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Insulin regulated aminopeptidase (IRAP) is a type II transmembrane protein with
broad tissue distribution initially identified as a major component of Glut4 storage
vesicles (GSV) in adipocytes. Despite its almost ubiquitous expression, IRAP had been
extensively studied mainly in insulin responsive cells, such as adipocytes and muscle
cells. In these cells, the enzyme displays a complex intracellular trafficking pattern
regulated by insulin. Early studies using fusion proteins joining the IRAP cytosolic domain
to various reporter proteins, such as GFP or the transferrin receptor (TfR), showed that
the complex and regulated trafficking of the protein depends on its cytosolic domain.
This domain contains several motifs involved in IRAP trafficking, as demonstrated
by mutagenesis studies. Also, proteomic studies and yeast two-hybrid experiments
showed that the IRAP cytosolic domain engages in multiple protein interactions with
cytoskeleton components and vesicular trafficking adaptors. These findings led to
the hypothesis that IRAP is not only a cargo of GSV but might be a part of the
sorting machinery that controls GSV dynamics. Recent work in adipocytes, immune
cells, and neurons confirmed this hypothesis and demonstrated that IRAP has a dual
function. Its carboxy-terminal domain located inside endosomes is responsible for the
aminopeptidase activity of the enzyme, while its amino-terminal domain located in the
cytosol functions as an endosomal trafficking adaptor. In this review, we recapitulate the
published protein interactions of IRAP and summarize the increasing body of evidence
indicating that IRAP plays a role in intracellular trafficking of several proteins. We describe
the impact of IRAP deletion or depletion on endocytic trafficking and the consequences
on immune cell functions. These include the ability of dendritic cells to cross-present
antigens and prime adaptive immune responses, as well as the control of innate and
adaptive immune receptor signaling and modulation of inflammatory responses.

Keywords: IRAP, endosome trafficking, immune cell responses, receptor signaling, formin, vacuolar protein
sorting, TLR9, TCR
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IRAP IDENTIFICATION AND TISSUE
EXPRESSION

The IRAP (insulin regulated or responsive aminopeptidase)
protein is encoded by the human gene LNPEP. Although
IRAP is the most commonly used name for this protein,
other names related to the various substrates cleaved by the
enzyme are also used, such as oxytocinase, OTASE, leucyl and
cystinyl aminopeptidase, placental leucine aminopeptidase (P-
LAP), cystinyl aminopeptidase (CAP), and vasopressinase.

While placental leucine aminopeptidase activities were
described more than 50 years ago (Beckman et al., 1966,
1969), DNA sequences coding for IRAP were first identified
in 1995 from a rat adipose tissue cDNA library (Keller
et al., 1995) and 1 year later from a human placental cDNA
library (Rogi et al., 1996). Soon after its identification, IRAP
intracellular distribution was analyzed in adipocytes, where
in basal conditions the enzyme colocalizes with the regulated
glucose transporter, Glut4, in intracellular vesicles called Glut4
storage vesicles (GSV) (Ross et al., 1996). Upon adipocyte
stimulation by insulin, IRAP, like Glut4, rapidly translocates to
the cell surface from where it is rapidly endocytosed with a
half-life of about 3 to 5 min, probably via a clathrin-mediated
endocytic pathway (Summers et al., 1999). Even though the vast
majority of studies on IRAP had been performed in adipocytes,
already Keller et al. (1995) detected the protein by immunoblot
in several tissues, such as heart, brain, spleen, lung, muscles,
and kidney. The wide tissue distribution of IRAP has been
confirmed by Mizutani’s group which detected IRAP at mRNA
and protein level in placental syncytiotrophoblasts, endothelial
cells, gastrointestinal tract, several epithelial cell types from
the liver, pancreas, lung, and kidney, as well as neuronal cells
(Nagasaka et al., 1997). They concluded that the broad tissue
distribution of IRAP is suggestive for a much more complex and
varied function of the protein beyond the regulation of oxytocin
and vasopressin levels in the blood.

Further studies confirmed the almost ubiquitous IRAP
expression and its involvement in a variety of physiological
processes, such as antigen cross-presentation by major
histocompatibility class I (MHC-I) molecules (Saveanu
et al., 2009; Segura et al., 2009; Weimershaus et al., 2012),
endosomal Toll-like receptor (TLR) signaling (Babdor et al.,
2017), lactation (Tobin et al., 2014), cognition (Banegas et al.,
2010; Elkins et al., 2017), and stress responses (Hernández
et al., 2015). During the investigation of these various functions,
it became evident that in all cell types analyzed, IRAP is
localized in intracellular vesicles reminiscent of adipocyte GSV
that we proposed to call “cell-specific storage endosomes”
(Saveanu and van Endert, 2012).

IRAP PROTEIN STRUCTURE AND
POST-TRANSLATIONAL
MODIFICATIONS

IRAP belongs to the M1 aminopeptidase family and has more
than 40% sequence identity with the endoplasmic reticulum

aminopeptidases ERAP1 (synonyms A-LAP, PILSAP) and
ERAP2 (synonym L-RAP). Based on phylogenetic analyses,
IRAP, ERAP1, and ERAP2 were classified in a distinct group
of M1 aminopeptidases named “oxytocinase subfamily of M1
aminopeptidases” (Tsujimoto and Hattori, 2005). Even though
all three enzymes are able to trim the N-terminus of antigenic
peptides, they do so in different patterns consistent with the need
to produce epitopes in different antigen presentation pathways:
ERAP1 and ERAP2 mainly contributing to direct MHC-I
presentation (Saveanu et al., 2005; Weimershaus et al., 2013) and
IRAP to cross-presentation (Saveanu et al., 2009; Segura et al.,
2009; Weimershaus et al., 2012). The elucidation of the crystal
structures of IRAP, ERAP1, and ERAP2 in combination with
biochemical studies revealed differences in substrate specificity
and mechanism of action (Nguyen et al., 2011; Evnouchidou
et al., 2012, 2014; Mpakali et al., 2015a,b, 2017a) that could also
explain different antigen processing by different cell types (Segura
et al., 2009; Weimershaus et al., 2012; Dinter et al., 2014; Mpakali
et al., 2017b). IRAP was the last member of this subfamily
to have its crystal structure resolved (Mpakali et al., 2015b).
This delay was mainly due to the presence of a cytoplasmic
and transmembrane domain, which make the expression and
purification of the full-length protein very difficult, as well as
its high degree of glycosylation, which is a major hurdle for the
acquisition of high-quality crystals suitable for crystallography.
Therefore, much information on the enzyme structure came
earlier from biochemical studies.

IRAP is a type-II membrane-spanning protein that has a
cytoplasmic domain composed of 109 amino acids, followed by
a 23-amino acid transmembrane domain and an extracellular or
intraluminal (depending on its localization inside the cell) 893-
amino acid domain. The extracellular domain bears the Zn2+

binding and GAMEN motifs that are essential for the enzyme’s
aminopeptidase activity (Keller et al., 1995). Unlike murine IRAP,
the human protein bears a putative cleavage site for ADAM12
(F154/A155) that after proteolysis allows the release of a soluble
form detectable in the serum during pregnancy (Iwase et al.,
2001; Ofner and Hooper, 2002; Ito et al., 2004). The targeting
motifs in the IRAP cytosolic tail responsible for intracellular
distribution and trafficking were identified to be the di-Leucine
motifs LL53,54 and LL76,77 (Keller et al., 1995). Contrary to
a mutant for LL53,54 that was found to have no effect on
trafficking, a mutant for LL76,77 had a very strong impact on
trafficking, indicating this di-leucine motif as the one essential
for this function. More specifically, this motif was essential for
the initial entry of IRAP in the insulin-responsive compartment
during biosynthesis but not for its recycling back to this
compartment after endocytosis (Hou et al., 2006; Watson et al.,
2008). Moreover, a study by Jordens et al. (2010) demonstrated
that the IRAP cytosolic domain alone is able to reconstitute the
normal intracellular distribution of Glut4 in adipocytes and that
its role is specific for trafficking of storage endosomes, since the
constitutive TfR+ recycling endosomes were not affected.

A later study where recombinant IRAP fragments were
expressed in, and purified from, insect cells provided important
information on IRAP structure (Ascher et al., 2011). Using
size-exclusion chromatography and dynamic light scattering,
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the authors observed that the full-length soluble protein was
completely dimerized, even after mutation of two key cysteine
residues that could form disulfide bonds, suggesting an extended
dimer interface. Dimerization could be important for the
optimization of the enzyme’s aminopeptidase activity, similar to
findings for heterodimers formed by its sister enzymes ERAP1
and ERAP2 (Evnouchidou et al., 2014). The study by Ascher
et al. (2011) also proposed an interaction between the domain
containing the catalytic site and the C-terminal domain, since a
construct lacking the latter showed reduced activity indicating
an activating or regulatory role for the C-terminal domain.
Recombinant IRAP exhibited enhanced substrate affinity in the
presence of DTT suggesting a potential better access to the active
site upon disruption of internal disulfide bonds. Moreover, the
authors found evidence for a second non-catalytic Zn2+ binding
site whose role still remains to be investigated.

The first IRAP crystal structure was obtained by the group
of Parker (Hermans et al., 2015) at a 3.02 Å resolution for
soluble recombinant human IRAP expressed in insect cells. The
IRAP structure has four domains. Domain I forms an extended
β-sandwich and domain II adopts a thermolysin-like α/β fold.
Domain III forms a β-sandwich fold and makes a bridge between
domains II and IV, while domain IV is completely α-helical
and shows extensive interactions with domain II. IRAP was
found as a dimer both in solution and in the crystal, with a
conformation intermediate between the open and closed state
of ERAP1 (Kochan et al., 2011; Nguyen et al., 2011). Similar to
aminopeptidases A and N, IRAP uses its C-terminal domain to
dimerize. Since the hydroxyl group of Tyr549, which is crucial for
the formation of the catalytic intermediate, was not in a position
allowing it to form a hydrogen bond, the authors proposed that
the obtained structure is a snapshot of an inactive state of the
enzyme. They suggested that this structure corresponds to an
enzyme-product complex, where the C-terminal domain swings
out from the active site in order to allow product release. The
S1 pocket could fit well all amino acids except for tryptophan,
which explains the wider specificity spectrum of IRAP compared
to ERAP1 or ERAP2. More importantly, the GAMEN loop
adopted a completely different position compared to other M1
aminopeptidases, which explains the unique ability of IRAP to
cleave cyclic peptides such as oxytocin and vasopressin. Another
structure (3.3 Å) obtained by the group of Stratikos (Mpakali
et al., 2015b) superposed completely with the first one. In this
case, the authors used a mammalian expression system with
permanently transfected glycosylation-deficient cells, since use
of cells with normal glycosylation did not provide crystals of
good quality. The group provided also a second structure with
a substrate analog (3.4 Å) containing a phosphinic group in the
place of the first peptide bond, which allowed the formation
of crystals corresponding to a transition state analog. The
peptide N-terminus was anchored at the catalytic site while IRAP
remained in the same semi-closed state, suggesting a domain
organization unaffected by ligand binding, contrary to what has
been observed for ERAP1. Though there were no deep specificity
pockets interacting with the substrate, most interacting residues
belonged to domain II. The C-terminus of the peptide was
found to interact with residues from domain IV (C-terminal

domain), but molecular dynamics simulations showed that it
has a high degree of plasticity, suggesting that there is no
specific recognition of the C-terminus by IRAP, again contrary to
ERAP1. The GAMEN loop showed no direct interactions with the
substrate, therefore it seems not to be crucial for binding of linear
peptides. Mapping of the A609T single nucleotide polymorphism
(SNP) that has been associated with psoriasis and ankylosing
spondylitis revealed an interaction with the hinge domain III of
IRAP. Similar to the ERAP1 SNP K528R also associated with
various autoimmune diseases, the IRAP SNP A609T reduced
enzyme activity almost by half. The same group obtained more
recently the first structure of IRAP with an inhibitor at 2.53 Å
that displayed important differences compared to the previous
ones (Mpakali et al., 2017b). This structure is closed, with domain
IV juxtaposed against domains I and II, being very similar to
the active closed ERAP1 structure and to the only structure
available for ERAP2 (Evnouchidou et al., 2012). The internal
cavity containing the catalytic site has no access to the solvent
and a new specificity pocket is formed. The GAMEN loop adopts
in this case a unique configuration depicting an active site with
structural plasticity that could allow accommodation of a wide
range of substrates, including cyclic peptides suited to the various
biological functions of IRAP. The active site shows a capacity to
bind a greater variety of antigenic precursors and its structural
adaptability could explain why most ERAP1 inhibitors are also
IRAP inhibitors but not vice versa.

IRAP can undergo many post-translational modifications
including N-glycosylation, S-acylation, phosphorylation,
ubiquitination, acetylation, and mono-methylation and of
course the soluble form produced by proteolytic processing in
pregnant women (Table 1). Apart from being highly glycosylated
already at steady state, IRAP glycosylation is modulated under
inflammatory conditions since it contains glycans regulated
by TNFα, as shown in adipocytes treated with TNFα. These
altered glycans may modulate the role of IRAP in GSV trafficking
(Parker et al., 2016). IRAP could be phosphorylated in vitro by
PKC-ζ both in insulin-stimulated rat adipocytes and in purified
Glut4 vesicles. Phosphorylation occurred on two major sites,
Ser80 and Ser91, with the former accounting for 80–90% of total
phosphorylation, and was partially inhibited in the presence of
a PKC-ζ pseudo-substrate. The fact that intracellular trafficking
of certain recycling membrane proteins has been shown to
be regulated by phosphorylation and that PKC-ζ inhibitors
abolish Glut4 recruitment to the plasma membrane, suggests that
IRAP phosphorylation could be important for GSV trafficking
(Ryu et al., 2002). More recently, IRAP was also found to be
phosphorylated on Ser91 after activation of human CD8+ T
lymphocytes bearing a chimeric antigen receptor (Salter et al.,
2018), which indicates a potential role of IRAP in the trafficking
of these receptors used in immunotherapy.

IRAP was found to be S-acylated at 60% in 3T3-L1 adipocytes.
The two S-acylated residues were identified to be Cys103, just
upstream of the transmembrane domain, and Cys114 that lies
in the cytoplasmic side of the transmembrane domain. This
attachment of palmitate and other fatty acids to a cysteine
could mediate membrane attachment of soluble proteins,
regulate intracellular trafficking and also affect protein–protein
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TABLE 1 | Post-translational modifications found in human IRAP and their known
or potential effect on IRAP function.

Post-translational
modification

Regulation of
modification

Known or potential effect on
function

N-Glycosylation
(Wollscheid et al., 2009;
Parker et al., 2016)

At steady state/
inflammation:
TNFα regulation

Adipocytes: modulation of GSV
trafficking?

Phosphorylation (Ryu
et al., 2002; Salter et al.,
2018)

Ser80 and
Ser91/PKC-ζ
phosphatase

Adipocytes: important for GSV
trafficking?
CAR CD8+ T cells-role in CAR
trafficking?

S-Acylation (Werno and
Chamberlain, 2015;
Evnouchidou et al., 2020)

Cys103 and
Cys114

HEK 293T cells: normal localization
T cells: interaction with TCR,
unaltered intracellular localization

Soluble form (Ofner and
Hooper, 2002)

Proteolytic
processing

Human serum during pregnancy:
oxytocin and vasopressin
degradation

Mono-methylation
(Larsen et al., 2016)

Arg904 Protein–protein interaction

Ubiquitination (Udeshi
et al., 2013)

Several sites Protein degradation

Acetylation
(phosphosite.org)

Lys691 Regulation of chromatin structure,
gene expression and protein function

interactions and protein stability. A triple IRAP mutant that
cannot be S-acylated was found to have a normal localization
in HEK 293T cells (Werno and Chamberlain, 2015). However,
in a recent study (Evnouchidou et al., 2020), we found that
in T cells IRAP S-acylation is crucial for its interaction with
the T cell receptor (TCR), even though, similar to HEK 293T
cells, S-acylation-deficient IRAP mutant showed an unaltered
intracellular localization. Therefore, it would be interesting to
study the effect of IRAP S-acylation in other cell types, taking into
account the specific function of IRAP in each cell type.

IRAP PROTEIN INTERACTIONS

Soon after its identification IRAP was found to interact with
several proteins involved in vesicular trafficking, organelle
tethering, and cytoskeleton remodeling (Figure 1). These include
tankyrase-1, tankyrase-2 (Chi and Lodish, 2000), and p115
(Hosaka et al., 2005), three proteins involved in the regulation of
Golgi vesicle trafficking, vimentin, an intermediate cytoskeleton
filament (Hirata et al., 2011) and the actin remodeling protein
FHOS [formin homolog overexpressed in the spleen (Tojo
et al., 2003)]. In addition, IRAP was shown to interact with
AS160/Tbc1d4, a Rab GTPase activating protein (GAP) specific
for Rab8, 10, and 14, suggesting that IRAP participates in the
recruitment of AS160 to endocytic membranes (Larance et al.,
2005; Peck et al., 2006). However, further investigations did
not confirm the role of the IRAP-AS160 interaction in AS160
recruitment to GSV in adipocytes (Jordens et al., 2010). In
addition to these proteins involved in intracellular trafficking,
IRAP was found to interact with proteins located in GSVs,
such as sortilin, LRP1 and Glut4 in adipocytes (Shi et al., 2008;
Kandror and Pilch, 2011), and with MHC-I in dendritic cells
(DCs) (Saveanu et al., 2009). These protein interactions have been

FIGURE 1 | Summary of reported IRAP protein interactions. FHOS, formin
homolog overexpressed in the spleen; Glut4, glucose transporter 4; MHC,
major histocompatibility class; Vps, vacuolar protein sorting; TCR, T cell
receptor.

previously reviewed in Saveanu and van Endert (2012). The list of
IRAP protein interactions has more recently been enriched by the
discovery of its interaction with the ζ chain of the TCR as well as
the Lck kinase in T lymphocytes (Evnouchidou et al., 2020) and
by identification of other interactions relevant for IRAP’s role in
vesicular trafficking, such as interaction with FHOD4, a formin
similar to FHOS (Babdor et al., 2017), the retromer subunits
Vps35 and Vps26 (Pan et al., 2019) and the Rab GAP Tbc1d1
(Mafakheri et al., 2018b).

FHOD4 is an actin-nucleation factor that assembles actin
monomers into filaments (Kühn and Geyer, 2014) and might
promote actin assembly on endosomes (Fernandez-Borja et al.,
2005). We demonstrated that, in DCs, the interaction between
FHOD4 and IRAP is required for anchoring the endosomes
containing TLR9 and its ligands to the cell periphery and avoiding
their fusion with lysosomes (Babdor et al., 2017).

The retromer is a large protein complex composed of a
sorting nexin (SNX) dimer and a vacuolar protein sorting
trimer (Vps26, Vps29, Vps35) that recycles diverse cargos from
early endosomes to the trans-Golgi network or to the plasma
membrane, preventing thus their transport to lysosomes (Chen
et al., 2019). The SNX dimer is responsible for the retromer
complex recruitment to the endosomal membrane, while the
Vps trimer binds to various cargo molecules, among which
IRAP has been recently identified (Pan et al., 2019). In the
absence of the Vps35 subunit of the retromer, IRAP and
Glut4 trafficking are perturbed and both proteins are found in
lysosomes (Pan et al., 2017, 2019).

Tbc1d1 is a Rab GAP that is highly similar to Tbc1d4
and controls the activity of the same Rab proteins. When
recruited to vesicular membranes, both Tbc1d4 and Tbc1d1
reduce the activity of Rab proteins involved in vesicle transport,
thus mediating intracellular retention of IRAP vesicles. The
interaction of Tbc1d1 with IRAP (Mafakheri et al., 2018a,b)

Frontiers in Molecular Biosciences | www.frontiersin.org 4 October 2020 | Volume 7 | Article 583556

https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-biosciences#articles


fmolb-07-583556 October 14, 2020 Time: 17:1 # 5

Descamps et al. IRAP and Intracellular Trafficking

suggests that IRAP participates in the mechanism of intracellular
retention, not only in cells and tissues expressing Tbc1d4, but
also in those expressing Tbc1d1. However, considering that in
adipocytes depleted for IRAP, AS160 was still recruited to GSV
(Jordens et al., 2010), the role of IRAP interactions with both
Tbc1d4 and Tbc1d1 needs further investigation, not only in
adipocytes, but also in other cell types.

REGULATION OF IRAP TRAFFICKING BY
CELL-SPECIFIC CELL SURFACE
RECEPTORS

In all the cells studied, IRAP is localized in intracellular vesicles,
whose cargo varies depending on the cell type. In adipocytes,
the main cargo is the regulated glucose transporter Glut4 and
in neurons, the sst2A somatostatin receptor (De Bundel et al.,
2015). In the immune system, where IRAP is expressed in almost
all cells except neutrophils, IRAP vesicles contain MHC-I and
TLR9 in DCs (Saveanu et al., 2009; Weimershaus et al., 2012;
Babdor et al., 2017) or the ζ chain of the TCR in T cells
(Evnouchidou et al., 2020). All these proteins display constitutive
slow recycling and some of them also regulated trafficking, being
transported to the cell surface under specific conditions. Thus,
Glut4 translocates to the plasma membrane to increase glucose
uptake under insulin stimulation (Antonescu et al., 2009) and
the TCR ζ chain is rapidly transported to the plasma membrane
under TCR activation by a cognate peptide/MHC-I complex
(Evnouchidou et al., 2020).

The molecular mechanisms driving cell surface translocation
of IRAP vesicle cargos are by far best understood for adipocyte
GSV (Figure 2). In basal conditions, GSV are retained
intracellularly and their recycling to the plasma membrane is
much slower than that of TfR (Zeigerer et al., 2004). Insulin
binding to its receptor initiates a signaling cascade, in which
class I-A PI3K plays a key role by triggering rapid translocation
of GLUT4 and IRAP to the cell surface. By producing the
PtdIns(3,4,5)P3 lipid at the inner leaflet of the plasma membrane,
class I-A PI3K induces membrane recruitment of the kinases
of the Akt/PKB family (Hopkins et al., 2020). Although all the
members of the Akt family can be recruited to PtdIns(3,4,5)P3-
rich membranes, Akt2 is the major kinase recruited to the
plasma membrane upon insulin stimulation, as demonstrated
by total internal reflection fluorescence (TIRF) microscopy and
confirmed by Akt2 depletion or deletion (Gonzalez and McGraw,
2009a,b). Akt activity phosphorylates the GAPs AS160/Tbc1d4
and Tbc1d1, as discussed above (Mafakheri et al., 2018a).
Phosphorylation inactivates the GAPs and allows activation of
their Rab substrates. In adipocytes, Rab10 seems to be the
main GTPase regulating Glut4 trafficking (Brewer et al., 2016),
while in muscle cells this role seems to be played by Rab8
(Sun et al., 2014).

Although as yet there is no experimental evidence showing
that the PI3K-AKT pathway and its downstream effectors,
Tbc1d1/Tbc1d4, regulate IRAP vesicle trafficking in other cell
types, recent data from our laboratory support the hypothesis that
this may be the case in DCs (Weimershaus et al., 2018). In these

FIGURE 2 | Regulation of IRAP trafficking by the insulin receptor in
adipocytes. (1) Insulin binding to its receptor initiates a signaling cascade that
induces the phosphorylation of insulin receptor substrate 1 (IRS1) on tyrosine
residues (p-Tyr). p-Tyr in IRS1 serve as docking sites for class I-A PI3K. The
interaction of PI3K with IRS1 activates PI3K leading to increased production
of PIP3 at the inner leaflet of the plasma membrane that in turn leads to
recruitment and activation of Akt. Akt phosphorylates Tbc1d4, the GAP for
Rab14, Rab8, and Rab10 small GTPAses. (2) Tbc1d4 phosphorylation
inactivates its GAP activity, allows Rabs activation and finally, induces GSV
trafficking to the adipocyte cell surface (3). After Glut4 and IRAP translocation
to the plasma membrane, Glut4 and IRAP rapidly re-internalize into
intracellular vesicles (4). GTP, guanosine triphosphate; Glut4, glucose
transporter 4; IRAP; insulin-regulated aminopeptidase; IRS1, insulin receptor
substrate 1; GSV, Glut4 storage vesicles; PI3K, phosphoinositide 3-kinase;
PIP2, phosphatidylinositol diphosphate; PIP3, phosphatidylinositol
triphosphate; P, phosphorylation.

cells, IRAP vesicle trafficking and translocation to the phagocytic
cup is regulated by immune receptors, such as TLR4 and the
receptors for the Fc fragment of immunoglobulins, FcγRs. Similar
to insulin responsive tissues, the regulation of IRAP trafficking
in DCs involves the GAP Tbc1d4 and its downstream effector
Rab14, but the upstream kinases that phosphorylate Tbc1d4 in
these cells remain to be identified.

By analogy with insulin responsive tissues and DCs, IRAP
and the TCR ζ chain trafficking might also be regulated by
class I PI3K, which in T cells is activated downstream of
the co-stimulatory receptor CD28 (Esensten et al., 2016). The
downstream GAP and Rab effectors could differ between T
lymphocytes and DCs, since the microarray data from the
Immunological Genome Project1 predict that T cells express
mainly Tbc1d1, Rab8, and Rab10, while DCs express foremost
Tbc1d4 and Rab14 (Heng et al., 2008).

IRAP ENDOSOME TRAFFICKING IN
IMMUNE CELLS

Immune cells display complex and highly regulated endocytic
trafficking that is essential for triggering a correct immune

1http://www.immgen.org/
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response, avoiding inappropriate reactions that could lead to
uncontrolled inflammation or autoimmune disease. Through its
localization and protein interactions, IRAP participates in the
regulation of diverse immunological processes described below.

Accelerated Phagosomal Maturation in
the Absence of Rab14
In immune cells, endocytosis or phagocytosis of pathogens is
followed by maturation of internalized vesicles through fusion
and fission with intracellular vesicles (Huotari and Helenius,
2011). Gradual changes in protein composition and pH result
in degradation of the internalized material, while delayed or
attenuated maturation promotes cross-presentation (Alloatti
et al., 2015). Published mechanisms regulating maturation
kinetics include incomplete assembly of the proton pump
V-ATPase (Delamarre et al., 2005), recruitment of NADPH
oxidase 2 (Savina et al., 2006) and LPS-induced Rab34-dependent
perinuclear clustering of lysosomes (Alloatti et al., 2015). More
recently, we proposed an additional mechanism regulating
trafficking of early endosomes and phagosomes, with important
consequences for phagosome maturation (Weimershaus et al.,
2018). We found that, in bone marrow-derived DCs (BMDCs),
IRAP colocalizes with Rab14 in peripheral endosomes and that
both proteins are required for the formation and stabilization of
GSV-like vesicles in these cells. Moreover, Rab14 knock-down
led to accelerated phagosome maturation and enhanced killing
of phagocytized Pseudomonas aeruginosa. Our data confirmed
the previously published reports demonstrating that pathogens
recruit Rab14 to slow down phagosome maturation through
an unknown mechanism (Kyei et al., 2006; Kuijl et al., 2007;
Capmany and Damiani, 2010; Hoffmann et al., 2014) and
revealed the involvement of Rab14 in antigen cross-presentation.

In the absence of Rab14, cross-presentation of ova-anti-ova
immune complexes by HEK293 cells transfected with FcγR
and H2Kb was significantly decreased, while reconstitution with
Rab14 in the same cells led to formation of enlarged GSV-
like early endosomes and completely restored cross-presentation.
Similar results were obtained in BMDCs, where Rab14 knock-
down led to defective cross-presentation of both particulate and
a soluble receptor-targeted ovalbumin antigen. Consistent with
this, knock-out of Tbc1d4, the GAP for Rab14, resulted in
formation of enlarged Rab14+Stx6+ endosomes and promoted
cross-presentation. However, both a GTP-locked and a GDP-
locked form of Rab14 reduced cross-presentation suggesting
that the balance between active and inactive Rab14 and GTP
hydrolysis itself are critical for cross-presentation.

We further demonstrated that the mechanism underlying the
important role of Rab14 in cross-presentation is its interaction
with the kinesin KIF16b (Weimershaus et al., 2018). Using a
proximity ligation assay (PLA), we showed that this interaction is
strongly enhanced upon immune complex binding to FcγR both
in HEK293 expressing FcγR and in BMDCs after LPS stimulation.
Our data suggest that IRAP is required for phagosomal
recruitment of Rab14 (Figure 3). Thus, in the absence of IRAP,
Rab14 failed to get recruited to early phagosomes and, in
line with this result, maturation of IRAP-deficient phagosomes

FIGURE 3 | Regulation of IRAP and Rab14 trafficking by TLR4 and FcγR in
DCs. In DCs, at steady state, IRAP colocalizes with Rab14 in peripheral
endosomes and both proteins are required for the formation and stabilization
of GSV-like vesicles in BMDCs. Signaling downstream of TLR4 or FcγR leads
to Rab14 interaction with the kinesin KIF16b. Rab14/KIF16b protein complex
promotes microtubule-guided anterograde transport of IRAP endosomes and
their recruitment to phagosomes and early endosomes. Disruption of
Rab14/KIF16b complex formation accelerates phagosome maturation and
microbial killing, but compromises antigen cross-presentation activity of DCs.
DCs, dendritic cells; FcγR, Fc gamma receptor; GSV, Glut4 storage vesicles;
IRAP, insulin-regulated aminopeptidase; MHC-I, major histocompatibility class
I.

is not affected by Rab14 knock-down. The Rab14+ vesicles,
as well as cross-presentation, could be restored in these cells
through microtubule stabilization or dynein knock-down, while
these cellular manipulations had little effect on wild type (WT)
BMDCs. These results indicate that the dominant retrograde
transport along microtubules in IRAP-deficient (IRAP KO) cells
is responsible for the destabilization of Rab14+Stx6+ endosomes
by favoring their fusion with lysosomes. In contrast, in WT cells,
the anterograde motor formed by Rab14 and KIF16b ensures
peripheral distribution of the endosomes, as demonstrated by
the central distribution of Rab14 upon KIF16b knock-down.
Moreover, KIF16b depletion led to reduced recruitment of Rab14
to phagosomes and defective cross-presentation, while it had
no effect in IRAP KO BMDCs. In agreement with the results
obtained by PLA, we showed that in vitro KIF16b interacts
exclusively with GTP-locked Rab14.

Based on these results, we proposed a model in which,
after receptor-mediated endocytosis or phagocytosis,
Rab14+Stx6+IRAP+ vesicles are recruited to the internalized
material (Figure 3). The signaling cascade engaged after FcγR
or TLR4 activation leads to phosphorylation and therefore
inactivation of Tbc1d4 that results in Rab14 activation. Rab14
can then bind GTP and allow formation of Rab14/KIF16b
complexes that will promote anterograde transport of the
vesicles. This will finally result in delayed antigen degradation
and enhanced cross-presentation, two interconnected processes
that both depend on IRAP and Rab14 (Weimershaus et al., 2018).
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IRAP Restricts TLR9-Driven
Inflammatory Responses
Inappropriate activation of innate immune receptors, such
as endosomal TLR7 or TLR9, promotes several autoimmune
diseases, including psoriasis (Rahmani and Rezaei, 2016), a
skin inflammatory disease that has been associated with single
nucleotide mutations (A763T, A609T) in the Lnpep gene coding
for IRAP. The A763T mutation generates a missense variant
leading to decreased expression of the IRAP protein in skin
lesions (Cheng et al., 2014). However, there is no direct evidence
in humans that the IRAP protein regulates endosomal TLR
activation in psoriasis. In contrast, in mice, we have demonstrated
that IRAP controls the function of TLR9 (Babdor et al., 2017).

TLR9 is an innate immune receptor important for both innate
and adaptive immune responses. Its activation directly induces
innate immune responses, such as inflammatory cytokine and
type I interferon (IFN) production. In parallel, by increasing
the capacity of DCs to process and present antigens to
lymphocytes, TLR9 indirectly participates in the generation
of adaptive immune responses (Iwasaki and Medzhitov, 2004;
Kawai and Akira, 2010). These responses are initiated by
binding of pathogen-derived single-stranded DNA or self-
derived nucleic acids to TLR9. While the recognition of pathogen
DNA is crucial for the priming of immune responses, the
recognition of self-DNA can generate autoimmune diseases. To
prevent this, TLR9 activation is tightly regulated by intracellular
receptor trafficking (Majer et al., 2017). At the steady state,
TLR9 associated with the chaperon protein UNC93B1 is
retained in the endoplasmic reticulum (ER) (Majer et al., 2019)
whereas it translocates to endocytic vesicles after stimulation
by TLR9 ligands, such as synthetic CpG-oligonucleotides. CpG
dinucleotides are internalized via clathrin-mediated endocytosis
in early endosomes, from where they are targeted to late
endosomes containing the LAMP proteins (Latz et al., 2004).
In addition, following cellular stimulation by TLR9 ligands, the
TLR9-UNC93B1 complex is translocated to the cell surface,
from where it is internalized in a clathrin-dependent manner
through the interaction of UNC93B1 with the adaptor protein-
2 (AP2) (Lee et al., 2013). The TLR9-UNC93B1 complex traffics
to EEA1+VAMP3+ endosomes where TLR9 is processed by
an array of proteases, such as cathepsins or the asparaginyl
endopeptidase. This processing produces a carboxyterminal
fragment able to bind the signaling adaptor Myd88 and to
activate NF-κB-dependent proinflammatory cytokine production
(Asagiri et al., 2008; Park et al., 2008; Sepulveda et al., 2009).
Finally, the recruitment of AP-3 to the TLR9-UNC93B1 complex
is mandatory for the trafficking of TLR9 to the lysosomal
LAMP+ compartments where the IFN regulatory factor 7
(IRF7)-dependent signaling cascade is activated for type I IFN
production (Sasai et al., 2010).

We recently found that IRAP interaction with the formin
FHOD4 plays an important role in endosomal TLR9 trafficking
and activation (Babdor et al., 2017). In the absence of IRAP
and upon CpG activation of the cells, TLR9 signaling was
amplified, leading to increased pro-inflammatory cytokine and
type I IFN production in several DC subsets, such as BMDCs

and splenic conventional and plasmacytoid DCs. IRAP-deficient
mice displayed an exacerbated inflammatory response not only
after CpG treatment, but also in the context of a model of
respiratory infection (Babdor et al., 2017) with P. aeruginosa,
a pathogen previously shown to activate TLR9 (Benmohamed
et al., 2014). P. aeruginosa infection caused the death of
IRAP-deficient animals, in experimental settings in which half
of the WT animals survived. The death of IRAP-deficient
animals was likely due to an uncontrolled inflammatory response
since the broncho-alveolar lavage fluids from P. aeruginosa-
infected IRAP-deficient mice contained higher concentrations
of inflammatory cytokines (CXCL1, IL-6, TNF-α, and IL-1β)
than that of WT mice. Moreover, upon ex vivo P. aeruginosa
infection, alveolar macrophages isolated from IRAP-deficient
mice secreted more IL-6 and TNF-α than their WT counterparts
(Babdor et al., 2017).

By a combination of biochemical and cell biology methods,
we demonstrated that TLR9 signaling is accelerated in IRAP-
deficient BMDCs (Babdor et al., 2017). Enhanced TLR9 signaling
was not due to IRAP’s enzymatic activity but was a consequence
of aberrant TLR9 trafficking in the absence of IRAP. In WT
cells, in basal conditions, TLR9 was localized in the ER and
upon cell activation by CpG, TLR9 and CpG were internalized
and retained for 2 h in IRAP+ endosomes. In contrast to WT
cells, in IRAP-deficient cells, in basal conditions, TLR9 was found
in LAMP+ lysosomes, in its processed form, ready to bind the
signaling adaptors. In addition, upon cell activation, the TLR9
ligand was more rapidly targeted to lysosomes in IRAP-deficient
cells compared to wild-type cells.

To understand how IRAP retains TLR9 and its ligand
away from lysosomes, we screened the previously published
interactions of IRAP with cytoskeleton proteins and
demonstrated that the cytosolic tail of IRAP interacts with
the formin FHOD4, an actin-polymerization factor involved
in anchoring vesicles to the actin cytoskeleton (Goode and
Eck, 2007). Similar to IRAP deletion, FHOD4 depletion by
RNA interference led to aberrant trafficking of TLR9 and
increased production of pro-inflammatory cytokines upon cell
stimulation by CpG. These data indicate that IRAP recruits
FHOD4 to TLR9-containing endosomes. FHOD4 might drive
actin polymerization around the endosomal compartments
(Fernandez-Borja et al., 2005; Kühn and Geyer, 2014) which
could delay the transport of TLR9-containing endosomes to
lysosomes, thereby limiting TLR9 processing and activation.
Thus, in DCs, IRAP controls TLR9 activation by delaying
targeting of the receptor and its ligand to the acidic lysosomal
compartments (Figure 4). Future experiments are required
to establish if in addition to the IRAP/FHOD4 interaction,
the recently discovered interaction between IRAP and the
retromer (Pan et al., 2019) also participates in TLR9 retention
away from lysosomes.

Compromised TCR Signaling in the
Absence of IRAP
The TCR complex is composed of the αβ, γε and δε heterodimers
and a ζζ homodimer. The TCR initiates signaling cascades
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FIGURE 4 | IRAP restricts TLR9-driven inflammatory response. (1) At steady state, TLR9 associated with the chaperon protein UNC93B1 is retained in the ER. (2)
After cell stimulation by TLR9 ligands, such as synthetic CpG-oligonucleotides, the TLR9-UNC93B1 complex is translocated to the cell surface, from where it is
internalized in a clathrin-dependent manner through the interaction of UNC93B1 with AP-2. (3) The internalized TLR9-UNC93B1 complex traffics to IRAP
endosomes. IRAP interaction with the formin FHOD4 anchors the endosomes to the actin cytoskeleton and delays TLR9 trafficking to acidic endosomal
compartments, where TLR9 undergoes a partial proteolysis and triggers the pro-inflammatory signaling cascades. AP2, adaptor protein-2; ER, endoplasmic
reticulum; TLR9, Toll-like receptor 9; IRAP, insulin-regulated aminopeptidase.

after recognition of a peptide-MHC (pMHC) complex, with
low affinity recognition taking place in the thymus allowing
for export to and survival in the periphery, and with high
affinity interactions in initiation of effector T cell responses.
The trafficking of TCR components and signaling partners is
regulated in separate vesicular pools. While the α, β, γ, δ and
ε chains are localized mainly in the ER, the nature of the ζ

intracellular pool has been less well characterized (Soares et al.,
2013; Alcover et al., 2018). Each of the γ, δ and ε chains bears
one immunoreceptor tyrosine-based activation motif (ITAM),
whereas each ζ chain contains three. In the absence of the ζ chain,
TCR expression at the cell surface is almost abolished and there
are substantial defects in T cell development (Love and Hayes,
2010; Alcover et al., 2018). Interestingly, signaling induced by the
ζ chain is not necessary to reverse this situation but rather seems
to be crucial for the activation of T cells in the periphery (Shores
et al., 1994; Ardouin et al., 1999; Love and Hayes, 2010).

In a recent study (Evnouchidou et al., 2020), we investigated
the nature of the intracellular ζ pool in Jurkat T cells and

observed by immunofluorescence that it localizes in endosomes
characterized by the presence of IRAP and Stx6. Moreover, IRAP
could be co-immunoprecipitated with the ζ chain as well as with
one of the first players in the TCR signaling pathway, the Lck
kinase. We showed that at steady state, ζ chain endocytosis is
controlled by the clathrin adaptor AP-2 and DnM2, while the
absence of IRAP led to ζ chain accumulation at the cell surface,
accompanied by higher expression of the whole TCR complex.
To our surprise, despite higher TCR expression at the cell surface,
IRAP-deficient Jurkat T cells presented a severe defect in TCR
signaling as seen by diminished phosphorylation of various TCR
signaling partners after activation. This result was in agreement
with defective recruitment of these molecules to the immune
synapse (IS) as seen by TIRF microscopy, and by confocal
microscopy of conjugates of Jurkat T cells with Raji B cells
loaded with the staphylococcal enterotoxin E (SEE) superantigen.
Moreover, the conjugates with IRAP-deficient Jurkat T cells
poorly stimulated IL-2 secretion, as measured by ELISA both in
the case of the SEE superantigen and of a melanoma antigen.
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To investigate whether the observed defect could be attributed
not only to a defective polarization of the intracellular pool to
the IS but also to a reduced signaling capacity of the intracellular
pool itself, we took advantage of a CD3ζ FRET- FLIM reporter
molecule (Yudushkin and Vale, 2010). We observed a significant
FRET reduction in IRAP-deficient Jurkat T cells, which was much
more profound in the intracellular pool. Using the same reporter,
we were able to visualize IS formation in live cells and observed
a dynamic IS in WT cells being continuously supplied with
CD3ζ from the intracellular pool, whereas the IRAP KO IS was
rather static, getting CD3ζ mainly from the plasma membrane.
In accordance with these results, Lck as well as pCD3ζ were
also located at the plasma membrane in IRAP KO activated cells
and IRAP vesicles were shown to contain various components
of the TCR signalosome by PLA. We concluded that apart from
TCR plasma membrane signaling, T cell activation necessitates
the engagement of endosomal TCR signaling that takes place in
IRAP+ compartments (Figure 5).

Like in Jurkat T cells, IRAP colocalized with the TCR in
mouse primary T cells and IRAP-deficient effector T cells
presented increased TCR levels at the cell surface but defective

signaling. Activation of the cells with a low affinity ligand
resulted in similar initial cell division, but lower numbers
of IRAP KO cells due to subsequent cell death. OT1 IRAP
KO, as well as conditional IRAP KO in T cells, led to
lymphopenia. In an effort to study whether this was due to
a thymic selection defect, we checked IRAP expression and
found that IRAP expression gradually increases through the
stages of thymic selection and reaches its highest levels in
the periphery. Moreover, there were no significant alterations
observed in thymus subpopulations, which led us to the
conclusion that the lymphopenic phenotype likely can be
attributed to a reduced survival capacity in the periphery due
to a defective tonic signal (Kirberg et al., 2001; Garbi et al.,
2010). We finally showed that IRAP is important for the
first wave of low affinity T cells in pathogen-specific T cell
responses in the context of a tumor model where IRAP T cell
conditional KO mice developed bigger tumors and were unable
to initiate effective anti-tumor T cell responses. The results of
this study could be used to ameliorate current T cell-based
immunotherapies, as well as to investigate intracellular signaling
of other immune receptors.

FIGURE 5 | IRAP regulates TCR ζ chain trafficking and signaling. The full TCR comprises the clonotypic αβ chains, the γε and δε heterodimers and a ζζ homodimer.
(1) While the αβ, γε and δε heterodimers assemble in the ER and are transported via the Golgi stacks to the plasma membrane, the majority of the ζζ homodimer is
stored in IRAP intracellular vesicles. (2) In basal conditions, the ζ chain recycles between plasma membrane and the intracellular pool by a recycling pathway
involving the clathrin adaptor AP2, the DnM2 and IRAP. Inhibition of this recycling pathway by AP2, DnM2 or IRAP depletion increases the levels of ζ chain at plasma
membrane. (3) Under T cell activation, the ζζ homodimer is internalized in IRAP vesicles, from where it is able to trigger signaling cascades, as demonstrated by its
interaction with several signalosome components, such as ZAP-70, Lck and LAT. AP2, adaptor protein-2; DnM2, dynamin-2; ER, endoplasmic reticulum; IRAP,
insulin-regulated aminopeptidase; LAP, linker for activation of T cells; TCR, T cell receptor.
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CONSEQUENCE OF IRAP DELETION ON
ENDOCYTIC TRAFFICKING IN OTHER
CELLS

IRAP as an Old Partner of Glut4
Transporter Trafficking
Soon after Glut4 discovery (Birnbaum, 1989; James et al., 1989),
IRAP was identified as an abundant protein in biochemically
isolated GSV (Keller et al., 1995). IRAP-deficient mice were
produced for the first time in 2002 (Keller et al., 2002).
These mice had normal levels of Glut4 mRNA but showed
reduced levels of Glut4 protein, with a reduction varying
between 45% and 85% in different muscles and in adipocytes,
indicating a role for IRAP in Glut4 expression. Interestingly,
Glut4 deletion also reduced by 35% the amount of IRAP
at protein level, but not its mRNA (Carvalho et al., 2004),
indicating that both proteins participate in the regulation of
GSV trafficking.

Further studies in differentiated 3T3-L1 adipocytes confirmed
that IRAP knock-down disturbs Glut4 trafficking by increasing
its levels at the plasma membrane in basal conditions, but does
not affect Glut4 translocation upon insulin stimulation of the
cells (Jordens et al., 2010). However, Glut4 trafficking seems to
be slightly different between differentiated 3T3-L1 adipocytes
and primary adipocytes, in which IRAP deletion does not
increase the cell surface levels of Glut4, but reduces its protein
amount (Keller et al., 2002). Differences in Glut4 trafficking
between differentiated 3T3-L1 and primary adipocytes are
also suggested by a more recent report in which IRAP-
depleted differentiated 3T3-L1 adipocytes did not show a
strong reduction of Glut4 protein (Pan et al., 2019). However,
this study detected a significant shift of Glut4 from the
endosomal pool to acidic lysosomal compartments, similar
to that observed for TLR9 in IRAP KO DCs (Babdor et al.,
2017). The lysosomal localization of Glut4 in the absence
of IRAP might be explained by the interaction between
IRAP and the retromer (Pan et al., 2019). By interacting
with the retromer, IRAP can cooperate with sortilin, another
component of GSV that interacts with the retromer (Pan
et al., 2017), and rescue Glut4 from degradation in lysosomes.
This phenomenon could be particularly relevant in primary
cells, where IRAP deletion strongly reduced Glut4 protein
levels (Keller et al., 2002), probably due to its degradation
in lysosomes.

Somatostatin Receptors
In neurons, the major somatostatin receptor subtype,
sst2A, has been found in IRAP vesicles (De Bundel et al.,
2015). Sst2A is an inhibitory receptor that reduces neuron
excitability and has anticonvulsant effects (Schonbrunn,
1999). Like the majority of G-protein-coupled receptors,
sst2A is rapidly internalized after ligand binding and
undergoes slow recycling through the trans-Golgi network,
avoiding lysosomal degradation. When rat hippocampal
neurons were incubated with the sst2A agonist octreotide,
the sst2A receptor was rapidly internalized in IRAP

endosomes from where it was recycled back to the
plasma membrane and reached the initial expression
levels at the plasma membrane between 1 and 2 h after
cell stimulation. IRAP depletion by lentiviral shRNA
accelerated the recycling of the receptor that recovered
its normal expression at the plasma membrane within
45 min. Interestingly, angiotensin IV and the LVV-H7
compound, two previously known IRAP ligands, also
increased the speed of sst2A receptor recycling, similar
to IRAP depletion. Further experiments are required to
investigate if angiotensin IV or LVV-H7 binding to IRAP
disturb IRAP intracellular trafficking and by consequence, sst2A
receptor recycling.

CONCLUSION AND PERSPECTIVES

A growing number of experimental data, partially reviewed
in this article, show that next to its aminopeptidase activity,
IRAP is a regulator of endosomal trafficking. IRAP protein
interactions with cytoskeleton components and with the
retromer contribute to the regulation of cell specific receptor
trafficking and activation. The majority of these receptors
are involved in cellular adaptation to the environmental
conditions, such as high glucose concentration for Glut4,
bacterial infections for TLR9, increased neuronal excitability
for sstA2 or anti-tumor activity of T lymphocytes for the
TCR. Identification of other cell-specific cargos of IRAP
endosomes in the future will complete the list of physiological
and pathological conditions in which IRAP might help
the organism to maintain its homeostasis. Whether the
enzymatic activity of IRAP, next to its undisputed and
independent role in processing substrates such as vasopressin,
also matters in its role in vesicle trafficking remains to
be explored further. Enzymatic activity is not involved in
the regulation of TLR9 or TCR trafficking and function,
and Glut4 trafficking in IRAP KO cells is restored by
the expression of the cytosolic domain of IRAP that lacks
aminopeptidase activity (Jordens et al., 2010). However, the
example of modulation of sstA2 trafficking by IRAP inhibitors
(De Bundel et al., 2015) suggests that IRAP inhibitors
might change protein trafficking, a hypothesis that is worth
future studies.

Further studies are also required to extend our knowledge
on the cell surface receptors and the downstream signaling
pathways that regulate IRAP vesicles trafficking in the immune
system. For example, our recent results demonstrate that
IRAP trafficking is affected by TLR4 and FcRs activation in
DCs (Weimershaus et al., 2018), and by TCR activation in
T cells (Evnouchidou et al., 2020). Class I PI3K are known
to be activated by the signaling cascades downstream of
TLR4 and FcRs (Ben Mkaddem et al., 2019; Fitzgerald and
Kagan, 2020), as well as through the signaling downstream
of T cell costimulatory receptors and the IL-2 receptor
(Saravia et al., 2020). Therefore, PI3K/AKT signaling could
be a regulator of IRAP trafficking in immune cells, similar
to its role in adipocytes (Li et al., 2019). This hypothesis
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is compatible with the results available for immune cells and
adipocytes but needs further experimental validation.

AUTHOR CONTRIBUTIONS

DD, IE, VC, CD, SR, PE, and LS wrote the manuscript.
All authors contributed to the article and approved the
submitted version.

ACKNOWLEDGMENTS

The authors of this review were supported by the French
“Agence nationale de la recherche” (ANR) grants Cytoendostor,
ECLIPSE and IDEA and by Région Ile-de-France (DIM-Malinf).
Vector image parts were used from the Servier medical art web
site (https://smart.servier.com/) under the Creative Commons
Attribution 3.0 Unported License (https://creativecommons.org/
licenses/by/3.0/).

REFERENCES
Alcover, A., Alarcón, B., and Di Bartolo, V. (2018). Cell biology of T cell receptor

expression and regulation. Annu. Rev. Immunol. 36, 103–125. doi: 10.1146/
annurev-immunol-042617-053429

Alloatti, A., Kotsias, F., Pauwels, A.-M., Carpier, J.-M., Jouve, M., Timmerman, E.,
et al. (2015). Toll-like receptor 4 engagement on dendritic cells restrains phago-
lysosome fusion and promotes cross-presentation of antigens. Immunity 43,
1087–1100. doi: 10.1016/j.immuni.2015.11.006

Antonescu, C. N., Foti, M., Sauvonnet, N., and Klip, A. (2009). Ready, set,
internalize: mechanisms and regulation of GLUT4 endocytosis. Biosci. Rep. 29,
1–11. doi: 10.1042/BSR20080105

Ardouin, L., Boyer, C., Gillet, A., Trucy, J., Bernard, A. M., Nunes, J.,
et al. (1999). Crippling of CD3-zeta ITAMs does not impair T cell
receptor signaling. Immunity 10, 409–420. doi: 10.1016/s1074-7613(00)
80041-2

Asagiri, M., Hirai, T., Kunigami, T., Kamano, S., Gober, H.-J., Okamoto, K.,
et al. (2008). Cathepsin K-dependent toll-like receptor 9 signaling revealed
in experimental arthritis. Science 319, 624–627. doi: 10.1126/science.115
0110

Ascher, D. B., Cromer, B. A., Morton, C. J., Volitakis, I., Cherny, R. A., Albiston,
A. L., et al. (2011). Regulation of insulin-regulated membrane aminopeptidase
activity by its C-terminal domain. Biochemistry 50, 2611–2622. doi: 10.1021/
bi101893w

Babdor, J., Descamps, D., Adiko, A. C., Tohmé, M., Maschalidi, S., Evnouchidou,
I., et al. (2017). IRAP+ endosomes restrict TLR9 activation and signaling. Nat.
Immunol. 18, 509–518. doi: 10.1038/ni.3711

Banegas, I., Prieto, I., Vives, F., Alba, F., de Gasparo, M., Duran, R., et al. (2010).
Lateralized response of oxytocinase activity in the medial prefrontal cortex of
a unilateral rat model of Parkinson’s disease. Behav. Brain Res. 213, 328–331.
doi: 10.1016/j.bbr.2010.05.030

Beckman, L., Beckman, G., Mi, M. P., and de Simone, J. (1969). The human
placental amino acid naphthylamidases; their molecular interrelations and
correlations with perinatal factors. Hum. Hered. 19, 249–257. doi: 10.1159/
000152226

Beckman, L., Björling, G., and Christodoulou, C. (1966). Pregnancy enzymes and
placental polymorphism. II. Leucine aminopeptidase. Acta Genet. Stat. Med. 16,
122–131. doi: 10.1159/000151957

Ben Mkaddem, S., Benhamou, M., and Monteiro, R. C. (2019). Understanding
Fc receptor involvement in inflammatory diseases: from mechanisms to
new therapeutic tools. Front. Immunol. 10:811. doi: 10.3389/fimmu.2019.
00811

Benmohamed, F., Medina, M., Wu, Y.-Z., Maschalidi, S., Jouvion, G., Guillemot, L.,
et al. (2014). Toll-like receptor 9 deficiency protects mice against Pseudomonas
aeruginosa lung infection. PLoS One 9:e90466. doi: 10.1371/journal.pone.
0090466

Birnbaum, M. J. (1989). Identification of a novel gene encoding an insulin-
responsive glucose transporter protein. Cell 57, 305–315. doi: 10.1016/0092-
8674(89)90968-9

Brewer, P. D., Habtemichael, E. N., Romenskaia, I., Mastick, C. C., and Coster,
A. C. F. (2016). Glut4 is sorted from a Rab10 GTPase-independent constitutive
recycling pathway into a highly insulin-responsive Rab10 GTPase-dependent
sequestration pathway after adipocyte differentiation. J. Biol. Chem. 291, 773–
789. doi: 10.1074/jbc.M115.694919

Capmany, A., and Damiani, M. T. (2010). Chlamydia trachomatis intercepts
Golgi-derived sphingolipids through a Rab14-mediated transport required
for bacterial development and replication. PLoS One 5:e14084. doi: 10.1371/
journal.pone.0014084

Carvalho, E., Schellhorn, S. E., Zabolotny, J. M., Martin, S., Tozzo, E., Peroni,
O. D., et al. (2004). GLUT4 overexpression or deficiency in adipocytes of
transgenic mice alters the composition of GLUT4 vesicles and the subcellular
localization of GLUT4 and insulin-responsive aminopeptidase. J. Biol. Chem.
279, 21598–21605. doi: 10.1074/jbc.M312269200

Chen, K.-E., Healy, M. D., and Collins, B. M. (2019). Towards a molecular
understanding of endosomal trafficking by retromer and retriever. Traffic 20,
465–478. doi: 10.1111/tra.12649

Cheng, H., Li, Y., Zuo, X.-B., Tang, H.-Y., Tang, X.-F., Gao, J.-P., et al. (2014).
Identification of a missense variant in LNPEP that confers psoriasis risk.
J. Invest. Dermatol. 134, 359–365. doi: 10.1038/jid.2013.317

Chi, N. W., and Lodish, H. F. (2000). Tankyrase is a golgi-associated
mitogen-activated protein kinase substrate that interacts with IRAP in
GLUT4 vesicles. J. Biol. Chem. 275, 38437–38444. doi: 10.1074/jbc.M0076
35200

De Bundel, D., Fafouri, A., Csaba, Z., Loyens, E., Lebon, S., El Ghouzzi, V., et al.
(2015). Trans-modulation of the somatostatin type 2A receptor trafficking by
insulin-regulated aminopeptidase decreases limbic seizures. J. Neurosci. 35,
11960–11975. doi: 10.1523/JNEUROSCI.0476-15.2015

Delamarre, L., Pack, M., Chang, H., Mellman, I., and Trombetta, E. S.
(2005). Differential lysosomal proteolysis in antigen-presenting cells
determines antigen fate. Science 307, 1630–1634. doi: 10.1126/science.11
08003

Dinter, J., Gourdain, P., Lai, N. Y., Duong, E., Bracho-Sanchez, E., Rucevic,
M., et al. (2014). Different antigen-processing activities in dendritic cells,
macrophages, and monocytes lead to uneven production of HIV epitopes and
affect CTL recognition. J. Immunol. 193, 4322–4334. doi: 10.4049/jimmunol.
1400491

Elkins, E. A., Walti, K. A., Newberry, K. E., and Lema, S. C. (2017). Identification
of an oxytocinase/vasopressinase-like leucyl-cystinyl aminopeptidase (LNPEP)
in teleost fish and evidence for hypothalamic mRNA expression linked to
behavioral social status. Gen. Comp. Endocrinol. 250, 58–69. doi: 10.1016/j.
ygcen.2017.06.002

Esensten, J. H., Helou, Y. A., Chopra, G., Weiss, A., and Bluestone, J. A. (2016).
CD28 costimulation: from mechanism to therapy. Immunity 44, 973–988. doi:
10.1016/j.immuni.2016.04.020

Evnouchidou, I., Birtley, J., Seregin, S., Papakyriakou, A., Zervoudi, E., Samiotaki,
M., et al. (2012). A common single nucleotide polymorphism in endoplasmic
reticulum aminopeptidase 2 induces a specificity switch that leads to altered
antigen processing. J. Immunol. 189, 2383–2392. doi: 10.4049/jimmunol.
1200918

Evnouchidou, I., Chappert, P., Benadda, S., Zucchetti, A., Weimershaus, M., Bens,
M., et al. (2020). IRAP-dependent endosomal T cell receptor signalling is
essential for T cell responses. Nat. Commun. 11:2779. doi: 10.1038/s41467-020-
16471-7

Evnouchidou, I., Weimershaus, M., Saveanu, L., and van Endert, P. (2014). ERAP1-
ERAP2 dimerization increases peptide-trimming efficiency. J. Immunol. 193,
901–908. doi: 10.4049/jimmunol.1302855

Fernandez-Borja, M., Janssen, L., Verwoerd, D., Hordijk, P., and Neefjes, J.
(2005). RhoB regulates endosome transport by promoting actin assembly on

Frontiers in Molecular Biosciences | www.frontiersin.org 11 October 2020 | Volume 7 | Article 583556

https://smart.servier.com/
https://creativecommons.org/licenses/by/3.0/
https://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1146/annurev-immunol-042617-053429
https://doi.org/10.1146/annurev-immunol-042617-053429
https://doi.org/10.1016/j.immuni.2015.11.006
https://doi.org/10.1042/BSR20080105
https://doi.org/10.1016/s1074-7613(00)80041-2
https://doi.org/10.1016/s1074-7613(00)80041-2
https://doi.org/10.1126/science.1150110
https://doi.org/10.1126/science.1150110
https://doi.org/10.1021/bi101893w
https://doi.org/10.1021/bi101893w
https://doi.org/10.1038/ni.3711
https://doi.org/10.1016/j.bbr.2010.05.030
https://doi.org/10.1159/000152226
https://doi.org/10.1159/000152226
https://doi.org/10.1159/000151957
https://doi.org/10.3389/fimmu.2019.00811
https://doi.org/10.3389/fimmu.2019.00811
https://doi.org/10.1371/journal.pone.0090466
https://doi.org/10.1371/journal.pone.0090466
https://doi.org/10.1016/0092-8674(89)90968-9
https://doi.org/10.1016/0092-8674(89)90968-9
https://doi.org/10.1074/jbc.M115.694919
https://doi.org/10.1371/journal.pone.0014084
https://doi.org/10.1371/journal.pone.0014084
https://doi.org/10.1074/jbc.M312269200
https://doi.org/10.1111/tra.12649
https://doi.org/10.1038/jid.2013.317
https://doi.org/10.1074/jbc.M007635200
https://doi.org/10.1074/jbc.M007635200
https://doi.org/10.1523/JNEUROSCI.0476-15.2015
https://doi.org/10.1126/science.1108003
https://doi.org/10.1126/science.1108003
https://doi.org/10.4049/jimmunol.1400491
https://doi.org/10.4049/jimmunol.1400491
https://doi.org/10.1016/j.ygcen.2017.06.002
https://doi.org/10.1016/j.ygcen.2017.06.002
https://doi.org/10.1016/j.immuni.2016.04.020
https://doi.org/10.1016/j.immuni.2016.04.020
https://doi.org/10.4049/jimmunol.1200918
https://doi.org/10.4049/jimmunol.1200918
https://doi.org/10.1038/s41467-020-16471-7
https://doi.org/10.1038/s41467-020-16471-7
https://doi.org/10.4049/jimmunol.1302855
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-biosciences#articles


fmolb-07-583556 October 14, 2020 Time: 17:1 # 12

Descamps et al. IRAP and Intracellular Trafficking

endosomal membranes through Dia1. J. Cell. Sci. 118, 2661–2670. doi: 10.1242/
jcs.02384

Fitzgerald, K. A., and Kagan, J. C. (2020). Toll-like receptors and the control of
immunity. Cell 180, 1044–1066. doi: 10.1016/j.cell.2020.02.041

Garbi, N., Hämmerling, G. J., Probst, H.-C., and van den Broek, M. (2010). Tonic
T cell signalling and T cell tolerance as opposite effects of self-recognition on
dendritic cells. Curr. Opin. Immunol. 22, 601–608. doi: 10.1016/j.coi.2010.08.
007

Gonzalez, E., and McGraw, T. E. (2009a). Insulin-modulated Akt subcellular
localization determines Akt isoform-specific signaling. Proc. Natl. Acad. Sci.
U.S.A. 106, 7004–7009. doi: 10.1073/pnas.0901933106

Gonzalez, E., and McGraw, T. E. (2009b). The Akt kinases: isoform specificity in
metabolism and cancer. Cell Cycle 8, 2502–2508. doi: 10.4161/cc.8.16.9335

Goode, B. L., and Eck, M. J. (2007). Mechanism and function of formins in the
control of actin assembly. Annu. Rev. Biochem. 76, 593–627. doi: 10.1146/
annurev.biochem.75.103004.142647

Heng, T. S. P., Painter, M. W., and Immunological genome project Consortium,
(2008). The Immunological Genome Project: networks of gene expression in
immune cells∗. Nat. Immunol. 9, 1091–1094. doi: 10.1038/ni1008-1091

Hermans, S. J., Ascher, D. B., Hancock, N. C., Holien, J. K., Michell, B. J., Chai,
S. Y., et al. (2015). Crystal structure of human insulin-regulated aminopeptidase
with specificity for cyclic peptides. Protein Sci. 24, 190–199. doi: 10.1002/pro.
2604

Hernández, J., Prieto, I., Segarra, A. B., de Gasparo, M., Wangensteen, R., Villarejo,
A. B., et al. (2015). Interaction of neuropeptidase activities in cortico-limbic
regions after acute restraint stress. Behav. Brain Res. 287, 42–48. doi: 10.1016/j.
bbr.2015.03.036

Hirata, Y., Hosaka, T., Iwata, T., Le, C. T. K., Jambaldorj, B., Teshigawara, K.,
et al. (2011). Vimentin binds IRAP and is involved in GLUT4 vesicle trafficking.
Biochem. Biophys. Res. Commun. 405, 96–101. doi: 10.1016/j.bbrc.2010.12.134

Hoffmann, C., Finsel, I., Otto, A., Pfaffinger, G., Rothmeier, E., Hecker, M., et al.
(2014). Functional analysis of novel Rab GTPases identified in the proteome of
purified Legionella-containing vacuoles from macrophages. Cell. Microbiol. 16,
1034–1052. doi: 10.1111/cmi.12256

Hopkins, B. D., Goncalves, M. D., and Cantley, L. C. (2020). Insulin-PI3K
signalling: an evolutionarily insulated metabolic driver of cancer. Nat. Rev.
Endocrinol. 16, 276–283. doi: 10.1038/s41574-020-0329-9

Hosaka, T., Brooks, C. C., Presman, E., Kim, S.-K., Zhang, Z., Breen, M., et al.
(2005). p115 Interacts with the GLUT4 vesicle protein, IRAP, and plays a critical
role in insulin-stimulated GLUT4 translocation. Mol. Biol. Cell. 16, 2882–2890.
doi: 10.1091/mbc.e05-01-0072

Hou, J. C., Suzuki, N., Pessin, J. E., and Watson, R. T. (2006). A specific dileucine
motif is required for the GGA-dependent entry of newly synthesized insulin-
responsive aminopeptidase into the insulin-responsive compartment. J. Biol.
Chem. 281, 33457–33466. doi: 10.1074/jbc.M601583200

Huotari, J., and Helenius, A. (2011). Endosome maturation. EMBO J. 30, 3481–
3500. doi: 10.1038/emboj.2011.286

Ito, N., Nomura, S., Iwase, A., Ito, T., Kikkawa, F., Tsujimoto, M., et al.
(2004). ADAMs, a disintegrin and metalloproteinases, mediate shedding of
oxytocinase. Biochem. Biophys. Res. Commun. 314, 1008–1013. doi: 10.1016/j.
bbrc.2003.12.183

Iwasaki, A., and Medzhitov, R. (2004). Toll-like receptor control of the adaptive
immune responses. Nat. Immunol. 5, 987–995. doi: 10.1038/ni1112

Iwase, A., Nomura, S., and Mizutani, S. (2001). Characterization of a secretase
activity for placental leucine aminopeptidase. Arch. Biochem. Biophys. 393,
163–169. doi: 10.1006/abbi.2001.2489

James, D. E., Strube, M., and Muecdler, M. (1989). Molecular cloning and
characterization of an insulin-regulatable glucose transporter. Nature 338,
83–87. doi: 10.1038/338083a0

Jordens, I., Molle, D., Xiong, W., Keller, S. R., and McGraw, T. E. (2010). Insulin-
regulated aminopeptidase is a key regulator of GLUT4 trafficking by controlling
the sorting of GLUT4 from endosomes to specialized insulin-regulated vesicles.
Mol. Biol. Cell. 21, 2034–2044. doi: 10.1091/mbc.e10-02-0158

Kandror, K. V., and Pilch, P. F. (2011). The sugar is sIRVed: sorting Glut4 and its
fellow travelers. Traffic 12, 665–671. doi: 10.1111/j.1600-0854.2011.01175.x

Kawai, T., and Akira, S. (2010). The role of pattern-recognition receptors in
innate immunity: update on Toll-like receptors. Nat. Immunol. 11, 373–384.
doi: 10.1038/ni.1863

Keller, S. R., Davis, A. C., and Clairmont, K. B. (2002). Mice deficient in the insulin-
regulated membrane aminopeptidase show substantial decreases in glucose
transporter GLUT4 levels but maintain normal glucose homeostasis. J. Biol.
Chem. 277, 17677–17686. doi: 10.1074/jbc.M202037200

Keller, S. R., Scott, H. M., Mastick, C. C., Aebersold, R., and Lienhard, G. E.
(1995). Cloning and characterization of a novel insulin-regulated membrane
aminopeptidase from Glut4 vesicles. J. Biol. Chem. 270, 23612–23618. doi:
10.1074/jbc.270.40.23612

Kirberg, J., von Boehmer, H., Brocker, T., Rodewald, H. R., and Takeda, S. (2001).
Class II essential for CD4 survival. Nat. Immunol. 2, 136–137. doi: 10.1038/
84229

Kochan, G., Krojer, T., Harvey, D., Fischer, R., Chen, L., Vollmar, M., et al. (2011).
Crystal structures of the endoplasmic reticulum aminopeptidase-1 (ERAP1)
reveal the molecular basis for N-terminal peptide trimming. Proc. Natl. Acad.
Sci. U.S.A. 108, 7745–7750. doi: 10.1073/pnas.1101262108

Kühn, S., and Geyer, M. (2014). Formins as effector proteins of Rho GTPases. Small
GTPases 5:e29513. doi: 10.4161/sgtp.29513

Kuijl, C., Savage, N. D. L., Marsman, M., Tuin, A. W., Janssen, L., Egan, D. A., et al.
(2007). Intracellular bacterial growth is controlled by a kinase network around
PKB/AKT1. Nature 450, 725–730. doi: 10.1038/nature06345

Kyei, G. B., Vergne, I., Chua, J., Roberts, E., Harris, J., Junutula, J. R., et al. (2006).
Rab14 is critical for maintenance of Mycobacterium tuberculosis phagosome
maturation arrest. EMBO J. 25, 5250–5259. doi: 10.1038/sj.emboj.760
1407

Larance, M., Ramm, G., Stöckli, J., van Dam, E. M., Winata, S., Wasinger, V.,
et al. (2005). Characterization of the role of the Rab GTPase-activating protein
AS160 in insulin-regulated GLUT4 trafficking. J. Biol. Chem. 280, 37803–37813.
doi: 10.1074/jbc.M503897200

Larsen, S. C., Sylvestersen, K. B., Mund, A., Lyon, D., Mullari, M., Madsen, M. V.,
et al. (2016). Proteome-wide analysis of arginine monomethylation reveals
widespread occurrence in human cells. Sci. Signal. 9:rs9. doi: 10.1126/scisignal.
aaf7329

Latz, E., Schoenemeyer, A., Visintin, A., Fitzgerald, K. A., Monks, B. G., Knetter,
C. F., et al. (2004). TLR9 signals after translocating from the ER to CpG DNA
in the lysosome. Nat. Immunol. 5, 190–198. doi: 10.1038/ni1028

Lee, B. L., Moon, J. E., Shu, J. H., Yuan, L., Newman, Z. R., Schekman, R., et al.
(2013). UNC93B1 mediates differential trafficking of endosomal TLRs. eLife
2:e00291. doi: 10.7554/eLife.00291

Li, D. T., Habtemichael, E. N., Julca, O., Sales, C. I., Westergaard, X. O., DeVries,
S. G., et al. (2019). GLUT4 storage vesicles: specialized organelles for regulated
trafficking. Yale J. Biol. Med. 92, 453–470.

Love, P. E., and Hayes, S. M. (2010). ITAM-mediated signaling by the T-cell antigen
receptor. Cold Spring Harb. Perspect. Biol. 2:a002485. doi: 10.1101/cshperspect.
a002485

Mafakheri, S., Chadt, A., and Al-Hasani, H. (2018a). Regulation of RabGAPs
involved in insulin action. Biochem. Soc. Trans. 46, 683–690. doi: 10.1042/
BST20170479

Mafakheri, S., Flörke, R. R., Kanngießer, S., Hartwig, S., Espelage, L., De Wendt,
C., et al. (2018b). AKT and AMP-activated protein kinase regulate TBC1D1
through phosphorylation and its interaction with the cytosolic tail of insulin-
regulated aminopeptidase IRAP. J. Biol. Chem. 293, 17853–17862. doi: 10.1074/
jbc.RA118.005040

Majer, O., Liu, B., and Barton, G. M. (2017). Nucleic acid-sensing TLRs: trafficking
and regulation. Curr. Opin. Immunol. 44, 26–33. doi: 10.1016/j.coi.2016.10.003

Majer, O., Liu, B., Woo, B. J., Kreuk, L. S. M., Van Dis, E., and Barton, G. M. (2019).
Release from UNC93B1 reinforces the compartmentalized activation of select
TLRs. Nature 575, 371–374. doi: 10.1038/s41586-019-1611-7

Mpakali, A., Giastas, P., Mathioudakis, N., Mavridis, I. M., Saridakis, E., and
Stratikos, E. (2015a). Structural basis for antigenic peptide recognition and
processing by endoplasmic reticulum (ER) aminopeptidase 2. J. Biol. Chem. 290,
26021–26032. doi: 10.1074/jbc.M115.685909

Mpakali, A., Giastas, P., Deprez-Poulain, R., Papakyriakou, A., Koumantou,
D., Gealageas, R., et al. (2017a). Crystal structures of ERAP2 complexed
with inhibitors reveal pharmacophore requirements for optimizing inhibitor
potency. ACS Med. Chem. Lett. 8, 333–337. doi: 10.1021/acsmedchemlett.
6b00505

Mpakali, A., Saridakis, E., Harlos, K., Zhao, Y., Kokkala, P., Georgiadis, D.,
et al. (2017b). Ligand-induced conformational change of insulin-regulated

Frontiers in Molecular Biosciences | www.frontiersin.org 12 October 2020 | Volume 7 | Article 583556

https://doi.org/10.1242/jcs.02384
https://doi.org/10.1242/jcs.02384
https://doi.org/10.1016/j.cell.2020.02.041
https://doi.org/10.1016/j.coi.2010.08.007
https://doi.org/10.1016/j.coi.2010.08.007
https://doi.org/10.1073/pnas.0901933106
https://doi.org/10.4161/cc.8.16.9335
https://doi.org/10.1146/annurev.biochem.75.103004.142647
https://doi.org/10.1146/annurev.biochem.75.103004.142647
https://doi.org/10.1038/ni1008-1091
https://doi.org/10.1002/pro.2604
https://doi.org/10.1002/pro.2604
https://doi.org/10.1016/j.bbr.2015.03.036
https://doi.org/10.1016/j.bbr.2015.03.036
https://doi.org/10.1016/j.bbrc.2010.12.134
https://doi.org/10.1111/cmi.12256
https://doi.org/10.1038/s41574-020-0329-9
https://doi.org/10.1091/mbc.e05-01-0072
https://doi.org/10.1074/jbc.M601583200
https://doi.org/10.1038/emboj.2011.286
https://doi.org/10.1016/j.bbrc.2003.12.183
https://doi.org/10.1016/j.bbrc.2003.12.183
https://doi.org/10.1038/ni1112
https://doi.org/10.1006/abbi.2001.2489
https://doi.org/10.1038/338083a0
https://doi.org/10.1091/mbc.e10-02-0158
https://doi.org/10.1111/j.1600-0854.2011.01175.x
https://doi.org/10.1038/ni.1863
https://doi.org/10.1074/jbc.M202037200
https://doi.org/10.1074/jbc.270.40.23612
https://doi.org/10.1074/jbc.270.40.23612
https://doi.org/10.1038/84229
https://doi.org/10.1038/84229
https://doi.org/10.1073/pnas.1101262108
https://doi.org/10.4161/sgtp.29513
https://doi.org/10.1038/nature06345
https://doi.org/10.1038/sj.emboj.7601407
https://doi.org/10.1038/sj.emboj.7601407
https://doi.org/10.1074/jbc.M503897200
https://doi.org/10.1126/scisignal.aaf7329
https://doi.org/10.1126/scisignal.aaf7329
https://doi.org/10.1038/ni1028
https://doi.org/10.7554/eLife.00291
https://doi.org/10.1101/cshperspect.a002485
https://doi.org/10.1101/cshperspect.a002485
https://doi.org/10.1042/BST20170479
https://doi.org/10.1042/BST20170479
https://doi.org/10.1074/jbc.RA118.005040
https://doi.org/10.1074/jbc.RA118.005040
https://doi.org/10.1016/j.coi.2016.10.003
https://doi.org/10.1038/s41586-019-1611-7
https://doi.org/10.1074/jbc.M115.685909
https://doi.org/10.1021/acsmedchemlett.6b00505
https://doi.org/10.1021/acsmedchemlett.6b00505
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-biosciences#articles


fmolb-07-583556 October 14, 2020 Time: 17:1 # 13

Descamps et al. IRAP and Intracellular Trafficking

aminopeptidase: insights on catalytic mechanism and active site plasticity.
J. Med. Chem. 60, 2963–2972. doi: 10.1021/acs.jmedchem.6b01890

Mpakali, A., Saridakis, E., Harlos, K., Zhao, Y., Papakyriakou, A., Kokkala, P.,
et al. (2015b). Crystal structure of insulin-regulated aminopeptidase with bound
substrate analogue provides insight on antigenic epitope precursor recognition
and processing. J. Immunol. 195, 2842–2851. doi: 10.4049/jimmunol.1501103

Nagasaka, T., Nomura, S., Okamura, M., Tsujimoto, M., Nakazato, H., Oiso,
Y., et al. (1997). Immunohistochemical localization of placental leucine
aminopeptidase/oxytocinase in normal human placental, fetal and adult tissues.
Reprod. Fertil. Dev. 9, 747–753. doi: 10.1071/r97055

Nguyen, T. T., Chang, S.-C., Evnouchidou, I., York, I. A., Zikos, C., Rock, K. L.,
et al. (2011). Structural basis for antigenic peptide precursor processing by
the endoplasmic reticulum aminopeptidase ERAP1. Nat. Struct. Mol. Biol. 18,
604–613. doi: 10.1038/nsmb.2021

Ofner, L. D., and Hooper, N. M. (2002). Ectodomain shedding of cystinyl
aminopeptidase from human placental membranes. Placenta 23, 65–70. doi:
10.1053/plac.2001.0751

Pan, X., Meriin, A., Huang, G., and Kandror, K. V. (2019). Insulin-responsive
amino peptidase follows the Glut4 pathway but is dispensable for the formation
and translocation of insulin-responsive vesicles. Mol. Biol. Cell. 30, 1536–1543.
doi: 10.1091/mbc.E18-12-0792

Pan, X., Zaarur, N., Singh, M., Morin, P., and Kandror, K. V. (2017). Sortilin and
retromer mediate retrograde transport of Glut4 in 3T3-L1 adipocytes. Mol. Biol.
Cell. 28, 1667–1675. doi: 10.1091/mbc.E16-11-0777

Park, B., Brinkmann, M. M., Spooner, E., Lee, C. C., Kim, Y.-M., and Ploegh, H. L.
(2008). Proteolytic cleavage in an endolysosomal compartment is required for
activation of Toll-like receptor 9. Nat. Immunol. 9, 1407–1414. doi: 10.1038/ni.
1669

Parker, B. L., Thaysen-Andersen, M., Fazakerley, D. J., Holliday, M., Packer, N. H.,
and James, D. E. (2016). Terminal galactosylation and sialylation switching
on membrane glycoproteins upon TNF-alpha-induced insulin resistance in
adipocytes. Mol. Cell. Proteomics 15, 141–153. doi: 10.1074/mcp.M115.054221

Peck, G. R., Ye, S., Pham, V., Fernando, R. N., Macaulay, S. L., Chai, S. Y., et al.
(2006). Interaction of the Akt substrate, AS160, with the glucose transporter 4
vesicle marker protein, insulin-regulated aminopeptidase. Mol. Endocrinol. 20,
2576–2583. doi: 10.1210/me.2005-0476

Rahmani, F., and Rezaei, N. (2016). Therapeutic targeting of Toll-like receptors: a
review of Toll-like receptors and their signaling pathways in psoriasis. Expert
Rev. Clin. Immunol. 12, 1289–1298. doi: 10.1080/1744666X.2016.1204232

Rogi, T., Tsujimoto, M., Nakazato, H., Mizutani, S., and Tomoda, Y. (1996).
Human placental leucine aminopeptidase/oxytocinase. A new member of type
II membrane-spanning zinc metallopeptidase family. J. Biol. Chem. 271, 56–61.
doi: 10.1074/jbc.271.1.56

Ross, S. A., Scott, H. M., Morris, N. J., Leung, W. Y., Mao, F., Lienhard, G. E., et al.
(1996). Characterization of the insulin-regulated membrane aminopeptidase in
3T3-L1 adipocytes. J. Biol. Chem. 271, 3328–3332. doi: 10.1074/jbc.271.6.3328

Ryu, J., Hah, J. S., Park, J. S. S., Lee, W., Rampal, A. L., and Jung, C. Y. (2002).
Protein kinase C-zeta phosphorylates insulin-responsive aminopeptidase
in vitro at Ser-80 and Ser-91. Arch. Biochem. Biophys. 403, 71–82. doi: 10.1016/
S0003-9861(02)00261-8

Salter, A. I., Ivey, R. G., Kennedy, J. J., Voillet, V., Rajan, A., Alderman, E. J.,
et al. (2018). Phosphoproteomic analysis of chimeric antigen receptor signaling
reveals kinetic and quantitative differences that affect cell function. Sci. Signal.
11:eaat6753. doi: 10.1126/scisignal.aat6753

Saravia, J., Raynor, J. L., Chapman, N. M., Lim, S. A., and Chi, H. (2020). Signaling
networks in immunometabolism. Cell Res. 30, 328–342. doi: 10.1038/s41422-
020-0301-1

Sasai, M., Linehan, M. M., and Iwasaki, A. (2010). Bifurcation of Toll-like receptor
9 signaling by adaptor protein 3. Science 329, 1530–1534. doi: 10.1126/science.
1187029

Saveanu, L., Carroll, O., Lindo, V., Del Val, M., Lopez, D., Lepelletier, Y.,
et al. (2005). Concerted peptide trimming by human ERAP1 and ERAP2
aminopeptidase complexes in the endoplasmic reticulum. Nat. Immunol. 6,
689–697. doi: 10.1038/ni1208

Saveanu, L., Carroll, O., Weimershaus, M., Guermonprez, P., Firat, E., Lindo, V.,
et al. (2009). IRAP identifies an endosomal compartment required for MHC
class I cross-presentation. Science 325, 213–217. doi: 10.1126/science.1172845

Saveanu, L., and van Endert, P. (2012). The role of insulin-regulated
aminopeptidase in MHC class I antigen presentation. Front. Immunol. 3:57.
doi: 10.3389/fimmu.2012.00057

Savina, A., Jancic, C., Hugues, S., Guermonprez, P., Vargas, P., Moura, I. C., et al.
(2006). NOX2 controls phagosomal pH to regulate antigen processing during
crosspresentation by dendritic cells. Cell 126, 205–218. doi: 10.1016/j.cell.2006.
05.035

Schonbrunn, A. (1999). Somatostatin receptors present knowledge and future
directions. Ann. Oncol. 10(Suppl. 2), S17–S21. doi: 10.1093/annonc/10.suppl_
2.s17

Segura, E., Albiston, A. L., Wicks, I. P., Chai, S. Y., and Villadangos, J. A.
(2009). Different cross-presentation pathways in steady-state and inflammatory
dendritic cells. Proc. Natl. Acad. Sci. U.S.A. 106, 20377–20381. doi: 10.1073/
pnas.0910295106

Sepulveda, F. E., Maschalidi, S., Colisson, R., Heslop, L., Ghirelli, C., Sakka, E.,
et al. (2009). Critical role for asparagine endopeptidase in endocytic Toll-like
receptor signaling in dendritic cells. Immunity 31, 737–748. doi: 10.1016/j.
immuni.2009.09.013

Shi, J., Huang, G., and Kandror, K. V. (2008). Self-assembly of Glut4 storage vesicles
during differentiation of 3T3-L1 adipocytes. J. Biol. Chem. 283, 30311–30321.
doi: 10.1074/jbc.M805182200

Shores, E. W., Huang, K., Tran, T., Lee, E., Grinberg, A., and Love, P. E. (1994). Role
of TCR zeta chain in T cell development and selection. Science 266, 1047–1050.
doi: 10.1126/science.7526464

Soares, H., Lasserre, R., and Alcover, A. (2013). Orchestrating cytoskeleton
and intracellular vesicle traffic to build functional immunological synapses.
Immunol. Rev. 256, 118–132. doi: 10.1111/imr.12110

Summers, S. A., Yin, V. P., Whiteman, E. L., Garza, L. A., Cho, H., Tuttle, R. L., et al.
(1999). Signaling pathways mediating insulin-stimulated glucose transport.
Ann. N. Y. Acad. Sci. 892, 169–186. doi: 10.1111/j.1749-6632.1999.tb07795.x

Sun, Y., Chiu, T. T., Foley, K. P., Bilan, P. J., and Klip, A. (2014). Myosin
Va mediates Rab8A-regulated GLUT4 vesicle exocytosis in insulin-stimulated
muscle cells. Mol. Biol. Cell. 25, 1159–1170. doi: 10.1091/mbc.E13-08-0493

Tobin, V. A., Arechaga, G., Brunton, P. J., Russell, J. A., Leng, G., Ludwig, M.,
et al. (2014). Oxytocinase in the female rat hypothalamus: a novel mechanism
controlling oxytocin neurones during lactation. J. Neuroendocrinol. 26, 205–
216. doi: 10.1111/jne.12141

Tojo, H., Kaieda, I., Hattori, H., Katayama, N., Yoshimura, K., Kakimoto, S., et al.
(2003). The Formin family protein, formin homolog overexpressed in spleen,
interacts with the insulin-responsive aminopeptidase and profilin IIa. Mol.
Endocrinol. 17, 1216–1229. doi: 10.1210/me.2003-0056

Tsujimoto, M., and Hattori, A. (2005). The oxytocinase subfamily of M1
aminopeptidases. Biochim. Biophys. Acta 1751, 9–18. doi: 10.1016/j.bbapap.
2004.09.011

Udeshi, N. D., Svinkina, T., Mertins, P., Kuhn, E., Mani, D. R., Qiao, J. W.,
et al. (2013). Refined preparation and use of anti-diglycine remnant (K-ε-GG)
antibody enables routine quantification of 10,000s of ubiquitination sites in
single proteomics experiments. Mol. Cell. Proteomics 12, 825–831. doi: 10.1074/
mcp.O112.027094

Watson, R. T., Hou, J. C., and Pessin, J. E. (2008). Recycling of IRAP from the
plasma membrane back to the insulin-responsive compartment requires the
Q-SNARE syntaxin 6 but not the GGA clathrin adaptors. J. Cell. Sci. 121,
1243–1251. doi: 10.1242/jcs.017517

Weimershaus, M., Evnouchidou, I., Saveanu, L., and van Endert, P. (2013).
Peptidases trimming MHC class I ligands. Curr. Opin. Immunol. 25, 90–96.
doi: 10.1016/j.coi.2012.10.001

Weimershaus, M., Maschalidi, S., Sepulveda, F., Manoury, B., van Endert, P.,
and Saveanu, L. (2012). Conventional dendritic cells require IRAP-Rab14
endosomes for efficient cross-presentation. J. Immunol. 188, 1840–1846. doi:
10.4049/jimmunol.1101504

Weimershaus, M., Mauvais, F.-X., Saveanu, L., Adiko, C., Babdor, J., Abramova, A.,
et al. (2018). Innate immune signals induce anterograde endosome transport
promoting MHC class I cross-presentation. Cell. Rep. 24, 3568–3581. doi: 10.
1016/j.celrep.2018.08.041

Werno, M. W., and Chamberlain, L. H. (2015). S-acylation of the insulin-
responsive aminopeptidase (IRAP): quantitative analysis and identification of
modified cysteines. Sci. Rep. 5:12413. doi: 10.1038/srep12413

Frontiers in Molecular Biosciences | www.frontiersin.org 13 October 2020 | Volume 7 | Article 583556

https://doi.org/10.1021/acs.jmedchem.6b01890
https://doi.org/10.4049/jimmunol.1501103
https://doi.org/10.1071/r97055
https://doi.org/10.1038/nsmb.2021
https://doi.org/10.1053/plac.2001.0751
https://doi.org/10.1053/plac.2001.0751
https://doi.org/10.1091/mbc.E18-12-0792
https://doi.org/10.1091/mbc.E16-11-0777
https://doi.org/10.1038/ni.1669
https://doi.org/10.1038/ni.1669
https://doi.org/10.1074/mcp.M115.054221
https://doi.org/10.1210/me.2005-0476
https://doi.org/10.1080/1744666X.2016.1204232
https://doi.org/10.1074/jbc.271.1.56
https://doi.org/10.1074/jbc.271.6.3328
https://doi.org/10.1016/S0003-9861(02)00261-8
https://doi.org/10.1016/S0003-9861(02)00261-8
https://doi.org/10.1126/scisignal.aat6753
https://doi.org/10.1038/s41422-020-0301-1
https://doi.org/10.1038/s41422-020-0301-1
https://doi.org/10.1126/science.1187029
https://doi.org/10.1126/science.1187029
https://doi.org/10.1038/ni1208
https://doi.org/10.1126/science.1172845
https://doi.org/10.3389/fimmu.2012.00057
https://doi.org/10.1016/j.cell.2006.05.035
https://doi.org/10.1016/j.cell.2006.05.035
https://doi.org/10.1093/annonc/10.suppl_2.s17
https://doi.org/10.1093/annonc/10.suppl_2.s17
https://doi.org/10.1073/pnas.0910295106
https://doi.org/10.1073/pnas.0910295106
https://doi.org/10.1016/j.immuni.2009.09.013
https://doi.org/10.1016/j.immuni.2009.09.013
https://doi.org/10.1074/jbc.M805182200
https://doi.org/10.1126/science.7526464
https://doi.org/10.1111/imr.12110
https://doi.org/10.1111/j.1749-6632.1999.tb07795.x
https://doi.org/10.1091/mbc.E13-08-0493
https://doi.org/10.1111/jne.12141
https://doi.org/10.1210/me.2003-0056
https://doi.org/10.1016/j.bbapap.2004.09.011
https://doi.org/10.1016/j.bbapap.2004.09.011
https://doi.org/10.1074/mcp.O112.027094
https://doi.org/10.1074/mcp.O112.027094
https://doi.org/10.1242/jcs.017517
https://doi.org/10.1016/j.coi.2012.10.001
https://doi.org/10.4049/jimmunol.1101504
https://doi.org/10.4049/jimmunol.1101504
https://doi.org/10.1016/j.celrep.2018.08.041
https://doi.org/10.1016/j.celrep.2018.08.041
https://doi.org/10.1038/srep12413
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-biosciences#articles


fmolb-07-583556 October 14, 2020 Time: 17:1 # 14

Descamps et al. IRAP and Intracellular Trafficking

Wollscheid, B., Bausch-Fluck, D., Henderson, C., O’Brien, R., Bibel, M., Schiess,
R., et al. (2009). Mass-spectrometric identification and relative quantification of
N-linked cell surface glycoproteins. Nat. Biotechnol. 27, 378–386. doi: 10.1038/
nbt.1532

Yudushkin, I. A., and Vale, R. D. (2010). Imaging T-cell receptor activation
reveals accumulation of tyrosine-phosphorylated CD3ζ in the endosomal
compartment. Proc. Natl. Acad. Sci. U.S.A. 107, 22128–22133. doi: 10.1073/
pnas.1016388108

Zeigerer, A., McBrayer, M. K., and McGraw, T. E. (2004). Insulin stimulation
of GLUT4 exocytosis, but not its inhibition of endocytosis, is dependent on
RabGAP AS160. Mol. Biol. Cell. 15, 4406–4415. doi: 10.1091/mbc.e04-04-0333

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Descamps, Evnouchidou, Caillens, Drajac, Riffault, van Endert
and Saveanu. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Molecular Biosciences | www.frontiersin.org 14 October 2020 | Volume 7 | Article 583556

https://doi.org/10.1038/nbt.1532
https://doi.org/10.1038/nbt.1532
https://doi.org/10.1073/pnas.1016388108
https://doi.org/10.1073/pnas.1016388108
https://doi.org/10.1091/mbc.e04-04-0333
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-biosciences#articles

	The Role of Insulin Regulated Aminopeptidase in Endocytic Trafficking and Receptor Signaling in Immune Cells
	Irap Identification and Tissue Expression*-3pt
	Irap Protein Structure and Post-Translational Modifications
	Irap Protein Interactions
	Regulation of Irap Trafficking by Cell-Specific Cell Surface Receptors
	Irap Endosome Trafficking in Immune Cells
	Accelerated Phagosomal Maturation in the Absence of Rab14
	IRAP Restricts TLR9-Driven Inflammatory Responses
	Compromised TCR Signaling in the Absence of IRAP

	Consequence of Irap Deletion on Endocytic Trafficking in Other Cells
	IRAP as an Old Partner of Glut4 Transporter Trafficking
	Somatostatin Receptors

	Conclusion and Perspectives
	Author Contributions
	Acknowledgments
	References


