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INTRODUCTION
The enzyme indoleamine 2,3-

 dioxygenase (IDO) is recognized as one
of the prominent mediators of immune
regulation by metabolic pathways. IDO
catabolizes the essential amino acid tryp-
tophan, an effect originally traced to the
need for inhibiting replication of patho -
gens in local tissue microenvironments
dominated by the cytokine  interferon-γ
(IFN-γ) (1). The original view of IDO as a
mere tryptophan- depleting enzyme has
now been revisited in several immuno-
logical contexts (2). The enzyme activity
of IDO is indeed accompanied by the
production of a series of immunoregula-
tory metabolites, collectively known as
“kynurenines,” which can exert direct ef-
fects on immune cells, but also propagate
messages of immune tolerance from one

cell type to another. As a result, IDO con-
trols and fine-tunes both innate and
adaptive immune responses (3) under a
variety of conditions, ranging from preg-
nancy (4) and transplantation (5,6) to
 infection (7), chronic inflammation (8),
autoimmunity (9) and neoplasia (10).

Among immune cells, dendritic cells
(DCs) are known to express the highest
level of IDO activity in response to IFN-γ
(11). DCs are considered the most potent
antigen-presenting cells (APCs), capable
of orchestrating antigen-specific immune
responses in an either immunogenic or
tolerogenic manner. Expression of the
gene coding for IDO (IDO1 in humans;
Ido1 in mice) confers a potent immuno -
regulatory phenotype on DCs, operating
in both innate and adaptive immunity
via multiple mechanisms, including the

regulatory T (Treg) responses (12). Thus,
the IFN-γ/IDO axis in DCs will arrest the
growth of microorganisms but also avoid
potentially harmful inflammatory re-
sponses in the host. However, whereas
the transient, though intense, expression
of the enzyme induced by IFN-γ can ex-
plain the immunoregulatory effects of
IDO in acute inflammation, this mecha-
nism does not explain the long-term ef-
fects of IDO, known to be at work in the
maintenance of immune homeostasis, as
required by pregnancy (4) and tolerance
to self (13).

Transforming growth factor-β (TGF-β)
is a cytokine with the prominent function
of inducing and maintaining T-cell toler-
ance to self via direct effects on the differ-
entiation and homeostasis of both  effector
and Treg cells (14). In DCs, auto crine or
paracrine TGF-β was found to induce
long-term IDO-dependent effects that
imply a functional conversion of DCs to a
stably regulatory phenotype as well as the
spreading of regulatory functions to cells
other than DCs, including T lymphocytes,
a phenomenon known as “infectious tol-
erance” (15). We recently demonstrated
that TGF-β provides IDO with a novel,
nonenzymic function that relies on signal-
ing events required for sustaining a sta-
ble, regulatory phenotype in DCs (16).
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We also found that the proinflamma-
tory cytokine interleukin (IL)-6 and sup-
pressor of cytokine signaling 3 (SOCS3)
can promote IDO proteasomal degrada-
tion and interrupt its functioning (17,18).
Indeed, the wide range of the suppres-
sive effects of IDO does require a coun-
terregulatory mechanism capable of op-
posing IDO activity, via proteasomal
degradation, as dictated by changes in
environmental conditions.

In this review, we discuss the molecu-
lar mechanisms underlying either
TGF-β– induced IDO signaling pathways
or, in alternative, IL-6–driven IDO pro-
teasomal degradation, and how they in-
fluence each other through their oppos-
ing roles under different physiologic and
pathologic conditions.

IMMUNORECEPTOR TYROSINE-BASED
INHIBITORY MOTIFS AND IMMUNE
REGULATION

Immunomodulatory mechanisms
widely use negative regulators in the
form of signaling proteins bearing one or
more immunoreceptor tyrosine-based in-
hibitory motifs (ITIMs). A prototypic ITIM
is a highly conserved consensus amino
acid sequence (I/V/L/SxYxxL/ V/F)
where x denotes any amino acid (19).
ITIMs were first identified in the cytoplas-
mic tail of FcγRIIb receptors expressed by
B lymphocytes, where they participate in
the negative signaling leading to inhibi-
tion of B-cell activation (20). Most ITIM-
containing proteins are represented by
transmembrane receptors that usually act
in balance with immunoreceptor tyrosine-
based activatory motif–containing coun-
terparts (21). A common feature of ITIMs
is that, upon tyrosine phosphorylation op-
erated by the Src family protein tyrosine
kinases, they can act as docking sites for
phosphotyrosine phosphatases, such as
Src homology 2 (SH2) domain–containing
phosphatase (SHP-1), SHP-2 and inositol-
 phosphatase SHIP. Phosphotyrosine phos-
phatases directly remove phosphate
groups from various proteins. These in-
clude a series of proteins involved in acti-
vating cellular pathways, such as protein
tyrosine kinases, adaptor molecules and

effector enzymes, in which switching off
leads to cell inhibition (22). In addition to
the classic signaling role, tyrosine-phos-
phorylated ITIMs can bind the SH2 do-
main of SOCS proteins, which will target
the inhibitory receptor for proteasome
degradation (23,24).

Because inhibitory receptors appear to
be involved in a considerable number of
physiopathological processes, the molec-
ular events involved downstream of ITIM
tyrosine phosphorylation may represent
new potential pharmacologic targets.

IDOS, ITIMs AND EVOLUTION
Although the link between immune

regulation and tryptophan catabolism
has been crucially linked to IDO, other
enzymes can catalyze the same reaction
along the kynurenine pathway (3). Those
enzymes include the ancestral enzyme
tryptophan 2,3-dioxygenase (TDO) (also
present in bacteria) and a paralogue of
IDO, IDO2 (25). Originally thought as a
constitutive enzyme mainly confined to
liver and brain, TDO (encoded by TDO2
in humans and Tdo2 in mice) has re-
cently been found to be expressed in sev-
eral human tumors (26,27). In addition,
in preclinical models, TDO expressed by
tumors prevents their rejection by immu-
nized mice. Remarkably, administration
of a specific inhibitor of TDO catalytic
activity induces tumor rejection by
tumor-bearing mice (27).

IDO (inducible under inflammatory
conditions) has been found in several or-
gans and tissues, including neoplastic
cells and brain but also lung, gut, pla-
centa, pancreatic islets and lymphoid or-
gans. In contrast, the expression and
function of IDO2, particularly in immune
cells, has not yet been clearly defined. To
date, IDO1 has only been found in mam-
mals and yeasts, with the latter having
possibly coevolved with the former or-
ganisms to guarantee a more proficient
commensalism (3,28). In contrast, IDO2
is also present in lower vertebrates, such
as chicken, fish and frog. Thus, IDO may
have arisen from IDO2 (29), by gene du-
plication occurring before the divergence
of mammals.

The definition of the crystal structure
of human IDO (30) has revealed a fold-
ing into a catalytic large C-terminal do-
main, a noncatalytic small N-terminal
domain and a long connecting loop (Fig-
ure 1). Apart from covering the top of the
heme-binding site, the role of the noncat-
alytic small domain is unclear. Interest-
ingly, TDO has a homotetrameric struc-
ture, in which each monomer, when
aligned to IDO, appears to contain the
large catalytic but not the small domain
(31). Although not crystallized yet, the
protein sequence of IDO2 suggests that it
also possesses the small domain (29).

We recently demonstrated that IDO
contains two functional ITIMs (16,17),
which, once tyrosine phosphorylated,
can bind either SOCS3 or SHP-1/2 tyro-
sine phosphatase, depending on environ-
mental stimuli. By mapping the human
IDO structure, IDO ITIMs, although
spanning quite distant portions of the
primary sequence (Figure 2), are found
to be positioned close to each other in an

Figure 1. Structure view of human IDO. Pu-
tative ITIM1 and ITIM2 in human IDO are
localized close to each other outside the
catalytic domain. Human IDO folds into a
catalytic large C-terminal domain, a non-
catalytic small N-terminal domain and a
long loop connecting the two domains.
Green cylinders represent α-helices and
orange arrows indicate β-sheets. ITIM1 and
ITIM2, highlighted in pink, are located
within the α-D helix of the small domain
and the β-sheet of the interconnecting
loop, respectively. Image (PDB code
2D0T_A) was generated using a Cn3D
structure viewer.
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exposed surface region of the protein
(see Figure 1). In particular, ITIM1 and
ITIM2 are located in the small domain
and in the interconnecting loop of the
two domains, respectively. Alignment of
human, dog, rat and mouse proteins in-
dicate that ITIM1 and ITIM2 IDO se-
quences are well conserved in mammals
(see Figure 2). In contrast, in mammalian
IDO2 as well as its chicken and fish
counterparts, only a putative ITIM2 is
present, owing to a tyrosine substitution
with phenylalanine in ITIM1. In addi-
tion, in the deposited mouse IDO2 se-
quence, the +3 position of ITIM2 is occu-
pied by a nonhydrophobic alanine, thus
suggesting that ITIM2 may also be lack-
ing. However, the current scenario of im-
mune regulation on the basis of trypto-
phan catabolism clearly involves the
ancestral enzyme TDO, particularly in
tumor settings (26,27), TDO-mediated
immunosuppression appears to be
 entirely on the basis of its catalytic
 activity, that is, by the production of
L-kynurenine, which activates the aryl-
hydrocarbon receptor (26).

Thus, the appearance of an IDO iso-
form with an ITIM-mediated signaling
ability in placental organisms may repre-
sent the result of novel evolutionary con-
straints necessary to allow the coexis-
tence with a foreign individual during
pregnancy.

IL-6 AND ITIM-MEDIATED REGULATORY
PROTEOLYSIS OF IDO

The identification of two ITIMs in the
amino acid sequence of IDO was a turn-
ing point in our understanding of IDO-
mediated immune regulation. Like most
ITIM sequences characterizing the cyto-
plasmic domain of several immunorecep-
tors, IDO ITIMs can, once phosphory-
lated, act as docking sites for different
protein partners. Among IDO-interacting
proteins, SOCS3 represents the first ligand
identified so far capable of binding the
ITIM-docking sites of the enzyme (17).

SOCS3 was initially described as a
feedback inhibitor of IL-6 proinflamma-
tory effects. In fact, upregulated by the
cytokine itself, SOCS3 is capable of

switching off the signaling pathway of
IL-6 by inhibiting the activity of signal
transducers and activators of transcrip-
tion, via still unclear mechanisms (32). In
the regulation of immunity and tolerance
driven by DCs, IL-6–induced SOCS3 is
responsible for inhibiting the transcrip-
tional expression of Ido1 induced by
IFN-γ (33). Intriguingly, an inverse corre-
lation between SOCS3 and IDO expres-
sion was observed, such that, in DCs
lacking SOCS3, the immunoadiuvant ef-
fect provided by otherwise immuno -
stimulant CD28-Ig treatment evokes the
same IDO-mediated effect as that induced
by cytotoxic T lymphocyte–associated
antigen 4–immunoglobulin (CTLA-4-Ig),
an immunosuppressive drug also known
as “abatacept” (34). The biunivocal asso-
ciation between immunogenicity and
SOCS3 function in DCs was further con-
firmed after demonstration of proteaso-
mal degradation of the IDO protein in-
duced by direct binding of SOCS3 (17).
In fact, SOCS proteins possess a Src ho-
mology 2 (SH2) domain, which binds
phosphotyrosine-containing sequences,
and a SOCS box, which recruits the enzy-
matic complex E3 ubiquitin ligase, which
can transfer molecules of ubiquitin on
bound proteins. In particular, the SH2
domain of SOCS3, by anchoring the
phosphorylated ITIMs of IDO, brings the
enzyme close to the E3 ubiquitin com-
plex that ubiquinates and targets IDO for
proteasomal degradation. In the ubiqui-
tin/proteasome-mediated degradation of
IDO initiated by SOCS3, the crucial role

of the ITIM sequences of IDO is sup-
ported by the observation that mutations
of the ITIM phosphorylable tyrosines
abolish IDO association with SOCS3 and
prevent IDO ubiquitination (17).

Ubiquitin-mediated proteasomal deg-
radation controls several important bio-
logical processes, including cell cycle
progression, apoptosis, DNA repair and
immune cell signaling. In 2003, the U.S.
Food and Drug Administration approved
bortezomib as a drug to treat multiple
myeloma (35), and several other promis-
ing proteasome inhibitors are currently
in clinical trials for treating cancer. In
DCs, the proteasome activity has a well-
recognized role in antigen processing.
However, a novel function in the turning
on/off of transcription factors, such as
nuclear factor (NF)-κB and IFN regula-
tory factors, has recently been described
(36). Ubiquitin-driven, proteasomal deg-
radation is a hallmark of activation of
transcription factors belonging in the
NF-κB family, which can be activated via
a canonical (normally proinflammatory)
or noncanonical (antiinflammatory) path-
way (37). Interestingly, IDO expression in
DCs requires activation of the noncanon-
ical NF-κB pathway, which involves the
upstream intervention of the IκB kinase α
(IKKα) and the downstream nuclear
translocation of p52-reticuloendotheliosis
viral (v-rel) oncogene (p52-RelB) dimers
(38). Thus, the inhibition of the protea-
some in DCs could prevent degradation
of IDO on the one hand, but, on the
other, could also affect activation of the

Figure 2. Multiple alignments of the amino acid sequences of IDOs. Mammalian IDOs
(H. sapiens, accession number P14902; M. musculus, P28776; R. norvegicus, Q9ERD9;
C. canis, XM_532793) and proto-IDOs (hIDO2, human IDO2, NP_919270; mIDO2, mouse
IDO2, NP_666061; G. gallus, XM_424397; D. rerio, BAF45469). The alignments focus on the
stretch of amino acids containing the putative ITIM1 and ITIM2 motifs. Conserved residues
(black boxes) and conservative replacements (gray boxes) are indicated.
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signaling pathways, leading to expres-
sion of IDO. Nevertheless, proteasome
inhibition in DCs may still represent an
effective tool in the prevention or ther-
apy of immune disorders characterized
by defective IDO expression (8,13), since
the expression level of SOCS3, the main
mediator of IDO proteolysis, can criti-
cally switch the DC capacity to promote
either immunity or tolerance (17,34).

TGF-β AND ITIM-MEDIATED SIGNALING
FUNCTION OF IDO

In the cell, enzymes are the best-
 informed molecules of environmental
changes. Thus, it is not surprising that
several ancestral metabolic enzymes
have learned a “moonlighting” (that is,
second) function, to meet the newly pre-
senting survival needs imposed by phy-
logenesis (39). IDO catalytic activity is
pivotal in innate/inflammatory as well
as adaptive responses. In inflammation,
IFN-γ is the primary IDO inducer to pre-
vent hyperinflammatory responses, yet
the enzyme is also responsible for
longer-term self-tolerance effects. Treat-

ment of mouse DCs, either conventional
(cDCs) (40) or plasmacytoid (pDCs) (16),
with TGF-β, but not with IFN-γ, will
switch on a regulatory program capable
of inducing long-term tolerance in vivo
(40). Furthermore, TGF-β confers regula-
tory effects on IDO that are mechanisti-
cally separable from its enzymic activity
(16,41). In fact, IDO-dependent tolero-
genic effects induced by TGF-β in pDCs
are abrogated by Ido1 gene silencing, but
not by the use of 1-methyltryptophan,
the gold standard inhibitor of IDO en-
zyme activity.

Recently, molecular dissection of the
TGF-β/IDO pathway in pDCs led to the
discovery of a series of events, as de-
picted in Figure 3. Briefly, via small
mother against decapentaplegic (Smad)-
independent but phosphatidylinositol
3-kinase–dependent signaling, TGF-β ac-
tivates Fyn (a tyrosine kinase belonging
in the Src family) that phosphorylates the
ITIM domains in IDO. Once phosphory-
lated, ITIMs of IDO act as docking sites
for the tyrosine phosphatases SHP-1 and
SHP-2, for which expression—but not
that of SOCS3 (ML Belladonna and MT
Pallotta, unpublished data)—is greatly
upregulated by TGF-β in pDCs. The
TGF-β/IDO/SHP axis activates the non-
canonical NF-κB pathway by inhibiting
the IL-1 receptor–associated kinase 1
(IRAK1), known to be involved in the ac-
tivation of the canonical NF-κB pathway
and in the upregulation of inflammatory
cytokines such as IL-6 (42). In turn, the
noncanonical NF-κB pathway induces
the production of type I IFNs and TGF-β,
which synergize with noncanonical NF-
κB in upregulating Ido1 expression
(16,38). Thus, in a microenvironment
dominated by TGF-β, IDO performs a
moonlighting, signaling task that implies
a positive feedback loop capable of per-
petuating long-term IDO expression and
activity in pDCs.

Thus, IDO is not only pivotal in limit-
ing potentially exaggerated inflamma-
tory reactions in response to danger sig-
nals (8) and in assisting Treg effector
function (38), but also an important com-
ponent of a regulatory system that pre-

sides over long-term control of immune
homeostasis, by stably switching DCs to
a tolerogenic phenotype, as may be re-
quired by pregnancy (4) and tolerance to
self (13). Central to the maintenance of
homeostasis in placental mammals (3),
the ancestral metabolic enzyme IDO may
have eventually acquired a moonlighting
function (that is, a signaling activity ca-
pable of perpetuating a long-term IDO
expression and activity) that may be
much more efficient in controlling adap-
tive immune responses.

ITIM-REGULATED EXPRESSION OF IDO
AND FUNCTIONAL PLASTICITY OF DCs:
A DUET BY TGF-β AND IL-6

The presence of two ITIMs in the small
domain of IDO leads to two opposite
outcomes with respect to the half-life of
IDO. On the one hand, tyrosine phos-
phorylated ITIMs provide IDO with a
role as a signal transducer that translates
into an upregulation and maintenance of
the enzyme expression. On the other
hand, the same motifs drive proteasomal
degradation of IDO, accelerating the
turnover of the enzyme. Interestingly, the
presence of two or more ITIMs activates
more efficiently the phosphatase activity
of SHPs by simultaneous engagement of
both SH2 domains present in SHP-1 and
SHP-2 (22), whereas only one ITIM is re-
quired for SOCS3 binding (43,44). Thus,
since the more ancient IDO2 sequence
contains only one putative ITIM (see Fig-
ure 2), the presence of two ITIMs and
consequent IDO signaling activity via
SHPs may represent an evolutionary re-
sponse to new constraints associated
with placental mammals physiology
(that is, the needs imposed by long-term
maternal immune tolerance). As a matter
of fact, IDO2 does not bind or activate
SHPs (16).

In the dichotomic fate of IDO driven by
ITIMs, the cytokines IL-6 and TGF-β play
opposite but fundamental roles. IL-6 up-
regulates SOCS3 (but not SHPs; M T Pal-
lotta, unpublished data) and promotes
SOCS3 binding to ITIMs of IDO (phos-
phorylated under these conditions by still
nonclarified mechanisms), which leads to

Figure 3. Schematic representation of 
ITIM-mediated signaling function of IDO.
Tyrosine-phosphorylated IDO ITIMs (P) 
act as docking sites for tyrosine phos-
phatases (SHPs) and SOCS3. Association of
IL-6–induced SOCS3 promotes IDO protea-
somal degradation. TGF-β, by inducing
SHPs and activating the tyrosine kinase
Fyn that phosphorylates IDO ITIM domains,
promotes the association of IDO with SHPs.
IDO/SHPs complexes, via inhibition of
IRAK1, activate the noncanonical NF-κB
pathway (p52/RelB), which in turn induces
the production of type I IFNs (IFNα/β) and
TGF-β, which synergize with noncanonical
NF-κB in upregulating Ido1 expression.
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a contraction of the half-life of IDO (17).
Because IL-6 is a typical proinflammatory
cytokine, an early inflammatory context
would indeed require that IDO be quickly
degraded in DCs. In contrast, later inflam-
matory or noninflammatory conditions
would require efficient and durable im-
mune regulatory mechanisms, such as
those provided by IDO and SHPs, which
initiate a tolerogenic program in DCs cul-
minating in the continuous de novo syn-
thesis of IDO itself (16). However, ITIM-
mediated mechanisms (that is, either
SOCS3- or SHP- mediated) may not be
mutually exclusive over time, but rather
finely integrating, to provide IDO with
different degrees of expression capable of
quickly accomplishing distinct immuno-
logical needs. Thus, the choice in associat-
ing with SOCS3 or SHP proteins may de-
pend on a cross-talk between the
proinflammatory IL-6 and the “Jack of all
trades” TGF-β (Figure 4). In fact, TGF-β is
required for the development of Treg
cells, but, in the presence of IL-6, can
favor the differentiation of the inflamma-
tory T helper 17 (Th17) subset (45). In ad-
dition, Treg and Th17 cells are highly
plastic and can interconvert, depending
on the environmental signals (46), includ-
ing kynurenines, that can tip the balance
in favor of Treg cells (47–49). In a TGF-
β–dominated environment, IDO+ pDCs

participate in the spread of the immune
tolerance by maintaining sustained IDO
expression, via ITIM/SHP signaling, and
by producing TGF-β, which can act in a
positive feedback loop on pDCs them-
selves, but also by inducing antigen-
 specific, long-acting CD4+Foxp3+ Treg
cells in vivo (16). As a consequence, the ac-
tivation of the TGF-β/ IDO/SHPs axis will
block the production of proinflammatory
cytokines such as IL-6, via IRAK1 inhibi-
tion, limiting SOCS3-mediated degrada-
tion of IDO. The molecular mechanisms
described above may also provide a key
to explaining the constitutively high num-
ber of Treg cells observed in Irak1–/– mice
(50). In inflammatory conditions, high lev-
els of IL-6 can break down IDO, a critical
molecule in DC tolerogenic signaling, by
rapidly inducing the alternative IDO part-
ner SOCS3, which may act as a competi-
tor with SHPs for ITIM binding. Thus, 
IL-6–induced SOCS3 in tolerogenic DCs
may interrupt the regulatory feedback
loop between Treg cells and DCs, by both
competing with SHPs for ITIM-anchoring
and directly disrupting IDO-ITIM an-
chors. IDO/SOCS3 association in DCs
represents a molecular mechanism
whereby IDO+ DCs, expressing a tolero-
genic phenotype, can revert to immunos-
timulatory APCs (17). In this perspective,
IL-6–conditioned DCs could contribute to

the differentiation of Th17 cells, by turn-
ing IDO+ pDCs from a tolerogenic to an
immunogenic phenotype, via SOCS3-
 mediated proteolysis of IDO. Interestingly,
in vitro pretreatment of murine pDCs with
IL-6 induces a Th17 phenotype in naive
CD4+ T cells (F Fallarino, unpublished
data). On the other hand,  silencing SOCS3
expression in DCs can turn the immuno -
adjuvant properties of IL-6–treated DCs
into regulatory and IDO dependent (34).
Moreover, SOCS3 deficiency in DCs is
known to result in an enhanced induction
of Foxp3+ Treg cells, mostly dependent on
a higher production of TGF-β by Socs3–/–

DCs (51). Therefore, the opposite signals
activated by ITIMs of IDO in DCs, ex-
posed either to TGF-β alone or in the
presence of IL-6, allow for the role of DCs
as chief regulators of the balance between
tolerance and immunity (Figure 5). Ac-
cording to the variety of pathophysiologic
contexts that DCs must face, the same
ITIM domains in IDO, recruiting either
SOCS3 or SHPs, may therefore switch to-
ward an immunogenic or tolerogenic
pathway, providing DCs with the ade-
quate flexibility to guarantee homeostasis
in distinct immunologic conditions.

PHYSIOPATHOLOGICAL SETTINGS READ
OVER THE ITIM-RELATED FUNCTIONS OF
IDO

Most of the data indicate that IDO is
one of the main causes of immune unre-
sponsiveness in neoplasia and viral in-
fection (7,52–56). In contrast, IDO defi-
ciency has been revealed in autoimmune
(13,57) and chronic inflammatory dis-
eases (8). Maneuvers aimed at modulat-
ing IDO induction and/or activity (either
in a negative or positive fashion) may
therefore represent an important thera-
peutic option, although pharmacologic
blockade of IDO will induce fulminant
pancreatitis with severe lymphocyte in-
filtration and hyperglycemic coma in
rhesus macaques infected with the
simian immunodeficiency virus (58). The
identification of new molecular keys as-
sociated with IDO/ITIM-mediated path-
ways may allow for revisiting the patho-
genesis of several diseases possibly

Figure 4. Schematic model of IDO ITIM-mediated regulation of the balance of Treg/Th17
cells. In a TGF-β–driven microenvironment, phosphorylation of IDO ITIMs initiates a positive
regulatory loop that involves a specific set of molecules (Fyn, SHP-1/2, IKKα, IFN-α/β) and
results in an amplified differentiation of Treg cells, which in turn promotes immune toler-
ance (TOLERANCE). This molecular loop is opposed by IL-6, which induces/activates a dif-
ferent set of molecules (SOCS3, IRAK1) and, via the same phosphorylated IDO ITIMs, favors
the differentiation of Th17 cells that contribute to immune activation (IMMUNITY).
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linked to IDO and thus open new and
safer therapeutic perspectives aimed at
regulating IDO function in a more physi-
ologic fashion, as detailed below.

Fyn, A Tyrosine Kinase
Phosphorylating IDO

Fyn-deficient mice exhibit a number of
immunological abnormalities (59) and
develop autoimmune uveoretinitis (60).
In addition, Fyn genetic ablation exacer-
bates pulmonary allergic inflammation in
an experimental mouse model of asthma
(61). Fyn regulates autoimmune disease
and massive lymphadenopathy in
MLR/lpr mice (62). Fyn is upregulated
in prostate cancer and cancer neurode-
generative diseases (63) and is thought to
be involved in both progression and
metastasis (64). Fyn and SHP-1/2 medi-
ate the signaling triggered by human
 immunodeficiency virus (HIV) upon
binding of the ITIM-containing DC im-
munoreceptor (DCIR), which behaves as
an HIV-1 attachment factor (65).

SHP-1 and SHP-2, Two Tyrosine
Phosphatases Binding IDO

The biological importance of SHP-1 is
underscored by the motheaten mutant
strain, characterized by immunological

disorders involving multiple organs and
by the close association of aberrant SHP-
1 expression in several human diseases
(66). SHP-1 expression controls the de-
velopment of allergic airway inflamma-
tion (67), but is strongly upregulated in
prostate, ovarian and breast cancer (68).
Mutations in SHP-2 have been identified
in the Noonan syndrome, a human de-
velopmental disorder that is sometimes
associated with juvenile myelomonocytic
leukemia (69). SHP-1 and SHP-2 expres-
sions positively correlate with the pro-
gression of Condyloma acuminatum and
cervical cancer after infection by human
papilloma virus (70).

IRAK1, a Proinflammatory Kinase
Inhibited by IDO Signaling

Irak1–/– mice are protected from devel-
oping experimental autoimmune en-
cephalomyelitis (EAE) (50,71), and an
IRAK1 haplotype containing a functional
196F variant was found to significantly
associate with systemic sclerosis suscep-
tibility (72). IRAK1 is also closely associ-
ated with the pathogenesis of diverse
 inflammatory diseases, including athero-
sclerosis (73). The IRAK1 gene is a bona
fide target of miR-146a, an important
negative regulator of inflammation,

myeloid cell proliferation and cancer
(74). A new oncogenic pathway in lym-
phomagenesis was discovered that in-
volves phosphorylated IRAK1 (75).

IKKα and p52/RelB, Inducers of IDO
Expression

In the noncanonical pathway (37), acti-
vation of IKKα results in the processing
of p100 to p52 and consequent formation
of p52-RelB dimers, which translocate
into the nucleus and activate an antiin-
flammatory gene program (76,77). IKKα
expression increases in early pregnancy,
whereas IKKβ is downregulated, thus
suggesting that immunosuppressive
mechanisms may prevail at this time
(78). In contrast, lack of IKKα activation
inhibits prostate cancer metastasis (79)
and retards tumor development in re-
sponse to carcinogens (80). Downstream
RelB/p52 complexes also promote car-
cinogenesis (81).

SOCS3, an Inducer of IDO
Proteasomal Degradation

Although strong evidence exists to
support SOCS3 as a crucial regulator of
many disease processes, further studies
are needed to elucidate its overall func-
tion within each disease state (82). In fact,
conflicting functional effects have been
reported. On one hand, overexpression of
SOCS3 in DCs increases the proliferation
of autoreactive Th cells in an EAE model
(83), and transgenic mice overexpressing
Socs3 show multiple features of asthma
(84). In addition, preclinical observations
unveil a relationship between SOCS3
overexpression in tumor cells and in vivo
tumor growth inhibition (85,86). On the
other hand, injection of autoantigen-
pulsed Socs3-transduced DCs suppresses
the development of EAE (87), and splenic
APCs overexpressing Socs3 prevent the
development of collagen-induced arthri-
tis (88). Furthermore, monocytes from pa-
tients with relapsing-remitting multiple
sclerosis express less SOCS3 during re-
lapse than remission (89).

As a whole, the bulk of literature data
suggests that the expression and activity
of critical molecules involved in ITIM-

Figure 5. ITIM-regulated expression of IDO. TGF-β and IL-6 regulate IDO expression in a
positive and negative fashion, respectively. TGF-β promotes anchoring of SHP-1/2 to
phosphorylated IDO ITIMs, initiating a molecular pathway that culminates in de novo syn-
thesis of IDO and amplified tryptophan (TRP) conversion into kynurenine (KYN). This 
TGF-β–induced mechanism contributes to the maintenance and spreading of immune
tolerance (INFECTIOUS TOLERANCE). IL-6 induces SOCS3 and favors its association with
IDO, targeting the enzyme for proteasomal degradation. This mechanism, by affecting
IDO lifespan, subverts the tolerogenic program of the DC, promoting immune activation
 (IMMUNITY).
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mediated function of IDO correlate very
well in the same (Fyn, SHP-1/2, IKKα-
p52/RelB) or inverse (IRAK1) direction
with abnormal expression of IDO in sev-
eral disease conditions and thus could be
used as alternative pharmacologic targets
to normalize IDO expression. In contrast,
the pathogenic role of SOCS3 appears to
be more variable in terms of possible cor-
relations with IDO expression. Although
still speculative, this incongruence might
be because SOCS3 is endowed with more
than one function (that is, inhibition of
IL-6–driven signaling and inflammatory
pathways as well as proteasomal degra-
dation of target proteins such as IDO)
that could have a different hierarchy of
importance in distinct physiopathologic
conditions.

CONCLUSIONS
Analogous to many novel pharmaco-

logic targets, knowledge of IDO biology is
rapidly evolving. Recently discovered
ITIM-related functions of IDO open a
wide panorama of non-IDO molecular
targets for modulating indirectly IDO
functional expression and activity. Be-
cause of the relevant physiopathological
role of IDO in distinct conditions, includ-
ing pregnancy, therapeutics acting on
ITIM-anchored partners of IDO and “be-
yond” may thus represent a less direct but
more physiologic modality for manipulat-
ing the enzyme, with a possibly better as-
surance of mammalian homeostasis. In
fact, the dissection of molecular events
downstream of IDO ITIM phosphoryla-
tion does suggest direct partners of IDO,
SOCS3 and SHP-1/2 as potential molecu-
lar targets but also other molecules, some
of which are already identified (Fyn, SHP-
1/2, IKKα-p52/RelB and IRAK1), and
others possibly to be involved (arylhydro-
carbon receptor [26,90,91]). Biological sys-
tems (that is, the ubiquitin-proteasome
system) should be considered when de-
veloping therapeutic interventions on the
basis of IDO modulation.

ACKNOWLEDGMENTS
We thank G Andrielli for digital art

and image editing. This work was sup-

ported by the Italian Ministry of Health
alone (PRIN 2008SKTMME_002 and
FIRB RBAP11T3WB, both to
U Grohmann) or in association with the
Umbria region (GR-2008-1138004 to 
C Orabona).

DISCLOSURE
The authors declare that they have no

competing interests as defined by Molec-
ular Medicine, or other interests that
might be perceived to influence the re-
sults and discussion reported in this
paper.

REFERENCES
1. Taylor MW, Feng GS. (1991) Relationship be-

tween interferon-gamma, indoleamine 2,3-
 dioxygenase, and tryptophan catabolism. FASEB
J. 5:2516–22.

2. Grohmann U, Fallarino F, Puccetti P. (2003) Toler-
ance, DCs and tryptophan: much ado about IDO.
Trends Immunol. 24:242–8.

3. Grohmann U, Bronte V. (2010) Control of im-
mune response by amino acid metabolism. Im-
munol. Rev. 236:243–64.

4. Munn DH, et al. (1998) Prevention of allogeneic
fetal rejection by tryptophan catabolism. Science.
281:1191–3.

5. Lan Z, et al. (2010) Induction of kidney allograft tol-
erance by soluble CD83 associated with prevalence
of tolerogenic dendritic cells and indoleamine 2,3-
dioxygenase. Transplantation. 90:1286–93.

6. Zaher S, Germain C, Fu H, Larkin D, George A.
(2011) 3-Hydroxykynurenine suppresses CD4+
T-cell proliferation, induces T-regulatory-cell de-
velopment, and prolongs corneal allograft sur-
vival. Invest. Ophthalmol. Vis. Sci. 52:2640–8.

7. Boasso A. (2011) Wounding the immune system
with its own blade: HIV-induced tryptophan ca-
tabolism and pathogenesis. Curr. Med. Chem.
18:2247–56.

8. Romani L, et al. (2008) Defective tryptophan ca-
tabolism underlies inflammation in mouse
chronic granulomatous disease. Nature. 451:211–5.

9. Platten M, et al. (2005) Treatment of autoimmune
neuroinflammation with a synthetic tryptophan
metabolite. Science. 310:850–5.

10. Katz JB, Muller AJ, Prendergast GC. (2008) In-
doleamine 2,3-dioxygenase in T-cell tolerance
and tumoral immune escape. Immunol. Rev.
222:206–21.

11. Fallarino F, et al. (2002) Functional expression of
indoleamine 2,3-dioxygenase by murine CD8 α+
dendritic cells. Int. Immunol. 14:65–8.

12. Orabona C, Grohmann U. (2011) Indoleamine
2,3-dioxygenase and regulatory function: trypto-
phan starvation and beyond. Methods Mol. Biol.
677:269–80.

13. Grohmann U, et al. (2003) A defect in tryptophan

catabolism impairs tolerance in nonobese dia-
betic mice. J. Exp. Med. 198:153–60.

14. Li MO, Flavell RA. (2008) TGF-β: a master of all
T cell trades. Cell. 134:392–404.

15. Belladonna M, Orabona C, Grohmann U, Puc-
cetti P. (2009) TGF-beta and kynurenines as the
key to infectious tolerance. Trends Mol. Med.
15:41–9.

16. Pallotta MT, et al. (2011) Indoleamine 2,3-
 dioxygenase is a signaling protein in long-term
tolerance by dendritic cells. Nat. Immunol.
12:870–8.

17. Orabona C, et al. (2008) SOCS3 drives proteasomal
degradation of indoleamine 2,3-dioxygenase
(IDO) and antagonizes IDO-dependent tolerogen-
esis. Proc. Natl. Acad. Sci. U. S. A. 105:20828–20833.

18. Pallotta MT, et al. (2010) Proteasomal degradation
of indoleamine 2,3-dioxygenase in CD8 dendritic
cells is mediated by suppressor of cytokine sig-
naling 3 (SOCS3). Int. J. Tryptophan Res. 3:91–7.

19. Ravetch J, Lanier L. (2000) Immune inhibitory re-
ceptors. Science. 290:84–89.

20. Amigorena S, et al. (1992) Cytoplasmic domain
heterogeneity and functions of IgG Fc receptors
in B lymphocytes. Science. 256:1808–12.

21. Billadeau D, Leibson P. (2002) ITAMs versus
ITIMs: striking a balance during cell regulation.
J. Clin. Invest. 109:161–8.

22. Neel BG, Gu H, Pao L. (2003) The ‘Shp’ing news:
SH2 domain-containing tyrosine phosphatases in
cell signaling. Trends Biochem. Sci. 28:284–93.

23. Orr SJ, et al. (2007) SOCS3 targets Siglec 7 for
proteasomal degradation and blocks Siglec 7-
 mediated responses. J. Biol. Chem. 282:3418–22.

24. Orr SJ, et al. (2007) CD33 responses are blocked
by SOCS3 through accelerated proteasomal-
 mediated turnover. Blood. 109:1061–8.

25. Ball HJ, et al. (2007) Characterization of an in-
doleamine 2,3-dioxygenase-like protein found in
humans and mice. Gene. 396:203–13.

26. Opitz CA, et al. (2011) An endogenous tumour-
promoting ligand of the human aryl hydrocar-
bon receptor. Nature. 478:197–203.

27. Pilotte L, et al. (2012) Reversal of tumoral im-
mune resistance by inhibition of tryptophan 2,3-
dioxygenase. Proc. Natl. Acad. Sci. U. S. A.
109:2497–502.

28. Bonifazi P, et al. (2009) Balancing inflammation
and tolerance in vivo through dendritic cells by
the commensal Candida albicans. Mucosal Im-
munol. 2:362–74.

29. Yuasa HJ, et al. (2007) Evolution of vertebrate in-
doleamine 2,3-dioxygenases. J. Mol. Evol.
65:705–14.

30. Sugimoto H, et al. (2006) Crystal structure of
human indoleamine 2,3-dioxygenase: catalytic
mechanism of O2 incorporation by a heme-
 containing dioxygenase. Proc. Natl. Acad. Sci.
U. S. A. 103:2611–6.

31. Zhang Y, et al. (2007) Crystal structure and mech-
anism of tryptophan 2,3-dioxygenase, a heme en-
zyme involved in tryptophan catabolism and in
quinolinate biosynthesis. Biochemistry. 46:145–55.



I N V I T E D  R E V I E W  A R T I C L E

M O L  M E D  1 8 : 8 3 4 - 8 4 2 ,  2 0 1 2  |  O R A B O N A  E T  A L .  |  8 4 1

32. O’Shea J, Murray P. (2008) Cytokine signaling
modules in inflammatory responses. Immunity.
28:477–87.

33. Orabona C, et al. (2004) CD28 induces immunos-
timulatory signals in dendritic cells via CD80
and CD86. Nat. Immunol. 5:1134–42.

34. Orabona C, et al. (2005) Cutting edge: silencing
suppressor of cytokine signaling 3 expression in
dendritic cells turns CD28-Ig from immune adju-
vant to suppressant. J. Immunol. 174:6582–6.

35. Kane R, Farrell A, Sridhara R, Pazdur R. (2006)
United States Food and Drug Administration ap-
proval summary: bortezomib for the treatment of
progressive multiple myeloma after one prior
therapy. Clin. Cancer Res. 12:2955–60.

36. Kaisho T, Tanaka T. (2008) Turning NF-kappaB
and IRFs on and off in DC. Trends Immunol.
29:329–36.

37. Bonizzi G, Karin M. (2004) The two NF-kappaB
activation pathways and their role in innate and
adaptive immunity. Trends Immunol. 25:280–8.

38. Puccetti P, Grohmann U. (2007) IDO and regula-
tory T cells: a role for reverse signalling and non-
canonical NF-κB activation. Nat. Rev. Immunol.
7:817–23.

39. Jeffery CJ. (2009) Moonlighting proteins—an up-
date. Mol. Biosyst. 5:345–50.

40. Belladonna ML, et al. (2008) Cutting edge: au-
tocrine TGF-β sustains default tolerogenesis by
IDO-competent dendritic cells. J. Immunol.
181:5194–8.

41. Chen W. (2011) IDO: more than an enzyme. Nat.
Immunol. 12:809–11.

42. An H, et al. (2008) Phosphatase SHP-1 promotes
TLR- and RIG-I-activated production of type I in-
terferon by inhibiting the kinase IRAK1. Nat. Im-
munol. 9:542–50.

43. Fujimoto M, Naka T. (2003) Regulation of cy-
tokine signaling by SOCS family molecules.
Trends Immunol. 24:659–66.

44. Piessevaux J, Lavens D, Peelman F, Tavernier J.
(2008) The many faces of the SOCS box. Cytokine
Growth Factor Rev. 19:371–81.

45. Mangan PR, et al. (2006) Transforming growth
factor-beta induces development of the T(H)17
lineage. Nature. 441:231–4.

46. Bettelli E, et al. (2006) Reciprocal developmental
pathways for the generation of pathogenic effector
TH17 and regulatory T cells. Nature. 441:235–8.

47. Sharma MD, et al. (2009) Indoleamine 2,3-dioxy-
genase controls conversion of Foxp3+ Tregs to
TH17-like cells in tumor-draining lymph nodes.
Blood. 113:6102–11.

48. Baban B, et al. (2009) IDO activates regulatory
T cells and blocks their conversion into Th17-like
T cells. J. Immunol. 183:2475–83.

49. Fallarino F, et al. (2003) Modulation of trypto-
phan catabolism by regulatory T cells. Nat. Im-
munol. 4:1206–12.

50. Maitra U, Davis S, Reilly CM, Li L. (2009) Differ-
ential regulation of Foxp3 and IL-17 expression
in CD4 T helper cells by IRAK-1. J. Immunol.
182:5763–9.

51. Matsumura Y, et al. (2007) Selective expansion of
foxp3-positive regulatory T cells and immuno-
suppression by suppressors of cytokine signaling
3-deficient dendritic cells. J. Immunol. 179:2170–9.

52. Muller A, DuHadaway J, Donover P, Sutanto-
Ward E, Prendergast G. (2005) Inhibition of in-
doleamine 2,3-dioxygenase, an immunoregulatory
target of the cancer suppression gene Bin1, poten-
tiates cancer chemotherapy. Nat. Med. 11:312–9.

53. Uyttenhove C, et al. (2003) Evidence for a tu-
moral immune resistance mechanism based on
tryptophan degradation by indoleamine 2,3-
dioxygenase. Nat. Med. 9:1269–74.

54. Mellor AL, Munn DH. (2008) Creating immune
privilege: active local suppression that benefits
friends, but protects foes. Nat. Rev. Immunol.
8:74–80.

55. Curti A, Trabanelli S, Salvestrini V, Baccarani M,
Lemoli R. (2009) The role of indoleamine 2,3-
dioxygenase in the induction of immune toler-
ance: focus on hematology. Blood. 113:2394–401.

56. Boasso A, et al. (2007) HIV inhibits CD4+ T-cell
proliferation by inducing indoleamine 2,3-
 dioxygenase in plasmacytoid dendritic cells.
Blood. 109:3351–9.

57. Fallarino F, et al. (2009) IDO mediates TLR9-
driven protection from experimental autoim-
mune diabetes. J. Immunol. 183:6303–12.

58. Vaccari M, et al. (2012) Fatal pancreatitis in simian
immunodeficiency virus SIVmac251- infected
macaques treated with 2′,3′- dideoxyinosine and
stavudine following cytotoxic-T-lymphocyte-as-
sociated antigen 4 and indoleamine 2,3-dioxyge-
nase blockade. J Virol. 86:108–13.

59. Yu C, Mamchak A, DeFranco A. (2003) Signaling
mutations and autoimmunity. Curr. Dir. Autoim-
mun. 6:61–88.

60. Fukushima A, et al. (2005) Mice lacking the IFN-
gamma receptor or fyn develop severe experi-
mental autoimmune uveoretinitis characterized
by different immune responses. Immunogenetics.
57:337–43.

61. Kudlacz EM, et al. (2001) Genetic ablation of the
src kinase p59fynT exacerbates pulmonary in-
flammation in an allergic mouse model. Am. J.
Respir. Cell Mol. Biol. 24:469–74.

62. Takahashi T, et al. (1997) Suppression of autoim-
mune disease and of massive lymphadenopathy
in MRL/Mp-lpr/lpr mice lacking tyrosine kinase
Fyn (p59fyn). J. Immunol. 159:2532–41.

63. Schenone S, et al. (2011) Fyn kinase in brain dis-
eases and cancer: the search for inhibitors. Curr.
Med. Chem. 18:2921–2942.

64. Saito YD, Jensen AR, Salgia R, Posadas EM.
(2010) Fyn: a novel molecular target in cancer.
Cancer. 116:1629–37.

65. Lambert AA, Barabe F, Gilbert C, Tremblay MJ.
(2011) DCIR-mediated enhancement of HIV-1 in-
fection requires the ITIM-associated signal trans-
duction pathway. Blood. 117:6589–99.

66. Zhu Z, et al. (2010) Tyrosine phosphatase SHP-1
in allergic and anaphylactic inflammation. Im-
munol. Res. 47:3–13.

67. Kamata T, et al. (2003) src homology 2 domain-
containing tyrosine phosphatase SHP-1 controls
the development of allergic airway inflamma-
tion. J. Clin. Invest. 111:109–19.

68. Wu C, Sun M, Liu L, Zhou GW. (2003) The func-
tion of the protein tyrosine phosphatase SHP-1 in
cancer. Gene. 306:1–12.

69. Matozaki T, Murata Y, Saito Y, Okazawa H,
Ohnishi H. (2009) Protein tyrosine phosphatase
SHP-2: a proto-oncogene product that promotes
Ras activation. Cancer Sci. 100:1786–93.

70. Tao XH, et al. (2008) Significance of SHP-1 and
SHP-2 expression in human papillomavirus in-
fected Condyloma acuminatum and cervical can-
cer. Pathol. Oncol. Res. 14:365–71.

71. Deng C, et al. (2003) IL-1 receptor-associated ki-
nase 1 regulates susceptibility to organ-specific
autoimmunity. J. Immunol. 170:2833–42.

72. Dieude P, et al. (2011) Evidence for the contribu-
tion of the X chromosome to systemic sclerosis
susceptibility: association with the functional
IRAK1 196Phe/532Ser haplotype. Arthritis
Rheum. 63:3979–87.

73. Lakoski SG, et al. (2007) The association between
innate immunity gene (IRAK1) and C-reactive
protein in the Diabetes Heart Study. Exp. Mol.
Pathol. 82:280–3.

74. Boldin MP, et al. (2011) miR-146a is a significant
brake on autoimmunity, myeloproliferation, and
cancer in mice. J. Exp. Med. 208:1189–201.

75. Ngo VN, et al. (2011) Oncogenically active
MYD88 mutations in human lymphoma. Nature.
470:115–9.

76. Lawrence T, Bebien M, Liu GY, Nizet V, Karin M.
(2005) IKKα limits macrophage NF-κB activation
and contributes to the resolution of inflamma-
tion. Nature. 434:1138–43.

77. Kinoshita D, et al. (2006) Essential role of Ikap-
paB kinase alpha in thymic organogenesis re-
quired for the establishment of self-tolerance.
J. Immunol. 176:3995–4002.

78. King AE, Critchley HO, Kelly RW. (2001) The
NF-kappaB pathway in human endometrium
and first trimester decidua. Mol. Hum. Reprod.
7:175–83.

79. Luo JL, et al. (2007) Nuclear cytokine-activated
IKKalpha controls prostate cancer metastasis by
repressing Maspin. Nature. 446:690–4.

80. Cao Y, Luo JL, Karin M. (2007) IkappaB kinase
alpha kinase activity is required for self-renewal
of ErbB2/Her2-transformed mammary tumor-
initiating cells. Proc. Natl. Acad. Sci. U. S. A.
104:15852–7.

81. Demicco EG, et al. (2005) RelB/p52 NF-kappaB
complexes rescue an early delay in mammary
gland development in transgenic mice with tar-
geted superrepressor IkappaB-alpha expression
and promote carcinogenesis of the mammary
gland. Mol. Cell. Biol. 25:10136–47.

82. Baker BJ, Akhtar LN, Benveniste EN. (2009)
SOCS1 and SOCS3 in the control of CNS immu-
nity. Trends Immunol. 30:392–400.

83. Dimitriou ID, et al. (2008) Putting out the fire: co-



ordinated suppression of the innate and adaptive
immune systems by SOCS1 and SOCS3 proteins.
Immunol. Rev. 224:265–83.

84. Ozaki A, Seki Y, Fukushima A, Kubo M. (2005)
The control of allergic conjunctivitis by suppres-
sor of cytokine signaling (SOCS)3 and SOCS5 in
a murine model. J. Immunol. 175:5489–97.

85. Iwahori K, et al. (2011) Overexpression of SOCS3
exhibits preclinical antitumor activity against
malignant pleural mesothelioma. Int. J. Cancer.
129:1005–17.

86. Pierconti F, et al. (2011) Epigenetic silencing of
SOCS3 identifies a subset of prostate cancer with
an aggressive behavior. Prostate. 71:318–25.

87. Li Y, Chu N, Rostami A, Zhang GX. (2006) Den-
dritic cells transduced with SOCS-3 exhibit a
tolerogenic/DC2 phenotype that directs type 2
Th cell differentiation in vitro and in vivo. J. Im-
munol. 177:1679–88.

88. Veenbergen S, et al. (2008) Splenic suppressor of
cytokine signaling 3 transgene expression affects
T cell responses and prevents development of
collagen-induced arthritis. Arthritis Rheum.
58:3742–52.

89. Frisullo G, et al. (2007) The effect of disease activ-
ity on leptin, leptin receptor and suppressor of
cytokine signalling-3 expression in relapsing-
 remitting multiple sclerosis. J. Neuroimmunol.
192:174–83.

90. Nguyen NT, et al. (2010) Aryl hydrocarbon recep-
tor negatively regulates dendritic cell immuno-
genicity via a kynurenine-dependent mechanism.
Proc. Natl. Acad. Sci. U. S. A. 107:19961–6.

91. Mezrich J, et al. (2010) An interaction between
kynurenine and the aryl hydrocarbon receptor
can generate regulatory T cells. J. Immunol.
185:3190–8.

I D O  A N D  P R O T E I N  A N C H O R I N G  V I A  I T I M s

8 4 2 |  O R A B O N A  E T  A L .  |  M O L  M E D  1 8 : 8 3 4 - 8 4 2 ,  2 0 1 2


