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Abstract: The adaptive immune system involves antigen-specific host defense mechanisms mediated
by T and B cells. In particular, CD4* T cells play a central role in the elimination of pathogens.
Immunological tolerance in the thymus regulates T lymphocytes to avoid self-components,
including induction of cell death in immature T cells expressing the self-reactive T-cell receptor
repertoire. In the periphery, mature T cells are also regulated by tolerance, e.g., via induction of anergy
or regulatory T cells. Thus, T cells strictly control intrinsic signal transduction to prevent excessive
responses or self-reactions. If the inhibitory effects of T cells on these mechanisms are disrupted, T cells
may incorrectly attack self-components, which can lead to autoimmune disease. The functions of
T cells are supported by post-translational modifications, particularly phosphorylation, of signaling
molecules, the proper regulation of which is controlled by endogenous mechanisms within the
T cells themselves. In recent years, molecular targeted agents against kinases have been developed
for treatment of autoimmune diseases. In this review, we discuss T-cell signal transduction
in autoimmune disease and provide an overview of acetylation-mediated regulation of T-cell
signaling pathways.
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1. Introduction

T cells play an essential role in defending the body against pathogens. CD4* T cells promote
the elimination of infectious agents by activating other types of cells, such as macrophages,
whereas CD8" T cells induce cell death in virus-infected cells [1]. After the binding of the peptide-major
histocompatibility complex (MHC) complex and T-cell receptor (TCR), T cells detect pathogen
infection specifically based on prior exposure and maintain memory cells to combat subsequent
infection. This class of cells is characterized by the ability to distinguish between self- and
non-self-components. Non-self-components include exogenous antigens and endogenous antigens
that show inappropriate expression, such as tumor-associated antigens. Typically, T cells do not react
to self-tissues because their activities are controlled by immune tolerance mechanisms preventing
such responses. Immune reactions to self-components via the TCR occur when this tolerance is
attenuated. Tissue function can become disrupted if such self-directed responses become severe
enough to cause inflammation. Dysfunction of tissues triggered by self-reactive T cells is termed
autoimmune disease [2,3].

Stimulation of T cells with antigens or cytokines induces the phosphorylation of signaling
molecules, which is a key event controlling gene expression, cell motility, and proliferation [4].
In most cases, protein phosphorylation acts as a molecular switch [5,6]. In the proximal region
of the TCR complex, for example, phosphorylation of the CD3 (-chain by lymphocyte-specific protein
tyrosine kinase (Lck) starts a signaling cascade that continues to other downstream enzymes [7].
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Dephosphorylation of proteins can also activate enzymes in some cases; for example, the nuclear
translocation of the transcription factor nuclear factor of activated T-cells (NFAT) is induced by
the dephosphorylation of several phosphorylated serine residues in its N-terminal region by the
phosphatase calcineurin [8]. The activation state of T cells is greatly influenced by regulation of protein
function via phosphorylation. However, recent studies have also shown that these signaling molecules
can also be regulated by acetylation [9-11]. That is, nuclear proteins can be modified by acetyl groups,
and cytoplasmic proteins, such as receptors and signal transducers and activators of transcription
(STAT) family transcription factors, can undergo acetylation by type I interferon (IFN) stimulation.
Acetylation of proteins is essential for IFN signal transduction [10]. The cytokine interleukin-2 (IL-2)
is essential for T-cell differentiation and function; acetylation of signaling molecules by IL-2 receptor
(IL-2R) stimulation can negatively regulate T-cell function [9].

Peripheral tolerance is the result of anergy or T-cell suppression. Full activation of T cells requires
recognition of an antigen by the TCR and recognition of co-stimulators, mainly CD80 and CD86,
by CD28. A prolonged antigen signal alone may lead to anergy [12,13]. It is likely that self-antigens
are displayed to T cells in the absence of strong co-stimulation. Anergic T cells show a block in
TCR-induced signal transduction, which is attributable to decreased TCR expression and recruitment
to the TCR complex of inhibitory molecules, such as tyrosine phosphatases. When T cells recognize
self-antigens, they may engage inhibitory receptors of the CD28 family, such as cytotoxic T lymphocyte
antige-4 (CTLA-4) and programmed death-1 (PD-1) [12,14,15], which function to terminate the T cell
response. CTLA-4 competes with CD28 for CD80/CD86 co-stimulators and excludes CD28 from
the site of the TCR. CTLA-4 delivers inhibitory signals that negate the signals triggered by the
TCR. Another inhibitory receptor is PD-1 [12,16], which recognizes two ligands, programmed death
1ligand 1 (PD-L1) and PD-L2, expressed on antigen-presenting cells. This ligand binding leads to
suppression of T cells. Anergy and T-cell suppression mechanisms function cooperatively to prevent
dangerous autoimmunity.

Dysfunction of T-cell regulatory pathways causes autoimmune disease. Both phosphorylation
and acetylation are closely involved in T-cell function. In this paper, we provide an overview of T-cell
signaling regulation and autoimmune disease in anticipation of a new era in which these conditions
can be managed by targeting cytoplasmic acetylation. We focus on autoimmune responses observed in
animal models as well as their corresponding diseases.

2. T-Cell Signal Transduction Pathways

T cells express many types of receptors on their surfaces. After sensing some ligands, the receptors
induce gene expression or cell motility. Thus, receptors play various roles. Although T cells express
many receptors, the TCR and cytokine receptors directly influence their immune reactions.

2.1. TCR Signal Transduction

The genes encoding immunological mediators, such as cytokine IL-2, are transcribed in T cells
after the TCR/CD3 complex and costimulatory molecules present on T cells are stimulated by
the MHC/peptide complex on antigen-presenting cells (APCs) [17] (Figure 1). One of the first
biochemical consequences of TCR binding is activation of Lck, a Src family protein tyrosine
kinase. Lck bound to the cytoplasmic domains of CD4 and CDS8 is activated in response to
antigen presentation. Next, key substrates are phosphorylated, including specialized motifs in
CD3 molecules [18]. Phosphorylation of immunoreceptor tyrosine-based activation motifs (ITAMs)
creates docking sites for the Src-homology 2 (SH2) domains of (-chain-associated protein kinase
70 (ZAP70) [19]. As a result of ZAP70 recruitment, the TCR is effectively endowed with tyrosine kinase
function, resulting in phosphorylation of phospholipase C (PLC) y. PLCy hydrolyzes the phospholipid
phosphatidylinositol-4,5-diphosphate (PIP2) to form the second messengers inositol trisphosphate
(IP3) and diacylglycerol (DAG) [5]. Production of DAG results in the activation of two major pathways
involving rat sarcoma (Ras) and protein kinase C (PKC) 6. Ras is a guanine nucleotide-binding
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protein required for activation of the serine-threonine kinase Rafl, which initiates a mitogen-activated
protein kinase (MAPK) phosphorylation and activation cascade. Rafl is a MAPK kinase kinase,
which phosphorylates and activates MAPK kinase (MAPKK). MAPKKSs then phosphorylate and
activate the MAPK extracellular signal-regulated kinase (ERK) [20], which contributes to the activation
of the activator protein-1 (AP-1; Jun/Fos) transcription complex via regulation of target gene
expression [21]. The PKCO signaling pathway is also regulated by DAG and modulates nuclear
factor-kB (NF-kB) activation. After stimulation with DAG, PKC6 undergoes conformational changes,
and its activated form then phosphorylates caspase recruitment domain membrane-associated
guanylate kinase protein 1 (CARMA1), leading to a conformational change that allows CARMAL to
associate with B-cell CLL/lymphoma 10 (Bcl-10) and mucosa-associated lymphoid tissue 1 (MALT1).
This complex, which is called CBM, promotes IkB kinase (IKK) activation [22,23]. NF-«B is normally
kept inactive in the cytoplasm by interaction with its inhibitor IkB. Activated IKK phosphorylates IkB
at specific serine residues, leading to proteasomal degradation. Degradation of IkB releases NF-«B,
which then migrates to the nucleus and regulates gene expression [24].

« transcription « cytoskelton reorganization

« cell death

« proliferation

« differentiation
Figure 1. TCR signaling. Signaling is initiated by engagement of the T-cell receptor. Formation of
the signaling complex coordinates numerous second messenger and kinase cascades, leading to

transcriptional activation and cytoskeletal reorganization.

IP3 generated by PLC stimulates Ca?*-permeable ion channel receptors on the endoplasmic
reticulum (ER) membrane, leading to the release of ER Ca* stores into the cytoplasm. Decreasing Ca®*
triggers a sustained influx of extracellular Ca?* through the activation of plasma membrane Ca?*
release-activated Ca?* (CRAC) channels in a process known as store-operated Ca?* entry [25].
Stromal interaction molecule is the sensor of depleted ER Ca?* stores and activator of CRAC
channels [26,27]. TCR-induced increases in intracellular Ca2* levels result in activation of the
phosphatase calcineurin and Ca?* /calmodulin-dependent kinase [28], which in turn activates a variety
of transcription factors [29]. Activated calcineurin dephosphorylates members of the NFAT family,
leading to their translocation to the nucleus. Thus, several transcription factors, such as NF-kB, AP-1,
and NFAT, play important roles in the response to TCR stimulation [30]. Cytokine production during
this process has important implications for the elimination of foreign antigens.

2.2. Cytokine Receptor Signaling

T cells receive antigen stimuli via the TCR; however, they cannot effectively eliminate foreign
antigens with signaling from TCR alone. Cytokines regulate the activity and/or amplitude of effector
functions in T and other immune cells. Intercellular transmission of messages by cytokines is essential
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for immune regulation. Antigen and cytokine stimuli via the TCR and cytokine receptor induce
different subsets of helper T cells [31]. IL-12 produced by APCs promotes the differentiation of
naive CD4 T cells into type 1 helper T cells (Th1 cells) to stimulate cellular immunity. Additionally,
induction of Th2 and follicular T cells is essential for production of antigen-specific antibodies in
humoral immunity. IL-4 and IL-21 stimulate the maturation of these helper T cells from naive
T cells [32]. Macrophage and dendritic cells function simultaneously as APCs and IL-12-producing
cells to induce the development of Th1 cells. APCs also contribute to the expression of co-stimulatory
molecules. Engagement of CD28 on T cells by CD80 or CD86 on APCs is required for T-cell priming.
IL-12 from macrophage and dendritic cells is a potent and essential inducer of differentiation in
interferon y (IFNvy)-producing cells [33]. IL-12 production is clearly correlated with sensitization of
Th1 lymphocytes [34]. CD8a™ dendritic cells from IL-12-deficient mice do not sensitize Th1 cells when
injected into wild-type recipients, whereas the same subset of dendritic cells from IL-12-sufficient
animals induces a polarized Th1 response [35]. This observation indicates that transferred macrophages
or dendritic cells directly induce polarization of T cells. Adaptive transfer experiments suggest that
CD8a* dendritic cells are required for Thl development in vivo. In contrast, the requirements of Th2
induction may be less stringent. Administration of macrophages or CD8a dendritic cells pulsed with
antigen induces Th2 differentiation [33]. IL-4 secreted from APCs is essential for induction of Th2
cells from naive T cells. Taken together, these observations strongly suggest that macrophages and
dendritic cells play essential roles as APCs in the polarization of Th cells.

Cytokines function by binding receptors on the surface of target cells. These receptors can be
categorized into several groups according to their structures [36,37]. Type I cytokine receptors have four
Cys residues and a Trp-Ser-X-Trp-Ser (WSXWS) sequence in their extracellular domains. This group
includes receptors for many interleukins, such as IL-2 and IL-3, and for granulocyte-macrophage
colony-stimulating factor (GM-CSF). Type II cytokine receptors, including IL-10, IFNe, INER,
and IFNYy receptors, have conserved Cys residues in both the N- and C-termini of their extracellular
domains. Type III cytokine receptors include the tumor necrosis factor (TNF) receptor super
family, whereas the IL-1 receptor is a type IV receptors. Receptors for chemokines, such as IL-§,
are grouped in the chemokine receptor family, containing G-protein-coupled receptors with seven
transmembrane domains.

Most cytokine receptors are composed of subunits common to multiple receptor types;
for example, IL-3, IL-5, and GM-CSF receptors all share the same (3 subunit [37]. The IL-6 receptor
subunit gp130 is also utilized by the IL-11 and oncostatin M receptors, whereas IL-2 receptor subunit y
is shared by the IL-2, IL-4, and IL-7 receptors. This overlapping distribution of receptor subunits is
considered indispensable for cytokine redundancy [38]. Another characteristic of cytokine receptors
is that they may consist of a combination of subunits that show low-affinity and high-affinity ligand
binding. For example, IL-3R is composed of two subunits, the x-chain and -chain. The 3-chain
binds IL-3 specifically, but cannot bind IL-3 in the absence of the x-chain. In the presence of the
a-chain, however, the 3-chain forms high-affinity IL-3R, which is capable of signal transduction [37].
Another example is IL-2R, which in its high-affinity form consists of an x-chain, 3-chain, and y-chain.
The IL-2R has different forms, all showing varying binding activities; for example, the form containing
the «-chain only shows low affinity, the 3-y complex shows intermediate affinity, and the complex
with all three subunits shows high affinity [39].

2.3. The Janus Kinase (JAK)/STAT Pathway

When a ligand binds the extracellular domain of a receptor, its subunits combine to activate
an intracellular signaling cascade. Such signaling mechanisms have been analyzed in detail.
Cytokine receptor family members do not possess intrinsic kinase activity [37]. After receptor
activation, cytokine signals are transmitted into the cellular compartment by phosphorylation of
signaling molecules, such as adaptor protein and downstream kinases. In addition, because kinase
inhibitors block cytokine signal transduction, we expect that tyrosine kinases bind to these receptors.
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This hypothesis was proven by the discovery of the JAK family of tyrosine kinases [40,41].
Introduction of a DNA fragment encoding tyrosine kinase 2 (Tyk2), a JAK family protein, rescues IFN«
reactivity in RLM-11-1 cells, which are mutant T cells unresponsive to IFN«. Four JAK family members
have been identified in mammals: JAK1, JAK2, JAK3, and Tyk2 [42]. Proteins in this family have
two kinase domains. Although JAK3 is restricted to the hematopoietic system, the other JAK family
members are expressed in a variety of tissues. These kinases bind the Box1 and Box2 motifs of
cytokine receptors present in their cytoplasmic juxtamembrane regions. Subunit assembly causes
bound JAK molecules to phosphorylate one another at Tyr residues. This self-activation causes JAK
to then phosphorylate Tyr residues in the cytoplasmic region of the receptor, acting as binding sites
for downstream factors, including the STAT family of transcription factors. In the high-affinity IL-2R
(i.e., the form composed of an «-, 3-, and y-chain), JAK3 phosphorylates Y392 and Y510 in the IL-2Rf3
chain in an IL-2-dependent manner [39]. STATS5 then binds to these phosphorylated Tyr residues on
the IL-2Rf3 chain and is phosphorylated at Y694, conferring on it transcriptional activity.

Seven STAT family proteins have been identified to date: STAT1, STAT2, STAT3, STAT4, STAT5a,
STATS5b, and STAT6 (Figure 2). Each contains the SH2 domain and Tyr residues in the carboxyl
terminus. STAT proteins reside in the cytoplasm in resting cells. Once a receptor reacts to a ligand,
the ligand is recruited to the cytoplasmic domain of the receptor, where the carboxyl-terminal Tyr
residues are phosphorylated by JAK. After phosphorylation, STATs bind the SH2 domains of other
STATS5 proteins to form homodimers or heterodimers, which then leave the receptor and migrate to
the nucleus to promote target gene expression.
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Figure 2. STAT protein structure. STAT proteins possess conserved domains, such as the N-terminal
oligomerization domain (NTD), coiled-coil domain (CC), DNA-binding domain (DNBD), SH2 domain
(SH2), and transactivation domain (TAD). Phosphorylation of tyrosine at the C-terminus is essential for
STAT activation.

2.4. The Ras/MAPK Pathway

Activated JAK phosphorylates Shc, an adaptor protein that binds receptors [43-45]. Shc binds
the Ras pathway protein son of sevenless (SOS) and growth factor receptor binding protein 2 [46].
SOS exchanges GDP for GTP on Ras to activate it, which then activates the downstream MAPK family
proteins ERK1 and ERK2 [47]. MAPKSs not only regulate STAT activity but also induce expression of
the transcription factors c-Jun and c-Fos [44,48,49]. MAPKSs can stabilize dimerized STAT molecules
by additional phosphorylation at serine residues, further increasing the transcriptional activity of the
STAT complex [50-53].

2.5. The Phosphatidylinositol 3-Kinase (PI3K)/Akt Pathway

Cytokine receptors, such as IL-2R and IL-3R, activate PI3K when stimulated by ligand binding [54].
This lipid kinase catalyzes the production of phosphatidylinositol (3,4,5)-trisphosphate (PI(3,4,5)P3),
a key signaling molecule. PI3K is composed of a regulatory subunit (p85) and a catalytic subunit (p110).
The p85 subunit binds to the Tyr-phosphorylated cytoplasmic domain of receptors subsequent to
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cytokine stimulation; consequently, the p110 subunit phosphorylates membrane phosphatidylinositol
at carbon 3 of the inositol ring. p110 can be activated directly by Ras or, in some cases, by JAK [55].
Akt, which is involved in cell survival, proliferation, and motility, is activated downstream of PI3K.

Cytokines activate many other pathways in addition to those described herein; interested readers
should consult other reviews for more details.

3. Signaling Regulation and Autoimmune Disease

Antigen-stimulated helper T cells differentiate into subsets of Th cells depending on the
surrounding cytokines. Interest in how these signals are controlled has increased as our knowledge
of the mechanisms involved has expanded, particularly after the observation that intracellular signal
pathways show abnormal activation in many autoimmune diseases.

3.1. Negative Regulation by Protein Tyrosine Phosphatases (PTPs)

PTPs regulate kinase activities by dephosphorylating tyrosine residues involved in catalytic
function [56,57]. Several studies have demonstrated the roles of PTPs in the regulation of the JAK
signaling pathway [58-60]. Src homology region 2 domain containing phosphpatase-1 (SHP-1) has
been shown to inhibit JAKSs following their recruitment to receptor complexes, which is facilitated by
their binding to receptors via the SH2 domain of SHP-1. Moreover, SHP-1 has been shown to bind
JAKs directly and mediate their dephosphorylation [50,60-63]. This phosphatase also inhibits the
IL-4-mediated Th2 response [64] through blockade of both the JAK and MAPK signaling pathways.
SHP-1 medjiates inhibition through immune-receptor tyrosine-based inhibitory motif (ITIM)-containing
receptors, such as the TCR, by dephosphorylating ZAP70 [65]. Additionally, SHP-2 has an important
role in the negative regulation of JAK in IFN-stimulated cells [66,67]. Researchers have performed
detailed characterizations of the specific mechanisms involving SHP-2 and JAK [68,69]. Importantly,
the SHP-2/JAK association does not require the SH2 domain of SHP-2 or the kinase-like domain of
JAKs. SHP-2 is tyrosine phosphorylated by JAK1 and JAK2, but not JAK3, on Y304 and Y327 via
direct binding. Finally, regulation of JAK by SH-PTP1 has been shown to involve IFN signaling [50],
and SH-PTP1 has been shown to be involved in the inactivation of JAK2 and the abrogation of
proliferative signals [70].

3.2. JAK/STAT Pathway Regulation by the Cytokine-Induced SH2-Containing Protein (CIS)/Suppressor of
Cytokine Signaling (SOCS) Family

The integrity of the JAK/STAT pathway is strictly maintained by several molecules. CIS/SOCS
proteins are a group of negative regulators of cytokine signaling that play important roles in the
maintenance of homeostasis, including the retraction of lymphocyte activity. This family was
independently identified by several research groups. CIS was first identified [71], followed by
SOCS-1 [72-74]. CIS/SOCS family proteins share a conserved structure consisting of an SH2 domain
and a SOCS Box domain [75]. The family consists of eight members, of which CIS, SOCS-1, SOCS-2,
and SOCS-3 are involved in regulating cytokine signaling (Figure 3).

The gene encoding CIS (Cish) was first cloned as an immediate early gene whose expression
was shown to be upregulated following IL-2 or IL-3 stimulation. Subsequent analysis found that
this factor bound directly to cytokine receptors [71]. Its overexpression inhibits cytokine-inducible
cell proliferation. SOCS-1 was first identified as a protein that bound directly to JAK2 to inhibit
kinase activity [76]. After binding of the SH2 domain and the activation loop of JAK2 at Y1007,
the amino-terminal kinase inhibitory region (KIR) binds the active pocket, inhibiting substrate
phosphorylation [75]. SOCS-3 was first identified as a molecule that inhibits JAK binding to cytokine
receptors [77]. In contrast to SOCS-1, this protein binds to receptors specifically at phosphorylated
Tyr residues in the cytoplasmic domain and is believed to inhibit nearby JAK proteins via the KIR
motif. SOCS-1 is capable of blocking many cytokine signals, but is primarily induced by IFNy and
IL-4, suggesting that its activity is important in Th1l and Th2 cells [75].
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Figure 3. SOCS family proteins. SOCS members share a central SH2 domain and carboxyl terminal
SOCS Box. SOCS1 and SOCS3 possess a kinase inhibitory region (KIR) that serves as a pseudo-substrate
for JAKs.

Animal model-based studies have reported cytokine signaling regulation by the CIS/SOCS family
to be involved in several autoimmune diseases. Activation of STAT1 and STAT3 due to increased
production of inflammatory cytokines has been observed in inflammatory bowel disease, as have
elevated Th1 cell counts [78]. STAT3 phosphorylation increases under severe disease conditions,
whereas SOCS-3 expression is observed during patient recovery. Dextran sulfate sodium-induced
colitis has been induced in transgenic mice expressing a point mutation in SOCS-1 (SOCS-1-F59D),
which inhibits the activity of SOCS family proteins [78]. These mice show markedly worse intestinal
inflammation than wild-type controls and exhibit associated weight loss. Thus, CIS/SOCS family
proteins prevent intestinal inflammation. STAT5 activation and SOCS-3 have also been reported to
be involved in collagen-induced arthritis (CIA) in a well-established mouse model of rheumatoid
arthritis (RA) [79]. Self-reactive T cells are strongly implicated in these arthritis models because they
are antigen-inducible. Adenoviral SOCS-3 gene transfer significantly improved symptoms in a mouse
model of CIA, and SOCS-3 has also been shown to have positive effects related to suppression of IL-6
production, a process closely connected to CIA pathology [80].

3.3. Regulation of TCR Signaling and Associated Diseases

Helper T cells are activated when TCRs on their surfaces recognize antigen peptides and MHC
class II (MHC-II) molecules, activating associated CD4 coreceptors [5]. Once activated, Lck bound to
the cytoplasmic domain of CD4 phosphorylates Tyr residues with an ITAM in nearby CD3 within the
TCR complex [18]. This series of reactions triggers the recruitment of ZAP70, another tyrosine kinase,
to the CD3 ITAM, thereby initiating TCR signaling. Evidence of T-cell infiltration in inflamed joints,
associations of specific MHC-II haplotypes with disease sensitivity, and symptomatic improvement
following T-cell depletion has suggested that T cells and TCR signaling may play a pivotal role
in disease [81]. However, the relationship between TCR signaling and autoimmune disease
remains unclear.

This relationship has been studied in SKG mice, a mouse model that spontaneously develops
chronic inflammatory arthritis resembling human RA [82]. In these mice, swelling in the finger joints
began eight weeks after birth and progressed to chronicity, spreading to other joints in the fore- and
hindpaws. Histopathological observations showed synovial cell proliferation and inflammatory cell
infiltration in the inflamed joints. Other pathological changes in their joints included pannus formation
and destruction of osteal tissue. In a search for the molecular cause of spontaneous arthritis in this
mouse model, a point mutation in the SH2 domain of ZAP70, which altered codon 163 from tryptophan
to cysteine (W163C), was identified. TCR signal strength is attenuated by the ZAP70V163¢ mutation,
resulting in abnormal T-cell maturation in the thymus [82]. Therefore, this point mutation alters the
sensitivity of thymocyte development during thymic selection, preventing elimination of some with
the self-reactive repertoire.
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3.4. T Cell-Targeted Nanomedicine

Leukemia inhibitory factor (LIF) is a pleiotropic cytokine of the four-a-helix bundle family
that includes IL-6, LIF, oncostatin M, and IL-11 [83]. The LIF protein is a monomeric glycoprotein
of 180 amino acid residues and includes a disulfide bound. The cytokine receptor gp130 is the
shared signaling subunit of the IL-6 family of cytokines. The LIF receptor is composed of a gp130
and gp190 heterodimer [84], and LIF-mediated binding of the receptor activates several pathways,
including the JAK/STAT, PI3K/Akt, and MAP kinase pathways [84,85]. LIF is essential to the survival
of hematopoietic stem cells, and is released from T cells in response to activation [86]. In mice,
isogenic clones of Th1, Th2, and Treg cells are the major sources of LIF [87]. Recently, it has been shown
that activated human Treg cells also release high levels of LIF [88]. LIF supports expression of Foxp3
and is associated with Treg cell maintainence and immune tolerance. Therefore, LIF has been applied
in anti-inflammatory strategies to control inflammation [89]. Anti-CD4 monoclonal antibody-coated
PLG (poly(lactide-co-glycolide)) nanoparticles have been used to deliver LIF to CD4 T cells, promoting
CD4* CD25* Foxp3* Treg cell development [90,91]. Nanoparticle-mediated delivery was found to
promote Treg cell expansion and control inflammation. Targeted nanoparticles provide a powerful
new access rout to T-cell developmental plasticity in autoimmune diseases.

4. T-Cell Signaling Inhibitors and Autoimmune Diseases

Self-reactivity is mediated by immune tolerance at the organismal level. The mechanisms
inhibiting signaling pathways have also been evaluated at the cellular level. Disruption of endogenous
regulatory pathways at both the cellular and organismal levels can lead to autoimmune disease.
This section summarizes the molecular targeted agents used to control autoimmune diseases,
focusing on examples of major drugs that have been analyzed in animal models of diseases or have
already been approved for medical treatment.

Lipid molecules present in the lipid bilayer of cells not only help to maintain separation between
the interior of cells and the external environment, but also contribute to intracellular signaling.
Phosphoinositides, a type of cellular membrane lipid, are phosphorylated by PI3Ks to produce
phosphorylated inositol lipids [54]. This enzyme family is divided into three groups, namely, Class I,
Class II, and Class III, of which Class I PI3Ks have been analyzed in detail. The Class I members
PI3Ke, PI3Kf3, PI3K$, and PI3Ky catalyze the conversion of phosphatidylinositol-4,5-bisphosphate to
phosphatidylinositol-3,4,5-triphosphate. Through this enzymatic reaction, the PI3K family regulates
cellular functions, such as proliferation, survival, apoptosis, and migration. PI3Ké and PI3Ky,
which are expressed in leukocytes, are deeply involved in the control of the immune system.

PI3Ks can be activated in T cells by TCR or IL-2 stimulation. Mice deficient in p110y, a subunit of
PI3Ky, show reduced TCR stimulation-induced proliferation and cytokine production [92]. Similarly,
T cells derived from knockout mice with defective PI3K6 respond weakly to TCR stimulation in vitro
and show reduced antigen-specific responses in vivo [93]. p1106 mutant mice have reduced levels
of regulatory T cells in secondary lymphoid organs, suggesting that PI3Ké may be important for
the maintenance of regulatory T cells in peripheral tissue [94]. Based on these findings and others,
PI3Ky and PI3K6 have attracted attention as molecular targets for treating autoimmune disease [95,96].
Haruta et al. found that ZSTK474, a PI3K-specific inhibitor, suppresses the onset of adjuvant-induced
arthritis (AIA) in a rat model [97]. In this animal model, T cells propagate in the lymph nodes before
AIA onset. This proliferation was markedly suppressed in rats treated with ZS5TK474. To measure direct
inhibition of T cells, T cells prepared from rat lymph nodes were stimulated in vitro. Production of
IL-17, a cytokine closely linked to arthritis, was significantly suppressed by ZSTK474. The results
suggested that ZSTK474 inhibited T cells in the early stages of the disease, and it is therefore expected
that PI3K-targeting compounds could prevent autoimmune disease.

Similar to TCR stimulation, cytokine stimulation is closely linked to the pathogenicity of
autoimmune diseases. Cytokines stimulate immune cells by binding receptors to activate intracellular
signaling pathways. Phosphorylation of tyrosine residues is observed at the beginning of this
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process, which is catalyzed by JAK bound to the intracellular domains of cytokine receptors. Thus,
the JAK family is targeted to regulate excessive cytokine levels as a strategy for controlling disease.
Organisms are equipped with endogenous control mechanisms to inhibit JAK/STAT signaling
molecules, such as the SOCS family; however, these regulatory pathways lose their effectiveness
in patients with autoimmune diseases. Several JAK inhibitors have been reported in recent years.

Tofacitinib was developed as a JAK inhibitor capable of suppressing IL-2-inducible T-cell
proliferation [98]. This compound can inhibit JAK1, JAK2, and JAK3. Its therapeutic efficacy
has been investigated in a CIA mouse model based on its hypothesized efficacy in treating RA
induced by autoreactive T cells [99]. CIA mice treated with tofacitinib via an osmotic pump exhibited
improvements in joint symptoms in a dose-dependent manner [98]. Their reductions in clinical scores
were equivalent to those in the control group treated with anti-TNF-« antibodies. Furthermore,
pathological changes to joint tissue and serum levels of inflammatory cytokines were both reduced
in the treatment group, as was expected from the improvement of clinical signs. Comparable clinical
improvements were observed in parallel experiments using an AIA rat model, raising expectations for
this compound’s usefulness as a molecular targeting agent. In general, Thl and Th17 cells are activated
and play pathogenic roles in RA. However, when animals are treated with tofacitinib, it is unclear
which cells are targeted to prevent disease symptoms. Tofacitinib inhibits IFNy and IL-17 production
from activated CD4" cells [100]. Based on the activity of tofacitinib, the inhibitory mechanism that
prevents functional maturation from naive to effector T cells was analyzed. Tofacitinib inhibits CD4
T-cell maturation into Th1l and Th17 cells [101]. Despite its demonstrated efficacy in treating CIA,
tofacitinib has also been found to promote Th17 differentiation and exacerbate disease severity in
an experimental autoimmune encephalomyelitis system, as shown in an animal model of multiple
sclerosis in humans, when administered at low doses [102]. Since then, tofacitinib has been evaluated
in several clinical trials and was approved for use as an anti-rheumatic drug [102-107].

Other JAK inhibitors have been developed as well; clinical trials and approval for the use of
baricitinib followed soon after those for tofacitinib [108-111]. Recently, a novel chemically synthesized
JAK inhibitor, ASP015K (peficitinib), was developed [112]. This compound blocks JAK1 and JAK3
with 50% inhibitory concentrations of 3.9 and 0.7 nM, respectively. ASP015K prevented IL-2-induced
STAT5 phosphorylation. In addition, ASP015K dose-dependently improved paw swelling in a rat
adjuvant-induced arthritis model. Therefore, this compound may have therapeutic potential for the
treatment of RA. Further investigations to clarify this potential are warranted.

Tumor necrosis factor-o (TNF«) plays an important role in the pathogenesis of inflammatory
disorders, such as RA. Two receptors of TNFx (TNFR) have been identified: TNFR1 and
TNFR2 [113,114]. These receptors have the same extracellular domains with one major difference, the
presence of a cytoplasmic death domain (DD) on TNFR1 and its absence on TNFR2 [115]. Upon binding
of TNFa to TNFR, signaling is initiated through association of the TNF DD to the TNFR-associated
death domain (TRADD). Three protein adaptors then bind to TRADD: receptor-interacting protein
1 (RIP1), TNFR-associated factor 2 (TRAF2), and Fas-associated DD (FADD). TNFR1 stimulates cell
survival or activation, and TRAF2 is recruited. TRAF2 then stimulates two major signaling pathways:
the nuclear transcription factor (NF)-kB and AP-1 pathways [116]. Once the NF-kB essential modulator
(NEMO) complex, which comprises IKKa, IKK(3, and IKKYy, is activated by TRAF2 [116], it causes
phosphorylation of the NF-«B inhibitor IkB, which leads to NF-«B translocation into the nucleus to
induce cytokine gene transcription [117,118]. MAPK is also activated by TRAF2 to promote c-Jun
NH2-terminal kinase intern activation that in turn phosphorylates c-Jun, increasing its activity [119].
Excessive TNFo can trigger production of diverse pro-inflammatory cytokines, such as interferon-vy,
IL-1, IL-6, IL-8, and inflammatory markers. This suggests that TNFo is located upstream of the cytokine
cascade, and its inhibition may be useful for management of inflammatory arthritis [120,121].

Several strategies have been adapted to produce biological agents capable of inhibiting TNF«.
One of major category of such agents is monoclonal antibodies against TNFa [122]. Infliximab [123] and
adalimumab [124] neutralize the activity of TNF«. These monoclonal antibodies bind membrane-bound
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TNF« on the cell surface, fixing complements and inducing cell lysis, thereby inhibiting TNF«x
production. Therefore, TNF« inhibitors prevent TNFx-induced inflammatory cascades and disease
progression. In fact, the usefulness of antibodies in combination with methotrexate or other biological
agents clearly lies not only in the induction of clinical remission but also in the arrest of damage
in RA [125]. Because TNF«x blocks infectious diseases caused by intracellular pathogens, such as
mycobacteria, Pneumocystis carinii, and other fungi [126-129], and also induces tumor cell lysis,
its inhibition may result in increased incidence of opportunistic infections and malignancy of
cancers. Therefore, development of molecular targeted agents is necessary for safe control of
autoimmune diseases.

Many inhibitors targeting single protein kinases are in clinical trials. Such molecular targeted
agents block enzymes specifically and improve clinical outcomes. However, adverse events, such as
elevations of serum creatinine, decreases in neutrophil count, and infection, are also reported.
Although the majority of adverse events are manageable, opportunistic infections, such as pulmonary
tuberculosis and pneumocystis pneumonia, have been reported [130]. Thus, although some therapies
have been approved in United States, Japan, and other countries, careful surveillance for infection and
malignancy and the accumulation of long-term safety data are required.

5. T-Cell Function and Cytoplasmic Acetylation

Post-translational modification is closely linked to protein function. Recent studies have
demonstrated that lysine acetylation regulates protein activity [9,10,131,132]. Acetylation is a
post-translational modification that occurs in the nucleus, similar to omnipresent histone modifications,
but is also known to support cellular functions in the cytoplasm [133,134]. However, the importance of
cytoplasmic acetylation remains unclear. Microtubules are a type of protein known to be acetylated in
the cytosol, where they are involved in the control of cell structure. Additionally, recent studies have
reported cytoplasmic acetylation of receptors and signaling molecules [9,11,131].

5.1. Microtubule Regulation by Cytoplasmic Acetylation and T-Cell Function

Microtubules are structures indispensable to forming and maintaining cell shape and provide
scaffolding for transporting materials and arranging organelles within the cytoplasm [135,136].
Microtubules are polar structures with “plus” and “minus” ends; the direction of any transport depends
on this polarity. In order for cells to form their complex morphological shapes, microtubules must
be oriented properly. In motile cells, microtubules are oriented with the plus end on the
extending, leading edge [137]. During cell division, microtubules form spindles by extending,
plus-end first, from the two spindle poles to connect to kinetochores present on the chromosome.
Microtubule orientation varies dynamically in space and time, and the molecular mechanisms that
control this behavior have yet to be elucidated.

Microtubules are cylindrical structures formed by the polymerization of heterodimers of
a-tubulin and B-tubulin. Their plus ends exhibit stochastic competition between polymerization
and depolymerization, making them dynamically unstable. This instability is regulated by various
proteins, but also controlled by post-translational modifications, including acetylation [138].
Acetylation of a-tubulin causes it to form heterodimers with 3-tubulin, which then combine to form
filaments, whereas deacetylation of «-tubulin triggers its dissociation from heterodimers, leading to
depolymerization. Acetylation control seems to play a role in the stabilization of microtubule structures,
and accordingly, in the regulation of T-cell migration. The function of acetylation is not limited to
structural modulation; indeed, acetylation has been found to alter the binding specificities and activities
of microtubule-binding proteins as well as a variety of motor proteins, which allow establishment
of polarity and control of transport inside the cell. Immune synapses (ISs) form at the interface
between a T cell and an APC during antigen recognition. Mitochondria are transported to the ISs and
ferried along microtubules by motor proteins, replenishing ATP consumed on the cytoplasmic side of
the complex [139]. These organelles clustered at the IS contact zone also help regulate intracellular
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Ca?* levels. Acetylation and deacetylation of tubulin also regulate the disorganization of signaling
milecules at the IS and diminished production of IL-2 [140]. TCR-related molecules, such as CD3
and ZAP70, move along microtubules in a dynein-dependent manner [141]. Suppression of dynein
perturbs IS formation. These results suggest that microtubule acetylation in the cytoplasm regulates
the T-cell response.

5.2. Regulation of Cytokine Cascades by Acetylation of Signaling Molecules in the Cytoplasm

Antigen-specific T cells propagate after interaction with their cognate antigens. Stimulation of
IL-2R and TCR complexes plays an important role in the T-cell proliferation process. High-affinity
IL-2R consists of three subunits, i.e., an a-chain, $-chain, and a y-chain, each of which contains
an IL-2-binding domain on the extracellular region of the receptor [39]. The a-chain does not
participate in signal transduction, because its cytoplasmic domain consists of only 13 amino acid
residues. The cytoplasmic domain of the IL-2R 3-chain contains 286 residues, which can be divided
into (from membrane-proximal to -distal) a Box1 motif, a serine-rich (S) region, an acidic (A) region,
and a proline-rich (P) region. The y-chain contains 86 residues. Two Src homology domains are present.
IL-2R signaling is carried out by the 3- and y-chains. JAK1 binds to the S region of the (3-chain, whereas
JAK3 binds to a C-terminal 48-residue sequence in the y-chain; they are activated when IL-2 binding
brings the two subunits into close proximity. The activated JAK proteins phosphorylate tyrosine
residues within the 3-chain, including Y338 in the A region, which then acts as a binding site for the
adaptor protein Shg, triggering the MAPK and PI3K pathways [39,47]. STAT5 binds to phosphorylated
Y392 and Y510 in the 3-chain and is phosphorylated by JAKs. Subsequently, phosphorylated STAT5
forms homodimers and migrates to the nucleus to promote the transcription of target genes, such as
IL-2 and CIS [71].

In essence, the status of a T cell depends on the state of its intracellular signaling pathways.
T-cell activities are suppressed after elimination of their target pathogens. TCR- and IL-2R-mediated
signals are inhibited by phosphatases and the SOCS system, as discussed previously. In a recent
study, we found that cytoplasmic acetylation plays a role in the negative control of IL-2R signaling
via the JAK/STATS5 pathway [9]. The murine T-cell line CTLL-2 undergoes proliferation in response
to JAK/STATS5 activation following IL-2 stimulation. STAT5 was immunoprecipitated from cell
extracts prepared from CTLL-2 cells following IL-2 stimulation. The isolated STAT5 exhibited both
phosphorylation and acetylation [9]. The acetylated forms of JAK1 and JAKS3 were also detected
in this fraction. These findings suggested that an acetyltransferase binds to the IL-2R complex.
Moreover, IL-2-dependent acetyltransferase activity was detected in anti-IL-2R3-chain fractions.
This fraction was then subjected to mass spectrometer analysis, and cyclic AMP responsive element
binding protein (CREB)-binding protein (CBP), which catalyzes histone acetylation, was identified.
Further examination showed that, while CBP is located in the nucleus in resting cells, it is
transported into the cytoplasm in response to IL-2 stimulation, where it binds to the P domain
of the IL-2R3-chain [9] (Figure 4).

IL-2R signaling pathways can be analyzed using mutant cells lacking different domains of the
IL-2RB3-chain. IL-2R-mediated pathways inducing translocation of CBP from the nucleus to cytoplasm
were investigated. Analysis using BAF-B03 cells showed defects in the IL-2R (3-chain, resulting in
expression of mutant IL-2R 3-chains lacking the S, A, and P regions. The signal from the A region
was essential for CBP migration from the nucleus. The A region signals the Lck, PI3K, and Shc/Ras
pathways. Of these, the activity of Shc depends on phosphorylation at Y338. IL-2-dependent CBP
transport was completely abrogated by BAF-B03 cells expressing a 3-chain mutant in which Y338
was replaced by phenylalanine (Y338F). Moreover, experiments using inhibitors showed that the
Shc-mediated RAS/MAPK pathway is involved in CBP transport, and that Lck is not involved.
CBP-mediated acetylation was found to negatively regulate STATS5 transcriptional activity based on
reporter assays and expression analysis of endogenous target genes. This mechanism may operate
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at the organismal level (physiological level) as well, since JAK/STAT5 inhibition by cytoplasmic
acetylation was also observed in primary CD4* T cells prepared from mice.

A §2R complex ®) QZR comple@

Figure 4. Schematic of IL-2 receptor signaling pathway: (A) An IL-2 signal presumably involves the
integration of these and other pathway as well. (B) CBP-mediated acetylation of STAT5 negatively
regulates IL-2 receptor signaling.

Other studies have reported that cytoplasmic acetylation occurs downstream of other receptors as
well, including type I IFN, prolactin, and IL-7R [10,131,142]. Thus, the regulatory pathways involving
acetylation are being elucidated. The role of this post-translational modification in regulating T-cell
function via the IL-2 signaling pathway has already been demonstrated. Moreover, the JAK/STAT
pathway is the target of acetylation in all cases reported to date. Many molecular targeting agents
that act via the JAK/STAT pathway have already been well studied. A detailed analysis of the
regulatory mechanisms mediating acetylation of components of the JAK/STAT pathway could
facilitate advancements in our knowledge of the regulation of T-cell function and the control of
autoimmune disease.

Even when symptoms appear similar, autoimmune diseases are often caused by different defects
in the immune system. Thus, development of therapeutic approaches from many different angles is
highly desirable.

6. Conclusions

In this review, we discussed the regulatory mechanisms of signal transduction and T cell-mediated
autoimmune diseases. Disruption of tissue function and integrity in immune diseases cannot be
explained by T-cell responses alone. Nonetheless, some studies have shown that symptomatic relief
from autoimmune diseases can be achieved through the regulation of T-cell signaling pathways, both by
exogenous drugs and intrinsic mechanisms. Knowledge of the association between T-cell activity and
signaling could serve as a basis for the therapeutic management of autoimmune diseases. In addition
to the traditional role of phosphorylation, acetylation-mediated regulation of T-cell responses was
also discussed. Improving our understanding of acetylation switches in T cells will promote the
development of novel measures for disease control.
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Abbreviations

APCs antigen-presenting cells

CD cluster of differentiation

CIs cytokine-induced SH2-containing protein

CREB cyclic AMPresponsive element binding protein
DAG diacylglycerol

ERK extracellular signal-regulated kinase

IFN interferon

IL interleukin

IP3 inositol 1,4,5-triphosphat

ITAM immune-receptor tyrosine-based activation motif
ITIM immuno-receptor tyrosine-based inhibitory motif
JAK Janus kinase

Lck lymphocyte-specific protein tyrosine kinase
MAPK mitogen-activated protein kinase

MEK mitogen-activated protein/extracellular signal-regulated kinase
MHC major histocompatibility complex

NEMO NF-«B essential modulator

NFAT nuclear factor of activated T cells

NF-«B nuclear factor-xB

PIP2 phosphatidylinositol-4,5-diphosphate

PI3K phosphatidylinositol 3-kinase

PKCoé protein kinase C0

PLCy phospholipase Cy

PTP protein tyrosine phosphatase

RA rheumatoid arthritis

Ras rat sarcoma

SOCS suppressor of cytokine signaling

Stat signal transducers and activators of transcription
TCR T-cell receptor

ZAP70 (¢ chain-associated 70 kDa tyrosine phosphoprotein
References

13 of 20

1.  Gasteiger, G.; Ataide, M.; Kastenmuller, W. Lymph node—An organ for T-cell activation and pathogen

defense. Immunol. Rev. 2016, 271, 200-220. [CrossRef] [PubMed]

2. Ohkura, N,; Kitagawa, Y.; Sakaguchi, S. Development and maintenance of regulatory T cells. Immunity 2013,
38, 414-423. [CrossRef] [PubMed]

3. Josefowicz, S.Z.; Lu, L.E; Rudensky, A.Y. Regulatory T cells: Mechanisms of differentiation and function.
Annu. Rev. Immunol. 2012, 30, 531-564. [CrossRef] [PubMed]

4.  Palacios, E.H.; Weiss, A. Function of the Src-family kinases, Lck and Fyn, in T-cell development and activation.
Oncogene 2004, 23, 7990-8000. [CrossRef] [PubMed]

5. Smith-Garvin, J.E.; Koretzky, G.A.; Jordan, M.S. T cell activation. Annu. Rev. Immunol. 2009, 27, 591-619.
[CrossRef] [PubMed]

6.  Dustin, M.L. The cellular context of T cell signaling. Immunity 2009, 30, 482—-492. [CrossRef] [PubMed]

7.  Cantrell, D. T cell antigen receptor signal transduction pathways. Annu. Rev. Immunol. 1996, 14, 259-274.
[CrossRef] [PubMed]

8.  Okamura, H.; Aramburu, J.; Garcia-Rodriguez, C.; Viola, ].P; Raghavan, A.; Tahiliani, M.; Zhang, X;
Qin, J.; Hogan, P.G.; Rao, A. Concerted dephosphorylation of the transcription factor NFAT1 induces a
conformational switch that regulates transcriptional activity. Mol. Cell 2000, 6, 539-550. [CrossRef]

9. Kuwabara, T; Kasai, H.; Kondo, M. Acetylation Modulates IL-2 Receptor Signaling in T Cells. J. Immunol.

2016, 197, 4334-4343. [CrossRef] [PubMed]


http://dx.doi.org/10.1111/imr.12399
http://www.ncbi.nlm.nih.gov/pubmed/27088916
http://dx.doi.org/10.1016/j.immuni.2013.03.002
http://www.ncbi.nlm.nih.gov/pubmed/23521883
http://dx.doi.org/10.1146/annurev.immunol.25.022106.141623
http://www.ncbi.nlm.nih.gov/pubmed/22224781
http://dx.doi.org/10.1038/sj.onc.1208074
http://www.ncbi.nlm.nih.gov/pubmed/15489916
http://dx.doi.org/10.1146/annurev.immunol.021908.132706
http://www.ncbi.nlm.nih.gov/pubmed/19132916
http://dx.doi.org/10.1016/j.immuni.2009.03.010
http://www.ncbi.nlm.nih.gov/pubmed/19371714
http://dx.doi.org/10.1146/annurev.immunol.14.1.259
http://www.ncbi.nlm.nih.gov/pubmed/8717515
http://dx.doi.org/10.1016/S1097-2765(00)00053-8
http://dx.doi.org/10.4049/jimmunol.1601174
http://www.ncbi.nlm.nih.gov/pubmed/27799311

Int. ]. Mol. Sci. 2018, 19, 819 14 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Tang, X.; Gao, J.S.; Guan, Y.J.; McLane, K.E.; Yuan, Z.L.; Ramratnam, B.; Chin, Y.E. Acetylation-dependent
signal transduction for type I interferon receptor. Cell 2007, 131, 93-105. [CrossRef] [PubMed]

Yuan, Z.L.; Guan, Y.J.; Chatterjee, D.; Chin, Y.E. Stat3 dimerization regulated by reversible acetylation of a
single lysine residue. Science 2005, 307, 269-273. [CrossRef] [PubMed]

Lohr, J.; Knoechel, B.; Nagabhushanam, V.; Abbas, A K. T-cell tolerance and autoimmunity to systemic and
tissue-restricted self-antigens. Immunol. Rev. 2005, 204, 116-127. [CrossRef] [PubMed]

Fathman, C.G.; Lineberry, N.B. Molecular mechanisms of CD4* T-cell anergy. Nat. Rev. Immunol. 2007, 7,
599-609. [CrossRef] [PubMed]

Lo, B.; Abdel-Motal, U.M. Lessons from CTLA-4 deficiency and checkpoint inhibition. Curr. Opin. Immunol.
2017, 49, 14-19. [CrossRef] [PubMed]

Fife, B.T.; Bluestone, J.A. Control of peripheral T-cell tolerance and autoimmunity via the CTLA-4 and PD-1
pathways. Immunol. Rev. 2008, 224, 166-182. [CrossRef] [PubMed]

Francisco, L.M.; Sage, P.T.; Sharpe, A.H. The PD-1 pathway in tolerance and autoimmunity. Immunol. Rev.
2010, 236, 219-242. [CrossRef] [PubMed]

Clevers, H.; Alarcon, B.; Wileman, T.; Terhorst, C. The T cell receptor/CD3 complex: A dynamic protein
ensemble. Annu. Rev. Immunol. 1988, 6, 629-662. [CrossRef] [PubMed]

Hermiston, M.L.; Xu, Z.; Majeti, R.; Weiss, A. Reciprocal regulation of lymphocyte activation by tyrosine
kinases and phosphatases. J. Clin. Investig. 2002, 109, 9-14. [CrossRef] [PubMed]

Davis, M.M. A new trigger for T cells. Cell 2002, 110, 285-287. [CrossRef]

Gong, Q.; Cheng, A.M.; Akk, A.M.; Alberola-Ila, J.; Gong, G.; Pawson, T.; Chan, A.C. Disruption of T cell
signaling networks and development by Grb2 haploid insufficiency. Nat. Immunol. 2001, 2, 29-36. [CrossRef]
[PubMed]

Lin, ].; Weiss, A. T cell receptor signalling. J. Cell Sci. 2001, 114, 243-244. [PubMed]

Hara, H.; Wada, T.; Bakal, C.; Kozieradzki, I.; Suzuki, S.; Suzuki, N.; Nghiem, M.; Griffiths, E.K.; Krawczyk, C.;
Bauer, B.; et al. The MAGUK family protein CARD11 is essential for lymphocyte activation. Immunity 2003,
18,763-775. [CrossRef]

Pomerantz, ].L.; Denny, E.M.; Baltimore, D. CARD11 mediates factor-specific activation of NF-«B by the
T cell receptor complex. EMBO . 2002, 21, 5184-5194. [CrossRef] [PubMed]

Wang, D.; You, Y.; Case, S.M.; McAllister-Lucas, L.M.; Wang, L.; DiStefano, P.S.; Nunez, G.; Bertin, J.; Lin, X.
A requirement for CARMAL in TCR-induced NF-«kB activation. Nat. Immunol. 2002, 3, 830-835. [CrossRef]
[PubMed]

Oh-hora, M.; Rao, A. Calcium signaling in lymphocytes. Curr. Opin. Immunol. 2008, 20, 250-258. [CrossRef]
[PubMed]

Hogan, P.G.; Lewis, R.S.; Rao, A. Molecular basis of calcium signaling in lymphocytes: STIM and ORAL
Annu. Rev. Immunol. 2010, 28, 491-533. [CrossRef] [PubMed]

Feske, S. Calcium signalling in lymphocyte activation and disease. Nat. Rev. Immunol. 2007, 7, 690-702.
[CrossRef] [PubMed]

Meldolesi, J.; Pozzan, T. The endoplasmic reticulum Ca?* store: A view from the lumen. Trends Biochem. Sci.
1998, 23, 10-14. [CrossRef]

Liu, J.O. Calmodulin-dependent phosphatase, kinases, and transcriptional corepressors involved in T-cell
activation. Immunol. Rev. 2009, 228, 184-198. [CrossRef] [PubMed]

Kissinger, C.R.; Parge, H.E.; Knighton, D.R.; Lewis, C.T.; Pelletier, L.A.; Tempczyk, A.; Kalish, V.J.;
Tucker, K.D.; Showalter, R.E.; Moomaw, E.W,; et al. Crystal structures of human calcineurin and the
human FKBP12-FK506-calcineurin complex. Nature 1995, 378, 641-644. [CrossRef] [PubMed]

Murphy, KM.; Ouyang, W.; Farrar, J.D.; Yang, J.; Ranganath, S.; Asnagli, H.; Afkarian, M.; Murphy, T.L.
Signaling and transcription in T helper development. Annu. Rev. Immunol. 2000, 18, 451-494. [CrossRef]
[PubMed]

Vinuesa, C.G.; Linterman, M.A.; Yu, D.; MacLennan, I.C. Follicular Helper T Cells. Annu. Rev. Immunol.
2016, 34, 335-368. [CrossRef] [PubMed]

De Becker, G.; Moulin, V.; Tielemans, F; De Mattia, F.; Urbain, J.; Leo, O.; Moser, M. Regulation of
T helper cell differentiation in vivo by soluble and membrane proteins provided by antigen-presenting cells.
Eur. J. Immunol. 1998, 28, 3161-3171. [CrossRef]


http://dx.doi.org/10.1016/j.cell.2007.07.034
http://www.ncbi.nlm.nih.gov/pubmed/17923090
http://dx.doi.org/10.1126/science.1105166
http://www.ncbi.nlm.nih.gov/pubmed/15653507
http://dx.doi.org/10.1111/j.0105-2896.2005.00241.x
http://www.ncbi.nlm.nih.gov/pubmed/15790354
http://dx.doi.org/10.1038/nri2131
http://www.ncbi.nlm.nih.gov/pubmed/17612584
http://dx.doi.org/10.1016/j.coi.2017.07.014
http://www.ncbi.nlm.nih.gov/pubmed/28806575
http://dx.doi.org/10.1111/j.1600-065X.2008.00662.x
http://www.ncbi.nlm.nih.gov/pubmed/18759926
http://dx.doi.org/10.1111/j.1600-065X.2010.00923.x
http://www.ncbi.nlm.nih.gov/pubmed/20636820
http://dx.doi.org/10.1146/annurev.iy.06.040188.003213
http://www.ncbi.nlm.nih.gov/pubmed/3289580
http://dx.doi.org/10.1172/JCI0214794
http://www.ncbi.nlm.nih.gov/pubmed/11781344
http://dx.doi.org/10.1016/S0092-8674(02)00865-6
http://dx.doi.org/10.1038/83134
http://www.ncbi.nlm.nih.gov/pubmed/11135575
http://www.ncbi.nlm.nih.gov/pubmed/11148124
http://dx.doi.org/10.1016/S1074-7613(03)00148-1
http://dx.doi.org/10.1093/emboj/cdf505
http://www.ncbi.nlm.nih.gov/pubmed/12356734
http://dx.doi.org/10.1038/ni824
http://www.ncbi.nlm.nih.gov/pubmed/12154356
http://dx.doi.org/10.1016/j.coi.2008.04.004
http://www.ncbi.nlm.nih.gov/pubmed/18515054
http://dx.doi.org/10.1146/annurev.immunol.021908.132550
http://www.ncbi.nlm.nih.gov/pubmed/20307213
http://dx.doi.org/10.1038/nri2152
http://www.ncbi.nlm.nih.gov/pubmed/17703229
http://dx.doi.org/10.1016/S0968-0004(97)01143-2
http://dx.doi.org/10.1111/j.1600-065X.2008.00756.x
http://www.ncbi.nlm.nih.gov/pubmed/19290928
http://dx.doi.org/10.1038/378641a0
http://www.ncbi.nlm.nih.gov/pubmed/8524402
http://dx.doi.org/10.1146/annurev.immunol.18.1.451
http://www.ncbi.nlm.nih.gov/pubmed/10837066
http://dx.doi.org/10.1146/annurev-immunol-041015-055605
http://www.ncbi.nlm.nih.gov/pubmed/26907215
http://dx.doi.org/10.1002/(SICI)1521-4141(199810)28:10&lt;3161::AID-IMMU3161&gt;3.0.CO;2-Q

Int. ]. Mol. Sci. 2018, 19, 819 15 of 20

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

O’Garra, A. Cytokines induce the development of functionally heterogeneous T helper cell subsets. Immunity
1998, 8, 275-283. [CrossRef]

Maldonado-Lopez, R.; De Smedt, T.; Michel, P.; Godfroid, J.; Pajak, B.; Heirman, C.; Thielemans, K.; Leo, O.;
Urbain, J.; Moser, M. CD8alpha* and CD8alpha™ subclasses of dendritic cells direct the development of
distinct T helper cells in vivo. J. Exp. Med. 1999, 189, 587-592. [CrossRef] [PubMed]

Bazan, J.F. A novel family of growth factor receptors: A common binding domain in the growth hormone,
prolactin, erythropoietin and IL-6 receptors, and the p75 IL-2 receptor (-chain. Biochem. Biophys.
Res. Commun. 1989, 164, 788-795. [CrossRef]

Miyajima, A.; Kitamura, T.; Harada, N.; Yokota, T.; Arai, K. Cytokine receptors and signal transduction.
Annu. Rev. Immunol. 1992, 10, 295-331. [CrossRef] [PubMed]

Taga, T.; Kishimoto, T. Signaling mechanisms through cytokine receptors that share signal transducing
receptor components. Curr. Opin. Immunol. 1995, 7, 17-23. [CrossRef]

Sugamura, K.; Asao, H.; Kondo, M.; Tanaka, N.; Ishii, N.; Ohbo, K.; Nakamura, M.; Takeshita, T.
The interleukin-2 receptor gamma chain: Its role in the multiple cytokine receptor complexes and T cell
development in XSCID. Annu. Rev. Immunol. 1996, 14, 179-205. [CrossRef] [PubMed]

Velazquez, L.; Fellous, M.; Stark, G.R; Pellegrini, S. A protein tyrosine kinase in the interferon o/ signaling
pathway. Cell 1992, 70, 313-322. [CrossRef]

Witthuhn, B.A.; Quelle, EW.; Silvennoinen, O.; Yi, T.; Tang, B.; Miura, O.; Thle, ].N. JAK2 associates
with the erythropoietin receptor and is tyrosine phosphorylated and activated following stimulation with
erythropoietin. Cell 1993, 74, 227-236. [CrossRef]

Ihle, J.N.; Witthuhn, B.A.; Quelle, EW.; Yamamoto, K.; Silvennoinen, O. Signaling through the hematopoietic
cytokine receptors. Annu. Rev. Immunol. 1995, 13, 369-398. [CrossRef] [PubMed]

Pelicci, G.; Lanfrancone, L.; Grignani, F; McGlade, J.; Cavallo, F; Forni, G.; Nicoletti, I.; Grignani, F;
Pawson, T.; Pelicci, P.G. A novel transforming protein (SHC) with an SH2 domain is implicated in mitogenic
signal transduction. Cell 1992, 70, 93-104. [CrossRef]

Sato, N.; Sakamaki, K.; Terada, N.; Arai, K.; Miyajima, A. Signal transduction by the high-affinity GM-CSF
receptor: Two distinct cytoplasmic regions of the common 3 subunit responsible for different signaling.
EMBO J. 1993, 12, 4181-4189. [PubMed]

Blaikie, P.; Immanuel, D.; W, J.; Li, N.; Yajnik, V.; Margolis, B. A region in Shc distinct from the SH2 domain
can bind tyrosine-phosphorylated growth factor receptors. J. Biol. Chem. 1994, 269, 32031-32034. [PubMed]
Lioubin, M.N.; Algate, P.A; Tsai, S.; Carlberg, K.; Aebersold, A.; Rohrschneider, L.R. p150Ship, a signal
transduction molecule with inositol polyphosphate-5-phosphatase activity. Genes Dev. 1996, 10, 1084-1095.
[CrossRef] [PubMed]

Leonard, W.J; Lin, ].X. Cytokine receptor signaling pathways. J. Allergy Clin. Immunol. 2000, 105, 877-888.
[CrossRef] [PubMed]

Satoh, T.; Nakafuku, M.; Miyajima, A.; Kaziro, Y. Involvement of ras p21 protein in signal-transduction
pathways from interleukin 2, interleukin 3, and granulocyte/macrophage colony-stimulating factor, but not
from interleukin 4. Proc. Natl. Acad. Sci. USA 1991, 88, 3314-3318. [CrossRef] [PubMed]

Itoh, T, Muto, A.; Watanabe, S.; Miyajima, A.; Yokota, T, Arai, K. Granulocyte-macrophage
colony-stimulating factor provokes RAS activation and transcription of c-fos through different modes
of signaling. J. Biol. Chem. 1996, 271, 7587-7592. [CrossRef] [PubMed]

David, M.; Chen, HEE.; Goelz, S; Larner, A.C; Neel, B.G. Differential regulation of the «/f
interferon-stimulated Jak/Stat pathway by the SH2 domain-containing tyrosine phosphatase SHPTP1.
Mol. Cell. Biol. 1995, 15, 7050-7058. [CrossRef] [PubMed]

David, M.; Petricoin, E., III; Benjamin, C.; Pine, R.; Weber, M.].; Larner, A.C. Requirement for MAP kinase
(ERK?2) activity in interferon «- and interferon p3-stimulated gene expression through STAT proteins. Science
1995, 269, 1721-1723. [CrossRef] [PubMed]

Wen, Z.; Zhong, Z.; Darnell, ].E., Jr. Maximal activation of transcription by Statl and Stat3 requires both
tyrosine and serine phosphorylation. Cell 1995, 82, 241-250. [CrossRef]

Ihle, J.N. STATs and MAPKSs: Obligate or opportunistic partners in signaling. Bioessays 1996, 18, 95-98.
[CrossRef] [PubMed]

Cantley, L.C. The phosphoinositide 3-kinase pathway. Science 2002, 296, 1655-1657. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/S1074-7613(00)80533-6
http://dx.doi.org/10.1084/jem.189.3.587
http://www.ncbi.nlm.nih.gov/pubmed/9927520
http://dx.doi.org/10.1016/0006-291X(89)91528-3
http://dx.doi.org/10.1146/annurev.iy.10.040192.001455
http://www.ncbi.nlm.nih.gov/pubmed/1590989
http://dx.doi.org/10.1016/0952-7915(95)80024-7
http://dx.doi.org/10.1146/annurev.immunol.14.1.179
http://www.ncbi.nlm.nih.gov/pubmed/8717512
http://dx.doi.org/10.1016/0092-8674(92)90105-L
http://dx.doi.org/10.1016/0092-8674(93)90414-L
http://dx.doi.org/10.1146/annurev.iy.13.040195.002101
http://www.ncbi.nlm.nih.gov/pubmed/7612228
http://dx.doi.org/10.1016/0092-8674(92)90536-L
http://www.ncbi.nlm.nih.gov/pubmed/8223433
http://www.ncbi.nlm.nih.gov/pubmed/7798194
http://dx.doi.org/10.1101/gad.10.9.1084
http://www.ncbi.nlm.nih.gov/pubmed/8654924
http://dx.doi.org/10.1067/mai.2000.106899
http://www.ncbi.nlm.nih.gov/pubmed/10808165
http://dx.doi.org/10.1073/pnas.88.8.3314
http://www.ncbi.nlm.nih.gov/pubmed/1826565
http://dx.doi.org/10.1074/jbc.271.13.7587
http://www.ncbi.nlm.nih.gov/pubmed/8631792
http://dx.doi.org/10.1128/MCB.15.12.7050
http://www.ncbi.nlm.nih.gov/pubmed/8524272
http://dx.doi.org/10.1126/science.7569900
http://www.ncbi.nlm.nih.gov/pubmed/7569900
http://dx.doi.org/10.1016/0092-8674(95)90311-9
http://dx.doi.org/10.1002/bies.950180204
http://www.ncbi.nlm.nih.gov/pubmed/8851041
http://dx.doi.org/10.1126/science.296.5573.1655
http://www.ncbi.nlm.nih.gov/pubmed/12040186

Int. ]. Mol. Sci. 2018, 19, 819 16 of 20

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Abell, K.; Watson, C.J. The Jak/Stat pathway: A novel way to regulate PI3K activity. Cell Cycle 2005, 4,
897-900. [CrossRef] [PubMed]

Fischer, E.H.; Charbonneau, H.; Tonks, N.K. Protein tyrosine phosphatases: A diverse family of intracellular
and transmembrane enzymes. Science 1991, 253, 401-406. [CrossRef] [PubMed]

Pallen, C.J.; Tan, Y.H.; Guy, G.R. Protein phosphatases in cell signaling. Curr. Opin. Cell Biol. 1992, 4,
1000-1007. [CrossRef]

Gauzzi, M.C.; Velazquez, L.; McKendry, R.; Mogensen, K.E.; Fellous, M.; Pellegrini, S. Interferon-a-dependent
activation of Tyk2 requires phosphorylation of positive regulatory tyrosines by another kinase. J. Biol. Chem.
1996, 271, 20494-20500. [CrossRef] [PubMed]

Feng, J.; Witthuhn, B.A; Matsuda, T.; Kohlhuber, F.; Kerr, LM.; Ihle, ].N. Activation of Jak2 catalytic activity
requires phosphorylation of Y1007 in the kinase activation loop. Mol. Cell. Biol. 1997, 17, 2497-2501.
[CrossRef] [PubMed]

Weiss, A.; Schlessinger, J. Switching signals on or off by receptor dimerization. Cell 1998, 94, 277-280.
[CrossRef]

Jiao, H.; Berrada, K; Yang, W, Tabrizi, M.; Platanias, L.C.; Yi, T. Direct association with and
dephosphorylation of Jak2 kinase by the SH2-domain-containing protein tyrosine phosphatase SHP-1.
Mol. Cell. Biol. 1996, 16, 6985-6992. [CrossRef] [PubMed]

Haque, S.J.; Harbor, P,; Tabrizi, M.; Yi, T.; Williams, B.R. Protein-tyrosine phosphatase Shp-1 is a negative
regulator of IL-4- and IL-13-dependent signal transduction. J. Biol. Chem. 1998, 273, 33893-33896. [CrossRef]
[PubMed]

Migone, T.S.; Cacalano, N.A.; Taylor, N.; Yi, T.; Waldmann, T.A.; Johnston, J.A. Recruitment of SH2-containing
protein tyrosine phosphatase SHP-1 to the interleukin 2 receptor; loss of SHP-1 expression in human
T-lymphotropic virus type I-transformed T cells. Proc. Natl. Acad. Sci. USA 1998, 95, 3845-3850. [CrossRef]
[PubMed]

Kamata, T.; Yamashita, M.; Kimura, M.; Murata, K.; Inami, M.; Shimizu, C.; Sugaya, K.; Wang, C.R;;
Taniguchi, M.; Nakayama, T. src homology 2 domain-containing tyrosine phosphatase SHP-1 controls the
development of allergic airway inflammation. J. Clin. Investig. 2003, 111, 109-119. [CrossRef] [PubMed]
Mustelin, T.; Vang, T.; Bottini, N. Protein tyrosine phosphatases and the immune response. Nat. Rev. Immunol.
2005, 5, 43-57. [CrossRef] [PubMed]

Hof, P; Pluskey, S.; Dhe-Paganon, S.; Eck, M.].; Shoelson, S.E. Crystal structure of the tyrosine phosphatase
SHP-2. Cell 1998, 92, 441-450. [CrossRef]

Qu, CK,; Nguyen, S.; Chen, J.; Feng, G.S. Requirement of SHP-2 tyrosine phosphatase in lymphoid and
hematopoietic cell development. Blood 2001, 97, 911-914. [CrossRef] [PubMed]

Yin, T,; Shen, R.; Feng, G.S.; Yang, Y.C. Molecular characterization of specific interactions between SHP-2
phosphatase and JAK tyrosine kinases. J. Biol. Chem. 1997, 272, 1032-1037. [CrossRef] [PubMed]

You, M.; Yu, D.H.; Feng, G.S. Shp-2 tyrosine phosphatase functions as a negative regulator of the
interferon-stimulated Jak/STAT pathway. Mol. Cell. Biol. 1999, 19, 2416-2424. [CrossRef] [PubMed]
Klingmuller, U.; Lorenz, U.; Cantley, L.C.; Neel, B.G.; Lodish, H.E. Specific recruitment of SH-PTP1 to the
erythropoietin receptor causes inactivation of JAK2 and termination of proliferative signals. Cell 1995, 80,
729-738. [CrossRef]

Yoshimura, A.; Ohkubo, T.; Kiguchi, T.; Jenkins, N.A.; Gilbert, D.J.; Copeland, N.G.; Hara, T,;
Miyajima, A. A novel cytokine-inducible gene CIS encodes an SH2-containing protein that binds to
tyrosine-phosphorylated interleukin 3 and erythropoietin receptors. EMBO ]. 1995, 14, 2816-2826. [PubMed]
Endo, T.A.; Masuhara, M.; Yokouchi, M.; Suzuki, R.; Sakamoto, H.; Mitsui, K.; Matsumoto, A.; Tanimura, S.;
Ohtsubo, M.; Misawa, H.; et al. A new protein containing an SH2 domain that inhibits JAK kinases. Nature
1997, 387, 921-924. [CrossRef] [PubMed]

Naka, T.; Narazaki, M.; Hirata, M.; Matsumoto, T.; Minamoto, S.; Aono, A.; Nishimoto, N.; Kajita, T.; Taga, T.;
Yoshizaki, K.; et al. Structure and function of a new STAT-induced STAT inhibitor. Nature 1997, 387, 924-929.
[CrossRef] [PubMed]

Starr, T.; Willson, T.A.; Viney, EM.; Murray, L.J.; Rayner, ].R.; Jenkins, B.J.; Gonda, T.J.; Alexander, W.S.;
Metcalf, D.; Nicola, N.A; et al. A family of cytokine-inducible inhibitors of signalling. Nature 1997, 387,
917-921. [CrossRef] [PubMed]


http://dx.doi.org/10.4161/cc.4.7.1837
http://www.ncbi.nlm.nih.gov/pubmed/15970662
http://dx.doi.org/10.1126/science.1650499
http://www.ncbi.nlm.nih.gov/pubmed/1650499
http://dx.doi.org/10.1016/0955-0674(92)90132-V
http://dx.doi.org/10.1074/jbc.271.34.20494
http://www.ncbi.nlm.nih.gov/pubmed/8702790
http://dx.doi.org/10.1128/MCB.17.5.2497
http://www.ncbi.nlm.nih.gov/pubmed/9111318
http://dx.doi.org/10.1016/S0092-8674(00)81469-5
http://dx.doi.org/10.1128/MCB.16.12.6985
http://www.ncbi.nlm.nih.gov/pubmed/8943354
http://dx.doi.org/10.1074/jbc.273.51.33893
http://www.ncbi.nlm.nih.gov/pubmed/9852037
http://dx.doi.org/10.1073/pnas.95.7.3845
http://www.ncbi.nlm.nih.gov/pubmed/9520455
http://dx.doi.org/10.1172/JCI15719
http://www.ncbi.nlm.nih.gov/pubmed/12511594
http://dx.doi.org/10.1038/nri1530
http://www.ncbi.nlm.nih.gov/pubmed/15630428
http://dx.doi.org/10.1016/S0092-8674(00)80938-1
http://dx.doi.org/10.1182/blood.V97.4.911
http://www.ncbi.nlm.nih.gov/pubmed/11159516
http://dx.doi.org/10.1074/jbc.272.2.1032
http://www.ncbi.nlm.nih.gov/pubmed/8995399
http://dx.doi.org/10.1128/MCB.19.3.2416
http://www.ncbi.nlm.nih.gov/pubmed/10022928
http://dx.doi.org/10.1016/0092-8674(95)90351-8
http://www.ncbi.nlm.nih.gov/pubmed/7796808
http://dx.doi.org/10.1038/43213
http://www.ncbi.nlm.nih.gov/pubmed/9202126
http://dx.doi.org/10.1038/43219
http://www.ncbi.nlm.nih.gov/pubmed/9202127
http://dx.doi.org/10.1038/43206
http://www.ncbi.nlm.nih.gov/pubmed/9202125

Int. ]. Mol. Sci. 2018, 19, 819 17 of 20

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Palmer, D.C.; Restifo, N.P. Suppressors of cytokine signaling (SOCS) in T cell differentiation, maturation,
and function. Trends Immunol. 2009, 30, 592—602. [CrossRef] [PubMed]

Yasukawa, H.; Misawa, H.; Sakamoto, H.; Masuhara, M.; Sasaki, A.; Wakioka, T.; Ohtsuka, S.; Imaizumi, T.;
Matsuda, T.; Ihle, ].N.; et al. The JAK-binding protein JAB inhibits Janus tyrosine kinase activity through
binding in the activation loop. EMBO J. 1999, 18, 1309-1320. [CrossRef] [PubMed]

Kubo, M.; Hanada, T.; Yoshimura, A. Suppressors of cytokine signaling and immunity. Nat. Immunol. 2003,
4,1169-1176. [CrossRef] [PubMed]

Suzuki, A.; Hanada, T.; Mitsuyama, K.; Yoshida, T.; Kamizono, S.; Hoshino, T.; Kubo, M.; Yamashita, A.;
Okabe, M.; Takeda, K.; et al. CIS3/SOCS3/SSI3 plays a negative regulatory role in STAT3 activation and
intestinal inflammation. J. Exp. Med. 2001, 93, 471-481. [CrossRef]

Veenbergen, S.; Bennink, M.B.; de Hooge, A.S.; Arntz, O.].; Smeets, R.L.; van den Berg, W.B.; van de Loo, FA.
Splenic suppressor of cytokine signaling 3 transgene expression affects T cell responses and prevents
development of collagen-induced arthritis. Arthritis Rheum. 2008, 58, 3742-3752. [CrossRef] [PubMed]
Shouda, T.; Yoshida, T.; Hanada, T.; Wakioka, T.; Oishi, M.; Miyoshi, K.; Komiya, S.; Kosai, K.; Hanakawa, Y.;
Hashimoto, K.; et al. Induction of the cytokine signal regulator SOCS3/CIS3 as a therapeutic strategy for
treating inflammatory arthritis. J. Clin. Investig. 2001, 108, 1781-1788. [CrossRef] [PubMed]

Harris, E.D., Jr. Rheumatoid arthritis. Pathophysiology and implications for therapy. N. Engl. J. Med. 1990,
322,1277-1289. [PubMed]

Sakaguchi, N.; Takahashi, T.; Hata, H.; Nomura, T.; Tagami, T.; Yamazaki, S.; Sakihama, T.; Matsutani, T.;
Negishi, I.; Nakatsuru, S.; et al. Altered thymic T-cell selection due to a mutation of the ZAP-70 gene causes
autoimmune arthritis in mice. Nature 2003, 426, 454-460. [CrossRef] [PubMed]

Heinrich, P.C.; Behrmann, I.; Haan, S.; Hermanns, HM.; Muller-Newen, G.; Schaper, F. Principles of
interleukin (IL)-6-type cytokine signalling and its regulation. Biochem. ]. 2003, 374, 1-20. [CrossRef]
[PubMed]

Giese, B.; Roderburg, C.; Sommerauer, M.; Wortmann, S.B.; Metz, S.; Heinrich, P.C.; Muller-Newen, G.
Dimerization of the cytokine receptors gp130 and LIFR analysed in single cells. J. Cell Sci. 2005, 118,
5129-5140. [CrossRef] [PubMed]

Rose-John, S.; Scheller, J.; Elson, G.; Jones, S.A. Interleukin-6 biology is coordinated by membrane-bound and
soluble receptors: Role in inflammation and cancer. J. Leukoc. Biol. 2006, 80, 227-236. [CrossRef] [PubMed]
Shen, M.M.; Skoda, R.C.; Cardiff, R.D.; Campos-Torres, J.; Leder, P.; Ornitz, D.M. Expression of LIF in
transgenic mice results in altered thymic epithelium and apparent interconversion of thymic and lymph
node morphologies. EMBO J. 1994, 13, 1375-1385. [PubMed]

Metcalfe, S.M.; Watson, T.J.; Shurey, S.; Adams, E.; Green, C.J. Leukemia inhibitory factor is linked to
regulatory transplantation tolerance. Transplantation 2005, 79, 726-730. [CrossRef] [PubMed]

Mahic, M.; Kalland, M.E.; Aandahl, EM.; Torgersen, K.M.; Tasken, K. Human naturally occurring
and adaptive regulatory T cells secrete high levels of leukaemia inhibitory factor upon activation.
Scand. |. Immunol. 2008, 68, 391-396. [CrossRef] [PubMed]

Park, J.; Gao, W.; Whiston, R.; Strom, T.B.; Metcalfe, S.; Fahmy, T.M. Modulation of CD4* T lymphocyte
lineage outcomes with targeted, nanoparticle-mediated cytokine delivery. Mol. Pharm. 2011, 8, 143-152.
[CrossRef] [PubMed]

Gao, W.; Thompson, L.; Zhou, Q.; Putheti, P.; Fahmy, T.M.; Strom, T.B.; Metcalfe, S.M. Treg versus Th17
lymphocyte lineages are cross-regulated by LIF versus IL-6. Cell Cycle 2009, 8, 1444-1450. [CrossRef]
[PubMed]

Metcalfe, S.M. LIF in the regulation of T-cell fate and as a potential therapeutic. Genes Immun. 2011, 12,
157-168. [CrossRef] [PubMed]

Okkenhaug, K.; Vanhaesebroeck, B. PI3K in lymphocyte development, differentiation and activation.
Nat. Rev. Immunol. 2003, 3, 317-330. [CrossRef] [PubMed]

Okkenhaug, K.; Bilancio, A.; Farjot, G.; Priddle, H.; Sancho, S.; Peskett, E.; Pearce, W.; Meek, S.E.; Salpekar, A.;
Waterfield, M.D.; et al. Impaired B and T cell antigen receptor signaling in p1105 PI 3-kinase mutant mice.
Science 2002, 297, 1031-1034. [PubMed]

Patton, D.T.; Garden, O.A.; Pearce, W.P.; Clough, L.E.; Monk, C.R.; Leung, E.; Rowan, W.C.; Sancho, S.;
Walker, L.S.; Vanhaesebroeck, B.; et al. Cutting edge: The phosphoinositide 3-kinase p110 delta is critical for
the function of CD4*CD25*Foxp3* regulatory T cells. J. Immunol. 2006, 177, 6598-6602. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.it.2009.09.009
http://www.ncbi.nlm.nih.gov/pubmed/19879803
http://dx.doi.org/10.1093/emboj/18.5.1309
http://www.ncbi.nlm.nih.gov/pubmed/10064597
http://dx.doi.org/10.1038/ni1012
http://www.ncbi.nlm.nih.gov/pubmed/14639467
http://dx.doi.org/10.1084/jem.193.4.471
http://dx.doi.org/10.1002/art.24072
http://www.ncbi.nlm.nih.gov/pubmed/19035473
http://dx.doi.org/10.1172/JCI13568
http://www.ncbi.nlm.nih.gov/pubmed/11748261
http://www.ncbi.nlm.nih.gov/pubmed/2271017
http://dx.doi.org/10.1038/nature02119
http://www.ncbi.nlm.nih.gov/pubmed/14647385
http://dx.doi.org/10.1042/bj20030407
http://www.ncbi.nlm.nih.gov/pubmed/12773095
http://dx.doi.org/10.1242/jcs.02628
http://www.ncbi.nlm.nih.gov/pubmed/16254248
http://dx.doi.org/10.1189/jlb.1105674
http://www.ncbi.nlm.nih.gov/pubmed/16707558
http://www.ncbi.nlm.nih.gov/pubmed/8137821
http://dx.doi.org/10.1097/01.TP.0000149324.42994.38
http://www.ncbi.nlm.nih.gov/pubmed/15785381
http://dx.doi.org/10.1111/j.1365-3083.2008.02148.x
http://www.ncbi.nlm.nih.gov/pubmed/18782268
http://dx.doi.org/10.1021/mp100203a
http://www.ncbi.nlm.nih.gov/pubmed/20977190
http://dx.doi.org/10.4161/cc.8.9.8348
http://www.ncbi.nlm.nih.gov/pubmed/19342884
http://dx.doi.org/10.1038/gene.2011.9
http://www.ncbi.nlm.nih.gov/pubmed/21368774
http://dx.doi.org/10.1038/nri1056
http://www.ncbi.nlm.nih.gov/pubmed/12669022
http://www.ncbi.nlm.nih.gov/pubmed/12130661
http://dx.doi.org/10.4049/jimmunol.177.10.6598
http://www.ncbi.nlm.nih.gov/pubmed/17082571

Int. ]. Mol. Sci. 2018, 19, 819 18 of 20

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Rommel, C.; Camps, M; Ji, H. PI3K3 and PI3Ky: Partners in crime in inflammation in rheumatoid arthritis
and beyond? Nat. Rev. Immunol. 2007, 7, 191-201. [CrossRef] [PubMed]

Banham-Hall, E.; Clatworthy, M.R.; Okkenhaug, K. The Therapeutic Potential for PI3K Inhibitors in
Autoimmune Rheumatic Diseases. Open Rheumatol. J. 2012, 6, 245-258. [CrossRef] [PubMed]

Haruta, K,; Mori, S.; Tamura, N.; Sasaki, A.; Nagamine, M.; Yaguchi, S.; Kamachi, F; Enami, J.; Kobayashi, S.;
Yamori, T.; et al. Inhibitory effects of ZSTK474, a phosphatidylinositol 3-kinase inhibitor, on adjuvant-induced
arthritis in rats. Inflamm. Res. 2012, 61, 551-562. [CrossRef] [PubMed]

Flanagan, M.E.; Blumenkopf, T.A.; Brissette, W.H.; Brown, M.F,; Casavant, ].M.; Shang-Poa, C.; Doty, ].L.;
Elliott, E.A.; Fisher, M.B.; Hines, M.; et al. Discovery of CP-690,550: A potent and selective Janus kinase
(JAK) inhibitor for the treatment of autoimmune diseases and organ transplant rejection. J. Med. Chem. 2010,
53, 8468-8484. [CrossRef] [PubMed]

Milici, A.J.; Kudlacz, EM.; Audoly, L.; Zwillich, S.; Changelian, P. Cartilage preservation by inhibition of
Janus kinase 3 in two rodent models of rheumatoid arthritis. Arthritis Res. Ther. 2008, 10, R14. [CrossRef]
[PubMed]

Park, H.B.; Oh, K,; Garmaa, N.; Seo, M.W.; Byoun, O.].; Lee, H.Y.; Lee, D.S. CP-690550, a Janus kinase
inhibitor, suppresses CD4" T-cell-mediated acute graft-versus-host disease by inhibiting the interferon-y
pathway. Transplantation 2010, 90, 825-835. [CrossRef] [PubMed]

Ghoreschi, K.; Jesson, M.I; Li, X.; Lee, J.L.; Ghosh, S.; Alsup, J.W.; Warner, ].D.; Tanaka, M.;
Steward-Tharp, S.M.; Gadina, M.; et al. Modulation of innate and adaptive immune responses by tofacitinib
(CP-690,550). J. Immunol. 2011, 186, 4234-4243. [CrossRef] [PubMed]

Yoshida, H.; Kimura, A.; Fukaya, T.; Sekiya, T.; Morita, R.; Shichita, T.; Inoue, H.; Yoshimura, A.
Low dose CP-690,550 (tofacitinib), a pan-JAK inhibitor, accelerates the onset of experimental autoimmune
encephalomyelitis by potentiating Th17 differentiation. Biochem. Biophys. Res. Commun. 2012, 418, 234-240.
[CrossRef] [PubMed]

Fleischmann, R.; Kremer, J.; Cush, J.; Schulze-Koops, H.; Connell, C.A.; Bradley, ].D.; Gruben, D.;
Wallenstein, G.V.; Zwillich, S.H.; Kanik, K.S.; et al. Placebo-controlled trial of tofacitinib monotherapy
in rheumatoid arthritis. N. Engl. J. Med. 2012, 367, 495-507. [CrossRef] [PubMed]

Burmester, G.R.; Blanco, R.; Charles-Schoeman, C.; Wollenhaupt, J.; Zerbini, C.; Benda, B.; Gruben, D.;
Wallenstein, G.; Krishnaswami, S.; Zwillich, S.H.; et al. Tofacitinib (CP-690,550) in combination with
methotrexate in patients with active rheumatoid arthritis with an inadequate response to tumour necrosis
factor inhibitors: A randomised phase 3 trial. Lancet 2013, 381, 451-460. [CrossRef]

Kremer, J.; Li, Z.G.; Hall, S.; Fleischmann, R.; Genovese, M.; Martin-Mola, E.; Isaacs, ]J.D.; Gruben, D.;
Wallenstein, G.; Krishnaswami, S.; et al. Tofacitinib in combination with nonbiologic disease-modifying
antirheumatic drugs in patients with active rheumatoid arthritis: A randomized trial. Ann. Intern. Med. 2013,
159, 253-261. [CrossRef] [PubMed]

Van der Heijde, D.; Tanaka, Y.; Fleischmann, R.; Keystone, E.; Kremer, J.; Zerbini, C.; Cardiel, M.H.;
Cohen, S.; Nash, P; Song, Y.W.; et al. Tofacitinib (CP-690,550) in patients with rheumatoid arthritis receiving
methotrexate: Twelve-month data from a twenty-four-month phase III randomized radiographic study.
Arthritis Rheum. 2013, 65, 559-570. [CrossRef] [PubMed]

Lee, E.B; Fleischmann, R.; Hall, S.; Wilkinson, B.; Bradley, ].D.; Gruben, D.; Koncz, T.; Krishnaswami, S.;
Wallenstein, G.V.; Zang, C.; et al. Tofacitinib versus methotrexate in rheumatoid arthritis. N. Engl. ]. Med.
2014, 370, 2377-2386. [CrossRef] [PubMed]

Genovese, M.C.; Kremer, J.; Zamani, O.; Ludivico, C.; Krogulec, M.; Xie, L.; Beattie, S.D.; Koch, A.E,;
Cardillo, T.E.; Rooney, T.P; et al. Baricitinib in Patients with Refractory Rheumatoid Arthritis. N. Engl. |.
Med. 2016, 374, 1243-1252. [CrossRef] [PubMed]

Dougados, M.; van der Heijde, D.; Chen, Y.C.; Greenwald, M.; Drescher, E.; Liu, J.; Beattie, S.; Witt, S.; de
la Torre, I.; Gaich, C.; et al. Baricitinib in patients with inadequate response or intolerance to conventional
synthetic DMARDs: Results from the RA-BUILD study. Ann. Rheum. Dis. 2017, 76, 88-95. [CrossRef]
[PubMed]

Fleischmann, R.; Schiff, M.; van der Heijde, D.; Ramos-Remus, C.; Spindler, A.; Stanislav, M.; Zerbini, C.A.;
Gurbuz, S.; Dickson, C.; de Bono, S.; et al. Baricitinib, Methotrexate, or Combination in Patients
with Rheumatoid Arthritis and No or Limited Prior Disease-Modifying Antirheumatic Drug Treatment.
Arthritis Rheumatol. 2017, 69, 506-517. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/nri2036
http://www.ncbi.nlm.nih.gov/pubmed/17290298
http://dx.doi.org/10.2174/1874312901206010245
http://www.ncbi.nlm.nih.gov/pubmed/23028409
http://dx.doi.org/10.1007/s00011-012-0444-8
http://www.ncbi.nlm.nih.gov/pubmed/22349137
http://dx.doi.org/10.1021/jm1004286
http://www.ncbi.nlm.nih.gov/pubmed/21105711
http://dx.doi.org/10.1186/ar2365
http://www.ncbi.nlm.nih.gov/pubmed/18234077
http://dx.doi.org/10.1097/TP.0b013e3181f24e59
http://www.ncbi.nlm.nih.gov/pubmed/20697326
http://dx.doi.org/10.4049/jimmunol.1003668
http://www.ncbi.nlm.nih.gov/pubmed/21383241
http://dx.doi.org/10.1016/j.bbrc.2011.12.156
http://www.ncbi.nlm.nih.gov/pubmed/22252297
http://dx.doi.org/10.1056/NEJMoa1109071
http://www.ncbi.nlm.nih.gov/pubmed/22873530
http://dx.doi.org/10.1016/S0140-6736(12)61424-X
http://dx.doi.org/10.7326/0003-4819-159-4-201308200-00006
http://www.ncbi.nlm.nih.gov/pubmed/24026258
http://dx.doi.org/10.1002/art.37816
http://www.ncbi.nlm.nih.gov/pubmed/23348607
http://dx.doi.org/10.1056/NEJMoa1310476
http://www.ncbi.nlm.nih.gov/pubmed/24941177
http://dx.doi.org/10.1056/NEJMoa1507247
http://www.ncbi.nlm.nih.gov/pubmed/27028914
http://dx.doi.org/10.1136/annrheumdis-2016-210094
http://www.ncbi.nlm.nih.gov/pubmed/27689735
http://dx.doi.org/10.1002/art.39953
http://www.ncbi.nlm.nih.gov/pubmed/27723271

Int. ]. Mol. Sci. 2018, 19, 819 19 of 20

111.

112.

113.

114.

115.

116.

117.
118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Taylor, P.C.; Keystone, E.C.; van der Heijde, D.; Weinblatt, M.E.; Del Carmen Morales, L.; Reyes Gonzaga, J.;
Yakushin, S.; Ishii, T.; Emoto, K.; Beattie, S.; et al. Baricitinib versus Placebo or Adalimumab in Rheumatoid
Arthritis. N. Engl. J. Med. 2017, 376, 652-662. [CrossRef] [PubMed]

Ito, M.; Yamazaki, S.; Yamagami, K.; Kuno, M.; Morita, Y.; Okuma, K.; Nakamura, K.; Chida, N.; Inami, M.;
Inoue, T,; et al. A novel JAK inhibitor, peficitinib, demonstrates potent efficacy in a rat adjuvant-induced
arthritis model. J. Pharmacol. Sci. 2017, 133, 25-33. [CrossRef] [PubMed]

Vandenabeele, P.; Declercq, W.; Beyaert, R.; Fiers, W. Two tumour necrosis factor receptors: Structure and
function. Trends Cell Biol. 1995, 5, 392-399. [CrossRef]

Bazzoni, F.; Beutler, B. The tumor necrosis factor ligand and receptor families. N. Engl. ]. Med. 1996, 334,
1717-1725. [CrossRef] [PubMed]

Varfolomeev, E.E.; Ashkenazi, A. Tumor necrosis factor: An apoptosis JuNKie? Cell 2004, 116, 491-497.
[CrossRef]

Chen, G.; Goeddel, D.V. TNF-R1 signaling: A beautiful pathway. Science 2002, 296, 1634-1635. [CrossRef]
[PubMed]

Chen, Z.]J. Ubiquitin signalling in the NF-«kB pathway. Nat. Cell Biol. 2005, 7, 758-765. [CrossRef] [PubMed]
Basak, S.; Hoffmann, A. Crosstalk via the NF-«B signaling system. Cytokine Growth Factor Rev. 2008, 19,
187-197. [CrossRef] [PubMed]

Brenner, D.A.; O’'Hara, M.; Angel, P.; Chojkier, M.; Karin, M. Prolonged activation of jun and collagenase
genes by tumour necrosis factor-o.. Nature 1989, 337, 661-663. [CrossRef] [PubMed]

Feldmann, M.; Brennan, EM.; Maini, R.N. Role of cytokines in theumatoid arthritis. Annu. Rev. Immunol.
1996, 14, 397-440. [CrossRef] [PubMed]

Ivashkiv, L.B. Cytokine expression and cell activation in inflammatory arthritis. Adv. Immunol. 1996, 63,
337-376. [PubMed]

Keystone, E.C. Advances in targeted therapy: Safety of biological agents. Ann. Rheum. Dis. 2003, 62, ii34-ii36.
[CrossRef] [PubMed]

Elliott, M.J.; Maini, R.N.; Feldmann, M.; Long-Fox, A.; Charles, P.; Katsikis, P.; Brennan, EM.; Walker, J.;
Bijl, H.; Ghrayeb, J.; et al. Treatment of rheumatoid arthritis with chimeric monoclonal antibodies to tumor
necrosis factor o.. Arthritis Rheum. 1993, 36, 1681-1690. [CrossRef] [PubMed]

Van de Putte, L.B.; Rau, R.; Breedveld, F.C.; Kalden, J.R.; Malaise, M.G.; van Riel, P.L.; Schattenkirchner, M.;
Emery, P,; Burmester, G.R.; Zeidler, H.; et al. Efficacy and safety of the fully human anti-tumour necrosis
factor « monoclonal antibody adalimumab (D2E7) in DMARD refractory patients with rheumatoid arthritis:
A 12 week, phase II study. Ann. Rheum. Dis. 2003, 62, 1168-1177. [CrossRef] [PubMed]

Klareskog, L.; van der Heijde, D.; de Jager, J.P.; Gough, A.; Kalden, J.; Malaise, M.; Martin Mola, E.; Pavelka, K,;
Sany, J.; Settas, L.; et al. Therapeutic effect of the combination of etanercept and methotrexate compared with
each treatment alone in patients with rheumatoid arthritis: Double-blind randomised controlled trial. Lancet
2004, 363, 675-681. [CrossRef]

Kindler, V,; Sappino, A.P; Grau, G.E.; Piguet, PF; Vassalli, P. The inducing role of tumor necrosis factor in
the development of bactericidal granulomas during BCG infection. Cell 1989, 56, 731-740. [CrossRef]
Chen, W.; Mills, ].W.,; Harmsen, A.G. Development and resolution of Pneumocystis carinii pneumonia in
severe combined immunodeficient mice: A morphological study of host inflammatory responses. Int. J.
Exp. Pathol. 1992, 73, 709-720. [PubMed]

Bean, A.G.,; Roach, D.R.; Briscoe, H., France, M.P; Korner, H.; Sedgwick, ].D.; Britton, WJ].
Structural deficiencies in granuloma formation in TNF gene-targeted mice underlie the heightened
susceptibility to aerosol Mycobacterium tuberculosis infection, which is not compensated for by lymphotoxin.
J. Immunol. 1999, 162, 3504-3511. [PubMed]

True, D.G.; Penmetcha, M.; Peckham, S.J. Disseminated cryptococcal infection in rheumatoid arthritis treated
with methotrexate and infliximab. J. Rheumatol. 2002, 29, 1561-1563. [PubMed]

van Vollenhoven, R.E; Fleischmann, R.; Cohen, S.; Lee, E.B.; Garcia Meijide, J.A.; Wagner, S.; Forejtova, S.;
Zwillich, S.H.; Gruben, D.; Koncz, T.; et al. Tofacitinib or adalimumab versus placebo in rheumatoid arthritis.
N. Engl. |. Med. 2012, 367, 508-519. [CrossRef] [PubMed]

Ma, L,; Gao, J.S.; Guan, Y.; Shi, X.; Zhang, H.; Ayrapetov, M.K,; Zhang, Z.; Xu, L.; Hyun, YM.; Kim, M.; et al.
Acetylation modulates prolactin receptor dimerization. Proc. Natl. Acad. Sci. USA 2010, 107, 19314-19319.
[CrossRef] [PubMed]


http://dx.doi.org/10.1056/NEJMoa1608345
http://www.ncbi.nlm.nih.gov/pubmed/28199814
http://dx.doi.org/10.1016/j.jphs.2016.12.001
http://www.ncbi.nlm.nih.gov/pubmed/28117214
http://dx.doi.org/10.1016/S0962-8924(00)89088-1
http://dx.doi.org/10.1056/NEJM199606273342607
http://www.ncbi.nlm.nih.gov/pubmed/8637518
http://dx.doi.org/10.1016/S0092-8674(04)00166-7
http://dx.doi.org/10.1126/science.1071924
http://www.ncbi.nlm.nih.gov/pubmed/12040173
http://dx.doi.org/10.1038/ncb0805-758
http://www.ncbi.nlm.nih.gov/pubmed/16056267
http://dx.doi.org/10.1016/j.cytogfr.2008.04.005
http://www.ncbi.nlm.nih.gov/pubmed/18515173
http://dx.doi.org/10.1038/337661a0
http://www.ncbi.nlm.nih.gov/pubmed/2537468
http://dx.doi.org/10.1146/annurev.immunol.14.1.397
http://www.ncbi.nlm.nih.gov/pubmed/8717520
http://www.ncbi.nlm.nih.gov/pubmed/8787634
http://dx.doi.org/10.1136/ard.62.suppl_2.ii34
http://www.ncbi.nlm.nih.gov/pubmed/14532146
http://dx.doi.org/10.1002/art.1780361206
http://www.ncbi.nlm.nih.gov/pubmed/8250987
http://dx.doi.org/10.1136/ard.2003.009563
http://www.ncbi.nlm.nih.gov/pubmed/14644854
http://dx.doi.org/10.1016/S0140-6736(04)15640-7
http://dx.doi.org/10.1016/0092-8674(89)90676-4
http://www.ncbi.nlm.nih.gov/pubmed/1493101
http://www.ncbi.nlm.nih.gov/pubmed/10092807
http://www.ncbi.nlm.nih.gov/pubmed/12136922
http://dx.doi.org/10.1056/NEJMoa1112072
http://www.ncbi.nlm.nih.gov/pubmed/22873531
http://dx.doi.org/10.1073/pnas.1010253107
http://www.ncbi.nlm.nih.gov/pubmed/20962278

Int. ]. Mol. Sci. 2018, 19, 819 20 of 20

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Matsui, Y.; Kuwabara, T.; Eguchi, T.; Nakajima, K.; Kondo, M. Acetylaion regulates the MKK4-JNK pathway
in T cell receptor signaling. Immunol. Lett. 2018, 194, 21-28. [CrossRef] [PubMed]

Spange, S.; Wagner, T.; Heinzel, T.; Kramer, O.H. Acetylation of non-histone proteins modulates cellular
signalling at multiple levels. Int. J. Biochem. Cell Biol. 2009, 41, 185-198. [CrossRef] [PubMed]

Friedmann, D.R.; Marmorstein, R. Structure and mechanism of non-histone protein acetyltransferase
enzymes. FEBS . 2013, 280, 5570-5581. [CrossRef] [PubMed]

Hubbert, C.; Guardiola, A.; Shao, R.; Kawaguchi, Y.; Ito, A.; Nixon, A.; Yoshida, M.; Wang, X.F,; Yao, T.P.
HDACS is a microtubule-associated deacetylase. Nature 2002, 417, 455-458. [CrossRef] [PubMed]
Westermann, S.; Weber, K. Post-translational modifications regulate microtubule function. Nat. Rev. Mol.
Cell Biol. 2003, 4, 938-947. [CrossRef] [PubMed]

Itoh, G.; Kanno, S.; Uchida, K.S.; Chiba, S.; Sugino, S.; Watanabe, K.; Mizuno, K.; Yasui, A.; Hirota, T.;
Tanaka, K. CAMP (C130rf8, ZNF828) is a novel regulator of kinetochore-microtubule attachment. EMBO ].
2011, 30, 130-144. [CrossRef] [PubMed]

Akella, J.S.; Wloga, D.; Kim, J.; Starostina, N.G.; Lyons-Abbott, S.; Morrissette, N.S.; Dougan, S.T.;
Kipreos, E.T.; Gaertig, ]. MEC-17 is an a-tubulin acetyltransferase. Nature 2010, 467, 218-222. [CrossRef]
[PubMed]

Quintana, A.; Schwindling, C.; Wenning, A.S.; Becherer, U.; Rettig, ].; Schwarz, E.C.; Hoth, M. T cell activation
requires mitochondrial translocation to the immunological synapse. Proc. Natl. Acad. Sci. USA 2007, 104,
14418-14423. [CrossRef] [PubMed]

Serrador, J.M.; Cabrero, J.R.; Sancho, D.; Mittelbrunn, M.; Urzainqui, A.; Sanchez-Madrid, F.
HDACS6 deacetylase activity links the tubulin cytoskeleton with immune synapse organization. Immunity
2004, 20, 417-428. [CrossRef]

Hashimoto-Tane, A.; Yokosuka, T.; Sakata-Sogawa, K.; Sakuma, M.; Ishihara, C.; Tokunaga, M.; Saito, T.
Dynein-driven transport of T cell receptor microclusters regulates immune synapse formation and T cell
activation. Immunity 2011, 34, 919-931. [CrossRef] [PubMed]

Van Nguyen, T.; Angkasekwinai, P.; Dou, H.; Lin, EM,; Lu, L.S.; Cheng, J.; Chin, Y.E.; Dong, C.; Yeh, E.T.
SUMO-specific protease 1 is critical for early lymphoid development through regulation of STAT5 activation.
Mol. Cell 2012, 45, 210-221. [CrossRef] [PubMed]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.imlet.2017.12.002
http://www.ncbi.nlm.nih.gov/pubmed/29248490
http://dx.doi.org/10.1016/j.biocel.2008.08.027
http://www.ncbi.nlm.nih.gov/pubmed/18804549
http://dx.doi.org/10.1111/febs.12373
http://www.ncbi.nlm.nih.gov/pubmed/23742047
http://dx.doi.org/10.1038/417455a
http://www.ncbi.nlm.nih.gov/pubmed/12024216
http://dx.doi.org/10.1038/nrm1260
http://www.ncbi.nlm.nih.gov/pubmed/14685172
http://dx.doi.org/10.1038/emboj.2010.276
http://www.ncbi.nlm.nih.gov/pubmed/21063390
http://dx.doi.org/10.1038/nature09324
http://www.ncbi.nlm.nih.gov/pubmed/20829795
http://dx.doi.org/10.1073/pnas.0703126104
http://www.ncbi.nlm.nih.gov/pubmed/17726106
http://dx.doi.org/10.1016/S1074-7613(04)00078-0
http://dx.doi.org/10.1016/j.immuni.2011.05.012
http://www.ncbi.nlm.nih.gov/pubmed/21703543
http://dx.doi.org/10.1016/j.molcel.2011.12.026
http://www.ncbi.nlm.nih.gov/pubmed/22284677
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	T-Cell Signal Transduction Pathways 
	TCR Signal Transduction 
	Cytokine Receptor Signaling 
	The Janus Kinase (JAK)/STAT Pathway 
	The Ras/MAPK Pathway 
	The Phosphatidylinositol 3-Kinase (PI3K)/Akt Pathway 

	Signaling Regulation and Autoimmune Disease 
	Negative Regulation by Protein Tyrosine Phosphatases (PTPs) 
	JAK/STAT Pathway Regulation by the Cytokine-Induced SH2-Containing Protein (CIS)/Suppressor of Cytokine Signaling (SOCS) Family 
	Regulation of TCR Signaling and Associated Diseases 
	T Cell-Targeted Nanomedicine 

	T-Cell Signaling Inhibitors and Autoimmune Diseases 
	T-Cell Function and Cytoplasmic Acetylation 
	Microtubule Regulation by Cytoplasmic Acetylation and T-Cell Function 
	Regulation of Cytokine Cascades by Acetylation of Signaling Molecules in the Cytoplasm 

	Conclusions 
	References

