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Abstract

Protein kinase C-0 (PKCB0) is a PKC family member expressed predominantly in T lymphocytes,
and extensive studies addressing its function have been conducted. PKCH is the only T cell-
expressed PKC that localizes selectively to the center of the immunological synapse (IS) following
conventional T cell antigen stimulation, and this unique localization is essential for PKCO-
mediated downstream signaling. While playing a minor role in T cell development, early in vitro
studies relying, among others, on the use of PKCO-deficient (Prkcg™~) T cells revealed that PKCH
is required for the activation and proliferation of mature T cells, reflecting its importance in
activating the transcription factors NF-xB, AP-1 and NFAT, as well as for the survival of
activated T cells. Upon subsequent analysis of in vivo immune responses in Prkcg™~ mice, it
became clear that PKCO has a selective role in the immune system: It is required for experimental
Th2 and Th17-mediated allergic and autoimmune diseases, respectively, and for alloimmune
responses, but is dispensable for protective responses against pathogens and for graft-vs.-leukemia
responses. Surprisingly, PKCO was recently found to be excluded from the IS of regulatory T cells
(Tregs) and to negatively regulate their suppressive function. These attributes of PKCO make it an
attractive target for catalytic or allosteric inhibitors that are expected to selectively suppress
harmful inflammatory and alloimmune responses without interfering with beneficial immunity to
infections. Early progress in developing such drugs is being made, but additional studies on the
role of PKCH in the human immune system are urgently needed.
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[. Introduction

The immune system is an immensely complex array of different cell types and soluble
products — antibodies, cytokines, chemokines, growth factors and other mediators - that have
evolved in order to protect us against the many pathogens that we face throughout our life.
Because we face a multitude of danger signals presented by bacteria, viruses, fungi,
parasites and growing tumors that can potentially harm us by acting on different cell types
and tissues in the body via a large number of distinct mechanisms of action, the immune
system has to be equally diverse and multifaceted in order to effectively protect us against
diseases and ensure our health and survival. Thus, many layers of regulation exist in the
immune system to maximize the probability that immune responses are sufficient to afford
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protection, but are not excessive so as to provoke harmful tissue inflammation. Thus, for
almost every action of the immune system, there is a reaction. A prime example of this
sophisticated regulation is represented by regulatory T cells (Tregs), which function to
maintain immune homeostasis and dampen excessive immune responses (Josefowicz, Lu, &
Rudensky, 2012; Rudensky, 2011; Sakaguchi, Yamaguchi, Nomura, & Ono, 2008).
However, this regulatory complexity of the immune system comes at a potentially heavy
price, namely, when genetic predisposition or environmental factors disturb and alter the
fine balance between beneficial and harmful immunity, the outcome, in the form of
inflammation and autoimmunity, can result in debilitating, and sometimes fatal diseases. For
example, humans and mice lacking functional Tregs due to mutations in the Foxp3 gene
succumb to a severe lymphoproliferative and inflammatory disease (Bennett, et al., 2001;
Brunkow, et al., 2001; Gambineri, Torgerson, & Ochs, 2003). Hence, a major goal of
immunology research has been to understand the regulatory mechanisms that operate in the
immune system, with the ultimate goal of developing therapeutic strategies for diseases and
conditions that result from altered and/or undesired immune responses, be it therapies
designed to dampen undesired immune responses such as autoimmune diseases,
inflammation and transplant rejection, or immune interventions aimed at boosting desired
responses such as anti-tumor immunity or viral clearance in immunosuppressed individuals
(e.g., HIV infection and AIDS).

Given the critical role of T lymphocytes in controlling and mediating various types of
immune responses, it is not surprising that T cells have served, and continue to serve, as
logical and major drug targets for treating immunological diseases and cancer. Various
treatment modalities that consist of T cell depletion, alteration of T cell adhesion and
trafficking, potentiation or inhibition of costimulatory receptors, modulation of cytokines
and their signaling pathways, and intervention in T cell receptor (TCR) signaling pathways
have been devised and applied clinically with different degrees of success (Steward-Tharp,
Song, Siegel, & O'Shea, 2010). However, most of these drugs and treatments are not
sufficiently specific and, as a result, have undesirable toxic side effects. This is the case with
the major component of immunosuppressive drug combinations, i.e., calcineurin (CN)
inhibitors such as cyclosporine A (tacrolimus), or with the use of anti-CD3 antibodies to
deplete T cells - treatments which prevent organ transplant rejection, graft vs. host disease
(GvHD) and other undesired immune responses but, at the same time, also render treated
patients susceptible to infection due to their immunosuppressed status (Riminton et al.,
2011). Hence, a major effort in recent years has gone toward the rational development of
more effective immune therapies, which display increased selectivity and reduced toxicity.
An emerging promising drug target that falls into this category is protein kinase C-theta
(PKCB), an enzyme that is predominantly expressed in T cells, where it plays critical roles in
TCR signaling pathways. Of particular importance, recent evidence, mostly based on animal
studies, indicates that the requirement for PKCO is quiet selective - deleterious immune
responses such as autoimmunity strongly depend on it, while it is dispensable for other,
beneficial forms of immunity such as protection against viral infections. Hence, there is
currently substantial interest in targeting PKCO as a means of selectively modulating
immunity in favor of the patient. Several relatively recent articles have reviewed the history,
functions and regulation of this enzyme (Hayashi & Altman, 2007; Isakov & Altman, 2012;
Sun, 2012; Zanin-Zhorov, Dustin, & Blazar, 2011). Therefore, this communication is not
meant to provide a comprehensive review of everything that is known about PKC8 but,
rather, serve as a compact summary of current knowledge about this enzyme and, in
particular, highlight those of its known functions in T cell biology that make it an
increasingly attractive immunomodulatory drug target. In addition, we also define important
open questions, and provide future perspectives related to PKCO.

Adv Pharmacol. Author manuscript; available in PMC 2014 January 27.
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Il. History, Structure and Expression of PKC0

The protein kinase C (PKC) family consists of serine/threonine kinases that mediate a wide
variety of cellular processes (Baier, 2003; Hug & Sarre, 1993; Newton, 1997 {Baier, 2003
#703)(Baier, 2003){Mellor, 1998 #249; Mellor & Parker, 1998; Newton, 1997; Nishizuka,
1995). PKC, which was initially purified from brain extract, was defined as a novel cyclic
nucleotide-independent, lipid and Ca2*-dependent enzyme (Inoue, Kishimoto, Takai, &
Nishizuka, 1977; Takai, et al., 1979), and later found to serve as the cellular receptor for
tumor-promoting phorbol esters (Castagna, et al., 1982; Kikkawa, Takai, Tanaka, Miyake, &
Nishizuka, 1983; Niedel, Kuhn, & Vandenbark, 1983). Initially considered to be a single
entity, it later became clear, with the molecular cloning of the cDNAs encoding the first
three members of the PKC family, PKCa, § and y (Coussens, et al., 1986; Parker, et al.,
1986), soon to be followed by the isolation of additional related enzymes, that PKC
constitutes a new family of enzymes, which now contains ten defined members.

All PKCs are composed of an N-terminal regulatory domain and a C-terminal catalytic
domain that are separated by a flexible hinge region, also known as the V3 domain. Based
on structural differences in the regulatory domain and cofactor requirements for activation,
PKCs are subdivided into three subfamilies: conventional (or classical) PKCs (cPKC; a, fl,
BI1, and v), novel PKCs (nPKC; §, €, 1, and 0) and atypical PKCs (aPKC; { and v/A). The
regulatory region of cPKCs contains three lipid-binding domains; two contiguous cysteine-
rich C1 domains (C1A and C1B; ~50 residues each) involved in binding of the second
messenger diacylglycerol (DAG) or phorbol esters, followed by an N-terminal C2 domain
(~130 residues) that is responsible for Ca2*-dependent binding to membrane-localized
phosphatidylserine or other phospholipids. Hence, binding of both DAG and Ca?* to the C2
and C1 domain, respectively, is required for the activation of cPKCs. The nPKCs also have
two tandem DAG-binding C1 domains and an N-terminal C2 domain, which, however, does
not bind CaZ* but may bind phospholipids. DAG binding to the tandem C1 domains
activates nPKC subfamily members. The positioning of the C2 and C1 domains in nPKCs is
reversed relative to the cPKCs, such that the tandem C1 domains follow the N-terminal C2
domain. Finally, the aPKCs have only one C1 domain that does not bind DAG, and the
cofactors or mechanisms that activate aPKCs are less well understood. In addition, the
regulatory region of all PKCs contains a short conserved pseudosubstrate sequence
corresponding to an ideal PKC substrate recognition site, with the exception that a Ser/Thr
residue, which would normally be phosphorylated, is replaced by an Ala residue (Baier,
2003; Pfeifhofer-Obermair, Thuille, & Baier, 2012).

The discovery of PKC enzymes as cellular receptors for phorbol esters provided a potential
explanation for the T cell mitogenic and activating properties of phorbol esters (Abb,
Bayliss, & Deinhardt, 1979; Touraine, et al., 1977). A separate group of studies at about the
same time documented the ability of a combination of phorbol esters and Ca?* ionophores to
mimic TCR and costimulatory signals (such as those provided by CD28, the prototypical T
cell costimulatory receptor) leading to T cell activation and proliferation (Isakov & Altman,
1985; Kaibuchi, Takai, & Nishizuka, 1985; Truneh, Albert, Golstein, & Schmitt-Verhulst,
19853, 1985b). Together, these two sets of independent findings implicated PKCs as
potentially important players in T cell activation. Subsequently, three independent groups,
including ours, cloned human and mouse cDNAs encoding a new member of the PKC
family, termed PKCO (Baier, et al., 1993; Chang, Xu, Raychowdhury, & Ware, 1993; Osada,
etal., 1992). As it turned out later, the discovery of PKCO was only the “opening shot” to an
extensive series of studies by many groups, which have revealed (and continue to do so) the
importance of this unique PKC family member in several cell types, but particularly in T
lymphocytes.

Adv Pharmacol. Author manuscript; available in PMC 2014 January 27.
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Chromosomal mapping located the human PKCO gene (Prkcq) to the short arm of
chromosome 10 (10p15) (Erdel, et al., 1995), a region prone to mutations that lead to T cell
leukemias, lymphomas and T cell immunodeficiencies (Monaco, et al., 1991; Verma, et al.,
1987). The Prkcq gene has an open reading frame corresponding to a protein with 706
amino acid residues having a molecular weight of ~79-81 kD, which consists of an amino-
terminal regulatory domain (amino acids ~1-378) and a carboxy-terminal catalytic domain
(amino acids ~379-706). The hinge/V3 domain, representing a part of the regulatory
domain, consists of residues ~291-378 (Baier, et al., 1993; Chang, et al., 1993; Xu, et al.,
2004). The crystal structure of the PKCO catalytic domain has been solved (Xu, et al., 2004),
revealing that PKCO displays two main conformational states, i.e., an “open/active” and a
“closed/inactive” state (Seco, Ferrer-Costa, Campanera, Soliva, & Barril, 2012; Xu, et al.,
2004). The allosteric change of PKCO from a “closed” to an “open” state involves two
important mechanisms: DAG binding to the C1 domains and phosphorylation of Thr-538
(T538) in the activation loop (Budde, et al., 2010; Seco, et al., 2012), which is most likely
constitutively phosphorylated, resulting in a constitutively competent, but not fully active,
kinase (Liu, Graham, Li, Fisher, & Shaw, 2002). The interface of the regulatory and
catalytic domains constitutes the active site cleft, which is responsible for the substrate
binding and phosphate delivery from the active catalytic site to the substrate. In addition to
Thr-538, whose phosphorylation is essential for kinase activation, there are several other
phosphorylation sites in PKCO (Freeley, Volkov, Kelleher, & Long, 2005; Liu, et al., 2002;
Liu, et al., 2000; Thuille, et al., 2005; X. Wang, Chuang, Li, & Tan, 2012), some of which
are shared by other PKCs (Ser-676 and -695 in PKCB), and others being unique to PKCO
(Tyr-90 and Thr-219). These phosphorylation sites play distinct role in controlling the
activity and/or cellular localization of PKCO (X. Wang, et al., 2012).

PKCH is most abundant in hematopoietic cells, especially T cells (Baier, et al., 1993). The
high expression level of PKCO in T cells accounts for the abundance of this enzyme in the
thymus and lymph nodes, with lower levels in spleen, and undetectable expression in the
bone marrow (Meller, Altman, & Isakov, 1998; Meller, Elitzur, & Isakov, 1999). In addition
to T cells, PKCO is readily detected in mast cells, natural killer cells and platelets, but not in
B cells, erythrocytes, neutrophils, monocytes, or macrophages (Liu, et al., 2001; Meller, et
al., 1998; Meller, et al., 1999; Vyas, et al., 2001). High expression level of PKCH is also
observed in skeletal muscle (Baier, et al., 1993; Chang, et al., 1993; Meller, et al., 1998;
Osada, et al., 1992), where PKCH has been implicated in mediating insulin resistance
associated with type 2 diabetes (Griffin, et al., 1999; Itani, Zhou, Pories, MacDonald, &
Dohm, 2000; Kim, et al., 2004; Serra, et al., 2003). Analysis of PKCO mRNA expression
during mouse development revealed expression in yolk sac blood islands and in the liver,
and later in the thymus and skeletal muscle. In addition, high expression was detected in the
embryonic nervous system, including spinal ganglia, spinal cord, trigeminal and facial
ganglia and a subsection of the thalamus (Bauer, et al., 2000).

lll. Specialized Functions of PKCB in Conventional T Cells: The Yin

Given the important role of PKCO in TCR-mediated T cell activation, it is worthwhile to
briefly review the major features of TCR signaling. TCR ligation by a peptide antigen-major
histocompatibility complex (MHC) complexes together with the engagement of CD28 by its
ligand, B7, leads to the activation of Src-family tyrosine kinases (Lck and Fyn), which
phosphorylate the immunoreceptor tyrosine-based activation motifs (ITAMs) in the TCR-(
chains and CD3 subunits (Chan & Shaw, 1996). Recruitment and activation of ZAP-70 and
Tec-family tyrosine kinases follow, resulting in the phosphorylation and activation of
additional enzymes and adaptor proteins and formation of multi-component signaling
complexes that ultimately activate various downstream signaling pathways. These events
culminate in the activation of key transcription factors (AP-1, NF-xB and NFAT), which
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induce gene expression programs leading to T cell activation and proliferation (Kane, Lin, &
Weiss, 2000; Samelson, 2002). Two key early events in TCR signaling are the tyrosine
phosphorylation-dependent activation of the adaptor protein, LAT, which serves as a
scaffold for the recruitment of signaling proteins and assembly of a TCR signalosome
(Wange, 2000), and the activation of phospholipase C-y1 (PLC-y1), which hydrolizes
membrane inositol phospholipids to generate two second messengers that activate two
bifurcating signaling pathways: 1P3 initiates CaZ* signaling pathways, and DAG activates
PKC and some other targets, including Ras signaling (Kane, et al., 2000; Samelson, 2002).
Thus, the activation of cPKCs and nPKCs in T cells lies on the pathway initiated by DAG.

T cells express at various levels up to eight distinct members of the PKC family, i.e., PKCa,
B, 8, €, m, 6, Land v (Baier, 2003; Hug & Sarre, 1993; Pfeifhofer-Obermair, et al., 2012). The
expression of multiple PKC isoforms in T cells suggests functional redundancy and possible
specialization. Indeed, T cell-expressed PKCs other than PKCO have been reported to
control various functions in T cells (Baier, 2003; Pfeifhofer-Obermair, et al., 2012).
Nevertheless, the predominantly high expression of PKCO in T cells has suggested that it
might play potentially unique and non-redundant functions in T cell biology. The first clue
pointing in this direction was a report that PKC6, but not PKCa, activated the transcription
factor AP-1, which is required for productive T cell activation. However, it was not until
Prkcg ™/~ mice were generated that the tools required to directly address the question of
redundancy became available (Pfeifhofer, et al., 2003; Sun, et al., 2000).

Prkcg ™~ mice are generally healthy and fertile, and early studies indicated that T cell
development was intact in these mice (Pfeifhofer, et al., 2003; Sun, et al., 2000). A later
study using TCR-transgenic mice expressing a lower avidity TCR revealed a substantial,
albeit not absolute, role for PKCO in mediating positive selection in the thymus (Morley,
Weber, Kao, & Allen, 2008). In this regard, PKCO and another nPKC, PKCn, seem to
behave in a partially redundant manner (Fu, et al., 2011). The most prominent defect in
Prkeq™/~ mice was, however, the severely impaired TCR-mediated activation of mature,
peripheral T cells. In both Prkcg™~ mouse models, impaired responses to TCR/CD28-
induced stimulation were observed in proliferation, 1L-2 production, NF-xB and AP-1
activation. The original finding of impaired NF-kB activation in Prkeq™~ T cells coincided
with in vitro biochemical studies that similarly established NF-xB as being a major target of
PKCH, reflecting the PKCO-dependent activation of 1xB kinase-p (IKKp), but not IKKa
(Coudronniere, Villalba, Englund, & Altman, 2000; Lin, O'Mahony, Mu, Geleziunas, &
Greene, 2000). However, there were some notable differences between the two Prkeg ™~
mouse models: Whereas Prkeq™~ T cells displayed impaired TCR/CD28-induced CD25 and
CD69 upregulation and phorbol ester- plus ionomycin-induced proliferation but intact
NFAT activation in one study (Sun, et al., 2000), the same responses were normal in the
other report (Pfeifhofer, et al., 2003). Conversely, NFAT activation was found to be
impaired (Pfeifhofer, et al., 2003) or intact (Sun, et al., 2000). Some of these differences
may be related to the different strategies used by the two groups to generate Prkcg ™~ mice.
Thus, Littman et al. inactivated the Prkcg gene by homologous recombination in embryonic
stem cells via replacement of the exon encoding the ATP-binding site of the kinase with a
neomycin resistance gene (Sun, et al., 2000), potentially resulting in residual expression of
the N-terminal regulatory region. Baier et al. generated a null Prkcq allele by using the Cre/
LoxP system to delete exons 3 and 4 encoding amino acid residues 10-87, resulted in a
frame shift after amino acid residue 9 of mouse PKCO and essentially a complete deletion of
the corresponding protein (Pfeifhofer, et al., 2003). Nevertheless, later studies using
Prkcq ™/~ mice generated by Littman et al. (Sun, et al., 2000) demonstrated that, in fact, Ca%*
signaling and NFAT activation are impaired in T cells from these mice (Altman, et al., 2004;
Manicassamy, Sadim, Ye, & Sun, 2006), raising the possibility that the use of saturating,
non-physiological anti-CD3/CD28 antibody concentrations in the original study (Sun, et al.,
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2000) likely masked the more subtle effects of Prkcq deletion on Ca2* signaling. Hence,
PKCO regulates to various degrees all three transcription factors required for productive T
cell activation, i.e.,, NF-xB, AP-1, and NFAT, accounting for the impaired proliferation and
cytokine production by Prkcq™~ T cells.

Among the three transcription factors that are regulated by PKCO and are known to be
important for productive T cell activation, the pathway leading from PKCO to NF-xB
activation has been analyzed most extensively. Several enzymes and adaptor proteins play a
role in TCR-mediated activation of the canonical NF-xB (NF-xB1) pathway. These include
caspase recruitment domain (CARD), membrane-associated guanylate kinase (MAGUK)
protein-1 (CARMAL, also termed CARD11), B-cell lymphoma-10 (Bcl10), mucosa-
associated lymphoid tissue-1 (MALT1), and the IKK complex (Lin & Wang, 2004; Weil &
Israel, 2004). The latter consists of two enzymatic components, IKKa and IKKp, and a
regulatory subunit, IKKy (also known as NEMO). CARMAL is constitutively associated
with lipid rafts, and becomes further enriched in these rafts after TCR stimulation.
Following T cell activation, PKCO phosphorylates CARMAL on several serine residues, a
modification essential for the ability of CARMAL1 to activate NF-xB (D. Wang, et al., 2002).
PKCO-phosphorylated CARMAL1 recruits the Bcl10-MALT1 complex, which then activates
IKK by inducing ubiquitination and degradation of IKKYy, allowing activated IKKp (and
perhaps IKKa) to phosphorylate the inhibitory 1xB proteins. This, in turn, results in 1xB
degradation and, consequently, in NF-xB1 nuclear translocation and activation (Ghosh &
Karin, 2002).

The pathway leading from PKCO to AP-1 activation is less clearly understood. AP-1
activation depends on several mitogen-activated protein (MAP) kinases (Shaulian & Karin,
2002). Despite early findings that the TCR/CD28-induced activation of MAP kinases in
Prkecq ™~ T cells is intact (Pfeifhofer, et al., 2003; Sun, et al., 2000), we found more recently
that Prkcq™~ CD8* T cells displayed impaired ERK and JNK activation in response to
specific antigen stimulation (Barouch-Bentov, et al., 2005). Thus, the importance of PKCO
in MAP kinase activation may have been masked by costimulation with saturating
concentrations of anti-CD3/CD28 antibodies (Pfeifhofer, et al., 2003; Sun, et al., 2000). The
PKCO-mediated AP-1 activation is dependent on Ras (Baier-Bitterlich, et al., 1996), and we
have found that SPAK, a Ste20-related MAP kinase, is a direct interactor and substrate of
PKCO in the pathway leading to AP-1, but not NF-xB, activation (Li, et al., 2004). Least
understood of all is the mechanism that links PKCB to the activation of NFAT, but it may
involve Tec-family tyrosine kinases such as Itk and Tec as PKCH interactors that link it to
PLC-vy1 activation (Altman, et al., 2004).

In addition to its importance in T cell activation, PKCO has been shown to play an important
role in the survival of T cells. This effect may involve several distinct mechanisms. The first
mechanism is related to the process of activation-induced cell death in T cells, whereby
binding of FasL, the ligand for the major death receptor Fas (CD95) expressed on activated
T cells, triggers the death of these cells via an extrinsic apoptotic pathway. Thus, PKC6 and
CN cooperated to induce expression of FasL (Villalba, et al., 1999; Villunger, et al., 1999),
and full activation of the Fasl gene promoter required binding sites for the three major
transcription factors positively regulated by PKC6, namely, AP-1, NF-xB and NFAT
(Villalba, et al., 1999), the latter being a prominent target of CN. Along the same line, the
Fas-mediated lytic activity of cytotoxic T lymphocytes (CTLs) was also found to involve a
PKCO-dependent pathway of FasL upregulation (Pardo, et al., 2003). Second, PKCH (but
also another nPKC, PKCe) were found to rescue T lymphocytes from Fas-mediated
apoptosis via phosphorylation and inactivation of Bcl2-associated death promoter (BAD)
(Bertolotto, Maulon, Filippa, Baier, & Auberger, 2000; Villalba, Bushway, & Altman,
2001), a Bcl2 family member that antagonizes the effect of the pro-survival proteins Bcl2
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and Bcly, by physically associating with them. Similarly, PKCO was required for the
survival of both activated CD4*(Manicassamy, Gupta, Huang, & Sun, 2006; Saibil, Jones, et
al., 2007) and CD8* T cells (Barouch-Bentov, et al., 2005; Saibil, Jones, et al., 2007) by
regulating the expression of Bcl2 family proteins, i.e., increasing the expression of the anti-
apoptotic proteins mentioned above (Bcl2 and Bcly, ) and, conversely, suppressing
expression of the related proapoptotic protein Bimg,_. c-Rel, a component of the NF-xB1
transactivating complex, seems to link PKCO to this survival signal (Saibil, Jones, et al.,
2007).

In addition to its function as a signal transducer from the TCR and CD28 on the T cell
surface, PKCO most likely also has biologically relevant nuclear functions. The first clue for
such a function came from a report that PKCH, but not other tested PKCs, associates with
centrosomes and kinetochore structures of the mitotic spindle within the nucleus of murine
erythroleukemia cells, suggesting a role in cell proliferation (Passalacqua, Patrone,
Sparatore, Melloni, & Pontremoli, 1999). More recently, it was found that PKCO physically
associates with the proximal promoter and coding regions of inducible immune response
genes in human T cells (Sutcliffe, et al., 2011). Chromatin-tethered PKCO formed an active
nuclear complex by associating with RNA polymerase 11, the histone kinase MSK-1, and the
adaptor protein 14-3-3C. Furthermore, a chromatin immunoprecipitation (ChlP)-on-ChlP
assay demonstrated that PKCO also localizes to the regulatory regions of a distinct cluster of
micro-RNA promoters and negatively regulates their transcription (Sutcliffe, et al., 2011).

IV. The differential Role of PKCO in Immune Responses

The severe defects observed early on in the in vitro activation, proliferation and I1L-2
production by Prkcg™~ T cells (Pfeifhofer, et al., 2003; Sun, et al., 2000) generally led to the
notion that PKCH is globally required for all T cell-mediated immune responses, raising
doubts about its utility as a drug target for immunosuppression. The concern was that,
similar to the widely used immunosuppressive drugs such as CN inhibitors (e.g.,
tacrolimus), inhibition of PKCO would non-selectively suppress desired immune responses
and render patients susceptible to infections. It was not until 2004, namely four years after
the generation of the first Prkcg™~ mouse model (Sun, et al., 2000), that the first report
analyzing in vivo immune function of Prkcq™~ mice has appeared, documenting the
somewhat surprising finding that CTL and antibody response against vesicular stomatitis
virus (VSV) infection were intact in these mice (Berg-Brown, et al., 2004). This study was
soon followed by additional reports by many other groups, leading to the now widely
accepted view that the requirement of PKCO for immune responses is, in fact, quiet selective
(Table 1), providing one of the strongest arguments for the promise of this enzyme as a
useful drug target.

The first report that PKCO is dispensable for antiviral responses mediated by CTLs was
confirmed by several other groups in the context of several different virus or bacteria
infection models (Giannoni, Lyon, Wareing, Dias, & Sarawar, 2005; Marsland, et al., 2005;
Valenzuela, et al., 2009), although one of these studies reported reduced antiviral antibody
and type 1 helper T (Th1) responses (Giannoni, et al., 2005). The relative importance of
PKCO in protective immunity against pathogen infection is likely determined in part by the
pathogen load, as indicated by finding that Prkcg™~ mice can clear Listeria monocytogenes
infection when inocculated with 2 x103 colony-forming units of bacteria (Valenzuela et al.,
2009), but not when a 25-fold higher bacterial load is used (Sakowicz-Burkiewicz et al.,
2008). These findings suggest that alternative signals such as innate immunity provided by
infection with live pathogens can compensate for the lack of PKCO in vivo and allow an
adequate protective response. Indeed, more recent studies demonstrated that increased
activation signals delivered in vivo by highly activated dendritic cells (Marsland, et al.,
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2005) or by a toll-like receptor (TLR) ligand (Marsland, et al., 2007), as present during viral
infections, overcome the requirement for PKCO during CD8* T cell antiviral responses.
Consistent with these findings, mouse T cell responses triggered by immunization with a
protein antigen plus an LPS adjuvant (a TLR4 agonist) were relatively well preserved in the
absence of PKCO (Valenzuela, et al., 2009). The in vitro differentiation of Prkcq™”~ Th1
cells is moderately impaired (Marsland, Soos, Spath, Littman, & Kopf, 2004; Salek-
Ardakani, So, Halteman, Altman, & Croft, 2004), most likely due to the lack of such innate
immunity signals in culture. However, the ability of innate immunity signals to bypass the
requirement for protective responses to pathogens may not be generalizable or absolute. In
fact, studies demonstrated that the immune response against two unicellular protozoan
parasites, Toxoplasma gondii (Nishanth, et al., 2010) or Plasmodium berghei (Ohayon, et
al., 2010) was impaired in Prkcg™~ mice, reflecting defects in both Th1 and Th2 cytokines.
The primary defect in these infections may lie in impaired activation of innate TLR
signaling pathways (Griffith, et al., 2007; Yarovinsky, et al., 2005), with the subsequent
adaptive immunity defect representing a secondary phenomenon. Therefore, it remains to be
determined whether unicellular parasites represent a special case where immunity and
subsequent pathology require PKCO and/or whether some ligands that stimulate the innate
immune system are incapable of rescuing its deletion.

Using several models of Th2-mediated immune responses such as allergic lung
inflammation and immunity to parasites, it has been clearly demonstrated that in vivo Th2
responses as well as Th2 differentiation in vitro are critically dependent on PKCH (Marsland,
et al., 2004; Salek-Ardakani, et al., 2004). This dependence almost certainly reflects the
importance of PKCBH in upregulating the expression of GATA-3, the master transcription
factor for Th2 development (Stevens, et al., 2006). Although several studies demonstrated
that PKCO plays a less important role in Thl responses (Marsland, et al., 2004; Salek-
Avrdakani, et al., 2004), Several recent studies demonstrated that Prkcg™~ mice were
resistant to the development of several experimental autoimmune diseases that are generally
considered to represent reliable models of their human counterparts, including experimental
autoimmune encephalomyelitis (EAE), adjuvant-induced arthritis, and colitis (Anderson, et
al., 2006; Healy, et al., 2006; Salek-Ardakani, So, Halteman, Altman, & Croft, 2005; Tan, et
al., 2006). These autoimmune disease models, which were once considered to be induced by
Th1 cells, are now known to be largely mediated by pathogenic Th17 cells. Indeed, Prkcg™~
CD4™* T cells display impaired in vitro differentiation into Th17 cells (Anderson, et al.,
2006; Kwon, Ma, Ding, Wang, & Sun, 2012; Salek-Ardakani, et al., 2005). The mechanistic
basis for the regulation of Th17 differentiation by PKCO appears to involve the upregulation
of Stat3 expression, which, in turn, is dependent on NF-xB and AP-1 (Kwon, et al., 2012),
the two transcription factors that are well known to represent PKCO targets.

More recent studies expanded the list of in vivo immune responses that are differentially
regulated by PKC. Analysis of cardiac allograft rejection revealed that Prkcg™~ mice
showed a mildly prolonged allograft survival (Gruber, et al., 2009) or a severe defect in their
ability to reject such allografts (Manicassamy, et al., 2008). The difference between the two
studies can most likely be explained by the different strategies used to generate the
corresponding Prkcg™~ mice (Pfeifhofer, et al., 2003; Sun, et al., 2000), as discussed earlier.
Of interest, combined deletion of Prkcq and Prkca genes in double knockout mice resulted
in a more severe delay in allograft rejection, suggesting a cooperation between these two
PKC isoforms, most likely operating at the level of NFAT activation (Gruber, et al., 2009).
The other study (Manicassamy, et al., 2008) additionally demonstrated that the defect in
allograft rejection mediated by Prkcg™~ T cells can be rescued by transgenic expression of
the anti-apoptotic protein Bcly, indicating that this defect is due, at least in part to the poor
survival of Prkcq™~ T cells. This conclusion is consistent with the well-established role of
PKCO as a T cell survival factor (Barouch-Bentov, et al., 2005; Manicassamy, Gupta, et al.,
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2006; Saibil, Jones, et al., 2007) that regulates pro- and anti-apoptotic Bcl2 family members
in opposite ways, respectively. Of interest, a blocking (antagonistic) anti-CD28 antibody
was found to enable long-term survival of heart allografts across a complete MHC
mismatch, and this effect was associated with impaired early TCR signaling events,
including PKCBO activation (Jang, et al., 2008).

Allogeneic bone marrow transplantation (BMT) is commonly used as therapy for
hematopoietic malignancies, and it relies on the T cell-dependent graft-ver sus-leukemia
(GvL) response to eradicate residual tumor cells. However, GvHD elicited by alloreactive
donor T cells that recognize mismatched recipient’s histocompatibility antigens can cause
severe damage to hematopoietic and epithelial tissues, and is often a potentially lethal
complication of allogeneic BMT. Hence, strategies to eliminate the deleterious effects of
GVHD and preserve the beneficial GvL response are highly desirable, but have been proven
extremely difficult to achieve. A recent interesting publication reported that PKC6 was
required for alloreactivity and GvHD induction, but was dispensable for the induction of a
GvVL response after BMT in mice (Valenzuela, et al., 2009). In contrast, another study
demonstrated an important role for PKCO in the immune response to de novo arising
leukemias induced by Moloney murine leukemia virus in mice (Garaude, et al., 2008). This
role reflected the importance of PKCO in both the activation of tumor-specific T cells as well
as in the fitness of the growing leukemic cells. The latter effect is consistent with the critical
role of PKCO in T cell survival, including in T cell leukemias (Villalba & Altman, 2002).
Thus, unlike pathogen infections, where PKCO is dispensable for immune pathogen
clearance, elimination of danger signals represented by growing tumors appears to require
PKCO, potentially due to the absence of TLR ligands, which can compensate for the lack of
PKC®O, on tumor cells.

Although the function of PKCO was studied nearly exclusively in T cells, some studies also
addressed its role in natural killer (NK) and natural killer T (NKT) cells, two T cell-related
innate immune cells that are activated rapidly in response to danger signals such as those
presented by tunor cells or virus-infected cells. PKCO is expressed in NK cells (Balogh, de
Boland, Boland, & Barja, 1999; Vyas, et al., 2001) and, similar to T cells (see below), it
translocates to the NK cell immunological synpase (IS) upon activation by MHC class I-
deficient target cells (Davis, et al., 1999). PKCO was found to be important for NK cell-
mediated surveillance of tumor cells and virus-infected cells via several potential
mechanisms that may reflect its requirement for NK production of cytokines such as IFNy
and TNFa (Page, Chaudhary, Goldman, & Kasaian, 2008; Tassi, et al., 2008), NK cell
degranulation (Aguilo, Garaude, Pardo, Villalba, & Anel, 2009), or induction of FasL
(Pardo, et al., 2003; Villalba, et al., 1999; Villunger, et al., 1999). A potential mechanism for
arole of PKCO in NK (and CTL) degranulation could involve the phosphorylation of
WASP-interacting protein (WIP) during NK cell activation (Krzewski, Chen, Orange, &
Strominger, 2006), since WIP and WASP are components of the cellular machinery that
regulates the actin cytoskeleton, a process important for cell polarization and directional
cytokine and lytic granules secretion (Krzewski, et al., 2006). Other hypothetical
mechanisms that may underlie the importance of PKCO in tumor surveillance are plausible
as well. The role of PKCH in NK cell function has recently been reviewed in detail (Anel, et
al., 2012).

Prkeq™~ mice also display defects in the development of function of NKT cells (Fang, et al.,
2012; Schmidt-Supprian, et al., 2004). The requirement of PKCB for the thymic
development of NKT cells most likely reflects the critical role of NF-xB, a known PKC6H
target, in NKT development (Schmidt-Supprian, et al., 2004). Fang et al. used an in vivo
model of concanavalin A (ConA)-induced acute hepatitis, an inflammatory response known
to be mediated by rapidly activated NKT cells, to study the role of PKCO. They found that
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Prkeq™/~ mice were resistant to acute hepatitis, reflecting a requirement of PKCO in both NK
cell development (resulting in reduced NK cell numbers in the periphery) and activation
(Fang, et al., 2012). Thus, ConA- or NKT-specific lipid ligand-stimulated Prkcg™~ NKT
cells displayed impaired IFNy, TNFa and IL-6 production, and this defect was most likely
intrinsic to the NK cells.

V. PKC®O and the Immunological Synapse

When the TCR on CD4* or CD8" T cells is engaged by antigen-presenting cells (APCs) that
present a complex of peptide and MHC class 11 molecule, or by target cells displaying a
peptide antigen bound to MHC class | molecule, respectively, the T cells go through a
complex and dynamic process, whereby its surface proteins, plasma membrane (PM) lipids,
the actin cytoskeleton, and intracellular signal mediators undergo spatial and temporal
reorganization to form an IS in the contact area between the T cells and the APCs (or target
cells). This IS acts as platform for signal initiation and termination (Bromley, et al., 2001;
Dustin, 1997; Dustin, Allen, & Shaw, 2001; Dustin & Cooper, 2000; Grakoui, et al., 1999;
K. H. Lee, et al., 2003; Vardhana, Choudhuri, Varma, & Dustin), where proteins and lipids
segregate into distinct IS subdomains known as the central supramolecular activation cluster
(cSMAC), peripheral SMAC (pSMAC), and distal SMAC (dSMAC) (Monks, Freiberg,
Kupfer, Sciaky, & Kupfer, 1998). The use of high-resolution imaging techniques such as
total internal reflection fluorescence (TIRF) microscopy, which allows imaging of protein
localization in live cells and in real time, revealed that upon T cell engagement by APCs and
recognition of antigen, microclusters containing TCRs and additional signaling molecules
continuously form at the periphery of the IS, whereupon they migrate centripetally into the
center of the IS (Campi, Varma, & Dustin, 2005; Saito & Yokosuka, 2006; VVarma, Campi,
Yokosuka, Saito, & Dustin, 2006; Yokosuka, et al., 2005). Formation of these microclusters
precedes the organization of a mature IS, and they represent a site for antigen recognition
and T cell activation (Saito & Yokosuka, 2006). One of the most prominent discoveries
about PKCH was the finding that upon antigen stimulation, PKCBO translocates at a high
stoichiometry into the cSMAC in the IS and, furthermore, that the level of its translocation
positively correlated with the strength of the TCR signal (Monks, et al., 1998; Monks,
Kupfer, Tamir, Barlow, & Kupfer, 1997). At the time of this discovery, it was thought that
PKCO was the only T cell-expressed PKC family member to translocate to the IS, but very
recent studies revealed that two other nPKCs, PKCe and n, also translocate to the 1S, albeit
not specifically to the cSMAC but, rather, in a diffuse pattern all over the IS (Quann, Liu,
Altan-Bonnet, & Huse, 2011; Singleton, et al., 2011).

As a result of DAG formation in the PM following receptor-induced, PLCy-mediated
hydrolysis of membrane inositol phospholipids, most cPKCs and nPKCs are recruited to the
PM via their tandem C1 domains (Newton, 1997; Nishizuka, 1995). However, PKCH is
unique in its highly selective localization to the cSMAC, suggesting that, in addition to the
high local concentration of DAG at the T cell IS (Spitaler, Emslie, Wood, & Cantrell, 2006),
which mediates PKCO (and perhaps other PKCs) recruitment to the IS in general, but not to
the cSMAC specifically (Carrasco & Merida, 2004; Spitaler, et al., 2006), another
mechanism exists to direct PKCO specifically to the cSMAC. This hypothetical mechanism
remained an enigma for a long time, as did the apparent paradox that PKCO, which is
thought to sustain TCR signaling in the IS for hours, is localized in an IS subdomain (the
cSMAC), where TCR signaling complexes are degraded and signaling is terminated (K. H.
Lee, et al., 2003; Vardhana, et al.). Findings that CD28, but not other costimulatory
receptors, is essential for PKCO localization at the cSMAC (Huang, et al., 2002; Sedwick, et
al., 1999), and that PKCH colocalizes with CD28 in TCR-dependent microclusters and, later,
in a cSMAC subregion distinct from the TCR-high subregion (Tseng, Liu, & Dustin, 2005;
Tseng, Waite, Liu, Vardhana, & Dustin, 2008; Yokosuka, et al., 2008) provided a potential
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resolution to these unresolved question. Yokosuka et al. were the first to demonstrate a
physical association (revealed by coimmunoprecipitation) between PKCO and CD28
(Yokosuka, et al., 2008), and this finding was extended and further explored by us under
conditions of specific antigen stimulation (Kong, et al., 2011). We demonstrated that the V3
(hinge) domain of PKCO is required and sufficient for the recruitment of PKCO to the
cSMAC, reflecting an indirect physical association between the V3 domain and the
cytoplasmic tail of CD28. The intermediate protein in this trimolecular complex is the Lck
tyrosine kinase, which associates via its SH2 and SH3 domains with a distal tyrosine-
phoshorylated motif in the CD28 tail and with an evolutionary conserved proline-rich motif
in the PKCO V3 domain (which is not found in other PKCs), respectively (Kong, et al.,
2011). The PKCO-CD28 association was essential for downstream PKCO-dependent
functions as V3 mutations that abolished this interaction, or ectopic expression of the
isolated PKCO V3 domain, which functioned in a dominant negative manner to disrupt the
endogenous PKCO-CD28 association, disrupted the activation of NF-xB and the
differentiation of naive T cells into Th2 or Th17, but not Thl cells (Kong, et al., 2011). This
effect on Th differentiation is fully consistent with the studies described earlier, which
documented the requirement, or lack thereof, of PKCO for the differentiation of these Th
subsets.

Other mechanisms may also contribute to the IS and cSMAC localization of PKCO. First,
TCR/CD28-induced autohosphorylation of Thr-219 in the regulatory domain of PKC6 was
important for IS localization as well as for NF-xB activation (Thuille, et al., 2005). Our
recent study (Kong, et al., 2011) is consistent with this correlation between the IS
localization and function of PKCB. Second, intact catalytic activity was also important since
deletion of the catalytic domain or mutation of several PKCO phosphorylation sites,
including Thr-538, which is essential for the catalytic competence of the kinase, abolished or
greatly reduced its IS recruitment following antigen stimulation (Cartwright, Kashyap, &
Schaefer, 2011). Third, a very recent study demonstrated that PKCe and PKCn are also
recruited to the IS in a diffuse manner. Interestingly, the recruitment of these two nPKCs
preceded that of PKCO to the cSMAC and, in fact, seemed to be obligatory since RNA-
mediated knockdown of these two PKCs reduced the subsequent IS/cSMAC localization and
function of PKCO (Quann, et al., 2011). Furthermore, PKCO was found to be important for
the organization of the microtubule organizing complex (MTOC) under the IS in this study.
Thus, a PKC cascade may operate in T cells to promote the unique localization and function
of PKCO, at least in T effector (Teff) cells. Additional signaling proteins that appear to
participate in the regulation of PKCO cellular localization and function include the ERK-
activating MEK kinase (Praveen, Zheng, Rivas, & Gajewski, 2009), phosphatidylinositol 3-
kinase (PI3K) (Praveen, et al., 2009; Villalba, et al., 2002) and Vav (Dienz, Hehner, Droge,
& Schmitz, 2000; Dienz, et al., 2003; Villalba, et al., 2002; Villalba, et al., 2000).

The stable IS is a symmetrical (“bull’s eye”) structure that forms upon T cells contact with
APCs. However, T cells can undergo transient interactions with APCs, in which
disengagement from the APC and the subsequent T cell motility result in breaking of the IS
symmetry and formation of an unstable, non-symmetrical synapse termed kinapse (Dustin,
2008). The kinapse would then reassemble into a stable, symmetrical synapse when the T
cell serially engages a new APC. Naive T cells encountering APCs were found to undergo
cycles of stable IS formation and autonomous T cell migration associated with kinaspe
formation, which was driven by PKCO (Sims, et al., 2007). In these motile T cells, PKCO
was localized to the F-actin-dependent peripheral pSMAC. Consistent with an important
role of PKCB in promoting destabilization of the IS and formation of a kinase, Prkeq™”~ T
cells formed hyperstable IS in vitro and in vivo; conversely, the Wiscott Aldrich Syndrome
protein (WASp) promoted the formation of a stable IS (Sims, et al., 2007). Thus, opposing
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effects of PKC6 and WASp control IS stability through pSMAC symmetry breaking and
reformation.

Along the same line, PKCO was reported to destabilize the 1S in CD4* CTLs since a
selective PKCBO inhibitor increased IS stability and sensitivity of specific target cell lysis
(Beal, et al., 2008). Conversely, disruption of the pPSMAC by treatment with anti-LFA-1
antibody destabilized the CD8* CTL IS and decreased target cell sensitivity to lysis. This
study also demonstrated that CD4" CTLs form a less stable IS with target cells than their
CD8™ counterparts, which correlates with relatively reduced lytic efficiency. These results
suggest that formation of a stable pSMAC, which is inhibited by PKCH, functions to confine
the released lytic molecules at the synaptic interface and to enhance the effectiveness of
target cell lysis. However, evidence also exists indicating that PKCO promotes IS stability.
Thus, PKCO was reported to activate the 2 integrin LFA-1 (i.e, increase its avidity for its
ligand ICAM-1) downstream of the TCR by phosphorylating the guanine nucleotide
exchange factor Rap-GEF2, an activator of the small GTPase Rapl (Letschka, et al., 2008).
Additional studies will be required to settle this apparent discrepancy.

As discussed earlier, T cell activation leads to a segregation of PM domains to form TCR
signaling clusters and eventually the IS. At these T cell activation sites, protein networks
reside in PM regions that contain highly ordered lipids such as cholesterol and
sphingomyelin in subdomains broadly referred to as lipid rafts. These lipid rafts are
implicated in signaling from the TCR and in localization and function of proteins residing
proximal to the TCR, and they localize at the IS (Harder, Rentero, Zech, & Gaus, 2007;
Kabouridis & Jury, 2008). Despite many studies on the role of lipid rafts in T cell activation,
their importance in this process is still somewhat controversial (Kenworthy, 2008), and TCR
microcluster formation is, in fact, independent of lipid raft clustering (Saito & Yokosuka,
2006). Imaging analysis demonstrated that lipid rafts preferentially accumulate in the
cSMAC. However, quantitative analyses indicated that the level of lipid rafts recruitment to
the cSMAC is relatively small, suggesting that rearrangement of lipid rafts from the pSMAC
into the cSMAC can account for this accumulation (Burack, Lee, Holdorf, Dustin, & Shaw,
2002).

We found that T cell stimulation by anti-receptor antibodies or by peptide-MHC complexes
induces translocation of PKCO to membrane lipid rafts, which localized to the IS. This
translocation was mediated by the regulatory domain of PKCO, was dependent on Lck (but
not ZAP-70) kinase, and a PKCO-Lck complex was present in the lipid rafts (Bi, et al.,
2001). The catalytic domain of PKCO did not partition into rafts and was incapable of
activating NF-xB, but addition of an Lck-derived acylation signal, which targeted the
catalytic domain into lipid rafts, restored these functions. Thus, physiological T cell
activation translocates PKCO to rafts, and this translocation is important for its function (Bi,
etal., 2001).

VI. PKCB, CD28 Costimulation, and T Cell Anergy

T cell anergy is an important mechanism of peripheral immune tolerance, whereby T cells
primed by antigen fail to respond to restimulation with the same antigen (Fathman &
Lineberry, 2007; Schwartz, 2003). TCR signaling events are aberrant in anergic T cells, and
the underlying mechanisms are complex (Saibil, Deenick, & Ohashi, 2007). However, one
dominant theme that has emerged from recent studies is the importance of the Ca2*
signaling pathway involving NFAT activation in anergy induction (Heissmeyer, et al., 2004;
Heissmeyer & Rao, 2004; Macian, et al., 2002; Macian, Im, Garcia-Cozar, & Rao, 2004).
Thus, T cell anergy ensues when NFAT is activated by partial TCR signals in the absence of
AP-1 and/or NF-xB activation, reflecting the induction of a unique anergy-associated gene
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program (Heissmeyer, et al., 2004; Macian, et al., 2002), which involves the upregulation of
E3 ubiquitin ligases and the resulting degradation of early signal transducing proteins
(Fathman & Lineberry, 2007; Heissmeyer & Rao, 2004; Macian, et al., 2004).

Based on the “two-signal hypothesis”, which states that productive T cell activation requires
a TCR signal (signal 1) and an additional costimulatory signal (signal 2) (Bretscher & Cohn,
1968, it was found that provision of a TCR signal in the absence of costimulation induces T
cell anergy {Jenkins, 1990 #297)(Harding, McArthur, Gross, Raulet, & Allison, 1992;
Jenkins, Chen, Jung, Mueller, & Schwartz, 1990). Subsequently, CD28 was identified as the
major costimulatory receptor in naive T cells {Harding, 1992 #300). In this context, it is
interesting to note that many of the TCR signaling events that are impaired in anergic T
cells, such as the activation of Ras, MAP kinases, AP-1 and NF-xB (Fathman & Lineberry,
2007; Saibil, Deenick, et al., 2007; Schwartz, 2003), represent downstream targets of PKCH,
raising the intriguing possibility that PKCO plays a key role in determining the balance
between productive T cell activation and anergy. Several lines of evidence support this
notion. First, it is now clear that PKC6 integrates signals from both the TCR and CD28, a
requirement for its functional activity (Coudronniere, et al., 2000) and proper localization in
the T cell IS (Huang, et al., 2002; Kong, et al., 2011; Sedwick, et al., 1999). Second,
Prkcq ™~ T cells display an anergic phenotype upon antigen challenge, similar to that of
Cd28~/~ mice (Berg-Brown, et al., 2004). And, third, a blocking anti-CD28-specific
antibody was reported to induce long-term heart allograft survival by suppressing the PKCO-
JNK signaling pathway (Jang, et al., 2008). Given the less severe inhibitory effect of Prkcq
deletion on the Ca2*-NFAT signaling pathway relative to the AP-1 and NF-xB pathways, it
is therefore conceivable that in the absence of PKCBH, there would be sufficient residual
NFAT activation but nearly absent AP-1 and NF-«xB activation, conditions that would favor
the induction of T cell anergy (Heissmeyer, et al., 2004). Hence, selective inhibition of
PKCO function could potentially achieve the beneficial effect of inducing anergy (tolerance)
to organ and bone marrow transplants.

VII. Unique Function of PKC8 in Treg Development and Function: The Yang

Tregs play an indispensable role in maintaining immune homeostasis and immunological
unresponsiveness to self-antigens, as well as in suppressing excessive immune responses
deleterious to the host, such as autoimmune and autoinflammatory disorders, allergy, acute
and chronic infections, cancer, and metabolic inflammation. Tregs are generated in the
thymus as a functionally mature subpopulation of T cells termed natural Tregs (nTregs) and
can also be induced from naive T cells in the periphery by an appropriate cytokine milieu to
differentiate into induced Tregs (iTregs). Foxp3 serves as an essential master transcription
factor that determines Treg lineage specification (Josefowicz, et al., 2012; Josefowicz &
Rudensky, 2009; Rudensky, 2011; Sakaguchi, et al., 2008).

PKCO6 was found to be required for the thymic development of nTregs (Gupta, et al., 2008;
Schmidt-Supprian, et al., 2004). This requirement is not absolute, however, since Prkeq™~
mice still have ~20% of the nTregs found in wild-type mice. Moreover, ex vivo Tregs
isolated from Prkeq ™~ mice display intact suppressive activity (Gupta, et al., 2008) (K. -F.
Kong, unpublished data). The requirement of PKCO reflected its important role in activating
the NF-kB signaling pathway because, similar to PKCO deletion, deletion of IKKf and
Bcl10, two critical components in the canonical NF-kB pathway, reduced nTreg
development (Schmidt-Supprian, et al., 2004). The importance of NF-xB in Treg
development is also evident from the finding that the transcription factor c-Rel initiates
Foxp3 transcription in thymic Treg precursors (Hori, 2010). The nTreg development defect
in Prkeq™~ mice was not related to a missing survival signal since transgenic expression of
the anti-apoptotic survival protein Bcly could not restore the Treg cell population in these
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mice (Gupta, et al., 2008). In addition, CN-Ag-deficient mice also had a decreased Treg cell
population similar to that observed in Prkcg™~ mice, suggesting that NFAT also plays an
important role in nTreg development (Gupta, et al., 2008).

One prominent Treg-mediated suppressive mechanism is dependent upon its contact with
APCs. This physical contact promotes the formation of a specialized signaling platform, the
IS, at the Treg-APC interface (Sakaguchi, et al., 2008; Sarris, Andersen, Randow, Mayr, &
Betz, 2008; Zanin-Zhorov, et al., 2010). A recent study explored the characteristics of the
Treg IS and, surprisingly, reported the intriguing finding that in contrast to Teff cells, PKCH
is excluded form the Treg IS and, instead, it localizes to the distal pole in human Tregs
(Zanin-Zhorov, et al., 2010). Furthermore, a selective small molecule PKC6 inhibitor (C20)
enhanced the suppressive activity of Tregs, implying a negative regulatory role for PKC6 on
Treg function. Similarly, pharmacological inhibition of NF-xB also increased human Treg
suppressive activity, suggesting that PKCH targets NF-«xB in a pathway leading to inhibition
of Treg function. This contrasts with the positive regulatory function of the NF-xB pathway
in thymic Treg development (Hori, 2010; Schmidt-Supprian, et al., 2004). Pharmacological
inhibition of PKCO protected Tregs from inactivation by TNFa, rescued the defective
activity of Tregs from rheumatoid arthritis (RA) patients, and enhanced protection of mice
from inflammatory colitis (Zanin-Zhorov, et al., 2010). However, the PKCB inhibitor
abolished the ability of human Tregs to proliferate in vitro in response to anti-CD3 plus -
CD28 antibodies in the presence of high IL-2 concentrations (Zanin-Zhorov, et al., 2010;
Zanin-Zhorov, et al., 2011). Our preliminary finding that a dominant negative PKC6 V3
domain, which inhibits the differentiation of Th2 and Th17 cells (Kong, et al., 2011),
enhances the in vitro differentiation of naive T cells into FoxP3* Tregs (K. F. Kong & E. Y.
Zhang, unpublished data), supports the inhibitory role of PKC6 in Treg function. Another,
indirect support for this notion comes from a very recent study, which demonstrated that
embryonic stem cells-derived factors, which have been known to modulate immune
activation, inhibited the phosphorylation of PKCO and the activation of its target, NF-xB, in
Teff cells, while at the same time upregulating Treg markers such as FoxP3, TGFj and
IL-10 in CD4*CD25" cells (Mohib, AlKhamees, Zein, Allan, & Wang, 2012).

Another very recent study also addressed the role of PKCH in Treg differentiation (Ma,
Ding, Fang, Wang, & Sun, 2012). These authors reported that PKC8-mediated signals
inhibit iTreg differentiation in vitro via an Akt-Foxol/3A pathway. This conclusion was
based on findings that TGFB-induced iTreg differentiation was enhanced in Prkcq™~ T cells
or in wild-type T cells treated with a selective PKC® inhibitor, and that Prkcg™~ T cells
displayed reduced Akt kinase activity. Furthermore, knockdown or overexpression of the
Akt targets Foxol and Foxo3a inhibited or promoted the iTreg differentiation of Prkcq™”~ T
cells, respectively. By contrast, we found that naive T cells from Prkcq~ mice displayed a
severely impaired differentiation into Foxp3* Treg cells when cultured under similar
conditions to those used by Ma et al. (Ma, et al., 2012), i.e,, anti-CD3/CD28 antibody
stimulation in the presence of TGFf and IL-2 (K. -F. Kong, unpublished data) suggesting
that PKC® is, in fact, indispensable for the in vitro differentiation of CD4*Foxp3* T cells.
The reason for these apparently contradictory findings is unclear, but it is important to note
that important caveats need to be taken into consideration when assessing the effect of
pharmacological PKCO inhibitors or Prkcqg gene deletion on the differentiation of Tregs (or
T cells in general): In the first case, small molecule kinase inhibitors do not have absolute
selectivity and, therefore, functional effects of PKCO inhibition could conceivably be due to
the inhibition of other kinases. In the second case, embryonic deletion could affect T cell
developmental processes, and these effects could be carried over to the peripheral T cells.
Hence, it would be useful to generate conditional Prkcq gene knockout mice where PKCH
expression is abolished post T cell development, i.e., only in the mature peripheral T cells.
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Another issue that merits consideration when studying the function of PKC6 in Treg
development, differentiation, and function has to do with the role of CD28 in Tregs, given
the importance of this costimulatory receptor in the IS localization and function of PKCO in
Teff cells. In contrast to thymic Treg development that requires high-affinity and avidity
TCR interaction together with a CD28 costimulatory signal, peripheral Treg induction
depends on suboptimal TCR stimulation together with TGFp, but in the absence of CD28
costimulation (Curotto de Lafaille & Lafaille, 2009; Josefowicz & Rudensky, 2009). In fact,
CD28 signals can inhibit iTreg differentiation (Ma, et al., 2012; Zanin-Zhorov, et al., 2010),
most likely reflecting the importance of CD28 in promoting activation of NF-xB
(Coudronniere, et al., 2000), consistent with the negative effect of NF-xB on iTreg
differentiation (Zanin-Zhorov, et al., 2010).

VIIl. PKC8 in Human Disease

The establishment of Prkcq ™~ mice (Pfeifhofer, et al., 2003; Sun, et al., 2000) made it
possible to systematically dissect the critical functions of PKCO at the molecular, cellular
and in vivo levels under physiological and pathological conditions. However, the potential
role of PKCBH in the pathogenesis of human diseases represents a much more challenging
question. Nonetheless, PKCO has consistently been reported to be associated with several
human diseases, autoimmune diseases and cancer.

Recent genome-wide association studies (GWAS), which compare single nucleotide
polymorphisms (SNP) between thousands of diseased and healthy individuals followed by
powerful statistical analyses, have identified specific SNPs within the Prkcq locus that are
significantly associated with type 1 diabetes (T1D), RA, and celiac disease (Cooper, et al.,
2008; Raychaudhuri, et al., 2008; Stahl, et al., 2010; Zhernakova, et al., 2011). For example,
the SNP rs947474 has been reproducibly reported as a risk factor for the development of
T1D (Cooper, et al., 2008; Reddy, et al., 2011). On the other hand, the C or G single
nucleotide variation at rs4750316 is consistently associated with RA (Raychaudhuri, et al.,
2008; Stahl, et al., 2010). These novel findings provide a framework for formulating
tangible hypotheses and testable models in order to understand the PKCO-dependent
molecular pathways pertinent to human diseases. For example, the T1D susceptibility
associated with ChlP SNP rs947474, which is located 78 kb downstream of the Prkcq gene,
is positioned within the gene regulatory region. Incidentally, a comprehensive genome-wide
mapping study using ChIP followed by deep sequencing (ChlP-seq) revealed that the same
SNP lies within a vitamin D receptor (VDR)-binding site (Ramagopalan, et al., 2010). The
VDR is a transcription factor, which, upon binding to its ligand, exerts pleiotropic biological
effects on immune cells, including T cells (Baeke, Takiishi, Korf, Gysemans, & Mathieu,
2010). Thus, this disease-associating SNP could possibly affect the occupancy and/or
function of the VDR. With this knowledge, it would be feasible and interesting to examine
whether the single nucleotide variation at rs947474 can modulate the expression and/or
function of human PKC6 and, as a result, increase the risk of developing T1D.

Another intriguing development concerning the association of PKC6 with human disease
has recently emerged in cancer studies. Gastrointestinal stromal tumors (GISTs) represent a
specific group of tumors involving the mesenchymal tissues of the gastrointestinal tract.
Gain-of-function mutations in the c-Kit protooncogene that result in its constitutive activity
account for about 85% of cases and, hence, c-Kit expression is the standard marker for GIST
diagnosis (Hirota, et al., 1998). Treatment of GIST patients with the tyrosine kinase inhibitor
Imatinib is effective, although its long-term use can lead to drug resistance (Gschwind,
Fischer, & Ullrich, 2004). In a small subset of GIST patients, the expression of c-Kit is less
prominent and, therefore, in an effort to identify new markers for c-Kit-negative GIST,
several groups found that PKCO was expressed in all forms of GISTs, but not in other
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mesenchymal or epithelial tumors, including non-GIST c-Kit-positive tumors. Thus, PKCO
can serve as a sensitive and specific marker for GISTs (Blay, et al., 2004; Debiec-Rychter, et
al., 2004; Duensing, et al., 2004). Subsequent studies in different cancer centers have
corroborated this finding (H. E. Lee, Kim, Lee, Lee, & Kim, 2008; Motegi, et al., 2005).
Does the aberrant expression of PKCO in GISTs play a role in the development of these
tumors? In fact, in vitro experiments demonstrated that PKCO acts upstream to regulate the
expression of c-Kit since knockdown of PKCO in GIST cell lines using RNA interference
caused a reduction of c-Kit expression, inhibition of the PI3K/Akt signaling pathway,
upregulation of the cyclin-dependent kinase inhibitors p21 and p27, cell arrest at the G1
phase of the cell cycle, and apoptosis (Ou, Zhu, Demetri, Fletcher, & Fletcher, 2008).
Hence, these findings suggest that PKCO could promote GIST development and, therefore,
its inhibition could potentially be therapeutically beneficial.

The link between the aberrant expression of PKCO and GIST might represent merely the tip
of the iceberg. Earlier preliminary studies and a recent more focused report indicate that the
PKCBO could also be detected in Ewing’s sarcoma, which is a rare group of bone neoplasms
affecting mainly children and adolescents (Blay, et al., 2004; Kang, Kim, Park, & Kang,
2009). In a small subset of Ewing’s sarcomas, PKCH appeared to have a characteristic dot-
like localization, suggesting its utility as a prognostic marker (Kang, et al., 2009). However,
this interesting observation warrants further careful study. PKCO was also implicated as a
critical regulator of c-Rel-driven mammary tumorigenesis, as PKCH activation inhibited the
FOXO03a/ERa/p27Kipl axis that normally maintains an epithelial cell phenotype and
induces c-Rel target genes, thereby promoting proliferation, survival, and more invasive
breast cancer (Belguise & Sonenshein, 2007).

Other examples for the potential involvement of PKCO in human disease include its reported
role in mediating insulin resistance (Griffin, et al., 1999; Itani, et al., 2000; Kim, et al., 2004;
Serra, et al., 2003), the high level expression of GLK, a direct PKCO-activating kinase, in T
cells of systemic lupus erythematosus patients (Chuang, et al., 2011) and, as mentioned
earlier, the restoration of the impaired Treg activity in RA patients by a PKCO inhibitor
(Zanin-Zhorov, et al., 2010). Altogether, these emerging reports on the association between
PKCO6 and human diseases highlight the need to better understand the function of this
enzyme in the human immune system and to seek approaches that could inhibit its function
in humans (see below).

IX. Is PKCO a Promising Drug Target?

Since its discovery, PKCO has garnered considerable amount of attention as a potential
therapeutic target (Baier, 2003; Baier & Wagner, 2009). Previous sections of this review
have provided several strong arguments that support, at least from a theoretical standpoint, a
strong case for considering PKCH as an attractive drug target for selective T cell
immunosuppression. Perhaps the strongest argument is provided by the now well-
established documentation of the selective requirement of PKCO in T cell-dependent
immune responses (Table I). Particularly intriguing and exciting are the findings that PKC0
is critical for harmful immune responses, namely, Th2-meditaed allergies, Th17-mediated
autoimmune diseases, and GvHD, but is dispensable for beneficial immune responses such
as protection against pathogen infection mediated by Th1 cells and CTLs and GvL responses
in BMT recipients. Of particular interest are the findings that pathogenic T cells depend on
PKC®O, whereas Tregs are, in fact, negatively regulated by it. Thus, strategies to inhibit
PKCO would be expected to achieve a synergistic outcome of simultaneously inhibiting
inflammatory T cells and promoting Treg function, a highly desirable scenario in
autoimmune diseases and transplantation. However, promotion of Treg function and
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inhibition of effector T cell function represent a double-edged sword because they would be
desirable in, e.g., autoimmune diseases, but not in tumor-specific T cell responses.

Second, based on studies reviewed earlier, it is likely that inhibition of PKC6 would also
promote anergy induction by preventing (or diminishing) the activation of AP-1 and NF-xB,
two transcription factors that control the balance between anergy (induced by NFAT
activation alone) and productive T cell activation in favor of the latter. This scenario can be
contrasted with CN inhibitors, which are widely used for immunosuppression, because,
unlike PKCBO, which almost certainly antagonizes anergy induction, NFAT (the target of CN
inhibitors) is required for maintaining anergy to organ transplants. Hence, PKC8 inhibition
could be expected to interfere with transplant rejection by donor Teff cells and, at the same
time, enable anergy against the transplant to become stably established. Third, PKCO
provides a survival signal, particularly to activated and potentially pathogenic T cells as well
as to leukemic T cells. Therefore, it is conceivable that PKCH inhibition would promote the
apoptosis of pathogenic T cells and perhaps even T cell leukemias. Last but not least, PKCO
has a relatively narrow range of tissue distribution with predominant expression in T cells
and, therefore, minimal toxic side effects of PKCBO inhibitory drugs can be expected in
tissues other than T cells. This expectation is supported by the generally intact health status
and fertility of Prkcg™~ mice, and is, again, in sharp contrast to the considerable toxicity of
CN inhibitors, which reflects the ubiquitous tissue distribution and functions of NFAT.

On the other hand, it is also important to consider whether highly selective inhibition of
PKCBO alone would be sufficient to achieve desirable and effective therapeutic effects. This
question arises because of the possibility of functional redundancy among T cell-expressed
PKCs. Despite the fact that Prkcq™~ T cells display severe activation defects, which are
somewhat milder in the mice generated by Baier et al. (Pfeifhofer, et al., 2003), and the
nearly absolute requirement of PKCO in certain murine immune responses (e.g., Th2, Th17),
there is substantial evidence for cooperation and functional redundancy between PKC6 and
other T cell-expressed PKCs (Baier & Wagner, 2009)). The following are several examples
for this redundancy: First, PKCe enhances NF-xB, NFAT and AP1 signaling pathways
leading to I1L-2 expression (Genot, Parker, & Cantrell, 1995; Szamel, Appel, Schwinzer, &
Resch, 1998), promotes proliferation of human CD4* T cell by attenuating the inhibitory
effects of TGFB1 (Mirandola, et al., 2011), and also has an anti-apoptotic effect in T cells
(Bertolotto, et al., 2000; Villalba, et al., 2001). Second, PKCa cooperates with PKCH to
downregulate TCR expression (von Essen, et al., 2006) and to promote certain aspects of T
cell activation, e.g., alloimmune responses and IFNy production (Gruber, et al., 2009);
PKCa is also required for Th1l-dependent 1gG2a/2b antibody responses (Pfeifhofer, et al.,
2006). Third, double knockout mice deficient in both PKCr and PKCO have a significant
defect in T cell development, which is not observed in the corresponding single knockout
mice and, furthermore, PKCn promotes the activation of mature CD8* T cells and
homeostatic proliferation (Fu, et al., 2011). Fourth, PKCp positively regulates T cell
migration (Volkov, Long, & Kelleher, 1998; Volkov, Long, McGrath, Ni Eidhin, &
Kelleher, 2001), expression of the activation markers CD69 and CD25 and secretion of IL-8
and TNFp (Cervino, Lopez-Lago, Vinuela, & Barja, 2010), and IL-2 exocytosis in T cells
(Long, Kelleher, Lynch, & Volkov, 2001). Finally, PKCC has been shown to control Th2
cell function and allergic airway inflammation (Martin, et al., 2005). Thus, the potential
contribution of other PKC family members to the activation, differentiation and function of
T cells (and other immune cells) has to be taken into account when considering the
development of PKCO-based therapeutics for clinical use, especially given the fact that little
is known about the functions of this enzyme in human T cells.

In view of the above considerations, it is not surprising that pharmaceutical drug companies
have dedicated substantial efforts to identify and characterize small molecule inhibitors of
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PKCO catalytic activity. Recent studies reported the development and characterization of
compounds that display various degree of selectivity toward PKCO (Cole, et al., 2008;
Cywin, et al., 2007; Mosyak, et al., 2007). These small molecules function as ATP
competitive inhibitors, i.e., they bind to the ATP-binding pocket of the kinase. A majority of
kinase inhibitors developed to date target this same site. However, because this site is
conserved among kinases, it is difficult to obtain highly selective inhibitors. For example,
imatinib, a Ber-Abl kinase inhibitor that is used to treat chronic myelogenous leukemia
patients, was found to inhibit several unrelated tyrosine kinases, and the concept of “multi-
kinase” inhibition as a beneficial rather than an undesired effect is gaining some prominence
(Kontzias, Laurence, Gadina, & O'Shea, 2012). Furthermore, since catalytic kinase
inhibitors in current clinical use are ATP competitors, they need to be used at relatively high
and potentially toxic concentrations in order to effectively compete with ATP, whose
intracellular concentration is ~1 mM.

Among recent PKCB inhibitors, the compound AEBO071 (sotrastaurin) seems to have reached
the most advanced development stage, and it has entered clinical trials in psoriasis and organ
transplantation (Budde, et al., 2010; Friman, et al., 2011; Skvara, et al., 2008). AEB071
inhibits not only PKC®, but also other novel (Ca2*-independent §, &, and n; nPKC) and
conventional (Ca2*-dependent a and B; cPKC) members at sub-nanomolar to low nanomolar
concentrations, with a 1,000-10,000-fold lower selectivity for other kinases (Evenou, et al.,
2009; Skvara, et al., 2008). It also effectively inhibited anti-TCR/CD28-stimulated human
and mouse T cell proliferation and cytokine production (Evenou, et al., 2009; Matz, et al.,
2010), as well as local GvHD and allograft rejection in rats and non-human primates
(Bigaud, et al., 2012; Kamo, Shen, Ke, Busuttil, & Kupiec-Weglinski, 2011; Weckbecker, et
al., 2010), and was well tolerated. Consistent with the findings that PKCB is dispensable for
antiviral immunity (Berg-Brown, et al., 2004; Giannoni, et al., 2005; Marsland, et al., 2005;
Valenzuela, et al., 2009), PKC inhibition with AEB071 did not lead to increased infections
in renal transplant patients enrolled in a phase Il clinical trial (Friman, et al., 2011).
However, it remains to be seen whether AEBO71 will be sufficiently effective as a
monotherapy. Since it reportedly does not inhibit Ca2* signaling (Evenou, et al., 2009),
combination therapy with other immunosuppressive agents such as cyclosporine A at low,
suboptimal concentrations (Bigaud, et al., 2012; Budde, et al., 2010; Evenou, et al., 2009;
Weckbecker, et al., 2010) may be useful, provided it does not cause global, potentially
harmful immunosuppression

It has been argued that the ability of AEBO71 to broadly inhibit PKCs underlies its inhibition
of T cell activation, since this broad activity prevents potential compensation by other PKC
isoforms (Baier & Wagner, 2009; Friman, et al., 2011). Indeed, as mentioned earlier,
functional cooperation and partial redundancy between PKC6 and other PKCs, including
PKCa (Gruber, et al., 2009) has been demonstrated (Baier & Wagner, 2009; Pfeifhofer-
Obermair, et al., 2012). However, the finding that the combined deletion of PKC6 and
PKCa primarily affects NFAT activation (Gruber, et al., 2009) is inconsistent with findings
that AEBO71 does not inhibit NFAT activation (Evenou, et al., 2009). Thus, some other
PKC besides PKCO or PKCa, or even a non-PKC kinase that is not inhibited by AEB071,
may be important. Moreover, it is hard to predict whether potent inhibition of other PKC
family members besides PKCO may be beneficial by overcoming kinase redundancy or,
conversely, may have the undesired effect of inducing global immunosuppression or some
toxicity. In fact, adverse effects, particularly those affecting the gastrointestinal tract, were
reported with higher incidence in renal transplant recipients in a phase 11 AEBO071 clinical
trial (Friman, et al., 2011). Hence, it remains unclear whether lower selectivity toward PKC
family members would represent a therapeutic advantage or disadvantage, and further
clinical trials are required to determine if the therapeutic benefits of AEBO71 outweigh its
side effects.
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Given the potential toxicity and side effects of small molecule kinase inhibitors, there has
recently been an increased interest in allosteric kinase inhibitors, i.e., compounds that do not
bind to the catalytic pocket of the kinase but, rather, to another, regulatory region and, by
doing so prevents kinase activation, most likely by interfering with a conformational change
required for opening of the catalytic pocket and, hence, full activity (Lamba & Ghosh,
2012). Because allosteric inhibitors bind to much less conserved sites in kinases, they are
likely to be much more selective and less toxic. Consideration of PKCO as a potential target
for allosteric inhibition requires that at least two criteria are met: First, the enzyme should
contain a defined allosteric site that is necessary for its activation and downstream functions
in order to ensure efficacy. Second, this allosteric site should be unique, i.e., have low
sequence homology to other PKCs (or kinases in general) to ensure a high degree of
specificity (with the proviso that exquisite specificity is indeed an advantage, as opposed to
the potential benefits of “multi-kinase” inhibition). We propose that the proline-rich motif in
the V3 domain of PKC6, which we found recently to be essential for targeting it to the IS
and the cSMAC, and enabling it to activate its downstream targets (Kong, et al., 2011),
meets these criteria. The V3 domain is the most divergent region among members of the
PKC family, and the critical proline-rich motif is found only in PKC6. V3 domains of PKCs
were initially considered to represent a flexible hinge region for the “opening” of PKC and
its change from a resting state to the active conformation for substrate binding and kinase
activity (Steinberg, 2008). However, it is becoming clear that the hinge regions of PKCs
have additional functions, including protein-protein interactions. Indeed, in addition to
PKCSH, it has been reported that the G(D/E)E motif located in the V3 region of PKCa and
PKCs is essential for the selective targeting of these isoforms (Quittau-Prevostel, Delaunay,
Collazos, Vallentin, & Joubert, 2004).

X. Conclusions and Future Perspectives

Studies on PKCO since its discovery about 20 years ago have revealed an extensive amount
of information about its expression, regulation and function, especially in T cells where it is
expressed most abundantly. It is now clear that PKCH plays important roles in T cell
activation and survival by activating several downstream signaling pathways, with the NF-
kB and AP-1 signaling pathways representing major targets. The early characterization of
Prkeqg ™/~ mice, which was conducted in vitro, implied a global role in T cell activation,
reflected by severe defects in TCR-induced activation, proliferation, and cytokine
production. This notion raised some doubts regarding the utility and advantage of PKCO as a
drug target over other, widely used immunosuppressive drugs such as CN inhibitors,
reflecting the concern that like, e.g., tacrolimus, it would globally inhibit immune responses,
including protective responses against pathogens. However, later analyses by many groups
of the ability of Prkcg™~ mice to mount various in vivo immune responses, including the use
of experimental disease models, have led to the surprising, but clinically promising,
conclusion that the requirement of PKCO in the immune system is quite selective. These
findings, combined with the predominant expression of PKCO in T cells, make a strong case,
at least from a theoretical standpoint, for its potential utility as a target for drugs that would
display high selectivity and low toxicity. Indeed, progress in developing selective PKCO
inhibitors and early clinical trials have been reported, and there is clearly a sense that
interest in this enzyme as a drug target for selective and beneficial immunosuppression is
not waning but, rather, is on the upswing. Nevertheless, it is clear that there are still
substantial gaps in our knowledge, which need to be explored and resolved before the full
therapeutic potential of PKCO-inhibiting strategies can be realized in the clinical arena.

1) Of prime importance among the unresolved questions is the importance of PKCH in the
human immune system. The overwhelming majority of PKCO-related studies have been
conducted in mice, and very little is known about the role and importance of this enzyme in
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human T cells. Interestingly, despite major progress over the past ~20 years in elucidating
the molecular basis of many forms of human immunodeficiency, an immunodeficiency
associated with impaired PKCO expression or function has not yet been reported (to the best
of our knowledge). Nevertheless, the limited amount of reports addressing the function of
PKCO in human T cells provides a basis for cautious optimism. First, early stage small
molecule catalytic inhibitors of PKCBO inhibit the activation and proliferation of human T
cells in vitro, subject to the caveat that these inhibitors likely inhibit other kinases in
addition to PKCO. Second, early clinical trials with one such inhibitor (AEB071), despite
being inconclusive are encouraging. Third, the Prkcq gene has been tentatively identified as
a potential risk factor in a few human autoimmune and inflammatory diseases. Fourth, and
perhaps most relevant in this regard, is the report that a selective small molecule PKCO
inhibitor reversed the impaired suppressive activity of Tregs from RA patients (Zanin-
Zhorov, et al., 2010). These reports should serve as a strong impetus for exploring more
extensively the importance of PKCO in the human immune system. The in vitro use of
various PKCBO inhibitors that are becoming available or RNAi-based knockdown strategies,
as well as the expansion of clinical trials with PKCBO inhibitors, either alone or as
components in combination with low, less toxic doses of conventional immunosuppressive
drugs such as tacrolimus could be very informative in this regard.

2) The seminal finding that PKCO is excluded from the IS of Tregs and, more importantly,
that PKCO negatively regulates Treg-mediated suppression need to be extended in order to
determine the mechanistic basis for its IS exclusion and negative regulation of Treg
suppressive function. A possible explanation for the exclusion of PKCO from the Treg IS
was provided by Yokosuka et al. (Yokosuka, et al., 2010), who showed that CTLA-4
competes with CD28 in recruitment to the cSMAC, thereby displacing the PKC6-CD28
complex (Kong, et al., 2011) from the IS. However, it is equally possible, at least
theoretically, that PKCO, perhaps in complex with some other partner(s), plays an active
signaling role to inhibit the function of Tregs when it is localized in the distal T cell pole.

3) Although mouse Prkeq™~ T cells display severe activation defects, it is possible that
effective immunosuppressive strategies based on PKC6O may have to take into consideration
the need to inhibit other PKC family members that may play a compensatory role. This
notion is supported by the reported cooperativity between PKCO and other PKCs as
described earlier, and the suggestion that the effectiveness of AEB071 in inhibiting T cell
activation results from its ability to inhibit several other PKCs in addition to PKCO (Evenou,
et al., 2009; Skvara, et al., 2008). In this context, it is important to note that the use of
pharmacological kinase inhibitors can result in functional outcomes quiet distinct from those
observed in mice lacking that same kinase, emphasizing again the importance of conducting
inhibitor studies in human T cells.

4) Despite the promise of early small molecule catalytic PKCBO inhibitors, the use of similar
kinase inhibitors in general is less than optimal because of their lack of absolute specificity,
which often leads to toxic side effects. Therefore, development and exploration of allosteric
inhibitors for PKCO (and other PKCs that may participate in T cell activation) is a worthy
goal. Our recent study (Kong, et al., 2011) demonstrates a new potential approach for
attenuating PKCO-dependent functions utilizing allosteric compounds based on the critical
proline-rich motif in the V3 domain of PKCO that will block its Lck-mediated association
with CD28 and recruitment to the IS, an association obligatory for its downstream signaling
functions. The pursuit of this new approach is worthwhile.

5) Lastly, it would be important to elucidate the mechanisms that render some types of
immune responses, particularly T cell-mediated antiviral immunity, PKC6-independent. In
this regard, it has been demonstrated that inclusion of a TLR9 agonist in a T cell vaccine can
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rescue impaired T cell responses in Prkcg™~ mice, suggesting that certain TLR signaling
pathway(s) can compensate for the lack of PKCO (Marsland, et al., 2007). One likely
candidate is the NF-xB signaling pathway, which is a major PKCO target in T cells, but is
also activated by engaged TLRs. Therefore, it would be interesting to determine whether this
compensatory activity of TLR ligands is shared by other TLRs.

These unresolved questions pave the way and provide directions for future high priority
studies that will improve our understanding of the role of PKCH in the human immune
system, and guide the development of what is likely to be a new generation of drugs that
target PKCO to induce desirable selective forms of immunosuppression. Such drugs may be
able to eliminate or dampen deleterious immune responses such as autoimmunity and GvHD
without impacting the ability of treated patients to eliminate harmful infections. In the
coming years, we should see important and exciting advances along these lines and,
hopefully, will realize the potential of PKCO as a novel and highly useful drug target.
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List of non-standard abbreviations

BMT bone marrow transplantation

ChiP chromatin immunoprecipitation

CN calcineurin

CTL cytotoxic T lymphocyte

GIST gastrointestinal stromal tumor

GvHD graft-versus-host disease

GvL graft-versus-leukemia (response)

IS immunological synapse

PI3K phosphatidylinositol 3-kinase

PKC protein kinase C

SMAC supramolecular activation cluster

SNP single nucleotide polymorphism

TCR T cell receptor

TLR toll-like receptor

Teff effector T cell

Treg regulatory T cell

VSV vesicular stomatitis virus

WASp Wiskott-Aldrich Syndrome protein
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Table |
Selectivity of PKCO Functions in vivo

in vivo immune responses Role of PKCO Immunecells References

implicated in

response
Effector function/memory responses/ viral clearance Dispensable CTL, Thl Berg-Brown et al., 2004
upon LCMV infection
Neutralizing antibodies against VSV infection Dispensable B cells, Tfh help Berg-Brown et al., 2004
Murine herpes virus-68 clearance, expansion of virus- Dispensable CTL Giannoni et al., 2005
specific CD8* T cells
Recall responses to vaccinia virus infection Dispensable CTL Marsland et al., 2005
Murine CMV clearance, expansion of virus-specific Dispensable CTL Valenzuela et al., 2009
CD8* T cells
Effector CTL response to Listeria Monocytogenes Dispensable CTL Valenzuela et al., 2009
(LM) infection?
LM clearance, effector cell expansion? Required CTL, Thl Sakowicz-Burkiewicz et al.,

' 2008

Effector response against T. gondii infection, pathogen Required Thl, CTL, Th2, B Nishanth et al., 2010

clearance

cells

Plasmodium berghei ANKA-induced Inflammatory Moderately required Thi, CTL? Ohayon et al., 2010
cerebral malaria
Leishmenia major clearance, effector response against Dispensable (B6) Thl
infection Marsland et al., 2004
Required (Balb/C) Th2
Immunity to M-MuLV-induced leukemia Required CTL, Thl Garaude et al., 2008
Rejection of engrafted MHC class I-negative tumors Required NK Aguilo et al., 2009
Lung inflammation induced by ovalbumin Dispensable Th13 Salek-Ardakani et al., 2004;
administration Marsland et al. 2004
Required Tho4
IgE, eosinophilia response to N. Brasiliensis infection Required Th2 Marsland et al., 2004
GvL response Dispensable Thi, CTL? Valenzuela et al., 2009
Systemic GvHD Required Thi, CTL Valenzuela et al., 2009
Local (footpad) host vs. graft response Required Thl, CTL Anderson et al., 2006
Early (1-3 hr) cytokine response to anti-CD3 injection Required NKT? Anderson et al., 2006
Mildly requir_ed; Thi, CTL Gruber et al., 2009
Cardiac allograft rejection cooperates with PKCa
Required Manicassamy et al., 2008
Coxsackie B3-induced autoimmune myocarditis Dispensable Thl Marsland et al., 2007
a-myosin/CFA-induced experimental autoimmune Required Th17 Marsland et al., 2007
myocarditis
Autoimmune colitis, EAE Required Thl7, Thl Anderson et al., 2006; Salek-
Ardakani et al., 2005;Tan et al.,
2006
Methylated BSA-induced arthritis Required Thi, Th2, B cells Healy et al., 2006
Concanavalin A-induced autoimmune hepatitis Required NKT Fang et al., 2012

19x103 CFU LM-Ova

Z5x10% CFU LM-Ova
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