set
of Yops into immune cells by a type III secretion system (T3SS) to inhibit the innate and
adaptive immune responses. The major anti-host determinants are encoded by a 70-kb
virulence plasmid (pY'V), including protein microinjection apparatus T3SS as well as six
translocated effector proteins (YopH, YopO/YpkA, YopP/J, YopE, YopM, and YopT)
(Fig 1. 2) (Heesemann et al., 2006; Viboud and Bliska, 2005). At least 4 of them (YopE,
YopH, YopT, and YopO/YpKA are involved in inhibiting phagoyctosis of Yersiniae by
disrupting cytoskeleton (Bliska and Black, 1995; Fallman et al., 1995; Rosqvist et al.,
1990). YopE is a GTPase-activating protein that targets mainly on Rac GTPase, thereby
affecting the actin cytoskeleton reorganization (Aepfelbacher and Heesemann, 2001;
Black and Bliska, 2000; Rosqvist et al., 1991), which results in inhibition of
phagocytosis. Additionally, YopE functions to counteract pro-inflammatory cytokine
production (Schotte et al., 2004). YopH is a phosphotyrosine phosphatase (Zhang et al.,

1992) that dephosphorylates focal adhesion kinase (Fak), paxillin, Fyn-binding protein



(FYB), and p130, therefore disrupting focal adhesions (Andersson et al., 1996; Black et
al., 1998; Hamid et al., 1999; Persson et al., 1997) and suppressing the production of
reactive oxygen intermediates by macrophages and PMNs (Bliska and Black, 1995;
Persson et al., 1999). In addition to playing a part in bacterial evasion, YopH also
contributes to subvent the adaptive immune response by impairing T- and B-cell
activation (Alonso et al., 2004; Yao et al., 1999). YopT is a cysterine protease that
preferentially inactivates RhoA GTPase by cleavage of the C-terminal geranylgeranyl-
cyteine residue (Shao et al, 2002; Zumbihl et al., 1999). Besides paralyzing
phagocytosis, Yops also inhibit the pro-inflammatory response elicited by infected cells.
For example, YopJ (YopP in Y. entercolitica) inhibits TNFa and IL-8 release mainly by
inhibiting the NFxB dissociation from IkB and NFxB translocation to the nucleus
(Boland and Cornelis, 1998; Denecker et al., 2001; Denecker et al., 2002; Orth et al.,
1999; Palmer et al., 1998; Schesser et al., 1998). Additionally, YopJ inhibits at least three
MAP kinase pathways (ERK1/2, JNKI1, and p38) that are involved in the immune
response against Yersinia. Inhibition of MAPK and NFkB pathways by YopJ contribute
to the ability of Yersinia to induce apoptosis of macrophages and dendritic cells (Erfurth
et al., 2004; Mills et al., 1997; Monack et al., 1998).

Besides the cellular role of Yops, the role of Yops on the virulence of Yersiniae has
also been extensively studied in the mouse infection model. A YopH mutant of Y.
pseudotuberculosis specially fails to colonize the mesenteric lymph nodes, but YopE and
YopO mutants showed only minor defects in persistence in intestinal and lymph tissues
while most of mice recovered from infection (Logsdon and Mecsas, 2003). YopT itself is

not required for virulence, but it can promote virulence in the absence of YopE (Viboud



et al., 2006). YpkA and YopJ make minor contributions to virulence in the oral mouse
infection model (Galyov et al., 1994)
1. 4 An overview of the phospholipase D (PLD) superfamily

PLD was defined in 1947 by Hanahan and Chaikoff in carrot extracts as a
phospholipids-specific phosphodiesterase that hydrolyzed phosphatidylcholine (PtdCho)
to generate phosphatidic acid (PA or PtdOH) and choline. More generally, PLD is now
viewed as a transphosphatidylase (Fig. 1. 3) that can use water for hydrolysis or can use
glycerol or short-chain primary alcohols such as ethanol or 1-butanol to generate
phosphatidylalcohol products. Phosphatidylalcohols are not normally found in biological
membranes, are relatively inert with respect to the functions mediated by PtdOH, and are
relatively metabolically stable in comparison to PtdOH. Hence, eliciting phosphatidyl-
butanol (Ptd-but) formation by exposing cells to low levels of 1-butanol has become
widely used as a convenient means to record and assay PLD activity. Moreover, addition
of high levels of alcohol has been used as a means to divert PLD away from producing
PtdOH, and thus as way to inhibit PLD-mediated pathways, with the caveat that the
amounts of alcohol required to fully block production of PtdOH by PLDalso affect some
other vital signaling pathways such as production of phosphoinositides (Skippen et al.,
2002b), promotion of adipocyte differentiation (Emoto et al., 2000), and modulation of
p42/44 mitogen-activated protein kinase signaling in hepatocytes (Aroor et al., 2002;
Pannequin et al., 2007).

Members of the PLD superfamily that extends from virus, bacteria to human are
defined by the presence of a HKD catalytic site (formally known as

HxK(x)4D(x)sGSxN). Although the classic definition of the family involves hydrolysis of
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PtdCho to generate PtdOH and choline, some of the family members possess quite
divergent activities (Liscovitch et al., 1985), including ones that use cardiolipin (Choi et
al., 2006a) or other phospholipids as substrates, or use the phosphatidyltransferase
capacity to synthesize new lipids (cardiolipin synthase and phosphatidylserine synthase
(Koonin, 1996; Ponting and Kerr, 1996; Sung et al., 1997b). The superfamily also
includes endonucleases (Nuc) that use the phospodiesterase activity to cleave the
backbone of DNA (Zhao et al., 1997), pox virus envelope proteins and their mammalian
counterparts that are required for virion formation through an unknown biochemical
mechanism (Sung et al., 1997b), and the protein Tdpl, which resolves stalled
Topoisomerase-DNA complexes involving covalent links between the protein and the
DNA by again using the phosphodiesterase activity to sever them (Interthal et al., 2001).
In addition to the catalytic motif, other common structural domains are found in
eukaryotic PLD proteins (Frohman et al., 1999). PX domain has been reported to bind to
PtdIns(3,4,5)P; as determined by the association of PLDI1 with lipid rafts, which
facilitates transit of the enzyme to endosomes after its translocation to the plasma
membrane upon agonist stimulation (Du et al., 2003). PH domains can bind PtdIns
(4,5)P,, and the PLD1 PH domain has been reported to exhibit binding to phospholipids;
however, as described below, the stimulation of PLD by PtdIns(4,5)P; is mediated by a
different region of the protein, and deletion of the PH domain does not impair its intrinsic
enzymatic activity (Sung et al., 1999a; Sung et al., 1999b). PX domains are found in
many signaling molecules and mediate protein-protein interactions or binding to
phosphatidylinositol phosphates (Xu et al., 2001). In other assays, affinity for PtdIns(5)P

(Du et al., 2003) and binding to the EGF receptor (Lee et al., 2006) have also been
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observed. The PX domain may play a role to facilitate internalization of PLD1 from the
plasma membrane (Du et al., 2003). PLD1 and PLD2 activation are highly dependent on
PtdIns(4,5)P,. The activation requires a sequence of conserved basic and aromatic amino
acids. Such a polybasic motif mediates the interaction of this and other proteins with
negatively charged lipids (Morris, 2007; Stace and Ktistakis, 2006). The affinity for
PtdIns(4,5)P, may additionally facilitate the translocation of PLD to the plasma
membrane surface (Du et al., 2003).

Activation of classical mammalian PLDs in cells is triggered by a wide range of
stimuli that signal through G-protein coupled receptors and receptor tyrosine kinases
(Besterman et al., 1986; Bocckino et al., 1987; Daniel et al., 1986; Oude Weernink et al.,
2007; Pai et al., 1988). Although there are reports suggesting that PLD can in some cases
interact directly with the receptors (Lee et al., 2006) or G-proteins (Preininger et al.,
2006), in general the activation mechanism is thought to be downstream of protein kinase
C (PKC) activation and mobilization of small GTPases of the Rho and Arf families
(Brown et al., 1995; Brown et al., 1993; Jenkins and Frohman, 2005; McDermott et al.,
2004). However, exactly how PLD activation by these cytosolic factors is coordinated
with receptor stimulation is complex, and it remains unclear despite extensive efforts by
many groups.

PA, the product of PLD, is an important second messenger and functions as a signal
transducer, lipid anchor, and fusogenic lipid. In addition to acting as an intracellular
messenger, PLD-generated PA can also undergo conversion to other bioactive lipids. For
example, PA dephosphorylation by phosphatidic acid phosphohydrolases, is a significant

route for generation of diacylglycerol (DAG) in stimulated cells (Brindley and
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Waggoner, 1996; Sciorra and Morris, 1999). PA can also be deacylated by phospholipase
A to form the cell surface receptor active compound lysoPA, and PA may be an
important source of arachidonic acid for the synthesis of prostaglandins and leukotrenes.
Mammalian PLD and its product PA are now widely recognized as key signaling
molecules that have been implicated in a number of cellular processes including Golgi
budding, cell spreading, mitochondria dynamics, facilitating exocytic trafficking, vesicle
fusion to target membrane, EGFR endocytosis (Jenkins and Frohman, 2005). Recently,
more evidence implicates the role of PLD in tumorigenesis. Elevated PLD activity is
found in many types of human cancer including breast, colon, gastric, and kidney (Foster
DA, 2007). PLD2 point mutations and deletion are found in breast cancer (Wood LD et
al., 2007). Increased PLD activity can provide an alternative survival signal via activating
mTOR, which is parallel to PI3-kinase/Akt pathway (Chen et al., 2005; Chen et al.,
2003). PLD?2 is recently revealed to play an unexpected role in Ras activation in response
to EGF stimulation (Zhao et al., 2007), in which the PLD-generated PA acts upstream of
Ras by recruiting its immediate activator, Sos, to translocate to the plasma membrane.
Moreover, the ability of the MDA-MB-231 cells to migrate and invade matrigel is
dependent on PLD and mTOR (Zheng et al., 2006), suggesting that PLD contributes to
cell migration and invasiveness. These observations reinforce that PLD is a promising

target and inhibiting PLD activity is clinically attractive.
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Fig. 1. 1. The regulation of PIP5K by small GTPases.

Upon stimulation of cell surface receptors, GTP-bound small GTPases can regulate the
subcellular localization of PIPSK and activate it to generate PIP, locally. Regulation of
PIP5SK by Arf and Rho family GTPases is mainly involved in the regulation of vesicle
trafficking and cytoskeleton reorganization. PIP, can activate ARF-GAP to accelerate
inactivation of Arf, which indicates a negative feedback.
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Fig. 1. 2. The anti-defense role of Yops (Heesemann et al., 2006)

Signaling elicited by Yersinia infection is most likely initiated by a1 integrins and TLR-
2 and -4. As shown, Yop effectors inhibited three major signaling pathways at different
steps. YopH, a protein phosphatase, blocks the focal adhesion complex (FAC) formation.
af1 integrin- and TLR-2-activation also leads to activation of the GTPase Rho and Rac,
which can be inactivated by YopE, a GAP protein, or the cysteine protease YopT that
cleaves the C-terminal geranylgeranylated cysteine methyl ester. Inactivation of Rho and
Rac abrogates the cytoskeleton rearrangement required for phagocytosis, cell migration
and the oxidative burst. YopP (YopJ in Y. pseudotuberculosis) binds to MAP kinase and
IxB kinase B, and thus blocks the MAPK- and NF«kB-signal transduction pathways,
leading to downregulating the inflammatory and anti-apoptosis responses.
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Fig. 1. 3. Phospholipid metabolism by PLD (Jenkins and Frohman, 2005).
Phospholipase D (PLD) hydrolyzes the phosphodiester bond between the choline head
group and lipid backbone of phosphatidylcholine (PC) to release the pleiotropic lipid
phosphatidic acid (PA). PA can be further converted to lyso-phospatidic acid (Lyso-PA)
by phospholipase A or to diacylglycerol (DAG) by phosphatidic acid phosphatase. Lyso-
PA and DAG can also be metabolized to PA by lyso-phosphatidic acid acyltransferase
(LPAAT) and diacylglycerol kinase, respectively.
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Fig. 1.3
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Chapter 2
The role of PIP5Ka. in Y. pseudotuberculosis infection
The majority of this chapter has been submitted. Most data are generated by W. Su with
the help from Y. Zhang, J. Bliska, and P. Mena. PIP5K 0" mouse was a generous gift

from Y. Kanaho.

2.1 Summary

Phagocytosis is important in innate immune defense and also plays a vital role in the
initiation of the adaptive immune response. Phosphatidylinositol 4-phosphate 5-kinase
(PIP5K), the major enzyme responsible for phosphatidylinositol(4,5)P, (PIP,) production,
has been showed to be involved in many cell biological processes including
phagocytosis. Here, I describe the involvement of the a isoform of PIP5K in host defense
against Y. pseudotuberculosis. PIP5Ka”" macrophages show reduced phagocytosis of Y.
pseudotuberculosis and this reduction depends on Racl inactivation by the bacterial toxin
YopE. PIP5Ka”" mice are more sensitive to Y. pseudotuberculosis infection and also
have lower serum levels of the cytokine interferon y (IFNy) during later stage of
infection, with concomitantly higher bacterial splenic colonization levels. Unexpectedly,
PIP5Ko™ dendritic cells and macrophages have defects on the surface expression of
MHC class II molecules, suggesting that in PIP5K o mice, the CD4" T cells may not be
fully activated due to insufficient antigen presentation. Furthermore, the immunostaining
results show that the defect in MHC class II presentation is at least partially caused by a

trafficking problem. Contrast to what is in wt BMDMSs, MHC class Il is accumulated in
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the cis-Golgi network, and inefficiently goes to the trans-Golgi network in PIP5Ko™
BMDMs. Taken together, our findings reveal that a superficially redundant capacity for
PIP;, generation by multiple PIP5K isoforms is in fact a necessity for innate and adaptive
immune responses in the face of bacterial invasion mechanisms that subvert host

defenses.
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2. 1 Introduction

Infection by Y. pseudotuberculosis, a gram-negative pathogen, typically occurs
through consuming contaminated food products. The infection is frequently characterized
by self-limited local proliferation of the bacteria in the small intestine and the associated
Peyer’s patches and mesenteric lymph nodes (MLNSs), resulting in intestinal
inflammation that can be misdiagnosed as appendicitis (Naktin and Beavis, 1999).
However, enteric Yersinia can also disseminate systemically in patients with
hemochromatosis (EI-Maraghi and Mair, 1979). Host innate immune responses mediated
by neutrophils, macrophages and Natural Killer (NK) cells constitute the initial line of
defense. However, an adaptive immune response involving T-cell activation and
production of the cytokine IFNy is ultimately required for clearance of disseminated

Yersinia (Autenrieth and Heesemann, 1992; Parent et al., 2006).

Phagocytosis is a key step of the innate host defense against bacterial infection.
Neutrophils constitute the primary host defense cell responsible for the phagocytosis, but
macrophages also play a vital role. Uptake of Y. pseudotuberculosis by epithelial cells is
mediated by direct or indirect interaction of the bacteria with B1 integrin; the phagocytic
event then proceeds via a signaling pathway that involves many cellular components
including the small GTPase Racl (Alrutz et al., 2001; Black and Bliska, 2000; Wong and
Isberg, 2005a), which triggers changes in the actin cytoskeleton, secretion, and gene
transcription through different downstream effectors. Once bound to the macrophage
surface, however, Y. pseudotuberculosis attempts to block internalization by injecting a
set of proteins known as YopE, T and H into the macrophage. YopE and YopT block or

restrict Racl function, respectively (Wong and Isberg, 2005b). YopE, which is thought to
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be the more powerful factor (Viboud et al., 2006), functions as a GTPase-activating

protein to inactivate Rac1-GTP, converting it to Rac1-GDP (Black and Bliska, 2000).

One of the key effector functions of activated Racl is to recruit the enzyme Type |
phosphatidylinositol 4-phosphate 5-kinase (PIP5K) to sites of phagocytosis and stimulate
it to generate the lipid phosphatidylinositol (4,5)P, (PIP,) (Santarius et al., 2006). PIP,
facilitates many cellular processes including phagocytosis (Botelho et al., 2000; Pizarro-
Cerda and Cossart, 2004; Scott et al., 2005; Wong and Isberg, 2003), Toll-like receptor
signaling (Kagan and Medzhitov, 2006), nucleation of actin filaments (Niggli, 2005), and

regulated exocytosis (Haucke and Di Paolo, 2007).

The PIP5K enzyme family consists of three different isoforms, o, [, and y
(Doughman et al., 2003a). The mouse and human o and [ isoforms are named
reciprocally. Mouse PIPSKf (human PIP5Ka) has been reported to regulate Fcy receptor-
mediated phagocytosis by producing PIP, on the phagosomal cup to trigger local actin
remodeling (Coppolino et al., 2002), as demonstrated using overexpression of a kinase-
dead isoform to competitively inhibit the wild-type endogenous isoform (this inactive
isoform most likely competitively inhibits both the a and B isoforms due to sequence
similarity). Mouse PIP5Ka (human PIP5K[) also localizes to the phagosomal cup and
overexpression of it can bypass the inhibition of Y. pseudotuberculosis uptake by
bacterial toxin YopE(Wong and Isberg, 2003). Study of the a and 3 isoforms in other
systems has suggested that there may be partial overlap in their function, since both
localize to the plasma membrane (Padron et al., 2003) and stimulate actin comet tails

when overexpressed (Rozelle et al., 2000).
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PIP5K enzyme activity can also be recruited and stimulated by the small GTPase
ARF6 (Honda et al., 1999), and the inhibition of Y. pseudotuberculosis uptake caused by
YopE inhibition of Racl can be bypassed by increasing the expression level of ARF6 or
mouse PIP5Ka. It has been proposed that Racl is primarily responsible for the
recruitment of PIP5Ka to the phagocytic cup and ARF6 primarily responsible for the
activation of PIP5Ka based on overexpression studies (Wong and Isberg, 2003), but the

exact and potentially overlapping roles of the GTPases remains incompletely defined.

Taken together, these findings suggest a process defined by some level of
redundancy, in that there are three PIP5SK isoforms (o, B and y) that can generate PIP, at
the phagosomal cup during Y. pseudotuberculosis internalization, and two pathways

(ARF6 and Racl) through which the PIP5Ks can potentially be recruited and stimulated.

In this report, we examine the host response to Y. pseudotuberculosis infection using
mice deficient in PIP5SKa (human PIPSKf). Mast cells in PIP5Ka-deficient mice exhibit
only modest (<10%) decreases in cellular PIP, levels, but exhibit anaphylaxis secondary
to exaggerated levels of cytokine release after Fce receptor cross-linking (Sasaki et al.,
2005), caused potentially by increases in Fce receptor signaling or by decreased levels of
cortical actin. Extending the earlier reports that employed overexpression of dominant-
negative kinase-dead isoforms to competitively inhibit both PIPSKa and PIPSK[(
simultaneously, we demonstrate here that isolated PIP5Ka-deficiency suffices to
decrease Y. pseudotuberculosis phagocytosis by macrophages, but only when the bacteria
expresses the YopE toxin that inactivates Racl, providing new insights in the nature of

redundancy in this process. Moreover, we report that the PIP5Ka-deficient mice exhibit
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increased deep tissue dissemination and mortality when infected with Y.
pseudotuberculosis. Based on these and other findings, we suggest that the decreased
phagocytosis-mediated innate immune response in combination with decreased cell
surface expression of MHC Class II proteins on macrophages and dendritic cells leads to
a failure during the adaptive immune response to adequately stimulate T-cells to secrete
the cytokine Interferon-y (IFNy), which is vital in the host response against systemic

Yersinia proliferation (Autenrieth and Heesemann, 1992; Parent et al., 2006).

25



2. 2 Material and method
Genotyping

1 cm long sections of tails were cut from wt and PIP5Ko”" mice, and boiled in 0.5 ml
of 0.05 M NaOH for 20 min. Remove the sample from the heat and neutralized by adding
50 ul of a solution of 1M Tris-HCI (pH=8), and 10 mM EDTA. Vortex to mix. 1 ul of
supernatant was used as the template in a 20 pl PCR reaction with the following primers:
Wt forward, 5’-TCACTGTGTCAATGTGCCTTTAC;
Neo forward, 5’-CCTACCGGTGGATGTGGAATGTG;
Neo reverse, 5~ ACACAGGCAAATGAATCTGTGC.
Bacterial strains and culture conditions.

All Y. pseudotuberculosis strains are derived from 32777 (Simonet and Falkow,

null

1992). Wild-type (Yersinia), virulence plasmid-cured (Yop™ ), multiple Yop mutant
YopJTEH (encoding catalytic inactive YoplJ, T, E, H, and is also named as mJTEH) were
described before (Zhang et al., 2008). Individual Yop-inactive mutants, YopT™, YopE™,
YopH™ were constructed similarly as YopJTEH™. Where indicated, these strains also
carry the plasmid p67GFP3.1 (Pujol and Bliska, 2003). To induce expression of green
fluorescent protein (GFP), 0.5 mM isopropyl-B-D-thiogalactopyranoside (IPTG) was
included wherever indicated. To prepare bacteria for infection of tissue cultured cells,
overnight bacterial culture were diluted to an ODggy of 0.1 in Luria-Bertani (LB) broth
supplemented with 2.5 mM CaCl, and shaken at 37°C for a 2 h. To maximally induce the
expression of Yops before bacteria contacting with the cells, overnight cultures were

diluted to ODggp of 0.1 in LB broth containing 20 mM MgCl, and 20 mM sodium oxalate

and shaken at 26°C for 1 h followed by 2 h at 37°C. To determine the percentage of
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phagocytosis, bacteria were washed once and resuspended in pre-warmed HBSS and used
to infect macrophages at a multiplicity of infection (MOI) of 20. The plates were
centrifuged at 200g for 5 min to facilitate contact of the bacteria with the macrophages
and then incubated at 37°C for 20 min. To infect mice, overnight culture grown at 26°C
were washed and re-suspend in phosphate-buffered saline (PBS) at 5X10° colony
forming unite (CFU)/ml.
Infection of mouse

Female wild-type (wt) and PIP5Ko”™ mice of 8-10 weeks age, as has been described
before (Sasaki et al., 2005), were fasted for 16 h, then inoculated intragastrically with 200
ul of bacterial culture through a 20 gauge-feeding needle. Mice were provided with food
and water ad libitum thereafter. At indicated time post infection, or when death was
imminent, mice were euthanized by CO, asphyxiation. When indicated, blood was
collected through cardiac puncture, and separated into serum after centrifugation in Z-Gel
Micro tubes (SARSTEDT). Where indicated, mouse spleens and/or mesenteric lymph
nodes (MLNs) were dissected aseptically, weighed and homogenized in 4.5 ml of sterile
PBS or dispersed to separate into cell suspension in Dulbecco’s Modified Eagle Medium
(DMEM). Serial dilutions were plated on LB agar to determine bacterial colonization. All
animal procedures were approved by an institutional review board.
Culture of Bone marrow-derived macrophages and dendritic cells

Bone marrow-derived macrophages (BMDMs) were prepared as previously described
(Zhang et al., 2005). Briefly, the bone marrow cells isolated from two femurs were
seeded into 100-mm-diameter Petri dishes at 5x10° cells/plate in DMEM with high

glucose supplemented with 20% heat-inactive fetal bovine serum (FBS, Hyclone), 30%

27



L-cell-conditioned medium, 2mM | -glutamine, and 1 mM sodium pyruvate. After 5 days
of incubation at 37°C in an atmosphere of 5% CO, and one change of fresh medium, the
cells were collected in cold PBS, suspend in BMM-low medium (the same as above
except with 10% FBS and 15% L-cell-conditioned medium). Infection was carried out in
BMM-low medium. Racl inhibitor NSC23766 was used to pre-treat cells for 4 hours
before and during infection at the concentration of 100 uM in water. Bone marrow-
derived dendritic cells were prepared as has been described (Lutz et al., 1999). 2x10°
Bone marrow cells were incubated in RPMI-1640 medium containing 2 mM L-
glutamine, 1% sodium pyruvate, 50 uM B-mercaptoethanol, 10% FBS and 20 ng/ml GM-
CSF (R&D) for 7 days with two changes of the same medium. All tissue culture reagents
were purchased from Invitrogen unless otherwise specified.

Reverse transcription and polymerase chain reaction (PCR)

Total RNA was isolated from wt and PIP5Ka”~ BMDMs using RNeasy (QIAGENE),
and reversely transcripted to DNA by using Transcriptor First Strand cDNA Synthesis
Kit (Roche). The following primers were used in the PCR reactions, PIPSKa: forward,
5’-AAGTGTGTTCCTCCCCAGTG, reverse, 5’-GCCCATAGAATTTTGGCAGA;
PIP5K: for, 5’-CTTCTATGCTGAGCGGTTCC, reverse, 5’-
TGCTCAGTGGGTGAACTCG; PIP5Ky: forward, 5’-
CATCCAAGAAAGGACGTGGT, reverse, 5’-GGCTCCACCTGCACAGTTAT.
Immunofluorescence microscopy

Phagocytosis assay was performed as described previously (Zhang et al., 2008).
Before and during infection, the bacteria were induced to express GFP with IPTG. After

infection of BMDMs, the monolayer was fixed with 4% paraformaldehyde in PBS at
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room temperature. Non-internalized and partially internalized bacteria were identified
after immunolabeling with rabbit anti-Yersinia serum SB349 (1:1000) followed by Alexa
Fluor 647-conjugated goat anti-rabbit antibody (1:5000) (Molecular Probes) without
permeabilization. Percentage of uptake was defined as the number of internalized bacteria
relative to the total number of cell-associated bacteria. To visualize the surface
expression of MHC class II molecules from BMDMs, IFNy treated cells were fixed and
stained with anti-MHC 1II antibody from Santa Cruz (1:50) (sc-593222) and anti-rat
secondary antibody conjugated with AlexaFluor 488 (1:500). When indicated,
permeabilization was done by incubating with 0.1% Triton X-100 in PBS. Cis-Golgi
marker anti-GM130 (1:50), and trans-Golgi network marker anti-TGN38 (1:50) were
from Santa Cruz. Other antibodies were from Cell Signaling.
Measurement of Cytokine levels

Macrophages (2.5 x 10°/ml) were infected in 24-well plates. 2 h post-infection,
medium was collected after centrifugation for 5 min at 200 x g. The cytokine levels were
measured by cytokine antibody array (Raybio. Cat. No. AAM-CYT-2-8). TNF-a
concentrations in post-infection sera were measured with Quantikine Mouse TNF-a
Immunoassay (R&D Systems) following the manufacturer’s instructions. IFN-y
concentrations were determined with mouse [IFNy MAX set Deluxe kit (BioLegend).
Western blot analysis

Macrophages (1 x 10° cells/well) were infected in 6-well plates. Cell lysates were
prepared by boiling in 1x Laemmli sample buffer and were resolved with 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. For checking MHC class II level,

cells were lyzed by RIPA buffer and short spin at 5000x rpm for 5 min. The supernatants
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were diluted by 2xSDS-urea sample buffer. Western blotting with commercial primary
antibodies was performed as suggested by the suppliers. Anti-phospho-ERK, anti-total
ERK, and anti-a tubulin were from Sigma. Anti-MHC II antibody were from Santa Cruz.
Other antibodies were from Cell Signaling. Secondary antibodies used were conjugated
with Alexa Fluor 680 (Molecular Probe) or IRDye 800 (Rockland). Signals were
collected using an Odyssey VI scanner (Li-Cor Biosciences).
Peritoneal neutrophil isolation and bacterial killing

8-10 weeks-old wt and PIP5K™ mice were i. p. injected with 3% thioglycollate. 4
hours later, HBSS was used to wash peritoneum three times, and fluid was collected in
Falcon tube followed by centrifugation at 1000xrpm for 5 min. Cell pellets were washed
by PBS twice by centrifugation, and then 5x10° cells per ml were resuspended in DMEM
with 10% FBS and plated in al2-well plate. Infection was performed as described above.
Briefly, cells were incubated with bacteria at MOI=20 for 1 hour and half. The same
amount of bacteria incubated in the well without cells were used as control. After
incubation, adding 1ml of HBSS containing 0.1% of TritonX-100 lysed cells. 100 ul of
lysate was taken to do the serial dilution, and then plated in the LB agar to determine the
baterial number.
Flow cytometry

Cell suspension was prepared from un-infected or infected spleens. Infected samples
were treated with Penn/Strep for 20 min on ice. Then red blood cells were lysed with 144
mM of ammonium chloride (pH7.4). After washing in DMEM, single splenocyte
suspension was prepared by passing through a 70 um Cell Strainer (BD Falcon). To assay

for neutrophil/monocyte and T cell content, one million splenocytes were resuspend in
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fluorescence-activated cell sorter (FACS) buffer (0.2% bovine serum albumin and 0.02%
NaNj in PBS) and incubated with anti-mouse CD16/CD32 (FcyIII/II Receptor) clone
2.4G2 (BD Pharmingen). Then the cells were labeled at 4°C for 30 min with R-
phycoerythrin (PE) anti-mouse Ly-6G/Ly-6C (Gr-1, clone RB6-8C5) or Alexa Fluor488
anti-mouse CD3¢ (Clone 145-2C11). The cells were washed twice with FACS buffer
after centrifugation and fixed with 1% formalin in PBS. At least 10,000 events were
acquired using a BD FACSCaliber. Data were analyzed with CellQuest and Winlist.

To assay MHC 1I surface expression, BMDCs, or BMDMs treated with IFNy or
vehicle for 24 hours were collected in ice-cold PBS. Cells were labeled with Alexa
Fluor647-conjugated anti-mouse I-A/I-E (clone M5/114.15.2), BMDCs were co-stained
with Alexa Fluor488-conjugated hamster anti-CD1lc (clone N418). Samples were
analyzed without fixing and dead cells were excluded after staining with lug/ ml
propidium iodide (PI). Isotype-matched antibodies were used in all cases to control for

nonspecific binding. Antibodies were from BioLegend unless specified.
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2. 4 Results
Macrophages derived from PIP5K ¢’ mice exhibit a phagocytosis defect upon V.

pseudotuberculosis infection.

PIP5K has been reported to play a role in phagocytosis, and macrophages are
important phagocytes in innate immunity. To examine whether the selective elimination
of PIP5Ka impacts in the phagocytosis process, I examined Y. pseudotuberculosis uptake
by bone marrow-derived macrophages (BMDMs) as experimental model system. To
make sure there is no compensation from other isoforms of PIP5K, the transcription
levels of PIP5Ka, B and y were examined using reverse transcription followed by PCR.
In PIP5Ka”~ BMDMs, there was no PIP5Ko message detected, but PIPSKM and y

showed similar expression levels in comparison with those in wt BMDMs (Fig. 2. 1A).

In uptake assays, BMDMs isolated from wt and PIP5Ko”” mice were incubated with
GFP-expressing wt Yersinia or Yop™! Yersinia at a MOI of 20 for 20 minutes and fixed.
Bacteria on the outer surface of the macrophages were identified by labeling them with
anti-Y. pseudotuberculosis antibody, as shown in blue in Fig. 2. 1B, whereas the
phagocytosed bacteria remained unlabeled by the antibody and hence appear green.
Phagocytic index was calculated as a ratio of the number of internalized bacteria to the
total number of bacteria taken up or still externally bound. Binding of wt and Yopnull
bacteria to wt and PIP5Ka™” macrophages was indistinguishable (Fig. 2. 1C, bottom);
however, differences were observed in phagocytosis rates (Fig. 2. 1C, upper). For wt
macrophages, approximately 50% of the wt Yersinia were internalized and 50% remained
on the surface. This ratio reflects Yop-mediated resistance to the internalization process,

null

Yersinia, 80% of the bacteria bound were internalized in the same
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time-frame. Macrophages from PIP5Ko” mice phagocytosed 30% less wt Yersinia than
wt macrophages (p< 0.01). However, the PIP5Ko ™ and wt macrophages phagocytosed
similar amounts of the Yop™' Yersinia. These data suggested a setting of cryptic
redundancy - that PIPSKo is required only when the Yersinia are actively resisting
phagocytosis using their Yop toxin system. To pursue this observation further, the
Yersinia were cultured under conditions that lead to super-induction of the Yop proteins.
In this setting, binding of the bacteria to the wt and PIP5Ko ™ macrophages remained
similar (Fig. 2. 1D), but the deficit in phagocytosis was even more pronounced (Fig.
2.1D, upper), with the PIP5K o macrophages internalizing even fewer bacteria, and less
than 50% of that engulfed by wt macrophages (p< 0.01). In contrast, similar rates of
phagocytosis in wt and PIP5Ko ™ macrophages were observed for a Yersina strain
bearing a virulence plasmid that encoded catalytically-inactive mutants of Yops J, H, E,
and T (mJHET), the four Yops that target phagocytosis as part of their mechanism of
action, thus identifying one or more of them as the factor that synergizes with PIP5Ka

deficiency to decrease uptake.

PIP5Kea is required for efficient uptake of Y. pseudotuberculosis when Racl activity is

inhibited.

As shown in the previous section, the requirement for PIPSKa in phagocytosis
manifests only when Yersinia Yop toxin proteins cripple macrophage function in parallel.
There are multiple Yop proteins that individually target many different host response

steps (Viboud and Bliska, 2005). To identify the Yop protein that uncovers the
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requirement for PIP5SKa in phagocytosis, I tested the efficiency of uptake of Yop mutant
strains that individually express catalytically-inactive alleles of YopE, YopH, or YopT
respectively. Binding of the bacteria to macrophages was unaltered; however, differences
in phagocytosis were observed (Fig.2.2A). As above, the PIP5Ko ™ macrophages
exhibited a 35-45% defect in phagocytosis of wt Yersinia relative to wt macrophages, and
this difference persisted in the absence of active YopT and YopH, even though the
overall rates of phagocytosis modestly rose for macrophages from both mouse genotypes.
However, the mutant bacterial strain lacking active YopE (YopEina) was taken up by
PIP5Ka™ macrophages just as efficiently as it was by wt macrophages (Fig. 2.2A), and
with approximately the same efficiency as when all of the Yops were absent (Fig. 2.1C).

These results identify YopE, a GAP protein that triggers Racl deactivation, as the key

signaling pathway component.

To confirm this finding, we employed NSC23766, a chemical inhibitor of Racl, to
pre-treat wt and PIP5Ko ™ macrophages, and measured the uptake efficiency using the
mutant strain lacking active YopE. As above, both wt and PIP5Ka”™ macrophages
exhibited efficient uptake of the bacteria in the absence of the inhibitor (Fig. 2.2B). In the
presence of the inhibitor, however, PIP5Ka”" macrophages phagocytosed 30% less

bacteria than wt macrophages, consistent with our previous observations.

Taken together, these results demonstrate that PIPSKo is important for Y.

pseudotuberculosis uptake in the setting of Rac1 inhibition.
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PIP5K« deficiency does not alter signaling pathways or release of pro-inflammatory
cytokines and factors by macrophages.

Besides acting as professional phagocytes, macrophages also play critical roles in
mounting immune responses such as producing pro-inflammatory cytokines. To assess
whether lacking of PIP5SKa results in other defects on the function of macrophages,
BMDMs from wt and PIP5Ko”” mice were exposed to Y. pseudotuberculosis, and MAPK
and NFxB activation were examined as shown in Fig. 2. 3A. For uninfected cells of
either genotype, the levels of phosphorylation of JNK, p38, and ERK were undetectable,
and the level of NF«kB’s inhibitor, IkB, was high, signifying low levels of NFxB activity
(Fig. 2. 3A; quantitation shown in B and C). infection with wt Yersinia for 20 min
triggered transient phosphorylation of JNK, p38, and ERK, and NFxB activation (as
monitored by IkB down-regulation) in wt BMDM cells. Activation was also assessed in
response to mutant Y. pseudotuberculosis cured of its virulence plasmid and thus lacking
the ability to express Yop proteins (Yop“”“); these bacteria lack the ability to suppress
JNK, p38, and ERK activation, and even higher levels of phosphorylation (and greater
levels of IkB degradation) were seen in response to bacterial infection. No significant
difference was observed in MAPK phosphoylation and NFxB activation between wt and
PIP5Ko ™ macrophages, suggesting that the intrinsic signaling pathways triggered by
Yersinia mainly via activation of the Toll-like receptors (TLR)-2 and 4 is intact in
PIP5Kao ™ macrophages.

PIP5Ka deficiency was reported to increase degranulation and cytokine production
after Fce receptor cross-linking in mast cells. To examine pro-inflammtory factors

secretion by macrophages, I used an array approach to measure those cytokines and
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factors known to be released by stimulated macrophages (Fig. 2. 3D). No statistically
significant difference was observed. These data suggest that the release of
proinflammatory and bactericidial factors by macrophages in PIP5Ka™”™ mice is similar to

that of wt mice.

PIP5Ka does not affect the function of neutrophils during Y. pseudotuberculosis

infection.

Neutrophils mount the initial defense mechanism against Y. pseudotuberculosis by
engulfing them or by releasing antimicrobial factors via degranulation. PIP5Ka
deficiency has been reported to promote degranulation by mast cells (Sasaki et al., 2005),
suggesting that it could affect this process in neutrophils. To test whether PIPSKa-
deficiency affects the killing ability of neutrophils, I isolated thioglycollate-elicited
neutrophils from the peritoneal fluid of wt and PIP5Ko”" mice and incubated them with
Y. pseudotuberculosis. On average, 22% of the bacteria were killed by wt neutrophils,

and similar results were obtained from the PIP5K o™ neutrophils (Fig. 2. 4A).

Intact killing ability does not necessarily mean that the PIP5Ka™™ neutrophils are
completely functional. A key characteristic of neutrophils involves their ability to follow
chemotactic cues to sites of inflammation to gain proximity to pathogens. To examine
neutrophil chemotaxis and recruitment to the spleen during the infection process, we
isolated splenocytes from the infected mice and performed FACS analysis to quantitate
the number of neutrophils recruited to spleens upon Y. pseudotuberculosis challenge.

Statistically similar numbers of neutrophils (Grl" cells) were recruited to the spleens of
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wt and PIP5Ka”™ mice at both day 3 and day 6 after infection (Fig. 2. 4B). Taken
together, these data indicate that neutrophil recruitment is normal in PIP5K0o " mice in the

setting of infection and that the neutrophils appear to function normally.
PIP5Ka’ mice exhibit increased susceptibility to Y. pseudotuberculosis infection.

Oral inoculation of mice with Y. pseudotuberculosis results in lethality in a dose-
dependent manner. Infection with Y. pseudotuberculosis lacking the YopE toxin greatly
reduces the mortality rate (Black and Bliska, 2000; Viboud et al., 2006), indicating a
critical role for activated Racl in resistance to pathogenesis. My previous data show that
PIP5Ka has an an irreplaceable role in the phagocytosis of Y. pseudotuberculosis when
bacterial toxin YopE is present. To test if PIP5Ka plays a real role in Y.
pseudotuberculosis infection in vivo, age-matched PIP5Ko”™ mice and wild-type (wt)
mice were administered Y. pseudotuberculosis orally at a dose of 5x 10® CFU/ mouse and
monitored for 21 days.

As anticipated at this dose of infection, the wt mice exhibited significant but limited
mortality, with 15% of the mice dying between 8-10 days post infection (Fig. 2. SA). The
PIP5Ko”" mice, however, exhibited substantially greater susceptibility to the infection,
with mortality beginning at day 3 and continuing on throughout the period of observation,
ultimately reaching 65% by day 20. Thus, PIP5Ka plays a protective role in Y.
pseudotuberculosis infection that is not fully compensated for by the remaining isoforms,

PIP5K and y.

Increased numbers of bacteria in the spleens of PIP5K &’ mice by day 6 post infection.
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Dissemination to deep tissues such as the spleen and then explosive local proliferation
is the primary mechanism via which death ensues for animals infected by Y.
pseudotuberculosis (Carter, 1975; Naktin and Beavis, 1999). To examine the rate and
extent of deep tissue invasion in the PIP5Ka™™ mice as a potential cause for their
accelerated and exaggerated mortality, spleens were isolated from wt and PIP5Ko " mice
at days 3 and 6 after infection as above. At day 3, slightly elevated but not statistically
different numbers of Y. pseudotuberculosis were found in the spleens of PIP5Ko”™ mice
in comparison to the spleens of wt mice (Fig. 2. 5B, p=0.63). The difference was
dramatic though by day 6 post infection, when 25-fold more Y. pseudotuberculosis was
found in the PIP5Ko™ spleens than in the wt spleens (8.9x10° versus 3.4x10*
CFU/spleen, p<0.01), indicating either that more bacteria were disseminating into the
PIP5Ka”™ deep tissues from the intestinal tract, or that the PIPSKo™™ mice were
exhibiting defective bacterial clearance in the spleen. Regardless, this finding provides an

explanation for the increased mortality observed for the PIP5K o mice.

Oral ingestion of Y. pseudotuberculosis at sufficient doses leads to bacterial
infiltration of the Peyer’s patches within 24 hours in wt mice. The Peyer’s patches are
frequently unable to contain the infection, resulting in bacterial invasion of the MLN, the
final and key barrier to preventing deep tissue dissemination (Carter, 1975). To test the
possibility that the increased number of bacteria in the spleens of the PIP5Ko”" mice at
day 6 post infection ensued from overwhelming bacterial proliferation in the MLN, the
number of bacteria in the MLN was examined. No significant difference was found
between the wt and PIP5K o mice at either day 3 or 6 (Fig. 2. 5C). These data indicate

that Y. pseudotuberculosis spread to and replicate in the MLN of wt and PIP5Ko” mice
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at comparable rates, suggesting that differences in invasion of the Peyer’s patches, spread
to the MLN, and local proliferation there do not underlie the profound increase in deep

tissue dissemination displayed by the PIP5K o mice.
Diminished IFNy level in infected PIP5Ka™ mice.

TNFa and IFNy are two key cytokines protecting host against Y. pseudotuberculosis
infection. Mice inoculated with Yersinia respond in the early, innate, phase of the
infection by producing the cytokine TNFa, which is critical for host survival (Autenrieth
and Heesemann, 1992; Parent et al., 2006). Low levels of the cytokine IFNy[] that
stimulates macrophages to upregulate MHC II expression, are also released by NK cells,
enabling efficient presentation of antigens to CD4'-T-cells and activation of the adaptive
immune response. The stimulated CD4 -T-cells then release large amounts of IFNy,
which is critical for preventing overwhelming bacterial proliferation and death, as has
been demonstrated by neutralizing the IFNy during on-going infections (Autenrieth and
Heesemann, 1992; Parent et al., 2006). In the murine oral infection model, the serum
concentrations of TNFa and IFNy form a linear relationship with bacterial colonization
levels in the spleens following logarithmic transformation (Y. Zhang, unpublished
observations). To examine whether PIP5Ka”™ mice have normal levels of TNFo and
IFNy in response to Y. pseudotuberculosis infection, I collected serum on day 3 and 6
post-infection for wt and PIP5Ka”™ mice and plotted serum levels of TNFo and IFNy in
relationship to the level of bacterial infection (Fig. 2. 6A and B). On day3, the plots of
log [serum TNFa]-logCFU of wt and PIP5Ka™" essentially overlaps. On day6, the slopes

of the lines remain the same, yet the y- intercepts increased, suggesting that cells
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secreting more TNFa, or more cells or cell types participating in TNFa secretion at the
later stage of infection. In any case, TNFa release increased in proportion to bacterial
infection, but did so to similar extents in wt and PIP5Ko ™ mice; thus a defect in TNFa

release in response to bacterial loading is not readily apparent.

The linear relationship between log[serum IFNy] and logCFU, however, indicates that
PIPSK” mice may be deficient in mounting a pro-inflammatory response against
Yersinia. At day 3, IFNy levels were increased above the undetectable levels observed in
control mice, but were still relatively low. The two lines derived from wt and PIP5Ko ™
mice are similar with a pooled slope of 0.21(Fig. 2. 6B), indicating that initially, IFNy
was produced similarly in both mouse types. From day3 to day6, in wt group, the IFNy
levels had risen by 20-fold on average and the slope of the line increased from 0.21 to
0.52 (p=0.038), consistent with the hypothesis that the cells of the adaptive immunity, e.
g., T cells are more effective than the cells of innate immunity such as NK cells in IFNy
secretion. The rates of increase in IFNy levels in wt and PIP5Ko " mice in proportion to
bacterial load were almost identical (slopes of the lines shown in Fig. 2. 6B, p=0.95),
signifying a similarly proportionate response by both genotypes, which also indicates that
once activated, T cells in PIP5Ko™™ mice secret IFNy as efficiently as that of wt.
However, the y-intercepts of the lines were significantly different (p<0.05), revealing that
at any given level of bacterial load, IFNy release in PIP5Ko ™" mice is approximately 3-
times less than that in wt mice. This finding of diminished IFNy release in the face of

mounting bacterial sepsis provides a reasonable basis for the observed more frequent
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mortality of the PIP5Ka”™ mice (Fig. 2. 5A), and suggested that there were fewer T-cells

responding to the infection or that the T-cells were responding less well.

T cell contents of spleens were similar between wt and PIP5K &’ mice.

T cells are the major source of IFNy upon bacterial infection. T cells can be classified
into two types: CD4" that is a marker for T helper cells; and CD8" cells that are cytotoxic
T cells. CD3 is a part of the T cell receptor complex, often used as a pan-T cell marker.
To check whether the T cell content is normal in PIP5Ka™ spleens, splenocytes were
isolated, and T cells were detected by anti-CD3, anti-CD4, and anti-CD8 antibodies. No
obvious difference was observed between wt and PIP5Ka”™ mice (Fig. 2.7A). Slightly
more CD8" cells were found in PIP5Ka™ spleens (12.8%) than wt (10.3%), but the

difference was not statistically significant.

In some circumstances, T cells are activated or recruited to affected tissues upon
bacterial infection. To test this possibility, spleens were isolated from infected wt and
PIP5Ko”" mice. T cells were labeled by anti-CD3, and analyzed by flow cytometry.
Similar numbers of CD3-positive cells were observed in wt and PIP5Ko ™ spleens on
day3 or day6 post-infection (Fig. 2. 7B). Further dissecting each T cell population by
labeling CD4" and CD8" cells found similar T cell contents in wt or PIP5Ka™" spleens at
day6 after infection (Fig. 2. 7C). These data suggest that there is no defect in T cell
content in PIP5Ka”" mice either before or after infection. It is interesting to notice that Y.
pseudotuberculosis infection did not cause any obvious T cell recruitment while the

percentage of T cells in infected spleens is actually lower than that in uninfected spleens
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(29% versus 17.4% in wt mice), suggesting either Yersinia inhibits T cell recruitment or
other immune cells are recruited into spleen leading to increased total cell number.
Overall, these data rule out the possibility that fewer T cells responding to infection cause

lower IFNy in PIP5K” mice.

Lower levels of MHC class Il on the surface of the antigen presenting cells (APCs) of

PIP5K &’ mice.

Antigen presentation is a key step to link innate and adaptive immunity and activate T
cells. Defective antigen presentation could be another possibility for poor T cell
responses in PIP5Ko ™" mice. Major histocompatibility complex class II (MHC II)
molecules are expressed in antigen presenting cells (APCs) i. e. dendritic cells (DCs) and
macrophages, and responsible for presenting proteins such as those found on bacteria.
Therefore, we set out to determine the levels of MHC class II molecules on the surface of
BMDCs or BMDMs. In vitro differentiation of wt bone marrow cells with
granulocyte/macrophage-colony stimulation factors (GM-CSF) for 7 days results in MHC
class II molecules expressed in 70% of CD11c" cells, in contrast, only 44% of CD11c"
cells from PIP5Ko” mice express MHC class II molecules (Fig. 2. 8A), and this
difference in percentage is statistically significant (p<0.05)(Fig. 2. 8B). This finding
suggests that PIPSKa plays a part in antigen presentation, an unexpected novel function

of PIP5K .

To further confirm the MHC II presentation defect in PIP5Ko” cells, I also examined

the MHC class II level on the surface of BMDMs. They normally express low level of
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MHC Class II on their surface (Fig. 2. 8C). After 24 hours of exposure to I[FNy, however,
wt macrophages increased their surface level expression of MHC Class II by
approximately 35-fold. A smaller increase in expression of approximately 20-fold was
observed for the PIP5Ka™ macrophages (Fig. 2. 8C). On average, the MHC class II
signal on the surface of PIP5Ko”” BMDMs is 37% lower than that of wt cells (Fig. 2.

8D).

The IFNy signaling pathway proceeds via STAT phosphorylation and triggers
transcriptional upregulation of both MHC II and other response components including
iNOS, to produce NO. No differences in STAT phosphorylation in response to [IFNy were
observed for PIP5Ka™ macrophages in comparison to wt macrophages, and iNOS
upregulation was similar between the genotypes as well (Fig. 8E). These data indicate
that the IFNy signaling pathway is intact in PIP5Ka”~ macrophages and that downstream
target transcriptional responses appear to be normal.

Collectively, these results demonstrate that these two major types of APCs from
PIP5Ko”" mice are defective for surface expression of MHC class II molecules. With
lower levels of MHC class II molecules on the surface of the APCs, the CD4" T cell
response in PIP5Ko” mice is rendered less effective, thereby providing an explanation
for the decreased serum levels of IFNy in PIP5K o mice during a later stage of Y.

pseudtotuberculosis infection.

PIP5Ka may affect the translocation of MHC class 11 to the plasma membrane.
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To address how PIP5Ka affects the surface expression level of MHC II, confocal
immunofluorescent examination of the macrophage cells was then performed. Anti-MHC
Class II staining of non-permeabilized wt BMDMs revealed a strong pattern of cell-
surface expression (Fig. 2. 9A). Consistent with the FACS analysis shown in Fig. 8B, a
marked reduction in cell-surface MHC Class II protein was observed for PIP5Ko ™
BMDMs (Fig. 2. 9B). When the immunostaining was performed on permeabilized
BMDMs, cytosolic, vesicular-appearing, localization of MHC II was noted for both the
wt (Fig. 2.9C) and PIP5Ka™ (Fig. 2. 9D) cells, suggesting that the lack of plasma
membrane localization in PIP5Ka”~ BMDMs ensued from an alteration in MHC II
trafficking and distribution rather than changes in transcription. Confirming this
observation, western blot analysis of MHC II revealed a modest but not substantial
decrease in total MHC in the PIP5Ka”” BMDMs in comparison to the wt BMDMs (Fig.

2. 9E).

MHC Class II proteins are synthesized in the endoplasmic reticulum (ER), become
glycosylated in the Golgi, and then cycle between the plasma membrane, endosome
recycling compartments, and lysosomes to acquire processed antigen for presentation to
T-cells. Marker analysis was used to determine the nature of the MHC II altered
localization. Analysis of wt BMDMs revealed extensive co-localization of the cytosolic
vesicular MHC II immunostaining with GM130, a cis-Golgi resident protein (Fig. 2.
10A), and possibly a small amount of co-localization with TGN38 (Fig. 2. 10C), a marker
for the trans-Golgi. A high degree of co-localization of MHC II with GM130 was also
observed for PIP5Ko~ BMDMs (Fig. 2. 10B), but little or no co-localization was

observed with TGN38 (Fig. 2. 10D). Significant amounts of co-localization were not
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observed in either genotype with EEA1, a marker for early endosomes, or LAMP-1, a
marker for lysosomes (Fig. 2. 10E and F). These findings indicate that MHC Class 11
proteins either decrease their rate of exiting the cis-Golgi compartment in PIP5Ka™"
BMDM, or that their rate of turnover is dramatically increased upon exit once they
proceed to begin cycling between the plasma membrane and the endosome and lysosome

compartments.

Taken together, this work reveals expected and unexpected roles of PIP5Ka in host
defense again Y. pseudotuberculosis: phagocytosis and MHC II presentation. Both of

them may contribute to the phenotype shown in PIP5Ka™"™ mice.
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2. 4 Discussion

The PIPSK lipid kinases play regulatory roles in many signal transduction-mediated
cell biological processes by producing the pleiotropic signaling lipid PIP,. PIP, can be
generated from several types of enzyme families in addition to the PIP5KSs, and there are
three PIP5SKs with considerable sequence conservation; hence it is only relatively
recently, with the availability of knockout animals, that the roles uniquely performed by

each source of PIP, generation have begun to be defined.

Initial studies have suggested that the individual enzymes perform at least some
isoform-specific functions through regulating subcellular compartmental production of
PIP,. Disruption of PIP5Ky hinders both fusion of secretory vesicles into the plasma
membrane during regulated exocytosis and their recycling via endocytosis, resulting in
early post-natal lethality due to diminished release of synaptic neurotransmitters (Di
Paolo et al., 2004). In contrast, disruption of the mouse PIP5Ka isoform is not lethal, and
in fact results in increased regulated exocytosis by mast cells (Sasaki et al., 2005),
potentially secondarily to exaggerated signaling through IgE receptors and / or because
the cortical actin cytoskeleton network that serves in part to restrict exocytosis (Vitale et
al., 2001) in mast cells is only partially intact in the absence of the pool of PIP, generated
by PIP5Ka. In this study, we examine the potential role of PIP5SKa in bacterial infection
using Y. pseudotuberculosis as our model system. We show that PIP5Ka is important in
the host response against Yersina, but only a subset of the many potential roles for PIP,
generation in this setting appear to be affected by the disruption. More specifically, we
uncover a requirement for PIP5Ka in macrophage phagocytosis in the context of a

bacterial toxin that blunts PIP, production, in the expression of surface MHC II by
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macrophages and DC cells, and in the production of IFNy by T-cells, although the latter

may ensue from the first two consequences.

As reported previously (Coppolino et al., 2002; Wong and Isberg, 2003), PIP5Ka and
B accumulate at nascent phagosomes during uptake of bacteria and IgG-coated beads, and
overexpression of kinase-dead versions of either isoform impairs phagocytosis, most
likely through blocking the action of both PIP5SKa and B simultaneously. We show here
that under artificially favorable circumstances, i.e. uptake of crippled Yersina lacking the
ability to express the Yop proteins that help the bacteria to resist phagocytosis, PIPSKa is
dispensable for the phagocytic process. However, Yersinia normally express these
proteins, which convert the bacteria from ones incapable of causing pathogenesis, to ones
associated with significant morbidity and mortality. YopE in particular disables Racl,
which has many downstream effectors. However, the observation that the decreased
phagocytosis in the presence of YopE can be bypassed by overexpression of PIPSKa or
ARF6 in Cosl cells suggests that it is activation of PIP5K that is the critical downstream
effector pathway hampered when Yersina YopE targets Racl. We show here that
disruption of PIP5Ka combined with inactivation of Racl by YopE decreases
phagocytosis substantially further, indicating that activation only of PIP5KP by ARF6
alone is even less capable of providing sufficient PIP, for efficient Yersina uptake to
occur. This observation provides insight into both the unique and redundant mechanisms
concerning PIP, production during phagocytosis and the mechanisms underlying
resistance to bacterial deep tissue invasion. Mobilization of PIPSK3 by ARF6 and Racl
suffices to provide the PIP, required for the phagocytic process under benign

circumstances, but in the setting of bacterial toxins that cripple the stimulatory input from
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Racl, enzymatic contribution from PIP5Ka becomes requisite. It will be interesting to
see if a similar outcome is observed for PIP5SKf knockout and combined o/f knockout

mice.

In the course of these studies, we failed to observe obvious changes in the actin
cytoskeleton of macrophages in the PIP5Ko”” mice (data not shown), in contrast to what
we reported previously for mast cells undergoing degranulation (Sasaki et al., 2005).
However, it should be noted that the highly elegant studies that have been documented on
actin rearrangement at the phagosomal cup have been conducted using very large IgG-
coated latex beads that become phagocytosed slowly (Botelho et al., 2000), which
exaggerates the actin accumulation and makes possible its visualization. Yersinia bacteria
are ~ 1% the size of these beads and are phagocytosed quickly, making it impractical to
image actin accumulation during an individual uptake event. Although we have no direct
evidence for it, it is nonetheless possible that disorganization of the actin cytoskeleton at
the phagosomal cup is the effector pathway downstream of the PIP, deficiency that
hinders uptake. It should also be noted that the signaling pathways associated with
phagocytosis and the phagocytic process itself differ according to the initial binding
event. For example, the pathways triggered by binding of IgG-coated beads to Fc
receptors are different in part from those triggered by Yersinia binding to B1 integrin, in
particular in potential with respect to steps involving needs for synthesis of PIP, (Pizarro-

Cerda and Cossart, 2004).

We also examined signaling pathways known to be activated by binding of Yersinia
to the macrophage surface via B1-integrin and ensuing LPS stimulation. Again in contrast

to what we previously reported for mast cells stimulated by cross-linking of IgE
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receptors, we did not see exaggerated levels of signal transduction or exaggerated levels
of regulated exocytosis. This finding suggests that the signaling outcome to
compartment-specific deficiencies in PIP, will depend on the specific signaling network
under examination. Consistent with the prior report on mast cell recruitment in allergic
settings, we did not see alterations in chemotaxis under the infectious stimulatory setting
examined here. PIP, production by PIP5K has been well described as having a role in
chemotaxis, but it may be necessary to examine the PIPSK[P knockout or the double

knockout mice to provide explanation for the lack of effect we observed here.

Decreased bacterial uptake in itself suffices to explain the increased mortality
observed in the PIP5Ka ™" mice. To illustrate this point, Yersina lacking active YopE are
not capable of causing pathogenesis even at very high levels of inoculation (Black and
Bliska, 2000), whereas the 40% decrease in phagocytosis caused by active YopE
expression triggers a pathogenic outcome at sufficiently high levels of inoculation. The
further 30% decrease in phagocytic rate that we observe here for the PIP5Ko™
macrophages would be anticipated to accelerate bacterial replication, converting a
survival inoculation into a lethal one. Nonetheless, the host response is more complex
than the innate immune component of phagocytosis alone: two cytokines, TNFa and
IFNy, have been identified as being critical in the resistance to Yersinia deep tissue
dissemination and proliferation in the setting of significant but subpathogenic levels of
inoculation. Neutralization of these cytokines leads to uncontrolled bacterial replication
and subsequent death (Autenrieth and Heesemann, 1992). The levels of TNFa release
appeared normal, but IFNy release was decreased, despite normal T-cell recruitment to

the spleen. We can not rule out the possibility that the PIP5Ko T-cells have a defect in
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regulated exocytosis of IFNy. However, such a mechanism is not suggested by our prior
report on mast cells performing regulated exocytosis, and thus we favor the hypothesis
that the T-cells are being inadequately stimulated by the macrophages and dendritic cells,
since decreased phagocytic uptake of the bacteria would lead to decreased antigen
presentation, and this in combination with decreased cell-surface MHC class I
expression by the macrophages and dendritic cells could lead to the proportional but
blunted T-cell response at every level of bacterial infection. Taken together, these
findings describe a disruption in the PIP5Ko”" mice of progression from the innate

immune response to the adaptive one during Yersina infection.

The blunted cell surface MHC 1II expression of proteins on PIP5Ko ™ macrophages
and dendritic cells was unexpected. It will be interesting to explore the mechanism
underlying this response, which could involve a novel role for PIP, synthesis in egress of
MHC II proteins from the cis-Golgi, or a novel role related to rates of MHC II turnover
during cycling between the plasma membrane and compartments in which it acquires

processed peptides.

The shift in ratio of bacteria bound to the outer surface of the macrophages versus
being internalized may have an additional consequence. The route of enteropathogen
dissemination into deep tissues is not well understood (Barnes et al., 2006) - the two main
hypotheses are that the bacteria travel either as free agents to the deep tissues, or that they
are carried to the deep tissues by macrophages and related cells. It is possible that the
PIP5Ka”™ macrophages act as cargo carriers to the distal tissues for bound but un-

phagocytosed bacteria that subsequently detach and replicate locally.
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Finally, in preliminary studies, we have observed that the PIP5Ko™ mice appear less
susceptible to infection by Listeria monocytogene, a gram-positive pathogen that lacks
Yop proteins and replicates intracellularly. This finding suggests that the requirement for

PIP5Ka may depend on the invasive nature of the infectious organism.
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Fig. 2. 1. PIP5Ka” macrophages phagocytose fewer Y. pseudotuberculossis in
comparison to wild-type BMDM.

A) RNA was extract from macrophages derived from wt or PIP5Ka”™ mice, and levels of
PIP5Ka, B, and y message were detected by reverse transcription followed with PCR. B)
BMDMs were incubated with GFP-expressing Y. pseudotuberculosis or its virulence
plasmid-cured derivative (Yop™") at a MOI of 20 for 20min and then washed with PBS
and fixed. Bacteria bound to the surface of the macrophages were labeled using anti-Y.
pseudotuberculosis and appear blue. F-actin staining using rhodamine-phalloidin was
used to visualize macrophage actin (red). C) Bacterial uptake (phagocytic index) was
determined for each experiment using the following calculation: %uptake = [internalized
Yersinia (green color) / total Yersinia (internal Yersinia + extracellular Yersinia (blue)].
Bacterial binding was defined as the total number of cell-associated bacteria (internal +
external) relative to the number of macrophages. D) Wt and mutant (expressing inactive
alleles of Yops J, H, E, and T) Y. pseudotuberculosis denoted mJTEH were cultured in
low calcium and high magnesium to up-regulate Yop expression and incubated with
BMDM at a MOI of 20. The phagocytic index was determined as above. Data are
expressed as the mean percentage obtained from three independent experiments.
Significance of results was determined by unpaired Student’s test. **, P <0.01.
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Fig. 2. 2. Deficiency in PIPSKa results in decreased Y. pseudotuberculosis uptake
when Rac1 is inhibited. A) Macrophages derived from wt or PIP5Ka”™ mice were
incubated with wt Y. pseudotuberculosis or with Y. pseudotuberculosis which the genes
encoding YopE, YopT or YopH genes had been mutated to eliminate their catalytic
activity, and the phagocytic index determined as above. The lower panel shows the
bacterial binding per cell. B) Macrophages were pre-treated with vehicle or the Racl
inhibitor NSC23766 (100 uM) for 4 hours and then incubated with the YopE catalytic-
inactive mutant Yersinia (YopE™) to assess uptake. *, P < 0.01. Data are mean + SD
from triplicate experiments.
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Fig. 2. 3. Normal signaling responses and cytokine production by PIP5Ka"
macrophages.

A) BMDMs from wt or PIP5Ko” mice were exposed to wild-type or Yop™! V.
pseudotuberculosis at a MOI of 20 for the indicated times. The cells were lysed and
analyzed by immunobloting for ERK, phosphorylated ERK, p38, phosphorylated p38,
JNK, phosphorylated JNK, and IkB. a-tubulin was used as a loading control. A very
subtle decrease in phosphorylation is observed in knockout BMDMSs in response to
Yersinia exposure at 20min (lane 3) in comparison to wt BMDM (lane 4) in the
representative experiment shown; however, this difference was not reproduced in two
other experiments performed (not shown). B and C) Quantitation of ERK and IxB on
western blots (n=3 experiments). (D) PIP5Ka”” and wt BMDMs were incubated with wt
Y. pseudotuberculosis for 20 min, and the supernatant was collected 4 hours after
infection. Cytokine levels were measured using cytokine antibody arrays from
RayBiotech. Data were analyzed using Raybio antibody array analysis tool.
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Fig. 2. 4. Neutrophil recruitment and bacterial killing is unaltered in PIP5SKa™ mice.

A) Thioglycollate-elicited neutrophils from wt or PIP5Ka”™ mice were incubated with wt
Y. pseudotuberculosis at a multiplicity of infection (MOI) of 20 for 1.5 hours. Viable
bacteria were quantitated using serial dilution plating. Average of three independent
experiments is presented. B) Splenocytes isolated from wt (circles) or PIP5Ko ™ (open
squares) mice innoculated with 5x 10® CFU of wt Y. pseudotuberculosis /mouse were
analyzed at day 3 or 6 after infection by FACS analysis using anti-Grl to label
neutrophils.
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Fig. 2. 5. PIP5Ka™ mice exhibit elevated susceptibility to Y. pseudotuberculosis
infection.

A) Age-matched female wt mice (filled circles; n=20) and PIP5Ko”" mice (open squares;
n=18) were orogastrically inoculated with 5x10* CFU of wt Y. pseudotuberculosis (strain
IP32777) /mouse and monitored for 21 days. The data displayed are the aggregate of
three independent experiments, each of which yielded similar outcomes. The difference
between the curves is statistically significant, P= 0.0009 (Logrank test). B&C) Age-
matched female wt mice (circles) and PIPSK™ mice (squares) were infected as A. The
mice were sacrificed 3 or 6 days post-infection and the mesenteric lymph nodes (MLN)
(C) and spleens (B) homogenized and plated in serial dilution to quantitate bacterial load.
Symbols represent the log;oCFU/ tissue from individual mice. Data shown are the
summary of 2-3 independent experiments at each time point.
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Fig. 2. 6 IFNylevels are suppressed in infected PIP5Ka™ mice.

PIP5Ka”" and wt mice were orally infected with 5x 10® CFU of Y. pseudotuberculosis
/mouse. At days 3 and 6 after infection, sera were collected, and the spleens were
dissected to quantify bacterial load after homogenization and serial dilution. Serum
TNFa(A) or IFNy(B) levels in pg/ml were measured by ELISA and are plotted in
relationship to the levels of bacterial colonization in the spleens after logarithmic
transformation.
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Fig. 2. 7. T cell populations in spleens of wt and PIP5Ka" mice.

Single cell suspensions were made from spleens, and stained by anti-CD4, anti-CDS, and
anti-CD3 antibodies followed by FACS analysis. A). % CD4" or CD8" T cells in spleens
of uninfected mice. B). % CD3" cells in spleens on day 3 or day 6 post infection. C). %
CD4" or CD8" T cells in spleens on day6 post infection.
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Fig. 2. 8. Lower MHC class 11 levels on the surface of APCs from PIP5Ka” mice as
compared to wt.

A) Bone marrow cells from wt and PIP5Ko” mice were treated in vitro with GM-CSF
for 7 days and then were stained with FITC conjugated anti-CD11c and AlexaFluor647
conjugated anti-I-A/I-E (MHC class II) antibodies. Live cells were gated to be PI-
negative in flow cytometry analysis. A representative image is shown. B) The percentage
of MHC 1I class II positive cells among all the CD11c-positive cell is plotted. Data
shown are the mean and SEM of three independent experiments, p value is determined by
paired t-test after log transformation. C) Bone marrow derived macrophages (BMDMs)
were treated with IFNy or vehicle for 24 hours and stained by AlexaFluor647 anti-MHC
II. PI was used to exclude cell death events. Representative image of FACS analysis is
shown. D) The geometric means of fluorescent intensity. Data shown are the mean and
SEM of three independent experiments. P values were determined by 2-way ANOVA. E)
wt and PIP5Ko”” BMDMs were incubated with 100 U/ml of IFNy for the indicated time,
and lysed with 1x Laemmli sample buffer. Phosphorylation of stat-1 at Y701 or S727 was
analyzed by immunoblotting using specific antibodies. Total statl and a-tubulin were
also used as loading controls.
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Fig. 2. 9. PIP5SKa regulates MHC 11 levels on the surface of APC in post-translational
steps.

IFNy-treated BMDMs from wt (A) or PIP5Ka”™ (B) mice were immunolabeled with anti-
MHC 1II antibody and AlexaFluor488 conjugated secondary antibody without
permeabilization to label surface MHC 11, or permeailized with 0.1% Triton X-100 to
detect cytosolic MHC II (C and D). Results shown are the representative of two
independent experiments. E) Wt and PIP5Ko" BMDMs were treated with 100 U/ml for
24 hours, and then MHC class II expression levels were measured by western blotting.
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Fig. 2. 10. MHC Il in PIP5K ™ macrophages localizes to the cis-Golgi.

Wt (A, C) and PIP5Ka”" (B, D) BMDMs were treated with IFNy or vehicle for 24 hours,
fixed, permeabilized using 0.1% Triton X-100, and stained by anti-MHC II and anti-
GM130 (A, B) or anti-TGN38 (C, D), anti-EEA1(E), and anti-LAMP1(F). Representative
cells are shown.

70



Fig. 2. 10.

wt BMDM ko BMDM
MHC I

MHC |l MHC Il

71



Chapter3

Characterize the small molecule inhibitor of PLD, FIPI

The majority of this chapter is adapted from the paper published on Molecular

Pharmacology. Fig.3.8 is adapted from Nishikimi et al., 2009.

3.1 Summary

The signaling enzyme Phospholipase D (PLD) and its product phosphatidic acid
(PA), a lipid second messenger, are implicated in many cell biological processes
including Ras activation, vesicle trafficking and endocytosis, cytoskeleton reorganization,
cell migration and chemotaxis. Several PLD inhibitors such as 1-butanol have been
described by far, however, they either work indirectly or do not effectively reduce PA
accumulation. Thus, their use may result in PLD-independent deleterious effects.
Consequently, identification of potent specific small molecule PLD inhibitors would be
an important advance for the field. We examine one here, denoted “FIPI”, which was
identified recently in an in vitro chemical screen for PLD2 inhibitors, and show that it
blocks in vivo PA production with sub-nM potency. Our data also demonstrate that FIPI
inhibits PLD activity within 30 min, and its inhibitory effect is partially reversible.
Surprisingly, several biological processes such as insulin secretion, which are blocked by
I-butanol, are not affected by FIPI, suggesting the need for re-evaluation of proposed
roles for PLD. However, FIPI does inhibit PLD regulation of F-actin cytoskeleton
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reorganization, cell spreading, and chemotaxis, indicating potential utility for it as a

therapeutic for autoimmunity and cancer metastasis.
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3.2 Introduction

The PLD superfamily extends from viruses and bacteria to humans (Jenkins and
Frohman, 2005). Mammalian PLDs have been shown to be involved in many cell
biological processes including Golgi budding (Chen et al., 1997; Yang et al., 2008), Ras
activation (Mor et al., 2007; Zhao et al., 2007), mitochondrial dynamics (Choi et al.,
2006b), cell spreading (Du and Frohman, 2008), F-actin stress fiber formation (Cross et
al., 1996; Kam and Exton, 2001), and dynamin-driven EGFR endocytosis (Lee et al.,
2006). Classic members of the superfamily, such as PLD1 and PLD2 in humans, perform
a transphosphatidylation reaction using water to hydrolyze phosphatidylcholine (PC) to
generate PA. More divergent family members can use other lipids or even DNA as
substrates, or perform synthetic reactions by fusing lipids via a primary hydroxyl group
using the transphosphatidylation mechanism (Sung et al., 1997a). Primary alcohols, such
as l-butanol, are used preferentially over water by classic PLDs, and cause PLD to
generate phosphatidyl (Ptd)-alcohol instead of PA. The presence of as little as 0.1%
butanol in cell culture media has been shown to inhibit many of the cell biological
processes listed above, from which it has been inferred that these events are driven by

PLD (reviewed in McDermott et al., 2004).

PA’s mechanism of action is complex. It can function as a membrane anchor to
recruit and/or activate proteins that encode specific PA-binding domains, can exert
biophysical effects on membranes when the concentration is increased locally since it is a
negatively-charged lipid, or can be converted to other bioactive lipids such as
diacylglycerol (DAG) or lysoPA. Ptd-Butanol (Ptd-But) is thought to be unable to recruit

or activate target proteins, to affect membrane structure, or to be able to serve as a
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substrate to generate DAG or LysoPA. Nonetheless, despite 1-butanol’s widespread
utilization over the past 20 years, concerns have been raised as to whether it fully blocks
PA production at the concentrations used (Skippen et al., 2002a), and whether butanol
and Ptd-But have other effects on cells that extend beyond inhibiting PA production
(reviewed in Huang et al., 2005; Huang and Frohman, 2007). Furthermore, cellular levels
of PA are dictated by convergent synthetic and degradative enzymes that, in addition to
the PLD pathway, include de novo synthesis by acylation of glycerol 3-phosphate and
phosphorylation of diacylglycerol, and dephosphorylation catalyzed by membrane-bound
and soluble phosphatases. Effects of primary alcohols on these enzymes are largely

unexplored.

Several other inhibitors of PLD activity have been described including ceramide
(Vitale et al., 2001), neomycin (Huang et al., 1999), and natural products (Garcia et al.,
2008), but these compounds either sequester the requisite PLD co-factor Ptd-Inositol 4,5-
bisphosphate (PIP,), work indirectly to inhibit PLD activity, or have many other effects
on signaling pathways that complicate their use and interpretation (reviewed in Jenkins
and Frohman, 2005). Recently, a small molecule screen to identify inhibitors of human
PLD2 using an in vitro biochemical assay identified halopemide, a dopamine receptor
antagonist, as a modest inhibitor of PLD2 activity, and the analog 5-Fluoro-2-indolyl des-
chlorohalopemide (denoted here, “FIPI”) as being even more potent (Monovich et al.,
2007). We show here that FIPI is a potent in vivo inhibitor of both PLD1 and PLD2,
setting the stage for a new era of exploration and validation of cell biological roles for

mammalian PLD. We provide evidence that supports several proposed functions for
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PLD, but also demonstrate a lack of support for others, raising questions about prior

studies that relied on primary alcohol-mediated inhibition to define in vivo PLD function.
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3. 3 Materials and methods
PLD Inhibitor

5-Fluoro-2-indolyl  des-clorohalopemide (FIPI) and benzyloxycarbonyl-des-
chlorohalopemide were synthesized and described (compounds 4k and 4g from
Monovich et al., 2007) and purified by preparative HPLC (YMC S5 ODS column, 20 x
100 mm, Waters, Inc.) using a gradient of 20% aqueous methanol to 100% methanol with
0.1% trifluoroacetic acid. The compounds were confirmed to have the correct structure
by proton NMR and electrospray ionization mass spectrometer and they gave single,
symmetrical peaks on HPLC analysis.
Cell culture and transfection

Tetracycline (Tet)-inducible Chinese hamster ovary (CHO) stable cells expressing
wild-type PLD1 and PLD2 were generated using the T-Rex system (Du et al., 2004; Su et
al., 2006) and cultured in F-12 medium containing 10% Tet-free fetal bovine serum
(FBS) from Clontech. Recombinant protein expression was induced by adding 1 pg/ml
doxcycline (Dox) for 16-24 hours. Miferpristone-inducible 3T3 cells expressing Flag-
tagged MitoPLD were generated using the GeneSwitch system and MitoPLD induced by
addition of 1 nM miferpristone for 16-24 hours. Bone marrow-derived macrophages
(BMDM) were isolated from mice as previously described (Zhang et al., 2005). Min6
cells were cultured in DMEM supplemented with 10% FBS, 1% 2-mercaptoethanol, L-
Glutamate and Pen/Strep. Other cell lines were cultured in DMEM containing 10% FBS.
For transfection, cells were grown on coverslips in 24-well plates and transfected with

0.5 ng DNA per well using LipofectAMINE Plus. Six hours post-transfection, the media

77



were replaced with fresh growth medium and the cells incubated a further 24 hours
before used for other assays.
PLD activity assay

The in vitro PLD activity assay was performed using an in vitro head-group release
assay as previously described (Morris et al., 1997). In vivo PLD activities were
determined using transphosphatidylation to measure the accumulation of
phosphatidylbutanol in intact cells (Hammond et al., 1995; Morris et al., 1997). CHO
cells were incubated with 2 pCi/ml [3H]palmitic acid as well as 1 uM doxycycline used
for induction of PLD1 and PLD2 expression for 24 hours. Induction of PLD2 expression
usually increases activity about 10 folds, however induction of PLDI1 just increases
activity 1.5 to 2 fold because its activation involve some co-factor such as PKC. Thus,
PMA is used to mainly activate PLD1. For PLD2 activity dose curve, CHO cells were
incubated with different concentrations of FIPI (diluted from a 7.5 mM stock
concentration in DMSO) or medium containing a matching concentration of DMSO for
30 min before addition of 0.3% 1-butanol for another 30 min. Un-induced cells were used
as control. For PLD1 and endogenous activity dose curve, 100nM of PMA was added
with 0.3% of 1-butanol. PLDI1 cells or un-induced cells were used as basal control
respectively. For time course study, cells were preincubated with 100 nM of FIPI for 5,
10, 15, or 30 min followed by a 10 min incubation with 0.3% 1-butanol. For recovery
experiments, cells were incubated with 2 uCi/ml [3H]palmitic acid, and then switched to
fresh growth medium containing 50 pg/ml cyclohexamide. 30 min later, one set of cells
were treated with 100 nM FIPI for 30 min followed by three washes with PBS and

addition of fresh growth medium containing cyclohemimide. The cells were incubated for
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1 hour or 8 hours. During the last 30 minutes, FIPI was added to a second set of cells,
following which all of the sets of cells were assayed for PLD activity.
Immunofluorescent staining

Cells were fixed with 4% paraformaldehyde for 10 min followed by permeabilization
with 0.1% Trition X-100. HA-tagged PLD1 and PLD2 proteins were detected by a
monoclonal antibody (3F10) followed by secondary antibodies conjugated with Alexa
488. F-actin was stained by phalloidin conjugated with Rhodamine. Other proteins were
GFP-tagged and visualized with green fluorescence. For glucose-stimulation assays, the
cells were cultured in low glucose buffer or stimulated with high glucose for 30 min in
the presence of 750 nM FIPI or DMSO. Images were taken using a Leica TCS SP2
spectral laser scanning confocal microscope with the Leica DMIRE2 inverted platform
(Leica Microsystems, Heidelberg, Germany). Fluorescence intensity quantification was

performed using Image J software (NIH; http://rsb.info.nih.gov/ij/).

Western blotting

Cells were lysed in 1x Laemmli sample buffer, and resolved by 10% SDS-PAGE.
The blots were blocked with 1% casein in Tris-buffered saline (TBS). Western blotting
with anti-phospho-ERK and total ERK (Sigma) and other primary antibodies (Cell
signaling) was performed as suggested by the suppliers. The blots were developed using
secondary antibodies conjugated with Alexa 680 or IRDye 800 (Rockland). Fluorescent
signals were detected with an Odyssey infrared imaging system from LI-COR
Biosciences.

Cell spreading
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Cell spreading assays were performed as described previously (Du and Frohman,
2008). In brief, CHO cells were suspended by trypsinization, rested in the incubator for 2
hr, plated on fibronectin-coated coverslips for the indicated times, and fixed in 4%
paraformaldehyde before processing for immunofluorescent staining.

Insulin secretion and quantification

Min6 cells cultured in 24 well plates were washed twice in KRBH (KCl: 4.74
mmol/L, NaCl: 125 mmol/L, NaHCO;: 5 mmol/L, MgSOs: 1.2 mmol/L, CaCl,: 1
mmol/L, HEPES: 25 mmol/L, KH;PO4: 1.2 mmol/L, 2.5 mM glucose) buffer
supplemented with 0.1% BSA. All wells were subsequently pre-incubated in Low
glucose KRBH (2.5 mM glucose) buffer for 60 min. The buffer was then completely
aspirated and fresh low glucose (control), or low glucose containing 75 nM or 750 nM
FIPI inhibitor was added for an additional 30 min. After this preincubation period, fresh
low glucose KRBH, high glucose KRBH (20 mM glucose) or high glucose KRBH buffer
containing 75 nM or 750 nM FIPI inhibitor was added. After 60 min, all samples were
collected and the cells were lysed in ethanol/acid (70% ethanol and 0.18 M HCL) and
assayed for total insulin. Secreted and total insulin was measured using an ultra sensitive
ELISA kit (Mercodia: 10115010) and BioRad plate reader.

Cell migration assay

HL-60 cells were induced to differentiate to dHL-60 with 1.75% DMSO to achieve
the expression of the neutrophil phenotype (Lehman et al., 2006). dHL-60 were
resuspended at 10° / ml in chemotaxis buffer (RPMI+ 0.5% BSA), and treated with 750

nM FIPI or DMSO for 1 hour. 200 ul were placed in the inserts of transwell plates that

were separated from the lower wells by a 6.5-mm diameter, 5 pum pore membrane. 500 pl
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of 10 nM fMLP in chemotaxis buffer was added into the lower wells of transwell plate.
The transwell plates were incubated for 1 hour at 37°C. The number of cell that migrated
to the lower wells was calculated by placing 10 ul aliquots on a hemocytometer and

counting 4 fields. Each experiment was repeated at least 4 times.
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3.4 Results

FIPI is a potent inhibitor of classical mammalian PLD

FIPI was reported to exhibit a 50% inhibitory concentration (ICsp) of 20 nM against
PLD?2 using an unpublished in vitro biochemical assay (Monovich et al., 2007). Using a
well-established assay system, we have previously described biochemical
characterization of recombinant PLD1 and PLD2 (Colley et al., 1997; Hammond et al.,
1995; Hammond et al., 1997). When separated from cytoplasmic factors, PLD1 requires
provision of a stimulator such as ARF or Rho small GTPases, or Protein Kinase C (PKC),
whereas PLD2 exhibits constitutive activity, as shown in Fig. 3. 1A (“no DMSO” and “0”
FIPI concentration). FIPI inhibited both PLD1 and PLD2 in a dose-dependent manner,
with 50% loss of activity observed at approximately 25 nM. Thus, consistent with
Monovich et. al (Monovich et al., 2007), FIPI is a potent concentration-dependent PLD2
inhibitor, and we show here that it inhibits PLD1 equally well under standard in vitro

assay conditions.

We next examined FIPI potency in vivo, making use of CHO cell lines that inducibly
overexpress PLD1 and PLD2 (Du et al., 2004; Su et al., 2006). PLD2-overexpressing cell
lines exhibit high levels of activity under resting conditions, whereas PLDI1-
overexpressing cell lines require stimulation to trigger PLD1 activation (e.g. using PMA
to activate endogenous PKC). FIPI was added into the cell culture media 1 hour prior to
performing the PLD assay and was found to be a potent inhibitor of PLD2 with an ICsg of
10 nM (Fig. 3. 2B). PLDI was inhibited even more strongly (ICso = 1 nM), and parental
cells stimulated with PMA to activate endogenous PLD1 and/or PLD2 exhibited half-
maximal inhibition at 0.5 nM. Thus, FIPI efficiently crosses cell membranes and inhibits
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PLDI and PLD2 action on their endogenous substrate in the cytoplasmic environment.
We also assayed a second analog, benzyloxycarbonyl-des-chlorohalopemide, which was
reported to be much less potent against PLD2 in the in vitro assay (Monovich et al.,
2007). We found that it displayed an ICs of approximately 250 nM against PLD2 in the
in vivo assay, confirming the essential structure-function relationship reported, although
the degree of the difference in efficacy was less than described for the in vitro assay.
These results also indicate that FIPI inhibits both the hydrolytic and

transphosphatidylation activities of PLD1 and PLD2.

The classic PLD assay consists of adding 1-butanol to cells and measuring the
production of Ptd-But (e.g. Fig. 3. 1B). To visualize PA production subcellularly, we
employed a fluorescent PA sensor consisting of EGFP fused to a 40-amino acid PA-
binding domain from the yeast Spo20 protein (Zeniou-Meyer et al., 2007). In resting
cells, the majority of the sensor localizes to the nucleus (Fig. 3. 1C). In cells
overexpressing PLD2, the sensor translocates in part to the plasma membrane and to
intracellular membrane vesicles, presumably endosomes, which is where PLD2 resides
(Du et al., 2004; Roth, 2004); however, no localization of the sensor was observed at
these sites after addition of FIPI to the PLD2-overexpressing cells, indicating a lack of

generation of PA by PLD2.

Finally, we examined FIPI action on MitoPLD, a highly divergent mammalian PLD
superfamily member that hydrolyzes the lipid cardiolipin to generate PA (Choi et al.,
2006b). In wild-type cells, mitochondria exist as both isolated small organelles and an
extended tubular network (Fig. 3. 1D). Upon induction of MitoPLD overexpression, the
mitochondria aggregate into a single peri-nuclear cluster (arrow) in a PA-dependent
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manner. FIPI had no effect on this process, indicating that it does not block the catalytic
activity of this related but distant family member. We also examined whether FIPI blocks
yeast sporulation, a process known to be dependent on the activity of Spol4, the yeast
homolog of classical mammalian PLD (Rose et al., 1995), but no inhibition of sporulation
was observed (data not shown). Similarly, no inhibition was observed in an in vitro assay
(Morris and Smyth, 2007) for autotaxin, a LysoPLD enzyme that hydrolyzes LysoPC to
generate LysoPA but which is a member of an unrelated gene family (data not shown).
Thus FIPI action appears restricted to PLD1 and PLD2, the classical family members of

mammalian PLD.

Because of inherent limitations of the “exogenous substrate” in vitro PLD assay used
in Fig. 1A, the mechanism by which FIPI inhibits PLD activity remains to be established.
However, because FIPI inhibits both PLD1 and PLD2, the mechanism cannot involve
interference with any of the selective activators of PLD1, and because the inhibition is
selective for PLD1 and PLD2 over other PLD superfamily enzymes, a general effect on
substrate accessibility can be discounted. These results suggest that FIPI is a direct

inhibitor of the PC phosphodiesterase activity of PLD1 and PLD2.

FIPI blocks PLD activity within 15 min and its effect is partially reversible.

To examine the kinetics of inhibition, FIPI was added to PLD2-overexpressing cells
for varying periods of time prior to beginning the in vivo PLD assay; 15 minutes was
found to suffice to achieve complete inhibition (Fig. 3. 2A). Conversely, we examined
the rate at which cells recover PLD activity after being exposed to FIPI (Fig. 3. 2B).

PLD2-overexpressing cells were treated with cycloheximide to block new protein
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production and then cultured with FIPI for 30 minutes at either the beginning or end of a
1 hour or 8 hour time period before being assayed. Cells exposed to FIPI that were then
washed and cultured for 1 hour (dark bars) recovered 29% of their PLD2 activity,
whereas cells that had an 8-hour post-exposure period of culture recovered 41% of their
activity. Thus, FIPI is not an irreversible suicide inhibitor, but neither is it rapidly and
completely reversed upon removal of the drug, suggesting that the FIPI binding site may
be affected by PLD conformation in some unknown and potentially activity-dependent

manncr.

FIPI does not affect PLD subcellular localization, PIP, availability, or the actin

stress fiber network.

Compounds that affect membrane properties and dislodge PLDs from the bilayer
membrane surface, or that sequester PIP,, the required co-factor for mammalian PLD,
inhibit PLD activity indirectly. Changes in the actin cytoskeleton can also regulate PLD
activity(Lee et al., 2001). We examined these possibilities for FIPI. PLD1’s typical
localization to peri-nuclear membrane vesicles and PLD2’s typical localization to the
plasma membrane were not affected by exposure to FIPI (Fig. 3. 3A), nor did FIPI
decrease PIP, availability on the plasma membrane in PLD1- and PLD2-overexpressing
cells as assessed using an EGFP-fused PIP, sensor (based on the PH domain of PLC9,
Fig. 3. 3B). Our data also showed that FIPI had no visible effect on cortical F-actin and

stress fibers in quiescent cells (Fig. 3. 3C).

FIPI does not affect the upstream signaling of PLD.
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PMA is commonly used stimulation to increase PLD activity and study the functions
of PLD-generated PA. PLD1 was reported to translocate from peri-nuclear membrane to
plasma membrane upon PMA stimulation. To check if FIPI affects the ability of PLD1
translocation upon stimulation, PLD1 overexpressed CHO cells were treated with FIPI
and then stimulated with PMA. PLD1 were able to translocate to the plasma membrane in
presence of FIPI (Fig. 3. 4A), suggesting that FIPI does not affect the downstream

signaling of PMA and the ability of PLD1 in response to it.

PLD activation has been reported to lie downstream of AKT, p38, and / or ERK
activation during signaling events (Brizuela et al., 2007; Kang et al., 2008; Varadharaj et
al., 2006). nor did it inhibit AKT or ERK phosphorylation in the human breast cancer cell
line MDA-MB-231 in response to serum stimulation (Fig. 3. 4B), or p38 or ERK
phosphorylation in  bone  marrow-derived macrophages  stimulated  with
lipopolysaccharide (LPS, Fig. 3. 4C). Taken together, we have not identified any
mechanisms other than direct inhibition of the PLD protein catalytic activity that could

account for FIPI’s inhibitory actions in vivo.

Validation of FIPI as a specific and non-toxic PLD inhibitor through rescue of

PLD2-driven suppression of membrane ruffling

PLD has been proposed to promote many cell biological processes including Golgi
budding, Ras activation, and secretion. However, although demonstrating that FIPI
inhibits these processes would be consistent with its action as a PLD inhibitor, off-target
or non-specific toxicity would also constitute a possible explanation for the observed

outcomes. To validate FIPI as a specific and non-toxic PLD inhibitor, we chose to test it
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in a setting in which we could attempt to rescue a cell behavior that is normally

suppressed by PLD action.

Stimulation of Cos-7 cells with PMA causes dramatic membrane ruffling, which is
visualized as concentrated regions of F-actin at the edges and top surfaces of the cells
(Fig. 3. 5A, top panel, arrows). Elevated expression of PLD2 suppresses this ruffling
phenotype (Fig. 3. 5A, asterisk). However, culture of the PLD2-overexpressing cells in
FIPI restored the ruffling phenotype, as shown in representative cells in the bottom panel

of Fig. 3. 5A and in the quantitation provided in the bar graph.

We have also recently reported a role for PLD2 in early phases of cell spreading (Du
and Frohman, 2008). Cell spreading is a critical process that occurs during inflammation
and metastasis as cells cease traveling through the vasculature and undergo
morphological changes required to adhere to extracellular matrix. We have shown that
the PA generated by PLD2 at the plasma membrane in circulating cells inhibits the PA-
binding and regulated enzyme myosin phosphatase, leading to increased myosin light
chain phosphorylation, myosin activity, and myosin filament formation, which increases
peripheral contractile force and hence cells having a spherical shape. Upon attachment,
downregulation of PLD2 activity leads to myosin disassembly, decreased contractile
force, and cell spreading. Overexpression of PLD2 prevents spreading, whereas PLD2

RNAI promotes accelerated spreading.

We performed a cell spreading assay in the presence and absence of FIPI. By 15
minutes after plating spherical CHO cells in suspension onto coverslips, the cells have
started to spread but are still far from fully flattened (Fig. 3. 5B). In contrast, CHO cells

pre-incubated in FIPI exhibit accelerated spreading (Fig. 3. 5B), phenocopying the result
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observed for CHO cells stably expressing PLD2 RNAi (Du and Frohman, 2008). Similar
results were observed at 7 minutes after plating, and treatment with FIPI additionally
rescued PLD2 overexpression-mediated suppression of cell spreading (data not shown).
Taken together, these data demonstrate that FIPI can be used to block actions of

endogenous PLD?2 in roles connected to cytoskeletal reorganization and cell trafficking.

Discordance between FIPI- and alcohol-mediated effects on glucose-stimulated

insulin secretion

PLD has been linked to regulated exocytosis in many cell types based on the
observation that the signaling-stimulated secretion is inhibited by 1-butanol (reviewed in
Huang and Frohman, 2007; McDermott et al., 2004). The Min6 pancreatic B-cell line,
which releases insulin in response to extracellular elevation of glucose, provides a typical
example. Insulin release increases 4-5 fold with glucose stimulation (see Fig. 3. 6B), and
the release is blocked efficiently in a dose-dependent manner by 1-butanol (Fig. 3. 6A).
tert-butanol, the non-primary isomer of 1-butanol, is commonly used as a control in such
assays to reveal potential non-specific or toxic side-effects, because tert-butanol is
chemically similar to 1-butanol but can not be used as a substrate by PLD. As shown in
Fig. 4A, tert-butanol has no effect or a much smaller effect on insulin release than 1-

butanol does.

Surprisingly, no inhibition of glucose-stimulated insulin release was observed in the
presence of FIPI (Fig. 3. 6B). Similarly, no effect of FIPI was observed on glucose-
stimulated insulin release for pancreatic islets (not shown). To address whether FIPT was
functioning effectively as a PLD inhibitor for the Min6 cells, we again employed the PA

sensor (Fig. 3. 6C). In cells maintained under basal conditions, almost all of the sensor
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localized to the nucleus rather than to the plasma membrane (arrowheads). Upon high
glucose stimulation, the PA sensor became easily detected on the plasma membrane.
However, no plasma membrane translocation of the PA sensor was detected in high
glucose-stimulated cells pre-treated with FIPI, indicating that the PLD-mediated
production of PA was inhibited (p < 0.01, Fig. 3. 6D). Again surprisingly, 1-butanol
treatment did not block the glucose-stimulated plasma membrane translocation of the PA
sensor. Taken together, these results suggest that eliminating all PLD activity in Min6
pancreatic B-cells does not affect glucose-stimulated insulin secretion, whereas although
I-butanol exposure does prevent insulin release, it does so through a mechanism other

than inhibition of PA production.

FIPI1 inhibition of PLD blunts chemokine-stimulated neutrophil chemotaxis

HL60 cells differentiated into neutrophils respond to the chemokine fMLP through a
signaling pathway involving p38 and ERK phosphorylation that directs them to undergo
directional migration. 1-Butanol has been reported to inhibit both the signaling pathways
involving p38 (Bechoua and Daniel, 2001) and ERK and the end result of chemotactic
movement (Carrigan et al., 2007). Using this model system, we confirmed that 1-butanol
does inhibit fMLP-triggered p38 and ERK phosphorylation (84% decrease, Fig. 3. 7A);
however, consistent with the finding shown in Fig. 3. 4C for other cell types and
stimulators, no inhibition of the phosphorylation was observed in the presence of FIPI.
The quantitation of p38 phosphorylation is shown in Fig. 3. 7B. Nonetheless, FIPI
inhibition of PLD did diminish fMLP-directed chemotaxis (p<0.01, Fig. 3. 7C),
validating this role for PLD function and suggesting PLD regulates chemotaxis via

mechanisms distinct from affecting MAKP signaling. Regulation of actin reorganization
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is a possibility based on the results shown in Fig. 4, since ruffling and cell spreading

connect to cell movement.
FIPI blocks the plasma membrane translocation of DOCK?2 during chemotaxis

During chemotaxis, F-actin polymerizes asymmetrically at the leading edges of the
cell, which is regulated by small GTPase Rac (Rickert et al., 2000; Ridley et al., 2003;
Schmidt and Hall, 2002). Rac is preferentially activated at the leading edge, which is
achieved by regulating the subcellular localization of guanine nucleotide exchange
factors (GEFs). DOCK2, predominantly expressed in hematopoietic cells, is a major Rac
GEF that controls polarity and motility during neutrophil chemotaxis (Kunisaki et al.,
2006; Rickert et al., 2000). Upon chemokine stimulation, rapid translocation of DOCK2
to the plasma membrane depends on PIP;. However, a functional leading edge is
established even in neutrophils lacking PI3Ky, the major generator of PIP; in the cell
type, indicating that other factors may alternately suffice to DOCK?2 at the leading edge
during chemotaxis. Very recently, our collaborators found that PA is the other lipid to
localize Rac activation during chemotaxis (Nishikimi et al., 2009). In response to C5a or
fMLP, neutrophils treated with the vehicle control exhibited polarized morphology with
focus distribution of DOCK2. However, treatment with FIPI significantly inhibited
accumulation of DOCK2 and F-actin at the pseudopods (Fig.3.8A&B). Moreover, FIPI
blocked the pseudopod localization of a fluorescent probe that detects activated Rac, the
GFP-tagged Rac-binding domain (RBD) of p21-activated kinase (PAK) (Srinivasan et al.,
2003)(Fig.3.8C). However, FIPI did not have any effect on the initial membrane
translocation of DOCK2 (Fig.3.8A), which is proposed to be dependent on PIP;

generation by PI3K. Thus, intracellular DOCK2 dynamics is sequentially regulated by
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distinct phospholipids to localize Rac activation during neutrophil chemotaxis. The effect
of FIPI on accumulation of DOCK2 provides a molecular mechanism to explain the

phenotype we observed in chemotaxis assays.
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3. 5 Discussion

Although primary alcohols have long been employed as probes to investigate the role
of PLD in cellular processes, concerns have been raised both about potential off-target
effects and about lack of complete inhibition of PA production (Huang et al., 2005a;
Huang and Frohman, 2007; Skippen et al., 2002a). Our characterization of FIPI as a
selective PLD1 and PLD2 inhibitor provides a novel tool to evaluate the selectivity of
butanol for presumptively PLD-regulated processes. Our results support the idea that
FIPI is an effective PLD inhibitor both in vitro and in cultured cells but raise and
exacerbate concerns about the validity of results obtained using butanol as a probe of
PLD function. We show that 1-butanol almost completely blocks glucose-stimulated
insulin release (Fig. 4A), but does so without visibly inhibiting production of PA,
whereas FIPI blocks PA production but has little effect on insulin release. These data
raise the interesting possibility that Ptd-But does not function as an inert lipid, but rather
exerts a potent inhibitory effect on the secretory pathway through a mechanism that
remains to be defined. Alternately, the inhibition could ensue from other actions mediated
by I-butanol that are not adequately controlled for through comparison to the actions of

tert-butanol.

PLD activity has been linked to regulatory exocytois using other approaches, such as
RNAi-mediated downregulation of individual isoforms (Waselle et al., 2005). Our
findings do not invalidate these reports, since FIPI inhibits both PLD1 and PLD2, and it
may well be, for example, that PLDI facilitates insulin secretion (Waselle et al., 2005),
whereas PLD2 opposes it. Future studies on mice lacking the individual PLD isoforms or

using as yet to be developed isoform-selective PLD inhibitors will provide clarification.
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Nonetheless, our findings do suggest that FIPI is a useful tool for re-evaluating the many
cell biological processes that have been linked to PLD using alcohol-mediated inhibition
of PA production or other approaches that inhibit both classical isoforms. In addition to
insulin secretion, we also found a lack of evidence that PLD plays roles in activation of
ERK, AKT, and p38 in several signaling systems, counter to what has been reported
previously. Moreover, we saw no effect on F-actin stress fibers, again counter to prior

reports (Cross et al., 1996; Kam and Exton, 2001).

Thus far, we have not identified any other pathways directly inhibited by FIPI. FIPI
inhibits the catalytic activity of classical PLD isoforms and appears to do so without
causing changes in the localization of the proteins, access to the required co-factor PIP,
or the actin cytoskeleton. Nonetheless, future studies will be required to establish the
mechanism by which FIPI inhibits PLD1 and PLD2 activity and to further evaluate its
specificity for other signaling pathways. It is intriguing that FIPI exhibits greater potency
in vivo (as low as 0.5 nM ICs) than it does the standard in vitro PLD assay (25 nM ICsy).
It should be noted that the in vitro assay is performed using positively curved synthetic
liposomes containing only a few types of lipids and no proteins, whereas PLD functions
in vivo on a planar or slightly negatively-curved surface membrane surface composed of
a complex set of lipids and proteins. The latter environment may be less hospitable for
PLD enzymatic action, allowing the inhibitor to be visibly effective at a lower
concentration. Further investigation using broken cell in vitro assays and other
approaches may yield novel insights into PLD mechanisms of action in the cellular

setting.
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We also show here using FIPI that PLD inhibition blunts chemotaxis and blocks
effects on cytoskeletal reorganization and elements of cell spreading that are regulated by
PLD2. PLD has long been of interest in the context of immune responses (reviewed in
Huang and Frohman, 2007), but these outcomes are particularly intriguing because PLD
has been receiving increasing attention in the cancer field for the past several years.
PLD1 and 2 gene expression, protein level, and activity are upregulated in numerous
tumor types (reviewed in Huang and Frohman, 2007), and promote mTor activity and
block cancer cell apoptosis (Chen et al., 2005). PLD1 facilitates MMP release (Williger
et al., 1999), whereas PLD2 affects cell spreading (Du and Frohman, 2008), proliferation
(Zhao et al., 2007), and migration, and PLD2 mutations have been identified in breast
cancer (Wood et al., 2007). FIPI is derived from halopemide, a therapeutic for
neuroscience applications, and FIPI pharmacokinetics suggest that it has a half-life and
bioavailability in vivo that make it a usable candidate for animal studies on metastasis
(Monovich et al., 2007). It is likely that FIPI analogs with greater potency or other
beneficial characteristics can be generated, and this current study suggests that they will
be of potential utility as in vivo agents to examine physiological roles for PLD and to

determine whether inhibiting PLD could be useful in the cancer therapeutic setting.
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Fig. 3. 1. FIPI is a potent in vitro and in vivo PLD inhibitor.

A) FIPI blocks PLD activity in vitro. An in vitro headgroup release assay was performed
in the presence of increasing amounts of FIPI on PLD protein-containing membrane
fractions prepared from Sf9 insect cells infected with baculoviral constructs expressing
human PLD1 (Hammond et al., 1995) or mouse PLD2 (Colley et al., 1997). The FIPI was
diluted from a 7.5 mM stock in DMSO, and control wells contained matching amounts of
DMSO or no DMSO. PLD2 exhibits constitutive activity and was assayed directly. As
shown, PLDI requires a soluble stimulator to exhibit significant activity, and ARF was
used for that purpose in this assay. The assay was performed in duplicate; values shown
are means with a variance between duplicates of less than 5%. B) FIPI blocks PLD
activity in vivo. CHO cell lines inducibly expressing PLD1 or PLD2 were assayed for in
vivo PLD activity after pre-treatment with the indicated concentrations of FIPI or vehicle
control (DMSO) for 1 hour. Activities are shown in comparison to basal activity (no PMA
stimulation). Assays were performed in duplicate, and the figure shown represents
cumulative results from three independent experiments. C) FIPI blocks translocation of a
PA sensor to the plasma membrane. PLD2-inducible CHO cells were transfected with the
PA sensor GFP-Spo20-PABD or the mutant GFP-Spo20-PABD-L67R that does not bind
PA. PLD2 expression was induced using 24 hour of doxycycline treatment. Asterisk,
nucleus; arrows, plasma membrane shown in expanded form in inset; arrowheads,
endocytic vesicles. D) FIPI does not inhibit MitoPLD. FIPI was added prior to inducing
MitoPLD, which causes mitochondria to aggregate peri-nuclearly in a PA-dependent
manner (Choi et al., 2006). Arrow, mitochondrial cluster (green); F-actin, red. Scale bar,
10 mm.
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Fig. 3. 2. FIPI blocks PLD activity within 15 min and its effect is partially reversible.

A) Kinetics of FIPI action. PLD2 expressing CHO cells were pre-incubated with FIPI for
varying lengths of time before being assayed using the in vivo PLD assay. B) FIPI is
slowly reversible. PLD-expressing CHO cells were preincubated in cycloheximide to stop
new protein synthesis, and cultured for an additional 1 or 8 hours before assaying in the in
Vvivo assay. One set of cells for each time period was exposed to FIPI at the beginning of
the culture period and then washed into fresh medium; the other was exposed at the end of
the culture period.
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Fig. 3. 3. FIPI does not alter PLD subcellular localization, access to PIP,, or actin
stress fibers.

A) FIPI does not change the subcellular distribution of PLD. Expression of PLD1 or PLD2
was induced by doxycyclin for 24 hours. Cells were treated with 750 nM FIPI for 4 hours,
fixed, and immunostained for PLD isoforms. B) FIPI does not alter access to PIP,. PLD-
induced cells were transfected with the PIP, sensor PLCS-PH-GFP, and 24 hour later,
treated with FIPI for 4 hours, fixed, and imaged.

C) Stress fiber formation is not affected by FIPI. CHO cells were treated with FIPI for 4
hours, fixed, and stained with rhodamine-conjugated phalloidin to visualize F-actin.
Representative cells are shown. Scale bar, 10 mm.
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Fig. 3. 4 FIPI does not affect upstream signaling of PLD.

A) FIPI does not affect PLD translocation upon PMA stimulation. Doxycyclin was used
for induction of PLD1 expression. Cells were pre-treated with 750 nM FIPI for 4 hours,
and then stimulated by 100 ng/ml PMA for 30 min (PLD1). PLDI and F-actin were
visualized by immunostaining and rhodamine-conjugated phalloidin. B) FIPI does not
affect AKT phosphorylation upon serum stimulation. MDA-MB-231 cells were starved
overnight before being pre-treated with 750 nM FIPI or vehicle (DMSO) for either 4 or 12
hours, and then stimulated with serum for 30 minutes. Cell lysates were analyzed by SDS-
PAGE and Western blotting with antibodies against phosphorylated AKT, total AKT,
phosphorlated ERK, or total ERK. C) LPS-induced MAPK activation is not blocked by
FIPI. Bone marrow-derived macrophages were treated with FIPI or vehicle for 4 hours,
and stimulated with LPS (100 ng/ml) for 10 or 30 min. Cell lysates were analyzed by
Western blotting using antibodies against phosphorylated ERK or p38, and total ERK or
p38. All results shown are representative of at least three experiments.
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Fig. 3. 5. FIPI rescues PLD2-suppressed membrane ruffling and cell spreading.

A) HA-tagged PLD2 was introduced into Cos-7 cells by transient transfection. Cells were
serum-starved for 18 hours and then treated with FIPI. 4 hours later, cells were stimulated
with 100 ng/ml PMA for 10 min, and then fixed with 4% paraformaldehyde. F-actin was
visualized using rhodamine-conjugated phalloidin. Asterisk, nucleus; arrows, membrane
ruffles. 100 cells were counted for each condition and the percentage of cells with ruffling
determined. B) CHO cells in suspension were plated on coverslips with or without a 30
minute pre-treatment with FIPI. 15 minutes after plating, the cells were fixed and stained
to visualize F-actin (red) and DNA (green). Scale bar, 10 mm.
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Fig. 3. 6. 1-Butanol inhibits glucose-stimulated insulin release without blocking
production of PA, whereas FIPI blocks PA production but does not inhibit insulin
release.

A) 1-Butanol blocks glucose-stimulated insulin release. Min6 cells were assayed for
glucose-stimulated insulin release in the presence of increasing amounts of primary or
tert-butanol. *, p<0.05 B) Min6 cells were assayed for glucose-stimulated insulin release
in the presence of increasing amounts of FIPI added 30 minutes before the start of the
assay. C) Min6 cells were transfected with the GFP-Spo20-PABD PA sensor and
maintained in low glucose medium. 24 hours later, the cells were pretreated with 750 nM
FIPI, 1-butanol, or vehicle for 1 hour, and then switched to high glucose medium and
fixed after 1 hour. Two representative cells are shown for each condition. Arrowheads,
plasma membrane. D) Quantitation of plasma membrane fluorescence (n=21, p<0.001).
Scale bar, 10 mm.
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Fig. 3. 7. FIPI inhibits neutrophil chemotaxis.

A) Differentiated HL-60 cells were pre-incubated with 750 nM FIPI, 0.5% 1-butanol, or
DMSO, and then stimulated with 1 uM fMLP for 2 min. Cell lysates were analyzed by
SDS-PAGE and Western blotting using antibodies against p38, phosphorylated p38, ERK,
or phosphorylated ERK. B) Quantitation of phosphorylation level of p38 using Odyssey
imaging system. C) Differentiated HL-60 cells were treated with 750 nM of FIPI for 1
hour, resuspended in RPMI-based chemotaxis buffer with FIPI or DMSO, and placed in
the upper chamber of 6.5-mm Transwell plates. Bottom wells contained either buffer or 10
nM fMLP. *, p<0.05, **, p<0.01.
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Fig. 3. 8. FIPI inhibits DOCK2 accumulation at pseudopods during chemotaxis
(Science. 2009 324: 384-7).
A). Effect of FIPI on DOCK2 localization was analyzed at 15s or 30s after stimulation

with 25 nM C5a. B). Effect of FIPI on DOCK2 localization in neutrophils stimulated with
a micropipette containing 10 uM fMLP. C). Effect of FIPI on localization of GFP-tagged
PAK-RBD was analyzed at 30s after stimulation with 25 nM C5a. Data in (A) and (C) are
the mean + SD of triplicate experiments, in each of which at least 50 cells were analyzed.
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Fig. 3.8.
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Chapter 4

Conclusions and future directions

4.1 The role of PIP5Ka in host defense
4.1.1 Overall conclusions regarding the role of PIP5Ka. in host defense against Y.
pseudotuberculosis

PIP5Ka is one of three isoforms of PIP5K that are the major enzymes responsible for
PIP, generation. As I mentioned before, PIPSKa was proposed to be involved in FcyR-
mediated and PB1 integrin-mediated phagocytosis by using either overexpression or
catalytically inactive mutant. At the start of my study in the role of PIP5Ka in Y.
pseudotuberculosis, I speculated that PIPSKa played a part in the phagocytosis. Besides
this part, I also addressed the other potential functions of PIP5Ka in host defense

including innate and adaptive immune responses. However, numerous additional roles of

PIP5K still need to be defined.

PIP5Ke is required for efficient uptake of Y. pseudotuberculosis when Racl activity is

inhibited by bacterial toxin YopE.

BMDMs derived from PIP5Ko” mice phagocytosed wt Y. pseudotuberculosis less
efficiently than wt BMDMs did (Fig.2.1B), and the deficiency became more profound
when the Yops were induced prior to infection (Fig.2.1C). In contrast, there was no
difference in uptake of Y. pseudotuberculosis that did not carry the virulence plasmid

(Fig.2.1B), or expressed a defective YopE protein (Fig.2.2A). YopE, a Rho GAP protein,
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blocks phagocytosis mainly by inhibiting Racl activity. When treated with the Racl
inhibitor NSC23766 (Fig.2.2B), PIP5Ko ™ macrophages uptook less bacteria than wt
macrophages did even though bacteria did not express functional YopE. These indicate
the unique role of PIP5Ka in the phagocytosis of Y. pseudotuberculosis, a key regulator

against toxin YopE.
PIP5Ka’ mice are more susceptible to Y. pseudotuberculosis infection than wt mice.

My in vivo data further confirm the significance of PIP5Ka in host defense against Y.
pseudotuberculosis. When infected orogastrically with Y. pseudotuberculosis, PIP5K o™
mice exhibited greater susceptibility with 35% surviving to 21 days post infection, while
85% of wt mice survived during this observation period (Fig.2.5A). This suggests that
PIP5Ka plays a protective role in Y. pseudotuberculosis infection, which is not
compensated by other isoforms of PIP5K. Furthermore, 25-fold more bacteria were found
in the spleens of PIP5Ko” mice than that of the wt (Fig.2.5B) on day6 after infection,
which suggests that either more bacteria were disseminated to spleens or less bacteria
were cleared in PIPSKo™ mice. However, colonization levels in MLNs of wt and
PIP5Ko~ mice were similar, which indicates that bacterial clearance, but not
dissemination, may count for the phenotype of PIP5Ka-deficiency mice. TNFa and IFNy
are two key cytokines important for the clearance of Y. pseudotuberculosis. Indeed, lower
IFNy levels were found in PIP5Ko™”" mice at day6 post infection (Fig.2.6), which is

consistent with the colonization data.

Diminished IFNy level is due to lower levels of MHC class Il on the surface of the

antigen presenting cells (APCs) lacking PIP5K a.
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T cells are the major source of IFNy at the late stage of Y. pseudotuberculosis
infection. There are two possibilities leading to diminished IFNy levels: lower T cell
content; or T cell less primed. T cell content in the spleens of infected mice remained
constant and similar from 3 to 6 days post infection in either the wt or PIP5Ko”™ mice
(Fig.2.7). However, the levels of MHC class II molecules is lower on the surface of
BMDMs induced by IFNy. Furthermore, in contrast to 70% of wt CD11c+ BMDCs, only
44% of PIP5Ka”™ BMDCs expressed MHC class II (Fig.2.9). The lower levels of MHC
class II results in the defect in T cell priming, which may count for less IFNy in PIP5Ko ™
mice at the late stage of infection. Immunoflurorescence staining also showed that there
was less MHC class IT on the PIP5Ko”” BMDMs than that on the wt after IFNy treatment.
However, no significant difference was observed in the cytosolic levels of MHC class I,
suggesting that PIP5Ka may affect the translocation of MHC II from cytosol to plasma
membrane in response to IFNy. Using various markers to label different cytosolic
compartments, MHC 1II in PIP5Ko” BMDMs was found to barely go to TGN where it
can be further transported to plasma membrane in wt cells. This unexpected finding

indicates that PIP5SKa may be involved in intra-Golgi trafficking.

4.1.2 Further considerations regarding the role of PIP5Ka in host defense
How does PIP5K a regulate the phagocytosis of Y. pseudotuberculosis?

In previous studies, PIPSK was shown to be recruited to the nascent phagosome and

generate PIP2 mediating actin rearrangement there in COS cells infected with Y.
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pseudotuberculosis (Wong and Isberg, 2003). It is very possible that the deficiency in
phagocytosis in PIP5Ka”~ BMDM s is due to the less PIP2 production on the phagosomal
cup. However, based on the data from our collaborator, just 10% decreased in PIP2 level
was observed by HPLC in bone marrow-derived mast cells (Sasaki et al., 2005). It might
be impractical to image such small change of PIP2 level by using PLC3-PH-GFP. Since
PIP2 level affects actin polymerization, and eventually leads to F-actin reorganization, I
decided to use F-actin change as readout. Unfortunately, in the course of my studies, I
failed to observe obvious changes in the actin cytoskeleton of macrophages in the
PIP5Ka”™ mice either at the resting stage or after infection. Yersinia is a small bacterium
and phagocytosed by macrophage quickly, making it difficult to image actin
accumulation during an individual uptake event. In this case, tracking F-actin change in
real time could be helpful. However, the common used F-actin labeling reagent,
phailloidin binds F-actin, strongly promoting actin polymerization and poisoning the cell.
Additionally, it does not permeate cell membrane, making it difficult to be applied in
living cell imaging. Recently, Wedlich-Soldner R. et al reported a new tool to visualize
actin dynamics in vivo, which use a fluoro-labeled 17 amino acid peptide called F-Lifeact
(Riedl et al., 2008). F-Lifeact can label live untransfectable cells such as neutrophils
using ‘scrape-loading’ (McNeil et al., 1984). With this method, actin dynamic can be
tracked in an individual uptake event.

Since both Arf6 and Racl can activate PIPSKs in vitro and overexpression of Arf6
can bypass the inhibition of Racl during the phagocytosis of Y. pseudotuberculosis, 1
propose that Arf6-PIP5SK may constitute a parallel pathway to Racl. However, whether

Arf6 is a key regulator of the uptake of Y. pseudotuberculosis has not been clearly
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verified. Arf6 knockout mice were reported recently (Suzuki et al., 2006). Although they
are embryonic lethal, the function of Arf6 in Y. pseudotuberculosis uptake can be tested
using Arf6” cells.

Can IFNyrescue the phenotype in PIP5Ka’ mice?

As reported (Autenrieth et al., 1994; Parent et al., 2006), IFNy is a key cytokine
protecting host against Yersinia and recombinant IFNy rendered susceptible mice the
resistance. I proposed that lower level of IFNy in PIP5K0o" mice was the major cause of
animal death. To further confirm this, exogenous IFNy will be daily injected into wt and
PIP5K 0" mice from day 3 after oral infection to eliminate the difference in IFNy levels
between wt and PIP5Ka"™ mice, and the colonization in spleens will be determined at day
6. I expect that exogenous IFNy will rescue the defect of colonization in PIP5K o mice
after infection.

Which results in the susceptibility of PIP5K a-deficient mice upon Y.
pseudotuberculosis: defect in phagocytosis, or diminished MHC class 11 levels, or
both?

In this study, PIPSKa was found to be important in two key processes of immune
responses: phagocytosis and MHC class II presentation. Any of them or both could
contribute to the susceptibility of PIP5Ka™”™ mice to Y. pseudotuberculosis. Due to defect
in phagocytosis, macrophages could uptake and clear less bacteria in spleens, which leads
to uncontrolled bacteria colonization and animal death eventually. On the other hand,
lower levels of MHC II on the surface of macrophages and dendritic cells could count for
less priming T cells because of the defect in antigen presentation, resulting in less IFNy

produced in PIP5Ko”™ mice upon infection. To clarify which is the key, YopE inactive
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mutant is a unique tool because there is no difference in uptaking YopE mutant between
wt and PIP5Ka”™ macrophages. However, Yersinia lacking YopE is much less virulent
than wt strain, which make it difficult to study the immune responses in deep tissues
using this mutant strain. Instead of oral inoculation, i.v. injection may be a route to avoid
peripheral immune system and dissect the deep tissue problems. First, I will make the
survival curve using different amounts of bacterial loads to determine IDsy of YopE
mutant during i. v. infection. Then, I will use 10 folds of IDs to infect wt and PIP5Ko ™
mice to check the colonization in spleens. If the colonization in spleen is similar between
wt and PIP5Ka™ mice, it suggests phagocytosis does play an irreplaceable role in host
defense against Y. pseudotuberculosis. Although there is a defect on MHC I
presentation, PIP5Ko”" mice can handle the bacterial infection as well as wt mice when
the phagocytosis defect has been removed by inactivating YopE. In contrast, if the
colonization in PIP5Ka™" spleens is more than that in wt, which mimics the phenotype
using wt Y. pseudotuberculosis strain, it indicates that the role of PIP5SKa in T cell
priming and MHC II presentation may be more critical in host defense.

How does PIP5Ka affect MHC |1 presentation?

The role of PIP5Ka in MHC II presentation is an unexpected finding. Based on my
preliminary work, PIP5Ka may affect the surface expression level of MHC II by
regulating the intracellular trafficking. Normally, MHC II is synthesized in the ER, and
then translocate to Cis-Golgi and TGN, eventually goes to plasma membrane through
endocytic pathway. In wt macrophages, IFNy-induced MHC II co-localizes with cis-
Golgi marker GM130 and TGN maker TGN38. However, the majority of MHC II in

PIP5Ka”™ macrophages co-localizes with GM130, but no TGN38, suggesting that
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PIP5Ka may play a part in the translocation from cis-Golgi to TGN. Although the
trafficking from cis-Golgi to TGN has not been well studied, PIP2 has been implicated in
the regulation of Golgi structure and trafficking (De Matteis et al., 2002; Egea et al.,
2006). Using the PH domain of PLCS in immunoelectron microscopy, the presence of
PIP2 has recently been visualized at the Golgi complex, mainly at the level of the stacks.
Although none of PIP5K isoforms has been visualized at Golgi, a PIP5K activity and
recombinant PIP5Ka associate with Golgi membranes, and both elevate PIP, levels in
vitro (Godi et al., 1999; Jones et al., 2000; Siddhanta et al., 2000). PIP, has been
proposed to play a role in ER-to-Golgi transport (Godi et al., 1998), in the
formation/release of post-Golgi transport vesicles, and in maintaining the structural
integrity and function of Golgi (Siddhanta et al., 2000; Sweeney et al., 2002). PIP, might
play those roles by controlling the spectrin and actin machineries that are involved in the
organization and function of Golgi (Egea et al., 2006; Lorra and Huttner, 1999), and by
acting on the membrane fission processes through recruiting/activating dynamin (Kozlov,
2001). Similarly, PIP2 generated by PIP5K could affect the intra-Golgi trafficking by
regulating those pathways since PIP2 mainly localize at the stacks.

Does PIP5Ka play other roles in host defense against Y. pseudotuberculosis?

MHC 1I level on the surface of PIP5Ka”~ APCs is lower than that on wt APCs,
strongly arguing that there is an antigen presentation defect in PIP5Ko”" mice. However,
antigen presentation assay might be still needed to be carried out to really confirm it. To
do so, T cells can be isolated from wt and PIP5Ka”™ mice immunized by Y.

pseudotuberculosis, and then T cells are incubated with BMDCs or BMDMs infected
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with Y. pseudotuberculosis. T cell recognition can be measured by the detection of IFNy
in culture supernatant using ELISA (Russmann et al., 2003).

Defect in T cell activation could be another possibility to cause the lower IFNy levels
in PIP5K o mice even thought no evidence points out the involvement of PIP5Ko. in this
process. One of the most common ways to assess T cell activation is to measure T cell
proliferation upon in vitro stimulation of T cells via antigen or agonistic antibodies to
TCR. T cells isolated from spleens can be activated by anti-CD3, and cellular
proliferation can be measured by MTT assay or IFNy level as readout (eBioscience
protocol: T cell activation). Although I do not expect any difference between wt and
PIP5Ko ™ T cells, it will be another interesting direction we may follow if any defect is
found.

Do other PIP5Ks also play a part in Y. pseudotuberculosis infection?

There is no difference between wt and PIP5Ko™” macrophages in terms of uptaking
YopE inactive mutant strain. Moreover, the defect in phagocytosis of PIP5Ko ™
macrophages was not very dramatic, about 35% less in comparison to wt macrophages,
indicating that other PIP5K isoforms may also be involved in phagocytosis of Yersinia.
PIP5SK} is highly homologous to PIP5Ka, and has been implicated in Fcy-R mediated
phagocytosis. Recently, PIPSKB™ mice was reported and characterized by Wang Y et al
(Wang et al., 2008). Using this tool, we can clarify the overlapping role of o and 3
isforms in the phagocytosis. Since both PIP5Ka and PIPSKf3 knockout mice are born and
grow normally, it is possible to cross them to generate double knockout mice to evaluate
the function of PIP5Ka/p that may be different from that of y isoform in the bacterial

uptake.
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Is PIP5K  a universal protective factor in host defense?

Here, I showed that PIP5Ko 1is an important protective factor against Y.
pseudotuberculosis infection via regulating phagocytosis and MHC class II presentation.
However, the preliminary data showed that PIP5Ko mice survived a little better, but not
significantly, in comparison to wt mice upon Listeria infection, suggesting that PIP5Ka
plays different parts in host defense regarding different pathogens. In contrast to Y.
pseudotuberculosis, Listeria is a gram-postive pathogen, and replicate intracellularly
(Ramaswamy et al., 2007). Moreover, not like Y. pseudotuberculosis, the clearance of
Listeria is not dependent on IFNy. PIP, and PIP; have been implicated in the Listeria
uptake (Cossart and Sansonetti, 2004), it would be interesting to test whether PIP5K o or
B is involved in the phagocytosis of Listeria using knockout BMDMs. If there is a defect
in phagoyctosis in knockout cells, I’ll propose that the defect in the Listeria phagocytosis
leads to less bactereia proliferated intracellularly, which is the major way to spread the
infection, eventually resulting in less susceptibility to Listeria in knockout mice. It will
be an interesting finding that PIP5Ko, a host regulator, plays similar roles in

phagocytosis, but leads to different outcomes.

4.2 FIPI and its potential applications
4.2.1 Overall conclusions regarding the characterization of FIPI

FIPI is here characterized as a small molecule inhibitor of PLD1 and PLD2 (Fig.3.1).
It rapidly blocks in vivo PA production with sub-nM potency, and its inhibition is

partially reversible (Fig3.2). It neither affects the activities of other PLD superfamily
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members such as mitoPLD or lysoPLD, nor interferes with PLD localization or the
upstream signaling pathways (Fig.3.3). Surprisingly, FPI does not block several
biological processes that are inhibited by 1-butanol, such as insulin secretion upon
glucose stimulation (Fig.3.6). However, FPI does inhibit PLD regulation of membrane
ruffling, cell spreading (Fig.3.5), and chemotaxis (Fig.3.7), indicating its potential utility

as a therapeutic.

4.2.2 Future considerations regarding the potential applications of FIPI
Why does FIPI not work in some biological processes blocked by 1-butanol?

PLD can use 1-butanol to generate Ptd-but, which is thought to be inert lipid unable
to recruit or activate target proteins, or serve as a substrate to generate signaling lipid, or
affect membrane structure. Thus, 1-butanol is widely used as a PLD inhibitor, and many
involvements of PLD were discovered by using this tool. However, concerns have been
raised since as little as 0.1% 1-butanol has been shown to inhibit a variety of the cell
biological processes. As reviewed (Huang et al., 2005; Huang and Frohman, 2007), 1-
butanol and Ptd-but do have other effects on the cells that extend beyond inhibiting PA
production. Therefore, the so-called PLD functions found by using 1-butanol should be
carefully re-evaluated. In this case, FIPI, the small molecule inhibitor, would be a good
tool as well as RNAi or knockout animals.

Additionally, 1-butanol did not block PA generation in our experimental setting

(Fig.3.6C) even though it blocked insulin secretion. In contrast, FIPI did block PA
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production, but not inhibit insulin secretion. These suggest that 1-butanol affect insulin
secretion may through other pathways instead of inhibiting PLD activity.
FIPI helps to synthesize isoform-specific inhibitor.

As I showed, FIPI is a potent inhibitor for both PLD1 and PLD2, which infers pos
and cons. PLD1 and 2 are classic mammalian PLDs, which are intensively studied
regarding their roles in cellular processes and diseases. With FIPI that eliminates the PA
production by PLD, confusion caused by 1-butanol will be cleared up, and PA signaling
pathway will be further dissected as discussed later. However, this pan-inhibition can not
point out which isoform is involved in the particular process, and may cause troubles
when the isoform-specific issues need to be addressed. For example, FIPI did not affect
insulin secretion upon glucose stimulation. However, evidence showed that PLD1 was
required for insulin release by using RNAi approach, and preliminary data from my lab
mate indicated that PLD2 might inhibit insulin secretion by analyzing PLD2 knockout
mice. Under this circumstance, PLD1 and 2 may play different roles that can not be
distinguished by FIPI. Thus, isoform-specific inhibitors would be important advance in
the field. Using FIPI as a leading compound, a variety of modification can be made, and
isoform specificity will screened using in vitro PLD assay as described in the method.
Very recently, Alex Brown reported such isoform-specific inhibitors designed based on
FIPI. But they are not as efficient as FIPI in terms of ICsy, which may lead to many non-
specific effects. However, this work at least supports the idea that FIPI is a good leading
compound to design isoform-specific inhibitors.

FIPI may be a useful tool to dissect PA generation pathways.
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Although FIPI is not perfect regarding its isoform specificity, it is a useful tool to
dissect PA production pathways. PA can be formed in three ways: the hydrolysis of PC
by PLD; the phosphorylation of DAG by DAG kinase; or the acylation of lysoPA by
lysoPA-acyltransferase. With FIPI, PA production by PLD can be distinguished from
other pathways, which helps us to clarify the complexity.

PA consists of a glycerol backbone with a saturated fatty acid to carbonl, an
unsaturated fatty acid bonded to carbon2, and a phosphate bonded to carbon3. The length
of fatty acid chain and the number of unsaturated bonds vary, which defines different PA
species. Although the biological significance of each PA is largely unknown, dissecting
PA specie production upon different stimulations may provide insight into it.
Interestingly, our collaborator showed that blocking PLD activity by FIPI selectively
diminished the production of some species of PA in response to PMA by lipid mass
spectrometry, suggesting than PLD may be involved in those PA generation, but not for
the others. These also provide the opportunity to distinguish the biological role of PLD-
regulated PA from PLD-unrelated PA, and intrigue us to find out other regulators of PA
production. Using similar approaches, PA generation upon other stimuli can certainly be
studied in the future.

Is FIPI a potential anti-tumor drug?

Recently, the role of PLD in tumorigenesis has begun to draw more attentions,
including acting as an alternate survival signal, promoting cell tansformation, and
regulating metastasis (Zheng et al., 2006). Among them, metastasis is a key issue in
cancer therapy, since it causes 90% of the deaths from solid tumors (Gupta and

Massague, 2006). Metastasis is a complicated multi-step process in which cell
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motility/migration is essential. Cytoskeleton networks play a crucial part in cell motility
and have been studied extensively in tumor invasion. PLD has been recognized as a key
regulator in cytoskeleton reorganization and cell movement. PLD activity is also
implicated in tumor invasion: MDA-MB-231 human breast cancer cells with high levels
of PLD activity migrate and invade in matrigel, whereas MCF-7 cells with relatively low
PLD activity do not. Moreover, the ability of MDA-MB-231 to migrate and invade
matrigel is dependent on PLD (Zheng et al., 2006). These suggest the contribution of
PLD to cell migration and invasiveness, and therefore inhibiting PLD activity could be a
potential target in metastatic cancer therapy.

I showed that FIPI inhibited fMLP-drived chemotaxis, which indicates FIPI may be a
promising reagent to block tumor cell movement. Furthermore, the pharmacokinetic
parameters of FIPI such as the 5.57 h half-life, indicating that FIPI could be used as a
drug. To test the hypothesis, cell migration assay in culture and tumor metastasis mouse
model can be performed. However, the mouse model is the way to evaluate its clinical
potential. There are various ways to mimic metastasis in mice including genetically
modification or tumor transplantation (Fantozzi and Christofori, 2006). The implantation
of established cell lines derived from human breast cancer is relatively simple and allows
the genetic or pharmacological manipulation of the implanted cells. Here, LM2 cells
derived from MDA-MB-231 will be used not only because they have high PLD activities,
but also because they showed aggressive lung metastasis when as few as 2x10° cells were
injected into the tail vein of immunodeficient mice (Minn et al., 2005). Additionally, the
LM2 cells express a triple-fusion protein reporter encoding herpes simplex virus

thymidine kinase 1, green fluorescence protein (GFP) and firefly luciferase, which allow
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to visualize the xenograft. With this model, FIPI will be given daily to transplanted nude
mice, and the metastasis will be evaluated by bioluminescent imaging system. Once this
system is established, the derivatives of FIPI can also be examined to find out the best
drug candidates, which will be an advance in cancer therapeutic.

Although I have only expound one potential clinical application of FIPI, it is likely
that FIPI could be applied to the treatment of other diseases, as PLD and its product PA

have been implicated in a wide range of physiological processes and diseases.
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