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Introduction 
T cells that are newly migrated out of thymus are naïve T cells incapable of 

mediating immune responses. Engagement of antigens with their T cell 

receptors (TCR) initiates the activation and differentiation programs that 

transform naïve T cells into inflammatory Th1, Th2, and Th17 effector cells or

regulatory T cells (Treg), both of which participate in actual immune 

responses. The interference with molecules involved in T cell activation and 

differentiation is therefore considered an effective strategy to control the 

overwhelming immune responses that mediate autoimmunity and allograft 

rejection. However, most molecules involved in the processes of T cell 

activation and differentiation are not likely to be good targets for 

interference or inhibition because they also play essential roles in other cell 

types and signaling pathways. The ideal targets should meet at least the 

following criteria: (1) they selectively regulate T cell function; (2) small 

molecule inhibitors of them are easy to isolate or develop; (3) rather than 

inhibit, they actually promote Treg function. Ideally, inhibition of the target 

molecule should inhibit inflammatory T cells, and at the same time, enhance 

the suppressive function of Tregs. In this review, we summarize the evidence

that supports PKC-θ as an excellent target for development of 

immunosuppressive agents. 

PKC-θ is Selectively Enriched in T Cells 
PKC-θ belongs to a family of serine/threonine kinases that consists of 12 

different isoforms, each with distinct roles in the regulation of cellular 

functions ( Newton, 1997 ). Members of this family can be divided into three 
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subfamilies ( Newton, 1997 ): conventional PKCs, including PKC-α, β, and γ, 

which are activated by Ca 2 + and diacylglycerol (DAG); novel PKCs, including

PKC-δ, θ, η, and ε, whose activation is dependent on DAG but is independent 

of Ca 2 + ; and the atypical PKCs, PKC-ζ and λ, whose activation occurs 

independently of both Ca 2 + and DAG. PKC-θ was first cloned as a novel PKC 

predominantly expressed in skeleton muscle ( Osada et al., 1992 ; Chang et 

al., 1993 ) and found to be significantly enriched in hematopoietic 

compartments and skeleton muscle ( Baier et al., 1994 ; Altman et al., 2000 ;

Bauer et al., 2000 ). In hematopoietic compartments, PKC-θ is primarily 

expressed in T cells, but not B cells, and this has also been confirmed by in 

situ hybridization to mouse whole body sections ( Bauer et al., 2000 ). The 

selective expression pattern of PKC-θ strongly suggests it plays a unique 

function in T cell compartments, and therefore may be a good 

immunosuppressive target for controlling T cell-mediated immunity. 

However, it is important to point out that T cells also express other isoforms 

of PKC ( Bauer et al., 2000 ). Furthermore, although most studies have so far 

focused on PKC-θ function in T cells, there is evidence supporting that PKC-θ 

is also expressed and play a role in other tissues including muscle ( Kim et 

al., 2004 ; Benoit et al., 2009 ; Paoletti et al., 2010 ), platelets ( Nagy et al., 

2009 ; Harper and Poole, 2010 ; Cohen et al., 2011 ), natural killer (NK) cells 

( Aguilo et al., 2009 ), and likely mast cells ( Kempuraj et al., 2005 ). 

Therefore, inhibition or targeting of PKC-θ for immunotherapeutic treatments

may also affect other tissues in addition to T cells. 
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PKC-θ Selectively Translocates to Immunological Synapse 
PKC-θ attracted significant attention when it was shown among all the 

isoforms of PKC expressed in T cells, PKC-θ selectively translocates to the 

immunological synapse (IS), the stable cell–cell junction formed between T 

cells and antigen-presenting cells ( Monks et al., 1997 , 1998 ). The IS is a 

cluster of specialized membrane microdomains where TCR signaling 

molecules, including the TCR itself, are assembled ( Grakoui et al., 1999 ). 

Formation of the IS is an active process that requires Lck-mediated signals to

initiate re-organization of cytoskeleton ( Morgan et al., 2001 ). Although 

there is still some controversy ( Lee et al., 2002 ), it is generally believed 

that the IS serves as the platform that delivers integrated signals essential 

for T cell activation ( Moran and Miceli, 1998 ). The IS consists of three major 

compartments: the central supramolecular activation cluster (cSMAC), the 

peripheral SMAC (pSMAC), and the distal SMAC (dSMAC; Barouch-Bentov et 

al., 2005 ; Dustin, 2009 ). The cSMAC was initially referred to as a signaling 

structure ( Monks et al., 1998 ; Freiberg et al., 2002 ) and is located at the 

center of the IS. Around this center is the pSMAC, a ring of LFA-1/ICAM-1 co-

localized with the cytoskeletal integrin linker talin ( Monks et al., 1998 ). The 

outermost ring is the dSMAC, a zone enriched in the CD45 tyrosine 

phosphatase ( Freiberg et al., 2002 ). Recently, it was demonstrated that the 

TCRs initially microcluster in the dSMAC, and then move through the pSMAC 

into the cSMAC, and is believed to be critical for the generation of continuous

TCR signals that are required for T cell activation ( Varma et al., 2006 ). PKC-

θ is recruited to the junction between the cSMAC and pSMAC and co-localizes

with TCRs in a CD28 co-stimulatory-dependent manner ( Monks et al., 1997 , 
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1998 ; Somersalo et al., 2004 ). Microscopic studies of IS have shown that T 

cells expressing PKC-θ periodically break open the pSMAC to create an 

asymmetric focal zone accumulation pattern that relocates to nearby areas 

where the pSMAC reformed ( Sims et al., 2007 ). This periodic breaking of the

symmetric pSMAC to form a polarized focal zone allows short bursts of 

migration, facilitating T cell interaction with multiple antigen presenting cells 

( Lindquist et al., 2004 ). This observation is also consistent with the 

asymmetric cell division theory that suggests that the IS leads to asymmetric

cell division, a feature that is important for memory/effector differentiation of

lymphocytes ( Chang et al., 2007 ). A recent study has identified a unique 

region of PKC-θ, called the V3 domain, that is responsible for the selective 

translocation of PKC-θ to the IS ( Kong et al., 2011 ). V3 was found to interact

with the SH3 domain of Lck which is in turn, tethered to the phosphorylated 

tail of CD28 via its SH2 domain. The PKC-θ–Lck–CD28 interaction explains 

why PKC-θ recruitment to the IS depends on CD28 co-stimulation. However, 

in a different study the active kinase domain of PKC-θ was reported to be 

essential for PKC-θ translocation into the IS ( Cartwright et al., 2011 ) and is 

not clear why there is a discrepancy. One possibility is that the two studies 

used different sources of T cells: primary T cells transduced with retrovirus 

and a D10 cell line. In contrast to conventional T cells, PKC-θ does not 

translocate to IS of Tregs. In fact it is actually sequestered away from the IS (

Zanin-Zhorov et al., 2010 ), suggesting that the function of PKC-θ in Tregs is 

likely to be different from its functions in conventional T cells. Altogether, the

fact that selective translocation of PKC-θ (but not other isoforms of PKC) to 

the IS is critical for T cell activation, strongly suggests it has unique functions

https://assignbuster.com/intervention-of-pkc-as-an-immunosuppressive-
regimen/



 Intervention of pkc-θ as an immunosuppre... – Paper Example  Page 6

in mediating TCR signals, and that selective inhibition of PKC-θ could 

specifically interfere with T cell function. 

PKC-θ Mediates TCR Signals Essential for T Cell Activation
TCR signals are initiated by activation of the Src family protein tyrosine 

kinase (PTK) Lck ( Weiss and Littman, 1994 ), which leads first to recruitment

of ZAP 70 and then the subsequent recruitment of the adaptor proteins LAT, 

SLP76, and VAV. LAT then recruits PLCγ1 ( Clements, 2003 ; Berg et al., 2005

) which catalyzes phosphatidylinositol 4, 5-biphosphate into inositol 

triphosphate (IP3), a Ca 2 + mobilizer and DAG, the PKC-θ activator ( Weiss 

and Littman, 1994 ). In addition to DAG, PKC-θ activation seems to also 

require phosphorylation of threonine 538 (T538) in its activation loop ( Liu et 

al., 2002 ; Lee et al., 2005 ). Previously, PDK1 was believed to phosphorylate 

T538 ( Liu et al., 2002 ). However, a recent study indicates GLK is the 

upstream kinase responsible for T538 phosphorylation ( Chuang et al., 2011

). Upon activation, PKC-θ mediates the activation of NF-κB, AP-1, and nuclear

factor of activated T cells (NFAT), critical transcription factors that are 

required for activation of the IL-2 gene ( Sun et al., 2000 ; Pfeifhofer et al., 

2003 ). Several adaptor proteins play a critical role in mediating PKC-θ-

induced NF-κB activation including membrane-associated guanylate kinase 

(MAGUK), CARMA1, B-cell lymphoma 10 (Bcl 10), and mucosa-associated 

lymphoid tissue 1 (MALT1). Together with PKC-θ, these adaptors facilitate the

activation of IKK, leading to the phosphorylation, ubiquitination, and 

degradation of IκB. Degradation of IκB releases NF-κB to the nucleus, where 

it participates in the activation of target genes essential for T cell activation (

Weil et al., 2003 ; Lin and Wang, 2004 ; Weil and Israel, 2004 ). Studies using
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PKC-θ-deficient T cells or cells overexpressing the constitutively active PKC-θ

or the catalytically inactive form of PKC-θ have demonstrated that PKC-θ also

selectively activates the AP-1 signaling pathway in T cells ( Sun et al., 2000 ).

AP-1 is composed of c-Jun and c-Fos, which regulate many cellular events (

Baier-Bitterlich et al., 1996 ). Although the exact mechanism responsible for 

PKC-θ-mediated activation of AP-1 is still unclear, several studies have 

provided some insight into this process. Ras and MAP kinases: JNK, ERK, and 

P38 are all involved in PKC-θ-mediated AP-1 activation ( Baier-Bitterlich et 

al., 1996 ; Shaulian and Karin, 2002 ). Li et al. (2004) isolated a PKC-θ-

interacting upstream MAP kinase, originally termed Ste20/SPS1-related 

proline and alanine-rich kinase (SPAK or PASK), and demonstrated that SPAK 

selectively interacts with PKC-θ and participates in PKC-θ-mediated 

activation of AP-1, but not NF-κB. Activation of T cells through the TCR also 

leads to IP3-mediated elevation of cytosolic [Ca 2+ ] i by inducing Ca 2 + 

influx. Elevated intracellular Ca 2 + ultimately leads to activation of the 

calcineurin phosphatase, which dephosphorylates NFAT, resulting in its 

translocation to the nucleus. Translocated NFAT cooperates with AP-1 to 

activate IL-2 expression and it has been shown that, in the absence of AP-1, 

NFAT activation can lead to T cell anergy ( Macian et al., 2002 ). Several 

studies have shown that PKC-θ enhances the activation of NFAT by 

stimulating Ca 2 + influx; TCR-induced Ca 2 + influx, and NFAT activation is 

defective in T cells from PKCθ − / − mice ( Pfeifhofer et al., 2003 ; 

Manicassamy et al., 2006a ). Although it is clear that PKC-θ regulates Ca 2 + 

signals via stimulation of PLCγ1, it is not known how PKC-θ stimulates PLCγ1.

The Tek kinase family member Itk may be the missing link. Itk-deficient T 
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cells display defective Ca 2 + influx and PLCγ1 activation ( Liu et al., 1998 ), 

whereas overexpression of Itk leads to stimulation of PLCγ1 activity (

Tomlinson et al., 2004 ). Therefore, it is possible that PKC-θ regulates PLCγ1 

activation via Itk. Altogether, PKC-θ-mediated TCR signaling regulates 

multiple signaling pathways including NF-κB, AP-1, and NFAT that are all 

critical for T cell activation, which were clearly summarized in our previously 

published review articles ( Manicassamy et al., 2006b ; Kwon et al., 2010 ). 

Inhibition of PKC-θ is therefore expected to prevent T cell activation by 

blocking these pathways. 

PKC-θ Enhances T Cell Survival 
Productive engagement of the TCR leads to T cell activation, resulting in cell 

proliferation and production of IL-2. Proliferating T cells especially during S 

phase of the cell cycle are susceptible to apoptosis ( Boehme and Lenardo, 

1993 ; Radvanyi et al., 1996 ). The TCR delivers signals that are required not 

only for stimulating proliferation but also for enhancing survival ( Weiss and 

Littman, 1994 ; Boise et al., 1995 ). Such survival signals ensure the 

completion of the T cell activation process that is essential for differentiating 

naïve T cells into effectors that can mediate actual immune responses (

Radvanyi et al., 1996 ). During T cell activation, survival of the T cells is 

enhanced by IL-2, which acts as an extrinsic survival factor. In addition, 

activated T cells substantially up-regulate Bcl-x L that intrinsically increases 

resistance to apoptosis ( Noel et al., 1996 ; Radvanyi et al., 1996 ; Van Parijs 

et al., 1996 ). We and others have shown that PKC-θ is required for the 

survival of activated T cells ( Barouch-Bentov et al., 2005 ; Manicassamy et 

al., 2006a ). PKC-θ − / − T cells undergo apoptosis in response to TCR 
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stimulation, which correlates with the reduced expression of NF-κB-

dependent Bcl-x L . Forced expression of Bcl-x L and Bcl-2 restores the 

survival of PKC-θ − / − T cells and exogenous IL-2 can partially overcome the 

defective survival and proliferation of PKC-θ − / − T cells. Similar to primary T 

cells, PKC-θ is also required for the survival of T cell lines such as Jurkat. It 

has been shown that PKC-θ promotes Jurkat survival by phosphorylating Bad 

and thereby inactivating its function ( Villalba et al., 2001 ). However, 

primary T cells deficient in PKC-θ showed comparable levels of Bad 

phosphorylation to that of wild-type (WT) T cells ( Barouch-Bentov et al., 

2005 ), suggesting that the observed apoptosis of PKC-θ − / − T cells is 

unlikely to be due to lack of Bad phosphorylation. Other pathways may also 

be involved in the apoptosis of PKC-θ − / − T cells. For example, up-regulation

of pro-apoptotic molecule Bim might be partially responsible for the 

observed apoptosis in PKC-θ − / − T cells ( Barouch-Bentov et al., 2005 ). Wan

and DeGregori (2003) reported that inhibition of NF-κB leads to an increase 

in the expression of pro-apoptotic protein p73 . Since PKC-θ − / − T cells are 

defective in NF-κB activation, it is possible that down-regulated p73 may 

contribute to the apoptosis of PKC-θ − / − T cells. Because T cell survival 

ensures T cell-mediated immune responses, one of the mechanisms for PKC-

θ to regulate immune responses is to enhance T cell survival and this is 

confirmed by our allograft rejection study discussed later in the review. 
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PKC-θ Promotes the Differentiation of Naïve T Cells to 
Inflammatory Th17 Cells 
Differentiation of naïve T cells into specific T helper lineages is a critical 

checkpoint for controlling immune responses. Altered regulation of this 

checkpoint can lead to aggravated autoimmunity by overproduction of T 

helper cells that cause pathogenic inflammation. Similarly, allograft rejection

also depends on the effectors that differentiate from allo-specific naïve T 

cells. In vitro stimulation of naïve CD4 T cells in the presence of appropriate 

cytokines up-regulates master transcription factors that instruct their 

differentiation into Th1, Th2, or Th17 inflammatory T helper cells ( Dong, 

2010 ). When stimulated with IL-12 or interferon-γ (INF-γ), naïve T cells 

express the T-box transcription factor T-bet as their lineage-specific 

transcription factor and differentiate into Th1 cells that secrete IFN-γ as their

signature cytokine. In the presence of IL-4, naïve T cells express GATA3 as 

their lineage-specific transcription factor and differentiate into Th2 cells that 

secrete the signature cytokines IL-4, IL-5, and IL-13 ( Murphy and Reiner, 

2002 ). TCR stimulation in the presence of IL-6 and TGF-β leads to up-

regulation of RORγt and differentiation of naïve T cells into Th17 cells that 

produce IL-17, IL-21, IL-22, and GM-CSF. We compared the differentiation of 

WT and PKC-θ − / − T cell under Th1, Th2, and Th17 priming conditions in 

vitro to determine the function of PKC-θ in these processes and found that 

PKC-θ preferentially involved in the regulation of Th17 formation ( Kwon et 

al., 2012 ). We showed that purified naive PKC-θ − / − T cells were defective 

in Th17 differentiation, whereas Th1 and Th2 differentiation appeared 

normal. Activation of PKC-θ with PMA promoted Th17 differentiation in WT 
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but not PKC-θ − / − T cells. Furthermore, PKC-θ − / − T cells had notably lower 

levels of Stat3, a transcription factor required for Th17 differentiation, and 

PMA markedly stimulated the expression of Stat3 in WT but not PKC-θ − / − T 

cells. In contrast, activation of Stat4 and Stat6, which are critical for Th1 and 

Th2 differentiation, was normal in PKC-θ − / − T cells. Forced expression of 

Stat3 significantly increased Th17 differentiation in PKC-θ − / − T cells, 

indicating that reduced Stat3 levels were responsible for impaired Th17 

differentiation and that Stat3 lies downstream of PKC-θ. Constitutively active 

PKC-θ or WT PKC-θ activated by either PMA or TCR cross-linking, stimulated 

the expression of a luciferase reporter gene driven by the Stat3 promoter. 

PKC-θ-mediated activation of the Stat3 promoter was inhibited by dominant 

negative AP-1 and IκB kinase-β, but stimulated by WT AP-1 and IκB kinase-β, 

suggesting that PKC-θ stimulates Stat3 transcription via the AP-1 and NF-κB 

pathways. Finally, conditions favoring Th17 differentiation induced the 

highest activation level of PKC-θ. Altogether, the data indicate that PKC-θ 

integrates the signals from the TCR activated with Th17 priming cytokines to 

up-regulate Stat3 via NF-κB and AP-1, which stimulate Th17 differentiation. 

The results are also consistent with the observation that PKC-θ-deficient 

mice are resistant to the induction of experimental autoimmune 

encephalomyelitis (EAE; Salek-Ardakani et al., 2005 ; Tan et al., 2006 ), 

which is a Th17-associated autoimmune disease. In contrast, and although 

PKC-θ − / − mice have been reported to be defective in development of Th1 

and Th2 immune responses, depending on the mouse model used ( Marsland

et al., 2004 ; Salek-Ardakani et al., 2004 ; Healy et al., 2006 ), our in vitro 

assays have shown that Th1 and Th2 differentiation is normal in the absence
https://assignbuster.com/intervention-of-pkc-as-an-immunosuppressive-
regimen/



 Intervention of pkc-θ as an immunosuppre... – Paper Example  Page 12

of PKC-θ. In addition to the apparently different priming conditions in vitro 

and in vivo , defects in other PKC-θ-regulated functions such as survival are 

likely to contribute to the overall defective Th1 and Th2 immune responses 

observed in PKC-θ − / − mice in vivo . Although it is difficult to define which 

PKC-θ-regulated functions are responsible for the defective immune 

responses in vivo , we excluded the possibility that PKC-θ-regulated survival 

affected our differentiation assays in vitro by adding exogenous IL-2 which 

inhibits PKC-θ − / − T cell apoptosis ( Manicassamy et al., 2006a ). Altogether,

both in vitro and in vivo studies indicate that PKC-θ promotes the 

differentiation of Th17 cells that are associated with multiple autoimmune 

disorders ( Huang et al., 2007 ). 

PKC-θ Inhibits the Differentiation and Enhances 
Suppressive Function of Tregs 
Naïve CD4+ T cells can differentiate into either inflammatory effector T cells 

or Tregs (iTregs; Bettelli et al., 2006 ; Zhou et al., 2008 ), two distinct 

subsets of T cell helpers with opposite functions. A fine balance between 

these two opposing T cell types is required for a functional immune system. 

The activation of naïve T cells in the presence of TGFβ induces expression of 

Forkhead Box P3 (Foxp3), a master transcription factor instructing iTreg 

differentiation, and is also a marker for iTreg ( Curotto de Lafaille and 

Lafaille, 2009 ). In contrast to iTregs, natural Tregs (nTregs) are not induced 

but develop in the thymus. The fact that naïve T cells can be differentiated 

into inhibitory iTregs suggests there is a therapeutic value for such a 

conversion in the treatment of autoimmunity. Our data has demonstrated 

that PKC-θ-mediated signals inhibit iTreg differentiation ( Ma et al., 2012 ). 
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We found that TGFβ-induced iTreg differentiation was enhanced in PKC-θ − / 

− T cells or WT cells treated with a specific PKC-θ inhibitor, but was inhibited 

by the PKC-θ activator PMA or by CD28 cross-linking which enhances PKC-θ 

activation. Further, we showed that PKC-θ − / − T cells had reduced activity of

the AKT kinase, and that the expression of a constitutively active form of AKT

in PKC-θ − / − T cells restored their ability to inhibit iTreg differentiation. In 

addition, knockdown or over expression of the AKT downstream targets 

FoxO1 and FoxO3a was found to inhibit or promote iTreg differentiation in 

PKC-θ − / − T cells respectively, indicating that the AKT-FoxO1/3A pathway is 

responsible for the inhibition of iTreg differentiation downstream of PKC-θ. 

Considering the positive role played by PKC-θ in the activation and 

differentiation of naïve T cells into inflammatory T effector cells ( Altman et 

al., 2000 ; Sun et al., 2000 ; Pfeifhofer et al., 2003 ; Marsland et al., 2004 ), 

together the data indicate that PKC-θ is able to control T cell-mediated 

immune responses by shifting the balance between the differentiation of 

effector T cells and inhibitory Tregs. 

In addition to Treg differentiation, a recent study also demonstrated a role 

for PKC-θ in the regulation of the effector function of Tregs ( Zanin-Zhorov et 

al., 2010 ). Tregs inhibit inflammatory effector T cell function via cell contact-

dependent and independent mechanisms ( Sakaguchi et al., 2008 ). Such 

inhibitory functions of Tregs are important for establishing tolerance 

mechanisms required to prevent activation of autoreactive T cells that lead 

to autoimmunity ( Sakaguchi et al., 2006 ; Shevach, 2006 ; Shevach et al., 

2006 ; Miyara and Sakaguchi, 2007 ). The depletion of CD4+CD25+ Tregs 
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from mice results in the development of widespread 

autoimmune/inflammatory diseases such as autoimmune gastritis, 

thyroiditis, type 1 diabetes, and inflammatory bowel disease. These 

autoimmune disorders are prevented by reconstituting the mice with 

CD4+CD25+ Treg cells ( Sakaguchi et al., 1995 ; Singh et al., 2001 ), 

indicating a therapeutic potential for Tregs for the treatment of 

autoimmunity. To increase the efficacy of Treg-mediated inhibition, it is 

important to enhance the suppressive function of Treg. Inhibition of PKC-θ 

either by knockdown or a specific PKC-θ inhibitor has been shown to 

significantly boost the potential of Tregs to inhibit T cell activation ( Zanin-

Zhorov et al., 2010 ). However, in the presence of TGFβ neutralizing 

antibody, the PKC-θ inhibitor fails to enhance the suppressive function of 

Tregs, suggesting that inhibition of PKC-θ stimulates Tregs to produce the 

TGFβ that is responsible for inhibition of T cell activation. Interestingly, the 

suppressive function of Treg was also enhanced by inhibiting the activation 

of NF-κB, a critical downstream target of PKC-θ ( Sun et al., 2000 ), indicating

the possibility that PKC-θ inhibitor enhances Treg function by blocking 

activation of the NF-κB pathway. Furthermore, PKC-θ inhibitor-treated Tregs 

were more potent than untreated Tregs in preventing inflammatory colitis in 

vivo ( Zanin-Zhorov et al., 2010 ), supporting the potential clinical application

of PKC-θ inhibitors for Treg-mediated treatment of autoimmunity. Taken 

together, inhibition of PKC-θ can interfere with T cell-mediated immunity by 

inhibiting inflammatory T cell differentiation, by promoting Treg 

differentiation and by enhancing the suppressive function of Tregs. 
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PKC-θ Plays a Critical Role in T Cell-Dependent 
Autoimmunity 
Due to the unique roles played by PKC-θ in the regulation of T cell activation 

and differentiation, PKC-θ is believed to be a potential drug target and 

pharmaceutical companies have developed highly specific PKC-θ inhibitors (

Cywin et al., 2007 ; Mosyak et al., 2007 ). Mouse models of autoimmune 

diseases have been used to define PKC-θ function in T cell-dependent 

autoimmunity ( Marsland and Kopf, 2008 ). Two independent studies have 

shown that PKC-θ − / − mice were resistant to the induction of Th2-dependent

lung inflammation in airway hyper responsiveness (AHR; Marsland et al., 

2004 ; Salek-Ardakani et al., 2004 ), supporting a requirement for PKC-θ in 

Th2 type autoimmunity. In contrast, PKC-θ played a lesser role in the 

development of a similar lung inflammatory response mediated by Th1 cells 

( Salek-Ardakani et al., 2004 ), suggesting different functions of PKC-θ in Th1 

and Th2 responses. However, PKC-θ was found to be essential for both 

methylated BSA and type II collagen-induced arthritis, a Th1-mediated 

autoimmunity disease ( Healy et al., 2006 ). The results suggest that PKC-θ 

function is dependent on the model used. PKC-θ − / − mice were reported by 

two different groups to be resistant to the development of Th17-mediated 

EAE, the mouse model for multiple sclerosis ( Salek-Ardakani et al., 2005 ; 

Tan et al., 2006 ), indicating a requirement for PKC-θ in Th17-dependent 

autoimmunity. 

The evaluation of PKC-θ function in vivo is complicated by several factors. 

First, PKC-θ function may be compensated for in vivo . Most in vitro assays 

clearly indicated essential role of PKC-θ in T cell functions ( Manicassamy et 
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al., 2006b ). However, we found that the requirement for PKC-θ may be 

bypassed if T cells are stimulated by overwhelmingly strong TCR signals such

as high concentrations of phorbol ester and ionomycin or anti-CD3/28 

antibodies (unpublished data). It is therefore possible that PKC-θ function in 

vivo may also depend on the strength of TCR stimulation. In contrast to in 

vitro assays using purified T cells, in vivo immune responses involve many 

different types of cells that can produce factors to compensate for PKC-θ 

function. For example, one of the major signaling pathways that PKC-θ 

regulates is NF-κB. NF-κB can also be activated by PKC-θ-independent 

pathways such as TNFα and IL-1 ( Sun et al., 2000 ). Many in vivo 

inflammation conditions produce TNFα and IL-1 inflammatory cytokines and 

these cytokines are likely compensate for PKC-θ function at least for the 

activation of NF-κB in T cells. Toll like receptors (TLR) can also activate the 

NF-κB pathway and it was indeed found that TLR-mediated signals can 

overcome the requirement for PKC-θ in T cell activation and the development

of autoimmune myocarditis ( Marsland et al., 2005 ). Second, autoimmune 

diseases usually involve more than one type of T helper cell. For example, 

both Th1 and Th17 responses are likely contribute to the development of 

EAE ( Salek-Ardakani et al., 2005 ). In humans, it is even more difficult to 

specifically define the types of T helper cells involved in autoimmunity. 

Therefore, inhibition of PKC-θ may inhibit one type of T helper, but not other 

types of T helpers that can induce autoimmunity. Conversely, PKC-θ-

mediated T cell differentiation is not the only PKC-θ function essential for the

development of autoimmunity; PKC-θ also regulates other T cell functions 

including activation and survival. Therefore, the observed defects in the 
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development of autoimmunity in PKC-θ − / − mice are likely to be due to the 

disruption of several PKC-θ-regulated functions including those that have not

yet been identified. However, despite the possible complications, the 

potential of PKC-θ as a drug target has been indicated by a trial for the 

treatment of psoriasis ( Skvara et al., 2008 ). In this study, the clinical 

severity of psoriasis was reduced up to 69% after 2 weeks of treatment with 

a PKC inhibitor, AEB071 which inhibits multiple isoforms of PKC with strong 

specificity for PKC-θ, PKC-α, and PKC-β and lesser specificity for PKC-δ, PKC-ε,

and PKC-η. Other clinical trials are expected because many companies have 

developed PKC-θ inhibitors. One of potential trials will be systemic lupus 

erythematosus, because patients with this disease show considerably 

enhanced activation of both PKC-θ and its potential upstream kinase GLK (

Chuang et al., 2011 ). 

PKC-θ is Required for NKT-Mediated Autoimmune 
Hepatitis 
Autoimmune hepatitis (AIH) results from the mistaken attack on healthy liver

cells by an individual’s own immune system ( McFarlane, 1999 ). In mice, 

acute hepatitis can be induced by treatment with concanavalin A (ConA), 

which causes rapid activation of CD1d-positive NK T cells. These activated 

NKT cells produce large amounts of cytokines that cause strong 

inflammation responsible for damaging liver tissues. Our research has shown

that PKC-θ − / − mice were resistant to ConA-induced hepatitis due to an 

essential requirement for PKC-θ during NKT cell development and activation. 

A dose of ConA (25 mg/kg) that was lethal to WT mice failed to cause death 

due to liver injury in PKC-θ − / − mice ( Fang et al., 2012 ). Correspondingly, 
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the ConA-induced production of cytokines such as IFNγ, IL-6, and TNFα, 

which mediate the inflammation responsible for liver injury, were 

significantly lower in PKC-θ − / − mice. In addition, upon stimulation with an 

NKT cell-specific lipid ligand, peripheral PKC-θ − / − NKT cells produced lower 

levels of inflammatory cytokines than that of WT NKT cells, suggesting that 

activation of NKT cells requires PKC-θ. Our results suggest PKC-θ is an 

essential molecule required for activation of NKT cells to induce hepatitis (

Fang et al., 2012 ), and thus, is a potential drug target for prevention of 

autoimmune hepatitis. NKT cells are also thought to be involved in liver 

injury induced by LPS, α-galactosylceramide (α-GalCer), Salmonella infection,

chronic hepatitis C infection, and primary biliary cirrhosis ( Ishigami et al., 

1999 ; Kawano et al., 1999 ; Kaneko et al., 2000 ; Kato et al., 2000 ; Kim et 

al., 2002 ). Inhibition of PKC-θ is also likely to have therapeutic value in the 

treatment of liver injury in patients with these conditions. 

PKC-θ Plays a Critical Role in Alloimmune Responses 
Essential for Transplant Rejection 
Solid organ transplants that benefit end-stage organ failure patients are 

severely limited by the occurrence of rejection. Alloreactive T cells are 

critical targets for tolerance induction since they mediate the immune 

responses required for rejection. The alloreactive T cell pool is very large (

Suchin et al., 2001 ), which explains why immune responses against 

allografts are at least two orders of magnitude stronger than immune 

responses against a specific antigen. Therefore, long-term tolerance to 

allografts is extremely difficult to establish. The initial evidence for 

requirement of PKC-θ in alloresponses came from the impaired in vitro mixed
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lymphocyte reaction of PKC-θ − / − T cells ( Sun et al., 2000 ). Injection of 

allogeneic cells into the footpad of PKC-θ-deficient mice provoked a 

significantly diminished local T cell response compared to WT mice similarly 

challenged, suggesting an essential role for PKC-θ in the allo-reaction in vivo 

( Anderson et al., 2006 ). We tested PKC-θ function in transplant rejection 

using a cardiac allograft model ( Manicassamy et al., 2008 ). Rag1 − / − mice 

reconstituted with WT T cells readily rejected fully mismatched cardiac 

allografts, whereas, Rag1 − / − mice reconstituted with PKC-θ − / − T cells 

failed to promote rejection, suggesting that PKC-θ is required for T cell-

mediated allograft rejection. One of the important mechanisms responsible 

for establishing tolerance to allografts is to reduce the number of alloreactive

T cells by inducing apoptosis ( Wells et al., 1999 ). Since PKC-θ is required for

survival of activated T cells ( Manicassamy et al., 2006a ), we therefore 

tested the role of PKC-θ-regulated survival in cardiac allograft rejection and 

demonstrated that the transgenic expression of Bcl-x L in PKC-θ − / − T cells 

was sufficient to restore cardiac allograft rejection ( Manicassamy et al., 

2008 ). This result suggests that apoptosis of alloreactive T cells in the 

absence of PKC-θ is responsible for the observed tolerance to cardiac 

allografts. Alloreactive T cells can be tolerized through anergy, suppression 

and deletion. Tolerizing mechanisms through anergy and Treg-mediated 

suppression are unlikely change the size of alloreactive T cell pool which is 

ready to destroy allografts. This is the problem for cyclosporin A (CsA), the 

most successful immunosuppressive drug used clinically so far. CsA prevents

apoptosis of alloreactive T cells by inhibition of T cell activation ( Li et al., 

1999 ), resulting in accumulation of large amounts of alloreactive T cells that
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destroy allografts once the immunosuppressive drugs are discontinued ( Li et

al., 2001 ). Therefore, prevention of allograft rejection usually requires 

transplant recipients to take life-long immunosuppressive drugs, which can 

result in complications including infections and malignancy. Whereas, 

deletion induces tolerance by decreasing the number of alloreactive T cells 

via apoptosis, and thus avoids the potential risk of accumulating alloreactive 

T cells. In addition to an adoptive transfer model, we also tested cardiac 

rejection using intact PKC-θ − / − mice. PKC-θ − / − mice displayed delayed, 

but successful cardiac allograft rejection, suggesting there was some 

compensation for the missing PKC-θ function. Finally, a sub-therapeutic dose 

of anti-CD154 antibody or CTLA4-Ig, which was not sufficient to prevent 

cardiac allograft rejection in WT mice, prevented heart rejection in PKC-θ − / 

− mice. PKC-θ − / − mice treated with sub-therapeutic doses of Anti-CD154 or 

CTLA4-Ig also accepted donor-type second cardiac allografts but rejected 

third-party allografts ( Wang et al., 2009 ). Thus, in combination with other 

treatments, the inhibition of PKC-θ allows long-term survival of cardiac 

allografts ( Manicassamy et al., 2008 ; Wang et al., 2009 ). 

In addition to heart rejection, the role of PKC-θ was also examined in a bone 

marrow transplantation (BMT) model ( Valenzuela et al., 2009 ). BMT is used 

to replace damaged bone marrow with healthy stem cells or used as therapy

for hematopoietic malignancies. In the latter case, allogeneic BMT boosts the

patient’s immune system to aid in fighting against the cancer, which is called

the graft-versus-leukemia (GVL) effect. However, graft-versus-host disease 

(GVHD), a potentially lethal consequence of BMT, limits the clinical 
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application of this very effective treatment. Alloreactive donor T cells 

recognize the mismatched MHC of the recipient and undergo robust 

activation, expansion, and differentiation, resulting in GVHD, which causes 

severe damages to multiple tissues including gut, liver, skin, and kidney (

Shlomchik, 2007 ). Immunosuppressive drugs are therefore needed clinically 

to prevent GVHD-induced damage. However, commonly used 

immunosuppressive drugs such as CsA and FK506 also inhibit the immune 

response against pathogens as well as tumors (GVL), and consequently limit 

the effects of GVL on the elimination of residual tumor cells ( Reddy et al., 

2005 ). The optimal immunosuppressive regimens are able to prevent GVHD,

but also preserve the immune responses against infectious pathogens. 

Similar to WT mice, PKC-θ − / − mice have the ability to respond to infection 

by the listeria bacteria and MCMV virus ( Valenzuela et al., 2009 ). Moreover, 

PKC-θ − / − mice survived the BMT procedure and did not develop GVHD, 

whereas majority of WT mice died from GVHD. More importantly, PKC-θ − / − 

mice retained their ability to induce rejection of tumors. This study 

demonstrated that PKC-θ inhibitor-based immunosuppressive regimens are 

able to prevent GVHD but also preserve the protective immune response 

against infections and tumors. 

Conclusion 
PKC-θ controls fundamental functions of T cells including activation, 

differentiation, and survival via NF-κB, AP-1, and NFAT pathways. PKC-θ also 

regulates T cell-mediated immune responses in vivo and selective PKC-θ 

inhibitors are believed to have the potential for clinical application in the 
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treatment of autoimmunity and prevention of allograft rejection. However, 

PKC-θ function in T cell-mediated immune responses is dependent on the 

mouse models used. Therefore, the mechanisms involved in each of the 

diseases should be carefully examined. More questions need to be addressed

prior to the clinical application of PKC-θ inhibitors including how the inhibition

of PKC-θ affects the function of other tissues in vivo . It is encouraging to 

report that many pharmaceutical companies have developed selective PKC-θ

inhibitors, and therefore many PKC-θ-regulated functions can be evaluated 

using these inhibitors instead of PKCθ − / − mice, which have potential 

developmental caveat. With the availability of PKC-θ inhibitors, it is now 

possible to test their efficacy in mouse models of human autoimmune 

diseases including EAE and arthritis, which are likely to lead to clinical trials 

of PKC-θ-based treatments for human diseases. 

Conflict of Interest Statement 
The author declares that the research was conducted in the absence of any 

commercial or financial relationships that could be construed as a potential 

conflict of interest. 

Acknowledgment 
We thank Dr. Margaret Morgan for expert editorial assistance. 

References 
Aguilo, J. I., Garaude, J., Pardo, J., Villalba, M., and Anel, A. (2009). Protein 

kinase C-theta is required for NK cell activation and in vivo control of tumor 

progression. J. Immunol. 182, 1972–1981. 

https://assignbuster.com/intervention-of-pkc-as-an-immunosuppressive-
regimen/



 Intervention of pkc-θ as an immunosuppre... – Paper Example  Page 23

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Altman, A., Isakov, N., and Baier, G. (2000). Protein kinase Ctheta: a new 

essential superstar on the T-cell stage. Immunol. Today 21, 567–573. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Anderson, K., Fitzgerald, M., Dupont, M., Wang, T., Paz, N., Dorsch, M., Healy,

A., Xu, Y., Ocain, T., Schopf, L., Jaffee, B., and Picarella, D. (2006). Mice 

deficient in PKC theta demonstrate impaired in vivo T cell activation and 

protection from T cell-mediated inflammatory diseases. Autoimmunity 39, 

469–478. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Baier, G., Baier-Bitterlich, G., Meller, N., Coggeshall, K. M., Giampa, L., 

Telford, D., Isakov, N., and Altman, A. (1994). Expression and biochemical 

characterization of human protein kinase C-theta. Eur. J. Biochem. 225, 195–

203. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Baier-Bitterlich, G., Uberall, F., Bauer, B., Fresser, F., Wachter, H., Grunicke, 

H., Utermann, G., Altman, A., and Baier, G. (1996). Protein kinase C-theta 

isoenzyme selective stimulation of the transcription factor complex AP-1 in T 

lymphocytes. Mol. Cell. Biol. 16, 1842–1850. 

Pubmed Abstract | Pubmed Full Text 

https://assignbuster.com/intervention-of-pkc-as-an-immunosuppressive-
regimen/

http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=8657160
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=8657160
http://dx.doi.org/10.1111/j.1432-1033.1994.00195.x
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=7925438
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=7925438
http://dx.doi.org/10.1080/08916930600907954
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=17060026
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=17060026
http://dx.doi.org/10.1016/S0167-5699(00)01749-7
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=11094261
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=11094261
http://dx.doi.org/10.4049/jimmunol.0801820
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=19201850
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=19201850


 Intervention of pkc-θ as an immunosuppre... – Paper Example  Page 24

Barouch-Bentov, R., Lemmens, E. E., Hu, J., Janssen, E. M., Droin, N. M., Song,

J., Schoenberger, S. P., and Altman, A. (2005). Protein kinase C-theta is an 

early survival factor required for differentiation of effector CD8+ T cells. J. 

Immunol. 175, 5126–5134. 

Pubmed Abstract | Pubmed Full Text 

Bauer, B., Krumbock, N., Ghaffari-Tabrizi, N., Kampfer, S., Villunger, A., 

Wilda, M., Hameister, H., Utermann, G., Leitges, M., Uberall, F., and Baier, G. 

(2000). T cell expressed PKCtheta demonstrates cell-type selective function. 

Eur. J. Immunol. 30, 3645–3654. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Benoit, S. C., Kemp, C. J., Elias, C. F., Abplanalp, W., Herman, J. P., Migrenne, 

S., Lefevre, A. L., Cruciani-Guglielmacci, C., Magnan, C., Yu, F., Niswender, K.,

Irani, B. G., Holland, W. L., and Clegg, D. J. (2009). Palmitic acid mediates 

hypothalamic insulin resistance by altering PKC-theta subcellular localization 

in rodents. J. Clin. Invest. 119, 2577–2589. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Berg, L. J., Finkelstein, L. D., Lucas, J. A., and Schwartzberg, P. L. (2005). Tec 

family kinases in T lymphocyte development and function. Annu. Rev. 

Immunol. 23, 549–600. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

https://assignbuster.com/intervention-of-pkc-as-an-immunosuppressive-
regimen/

http://dx.doi.org/10.1146/annurev.immunol.22.012703.104743
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=15771581
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=15771581
http://dx.doi.org/10.1172/JCI36714
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=19726875
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=19726875
http://dx.doi.org/10.1002/1521-4141(200012)30:%2012%20%3C3645::%20AID-IMMU3645%3E%203.%200.%20CO;%202-
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=11169407
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=11169407
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=16210616
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=16210616


 Intervention of pkc-θ as an immunosuppre... – Paper Example  Page 25

Bettelli, E., Carrier, Y., Gao, W., Korn, T., Strom, T. B., Oukka, M., Weiner, H. 

L., and Kuchroo, V. K. (2006). Reciprocal developmental pathways for the 

generation of pathogenic effector TH17 and regulatory T cells. Nature 441, 

235–238. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Boehme, S. A., and Lenardo, M. J. (1993). Propriocidal apoptosis of mature T 

lymphocytes occurs at S phase of the cell cycle. Eur. J. Immunol. 23, 1552–

1560. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Boise, L. H., Minn, A. J., Noel, P. J., June, C. H., Accavitti, M. A., Lindsten, T., 

and Thompson, C. B. (1995). CD28 costimulation can promote T cell survival 

by enhancing the expression of Bcl-XL. Immunity 3, 87–98. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Cartwright, N. G., Kashyap, A. K., and Schaefer, B. C. (2011). An active kinase

domain is required for retention of PKCtheta at the T cell immunological 

synapse. Mol. Biol. Cell 22, 3491–3497. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Chang, J. D., Xu, Y., Raychowdhury, M. K., and Ware, J. A. (1993). Molecular 

cloning and expression of a cDNA encoding a novel isoenzyme of protein 

kinase C (nPKC). A new member of the nPKC family expressed in skeletal 

https://assignbuster.com/intervention-of-pkc-as-an-immunosuppressive-
regimen/

http://dx.doi.org/10.1091/mbc.E10-11-0916
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=21795397
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=21795397
http://dx.doi.org/10.1016/1074-7613(95)90161-2
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=7621080
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=7621080
http://dx.doi.org/10.1002/eji.1830230724
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=8325332
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=8325332
http://dx.doi.org/10.1038/nature04753
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=16648838
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=16648838


 Intervention of pkc-θ as an immunosuppre... – Paper Example  Page 26

muscle, megakaryoblastic cells, and platelets. J. Biol. Chem. 268, 14208–

14214. 

Pubmed Abstract | Pubmed Full Text 

Chang, J. T., Palanivel, V. R., Kinjyo, I., Schambach, F., Intlekofer, A. M., 

Banerjee, A., Longworth, S. A., Vinup, K. E., Mrass, P., Oliaro, J., Killeen, N., 

Orange, J. S., Russell, S. M., Weninger, W., and Reiner, S. L. (2007). 

Asymmetric T lymphocyte division in the initiation of adaptive immune 

responses. Science 315, 1687–1691. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Chuang, H. C., Lan, J. L., Chen, D. Y., Yang, C. Y., Chen, Y. M., Li, J. P., Huang, 

C. Y., Liu, P. E., Wang, X., and Tan, T. H. (2011). The kinase GLK controls 

autoimmunity and NF-kappaB signaling by activating the kinase PKC-theta in 

T cells. Nat. Immunol. 12, 1113–1118. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Clements, J. L. (2003). Known and potential functions for the SLP-76 adapter 

protein in regulating T-cell activation and development. Immunol. Rev. 191, 

211–219. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Cohen, S., Braiman, A., Shubinsky, G., and Isakov, N. (2011). Protein kinase 

C-theta in platelet activation. FEBS Lett. 585, 3208–3215. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 
https://assignbuster.com/intervention-of-pkc-as-an-immunosuppressive-
regimen/

http://dx.doi.org/10.1016/j.febslet.2011.09.014
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=21944869
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=21944869
http://dx.doi.org/10.1034/j.1600-065X.2003.00002.x
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=12614362
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=12614362
http://dx.doi.org/10.1038/ni.2121
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=21983831
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=21983831
http://dx.doi.org/10.1126/science.1139393
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=17332376
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=17332376
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=7686153
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=7686153


 Intervention of pkc-θ as an immunosuppre... – Paper Example  Page 27

Curotto de Lafaille, M. A., and Lafaille, J. J. (2009). Natural and adaptive 

foxp3+ regulatory T cells: more of the same or a division of labor? Immunity 

30, 626–635. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Cywin, C. L., Dahmann, G., Prokopowicz, A. S. III, Young, E. R., Magolda, R. L.,

Cardozo, M. G., Cogan, D. A., Disalvo, D., Ginn, J. D., Kashem, M. A., Wolak, J. 

P., Homon, C. A., Farrell, T. M., Grbic, H., Hu, H., Kaplita, P. V., Liu, L. H., 

Spero, D. M., Jeanfavre, D. D., O’Shea, K. M., White, D. M., Woska, J. R. Jr., 

and Brown, M. L. (2007). Discovery of potent and selective PKC-theta 

inhibitors. Bioorg. Med. Chem. Lett. 17, 225–230. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Dong, C. (2010). Helper T-cell heterogeneity: a complex developmental issue

in the immune system. Cell. Mol. Immunol. 7, 163. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Dustin, M. L. (2009). Modular design of immunological synapses and 

kinapses. Cold Spring Harb. Perspect. Biol. 1, a002873. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Fang, X., Wang, R., Ma, J., Ding, Y., Shang, W., and Sun, Z. (2012). 

Ameliorated ConA-induced hepatitis in the absence of PKC-theta. PLoS ONE 

7, e31174. doi: 10. 1371/journal. pone. 0031174 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 
https://assignbuster.com/intervention-of-pkc-as-an-immunosuppressive-
regimen/

http://dx.doi.org/10.1371/journal.pone.0031174
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=22347449
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=22347449
http://dx.doi.org/10.1101/cshperspect.a002873
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=20066081
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=20066081
http://dx.doi.org/10.1038/cmi.2010.23
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=20440293
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=20440293
http://dx.doi.org/10.1016/j.bmcl.2006.09.056
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=17055721
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=17055721
http://dx.doi.org/10.1016/j.immuni.2009.05.002
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=19464985
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=19464985


 Intervention of pkc-θ as an immunosuppre... – Paper Example  Page 28

Freiberg, B. A., Kupfer, H., Maslanik, W., Delli, J., Kappler, J., Zaller, D. M., and

Kupfer, A. (2002). Staging and resetting T cell activation in SMACs. Nat. 

Immunol. 3, 911–917. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Grakoui, A., Bromley, S. K., Sumen, C., Davis, M. M., Shaw, A. S., Allen, P. M., 

and Dustin, M. L. (1999). The immunological synapse: a molecular machine 

controlling T cell activation. Science 285, 221–227. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Harper, M. T., and Poole, A. W. (2010). Protein kinase Ctheta negatively 

regulates store-independent Ca 2 + entry and phosphatidylserine exposure 

downstream of glycoprotein VI in platelets. J. Biol. Chem. 285, 19865–19873. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Healy, A. M., Izmailova, E., Fitzgerald, M., Walker, R., Hattersley, M., Silva, M.,

Siebert, E., Terkelsen, J., Picarella, D., Pickard, M. D., LeClair, B., Chandra, S., 

and Jaffee, B. (2006). PKC-theta-deficient mice are protected from Th1-

dependent antigen-induced arthritis. J. Immunol. 177, 1886–1893. 

Pubmed Abstract | Pubmed Full Text 

Huang, Z., Xie, H., Wang, R., and Sun, Z. (2007). Retinoid-related orphan 

receptor gamma t is a potential therapeutic target for controlling 

inflammatory autoimmunity. Expert. Opin. Ther. Targets 11, 737–743. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 
https://assignbuster.com/intervention-of-pkc-as-an-immunosuppressive-
regimen/

http://dx.doi.org/10.1517/14728222.11.6.737
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=17504012
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=17504012
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=16849501
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=16849501
http://dx.doi.org/10.1074/jbc.M109.085654
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=20388711
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=20388711
http://dx.doi.org/10.1126/science.285.5425.221
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=10398592
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=10398592
http://dx.doi.org/10.1038/ni836
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=12244310
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=12244310


 Intervention of pkc-θ as an immunosuppre... – Paper Example  Page 29

Ishigami, M., Nishimura, H., Naiki, Y., Yoshioka, K., Kawano, T., Tanaka, Y., 

Taniguchi, M., Kakumu, S., and Yoshikai, Y. (1999). The roles of intrahepatic 

Valpha14(+) NK1. 1(+) T cells for liver injury induced by Salmonella infection

in mice. Hepatology 29, 1799–1808. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Kaneko, Y., Harada, M., Kawano, T., Yamashita, M., Shibata, Y., Gejyo, F., 

Nakayama, T., and Taniguchi, M. (2000). Augmentation of Valpha14 NKT cell-

mediated cytotoxicity by interleukin 4 in an autocrine mechanism resulting 

in the development of concanavalin A-induced hepatitis. J. Exp. Med. 191, 

105–114. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Kato, A., Yoshidome, H., Edwards, M. J., and Lentsch, A. B. (2000). Regulation

of liver inflammatory injury by signal transducer and activator of 

transcription-6. Am. J. Pathol. 157, 297–302. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Kawano, T., Nakayama, T., Kamada, N., Kaneko, Y., Harada, M., Ogura, N., 

Akutsu, Y., Motohashi, S., Iizasa, T., Endo, H., Fujisawa, T., Shinkai, H., and 

Taniguchi, M. (1999). Antitumor cytotoxicity mediated by ligand-activated 

human V alpha24 NKT cells. Cancer Res. 59, 5102–5105. 

Pubmed Abstract | Pubmed Full Text 

https://assignbuster.com/intervention-of-pkc-as-an-immunosuppressive-
regimen/

http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=10537282
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=10537282
http://dx.doi.org/10.1016/S0002-9440(10)64540-3
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=10880399
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=10880399
http://dx.doi.org/10.1084/jem.191.1.105
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=10620609
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=10620609
http://dx.doi.org/10.1002/hep.510290605
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=10347123
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=10347123


 Intervention of pkc-θ as an immunosuppre... – Paper Example  Page 30

Kempuraj, D., Madhappan, B., Christodoulou, S., Boucher, W., Cao, J., 

Papadopoulou, N., Cetrulo, C. L., and Theoharides, T. C. (2005). Flavonols 

inhibit proinflammatory mediator release, intracellular calcium ion levels and

protein kinase C theta phosphorylation in human mast cells. Br. J. Pharmacol.

145, 934–944. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Kim, C. H., Butcher, E. C., and Johnston, B. (2002). Distinct subsets of human 

Valpha24-invariant NKT cells: cytokine responses and chemokine receptor 

expression. Trends Immunol. 23, 516–519. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Kim, J. K., Fillmore, J. J., Sunshine, M. J., Albrecht, B., Higashimori, T., Kim, D. 

W., Liu, Z. X., Soos, T. J., Cline, G. W., O’Brien, W. R., Littman, D. R., and 

Shulman, G. I. (2004). PKC-theta knockout mice are protected from fat-

induced insulin resistance. J. Clin. Invest. 114, 823–827. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Kong, K. F., Yokosuka, T., Canonigo-Balancio, A. J., Isakov, N., Saito, T., and 

Altman, A. (2011). A motif in the V3 domain of the kinase PKC-theta 

determines its localization in the immunological synapse and functions in T 

cells via association with CD28. Nat. Immunol. 12, 1105–1112. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

https://assignbuster.com/intervention-of-pkc-as-an-immunosuppressive-
regimen/

http://dx.doi.org/10.1038/ni.2120
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=21964608
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=21964608
http://dx.doi.org/10.1172/JCI22230
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=15372106
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=15372106
http://dx.doi.org/10.1016/S1471-4906(02)02323-2
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=12401396
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=12401396
http://dx.doi.org/10.1038/sj.bjp.0706246
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=15912140
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=15912140


 Intervention of pkc-θ as an immunosuppre... – Paper Example  Page 31

Kwon, M. J., Ma, J., Ding, Y., Wang, R., and Sun, Z. (2012). Protein kinase C-

theta promotes Th17 differentiation via upregulation of Stat3. J. Immunol. 

188, 5887–5897. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Kwon, M. J., Wang, R., Ma, J., and Sun, Z. (2010). PKC-theta is a drug target 

for prevention of T cell-mediated autoimmunity and allograft rejection. 

Endocr. Metab. Immune Disord. Drug Targets 10, 367–372. 

Pubmed Abstract | Pubmed Full Text 

Lee, K. H., Holdorf, A. D., Dustin, M. L., Chan, A. C., Allen, P. M., and Shaw, A. 

S. (2002). T cell receptor signaling precedes immunological synapse 

formation. Science 295, 1539–1542. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Lee, K. Y., D’Acquisto, F., Hayden, M. S., Shim, J. H., and Ghosh, S. (2005). 

PDK1 nucleates T cell receptor-induced signaling complex for NF-kappaB 

activation. Science 308, 114–118. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Li, X. C., Strom, T. B., Turka, L. A., and Wells, A. D. (2001). T cell death and 

transplantation tolerance. Immunity 14, 407–416. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

https://assignbuster.com/intervention-of-pkc-as-an-immunosuppressive-
regimen/

http://dx.doi.org/10.1016/S1074-7613(01)00121-2
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=11336686
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=11336686
http://dx.doi.org/10.1126/science.1107107
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=15802604
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=15802604
http://dx.doi.org/10.1126/science.1067710
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=11859198
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=11859198
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=20923402
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=20923402
http://dx.doi.org/10.4049/jimmunol.1102941
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=22586032
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=22586032


 Intervention of pkc-θ as an immunosuppre... – Paper Example  Page 32

Li, Y., Hu, J., Vita, R., Sun, B., Tabata, H., and Altman, A. (2004). SPAK kinase 

is a substrate and target of PKCtheta in T-cell receptor-induced AP-1 

activation pathway. EMBO J. 23, 1112–1122. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Li, Y., Li, X. C., Zheng, X. X., Wells, A. D., Turka, L. A., and Strom, T. B. 

(1999). Blocking both signal 1 and signal 2 of T-cell activation prevents 

apoptosis of alloreactive T cells and induction of peripheral allograft 

tolerance. Nat. Med. 5, 1298–1302. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Lin, X., and Wang, D. (2004). The roles of CARMA1, Bcl10, and MALT1 in 

antigen receptor signaling. Semin. Immunol. 16, 429–435. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Lindquist, R. L., Shakhar, G., Dudziak, D., Wardemann, H., Eisenreich, T., 

Dustin, M. L., and Nussenzweig, M. C. (2004). Visualizing dendritic cell 

networks in vivo. Nat. Immunol. 5, 1243–1250. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Liu, K. Q., Bunnell, S. C., Gurniak, C. B., and Berg, L. J. (1998). T cell receptor-

initiated calcium release is uncoupled from capacitative calcium entry in Itk-

deficient T cells. J. Exp. Med. 187, 1721–1727. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

https://assignbuster.com/intervention-of-pkc-as-an-immunosuppressive-
regimen/

http://dx.doi.org/10.1084/jem.187.10.1721
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=9584150
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=9584150
http://dx.doi.org/10.1038/ni1139
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=15543150
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=15543150
http://dx.doi.org/10.1016/j.smim.2004.08.022
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=15541657
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=15541657
http://dx.doi.org/10.1038/15256
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=10545997
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=10545997
http://dx.doi.org/10.1038/sj.emboj.7600125
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=14988727
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=14988727


 Intervention of pkc-θ as an immunosuppre... – Paper Example  Page 33

Liu, Y., Graham, C., Li, A., Fisher, R. J., and Shaw, S. (2002). Phosphorylation 

of the protein kinase C-theta activation loop and hydrophobic motif regulates

its kinase activity, but only activation loop phosphorylation is critical to in 

vivo nuclear-factor-kappaB induction. Biochem. J. 361, 255–265. 

Pubmed Abstract | Pubmed Full Text 

Ma, J., Ding, Y., Fang, X., Wang, R., and Sun, Z. (2012). Protein kinase C-theta

inhibits inducible regulatory T cell differentiation via an AKT-Foxo1/3a-

dependent pathway. J. Immunol. 188, 5337–5347. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Macian, F., Garcia-Cozar, F., Im, S. H., Horton, H. F., Byrne, M. C., and Rao, A.

(2002). Transcriptional mechanisms underlying lymphocyte tolerance. Cell 

109, 719–731. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Manicassamy, S., Gupta, S., Huang, Z., and Sun, Z. (2006a). Protein kinase C-

{theta}-mediated signals Eehance CD4+ T Cell survival by up-regulating Bcl-

xL. J. Immunol. 176, 6709–6716. 

Pubmed Abstract | Pubmed Full Text 

Manicassamy, S., Gupta, S., and Sun, Z. (2006b). Selective function of PKC-

theta in T cells. Cell. Mol. Immunol. 3, 263–270. 

Pubmed Abstract | Pubmed Full Text 

https://assignbuster.com/intervention-of-pkc-as-an-immunosuppressive-
regimen/

http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=16978534
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=16978534
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=16709830
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=16709830
http://dx.doi.org/10.1016/S0092-8674(02)00767-5
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=12086671
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=12086671
http://dx.doi.org/10.4049/jimmunol.1102979
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=22539794
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=22539794
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=11772397
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=11772397


 Intervention of pkc-θ as an immunosuppre... – Paper Example  Page 34

Manicassamy, S., Yin, D., Zhang, Z., Molinero, L. L., Alegre, M. L., and Sun, Z. 

(2008). A critical role for protein kinase C-theta-mediated T cell survival in 

cardiac allograft rejection. J. Immunol. 181, 513–520. 

Pubmed Abstract | Pubmed Full Text 

Marsland, B. J., and Kopf, M. (2008). T-cell fate and function: PKC-theta and 

beyond. Trends Immunol. 29, 179–185. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Marsland, B. J., Nembrini, C., Schmitz, N., Abel, B., Krautwald, S., Bachmann, 

M. F., and Kopf, M. (2005). Innate signals compensate for the absence of 

PKC-{theta} during in vivo CD8(+) T cell effector and memory responses. 

Proc. Natl. Acad. Sci. U. S. A. 102, 14374–14379. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Marsland, B. J., Soos, T. J., Spath, G., Littman, D. R., and Kopf, M. (2004). 

Protein kinase C theta is critical for the development of in vivo T helper (Th)2

cell but not Th1 cell responses. J. Exp. Med. 200, 181–189. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

McFarlane, I. G. (1999). Pathogenesis of autoimmune hepatitis. Biomed. 

Pharmacother. 53, 255–263. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

https://assignbuster.com/intervention-of-pkc-as-an-immunosuppressive-
regimen/

http://dx.doi.org/10.1016/S0753-3322(99)80096-1
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=10424247
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=10424247
http://dx.doi.org/10.1084/jem.20032229
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=15263025
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=15263025
http://dx.doi.org/10.1073/pnas.0506250102
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=16186501
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=16186501
http://dx.doi.org/10.1016/j.it.2008.01.005
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=18328786
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=18328786
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=18566417
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=18566417


 Intervention of pkc-θ as an immunosuppre... – Paper Example  Page 35

Miyara, M., and Sakaguchi, S. (2007). Natural regulatory T cells: mechanisms

of suppression. Trends Mol. Med. 13, 108–116. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Monks, C. R., Freiberg, B. A., Kupfer, H., Sciaky, N., and Kupfer, A. (1998). 

Three-dimensional segregation of supramolecular activation clusters in T 

cells. Nature 395, 82–86. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Monks, C. R., Kupfer, H., Tamir, I., Barlow, A., and Kupfer, A. (1997). Selective

modulation of protein kinase C-theta during T-cell activation. Nature 385, 83–

86. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Moran, M., and Miceli, M. C. (1998). Engagement of GPI-linked CD48 

contributes to TCR signals and cytoskeletal reorganization: a role for lipid 

rafts in T cell activation. Immunity 9, 787–796. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Morgan, M. M., Labno, C. M., Van Seventer, G. A., Denny, M. F., Straus, D. B., 

and Burkhardt, J. K. (2001). Superantigen-induced T cell: B cell conjugation is

mediated by LFA-1 and requires signaling through Lck, but not ZAP-70. J. 

Immunol. 167, 5708–5718. 

Pubmed Abstract | Pubmed Full Text 

https://assignbuster.com/intervention-of-pkc-as-an-immunosuppressive-
regimen/

http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=11698443
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=11698443
http://dx.doi.org/10.1016/S1074-7613(00)80644-5
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=9881969
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=9881969
http://dx.doi.org/10.1038/385083a0
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=8985252
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=8985252
http://dx.doi.org/10.1038/25764
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=9738502
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=9738502
http://dx.doi.org/10.1016/j.molmed.2007.01.003
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=17257897
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=17257897


 Intervention of pkc-θ as an immunosuppre... – Paper Example  Page 36

Mosyak, L., Xu, Z., Joseph-McCarthy, D., Brooijmans, N., Somers, W., and 

Chaudhary, D. (2007). Structure-based optimization of PKCtheta inhibitors. 

Biochem. Soc. Trans. 35, 1027–1031. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Murphy, K. M., and Reiner, S. L. (2002). The lineage decisions of helper T 

cells. Nat. Rev. Immunol. 2, 933–944. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Nagy, B. Jr., Bhavaraju, K., Getz, T., Bynagari, Y. S., Kim, S., and Kunapuli, S. 

P. (2009). Impaired activation of platelets lacking protein kinase C-theta 

isoform. Blood 113, 2557–2567. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Newton, A. C. (1997). Regulation of protein kinase C. Curr. Opin. Cell Biol. 9, 

161–167. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Noel, P. J., Boise, L. H., Green, J. M., and Thompson, C. B. (1996). CD28 

costimulation prevents cell death during primary T cell activation. J. 

Immunol. 157, 636–642. 

Pubmed Abstract | Pubmed Full Text 

https://assignbuster.com/intervention-of-pkc-as-an-immunosuppressive-
regimen/

http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=8752911
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=8752911
http://dx.doi.org/10.1016/S0955-0674(97)80058-0
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=9069266
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=9069266
http://dx.doi.org/10.1182/blood-2008-07-169268
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=19164598
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=19164598
http://dx.doi.org/10.1038/nri954
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=12461566
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=12461566
http://dx.doi.org/10.1042/BST0351027
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=17956269
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=17956269


 Intervention of pkc-θ as an immunosuppre... – Paper Example  Page 37

Osada, S., Mizuno, K., Saido, T. C., Suzuki, K., Kuroki, T., and Ohno, S. (1992).

A new member of the protein kinase C family, nPKC theta, predominantly 

expressed in skeletal muscle. Mol. Cell. Biol. 12, 3930–3938. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Paoletti, R., Maffei, A., Madaro, L., Notte, A., Stanganello, E., Cifelli, G., 

Carullo, P., Molinaro, M., Lembo, G., and Bouche, M. (2010). Protein kinase 

Ctheta is required for cardiomyocyte survival and cardiac remodeling. Cell 

Death Dis. 1, e45. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Pfeifhofer, C., Kofler, K., Gruber, T., Tabrizi, N. G., Lutz, C., Maly, K., Leitges, 

M., and Baier, G. (2003). Protein kinase C theta affects Ca 2 + mobilization 

and NFAT cell activation in primary mouse T cells. J. Exp. Med. 197, 1525–

1535. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Radvanyi, L. G., Shi, Y., Vaziri, H., Sharma, A., Dhala, R., Mills, G. B., and 

Miller, R. G. (1996). CD28 costimulation inhibits TCR-induced apoptosis 

during a primary T cell response. J. Immunol. 156, 1788–1798. 

Pubmed Abstract | Pubmed Full Text 

Reddy, P., Maeda, Y., Liu, C., Krijanovski, O. I., Korngold, R., and Ferrara. J. L. 

(2005). A crucial role for antigen-presenting cells and alloantigen expression 

in graft-versus-leukemia responses. Nat. Med. 11, 1244–1249. 

https://assignbuster.com/intervention-of-pkc-as-an-immunosuppressive-
regimen/

http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=8596028
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=8596028
http://dx.doi.org/10.1084/jem.20020234
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=12782715
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=12782715
http://dx.doi.org/10.1038/cddis.2010.24
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=21364651
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=21364651
http://dx.doi.org/10.1128/MCB.12.9.3930
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=1508194
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=1508194


 Intervention of pkc-θ as an immunosuppre... – Paper Example  Page 38

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Sakaguchi, S., Ono, M., Setoguchi, R., Yagi, H., Hori, S., Fehervari, Z., 

Shimizu, J., Takahashi, T., and Nomura, T. (2006). Foxp3+ CD25+ CD4+ 

natural regulatory T cells in dominant self-tolerance and autoimmune 

disease. Immunol. Rev. 212, 8–27. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Sakaguchi, S., Sakaguchi, N., Asano, M., Itoh, M., and Toda, M. (1995). 

Immunologic self-tolerance maintained by activated T cells expressing IL-2 

receptor alpha-chains (CD25). Breakdown of a single mechanism of self-

tolerance causes various autoimmune diseases. J. Immunol. 155, 1151–1164.

Pubmed Abstract | Pubmed Full Text 

Sakaguchi, S., Yamaguchi, T., Nomura, T., and Ono, M. (2008). Regulatory T 

cells and immune tolerance. Cell 133, 775–787. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Salek-Ardakani, S., So, T., Halteman, B. S., Altman, A., and Croft, M. (2005). 

Protein kinase Ctheta controls Th1 cells in experimental autoimmune 

encephalomyelitis. J. Immunol. 175, 7635–7641. 

Pubmed Abstract | Pubmed Full Text 

Salek-Ardakani, S., So, T., Halteman, B. S., Altman, A., and Croft, M. (2004). 

Differential regulation of Th2 and Th1 lung inflammatory responses by 

protein kinase C theta. J. Immunol. 173, 6440–6447. 
https://assignbuster.com/intervention-of-pkc-as-an-immunosuppressive-
regimen/

http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=16301673
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=16301673
http://dx.doi.org/10.1016/j.cell.2008.05.009
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=18510923
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=18510923
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=7636184
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=7636184
http://dx.doi.org/10.1111/j.0105-2896.2006.00427.x
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=16903903
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=16903903
http://dx.doi.org/10.1038/nm1309
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=16227991
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=16227991


 Intervention of pkc-θ as an immunosuppre... – Paper Example  Page 39

Pubmed Abstract | Pubmed Full Text 

Shaulian, E., and Karin, M. (2002). AP-1 as a regulator of cell life and death. 

Nat. Cell Biol. 4, E131–E136. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Shevach, E. M. (2006). From vanilla to 28 flavors: multiple varieties of T 

regulatory cells. Immunity 25, 195–201. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Shevach, E. M., DiPaolo, R. A., Andersson, J., Zhao, D. M., Stephens, G. L., 

and Thornton, A. M. (2006). The lifestyle of naturally occurring CD4+ CD25+ 

Foxp3+ regulatory T cells. Immunol. Rev. 212, 60–73. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Shlomchik, W. D. (2007). Graft-versus-host disease. Nat. Rev. Immunol. 7, 

340–352. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Sims, T. N., Soos, T. J., Xenias, H. S., Dubin-Thaler, B., Hofman, J. M., Waite, J.

C., Cameron, T. O., Thomas, V. K., Varma, R., Wiggins, C. H., Sheetz, M. P., 

Littman, D. R., and Dustin, M. L. (2007). Opposing effects of PKCtheta and 

WASp on symmetry breaking and relocation of the immunological synapse. 

Cell 129, 773–785. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

https://assignbuster.com/intervention-of-pkc-as-an-immunosuppressive-
regimen/

http://dx.doi.org/10.1016/j.cell.2007.03.037
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=17512410
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=17512410
http://dx.doi.org/10.1038/nri2000
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=17438575
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=17438575
http://dx.doi.org/10.1111/j.0105-2896.2006.00415.x
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=16903906
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=16903906
http://dx.doi.org/10.1016/j.immuni.2006.08.003
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=16920638
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=16920638
http://dx.doi.org/10.1038/ncb0502-e131
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=11988758
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=11988758
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=15528385
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=15528385


 Intervention of pkc-θ as an immunosuppre... – Paper Example  Page 40

Singh, B., Read, S., Asseman, C., Malmstrom, V., Mottet, C., Stephens, L. A., 

Stepankova, R., Tlaskalova, H., and Powrie, F. (2001). Control of intestinal 

inflammation by regulatory T cells. Immunol. Rev. 182, 190–200. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Skvara, H., Dawid, M., Kleyn, E., Wolff, B., Meingassner, J. G., Knight, H., 

Dumortier, T., Kopp, T., Fallahi, N., Stary, G., Burkhart, C., Grenet, O., 

Wagner, J., Hijazi, Y., Morris, R. E., McGeown, C., Rordorf, C., Griffiths, C. E., 

Stingl, G., and Jung, T. (2008). The PKC inhibitor AEB071 may be a 

therapeutic option for psoriasis. J. Clin. Invest. 118, 3151–3159. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Somersalo, K., Anikeeva, N., Sims, T. N., Thomas, V. K., Strong, R. K., Spies, 

T., Lebedeva, T., Sykulev, Y., and Dustin, M. L. (2004). Cytotoxic T 

lymphocytes form an antigen-independent ring junction. J. Clin. Invest. 113, 

49–57. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Suchin, E. J., Langmuir, P. B., Palmer, E., Sayegh, M. H., Wells, A. D., and 

Turka, L. A. (2001). Quantifying the frequency of alloreactive T cells in vivo: 

new answers to an old question. J. Immunol. 166, 973–981. 

Pubmed Abstract | Pubmed Full Text 

Sun, Z., Arendt, C. W., Ellmeier, W., Schaeffer, E. M., Sunshine, M. J., Gandhi, 

L., Annes, J., Petrzilka, D., Kupfer, A., Schwartzberg, P. L., and Littman, D. R. 

https://assignbuster.com/intervention-of-pkc-as-an-immunosuppressive-
regimen/

http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=11145675
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=11145675
http://dx.doi.org/10.1172/JCI19337
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=14702108
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=14702108
http://dx.doi.org/10.1172/JCI35636
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=18688284
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=18688284
http://dx.doi.org/10.1034/j.1600-065X.2001.1820115.x
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=11722634
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=11722634


 Intervention of pkc-θ as an immunosuppre... – Paper Example  Page 41

(2000). PKC-theta is required for TCR-induced NF-kappaB activation in 

mature but not immature T lymphocytes. Nature 404, 402–407. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Tan, S. L., Zhao, J., Bi, C., Chen, X. C., Hepburn, D. L., Wang, J., Sedgwick, J. 

D., Chintalacharuvu, S. R., and Na, S. (2006). Resistance to experimental 

autoimmune encephalomyelitis and impaired IL-17 production in protein 

kinase C theta-deficient mice. J. Immunol. 176, 2872–2879. 

Pubmed Abstract | Pubmed Full Text 

Tomlinson, M. G., Kane, L. P., Su, J., Kadlecek, T. A., Mollenauer, M. N., and 

Weiss, A. (2004). Expression and function of Tec, Itk, and Btk in lymphocytes:

evidence for a unique role for Tec. Mol. Cell. Biol. 24, 2455–2466. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Valenzuela, J. O., Iclozan, C., Hossain, M. S., Prlic, M., Hopewell, E., Bronk, C. 

C., Wang, J., Celis, E., Engelman, R. W., Blazar, B. R., Bevan, M. J., Waller, E. 

K., Yu, X. Z., and Beg, A. A. (2009). PKCtheta is required for alloreactivity and

GVHD but not for immune responses toward leukemia and infection in mice. 

J. Clin. Invest. 119, 3774–3786. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Van Parijs, L., Ibraghimov, A., and Abbas, A. K. (1996). The roles of 

costimulation and Fas in T cell apoptosis and peripheral tolerance. Immunity 

4, 321–328. 

https://assignbuster.com/intervention-of-pkc-as-an-immunosuppressive-
regimen/

http://dx.doi.org/10.1172/JCI39692
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=19907075
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=19907075
http://dx.doi.org/10.1128/MCB.24.6.2455-2466.2004
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=14993283
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=14993283
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=16493044
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=16493044
http://dx.doi.org/10.1038/35006090
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=10746729
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=10746729


 Intervention of pkc-θ as an immunosuppre... – Paper Example  Page 42

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Varma, R., Campi, G., Yokosuka, T., Saito, T., and Dustin, M. L. (2006). T cell 

receptor-proximal signals are sustained in peripheral microclusters and 

terminated in the central supramolecular activation cluster. Immunity 25, 

117–127. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Villalba, M., Bushway, P., and Altman, A. (2001). Protein kinase C-theta 

mediates a selective T cell survival signal via phosphorylation of BAD. J. 

Immunol. 166, 5955–5963. 

Pubmed Abstract | Pubmed Full Text 

Wan, Y. Y., and DeGregori, J. (2003). The survival of antigen-stimulated T 

cells requires NFkappaB-mediated inhibition of p73 expression. Immunity 18,

331–342. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Wang, L., Xiang, Z., Ma, L. L., Chen, Z., Gao, X., Sun, Z., Williams, P., Chari, R.

S., and Yin, D. P. (2009). Deficiency of protein kinase C-theta facilitates 

tolerance induction. Transplantation 87, 507–516. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Weil, R., and Israel, A. (2004). T-cell-receptor- and B-cell-receptor-mediated 

activation of NF-kappaB in lymphocytes. Curr. Opin. Immunol. 16, 374–381. 

https://assignbuster.com/intervention-of-pkc-as-an-immunosuppressive-
regimen/

http://dx.doi.org/10.1097/TP.0b013e318195fd36
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=19307786
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=19307786
http://dx.doi.org/10.1016/S1074-7613(03)00053-0
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=12648451
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=12648451
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=11342610
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=11342610
http://dx.doi.org/10.1016/j.immuni.2006.04.010
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=16860761
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=16860761
http://dx.doi.org/10.1016/S1074-7613(00)80440-9
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=8624822
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=8624822


 Intervention of pkc-θ as an immunosuppre... – Paper Example  Page 43

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Weil, R., Schwamborn, K., Alcover, A., Bessia, C., Di Bartolo, V., and Israel, A. 

(2003). Induction of the NF-kappaB cascade by recruitment of the scaffold 

molecule NEMO to the T cell receptor. Immunity 18, 13–26. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Weiss, A., and Littman, D. R. (1994). Signal transduction by lymphocyte 

antigen receptors. Cell 76, 263–274. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Wells, A. D., Li, X. C., Li, Y., Walsh, M. C., Zheng, X. X., Wu, Z., Nunez, G., 

Tang, A., Sayegh, M., Hancock, W. W., Strom, T. B., and Turka, L. A. (1999). 

Requirement for T-cell apoptosis in the induction of peripheral 

transplantation tolerance. Nat. Med. 5, 1303–1307. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Zanin-Zhorov, A., Ding, Y., Kumari, S., Attur, M., Hippen, K. L., Brown, M., 

Blazar, B. R., Abramson, S. B., Lafaille, J. J., and Dustin, M. L. (2010). Protein 

kinase C-theta mediates negative feedback on regulatory T cell function. 

Science 328, 372–376. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

Zhou, L., Lopes, J. E., Chong, M. M., Ivanov, I. I., Min, R., Victora, G. D., Shen, 

Y., Du, J., Rubtsov, Y. P., Rudensky, A. Y., Ziegler, S. F., and Littman, D. R. 

https://assignbuster.com/intervention-of-pkc-as-an-immunosuppressive-
regimen/

http://dx.doi.org/10.1126/science.1186068
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=20339032
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=20339032
http://dx.doi.org/10.1038/15260
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=10545998
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=10545998
http://dx.doi.org/10.1016/0092-8674(94)90334-4
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=8293463
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=8293463
http://dx.doi.org/10.1016/S1074-7613(02)00506-X
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=12530972
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=12530972
http://dx.doi.org/10.1016/j.coi.2004.03.003
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=15134788
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=15134788


 Intervention of pkc-θ as an immunosuppre... – Paper Example  Page 44

(2008). TGF-beta-induced Foxp3 inhibits T(H)17 cell differentiation by 

antagonizing RORgammat function. Nature 453, 236–240. 

Pubmed Abstract | Pubmed Full Text | CrossRef Full Text 

https://assignbuster.com/intervention-of-pkc-as-an-immunosuppressive-
regimen/

http://dx.doi.org/10.1038/nature06878
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?db=pubmed&cmd=prlinks&retmode=ref&id=18368049
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=18368049

	Intervention of pkc-θ as an immunosuppressive regimen
	Introduction
	PKC-θ is Selectively Enriched in T Cells
	PKC-θ Selectively Translocates to Immunological Synapse
	PKC-θ Mediates TCR Signals Essential for T Cell Activation
	PKC-θ Enhances T Cell Survival
	PKC-θ Promotes the Differentiation of Naïve T Cells to Inflammatory Th17 Cells
	PKC-θ Inhibits the Differentiation and Enhances Suppressive Function of Tregs
	PKC-θ Plays a Critical Role in T Cell-Dependent Autoimmunity
	PKC-θ is Required for NKT-Mediated Autoimmune Hepatitis
	PKC-θ Plays a Critical Role in Alloimmune Responses Essential for Transplant Rejection
	Conclusion
	Conflict of Interest Statement
	Acknowledgment
	References


