Chapter 4
The Role of PIKfyve in Toll-Like Receptor-
Mediated Responses

Kaoru Hazeki, Kiyomi Nigorikawa, and Osamu Hazeki

Abstract PIKfyve is the only kinase that phosphorylates the 5'-position of phos-
phatidylinositol (PtdIns) 3-phosphate to produce PtdIns (3,5)-bisphosphate, which
is indispensable for intracellular trafficking. Thus, this kinase is a potential regula-
tor of various cellular events, such as autophagy, stress-mediated responses, and
membrane and ion transport. However, little is known about the physiological func-
tion of PIKfyve in innate immune responses. A chemical that has been subjected to
clinical tests for autoimmune diseases for the last decade was recently identified as
a PIKfyve inhibitor. Additionally, in 2013, a few studies reported some roles of
PIKfyve in Toll-like receptor-mediated responses. Although the reported findings
are convincing and interesting, the interpretation of the function of PIKfyve based
on these reports remains contradictory. In this review, we survey these reports
together with data from the clinical tests of the PIKfyve inhibitor and present our
perspective on the role of PIKfyve in innate immunity.
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4.1 Introduction

Phosphoinositides (PIs), the phosphorylated derivatives of phosphatidylinositol
(PtdIns), play a central role in cytoskeletal dynamics and membrane trafficking
(Lindmo and Stenmark 2006). At present, we know that 19 PI kinases and 28 PI
phosphatases are involved in the PI interconversion reactions that generate seven
PIs in mice (Sasaki et al. 2009). The details of these reactions and enzymes are
described in other reviews (Krauss and Haucke 2007; Mayinger 2012; Sasaki et al.
2009). The various PIs found on the membrane are markers for the recruitment of a
specific and distinct set of proteins that determine the membrane identity. One of the
most well-documented PIs associated with membrane trafficking is PtdIns(3)P,
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which is mainly produced by the class III PI3-kinase Vps34 (Krauss and Haucke
2007). PtdIns(3)P and Vps34 are enriched in subcellular compartments, such as the
phagosome, autophagosome, and early endosome (Krauss and Haucke 2007;
Mayinger 2012). The fate of newly synthesized PtdIns(3)P on the endosome is not
well-documented, but it is known that this is hydrolyzed to form PtdIns and also
phosphorylated to form PtdIns(3,5)P, and PtdIns(3,4)P,. Among these, PtdIns(3,5)
P, is enriched in the acidic late endosome or endolysosome (Ho et al. 2012).

Mammalian PIKfyve, so named after its function and domain structure [PI
Kinase for five position containing a Fyve finger; also known as type III PtdIns
phosphate kinase (PIPKIII)] is the only lipid kinase that phosphorylates the 5'-posi-
tions of PtdIns and PtdIns(3)P to yield PtdIns(5)P and PtdIns(3,5)P,, respectively,
in vitro (McCartney et al. 2014). However, in intact cells, it remains unclear whether
PIKfyve directly generates most of the cellular PtdIns(5)P and whether PtdIns(3,5)
P, serves as a precursor for PtdIns(5)P (Ho et al. 2012; McCartney et al. 2014).
PIKfyve is hypothesized to form a large complex with Vac14 and Sac3 (Ho et al.
2012; McCartney et al. 2014), two components that are necessary for its full activa-
tion. General information on PIKfyve, such as its structure, functional domains,
associated proteins, and regulation of its activity, is described in some excellent
previously published reviews (McCartney et al. 2014; Shisheva 2008; Takasuga and
Sasaki 2013).

PIKfyve knockout mouse models have not been available because of embryonic
lethality (Ikonomov et al. 2011). In the past years, most of the related findings were
deduced from the function of the yeast ortholog, Fabl. However, YM201636 was
reported as a specific inhibitor of PIKfyve in 2008 (Jefferies et al. 2008). Since then,
this inhibitor, together with small-interfering RNA (siRNA), has been used as a
good probe for various experimental approaches. Last year, STA-5326/apilimod
was identified as another inhibitor of PIKfyve (Cai et al. 2013). Surprisingly, this
new inhibitor has been subjected to a phase II clinical test for autoimmune diseases
for a decade. There are many clinical data on the effect of the inhibitor on interleu-
kin (IL)-12 production. In this review, we first trace the history of apilimod and then
review the current studies on PIKfyve in terms of immune responses. We also pres-
ent our perspective on this issue.

4.2 History of Apilimod

4.2.1 Clinical Tests

Apilimod first appeared in 2004 as a candidate novel drug for the treatment of
inflammatory and autoimmune diseases, such as Crohn’s disease, psoriasis, rheu-
matoid arthritis, and multiple sclerosis (Borchardt 2004). These diseases are charac-
terized by a T helper (Th) I cell response and elevated levels of IL-12 (Wada et al.
2007). IL-23, which shares the p40 protein subunit with IL-12, is also increased.
IL-23 causes a Th17 response, which plays a significant role in inflammatory
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responses (Wada et al. 2007). Thus, antibodies against IL-12/IL-23 may provide a
significant medical benefit. However, a small-molecule IL-12 inhibitor that can be
administrated orally remains highly desirable. Thus, apilimod has been subjected to
clinical experiments as an oral inhibitor for the treatment of autoimmune diseases.
The first test we identified in the PubMed database was performed with 73 patients
with active Crohn’s disease (Burakoff et al. 2006). Clinical activity was observed in
most patients (>70 %), with mild-to-moderate side effects. Preclinical studies dem-
onstrated the successful inhibition of IL-12 and IL-23 production by the drug. Thus,
apilimod appeared to be a promising treatment for Crohn’s disease (Billich 2007;
Burakoff et al. 2006). The next test was performed as a multicenter, phase II, ran-
domized, double-blinded, placebo-controlled study to evaluate the efficacy of apili-
mod in the treatment of 220 adult patients with Crohn’s disease (Sands et al. 2010).
Unexpectedly, apilimod did not demonstrate efficacy over the placebo in patients
with active Crohn’s disease (Sands et al. 2010). A similar phase II study of apilimod
was performed in 29 patients with active rheumatoid arthritis (Krausz et al. 2012).
Although there was a small but significant reduction in the DAS28 (28-joint Disease
Activity Score of rheumatoid arthritis), the researchers did not observe the effect of
apilimod on IL-12 and IL-23 expression in CD68+ (macrophage-like) synovial
cells. As a conclusion, the authors did not confirm the hypothesis that IL-12/IL-23
inhibition by apilimod is able to induce clinical improvement in rheumatoid arthritis
(Krausz et al. 2012). In contrast, an open-label clinical study of oral administration
in patients with psoriasis reported a positive conclusion (Wada et al. 2012).
Substantial improvements in histology were observed in patients receiving apili-
mod. The expression of IL-23p19 and IL-12p40 in skin lesions was reduced,
whereas that of IL-10 was increased in the apilimod-treated group. Although a sta-
tistical analysis revealed a significant effect of apilimod, there were non-responders
in terms of a histological response (Wada et al. 2012). Interestingly, the epidermal
CDl11c+ cells in the lesions were almost completely cleared in the responder group
but not in the non-responders. Hence, the authors described that the dramatic reduc-
tion of Th1/Th17 responses in the apilimod-treated group is the consequence of the
clearance of IL-12-/IL-23-producing CD11c+ cells (Wada et al. 2007). The clinical
studies that are found in PubMed are summarized in Table 4.1. In most cases, apili-
mod is more or less effective, but there were differences among individuals even
when the final decision is positive (Wada et al. 2007). The effect of apilimod on
IL-12 production was also varied: it was decreased in most people, but extremely
increased in a few people (Krausz et al. 2012). These reports led us to hypothesize
that the effect of apilimod on IL-12 production varies depending on the substantial
cell types involved.

The therapeutic effect of apilimod was also tested in a mouse model (experimen-
tal autoimmune uveoretinitis) by oral administration. The researchers who studied
this mouse model reported a decreased level of serum IL-12p40 and a suppression
of inflammation (Keino et al. 2008). Additionally, in vivo studies using a mouse
inflammatory bowel disease model demonstrated that the oral administration of
apilimod markedly reduced the inflammatory histological changes in the colon
(Wada et al. 2007).
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Table 4.1 The results of clinical tests on apilimod

Number of Effect of apilimod on
Diseases patients Results cytokine production | Ref.
Crohn’s disease 73 Significant Burakoff et al. (2006)
Crohn’s disease Significant Billich (2007)
Crohn’s disease 220 Not significant Sands et al. (2010)
Rheumatoid 29 A small but IL-12/1L-23p40— Krausz et al. (2012)
Arthritis significant (synovial CD68+ cell)
Psoriasis Significant IL-12/1L-23p40], Wada et al. (2012)
IL-101 (skin lesions
CD1l1c+ cells)
Mouse (in vivo)
Mouse model Significant IL-12] (serum) Keino et al. (2008)
(experimental
autoimmune
uveoretinitis)
Mouse inflammatory Significant IFN-y| (lamina propia| Wada et al. (2007)
bowel disease model mononuclear cells)

IL interleukin, I/FN interferon

4.2.2 Apilimod, an Interleukin-12 Inhibitor, Is a PIKfyve
Inhibitor

In 2007, apilimod was discovered by a biological strategy independent of the clini-
cal tests. Wada et al. discovered this drug among an 80,000-compound library in a
cell-based screen aimed at identifying an inhibitor of IL-12 production using inter-
feron (IFN)-y/lipopolysaccharide (LPS)-stimulated human peripheral blood mono-
nuclear cells (PBMCs) (Wada et al. 2007). The IL-12 production induced by
IFN-y/Staphylococcus aureus Cowan I (SAC) was also susceptible to apilimod in
PBMCs (Wada et al. 2007). The cytokine inhibitory spectrum of apilimod that was
described by the paper published by Wada et al. is seen in Table 4.2.

When the above-referenced work was published, the inhibitory target of apili-
mod was not known. The target molecule, PIKfyve, was identified in 2013 through
a chemical proteomics approach (Cai et al. 2013). A bioactive analog of apilimod,
APA10, was immobilized on gel matrices and incubated with a THP-1 cell extract
premixed with either dimethyl sulfoxide or excess apilimod. The specifically bound
proteins were eluted and identified by liquid chromatography—tandem mass spec-
trometry (LC-MS/MS). As a result, only three proteins were identified: PIKfyve,
Vac14, and Sac3. As mentioned above, PIKfyve displays its full activation as a large
complex with Vacl4 and Sac3. These researchers demonstrated that apilimod does
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Table 4.2 Cytokine inhibitory spectrum of PIKfyve inhibitors

Cell

Human PBMC
Human PBMC
Human PBMC
Human PBMC
Human PBMC
Human PBMC
Human PBMC
Human PBMC
Human PBMC
Human PBMC
Human PBMC
Human PBMC
Human PBMC
Human PBMC
Human PBMC
Human PBMC
Human PBMC
Human PBMC
Human PBMC
Human PBMC

Human PBMC
Human PBMC

Human THP-1
Human THP-1
Human THP-1
Human THP-1
Human THP-1

Human dendritic
cells

Human monocytes
Mouse spleen cells
Mouse PBMC
Cell

Mouse BMDC
Mouse BMDC
Mouse BMDC
Mouse BMDC

Stimuli
IFN-y/SAC
SAC
IFN-y/SAC
IFN-y/SAC
IFN-y/SAC
IFN-y/SAC
IFN-y/SAC
IFN-y/SAC
IFN-y/SAC
IFN-y/SAC
IFN-y/SAC
IFN-y/SAC
IFN-y/SAC
IFN-y/SAC
IFN-y/SAC
R837
ssRNA
ConA
ConA

aCD3/
aCD28Ab

aCD3/
aCD29Ab

aCD3/
aCD30Ab

IFN-y/SAC
IFN-y/SAC
IFN-y/LPS
R848

IFN-y/LPS
IFN-y/SAC

IFN-y/SAC
IFN-y/SAC
IFN-y/SAC
Stimuli
IFN-y/LPS
IFN-y/LPS
R848

R848

Cytokine
IL-12p70
IL-12p70
IL-23
IL-12/IL-23p40
IFN-y
IL-6
IL-10
TNF-a
IL-1B
IL-8
IL-18
IL-12p70
IL-6
IL-10
IL-12p40
IL-12p40
IL-12p40
IL-5

IL-4
IFN-y

IL-4
IL-2

IL-12p70
IL-6
IL-12p40
IL-12p40
IL-8
IL-12p70

IL-12p70
IL-12p70
IL-12p70
Cytokine
IL-12p40
CXCL2

IL-12p40
CXCL2

Apilimod
ICsy (nM)
1

5

10

20

20

100
200
1,000
>1,000
>1,000
>1,000
10
>1,000
>1,000
2.4

3

2.8

100

20

400

40
800

10
>1,000
23

31
>1,000
1

20
Apilimod
!

Vel

TLR

N 9 AR R RN NN NN NN

NSRRI SR )

NN

TLR

=N 3 A

53

Ref

Wada et al. (2007)
Wada et al. (2007)
Wada et al. (2007)
Wada et al. (2007)
Wada et al. (2007)
Wada et al. (2007)
Wada et al. (2007)
Wada et al. (2007)
Wada et al. (2007)
Wada et al. (2007)
Wada et al. (2007)
Wada et al. (2007)
Wada et al. (2007)
Wada et al. (2007)
Cai et al. (2013)
Cai et al. (2013)
Cai et al. (2013)
Wada et al. (2007)
Wada et al. (2007)
Wada et al. (2007)

Wada et al. (2007)
Wada et al. (2007)

Wada et al. (2007)
Wada et al. (2007)
Cai et al. (2013)
Cai et al. (2013)
Cai et al. (2013)
Wada et al. (2007)

Wada et al. (2007)
Wada et al. (2007)
Wada et al. (2007)
Ref
Cai et al. (2013)
Cai et al. (2013)
Cai et al. (2013)
Cai et al. (2013)
(continued)
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Table 4.2 (continued)

Cell Stimuli Cytokine YM201636 | TLR | Ref
MEF LPS IFN-B (mRNA) | 4 Kawasaki et al.
(2013)
MEF polyl:C IFN-p (mRNA) l 3 Kawasaki et al.
(2013)
HEK?293 LPS ISRE (reporter 1 4 Kawasaki et al.
assay) (2013)
HEK?293 polyL:C ISRE (reporter l 3 Kawasaki et al.
assay) (2013)
HEK293 LPS NF-kB (reporter - 4 Kawasaki et al.
assay) (2013)
HEK?293 polyL:C NF-xB (reporter - 3 Kawasaki et al.
assay) (2013)
Mouse macrophage | CpG IL-12p40 ! 9 Hazeki et al.
(2013)
Mouse macrophage | CpG IL-10 | 9 Hazeki et al.
(2013)
Mouse macrophage | CpG TNF-a | 9 Hazeki et al.
(2013)
Mouse macrophage | CpG IL-1p | 9 Hazeki et al.
(2013)
Mouse macrophage | LPS IL-12p40 - 4 Hazeki et al.
(2013)
Mouse macrophage | LPS IL-10 ) 4 Hazeki et al.
(2013)
Mouse macrophage | LPS TNF-o - 4 Hazeki et al.
(2013)
Mouse macrophage | LPS IL-1p l 4 Hazeki et al.
(2013)

BMDC bone marrow-derived cell, CXCL C-X-C motif chemokine, HEK human embryonic kidney,
ICsy half-maximal inhibitory concentration, /FN interferon, /L interleukin, /SRE IFN-stimulated
response element, LPS lipopolysaccharide, NF nuclear factor, PBMC peripheral blood mononu-
clear cell, SAC Staphylococcus aureus Cowan I, ssRNA single-stranded RNA, TLR Toll-like recep-
tor, TNF tumor necrosis factor

not inhibit other lipid kinases or protein kinases (Cai et al. 2013). The specificity is
better than YM201636, which inhibits class I PI 3-kinase at higher concentrations
(Ikonomov et al. 2009). These researchers mainly used human PBMCs, THP-1 cells
and mouse bone marrow-derived cells (BMDCs) to determine the cytokine inhibi-
tory spectrum of apilimod (Table 4.2). As a conclusion, these researchers reported
that apilimod is a specific inhibitor of IL-12/IL-23 production induced by Toll-like
receptor (TLR) ligation (Cai et al. 2013).
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4.3 The Role of PIKfyve in the Intestinal Immune System

PIKfyve knockout mouse embryos die by embryonic day 8.5 (Takasuga et al. 2013).
However, intestine-specific knockout mice were recently generated (Takasuga et al.
2013). Interestingly, the mice exhibit diarrhea and bloody stool, and their gut epithe-
lial layers show inflammation and fibrosis, as observed in inflammatory bowel dis-
eases (Takasuga et al. 2013). In the intestinal mucosa of these mice, the mRNA
expression levels of inflammatory cytokines, namely tumor necrosis factor (TNF)-a,
IL-12p40, C-C chemokine ligand 2 (CCL2), IL-6, C-X-C motif chemokine 5
(CXCLY5), IL-1p and transforming growth factor (TGF)-p1, are increased (Takasuga
et al. 2013). This effect appears contradictory to the effect of the PIKfyve inhibitor on
IL-12 production. However, as mentioned above, the effect of the inhibitor varies
depending on the cell type. Most of the works demonstrating the inhibitory effect of
apilimod on IL-12 production were performed with human PBMCs or mouse BMDC:s.
Because intestinal cells are always exposed to resident intestinal bacteria, it is impor-
tant for them to maintain a balance between protective immunity and tolerance to
commensal bacteria. The failure in maintaining this balance results in inflammatory
bowel diseases. Regulatory T cells (Tregs) play a substantial role in maintaining
immune tolerance (Rouse and Sehrawat 2010). Two different subsets of dendritic cells
(DCs), namely CD103+/CD11c+ and CD103+/CD11b+ DCs, are reported to be
involved in the differentiation of Tregs in the intestine (Lewis et al. 2011; Persson et al.
2013; Schlitzer et al. 2013). Macrophages also play a role in maintaining immune
tolerance through the production of an anti-inflammatory cytokine, namely IL-10
(Murai et al. 2009). It is likely that PIKfyve plays a role in the regulation of the func-
tion of these cells to maintain the homeostasis of the intestinal immune system.

4.4 The Role of PIKfyve in Salmonella Replication

A defect in PIKfyve function induced by siRNA-mediated knockdown or YM201636
treatment inhibits the intracellular replication of Salmonella in epithelial cells (Kerr
etal. 2010). PtdIns(3,5)P; is indispensable for macropinosome-late endosome/lyso-
some fusion. This PtdIns(3,5)P,-dependent step is required for the proper matura-
tion of the Salmonella-containing vacuole. Although the inhibition of PIKfyve in
macrophages inhibits Salmonella replication, it also disrupts the macrophage’s bac-
tericidal response (Kerr et al. 2010).

4.5 The Role of PIKfyve in Pathogen-Associated Molecular
Patterns Signals

Innate immune responses are triggered by pathogen-associated molecular patterns
(PAMPs), which are recognized by pattern-recognition receptors (PRRs), including
TLRs, retinoic acid-inducible gene 1 (RIG-I)-like receptors (RLRs), C-type lectin
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receptors (CLRs), nucleotide-binding oligomerization domain (NOD)-like receptors
(NLRs), and intracellular sensors for DNA (Kawai and Akira 2011; Sancho and
Reis e Sousa 2012; Strowig et al. 2012). CLRs comprise a large family of receptors
that bind to carbohydrates (Sancho and Reis e Sousa 2012). Most of the family
members are trans-membrane receptors (Sancho and Reis e Sousa 2012). RLRs,
NLRs, and the DNA sensors reside in the cytosol and recognize double-stranded
RNA (dsRNA), cytoplasmic PAMPs, and double-stranded DNA (dsDNA), respec-
tively (Kawai and Akira 2011; Sancho and Reis e Sousa 2012; Strowig et al. 2012).
TLRs can be divided into two groups based on their subcellular localization: TLRs
1,2,4,5, and 6 are cell surface receptors that recognize surface structures of patho-
gens, whereas TLRs 3, 7, 8, and 9 reside in intracellular compartments and detect
microbial nucleic acids (McGettrick and O’Neill 2010). Thus, it is likely that the
localization and trafficking of the receptors and their ligands are important factors in
the regulation of innate immunity (McGettrick and O’Neill 2010). Hence, PIKfyve
may play a role in the appropriate arrangement of these receptors and their ligands.

4.5.1 Toll-Like Receptor (TLR)9-Mediated Responses

TLR9Y is a receptor for oligodeoxynucleotides that contain unmethylated CpG
motifs (CpG). Because TLRY possesses retention signals that maintain it in the
endoplasmic reticulum, TLR9 cleavage by proteases is necessary for its recruitment
to the endosomes, where it meets its ligand (Latz et al. 2004; Leifer et al. 2006; Park
et al. 2008). CpG has been shown to associate with TLRO after internalization (Fig.
4.1). Thus, the intracellular trafficking of both the receptor and the ligand is essen-
tial in TLR9 signaling (Kawai and Akira 2010; Takeshita et al. 2004). Class III
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PtdIns-3 kinase, which generates endosomal PtdIns(3)P, is involved in TLR9 signaling
by regulating CpG uptake (Kuo et al. 2006). We monitored the localization of Rox-
CpG and PtdIns(3)P through time-lapse imaging; the latter was visualized with an
enhanced green fluorescent protein (EGFP)-fused protein probe. In a normal mac-
rophage, PtdIns(3)P is first co-localized with CpG but rapidly disappears from the
CpG-containing endosomes (unpublished data). In contrast, in a macrophage with
deficient PIKfyve function, PtdIns(3)P stayed in the CpG-containing endosomes for
longer periods (unpublished data). Because TLRO is waiting for CpG in an acidic
late endosome, CpG could not bind to TLR9 in cells with deficient PIKfyve. As a
result, the TLR9-mediated signaling events and cytokine production were attenu-
ated in PIKfyve-deficient cells (Hazeki et al. 2013) (Fig. 4.1).

In plasmacytoid DCs (pDCs), the CpG in the early endosome causes type I IFN
production, whereas CpG in the lysosome causes nuclear factor (NF)-kB activation
(Guiducci et al. 2006; Honda et al. 2005; Kerkmann et al. 2005) (Fig. 4.1). It is
speculated that PIKfyve disruption may increase type I IFN production and decrease
NF-xB activation in pDCs. We are now attempting to demonstrate this hypothesis.

4.5.2 TLR4-Mediated Responses

TLR4 is a well-characterized cell surface TLR that recognizes LPS with the help of
some other proteins, such as LPS binding protein (LBP), CD14, and MD2 (Lu et al.
2008). As expected from the effect of apilimod, the siRNA-mediated knockdown of
PIKfyve in THP-1 cells results in the inhibition of IL-12p40 production induced by
IFN-y/LPS (Cai et al. 2013). BMDCs from spontaneous mutant mouse ingls, which
carries a missense mutation in Vac14, were found to exhibit swollen vacuole forma-
tion similar to that observed in apilimod-treated cells (Cai et al. 2013). The TLR7-
or TLR4-mediated production of IL-12p40, but not that of CXCL2, was decreased
in these mutant cells (Cai et al. 2013). Unexpectedly, however, the PIKfyve inhibi-
tor YM201636 did not inhibit LPS-induced IL-12 production in thioglycollate-
induced mouse peritoneal macrophages (Hazeki et al. 2013). Different from
apilimod, YM201636 inhibits class I PI 3-kinase and Akt at higher concentrations
(Hazeki et al. 2013; Ikonomov et al. 2009). Since class I PI 3-kinase negatively
regulates the TLR-mediated IL-12 production (Fukao et al. 2002; Hazeki et al.
2006; Tsukamoto et al. 2008), it is likely that YM201636 increased the IL-12 pro-
duction by the inhibition of class I PI 3-kinase while decreased it by the inhibition
of PIKfyve.

Interestingly, LPS-induced IL-10 production was increased in cells deficient in
PIKfyve function (Hazeki et al. 2013). A similar increase in IL-10 production was
observed in apilimod-treated human blood stimulated with SAC (TLR2), as
described in the Sect. 4.2.1 (Wada et al. 2012).

Because inhibitors of dynamin increase LPS-induce NF-kB activation, the trans-
location of TLR4/LPS to the endosome was regarded as a negative regulatory mech-
anism of TLR4 signaling (Husebye et al. 2006). Recently, however, a group of
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researchers revealed that the inhibition of TLR4 internalization in macrophages
results in a loss of LPS-induced IFN regulatory factor 3 (IRF3) phosphorylation
without affecting NF-kB activation (Kagan et al. 2008). Thus, although TLR4/LPS
translocates to the endosome to be subjected to degradation, TLR4/LPS activates
the TIR-domain-containing adapter-inducing IFN-f (TRIF)-dependent pathway to
produce type I IFN before its degradation. Thus, it is speculated that the inhibition
of PIKfyve may increase NF-kB-mediated cytokine production through the inhibi-
tion of receptor degradation, but also attenuates IRF3-dependent type I IFN produc-
tion (Fig. 4.1).

Gram-negative bacteria-induced IL-1p production is another TRIF-dependent
response. The activation of the NLRP3 inflammasome via TRIF ligation is impor-
tant for the lysosomal degradation of pro-IL-1f (Rathinam et al. 2012). In addition,
LPS-induced IL-13 mRNA expression is severely downregulated by either PIKfyve
knockdown or YM201636 treatment (Hazeki et al. 2013), which indicates that the
maturation of the TLR4/LPS-containing endosome is indispensable for IL-1p
mRNA expression. Chloroquine, an inhibitor of endosome acidification, also
decreases LPS-induced IL-1f mRNA expression in human PBMCs and macro-
phages/monocytes (Jang et al. 2006). Hence, it is likely that both the mRNA expres-
sion and the processing of pro-IL-1p depend on endosome maturation and
acidification in these cells.

4.5.3 Viral Infection-Mediated Responses

Another role of PIKfyve in the antiviral response was discovered by an in vitro
screening system. During bacterial infection, IRF3 controls the expression of the
IFN-p gene. In the quiescent state, IRF3 is located in the cytoplasm. Upon stimula-
tion with viral infection or LPS challenge, it is phosphorylated on serine and threo-
nine residues to form a dimer and moves to the nucleus (Fitzgerald et al. 2003).
TANK-binding kinase 1 (TBK1) and inducible IxB-kinase (IKK-i) are responsible
for IRF3 phosphorylation (Fitzgerald et al. 2003). When recombinant TBK1 and
IRF3 were mixed and subjected to in vitro kinase reaction, the addition of the lipid
fraction from human embryonic kidney (HEK)293 T cells increased the TBK1-
mediated IRF3 activation. The screening of the lipids identified PtdIns(5)P as the
factor required for the phosphorylation of IRF3 by TBK1 (Kawasaki et al. 2013). In
mouse embryonic fibroblast (MEF) cells, the PIKfyve inhibitor YM201636 inhib-
ited the LPS- or poly(I:C) (TLR3)-induced production of IFN-f (Kawasaki et al.
2013). A reporter assay in HEK293 cells revealed that the overexpression of
PIKfyve increases the promoter activity of the IFN-stimulated response element
(ISRE) induced by LPS or poly(I:C) without influencing NF-xB promoter activity
(Kawasaki et al. 2013). In addition, siRNA targeting PIKfyve was found to inhibit
the IFN-B mRNA expression induced by LPS or poly(I:C) in MEF cells. Intriguingly,
synthetic-C8-PtdIns(5)P promotes the production of IFN-B. As a conclusion,
PtdIns(5)P directly binds to IRF3, and this binding is necessary for phosphorylation
by TBK1 (Kawasaki et al. 2013) (Fig. 4.1).
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4.6 Concluding Remarks

The effect of PIKfyve inhibitors in vivo and in vitro is summarized in Tables 4.1 and
4.2, respectively. The inhibitor apilimod has been regarded exclusively as an IL-12
inhibitor, but a detailed analysis of the data from the clinical tests showed that the
inhibitory effect of apilimod on IL-12 production appears to vary among individuals
(Wada et al. 2012). Furthermore, it does not inhibit IL-12 production at least in
macrophage-like synoviocytes of human origin (Krausz et al. 2012). Additionally,
the IL-12p40 production in the mouse intestinal mucosa deficient in PIKfyve is
rather increased (Takasuga et al. 2013). It is known that the polarized cells, such as
the cells in the intestinal mucosa, and professional phagocytic cells, such as macro-
phages, have many more different types of endosomes than other cell types. The
function of PIKfyve may also vary in these cells. We have generated CD11b- or
CDl11c-specific PIKfyve knockout mice to unravel the role of PIKfyve in IL-12
production. The results may contribute to the design of new therapeutic strategies.

Both CpG-containing endosomes and Salmonella-containing vacuoles do not
mature in the absence of PIKfyve (Hazeki et al. 2013; Kerr et al. 2010). The fact that
TLR9-dependent signals are attenuated by PIKfyve inhibition suggests that TLR3-
or TLR7/8-mediated events are also susceptible to PIKfyve inhibition. However,
because the CpG signal in pDCs emerges from the early endosome and not from the
late endosome (Guiducci et al. 2006; Honda et al. 2005; Kerkmann et al. 2005), it is
likely that PIKfyve-dependent endosome maturation negatively regulates the TLR9-
dependent type I IFN production. Thus, not all of the responses induced by endo-
somal TLRs may be inhibited by PIKfyve inhibition. Some viruses and bacteria are
known to translocate to the late endosome via the autophagosome. Because
PtdIns(3,5)P, controls autophagosome maturation, PIKfyve may also play a role in
these autophagosome-mediated events.

TLR4 is a cell surface receptor, but LPS-mediated IRF3 phosphorylation to
induce IFN-p gene expression is initiated by TRIF-dependent signals in the endo-
some. Thus, it is possible that PIKfyve contributes to the LPS-induced activation of
IRF3 via endosome maturation. In addition, PIKfyve produces PtdIns(5)P, which
accelerates the phosphorylation and dimerization of IRF3. Both mechanisms may
be involved in the PIKfyve-mediated regulation of IFN-p production. There is
another aspect in the maturation of cell surface receptor containing endosomes. It is
generally accepted that cell surface receptors are downregulated by internalization,
and PIKfyve-mediated endosome maturation may be involved in this negative regu-
lation. Thus, it is likely that PIKfyve is involved in cell surface receptor signaling
either negatively or positively.

The possible role of PIKfyve in innate immunity is summarized in Fig. 4.1. The
currently available knowledge is too limited to provide a rational interpretation for
the function of PIKfyve. To clarify the tangled effect of PIKfyve inhibition, a cell
type-specific analysis will prove informative.
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