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Abstract

The role of the PI3-kinase pathway and its antagonist PTEN in the regulation of innate immune responses has only
recently attracted the attention of the scientific community. The PI3K/PTEN signaling axis is most renowned for its
critical involvement in the malignant transformation of cells leading to tumorigenesis. PI3K function in the regulation
of innate immunity, either pro-inflammatory or anti-inflammatory, is still a controversial issue. Undoubtedly, PI3K
serves as an essential pro-inflammatory signaling molecule to activate leukocytes, initiate migration and facilitate
phagocytosis. Nevertheless, it is less clear how PI3K and PTEN modulate the amplitude of immune responses. Here,
we review recent advances on the immune biology by means of reverse genetics analyzing the role of the PI3K/PTEN
signaling cascade in innate immunity.
© 2008 Elsevier GmbH. All rights reserved.
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Introduction

Phosphoinositide-3 kinase (PI3K) is a key enzyme
governing a plethora of cellular processes (Cantley,
2002). The most prominent among these are cell
survival, site-directed migration and phagocytosis, all
of which are tightly regulated by different PI3Ks in
inflammatory reactions and infectious diseases.

PI3K and downstream effector kinases, such as AKT,
also known as protein kinase B, were initially described
for attenuating apoptosis, promoting cell survival and,
therefore, contributing to tumorigenesis (Burgering and
Coffer, 1995; Staal, 1987). Some time later a tumor
suppressor was found to counteract the PI3K/AKT
signaling axis. This phosphatase, called ‘“phosphatase
and tensin homologue deleted on chromosome 10" or
abbreviated PTEN, counter-regulates PI3K activity by
dephosphorylating PI3K targets (Li et al., 1997; Liaw
et al., 1997; Marsh et al., 1997).

PI3K phosphorylates the plasma membrane phos-
pholipid phosphatidylinositol (PtdIns) on the 3-position
of the inositol-ring to generate various forms of
phosphorylated PtdIns, such as PtdIns(3,4,5)P3. These
phospholipids are bound by proteins such as AKT and
phosphoinositide-dependent kinase (PDK)1 via their
pleckstrin homology domains, to direct these proteins to
the plasma membrane and activate subsequent kinase
signaling activity (Vanhaesebroeck et al., 2001; Fig. 1).

PI3K - lipid kinase family

The PI3K family can be divided into three subclasses.
Of those, only class I family members have been studied
extensively. Little is known about the class II and class
III enzymes, which have different PtdIns substrates.
These PI3K subclasses are less well described and will
not be a topic of this review.

Kinase

\_K

PtdIns(3,4,5)P3

_—
—

Class I PI3K is subdivided into class 1A, which is the
major PI3K group, and class IB. Class IA enzymes
consist of a regulatory subunit (p85a, p85f), which is
required for correct regulation and spatial localization
of the active hetero-dimer, and a catalytic subunit
(p110a, p110B, p110J), harboring the catalytically active
lipid kinase domain (Cantley, 2002). Class IA PI3Ks are
activated by receptor tyrosine kinases (RTKs) or
respective adaptor proteins. The latter is the case for
Toll-like receptor (TLR)-mediated PI3K activation.
Disruption of genes for either one of the major
regulatory subunits p85¢ (including all splice variants)
or catalytic subunits, pl110x or p1108, results in a lethal
phenotype in mice. Importantly, there are two different
p85a-deficient mouse strains available to date. The first
mouse strain, developed by the group of Lewis Cantley,
shows a lethal phenotype, exhibiting extensive liver
necrosis, with only a fraction of animals surviving the
first couple of weeks postnatally. These data prove that
p85p cannot entirely substitute for the loss of p85a
(Fruman et al., 2000). Moreover, p85« and p85f double-
deficient mice die even earlier in embryonic develop-
ment, suggesting that there is at least some redundancy
between the regulatory subunits (Brachmann et al.,
2005). On the other hand, the group of Shigeo Koyasu
generated a p85a-deficient mouse, which still expresses
smaller splice variants of p85«, namely p50x and p55a.
This mouse line displayed a normal gross phenotype
without any overt patho-physiologic changes, proving
that these isoforms can compensate for the deletion of
the full gene product (Terauchi et al., 1999). This strain
was among the first to be described for clear pathologic
alterations in innate immune responses (see below for
more details) (Fukao et al., 2002a, b).

Mice deficient for p1106 and p85f are viable, which
indicates cell-type-specific properties for these subunits.
In particular, p1106 seems to be primarily expressed in
the hematopoietic cell lineage.

Class IA PI3K Subunits: Class IB PI3K
P —— .
BLlCaps catalytic
-
=T regulatory

Fig. 1. PI3-kinase subclasses comprise different subunits and are activated by specific receptor families. The active class IA or IB
PI3-kinase consists of a heterodimeric protein complex made up of a catalytic subunit and a regulatory subunit. Class IA PI3K is
activated by RTKs, while Class IB PI3K is activated by GPCRs. The regulatory subunit harbors a SH2-domain, which directs the
kinase to phosphorylated domains within activated receptors or adaptor molecules. Subsequently, the catalytic domain
phosphorylates e.g. PI(4,5)P2 to PI(3,4,5P3. PTEN antagonizes the PI3K catalytic function by dephosphorylating specifically
the 3 position of PIP3.
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In contrast, class IB PI3K, which consists of a single
regulatory (pl01) and catalytic subunit (pl110y), is
activated by G proteins and G protein-coupled recep-
tors. These receptors are typically involved in chemo-
tactic signaling and important for leukocyte diapedesis
(Hirsch et al., 2000). Class IB PI3K-deficient mice are
viable, probably due to the restricted expression of
p110y to the hematopoetic cell lineage. This is similar to
the class IA pl1106 knock-out mentioned above. The
class IB p110y —/— mice are among the most extensively
studied PI3K gene-targeted animals (Hirsch et al., 2000;
Li et al., 2000; Sasaki et al., 2000).

PTEN - lipid phosphatase

The primary function of PTEN is to antagonize PI3K.
It is a lipid phosphatase with only limited potential to
dephosphorylate protein substrates. PTEN specifically
dephosphorylates the 3-position on PtdIns, predomi-
nantly PtdIns(3,4,5)P3, to generate PtdIns(4,5)P2. This
phospholipid is inert and cannot attract proteins to the
plasma membrane (Vanhaesebroeck et al., 2001).

PTEN is regulated at multiple levels. Phosphorylation
of PTEN itself is one key feature in the regulation of the
phosphatase, which is mediated by kinases such as
casein kinase II. Phosphorylated PTEN is supposed to
be the inactive form, whereas dephosphorylation leads
to activation and hydrolysis of PtdIns(3,4,5)P3. PTEN
regulation has been reviewed recently (Gericke et al.,
20006).

One obstacle to study the patho-physiologic functions
of PTEN is the fact that PTEN deficiency in mice leads
to early embryonic lethality. Even in PTEN hetero-
zygous animals, the incidence of tumor development is
very high, which prevents appropriate analysis of
immune-modulatory PTEN properties (Suzuki et al.,
1998). Fortunately, the group of Tak Mak and others
have created cell-type-specific, conditional PTEN
knock-out mice using the cre lox-p system. Crossing
LysM cre transgenic mice, which leads to cre expression
in granulocytes and monocytes, with lox-p PTEN
animals allows the study of PTEN functions in cells
implicated in innate immunity (Suzuki et al., 1998).
Akira Suzuki, who is one of the leading scientists in
elucidating PTEN biology, has recently reviewed scien-
tific advances using these particular conditional PTEN
knock-out mice (Suzuki et al., 2008).

The controversy on innate immune functions of
PI3K

Before genetically modified mice became available,
pharmacologic inhibition of PI3K has been the method
of choice. Inhibition of PI3K could be achieved by using

the fungal metabolite wortmannin (in nM range) or the
synthetic inhibitor LY294002 (in uM range). Further-
more, constructs for the artificial overexpression of
wildtype or mutated PI3K family members were
generated to dissect the pathway and prove pro- or
anti-inflammatory effects.

In vitro studies using these compounds suggested an
involvement of PI3K in the modulation of innate
immune responses, though the role of PI3K still
remained controversial. Some studies showed direct or
indirect TLR-mediated activation of IxB kinase (IKK)/
nuclear factor kB (NFxB) signaling via PI3K/AKT.
Inhibition of PI3K by pharmacologic inhibitors or
dominant negative PI3K constructs led to diminished
NFxB activation and reduced inflammatory gene
expression (Arbibe et al., 2000; Ojaniemi et al., 2003;
Rhee et al., 2006). In contrast, others could show an
enhancing effect of pharmacologic PI3K inhibition on
pro-inflammatory gene expression, which was depen-
dent on a number of signaling pathways such as p38,
C-jun n-terminal kinase (JNK), extracellular signal-
regulated kinases (ERK) and IKK (Aksoy et al., 2005;
Az-Guerra et al., 1999; Guha and Mackman, 2002).

Furthermore, we and others provided in vivo evidence
for a down-regulatory role on innate immunity of PI3K
in models of acute inflammation and sepsis, using the
potent PI3K inhibitor wortmannin (Schabbauer et al.,
2004; Williams et al., 2004; Zhang et al., 2007).

Differential results using both inhibitors wortmannin
and LY294002 led to speculations that these inhibitors
have additional targets, which are unrelated to PI3K.
This was confirmed thereafter, when a study demon-
strated that an analogue of LY294002, which has no
activity on PI3K, did still block the NFxB-dependent
signaling (Kim et al., 2005). Taken together, these data
suggest that some of the observed effects are cell-type
specific and true, but others are dependent on the non-
specific inhibition of targets other than PI3K. Thus, these
findings have to be reviewed carefully, especially in light of
recent data based on reverse genetics (see below).

Genetic analysis of PI3K properties in TLR-
mediated signaling

The first genetic reports on the role of PI3K in the
regulation of innate immune responses were published
by the group of Shigeo Koyasu. It could be shown
in vitro that ablation or down-modulation of PI3K
activity had strong impact on the innate immune
response in dendritic cells. In particular, interleukin
(IL)-12 expression upon pathogen-associated molecular
pattern (PAMP) stimulation (TLR2, TLR4 and TLRY)
was elevated in p85a-deficient cells (Fukao et al., 2002a).

Another study could show in vivo that p85a deficiency
led to an enhanced response of gene-deficient mice to the
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TLRS5 agonist flagellin (Yu et al., 2006). These data
indicate that PI3K is involved in the down-regulation of
pro-inflammatory responses.

More recently, we could provide compelling evidence
for a role of PI3K in the modulation of the amplitude of
inflammatory signals. In contrast to the above-men-
tioned studies, we used the complete p85a-deficient
animals generated by Lewis Cantley’s laboratory.
Several pro-inflammatory signaling pathways activated
by TLR4, such as the MAP kinases p38, JNK and
ERK1,2, are affected by p85« deficiency in macro-
phages. Activation of mitogen-activated protein kinases
(MAPKS) upon lipopolysaccharide (LPS)/TLR4 activa-
tion was enhanced and persisted over a prolonged
period of time in p85«a-deficient macrophages, as
compared to wildtype control cells (Luyendyk et al.,
2008). Interestingly, we could only detect minor effects
on NFxB signaling, quite in contrast to the conclusions
drawn by Fukao and Koyasu (2003). In this respect,
Martin et al. (2005) found direct effects of AKT and
glycogen synthase kinase 38 (GSK3/) on NF«B activity.

We could demonstrate that as a functional conse-
quence of reduced PI3K activation, expression levels of
secondary inflammatory mediators such as tumor
necrosis factor (TNF)a and IL-6 were strongly elevated
in vitro and in vivo due to p85« deficiency (Luyendyk
et al., 2008).

As mentioned above, downstream of AKT, GSK3p is
a crucial target in the PI3K signaling cascade. GSK3p is
important for a variety of cellular processes, such as
glucose/glycogen metabolism, protein synthesis and
apoptosis (Frame and Cohen, 2001). Phosphorylation
of GSK3p by AKT renders GSK3f inactive. Recently,
Martin et al. (2005) could prove genetically that AKT-
mediated GSK3p inhibition led to down-modulation of
TLR2, 4, 5 and 9-mediated inflammation in vitro and
in vivo. These findings confirmed previous reports using
unspecific GSK3p inhibitors in vitro, which indicated
that GSK3p is required for PI3K/AKT-dependent
down-modulation of LPS-mediated expression of pro-
inflammatory mediators (Guha and Mackman, 2002).

Genetic analysis of PTEN in innate immunity

Reports on PTEN function in innate immune
responses are sparse. To date, PTEN has not been
extensively investigated with respect to innate immune
signaling. Susheela Tridandapani’s group took a glance
at TLR4 effects and FcyR signaling in PTEN-deficient
macrophages. They noted that FcyR-mediated expres-
sion of cytokines was enhanced, while TLR-mediated
expression of cytokines was inhibited by PTEN defi-
ciency in macrophages (Cao et al., 2004). This may
indicate that PI3K’s pro- versus anti-inflammatory

functions strongly depend on specific receptor-mediated
signal transduction.

In our recent study, we compared PI3K- and PTEN-
dependent effects on LPS/TLR4-mediated expression of
cytokines and pro-coagulant tissue factor. As we
expected, data obtained in PTEN —/— macrophages
inversely correlated to results derived from p85x —/—
macrophages. These findings were a proof of principle
that the genetic manipulation of PI3K activity led to
either enhanced (p85a deficiency) or diminished (PTEN
deficiency) cytokine expression in response to the TLR4
agonist LPS.

Moreover, we found that PTEN deficiency led to
constitutively enhanced PI3K signaling activity, which
could not be restored by endogenous SHIP phosphatase
activity. This is noteworthy, since SHIP is a lipid-
phosphatase dephosphorylating PI3K-generated
PtdIns(3,4,5P3 at the 5 position, which is also
implicated in innate immune regulation (Sly et al.,
2004). Simultaneously, the amplitude and sustained
activation of MAPK signaling by LPS were significantly
reduced in PTEN-deficient macrophages (Luyendyk
et al., 2008).

Furthermore, in collaboration with Philippe Georgel,
we could detect TLR-specific anti-viral, cyto-protective
properties of PTEN deficiency against vesicular stoma-
titis virus (VSV) infection in macrophages. Cellular virus
resistance was conferred by reduced virus production
and increased survival.

The VSV glycoprotein G has been shown to utilize the
TLR4 signaling complex. In this particular case CD14/
TLR4 activation is TIR-domain-containing adapter-
inducing interferon-f (TRIF)/TRIF-related adaptor
molecule (TRAM) dependent, but MyD88 independent
(Georgel et al., 2007). TLR4/TRAM-induced interferon
regulatory factor (IRF)7 and the type I interferon IFNf
were found to be elevated in VSV-infected PTEN-
deficient macrophages (Schabbauer et al., 2008).

Taken together, our findings suggest that applying a
conditional PTEN knock-out strategy in macrophages
leads to sustained activation of PI3K with simultaneous
down-regulation of several NFxB-dependent cytokines,
in particular TNFa and IL6, but increase of other IRF-
dependent factors, such as IFNf, in response to TLR4
activation.

Nevertheless, there are still numerous missing links in
the PI3K/PTEN signaling cascade leading to down-
modulation of pro-inflammatory signaling (see Fig. 2).
To unravel the mystery of those factors will be a
challenge in the near future.

Concluding remarks

The PI3K/PTEN signaling pathway is extremely
pleiotropic, because this important signaling axis affects
numerous cellular processes.
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acute inflammatory
signaling pathways

Fig. 2. Role of PI3K and PTEN in the modulation of acute inflammatory signaling processes. PI13-kinase is activated rapidly by
TLRs that encounter pathogen-associated molecular patterns (PAMPs). PI3K activates downstream signaling, such as PDK1 and
AKT, by PtdIns(4,5)P2 phosphorylation. PTEN antagonizes PI3K. Subsequently, AKT is activated by PDK1. AKT can either
directly decrease the activity of pro-inflammatory signalling or can do so indirectly via GSK3p inhibition. To date, intermediate
factors, regulated by PI3K/AKT, that are putatively involved in the down-modulation are not known. Pro-acting molecules are
depicted in orange. Counter-acting molecules are depicted in blue. Activating processes are depicted as arrows. Interaction is
depicted as solid line. Putative activation or inhibition is depicted as dashed line. Please note that this scheme simplifies the

complexity of signaling pathways shown.

Still, the role of PI3K and PTEN in innate immunity
is not completely resolved. Remarkable progress over
the last couple of years using reverse genetics unravelled
PI3K’s immune-modulatory features, which are antag-
onized specifically by PTEN. Downstream factors, such
as GSK3f and possible unidentified molecules, highlight
the importance of TLR-mediated PI3K/AKT signaling
on the regulation of pro-inflammatory signaling path-
ways such as the MAP kinases.
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