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ABSTRACT
Interleukin-1 receptor associated kinase -1 is a protein kinase pivotal in mediating signals
for innate immune responses. Here, I report that IRAK-1 also regulates cell-mediated
immune responses. NFATc2 (nuclear factor of activated T cells) was found to be
associated with IRAK-1 in T cells in vitro and its activity was elevated in the absence of
IRAK-1. In addition, IRAK-1-/- mice had increased naturally occurring regulatory T cells
and inducible regulatory T cells as well as Th1 responses as compared to WT mice. The
findings suggest that activated T cells might employ IRAK-1 to mediate the regulation of
acquired immunity. Therefore, IRAK-1 may participate in direct signaling cross talk
between the innate and the acquired immunity.
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1 INTRODUCTION

Inflammation has been linked to numerous diseases such as heart disease, diabetes,
asthma as well as Alzheimer’s disease. Immune cells such as macrophages, dendritic
cells (DCs) and lymphocytes are important players in the inflammatory diseases. An
array of cellular surface receptors coupled with cascades of intracellular signaling
molecules is involved in the innate and adaptive immune processes.

Among those

intracellular signaling molecules, interleukin-1 receptor associated kinases (IRAKs) sit at
the bottle-neck of inflammatory signaling pathways and play crucial roles in mediating
signaling processes downstream of diverse cellular receptors including Toll-like receptors
(TLRs), interleukine-1 receptor (IL-1R), T cell receptor (TCR), insulin receptor as well
as other membrane proteins such as caveolin (Ringwood et al., 2008). Consequently,
genetic or epigenetic alterations in IRAK family members are associated with diverse
inflammatory diseases such as sepsis, cardiovascular diseases, diabetes as well as
autoimmune disease (Deng et al., 2003; Arcaroli et al., 2006; Lakoski et al., 2007).

Interleukin-1 receptor-associated kinase-1 (IRAK-1) was first described as a signal
transducer for the pro-inflammatory cytokine interleukin-1 (IL-1) and was later
implicated in signal transduction of many members of the Toll-like receptor (TLR)/IL-1
receptor (IL-1R) family (Janssens et al., 2003). The signal transduction pathways
mediated by IRAK-1 have been the focus of much attention because of the important
roles it plays in inflammatory diseases. For example, humans bearing rare variants in the
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IRAK-1 genes have elevated IRAK-1 activity, higher serum C-reactive protein (CRP)
levels and higher risk for atherosclerosis and diabetes (Lakoski et al., 2007).

Despite its significant involvement in the atherosclerosis, the exact biochemical and
functional implications for the IRAK-1 protein in the pathogenesis of atherosclerosis are
not clearly understood. So far, only two mechanisms have been postulated regarding how
elevated IRAK-1 is related to atherosclerosis. The first one involves STAT3 activation. It
has been shown that elevated IRAK-1 contributes to increased STAT3 activation, which
may contribute to the upregulation of CRP gene transcription (Huang et al., 2004;
Lakoski et al., 2007). The second mechanism involves IL-10, which has been shown to
be regulated in part by IRAK-1 and considered an important cytokine involved in
atherosclerosis (Heeschen et al., 2003). However, besides IL-10, there are many other
pro- and anti-inflammatory mediators that are altered during the pathogenesis of
atherosclerosis (Lakoski et al., 2007). In addition, atherosclerosis is considered an
inflammatory disease of the arterial wall where adaptive T cell-driven immune responses
contribute to the disease development (Mallat et al., 2007).

CD4+ T cells, mostly Th1 cell type, are the major T cells found in murine and human
atherosclerotic plaques. Several studies have shown a critical pathogenic role for a Th1mediated response in atherosclerosis (Hosono et al., 2003). Additionally, recent studies
from several groups suggest another subtype of CD4+ T cells, called regulatory T cells
(Treg cells), control the development and progression of atherosclerosis (Mor et al.,
2007; van Puijvelde et al., 2007). Thus, it is believed that in the context of
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atherosclerosis, an imbalance exists between pathogenic T cells and Treg cells, leading to
reciprocal and mutual amplification of immune responses responsible for plaque
development and progression (Mallat et al., 2007). Thus, future biochemical studies are
warranted to determine the contribution of IRAK-1 protein to adaptive immune responses
in atherosclerosis.

Currently, there are no confirmed physiological substrates for IRAK-1 other than itself.
The preferred phosphorylation site has been identified on the serine- proline- rich region
at its N-terminus (Kollewe et al., 2004). Based on this observation, relevant protein
substrates were screened using the proteomics server of the Swiss Institute of
Bioinformatics (SIB) (http://expasy.org) for the presence of a similar serine-proline rich
region. The screens subsequently identified NFATs (nuclear factor of activated T cells)
as the potential substrate for IRAK-1 (Wang et al., 2008). Furthermore, NFAT reporter
assays showed that over expression of full length IRAK-1 in the MAT2 cell resulted in
~80% reduction in NFATs’ activity as compared with cells transfected with empty vector
(Wang et al., 2008). Together, these data indicate that IRAK-1 might regulate NFAT
activity in vivo and over expression of IRAK-1 would inhibit the activity of NFAT.

NFATs are important transcriptional factors in T cell function (Macian, 2005). During T
cell activation, most cytokines produced by Th cells are regulated by NFAT proteins,
mainly by NFATc1 and NFATc2. In addition, a recent study showed that NFATc2 is one
of the transcriptional factors that control the expression of Foxp3, which is the master
transcriptional factor in Treg cells (Bopp et al., 2005). Thus, it is possible that altered
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activation of NFAT in T cells due to altered activation of IRAK-1 may result in
differential function of activated T cell subsets and hence influence the atherogenesis.

NFATc2 was investigated in this study for several reasons. First, there is a high
abundance of NFAT proteins in effector and memory T cells, one of which is NFATc2.
Second, NFATc2 is constitutively transcribed in effector and memory T cells. Thus the
activity of NFATc2 is mainly controlled by nuclear transport, which is regulated by
phosphorylation and de- phosphorylation. In contrast, NFATc1 has been shown to be
strongly induced within 3 to 4 h of TCR stimulation in effector and memory T cells.
Thus, the activity of NFATc1 is controlled at the level of nuclear transport as well as at
the level of transcription (Serfling et al., 2007). Third, NFATc2 is involved in the
suppression of effector CD4+ T cells by Treg cells (Bopp et al., 2005), which is a critical
T cell subset that plays protective role in atherosclerosis (Mor et al., 2007).

In this study, I hypothesized that IRAK-1 is an inhibitor of NFATc2 and that the loss of
function of IRAK-1 would lead to increased amount of nuclear NFATc2, which may
change the function of activated T cells. Therefore in the current study I conducted
research on the following specific aims:
1) To investigate the possibility of interaction of IRAK-1 with NFATc2
2) To investigate the differential amount of nuclear NFATc2 in WT and IRAK-1-/- mice
3) To investigate the differential proportion of Treg cell in WT and IRAK-1-/- mice
4) To investigate the differential Th1 cytokine production in WT and IRAK-1-/- mice
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2 LITERATURE REVIEW
2.1 Signal transduction pathway of IRAK family
IRAKs are members of the serine/threonine kinases that are critical in mediating signals
for immune responses. Four members have been identified so far in the human genome
(IRAK-1, 2, M and 4) and they contain a death domain at the N-terminal domain
followed by a proline-, serine- and threonine-rich region called ProST in IRAK-1, a
centrally located serine/threonine kinase domain and a C-terminal domain containing one
or more binding sites for the adapter molecule TRAF6 in IRAK-1, 2 and M (Kollewe et
al., 2004). IRAKs can be differentially modified and regulated and have distinct cellular
and subcellular distribution patterns (Su et al., 2007), which enable them to have a variety
of functions in immune responses.

IRAKs are recruited to the lipid raft at the cell membrane upon Toll/IL-1 receptors (TIRs)
ligation. TIRs comprise the IL-1 receptor family, recognizing the pro-inflammatory
cytokines IL-1 and IL-18, and the members of the Toll-like receptor (TLR) family,
recognizing a molecular pattern associated with a variety of microbes. TLRs are
composed of three domains: an extracellular N-terminal leucine-rich repeat region (LRR)
for ligand binding, a single transmembrane domain and an intracellular C-terminal
domain which contains the Toll/IL-1R (TIR) homology domain. Currently, 10 TLRs in
humans and 13 TLRs in mice have been identified. TLRs are expressed on the surface of
many cell types, including monocytes, dendritic cells, neutrophils, natural killer cells,
endothelial cells, epithelial cells, T cells and B cells. TLR1-6 are localized on the cell
membrane and TLR7-9 can be internalized in the endosomal compartments.
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Upon binding of TLRs with pathogen-associated molecular pattern (PAMP), TIRcontaining adaptors are recruited to the TIR domain of TLRs. Signals through TLR1, 2,
5-9 are mediated by an adaptor molecule called MyD88. MyD88 recruits IRAK-4 and
IRAK-1, which then recruits TRAF-6. This activates TGF-β-activated kinase (TAK)-1,
which in turn phosphorylates inhibitor κB kinase (IKK) and leads to its degradation and
release of nuclear factor-kappa B (NF-κB). This triggers nuclear translocation of NF-κB
and expression of a variety of inflammatory cytokines (Takeda et al., 2005).

IRAK-2 is believed to be primarily involved in TRAF-6 ubiquitination and NF-κB
activation (Keating et al., 2007). Another member of the IRAK family, IRAK-M, is
found to be a negative regulator in the TLR signaling pathway by blocking the formation
of IRAK-1/TRAF-6 complexes (Kobayashi et al., 2002). IRAK-4 is the primary kinase in
the TLR signaling process essential for mediating NF-κB activation (Li et al., 2002).
Recently, Suzuki et al. reported that upon T cell receptor (TCR) stimulation, IRAK-4 is
recruited to T cell lipid rafts, where it can associate with Zap70 and activate protein
kinase C. This signaling pathway is found to be critically involved in TCR-induced T cell
proliferation through NF-κB activation. Thus, IRAK-4 may be directly involved in cross
talk between the innate and adaptive immune system (Suzuki et al., 2006).

2.2 Involvement of IRAK-1 in immunity and diseases
IRAK-1 was originally identified as a serine/threonine kinase associated with the IL-1
receptor (Cao et al., 1996). Later on, IRAK-1 was implicated to play crucial roles in
mediating signaling processes downstream of diverse cellular receptors including Toll-
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like receptors (TLRs), caveolin and insulin receptor (Kollewe et al., 2004; Ohnuma et al.,
2005; Kobayashi et al., 2002) . Upon recruitment to the cell membrane scaffold, IRAK-1
performs distinct functions depending on the nature of its modification. IRAK-1
modification consists of phosphorylation, ubiquitination and sumoylation (Ringwood et
al., 2008).

The phosphorylated form plays roles in the activation of IRF5/7 as well as NF-κB
(Oganesyan et al., 2006). There are two steps leading to fully activated NF-κB. The first
step involves the pathway causing IκBα phosphorylation and degradation, and subsequent
nuclear translocation of p65/RelA (subunits of NF-κB). Upon stimulation of TLR2 and
TLR4 by lipoteichoic acid (LTA) and lipopolysaccharide (LPS), toll-interleukin 1
receptor domain containing adaptor protein (TIRAP) is recruited to the receptors
followed by myeloid differentiation factor 88 (MyD88). MyD88 attracts IRAK-4, which
phosphorylates IRAK-1. MyD88 mediates a close interaction of IRAK-4 and IRAK-1,
which is essential to allow IRAK-4 to phosphorylate IRAK-1 (Burns et al., 2003). This
probably

triggers

IRAK-1's

own

kinase

activity,

resulting

in

multiple

autophosphorylation of IRAK-1, which is critical for its function. The preferred
phosphorylation site has been identified on the serine- proline- rich region at its Nterminus (Kollewe et al., 2004) (Figure 1). Upon phosporylation, IRAK-1 dissociates
from MyD88 and interacts with TNF receptor-associated factor 6 (TRAF6). TRAF6
activates TAK-1 through ubiquitination, which induces mitogen-activated protein (MAP)
kinases- and activator protein-1 (AP-1)-dependent transcriptional responses. TAK-1 also
phosphorylates the NF-κB inhibitor IκB, leading to its ubiquitination and subsequent
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degradation by the proteasome. This allows NF-κB to translocate to the nucleus. The
second step involves IKKε dependent p65/RelA phosphorylation, and subsequent nuclear
translocation of p65/RelA (Song et al., 2006). These two steps lead to transcription of a
panel of pro-inflammatory cytokines such as tumour necrosis factor (TNF), IL-1, IL-6,
IL-12 and IL-18 (Kaisho et al., 2006).

The ubiquitinated IRAK-1 leads to its degradation and results in downregulation of its
function. The sumoylated forms (IRAK-1 has been phosphorylated at K (lysine) 503 and
K520) (Figure 1) undergo cytosol to nuclei translocation and may participate in STAT3
phosphorylation and regulation of the downstream genes (Kobayashi et al., 2002) (Figure
2).
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1MAGGPGPGEPAAPGAQHFLYEVPPWVMCRFYKVMDALEPADWCQFAALIVRDQTELRLCE
61 RSGQRTASVL WPWINRNARV ADLVHILTHL QLLRARDIIT AWHPPAPLPS PGTTAPRPSS
121 IPAPAEAEAW SPRKLPSSAS TFLSPAFPGS QTHSGPELGL VPSPASLWPP PPSPAPSSTK
181 PGPESSVSLL QGARPFPFCW PLCEISRGTH NFSEELKIGE GGFGCVYRAV MRNTVYAVKR
241 LKENADLEWT AVKQSFLTEV EQLSRFRHPN IVDFAGYCAQ NGFYCLVYGF LPNGSLEDRL
301 HCQTQACPPL SWPQRLDILL GTARAIQFLH QDSPSLIHGD IKSSNVLLDE RLTPKLGDFG
361 LARFSRFAGS SPSQSSMVAR TQTVRGTLAY LPEEYIKTGR LAVDTDTFSF GVVVLETLAG
421 QRAVKTHGAR TKYLKDLVEE EAEEAGVALR STQSTLQAGL AADAWAAPIA MQIYKKHLDP
481 RPGPCPPELG LGLGQLACCC LHRRAKRRPP MTQVYERLEK LQAVVAGVPG HSEAASCIPP
541 SPQENSYVSS TGRAHSGAAP WQPLAAPSGA SAQAAEQLQR GPNQPVESDE SLGGLSAALR
601 SWHLTPSCPL DPAPLREAGC PQGDTAGESS WGSGPGSRPT AVEGLALGSS ASSSSEPPQI
661 IINPARQKMV QKLALYEDGA LDSLQLLSSS SLPGLGLEQD RQGPEESDEF QS

Figure 1: Human full length IRAK-1 protein sequence (712 amino acids). Amino acids
in italic type are serine- proline- rich regions, where the IRAK-1 molecule undergoes
autophosphorylation. SNPs lead to amino acid changes at positions 196 (from
phenylalanine to serine) and 532 (from serine to leucine) (bold and underlined). The
kinase domain starts from amino acids 220 and ends at 450 (underlined). K (lysine) 503
and K520 are the potential sites for sumoylation (bold) (NCBI number: gi8928535).
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Figure 2: Illustration of IRAK-1 mediated intracellular signaling network downstream of
TIR and IL-1. IRAK-1 modification consists of phosphorylation, ubiquitination, and
sumoylation. Fully phosphorylated IRAK-1 potentially activates IRF5, IRF7, p65 (a
subunit of NF-κB) and STAT. The phosphorylated IRAK-1 is subjected to subsequent
ubiquitination and proteosome-mediated degradation.
The sumoylated IRAK-1
undergoes cytosol to nuclei translocation and may participate in STAT3 phosphorylation.
Thus, depending upon the nature of its modification, IRAK-1 activates distinct
transcriptional factors and regulates expression of diverse inflammatory mediators. P,
phosphorylated; sumo, sumoylated; ubi, ubiquitinated.
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Besides mediating TLR signaling, IRAK-1 has also been shown to participate in the
regulation of adaptive immune response. Ohnuma et al. reported that T cell costimulatory molecule CD26 can trigger the association of IRAK-1 with caveolin on
antigen presenting monocytes, which is responsible for the subsequent expression of costimulatory molecule CD86 on the antigen presenting cell (Ohnuma et al., 2005). In
addition, IRAK-1 is also shown to participate in cross talk between inflammatory
signaling and insulin signaling that might cause insulin resistance in mice. Kim et al.
reported that insulin stimulation leads to activation of IRAK-1 and increased
phosphorylation of IRS-1 at Ser24, which leads to impaired phosphoinositide-3 -kinasedependent insulin signaling and defects in metabolic actions of insulin (Kim et al., 2005).

Given the complex roles the IRAK-1 protein plays, it is not surprising that genetic
variations in human IRAK-1 genes have been found to be linked with various
inflammatory diseases. Genetics studies show that approximately 10% of the human
population harbors the two rare IRAK-1 haplotypes, which contain three exon single
nucleotide polymorphisms (SNPs). Humans bearing the rare variant IRAK-1 genes often
have higher serum C-reactive protein levels and a higher risk for atherosclerosis and
diabetes than normal (Lakoski et al., 2007). The two exon SNPs within these haplotypes
that lead to amino acid changes at positions 196 (from phenylalanine to serine) and 532
(from serine to leucine) (Figure 1), respectively, could individually or together result in a
variant of IRAK-1 protein with greater kinase activity or a form that is more stable and
resistant to proteosomal degradation (Arcaroli et al., 2006). Accordingly, the IRAK-1
protein in leukocytes from atherosclerosis patients is found to be constitutively
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sumoylated and localized in the nucleus. In addition, the same polymorphism of IRAK-1
is also associated with human sepsis with increased NF-κB activation and worse disease
outcomes (Arcaroli et al., 2006).

2.3 NFAT family
NFATs (nuclear factor of activated T cells) are originally described as nuclear proteins
that bind to and control the activity of the interleukin 2 (IL-2) promoter in activated T
lymphocytes (Shaw et al., 1988). NFAT activity is mainly regulated by nuclear transport.
TCR stimulation activates the Ca2+/calmodulin-regulated calcineurin phosphatase and
calcineurin dephosphorylates and causes nuclear translocation of the NFAT proteins. The
NFAT family is composed of five well-characterized members, designated NFATc1
(NFAT2), NFATc2 (NFAT1), NFATc3 (NFAT4), NFATc4 (NFAT3) and NFAT5. The
NFAT homology region in the N-terminal portion mediates regulatory functions such as
calcineurin binding, which is necessary for its regulated nuclear translocation. This
region also contains nuclear localization and export sequences as well as phosphorylation
sites for several serine threonine kinases, many of which are located in the serine-rich
region and three serine-proline (SP) repeats. The NFAT homology region (NHR) is
conserved among NFATc1–NFATc4. So far 14 phosphorylation sites have been mapped.
Some of them are located in the three different serine-rich motifs: the serine-rich region 1
(SRR1), SP2 and SP3 (Figure 3). Dephosphorylation of the serine residues in these
motifs leads to exposure of the NFATs’ nuclear localization signal and nuclear import.
NFATs interact with their transcriptional partners (NFATn) to promote gene transcription
(Macian, 2005) when they are in the nucleus. NFAT activity is terminated by re-
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phosporylation by casein kinase 1 (CK1), glycogen-synthase kinase 3 (GSK3) or other
unidentified kinases and subsequent cytosolic translocation. Therefore, phosphorylation
plays a major role in regulating the activity of NFATs (Rao et al., 1997) (Figure 4).

The DNA-binding domain at the C-terminus of NFAT proteins shows moderate sequence
homology to the DNA-binding domains of Rel-family proteins such as NF-κB (Rao et
al., 1997). The fifth member (NFAT5) is a constitutively nuclear phosphoprotein that is
not sensitive to calcineurin and has limited sequence homology to other members,
especially within the Rel domain (Lopez-Rodriguez et al., 1999). NFAT5 is expressed by
almost all cell types and is responsible for osmotic stress (Miyakawa et al., 1999).
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1 MNAPERQPQP DGGDAPGHEP GGSPQDELDF SILFDYEYLN PNEEEPNAHK VASPPSGPAY
61 PDDVLDYGLK PYSPLASLSG EPPGRFGEPD RVGPQKFLSA AKPAGASGLS PRIEITPSHE
121 LIQAVGPLRM RDAGLLVEQP PLAGVAASPR FTLPVPGFEG YREPLCLSPA SSGSSASFIS
181 DTFSPYTSPC VSPNNGGPDD LCPQFQNIPA HYSPRTSPIM SPRTSLAEDS CLGRHSPVPR
241 PASRSSSPGA KRRHSCAEAL VALPPGASPQ RSRSPSPQPS SHVAPQDHGS PAGYPPVAGS
301 AVIMDALNSL ATDSPCGIPP KMWKTSPDPS PVSAAPSKAG LPRHIYPAVE FLGPCEQGER
361 RNSAPESILL VPPTWPKPLV PAIPICSIPV TASLPPLEWP LSSQSGSYEL RIEVQPKPHH

Figure 3: The NFAT homology region (NHR) sequence of human NFATc2 protein
(Amino acids 1-420). The NHR is conserved among NFATc1–NFATc4. The amino acid
sequences for the three different serine-rich motifs are underlined. SRR1: SPA
SSGSSASFIS; SP1: SPRTSPIM SPRT; SP2: SPQ RSRSPSP. Serine- proline- regions
are in italic type (NCBI number: gi56205028).
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Figure 4: Illustration of pathways involved in NFAT nuclear translocation upon TCR
stimulation. Ligation of the T-cell receptor (TCR) triggers the activation of receptorassociated tyrosine kinases that leads to a sustained increase in intracellular calcium
levels. Calcium binds calmodulin and activates calcineurin. Activated calcineurin
dephosphorylates NFAT, which exposes its nuclear-localization signal (NLS) and
induces its nuclear translocation. After it has entered the nucleus, NFAT interacts with its
transcriptional partners (X) to promote gene transcription. The activity of NFAT is
regulated by kinases, such as casein kinase 1 (CK1) and glycogen-synthase kinase 3
(GSK3), which help to maintain NFAT in a phosphorylated state in the cytosol (called
maintenance kinases) or induce the re-phosphorylation of nuclear NFAT to expose a
nuclear-export signal (NES) and translocate NFAT back to the cytosol (called export
kinases).
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2.4 NFAT in T cell development
Calcineurin is involved in the regulation of thymocyte proliferation and the development
of double negative (DN) cells into mature single positive (SP) thymocytes. In addition,
pre-TCR signaling induces increased intracellular calcium levels and activates both
NFAT and NF-κB (Aifantis et al., 2001). Nfat4-/- mice exhibit a reduction in the number
of SP thymocytes with an increased apoptosis of DN thymocytes (Oukka et al., 1998).
Consistent with this observation, the expression of a constitutively active form of NFAT4
in a DN cell line promotes its transition into SP cells when stimulated with phorbol 12myristate 13 –acetate (PMA) (Amasaki et al., 2002). Nfat1-/- and Nfat4-/- cells exhibit a
hyper-proliferative phenotype, which could be due to impaired CD95L expression or to
hyperactivity of TCR activity. However, Nfat2-/- cells fail to show the similar phenotype.
Thus, it is likely that NFAT1 and NFAT4, but not NFAT2, are involved in regulating the
threshold of TCR activity and controlling the T cell development (Rengarajan et al.,
2002).

2.5 NFAT in T helper cell differentiation
Upon exposure to an antigenic stimulus, naïve T cells will differentiate into Th1 or Th2
cells depending on the nature and the intensity of the antigenic stimulus, the type of
APCs that present it and the cytokines milieu (Murphy et al., 2002). NFATs act with
STAT factors to determine the Th1/Th2 lineage differentiation. STAT1 and STAT4,
which are activated by IL-12 and IFN-γ, bind with NFAT and elicit the expression of
lineage-specific T-box-family transcription factors (T-bet and eomesodermin), which
then bind with NFAT and commit the T cell into Th1 cells. When STAT6 is activated by
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IL-4, it can associate with NFAT and induce the expression of macrophage activating
factor (MAF). MAF then binds with NFAT and commits the T cell into Th2 cells (Table
1) (Macian, 2005). Whether individual NFAT protein has specific roles in Th1/Th2 cell
differentiation is still unclear. The loss of NFAT1 leads to diminished Th1 cell
differentiation and a mild bias towards Th2 differentiation (Hodge et al., 1996), while the
loss of NFAT2 shows impaired production of IL-4 and reduced titres of IgG1 and IgE
(Yoshida et al., 1998). However, both NFAT1 and NFAT2 are equally able to induce the
transcription of Th1 and Th2 cytokines when they are constitutively activated. Thus, it is
likely that NFAT1 and NFAT2 are functionally redundant and have roles in both
branches of T cell differentiation (Monticelli et al., 2002) (Table 1).

agonists
anti-CD3+anti-CD28+IFNγ
anti-CD3+anti-CD28+IL-4
anti-CD3+anti-CD28+IL-6+TGFβ
anti-CD3+anti-CD28+TGFβ

Transcription
factors
NFAT+STAT1
NFAT+STAT6
Smad3+STAT3
NFAT+Smad3

T cell phenotype
Th1
Th2
Th17
Treg

Table 1: Control of differentiation of naïve T cell into Th1, Th2, Th17 or Treg cells. On
encountering antigen-presenting cells presenting cognate peptide–MHC complexes that
engage the T-cell receptor (TCR), naive T cells differentiate into different T cell subset
populations. The outcome of the process depends on the nature of the stimulus (type of
antigen, intensity of stimulation and type of cell that presents the antigen to the Th0 cells)
and the signals that are received from specific cytokines. In the present of IL-12,
transcription factors that are activated by TCR engagement (i.e. NFATs) cooperate with
signal transducer and activator of transcription (STAT) proteins to induce the expression
of cytokine genes, such as IFN-γ and lead to Th1 cell type. In Th2 cell, NFATs cooperate
with macrophage activating factor (MAF) and induce the expression of IL-4. Smad3
cooperates with STAT3 and induces the Th17 cells. NFATs cooperate with Smad3 and
induce the expression of Foxp3 (forkhead box protein 3) in regulatory T cell.
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2.6 NFAT in effector T cell and regulatory T cell
In effector T cells, such as Th1 or Th2 cells, NFAT forms strong cooperative complexes
with AP-1 (Fos-Jun) proteins (Rao et al., 1997). NFAT:AP-1 complexes turn on
expression of activation associated genes, whereas under conditions of partial activation
(i.e., TCR signaling alone), NFAT activates a distinct set of AP-1-independent genes,
which encode negative regulators of T cell signaling and contribute to T cell ‘anergy’.
However, in Treg cells, NFAT associates ‘preferentially’ with Foxp3 (forkhead box
protein 3), represses the transcriptional activity of NFAT-AP-1 complexes at the IL-2
promoter and promotes a set of gene expression that is specific in Treg cells (Figure 5)
(Wu et al., 2006). Foxp3 is a member of the forkhead/winged-helix family of
transcriptional regulators and functions as the master regulator in the development and
function of Treg cells (Mantel et al., 2006). Thus, immune system employs NFAT as a
common regulator both in effector T cells where it forms a transcriptional complex with
AP-1 and in Treg cells where it complexes with Foxp3 (Figure 5). Details of the
mechanism underlying the induction of Foxp3 remain unclear. A study using a
lymphoma EL4 T cell line model system identified an enhancer element in Foxp3 gene
promoter region, which showed that Smad3 and NFAT are necessary for activity of this
foxp3 enhancer element (Tone et al., 2008) (Table 1).
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Figure 5: Involvement of NFAT in effector and regulatory T cell activation. Effector T
cells (left) do not have Foxp3. NFAT proteins (NFATc1 or NFATc2) cooperate with AP1, leading to immune activation. In contrast, regulatory T cells (right) contain Foxp3,
which forms cooperative interactions with NFATc2, leading to activation of genes that
orchestrate T cell suppression and Treg cell suppressor functions.
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2.7 Atherosclerosis
Atherosclerosis remains to be one of the main lethal diseases in the Western world. It is a
disease associated with the cellular immune response in the arterial lesions and the
humoral immune response towards oxidized lipoproteins, certain microbes and other
antigens. Immune mechanisms play important roles in atherosclerosis (Hansson, 1997).
At the earliest stage, monocytes and T cells enter lesions, an event that is governed by
adhesion molecules and chemokines induced in hypercholesterolemia. The fatty streak
lesion is composed largely of fat-filled macrophages together with T cells. Later on,
immigration of smooth muscle and the formation of a fibrous cap around the macrophage
core transform the lesion into a true, fibro fatty atherosclerotic plaque. Activated T cells
and macrophage located at advanced lesions secrete cytokines such as interferon-γ (IFNγ), inerleukin-2 (IL-2), tumour necrosis factor-α (TNF- α), granulocyte-macrophage
colony-stimulating factors (GM-CSF) and IL-1, all of which have been shown to
modulate gene expression in vascular endothelial and smooth muscle cells (Libby et al.,
1991; Hansson, 1997). At the latest stage, inflammatory activation in the advanced
plaque leads to metalloproteinase secretion, collagenolytic activity, plaque rupture,
thrombosis, arterial occlusion and infarction (Libby, 1995), which is associated with the
release of inflammatory acute phase reactants, such as IL-6 and C reactive protein (CRP),
into the circulation and is also associated with increased levels of circulating activated T
cells (Liuzzo et al., 1996; Caligiuri et al., 1998).
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2.8 Role of T cells in atherosclerosis
Effective T cell response is generated when the naïve T cell encounters an antigenpresenting cell (APC) that presents an antigenic peptide for the T cell. CD4+ T cells
recognize peptides presented on MHC class II, whereas CD8+ T cells recognize MH
class I. Once T cells see the antigen presented on dendritic cells (DCs) that have ingested
antigen and migrated into peripheral lymph nodes, they migrate into nonlymphoid tissues
for a second activation by APCs that present the same antigen.

Studies of lymphocytes suggest that T cells play important roles in atherogenesis.
Effector or memory T cells are found in atherosclerotic plaques, and the proportion of
activated T cells increases with the severity of atherosclerosis (Hosono et al., 2003).
MHC II-expressing macrophages and DCs are detected at the plaque, indicating
interaction between T cells and APCs (Jonasson et al., 1986). Deficiency in adaptive
immunity leads to reduced atherosclerosis in ApoE-/- and LDLR-/- mice, but the effect of
the immune deficiency is less at an extremely high cholesterol level (Dansky et al.,
1997). Consistent with this concept, reconstitution of immune-deficient SCID (severe
combined immunodeficiency) mice with CD4+ T cells accelerates disease, suggesting a
pathogenic role of T cells in atherosclerosis (Zhou et al., 2000). In addition, T cell
activity is important for early progression of atherogenesis but not for its initiation, as
shown in a conditional ablation of T cell division in Apo-E-/- murine model (KhallouLaschet et al., 2006).
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Several studies have demonstrated that the Th1 subset of CD4+ T cells is the
predominant lymphocyte found in atherosclerotic lesions in ApoE-/- and LDLR-/- mice
(Hansson, 1997; Frostegard et al., 1999). There is approximately a 60% reduction in
atherosclerosis when CD40 (a potent T cell activator) is blocked (Mach et al., 1998) or
IFN-γ (a potent cytokine secreted by T cells) is blocked (Gupta et al., 1997). Chemokines
induced by IFN-γ are implicated in recruitment of T cells to atherosclerotic lesions (Mach
et al., 1999). In addition, IFN-γ has been shown to downregulate ABC1, a protein that
regulates cholesterol efflux from macrophages (Panousis et al., 2000). Moreover, IFN-γ
has also been shown to antagonize the production of collagen, a protein that is believed to
stabilize plaque structure (Gupta et al., 1997). A study using lymphocyte-deficient
(RAG1-/-) mice crossed with atherosclerosis-prone (LDLR-/-) mice confirms that
lymphocytes play an important role early in atherogenesis (Song et al., 2001).

The Th2 subset of T cells may also contribute to atherosclerosis. Zhou et al. have
demonstrated that IFN-γ producing Th1 cells infiltrate into atherosclerotic lesions in the
early stage to provide T cell help for autoimmune responses to oxidized LDL (oxLDL) in
Apo-E-/- mice. In the late stage, when the mice develop hypercholesterolemia, there is a
Th1 to Th2 cell switch which results in the formation of IgG1 autoantibodies to oxLDL
and an appearance of Th2-type cytokines, such as IL-4, in the atherosclerotic lesion
(Zhou et al., 1998).

Naturally occurring CD4+CD25+Foxp3 regulatory T cell (nTreg) is a T cell subset that
suppresses the effector CD4+ cells activity and downregulates experimental autoimmune
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disorders. Mor and his colleagues investigated the importance and potential role of nTreg
cells in murine atherogenesis and found that the functional suppressive properties of
nTreg cell from Apo-E-/- mice were compromised in comparison with those from their
WT littermate. This related to the fact that the oxLDL attenuated the suppressive
properties of nTreg cells from Apo-E-/- mice more than those from WT mice. In addition,
transfer of nTreg cell from age-matched Apo-E-/- mice resulted in significant attenuation
of atherosclerosis compared with those after delivery of CD4+ CD25- T cells. Thus, it is
likely that nTreg cell plays a protective role in the progression of atherosclerosis (Mor et
al., 2007).

Other T cell subsets may play minor roles in atherogenesis. CD8+ T cells may promote
the atherogenesis in case of viral infection and they can be stimulated by foreign antigens
expressed on vascular smooth muscle cells. However, lesion formation in Apo-E-/-/CD8-/mice exhibits no difference from those in Apo-E-/- mice (Ludewig et al., 2000). TCRγδ-/mice have only marginally reduced atherogenesis while TCRαβ-/- mice display a
significantly reduced atherosclerosis. This could be because the number of TCRγδ T cells
is far less than TCRαβ T cells (Elhage et al., 2004). Th-17 cells have been linked to
many autoimmune and inflammatory diseases. However, IL-6-/- mice exhibit a deficit in
IL-17 production (Bettelli et al., 2006) and IL-6-/-/LDLR-/- mice show a very marginally
reduced atherogenesis (Song et al., 2004).

In summary, T cells are present in the adventitia of normal aortas along with APCs such
as B cells, DCs and macrophages. In atherosclerotic mice, the number of T cells increases
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at sites around lesions (Galkina et al., 2006). Different T cell subsets can drive or
suppress inflammatory processes in atherosclerosis. However the regulation of this
balance and the molecular mechanisms involved in the context of atherosclerosis are still
unclear.
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3 METHODS
3.1 Mice
The mice used in the experiments were male 8- to 12-week-old C57BL/6 mice (Charles
River Laboratory) and IRAK-1−/− mice of C57BL/6 background (gift from Dr. James
Thomas, University of Texas Southwestern Medical School) (Thomas et al., 1999). Mice
were housed under 12 h light/dark cycles at 25 °C and bred at Derring Hall animal
facility under pathogen-free conditions in accordance with the established institutional
guidance and approved protocols from the Institutional Animal Care and Use Committees
at Virginia Polytechnic Institute and State University (Blacksburg, VA). Food and water
were supplied ad libitum, and beddings were changed twice a week.

3.2 Preparation of murine T-cell enriched splenocytes and CD4+ splenocytes
The mice were first anesthetized with isoflurane (Abbott Laboratories, UK) and then
sacrificed by cervical dislocalization. Peripheral T cells were obtained from spleen by
mechanical disruption through a 70 µm cell strainer followed by depletion of red blood
cells using ACK lysis buffer (Cambrex Bio Science, Walkersville, MD). The cells were
then resuspended in RPMI+10%FBS.

B cells were depleted using anti-mouse CD19 magnetic beads (Miltenyi Biotec)
according to the manufacturer’s instructions. Splenocytes were stained with anti-CD19
magnetic beads in MACs staining buffer (a degassed solution of PBS with 0.5% BSA and
2 mM EDTA) for 15 min at 4ºC. Magnetically-linked B cells were attracted inside the
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magnetic separator column (Miltenyi Biotec) when the cell suspension was applied
through the column. The eluted portion (T-cell enriched fraction) was then collected and
washed once with RPMI+2%FBS. The T cells (5 X 106 cells/ml) were stimulated with
solubilized CD3 (α-CD3) (5 µg/ml) and anti-CD28 (α-CD28) (5 µg/ml) (BD
Pharmingen, San Diego, CA) in 6-well tissue culture plates (Nunc, Denmark) for the
indicated amount of time for Western blot analysis or cytokine assay.

CD4+ T cells were obtained similarly using anti-mouse CD4 magnetic beads (Miltenyi
Biotec) by collecting magnetically-linked CD4+ cells that were attracted within the
magnetic separator column. Cell purity assayed by flow cytometry was >95%. Cells (2 X
105 cells/ml) were stimulated with plate-bound α-CD3 (5 µg/ml), solubilized α-CD28 (5
µg/ml) and TGF-β1 (R&D system) (5 ng/ml) in 96-well round-bottom tissue culture
plates (Nunc, Denmark) for the indicated amount of time and were used for flow
cytometric analysis.

3.3 Transfection of small interfering RNAs (siRNAs)
The siRNA against IRAK-1 and the scrambled control siRNA were obtained from
Qiagen (San Diego, CA), and used to transfect Jurkat cells with lipofectamine reagent as
described by the manufacturer (Invitrogen). Transfected cells were incubated with RPMI
+10% FBS for 24 h and subsequently stimulated as described in the results.
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3.4 Cytokine measurements
IL-2, IFN- γ and GM-CSF production from T-cell enriched splenocytes culture
supernatants were measured using the Bio-plex cytokine reagent kit (Bio-Rad) according
to the manufacturer’s instructions. Antibodies (Abs) against certain cytokines, which
were coupled to color-coded 5.5 µm beads, were first allowed to react with the samples
or with standard solution containing a known amount of cytokines. After performing 3
rounds of washing to remove unbound protein, a biotinylated detection antibody was
added to the beads. The reaction mixture was detected by the addition of streptavidinphycoerythrin (streptavidin-PE), which binds to the biotinylated detection Abs. This is an
automated multiplex bead-based plate assay capable of quantifying multiple cytokines in
a small volume of sample. The results were analyzed on the Bio-Plex system (Bio-Rad).

3.5 Flow cytometry
Cells designated for flow cytometry were washed with PBS and re-suspended in 50 µl
FACS staining buffer (1 X PBS, 2% FBS and 0.02% (wt/vol) sodium azide). One
microliter of FITC-CD4 and APC-CD25 (BD Biosciences, San Jose, CA) were added to
each tube and incubated for 30 min at 4°C and protected from light. Cells were then
washed once with PBS, resuspended in FACS staining buffer and kept at 4°C. In order to
detect the intra-cellular Foxp3, the cells were first stained with corresponding surface
marker and permeabilized with the cytoperm/Wash kit (eBioscience, San Diego, CA)
before labelling with PE-Foxp3 (eBioscience, San Diego, CA). The cells were then
acquired at 800 events/second and analyzed by flow cytometry (FACSCanto II flow
cytometer with FACSDiva software, BD). Fluorescence was analyzed by gating on

27

lymphocytes according to their characteristic forward scatter and side scatter profile and
measuring fluorescent intensity of the fluorochromes used, i.e. fluorescein isothiocyanate
(FITC), phycoerythrin (PE), allophycocyanin (APC).

3.6 Nuclear preparation and Western blot analysis
Nuclear extracts were prepared using lysis buffer (10 mM HEPES, pH 7.9, 1.5 mM
Mgcl2, 10 mM KCl, 0.5 mM EDTA, 0.5 mM DTT, 0.5 mM PMSF, 1 µg/ml leupeptin, 1
µg/ml pepstatin). After centrifugation, the cytosolic supernatant was removed and pellets
containing intact nuclei were lyzed in 1X SDS and heated at 100ºC for 10 min. Equal
amounts of cell lysates were separated on 10% SDS–PAGE and the proteins were
transferred onto a PVDF membrane. The membrane was incubated with primary
antibodies against NFATc2, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) or
Lamin B (BD sciences) at 4 °C overnight, followed by incubation with horseradish
peroxidase (HRP)-conjugated secondary Abs. Corresponding protein bands were
visualized using enhanced chemiluminescence (Pharmacia, Piscata, NJ) and documented
by Fuji 9000 digital imaging system.

3.7 Co-immunoprecipitation
Jurkat cells (1 X 107) were seeded on 10-cm plates and incubated with or without
solubilized α-CD3 (5 µg/ml) and α-CD28 (5 µg/ml) for the indicated amount of time. For
harvesting, the plates were immediately chilled in an ice tray, washed once with ice-cold
PBS, and then scraped in ice-cold lysis buffer (50 mM HEPES, pH 7.6, 150 mM NaCl, 1
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mM EDTA, 20 mM β-glycerophosphate, 1 mM Na3VO2, 1 mM NaF, 1 mM
Benzamidine, 5 mM PNPP, 1X protease inhibitors (Sigma), 1mM DTT). The cells were
lysed for 20 min on ice, centrifuged for 20 min at 12,000 X g and the solubilized lysate
was collected. IRAK-1 primary antibody (Upstate, Lake Placid, NY) which was specific
to a unique amino acid sequence (amino acids 700–712) of IRAK-1 and protein A
agarose (Invitrogen Carlsbad, CA) were added to lysates followed by incubation at 4°C
overnight. Immunoprecipitates were washed four times in lysis buffer and eluted by
boiling in reducing sample buffer (1X SDS). About one quarter of each sample was
fractionated by SDS-PAGE and transferred to PVDF membrane. Western blots were
probed with NFATc2 antibody or IRAK-1 antibody and then visualized by enhanced
chemiluminescence (Pharmacia, Piscata, NJ) and documented by Fuji 9000 digital
imaging system.

3.8 Statistical analysis
Means of triplicate assays were compared using a two-tailed Student's t test. The
differences between groups were considered statistically significant when p is less than or
equal to 0.05. Statistics were computed using Minitab version 13 (STATCON).
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4 RESULTS

4.1 NFATc2 can be Co- immunoprecipitated with IRAK-1 in Jurkat cells
To determine whether NFATc2 interacts with IRAK-1, Jurkat cells were first stimulated
with solubilized α-CD3 and α-CD28 for 15, 30 and 60 min. Cell lysates were
immunoprecipitated with IRAK-1 primary antibody. As shown in the upper panel of
Figure 6, NFATc2 was present in the immunoprecipitates, indicating that NFATc2
interacted with IRAK-1 in Jurkat cells in vitro. In addition, the interaction of NFATc2
and IRAK-1 occurred without TCR stimulation, suggesting that the interaction did not
require the modification of IRAK-1. The same membrane was probed with IRAK-1
antibody (Figure 6, lower panel) to show that IRAK-1 is successfully immunoprecipitated
with the anti- IRAK-1 antibody used in the study.
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Figure 6: Co-immunoprecipitation of NFATc2 and IRAK-1 in Jurkat cells. Ten million
Jurkat cells were stimulated with solubilized 5 µg/mlα-CD3 and 5 µg/ml α-CD28 for 15,
30 or 60 min. Cell lysates were incubated with IRAK-1 primary antibody and protein A
agarose at 4°C overnight. Rabbit IgG was used as the negative control.
Immunoprecipitates were washed, boiled and separated by SDS-PAGE and the proteins
were transferred onto a PVDF membrane to detect the presence of NFATc2 and IRAK-1.
Data represent one of three independent experiments.

4.2 Increased nuclear NFATc2 in IRAK-1 deficient cells after TCR stimulation
To investigate whether IRAK-1 regulates the cellular localization of NFATc2 in T cells,
the amount of NFATc2 in the nuclear extract of T-cell enriched splenocytes from WT
and IRAK-1-/- mice was analyzed by Western blot after stimulation with α-CD3 and αCD28. There was more nuclear NFATc2 after 30 min stimulation in T cells from IRAK1-/- mice in comparison with those from WT mice (Figure 7A, upper panel, Figure 7C),
suggesting that IRAK-1 deficiency led to increased nuclear NFATc2 in murine T cell at
later time point. The same membrane was probed with Lamin B, a cysteine protease that
is critical to maintaining the integrity of the nuclear envelope and is only found on the
nuclear membrane, to ensure equal loading through the lanes (Figure 7A, middle panel).
In addition, the membrane was also probed with GAPDH, an enzyme that catalyzes the
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sixth step of glycolysis and thus serves to break down glucose for energy and carbon
molecules, to ensure that there was no contamination of cytosolic protein in the nuclear
extract (Figure 7A, lower panel).

To investigate whether IRAK-1 deficiency also leads to increased nuclear NFATc2 in
human T cell, the amount of nuclear NFATc2 in IRAK-1 siRNA knocked-down Jurkat
cell and control Jurkat cell stimulated with TCR ligand was analyzed by Western blot.
There were different patterns of nuclear NFATc2 between control Jurkat cell (WT) and
IRAK-1 knocked-down Jurkat cells after TCR stimulation. The amount of nuclear
NFATc2 in WT cells increased after 15 min stimulation and decreased quickly while the
nuclear NFATc2 in IRAK-1 deficient cells increased after 30 min stimulation and
remained high throughout the observed time course (Figure 7B, first panel, Figure 7D).
Lamin B (Figure 7B, second panel) and GAPDH (Figure 7B, third panel) served as
loading control. The membrane was also probed for IRAK-1 to show that IRAK-1 siRNA
specifically downregulated the IRAK-1 protein expression while the scrambled control
siRNA did not affect the IRAK-1 protein expression (Figure 7B, fourth panel).

As a summary, Figure 7 showed that IRAK-1 deficiency led to increased nuclear
NFATc2 in both human and murine T cells, indicating that IRAK-1 could be a negative
regulator of NFATc2.
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Figure 7: Increased nuclear NFATc2 in IRAK-1 deficient cells after TCR stimulation.
(A) Ten million T-cell enriched splenocytes from WT or IRAK-1-/- mice were seeded in 5
ml RPMI+10%FBS and stimulated with solubilized α-CD3 and α-CD28 for 15 or 30min.
Nuclear extracts were prepared and the amount of NFATc2 protein was analyzed by
Western blot. (N = 3 mice/group) (B) Jurkat cells transfected with scrambled siRNA as a
control or with IRAK-1 siRNA were stimulated with solubilized α-CD3 and α-CD28 for
5, 15, 30, 60 or 90 min and nuclear extracts were prepared. The amount of nuclear
NFATc2 protein was analyzed by Western blot. (C and D). The intensity of relative
NFATc2 band on the blot was analyzed by multigauge software and the fold induction of
NFATc2 relative to unstimulated cells was calculated as the intensity of nuclear NFATc2
in stimulated cells derived by the unstimulated cells. Data are averages +/- SDV of
triplicate independent determinations. Statistical significances were calculated using
Student’s t-test for two-samples assuming unequal variances. A value of p < 0.05 was
regarded as statistically significant (*). Data represent one of three independent
experiments. (N = 3 mice/group).
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4.3 Increased naturally occurring Foxp3+ cells and induced Foxp3+ cells in the
spleen of naïve IRAK-1-/- mice

It was reported that one of the target genes under control of NFAT is Foxp3 (Tone et al.,
2008). Foxp3 is a transcriptional factor that regulates gene expression in Treg cells when
associate with NFATc2 and is predominantly expressed in CD4+CD25+ T cells (Wu et
al., 2006). In order to investigate whether the expression of Foxp3+ is upregulated in
IRAK-1-/- mice as compared to WT mice, percentages of Foxp3+ cells from freshly
isolated splenocytes and from 3-day stimulated CD4+ splenocytes were analyzed by
FACS. As shown in Figure 8A, freshly isolated splenocytes from IRAK-1-/- mice had
significantly higher percentage of Foxp3+ cells (naturally occurring Foxp3+ cells) than
those from WT mice (p<0.05) while there were comparable percentages of CD4+CD25+
cells (activated T cells) between the two groups of mice. After stimulation of CD4+ cells
with Foxp3- driven condition, as shown in Figure 8B, the percentage of Foxp3+ cells was
also significantly higher in IRAK-1-/- mice than those in WT mice (p<0.05).
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Figure 8: Increased naturally occurring Foxp3+ cells or induced Foxp3+ cells in the
spleen of naïve IRAK-1-/- mice. (A) Total splenocytes freshly isolated from WT or
IRAK-1-/- mice were stained with FITC-CD4, APC-CD25 and PE-Foxp3 and were
analyzed by FACS. Percentages of CD25+ cells were calculated after gating on CD4+
cells and percentages of Foxp3+ cells were calculated after gating on CD4+CD25+ cells.
(B) CD4+ cells were isolated by MACS and were cultured in the presence of plate-bound
α-CD3, solubilized α-CD28 and TGF-β1 for 72 h. Cells were then stained with intracellular PE-Foxp3 and were analyzed by FACS. Data are averages +/- SDV of triplicate
independent determinations from one of three experiments that have similar results.
Statistical significances were calculated using Student’s t-test for two-samples assuming
unequal variances. A value of p < 0.05 was regarded as statistically significant (*).
(N = 3 mice/group)
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4.4 Increased cytokine production in the spleen of naïve IRAK-1-/- mice

Besides Foxp3, NFAT also controls a panel of cytokine production in T cells such as IL2, IFN- γ and GM-CSF. In order to investigate whether elevated amounts of nuclear
NFAT also lead to elevated production of cytokines that are under control of NFAT,
cytokine production of TCR stimulated T cells was assayed. As shown in Figure 9,
supernatant concentration of IFN- γ and GM-CSF from T cells of IRAK-1-/- mice were
significantly higher than those of WT mice after 72-h TCR stimulation (p<0.05).
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Figure 9: Increased cytokine production in the spleen of naïve IRAK-1-/- mice. T-cell
enriched splenocytes were stimulated with solubilized α-CD3 (5µg/ml) and α-CD28
(5µg/ml) in round-bottom 96 well plates for 72 h and the supernatant IL-2, IFN- γ and
GM-CSF were measured by bio-plex. Data are averages +/- SDV of triplicate
independent determinations from one of three experiments that have similar results.
Statistical significances were calculated using Student’s t-test for two-samples assuming
unequal variances. A value of p < 0.05 was regarded as statistically significant (*). The
data represent average of three independent experiments (N = 3 mice/group).
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5 DISCUSSION
In this study, the possible regulatory roles of IRAK-1 on NFATc2 activity were
investigated in T cells. This study demonstrated that IRAK-1 was associated with
NFATc2 in vitro and IRAK-1 deficiency led to elevated amounts of nuclear NFATc2
after TCR stimulation in T cells. As consequences of elevated nuclear NFATc2 in
response to TCR stimulation, expression of Foxp3 and Th1 cytokines such as IFN-γ and
GM-CSF were increased in IRAK-1-/- mice as compared to WT mice.

A recent finding indicates that IRAK-4 can directly phosphorylate the NADPH oxidase
p47phox in neutrophils (Pacquelet et al., 2007). This finding opens up a brand new aspect
of IRAK-mediated cellular regulation, indicating that IRAK family proteins may be
capable of phosphorylating multiple structurally related, yet functionally distinct
substrates. Even though IRAK-1 undergoes autophosphorylation and can interact with
proteins such as NF-κB-inducing kinase and IKK β (Vig et al., 1999; Vig et al., 2001),
direct substrates for IRAK-1 (other than itself) have not yet been conclusively identified.
Studies indicated that IRAK-1 might be able to mediate the ligand-stimulated
phosphorylation of IRF5/7, in which it has been shown that IRAK-1 deficiency leads to
diminished activation of both IRF5 and IRF7 due to a decrease of phosphorylation of
IRF5/7 (Schoenemeyer et al., 2005; Uematsu et al., 2005). In addition, Kim et al.
suggested that IRS-1 is a novel physiological substrate for IRAK-1 (Kim et al., 2005).
Although the involvement of IRAK-1 in innate immunity and in metabolic signaling has
been proposed, the involvement of IRAK-1 in T cell signaling has not yet been evaluated
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or reported. Our observation that NFATs contain serine- proline- rich region that
resembles the phosphorylation sites found in IRAK-1, IRAK-1 was associated with
NFATc2 in vitro and that there were elevated amount of nuclear NFATc2 in IRAK-1
deficient cells raises the possibility that IRAK-1 may mediate cross-talk between the
innate and the acquired immunity.

The interaction of NFATc2 and IRAK-1 occurred without TCR stimulation, suggesting
that the association did not require the modification of IRAK-1 (Figure 6). Since no
modification of IRAK-1 was required for this interaction and the interaction did not
disappear after stimulation, it is likely that IRAK-1 is capable to either help to maintain
NFATc2 in a phosphorylated state in the cytosol (maintenance kinases) or induce the rephosphorylation of nuclear NFATc2 to expose a nuclear-export signal (NES) and
translocate NFAT back to the cytosol (export kinases).

The data show that IRAK-1 deficiency leads to increased nuclear NFATc2 (Fig. 8). It is
possible that upon stimulation, IRAK-1 phosphorylates serine- proline- rich domain in
NFATc2, which causes it to shuttle back to the cytosol. However, in the absence of
IRAK-1, NFATc2 remains in the nucleus for a longer time course in the dephosphorylated state. This prolonged activity of NFATc2 in the nucleus of IRAK-1
deficient cells might result in enhanced T cell activity in response to TCR stimulation and
abnormal antigen challenge.
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The serine-phosphorylation on NFATc4 was suppressed in IRAK-1-/- mouse embryonic
fibroblast (MEF) cells (Wang et al., 2008). Considering the fact that the regulatory
domain containing the serine- rich regions is conserved among NFATc1 to NFATc4, one
may postulated that the corresponding serine-phosphorylation on NFATc2 could also be
suppressed in IRAK-1-/- cells. However, the antibody against the potential IRAK-1 target
sites in NFATc2 is not commercially available. Thus, the current study could not show
that IRAK-1 phosphorylates NFATc2 directly.

NFATs regulate Foxp3 expression and Treg cell activity. They are important
transcriptional factors responsible for the expression of Foxp3 in naïve T cell, driving the
naïve T cell into Treg cell (Tone et al., 2008). Mor and his colleges investigated the
importance and potential role of nTreg cells in murine atherosclerosis and found that the
functional suppressive properties of nTreg cells from Apo-E-/- mice were compromised in
comparison with those from their WT littermate (Mor et al., 2007). In addition, transfer
of nTreg cells from age-matched Apo-E-/- mice resulted in significant attenuation of
atherosclerosis compared with those after delivery of CD4+ CD25- T cells, which
contains only effector T cells. Thus, it is likely that nTreg cells play a protective role in
the progression of atherosclerosis (Mor et al., 2007).

The data indicated that the proportion of nTreg cells to the total T cell population was
higher in IRAK-1-/- mice than WT mice (Figure 8A). Thus, it is anticipated that IRAK-1-/mice may be protected from high cholesterol diet challenge. Indeed, data from our lab
showed that IRAK-1-/-/Apo-E-/- mice had less atherosclerotic lesion than those in the
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Apo-E-/- mice when fed a high fat diet (Wang et al., 2008). This could potentially explain
the reason why humans with hyperactive IRAK-1 tend to develop atherosclerosis
(Lakoski et al., 2007). A partial reason for the observed phenomenon could be that
hyperactive IRAK-1 leads to an impaired activity of NFAT, resulting in a reduction of
nTreg cells that could have protective roles in atherosclerosis. In addition, current data
are consistent with the former observation that deletion of IRAK-1 gene in mice
decreases the severity of experimental autoimmune encephalomyelitis (EAE) (Deng et
al., 2003). It is likely that IRAK-1-/- mice are protected from excessive inflammatory
immune responses with the increased Treg cells.

The Th1 cytokine such as IFN-γ and GM-CSF production are increased in IRAK-1-/mice, but not IL-2 production (Figure 9). Previous studies showed that IL-2 expression
required NFAT activation only in memory CD4+ T cells whereas it was NFATindependent in naïve CD4+ T cells (Dienz et al., 2007). It was found that NFATc1 and
NFATc2 were more in memory T cells than in naïve T cells. Thus, memory T cells had a
relative better response to TCR stimulation. It is possible that the current data were
generated from a mixture of naïve T cells and memory T cells, in which the significant
higher level of IL-2 production by IRAK-1-/- memory T cells is masked by the presence
of naïve T cells (there are about one-third of naïve CD4+ T cells and in splenic T cell
population (Pinchuk et al., 2008)). Thus, a good way to study the difference of IL-2
production from IRAK-1-/- mice and WT mice is then to use purified memory T cells.
Another possibility would be that the current results are generated by measuring the
accumulative supernatant cytokine production after 72-h TCR stimulation. These data
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may not appreciate the differences in cytokine production dynamics in T cells,
particularly at the earlier time points. Thus, a good way to confirm the differences of IL-2
production from IRAK-1-/- mice and WT mice is then to measure the IL-2 mRNA levels
over different time points after stimulation.
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6 CONCLUSIONS
In conclusion, the current study showed that in addition to its involvement in TLR signal
transduction pathway, IRAK-1 might also regulate signal transduction pathways in cellmediated immunity. The results indicate that IRAK-1 could potentially be a maintenance
kinase or an export kinase for NFATc2 as shown in the proposed model in Figure 10.
Although several maintenance kinases and export kinases for NFATc2 were defined,
kinases responsible for multiple serine-proline rich motifs have not been fully studied. As
a potential kinase for NFATc2, IRAK-1 can form a complex with NFATc2 without
stimulation and deletion of IRAK-1 enhanced activity of NFATc2. These evidences
suggest that IRAK-1 may act as a negative regulator of NFATc2 by serving as a
maintenance kinase in T cells. Furthermore, NFATc2 activity is tightly regulated both by
its maintenance kinases to keep it in the phosphorylated and inactive state in the absence
of stimulant and by export kinases to ensure instant switch off of its activation after
stimulation to prevent unnecessary ongoing immune response. Giving that IRAK-1 is
also found in the nucleus (Huang et al., 2004) and that elevated nucleus NFATc2 after
stimulation in IRAK-1 deficient cell could be because that NFATc2 can not be rephosphorylated sufficiently in the absence of IRAK-1, it is possible that IRAK-1 could
also serve as a export kinase for NFATc2. However, appropriate experiments need to be
done in order to confirm this possibility.
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Figure 10: Proposed model of the involvement of IRAK-1 in the regulation of NFATc2
in T cells. This model proposed that in addition to CK1 and GSK3, IRAK-1 might also
able to maintain NFATC2 in a phosphorylated state in the cytosol (maintenance kinases)
or to induce the re-phosphorylation of nuclear NFATc2 to translocate NFATc2 back to
the cytosol (export kinases). X: NFAT partner.
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7 SUGGESTED FUTURE INVESTIGATIONS
The current investigation showed that IRAK-1 interacted with NFATc2 and the absence
of IRAK-1 led to increased nuclear NFATc2. However, the direct phosphorylation of
NFATc2 by IRAK-1 was not shown because of the lack of specific Ab. It is then
desirable to compare the amount of serine-phosphorylated NFATc2 in T cell after TCR
stimulation from WT and IRAK-1-/- mice to see whether there is a decreased
phosphorylation of NFATc2 in IRAK-1-/- cells. In addition, in order to confirm whether
IRAK-1 could also be an export kinase for NFATc2, co-immunoprecipitation will be
done on the cytosol and the nuclear extract to verify that IRAK-1 and NFATc2 can form
a complex in both sites.

In addition, the current study did not investigate the nature and the mechanisms for the
interaction between IRAK-1 and NFATc2. It would be interesting to map the interacting
regions in these two proteins. To study the domains involved in IRAK-1 and NFATc2
interaction, co-immunoprecipitation will be done on the total cell lysate from cells
transfected with either C-terminal deleted NFATc2 or NHR truncated NFATc2. Wang et
al. reported that the NHR region of NFATc4 was responsible for its interaction with
IRAK-1 (Wang et al., 2008). Giving the fact that NHR region is highly conserved from
NFATc1 to NFATc4, it is likely that this is also the region required for IRAK-1 and
NFATc2 interaction.

Our preliminary data showed that IRAK-1-/-/Apo-E-/- mice had less atherosclerotic lesions
than those Apo-E-/- mice when fed on high fat diet (Wang et al., 2008). The detailed
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mechanisms of why IRAK-1 deficiency could potentially protect the mice from
developing severe atherosclerosis are still unclear. This study indicated that the
proportion of Treg cells from those IRAK-1-/- mice was more than those from WT mice,
which is a potential mechanism that could explain the observed phenomenon. Future
experiments will be done to investigate whether the percentage and function of different
T cell subsets differ after high-fat diet challenge between Apo-E-/- mice and Apo-E-//IRAK-1-/- mice and how these differences could contribute to the outcome of the high-fat
diet challenge. This will shed a new light in understanding the mechanisms of
atherosclerosis.
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APPENDIX A Preparation of samples

Preparation of nuclear extracts
Buffer A (10 mM HEPES, pH 7.9, 1.5 mM Mgcl2, 10 mM KCl, 0.5 mM EDTA, 0.5 mM
DTT, 0.5 mM PMSF, 1 µg/ml leupeptin, 1 µg/ml pepstatin)
1) Resuspend 5 X 106 cells in 400 µl cold Buffer A.
2) Incubate at 4°C for 15 min.
3) Add 10 µl 10% NP-40 and vortex the tube for 10 seconds.
4) Centrifuge at 3000 X g, 4°C for 10 min.
5) Aspirate supernatant, this is the cytosolic extract.
6) Resuspend the pellet in 50 µl 1 X SDS and vortex the tube for 20 seconds at 4°C.
7) Centrifuge as in step 4 for 5 min.
8) Transfer supernatant to a second tube, this is the nuclear extract.
9) Store at -20°C until use.

Sample preparation protocol for flow cytometry
A. Surface Staining Protocol
1) Prepare cells of interest according to the standard laboratory protocols.
2) Harvest, count, and place 1 X 106 cells into a microcentrifuge tube and centrifuge (4°C,
500 X g) for 5 min.
3) Aspirate culture medium and resuspend cells in 1 ml FACS buffer.
4) Centrifuge as above for 5 min.
5) Aspirate washing buffer and resuspend cells in 50 µl FACS buffer. The concentration
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is now 106 cells / 50 µl.
6) Add 1 µl experimental antibody and incubate at 4°C in the dark for 30 min.
8) Centrifuge for 5 min at 350 X g.
9) Wash once with 1 ml FACS buffer. Centrifuge for 5 min at 350 X g.
10) Aspirate the washing buffer and suspend cells with 500 µl FACS buffer.
11) Store samples at 4°C in the dark until FACS analysis.

B. Intracellular Foxp3 staining protocol

Prior to staining, dilute the Fixation/Permeabilization Concentrate (1 part) into the
Fixation/Permeabilization

Diluent

(3

parts)

to

the

desired

volume

of

Fixation/Permeabilization working solution. This buffer should not be stored for more
than 1 day. For example: For 12 samples, use 3 ml Fixation/Permeabilization Concentrate
and 9 ml Fixation/Permeabilization Diluent.
1) Add 100 µl of prepared cells (1x106) suspended in FACS buffer to each tube.

2) Stain surface molecules (CD4 and CD25), following the Surface Staining Protocol (see
above).

3) Wash in cold FACS Buffer.

4) Resuspend cell pellet with pulse vortex and add 1 ml of freshly prepared
Fixation/Permeabilization working solution to each sample. Pulse vortex the tube again.

5) Incubate the samples at 4°C for 45 min in the dark.
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6) Wash once by adding 2 ml 1X Permeabilization Buffer (made from 10 X
Permeabilization Buffer) followed by centrifugation and decanting of supernatant.

7) Wash cells with 2 ml 1 X Permeabilization Buffer again. Centrifuge and decant
supernatant.

8) Add 5 µl PE conjugated anti-mouse Foxp3 antibody in 100 µl 1 X Permeabilization
Buffer and incubate at 4°C for 45 min in the dark. Wash cells with 2 ml 1 X
Permeabilization Buffer. Centrifuge and decant supernatant.

9) Repeat step 6.

10) Resuspend the cells in 500 µl FACS Buffer and analyze on cytometer. Due to the
fixation and permeabilization procedure, the forward scatter and side scatter distribution
of the cell population is different from the live cells. Therefore the gate and voltages are
modified accordingly.

C. Transfection of siRNA
Solution A: For each transfection, dilute 2 µl siRNA against IRAK-1 or the scrambled
control siRNA in 250 µl RPMI at room temperature for 25 min.
Solution B: For each transfection, dilute 12 µl lipofectamine in 250 µl RPMI at room
temperature for 25 min.
1) Combine solution A and B, mix gently.
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2) Seed 3X106 Jurkat cells in 500 µl RPMI, add mixed solution A and B and incubate the
cells for 4 h at 37°C in a CO2 incubator.
3) Add 1.5 ml RPMI+10%FBS, centrifuge and decant supernatant.
4) Resuspend the cell in 3 ml of RPMI+10%FBS and incubate at 37°C in a CO2 incubator.
5) Stimulate the cell with TCR ligand at 24 h following start of transfection.

57

APPENDIX B Whole Western blot membrane in the results section

NFATc2
Ig G heavy chain

Membrane for Figure 6
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Membrane for Figure 7A
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Membrane for Figure 7B
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