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of T cells express a T cell receptor (TCR) compodeho3
heterodimer that is responsible for ligand recagnjtwhich is associated with six
invariant signaling chains, termed the CD3 suburilisese are organized into
two independent signaling modules, the GBlde heterodimeand the CD3
¢ homodimer. In their cytoplasmic tail, the CD3 efsacontain multiple copies

of a motif termed an ITAM. The TCR contains 10 M8, one in each CDg 0

Y



ande chain, and three in each CQZhain. The TCR complex, when isolated
from thymocytes and peripheral T cells, contaiesmastitutively tyrosine-
phosphorylated CD8 molecule, p21, which results from ongoing inteiacs
between the TCR and peptide/MHC molecules.

The magnitude, extent, and duration of the CD3 ITgiMsphorylations
are critical for the proper development of sevstdisets of T cells, including
conventional T cells and invariant natural kille(iNKT) cells. The mechanism
by which these phosphorylations are regulated i$ully resolved. Herein, we
report that p21 results from TCR interactions iitHC molecules prior to
selection, supporting a model that the TCR hasiharent avidity for MHC
molecules. Biochemical analyses of the TCR compkfere and after TCR
stimulation suggested that p21, which exists corgadgo ZAP-70, is excluded
from new TCR-driven signals. Conventional T celdlopment proceeds with as
few as 4/10 functional CD3 ITAMs; however, INKT tdevelopment was
significantly reduced when one CIB3TAM was rendered non-functional. This
was due to an early block in development, at leagart attributable to an
increase in cell death. INKT cells are thoughbéocritical for the prevention of
inflammatory arthritis following infection with thepirocheteBorrelia
burgdorferi Despite significantly reduced iNKT cells in t8®3 { ITAM
mutant mice, there was no difference in the seyvefiLyme arthritis in these

mice compared to wild type controls followiBg burgdorferiinfection. These
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data suggest that CD3 ITAMs provide important sigidaring the selection and
development of conventional and iNKT cells. Furthere, these data suggest
that INKT cells are not the primary cell type respible for preventing Lyme

arthritis.
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CHAPTER|

INTRODUCTION

As a part of the adaptive immune system, T cefipord to foreign antigens by
either the directly killing infected cells or re#ag cytokines that regulate other cells. T
cells recognize self- and foreign-peptides thateanbedded in self-MHC proteins via the
T cell receptor (TCR)aB T cells express a TCR composed of the ligand bgndf
heterodimer that is non-covalently associated siithinvariant signaling chains,
including one CD¥ andd chain and two CD2 and{ chains (1, 2) (Figure 1). The
CD3 proteins contain at least one copy of a comgksignaling motif, termed an
immunoreceptor tyrosine-based activation motif (M)Ain their cytoplasmic tail (3).
ITAMs have the conserved sequence DJF(xxL/l (Xe.g) YXXL/I, and following TCR
engagement by self- or foreign-ligand/MHC complexke CD3 ITAMs become bi-
phosphorylated on critically spaced tyrosine ressduThis initiates a signaling cascade

that results in T cell development, differentiatmmeffector function.

Several distinct lineages of T cells develop intthanus, includingif and
natural killer T cells (NKT) (4, 5). Both of thesubsets are derived from a common
CD4'CDS8’ (DP) precursor. T cell development involves amms selection process,
whereby only cells with appropriate reactivity tdfdigand/self-MHC molecules survive
(4). This process generates a pool of peripherdll® that remain tolerant to self-

peptide/MHC complexes, but react strongly to foneggntigen/MHC complexes. Work



in this thesis will focus on elucidating the rofephosphorylated CD3 ITAMs in T cell

receptor signaling and the development of effettoell populations.

The T cell receptor complex: An overview of TCRcétire and assembly

T cells bind self- and foreign-peptides embeddezklifMHC molecules via the
T cell receptor (Figure 1) (6). While tb@@ TCR heterodimer is responsible for
recognition of peptide/MHC molecules, these sulsuaie unable to transmit intracellular
signals (7-10). These subunits have short cytaptatils of 9-12 amino acids (aa) that
do not have intrinsic enzymatic functions. Instéattacellular TCR signaling is
processed by six invariant signaling chains, €P3 d, and{ chains. These subunits are
non-covalently associated witt subunits (1).In vitro translation and assembly studies
show that the TCR complex contains eight componarsigle clonotypic TCR and

[ subunit, one CD§ andd chain, and two CD8 and{ chains (2).

All of the TCR subunits are synthesized in the gfakmic reticulum (ER).
Assembly of the TCR(3 with the CD3ye/d¢ signaling subunits occurs in the
endoplasmic reticulum, while COiZ is added in the Golgi apparatus (2, 11-15). TCR
assembly occurs in a stepwise fashion. First, @Dx#hdde heterodimers are formed,
and paired with the TCR andf subunits, with association between T@@RD3 ¢
occurring first (11, 16). The subunits are then disulfide linkedl'he final step of
TCR assembly involves the association of the GDBomodimer (17). Partially
assembled TC&B/ CD3ye/de complexes are produced in excess of GR3The

complexes that do not pair with CI38 are retained in the Golgi and targeted to



lysosomes for degradation (18). The pairing of 3€Dis the rate limiting step in TCR
assembly and provides a mechanism by which TCRaeigxpression is controll€th).
Although CD3( regulates TCR expression, all of the CD3 subuariésrequired for
efficient TCR assembly as elimination of any onbusiit results in the partial or

complete loss of surface TCR expression (17, 1§, 20

The pairing of the different TCR/CD3 subunits isdia¢ed by non-covalent
interactions between positively and negatively gbdrresidues in the membrane
spanning portions of the various TCR/CD3 suburBpecifically, the lysine residue in
the TCRa chain pairs with the two glutamic acid residuasnid within each chain of the
oc heterodimer. The arginine residue in the transbmane region of TCR pairs with
each of the aspartic acid residues present in B#®{¢ molecules (21-23). TCR
complexes with thge chains via a lysine residue that associates Wwéhgtutamic and

aspartic acid residues of th@nde chain, respectively (21, 22).

ITAMs: discovery and function

The CD3y, 9§, €, and subunits of the TCR complex contain a conservé&MT
signaling motif in their cytoplasmic tails (Figute (3, 24). ITAM sequences are not
limited to the CD3 subunits, as components of treeBreceptor, Fg(mast cells), and
some NK receptors are now known to use ITAMs tgagate intracellular signals (3,

25, 26).

Interestingly, the ITAM signaling system is nottreged to the immune system,

as reformation of neuronal networks in the latgeadiculate nucleus also requires this



conserved pathway (27, 28). ITAMs have also béewas to be incorporated into the
signaling machinery of several viruses, includingstéin Barr Virus, Herpes simplex
virus 8, bovine leukemia virus, a mutant Simian umodeficiency virus, and hantavirus
pulmonary syndrome-associated strains of Hantay28<34). These ITAMs are
believed to be used as a form of molecular mimiargubvert host cell defenses by
interrupting cell signaling pathways. For exampP2A, the EBV ITAM containing
protein, sequesters Syk in B cells, thereby blogBR signal transmission (30).

Similar effects were noted in EBV infected T celldiere LMP2A binds ZAP-70 (35).

The first description of an ITAM signaling pathwiayinvertebrates¥rosophila
melanogastérwas recently reported (36). This signaling patwnvolves Draper, and
ancient immunoreceptor on glial cells, that recagai‘modified self’ presented by target
cells to initiate phagocytosis of dead or dyindscelThese interactions are translated into
intracellular signals using a conserved ITAM sigmaldomain in the cytoplasmic tail of
Draper. Like other ITAMs signaling pathways in ideB cells, these signaling events
rely on ITAM phosphorylation by a Src kinase arghsi propagation by the Syk PTK
homolog, Shark. Such data suggest that the Dggdhway could have been the
evolutionary precursor to mammalian ITAM signalipethways. Furthermore, given the
high rate of necrosis and apoptosis of develogdiggibcytes, this ancient system could
also provide the early basis for the thymic edueatif T cells whereby the TCR
complex evolved in order to recognize modified-getiteins and translate this into

intracellular signals that would promote self talere.



All of the ITAMs defined to date are twenty six amiacids in length, and
contain the evolutionary conserved sequence of XYEXL /I (Xeg) YXXL/I, (where x
denotes any amino acid) (3, 24). Following receptggering, ITAMs become bi-
phosphorylated on the two critically spaced tyresiesidues by Src protein tyrosine
kinases (PTK). This results in recruitment andvatibn of signaling proteins that
initiate intracellular signaling cascades that ether support activation or inhibition of
receptor signaling (25, 37, 38). Signaling throliphMs is typically terminated
following dephosphorylation by protein tyrosine ppbatases and/or ubiquitin mediated

degradation pathways (39-42).

ITAMs, as their name implies, typically activatdl gggnaling pathways.
Surprisingly, ITAMs have also been shown to inhdatl signaling (43). For example,
in a model of receptor desensitizationgR¢, which is associated with theyHT AM
containing subunit, can inhibit mast cell degratiafaby cross regulating the activity of
FceR1 following binding to monomeric IgA (44). Thishibition was ITAM dependent,
and required the recruitment of the protein tyregphosphatase SHP-1 to the/ FEAM.
Inhibition of F&RI activation was mediated by SHP-1 targeted dgutmylation of the
downstream FaRI signaling molecules, Syk, LAT, and Erk. Altetinaly, aggregation
of FaaRI molecules by IgA immune complexes produces atitig signals via
recruitment of Syk kinase. This provides a medsrarthy which low affinity interactions
between immunorecptors and their target complesgkligenerate inhibitory signals
though ITAMs by recruiting proteins that could a&ety dampen signals through

heterologous receptors.



The CD3¢ Chain

The CD3y, d ande chains share a high degree of sequence homologlla
members of the immunoglobulin (Ig) superfamily, a@md all clustered on chromosome 9
(11 in humans). Contrasting this, CD3 present on chromosome 1 and contains only a
short extracellular domain of 9 aa, followed byrantmembrane region of 21 aa, and a

long intracellular tail of 113 aa (45).

As an unphosphorylated protein, CQ®as a molecular weight of 16 kDa (p16)
(Figure 2) (45). CDZ ITAM phosphorylation occurs in a stepwise fashiproceeding
from the carboxy terminal to the juxtamembranegiwe residues (46). Phosphorylation
of CD3 { ITAMs results in the formation of two phosphorylated datives with a
distinct molecular masses of 21 (p21) or 23 kD&)pZThese forms arise from the bi-
phosphorylation of the two membrane distal or lateé ITAMs, respectively (46, 47).
Contrasting all other CD3 subunits, Cl@3appears as a constitutively phosphorylated
protein (p21) in thymocytes and peripheral T caltgl is complexed to an inactive pool
of ZAP-70 (47-51). However, p23 is only detectellicfving TCR crosslinking or strong
agonist stimulation. In only one other circumstir/olving the EBV ITAM containing

protein LMP2A is an ITAM present in a constitutiygdhosphorylated state (30).

Proximal T cell receptor signaling

T cell receptor engagement of peptide/MHC complexetarget cells results in
the generation of intracellular signals (FiguréZ, 37). Following receptor ligation, the
Src family kinases, Lck and Fyn, are catalyticaltyivated and bi-phosphorylate the CD3

ITAMs (52). Following ITAM phosphorylation by Skinases, the Syk family of PTKs,



Zeta associated protein of 70 kDa (ZAP-70) and Sptgrosine kinase (Syk), are
recruited to and bind with high affinity to the féifent phospho-ITAMs (52). Syk and
ZAP-70 are structurally related, with each protntaining tandem SH2 domains
(2SH2) that are linked by an interdomain A (53heTSH2 domains mediate binding to
the bi-phosphorylated ITAMs. These domains areeoted to the kinase domain via an
SH2-kinase linker (interdomain B). While both f@ias are able to bind bi-
phosphorylated CD8 ITAMs with high affinity, Syk can also bind mono-

phosphorylated ITAMs and its kinase domain is masreymatically active (54-56).

ZAP-70 activation is regulated by both structunadl post-translational
modifications (57-59). Prior to binding phosphdNis, ZAP-70 is in an inactive
conformation in which portions of interdomain A d®und to the kinase domain.
Binding occurs such that the SH2 domains face autvadlowing for phospho-ITAM
binding (60). Once the two SH2 domains bind thespiho-ITAMs, they are brought into
close proximity to one another. This causes aghamthe conformation of ZAP-70,
simultaneously destabilizing binding of the interdon A to the kinase domain and
stabilizing the two SH2 / phospho-ITAM interactiqi®, 61). The conformational
change also exposes the regulatory tyrosine (YJues in the interdomain B (Y292,
Y315 and Y319) and the kinase domain (Y492 and Y498292 has been shown to
negatively regulate the activity of ZAP-70 as arpfialanine substitution at this location
results in hyper signaling through the TCR (62-6¥315 and Y319 are phosphorylated
by Lck and phosphorylation of these residues regalain increase in ZAP-70 activity.

As phosphotyrosines, these sites are necessamydiaiiting other proteins and are



thought to stabilize ZAP-70 in an active confirmati{65). Y319 is a binding site for the
SH2 domain of Lck, and a mutation at this site itesn decreased PL@activation (66).
Y315 is critical for Vav association with ZAP-70pWever, mutating this residue does
not limit Vav activation (64, 67). The catalytictiity of ZAP-70 is regulated by the
phosphorylation of tyrosine residues within theasa domain of ZAP-70. Y492 and
Y493 are either activated by Lck or trans-autophosyated by ZAP-70 following
activation through the TCR (68-70). Y492 negativelgulates ZAP-70 activation,
whileY493 is required for full ZAP-70 activationg670). The importance of ZAP-70 in
TCR signaling is reflected by the numerous meclmasithat have evolved in order to
regulate its activity. These mechanisms ensuteahR-70 activation only occurs at
appropriate times. Furthermore, the multiple phosgations sites on ZAP-70 that are
protein binding sites potentially provide a systeyrwhich distinct signaling pathways
could be differentially regulated and/or integratéairthermore, regulatory
phosphorylation sites provide the means whereby-Z@&[Rould bind to phospho-ITAMs

in an inactive state.

Once activated, ZAP-70 phosphorylates a numbeowhdtream proteins,
including the adaptor proteins LAT and SLP-76 afidotor proteins Vav, Itk and PLy@
(71-73). LAT is a transmembrane adaptor proted tontains nine conserved tyrosine
residues in its cytoplasmic tail. LAT is centralthe organization of multiple signaling
protein complexes including Gads/SLP76 and L4, 75). PLGA is recruited to
LAT via its SH2 domain where it is phosphorylated subsequently activated by ZAP-

70 (74) . PLCy1 hydrolyzes phosphatidyl 4,5 bisphosphate Ao the second



messengers IP3 and DAG, leading to the releaggratillular calcium, or induction of
the Ras/MAPK signaling pathways, respectively (76ads, a Grb-2 adaptor protein, is
constitutively bound to SLP-76 and the Gads/SLR#6pdex is recruited to phospho-
LAT via the SH2 domain of Gads (77). Vav is retedito tyrosine phosphorylated SLP-
76 via its SH2 domain (78). Vav, a guanine nudétkoéxchange factor, is essential for
the activation of the Rho proteins Rac and CDC4#clwhave been shown to induce

actin cytoskeletal rearrangements (79-81).

Itk is a member of the Tec family of PTKs and iduned downstream of TCR
signaling (82). Itk is recruited to the plasma rbeame via its pleckstrin homology
domain, which has a high affinity to phosphatidydsitol triphosphate. Itk can also bind
LAT, SLP-76 and PLGA (78, 83, 84). Itk augments TCR signaling by phasplating
and activating PLGA (82). Thus, Itk plays an important role in regirg the

magnitude and duration of intracellular calciunmval@®ns in activated T cells.

Calcium signaling in T cells is critical for develment, differentiation and
effector function. Increases in intracellular oafe levels are mediated by two
mechanisms, the release of intracellulaf*@am the ER and the influx of Cafrom
outside of the cell (85). The former pathway resinl transient increases in calcium
levels, while the latter supports sustained in@gas-ollowing activation through the
TCR, intracellular calcium is released from the EFRhis process requires the binding of
IP3 to IP3 receptors. This results in the actoratf STIM1, an ER transmembrane
protein that acts as a sensor for ER calcium lev8EM1 binds calcium via its EF-hand

domain that faces the lumen of the ER and bind$, @ad a decrease in calcium levels



result in its activation (86). STIM1 activatioralds to store operated calcium entry
(SOCE) which is regulated by calcium-release atgiy@alcium (CRAC) channels in the
plasma membrane (87, 88). STIM1 is thought adivatail, a tetraspanning plasma
membrane protein that is either the pore forminitjianrCRAC channels or may in fact
be a CRAC channel (89-93). Following Orail actimatextracellular Cdis allowed to
flow into the cells, resulting in sustained incresmm intracellular calcium. The precise
mechanism by which STIM1 and Orail regulaté*Gégnaling is poorly understood;
however, deletion of either of these proteins tesalprofound deficits Casignaling

(94, 95).

There are several key transcription factors aaiais a consequence of TCR
signaling. Nuclear factor of activated T cells @NIF transcription factors are a family of
5 related proteins (NFAT1-5), with conserved DNAding domains (96). All but one
NFAT family member (NFATS) is activated downstreafirtalcium signaling. NFAT is
localized to the cytoplasm prior to its activatiand is maintained in an inactive state via
the phosphorylation of multiple serine residues icrease in intracellular calcium
levels results in the activation of the phosphateakeineurin. This serine/threonine
phosphatase dephosphorylates NFAT, thereby expiésingclear localization signal.
This event permits NFAT translocation into the rwsl where it can regulates the
transcription of several target genes. Subsequergphorylation on serine residue by
nuclear serine/threonine kinases results in thiel eyport of NFAT back to the

cytoplasm.
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NFkB is another transcription factor that is localizedhe cytoplasm, and it is
found in a complex withdB (inhibitor of NFkB), masking its nuclear translocation
signal (97, 98). PK&is activated following T cell activation and is téed for NFkB
activation (99). The mechanism by which FKi€ activated is unclear; however,
recruitment to Vav and phosphorylation by Lck areppsed necessary (100). P&KC
phosphorylates the adaptor protein CARMA1 on tlsex@ne residues. CARMAL then
forms a complex with Bcl10 and MALT1 (CMB complgi)01, 102). This complex is
responsible for the recruitment and activatiorhef KK complex, which is made up of
three proteins, IKl& and IKKB catalytic subunits and the IKKNEMO) regulatory
protein. Activation of the IKK complex requiresrisee phosphorylation of the K& and
IKK 8 subunits by TAK1, a serine/threonine kinase (1@3)llowing activation, IKK
phosphorylates«B, resulting in the subsequent ubiquitination aadrddation ofB,
thereby releasing N@B into the nucleus (104). Following the activatafmultiple
transcription factors in the nucleus, numerous geme transcribed that are required for
various aspects of T cell biology, including T addivelopment, differentiation, and

effector function.

The Unigue Features of the TCR Complex

There are a number of interesting features théindisish the TCR from other
ITAM containing receptors. First, the TCR is thesnlTAM rich receptor to date with a
total of 10 ITAMs in the TCR complex, three frontkaCD3( chain, and one in each of
the CD3y, 9, ande chains. The reason for the complexity of thisegtor is unknown;

however, this suggests that signal amplificatiodWandiscrimination are important for T
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cell development and function. Several studiggpett the role of the TCR ITAMs in
signal amplification. As such, CD3 ITAMs functioma quantitative fashion during the
development of T cells bearing low affinity T cedlceptors (105-109). Recent data also
suggests that there are a minimal number of CD3V$ Ahat are required to prevent
autoimmunity, such that mice with 2-6 functional €0’AMs in the TCR developed
severe autoimmunity, with 4 or less resulting ipidadeath of the mice (110). A second
feature is that TCR signal transduction is thoughte organized into two, independent
signaling modules, the CIXX homodimer andgjde heterodimers (25, 52, 111). This
might enable T cells to activate distinct pathwen®lved in T cell development,

selection, and function.

CD3C is detected as a constitutively phosphorylatedgimdip21) in thymocytes
and peripheral T cells (49-51). The formationp@fl in vivo requires ongoing TCR
interactions with peptide/MHC complexes, as thestitutively phosphorylated p21 is
absent in MHC class T II  thymocytes and TCR™ thymocytes (52). Lck is the
primary kinase responsible for phosphorylating amdintaining the constitutive
phosphorylation of CD3(, as phosphd- levels in unstimulated thymocytes and
peripheral T cells from the Lékmice are significantly reduced (52, 58). ZAP-%0 i
necessary for stabilization of phosphoas p21 is undetectable in thymocytes from ZAP-
70 deficient mice (52, 58). This is likely duepmtection conferred by the binding of
the two SH2 domains of ZAP-70 to phospho-ITAMs (112The reason for the

constitutive phosphorylation of p21 is not knowrOne proposed mechanism is the
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passive or active attenuation of TCR signaling éguestering inactive ZAP-70 and/or

recruiting proteins, such as phosphatases, thaowmgatively regulate signaling.

apBT cell development

The development aif3 T cells begins after bone marrow-derived lymphoid
progenitor cells home to the thymus (Figure 4) j113nce in the thymic milieu, cells
progress through a series of developmental sthgesite identified by the differential
regulation of CD4, CD8, CD25, and CD44. Durihg tnitial phases of development, T
cells are CDAD8 (DN) and modulate CD25 and CD44 in four distirteiges, from
CD25CD44 to CD25CD44 followed by CD25CD44, and finally CD25CD44 (DN,
2, 3, and 4, respectively). Progression fromDhd stage to the DN2 stage is
dependent on IL-7, which induces the expansiorraggnitor cells, the upregulation of
CD25, and promotes the expression of recombinas&ticg genes (RAG) that initiate
TCRB chain rearrangements (113, 114). RearrangemehedfCHB chain continues
through the DN3 stage. At this stage, TERrms a complex with the pre-TGiRchain
and the CD3 signaling chains (113, 115). Followsngace expression of a functional
pre-TCR complex, productive signals result in daseel RAG expression and the
termination of TCR3 chain rearrangement (114). The DN4 stage is nddlea robust
expansion and upregulation of the co-receptors @RUCD8 (DP). During the DN to
DP differentiation, the immature thymocytes re-egsrthe RAG proteins and rearrange
the TCRa locus (114). The3 TCR is then expressed at low levels on the celasa
(af TCR, CD3ye/de and({). RAG expression is downmodulated following tlsitive

selection of DP thymocytes into CQ4 DS, or natural killer T (NKT) cell lineage.
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The DP thymocytes undergo a rigorous selectionges the outcome of which
is determined by the affinity of the TCR for seiegtpeptide/MHC complexes on thymic
epithelial cells (4). T cells expressing TCRs vétlow to negligible affinity for selecting
self-peptide/MHC complexes die by neglect. Ondtieer hand, T cells bearing high
affinity TCRs undergo negative selection, whichuttssin programmed cell death. Only
T cells with an intermediate affinity for the sdiag peptide/MHC complexes are
positively selected, and proceed to the QT8 (CD4 SP) or CD£DS8 (CD8 SP)
stage. Selection into these subsets is deterrbipdae specificity of the TCR for such
that T cells with TCRs that recognize MHC clad8lHC class Il, or CD1d are directed

into the corresponding CD8 SP, CD4 SP, or NKT ljeea

The CD3 signaling chains are required for propeR®0rface expression and T
cell development. This is evidenced by the lacknafure peripheral T cells in CH139,
e, orZ knockout mice (19, 20, 106, 116-119) (Table D3y and CDX” mice are
blocked at the DN3 stage. CRQ3leficient mice are blocked at the DP stage, howeve
some CD4 SP and CD8 SP cells are found in thepaymof these mice. Surface TCR
expression is extremely low on these cells. Istémgly, in HY TCR Tg/CD8" male
mice, a decrease in the efficiency of negativectiele was observed as autoreactive HY
specific T cells were detected in the periphen0j122D3d deficient mice have normal

thymic cellularity; however, T cell developmenbiscked at the DP stage.

Proximal T cell signaling is also critical fa T cell development. Lckmice
have a reduction in thymic cellularity and a deseeim the CDACDS8' T cells in the

thymus, whereas Fynthymocytes develop normally (58, 121-123). Whit is the
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primary kinase necessary for T cell developmeyn, ¢an act in a partially redundant
manner as FyfLck” doubly deficient have a more profound block inell c
development, and are arrested in the DN stage (12¢) is also critical for mediating
intracellular calcium levels in developing thymoeyt Moreover, Fyhmice showed
impaired deletion of some T cell clones respongiv@uperantigen, suggesting a role for
Fyn in selection of a subset of conventional Tsc€lP1, 123). Fyn has also recently
been shown to be critical for the development ofiNt€lls, which will be discussed in

more detail below (125).

ZAP-70 and Syk are also necessary for T cell dgwetnt, with the most
profound phenotypes noted in ZAP-70 deficient nticmpared to Syk-null animals (48,
55, 115, 126, 127). ZAP-70T cells are blocked at the DP stage, while ZAP®gK"
cells are blocked in the DN stage of developme®8(129). This could be due to the
fact that Syk was recently it was shown to be nexglfor pre-TCR signaling at the DN3
stage of T cell development (130, 131). Furtheenfewer Syk DN4 cells were
detected in the thymus compared to ZAP-%@lls in competitive repopulation assays in
which ZAP-70 and Syk deficient bone marrow wasgfamed into irradiated wild type
mice (130, 131). While SYkT cells have relatively normal development, onelgt
noted a slight reduction in thymocyte cellularityrhice reconstituted with Syk

compared to SykK cells (132, 133).

Several mouse and human immunodeficiencies areddysmutations in ZAP-
70 that negatively impact its function. A seveoenbined immunodeficiency in patients

has been identified resulting from mutations in ZAWP(134-136). In humans, CD4 but
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not CD8 T cell development can occur in the absendenctional ZAP-70, partly due to
increased Syk expression in these cells comparedrtoal T cells (137). However, as
Syk expression is reduced in mature peripherall§,dbe CD4 SP T cells in these SCID

patients were not functional.

Two ZAP-70 mutations have also been characterizenige that do not lead to a
primary immunodeficiency but result in autoimmunifd8, 139). These mutations are a
result of single nucleotide substitutions in ZAR-#Xsulting in decreased function and
TCR signaling and lead to a reduction in the efficly of negative selection, allowing
autoreactive cells to populate the periphery cdctéfd mice. The SKG mutation (ZAP-
709 in BABL/c mice results in the onset of and inflaatory arthritis that resembles
rheumatoid arthritis in humans (138). This resfilisn a spontaneous mutation in the C-
terminal SH2 domain of ZAP-70. The ZAP™J"and ZAP-70"™" mutations were a
result of N-ethyl-N-nitrosourea (ENU) mutagenesi€€57BL/6 mice (139). ZAP-
70™Y™4 arose due to a mutation in the catalytic domaiichvis thought to alter the
dimensions of the ATP-binding pocket. This mutatiesults in a mild phonotype with
slight alterations in T cell development, increasine CD44 CD4 and CD8 T cell
populations. ZAP-78"™" was due to a mutation in the activation loop amases a
complete block in T cell development at the DP stalgterestingly, ZAP-78Y™" which
contains one allele from each mutant, results wergeautoimmunity characterized by
increased production in autoantibodies and IgE @etbto wild type mice or mice that
are homozygous for each mutation. ZAP*#0" T cells have an intermediate level of

TCR signaling, thus allowing for the selection afaeactive T cells, and their
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subsequent activation in the periphery. In athelse ZAP-70 mutations, a partial
impairment in ZAP-70 function results in attenuataf TCR signaling. This provides
enough signaling in order to allow for the positdedection of autoreactive T cells.
While TCR signaling in mature T cells is dampenbd,signals that are generated are
enough to promote the activation of autoreactivells in the periphery resulting in

autoimmune syndromes in affected mice.

CD3 ¢ transgenic mice

We previously generated Cld3ransgenic (TCK transgenic) mice that contain
phenylalanine substitutions on select tyrosinedress in the different ITAMs of CD3
(Figure 5) (46). These mutations were based cen glaviously generated in which the
ITAMs responsible for the specific patterns of ghtusrylation were mapped (46).
Substitutions were made in the first (YF1,2), thivdF5,6), or all three (YF1-6) CD3
ITAMS. The YF1,2 line was characterized as retajrp21 in the absence of and
inducible p23. Contrasting this, the YF5,6 linedyccontained weak phosphorylated
derivatives of 19 and 20 kDa, and only followingaigt stimulation. Of importance, the
YF1,2 and YF5,6 transgenic lines were matchedifemtumber of ITAMs available for
signaling (8 of 10) in the TCR complex and TCR aoef density. The YF1-6 mice
contain 4/10 functional CD3 ITAMs. We have useesthmice in wild type and TCR
transgenic backgrounds in order to study the rbe@B8 { ITAMs in T cell development,
signaling, and function. Briefly, we and othersd&&und differences in the ability of T
cells bearing low affinity TCRs undergo proper fissiand negative selection when

some or all CDZ ITAMs were rendered non-functional (19, 107-1090,1141). This
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difference was directly related to the total numiie€D3 ITAMs available, as a higher
number resulted in improved selection. Furthermorae HY TCR/YF1,2 mice had an
increase in the development of potentially autdieacells (140). These results will be

described in the next section.

The function of the phosphorylated derivatives DB in Thymocyte Development

Due to its ITAM rich nature, CD8is assumed to be the predominant signaling
module of the TCR complex. Interestingly, mostelisappear to develop and function
normally in the absence of functional CD8TAMs (Table I) (105, 107-109, 116, 141-
143). For example, T cells from mice bearing tigh laffinity MHC-class | P14 TCR are
not dependent on the CI33TAMSs, as development, signaling and function mwemal
in the absence of all functional CB3TAMSs. In T cells bearing low affinity TCRs,
such as those found in the HY, 2C, OTII, and F5 TfaRsgenic mice, there is a direct
correlation between the efficiency of selection amtttional ITAM numbers (107). A
specific role for CDZ ITAMs was not observed as mutating any of the CDEMs (y,

€ or () results in inefficient positive and/or negatieextion (107, 140, 141, 144, 145).

The need for a full complement of CD3 ITAMs duripgsitive selection in T
cells expressing low affinity TCRs could promotéodént calcium responses during
selection. An increase in ITAM numbers directlyresponds to the efficiency of Ca

signaling in Jurkat T cells (146). This is neceg$ar NFAT localization to and
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retention in the nucleus of developing T cellsgsithis is necessary for positive but not

negative selection (147-149).

The need for a minimal total number of CD3 ITAMs &ppropriate negative
selection is noted by an increase in the inciderficeulti-organ autoimmunity in mice in
which T cell development occurred with reduced GD3M numbers (110). Bone
marrow cells from CD&Z", which lack all CD3 subunits, were retrovirallgrisduced
with constructs encoding various combinations dfiwype and YF substituted CD3
ITAMs. These cells were then transferred into &3¢Aost. The expression of between
2 and 6 wild type ITAMs resulted in severe autoinmity) with 4 or less resulting in
death. There was a negative correlation betwestirtte to onset of disease and total
ITAM number. Interestingly, there were 14 condisdn which 2 or all 3 CD8 ITAMs
were mutated either alone or in combination witheotCD3 ITAMs, and all of these
mutations prevented the expression of p21. |ofathese mice there was a significant
reduction in thymic cellularity, and in all but onase, autoimmunity ensued. Yet, when
CD3y, 9, € were mutated in the absence of CD&ither alone or in combination, disease
was not detected. There are several importardréifice in this model compared to
previous models studying the role of CD3 ITAMs iredll selection and function. First,
bone marrow cells were reconstituted with the CD8W mutants, and therefore these
constructs could have been expressed in all cEllsthermore, these cells were then
injected into a lymphopenic host, which might haltewed autoreactive cells to undergo
homeostatic proliferation in the periphery, incieggheir number, and thus, the severity

of the disease.
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We analyzed the efficiency of negative selectiomale HY TCR/CDJ, ITAM
transgenic mice, and found that the selective egiwa of p21 (HY/YF1,2) resulted in
the emergence of CH3.70 T cells that exhibited high levels of CD5. HY/GD
male mice expressing wild type, YF5,6 or YF1-6 CDi3ave a peripheral population of
T3.70 cells that are COB rendering them unresponsive to peptide/MHC corgse
(140). Taken together, these data suggest that@2d have reduced signaling in
HY/YF1,2 mice, preventing the negative selectiomatoreactive T cells. No overt
autoimmunity was observed in these mice, howeat,qontinues to be constitutively
phosphorylated in peripheral T cells (50). Funthere, signaling through the TCR was
crippled due to the fact that two ITAMs of the T€EBnplex contained YF substitutions.
Thus, autoimmunity could have been prevented duedoced signaling through the

TCR as a result of p21 expression and/or a reduatiéTAM numbers.

Phosphorylated CDB s also involved in regulating the level of TCRfage
expression on immature DP thymocytes (41, 42, 150). The adaptor protein, SLAP,
binds with phosphd-with its SH2 domain (42). SLAP then recruits Efligase, c-Chl,
resulting in the ubiquitination and subsequent dégtion of CDJI (41). This
eventually leads to the internalization and degiadaf the remaining TCR subunits.
This data is supported by the fact that there imamease in TCR expression on DP cells
in SLAP” T cells compared to wild type cells. This is detent with higher TCR
surface expression in the DP but not SP thymodgtesr CD3( transgenic mice that
contain tyrosine to phenylalanine substitutionsalhCD3C ITAMs (YF1-6) compared

to wild type mice or mice with mutations in onlye@D3( ITAM (YF1,2 and YF5,6).
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Although a difference in the transgene integrasiv@ could account for some differences
in TCR surface expression, multiple YF1-6 foundetibited a similar phenotype
suggesting that this does not account for the higliRR expression levels in DP YF1-6 T
cells. Reduced TCR signaling likely dampens TGRa&iing in developing DP cells,
which might be important in regulating signaling thresholds necessary for efficient

positive and negative selection

The importance of CD8 ITAMs in thymocyte development is highlighted in a
child with a severe combined immunodeficiency. sTiatient was susceptible to
recurring infections with Pseudomonas aeruginosgds simplex virus, Candida
albicans, and Streptococcus pneumoniea (152).imimeinodeficiency was attributed to
a nonsense mutation (Q70X), resulting in a preneagtop codon within the first ITAM
preceding the first consensus sequence. Ninetgpeof the peripheral T cells in this
patient contained a homozygous Q70X mutation in ¢D®8sulting in low TCR
expression and poor proliferative responses tmuarstimulants including, antibodies,
mitogens and superantigens. The remaining 10%o&fl$ contained a heterozygous
Q70X mutation, with one allele containing the iritest stop mutation, and the others

containing mutations additional mutations thatoesi some CD3 functionality.

CD3 ¢ and Peripheral T cell Function

The chemokine receptor CXCR4 has been shown tdgailysassociate with the
TCR (153). Chemokine receptors are G-protein aaiptceptors that mediate the
migration of immune cells into lymphoid and peripdddissues (154). CXCR4 has been

shown to be critical for B cell development; howeviecell development proceeds
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relatively normal in CXCR% mice (155-158). CXCR4 is also a co-receptor fo¥ H
(159). CD3 and CXCRA4 interact, and this is important for CXfenction. CDZ

and CXCRA4 co-localize following stimulation throuGiXCR4 with its ligand, SDF-

la (153). Furthermore, TCIB deficient Jurkat T cells are only able to trafficSDF-I
following expression of chimeric CD8/CLE3ITAM constructs that contain at least one
functional ITAM. CXCR4 mediated cell migrationshbeen shown to be dependent on
p52 Shc and ZAP-70, both of which are able to lplhdspho¢ (160-162). The TCR and
CXCR4 can also cross-regulate one another, whgnaléing through the TCR, inhibits
CXCRA4 signaling and migration (163). Moreoveimsilation of Jurkat T cells with
SDF-Io reduces TCR surface expression. It remains undieavever, whether CD3
ITAMs are specifically required for CXCR4 signaliagd migration, or whether other
ITAMs within the TCR complex are able to mediatis fhunction as data that implicate
CD3¢ do so using chimeric receptors (CD8/EP3n systems which lack other

functional CD3 ITAMs due to a lack of TCR surfacgeession (TCR™) (153).

Ongoing interactions between the TCR and self-defMHC complexes are
necessary to prolong the survival of peripheraéllsq164-167). Because these signals
are also necessary to drive the constitutive phargfdtion of CD3C (p21), it was
postulated that p21 was specifically required tentaén peripheral T cell survival. Two
studies, however, have generated conflicting resultne group showed that peripheral
CD4' T cells show a higher rate of decay when MHC cliissselectively eliminated
compared to controls in which MHC class Il expressivas maintained (168). Another

group showed that the absence of p21 did not haedfect on peripheral T cell survival,

24



as adoptively transferred CD# cells in to a C57BL/6 or MHC class Il deficierddt
exhibited a similar rate of decay despite a deergap21 expression (169). As discussed
herein, we have expanded on these studies and fbanthe total number of CD3

ITAMs, rather than the expression of p21, mediatesll survival.

The necessity of CDBITAMs for proper T cell development and functiorsha
been revealed in patients with autoimmune diseasgsmmunodeficiencies. Some
patients with systemic lupus erythematosus (SLE)tess lower levels of CD3
compared to healthy controls (170). Single nudiegbolymorphism (SNP) analysis was
carried out SLE patients, and two SNPs within th&éTR region of CD3 correlated
with decreased CDB expression levels. Other studies have foundShé&tis associated
with this alternatively spliced 3' UTR of CD3which results in a decrease in the
stability and expression of C¥3(171-173). Whether these mutations occur priarto
following disease onset is unclear, therefore,rugiudies will be needed in order to

characterize this mutation in individuals with SLE.

A specific role for CDJ in peripheral T cell function has not been clearly
demonstrated. While some studies suggest that{dP8ritical for chemokine signaling
and maintaining peripheral tolerance, data havdeeh generated that unequivocally
find a role for CD3. As such, it is unclear whether total ITAMs numsber whether
specific phosphorylated derivatives of CDare important maintaining peripheral
tolerance and regulating chemokine receptor siggaliThus, further experiments will be

needed in order to clarify some of these questions.
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Invariant natural killer T cell: TCR and antigenaggnition

Another subset dfif T cells, called NKT cells, regulate immune respai®
various bacterial and viral challenges (174-176)addition, these cells have been
shown to reduce or prevent the development of tigtia NOD mice in an IL-4 or IL-10
dependent manner (5). Also, some studies showvirjeation of an NKT cells agonist
leads to a decrease in tumor size and metast&sis (While they are for the most part
beneficial to the host, CDAKT cells have recently been implicated in airvper-
reactivity in people suffering from asthma dueheit ability to secrete high levels of IL-

4 in the lungs (178).

iINKT cells express surface receptors that are famdoth T and NK cells, such
as thea3 TCR and NK1.1, respectively. There are 4 typelKT cells (179). Type |
cells represent the predominant subset of NKT egltsexpress a semi-invariant TCR,
composed of a TCR chain encoded by theoM 4218 rearrangement in mice
(Va24X18 in humans). The TCRP/fepertoire in Type | NKT cells is restricted to
VB8.2, 7, and 2 in mice (811 in humans). (180-185). Contrasting Type | iN&dlls,
Type Il NKT cells have a slightly broader TCR rdpae. A major difference between
these NKT cell subsets and conventional T cellas Type | and type Il NKT cells
recognize glycolipids embedded in the non-clas$itldC class | molecule, CD1d.
These cells are also either CB48 or CD4CDS8 (186, 187).  Type lll and type IV
NKT cells are not CD1d restricted, have a diver€RTepertoire, recognize MHC class |
and/or class Il molecules, and can be CDB8 or CD4CDS8". The work in this thesis

will focus on Type | NKT cells, hereon referreda® invariant NKT cells, or iNKT cells.

26



The first true ligand that was found for INKT cellesa-galactosylceramiden¢
GalCer), a derivative of a non-mammalian glycolifiidnd in a marine sponge, first
identified as a novel cancer therapeutic (1t-GalCer is an extremely potent iINKT
cell agonist. When used as a ligand loaded ontwdkchrome-conjugated CD1d
tetramers, it can be used to specifically identifi{T cells by flow cytometry (188, 189).
Recently, a derivative af-GalCer was engineered, called PBS57. This ligatains the
binding and stimulatory properties @fGalCer but has increased solubility due to the
substitution of a hydroxyl with an amide group ba galactose ring andcaés-double

bond in the acyl chain. (190).

Only one endogenous glycolipid, iGb3, or isoglolhaxosylceramide, has been
identified in mammals. INKT cells can be stimutatey iGb3 bothin vitro andin vivo,
but much higher concentrations are required coetpbara-GalCer (191). The role of
iGb3 in INKT cell development is controversial. ddithat are deficient iB-
hexosaminidase B (HexXB, an enzyme important for the production of iGh3 i
lysosomes, were devoid of iINKT cells (191). Howevke HexB" deficiency also
results in lysosomal storage disease, and thigidme disrupted the production of
unidentified glycolipids other than iGb3 that midfe involved in the selection of iINKT
cells (192, 193). Since iGb3 cannot be isolatethfhuman or mouse thymuses, and
iINKT cell development was normal in iGb3 synthaséailent mice, there are likely

multiple endogenous glycolipids are necessaryN#(Ti cell development (194, 195).
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iINKT cell development and selection

The development of glycolipid-loaded CD1d tetranadisws for the direct
identification of INKT cells (188, 189). iNKT #alevelopment occurs in the thymus
with precursor cells originating from the same COBS8" population as conventional T
cells (Figure 4) (196-198). Like conventional dlls, INKT cells undergo positive
selection in the thymus. However, while converaiohcells are selected by MHC class
| or class Il expressing epithelial cells in thgrttic cortex, INKT cells are selected
following interactions between the invariant TCRIahycolipid/CD1d complexes that
are expressed on other immature GQDA8" cortical thymocytes. The necessity of
CD1d is confirmed by the lack of iNKT cells in CD1dhice despite the fact that
Va14h18 rearrangements can be detected in the thymBEBy albeit at reduced levels

(199).

While CD1d is expressed on numerous cell typekartitymus, several studies
have shown that it must be expressed on DP thyrasdgt the proper selection of INKT
cells (200). SCID mice, which lack T cells but eegs comparable MHC class | and
class Il levels as wild type mice, failed to redinge the iNKT cell compartment
following the transfer of fetal liver cells froﬁQm"' mice. These mice were; however,

+/+

able to generate NKI.T cells when receivin§2m™ cells (201). Furthermore, when
CD1d expression is driven under the MHC classdhmoter, CD1d expression is
excluded from DP thymocytes as this promoter isaotive in DP cells. iNKT cells do

not develop in these mice (20Zjetal liver chimera experiments in which irradiated

B2m-deficient mice are reconstituted with fetal ticells fromp2m’ and TCRx" mice
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are able to generate iNKT cells (203). In suckistesn, thgd2m’” cells are the iNKT cell
precursors, while the TGR™ cells contain the CD1d expressing DP thymocyts& T
cells do not develop in chimeras generated f&in” / TCR3” or2m’ / RAG" liver
cells, as T cell development is blocked at the Bdgis in the TCR and RAG deficient
animals. B cells also express CD1d but are nothiregbin iNKT cell development since
Cu™ mice, which lack B cells, have normal NK1T cell development (201). Mature
SP T cells in the thymus were also ruled out siNe€T cells were detected in the
thymus of32M”MHC I1I”" mice that were reconstituted with MHC clas’s fiétal liver
cells (201). Thus, glycolipid/CD1d expressing iatare DP thymocytes have a unique

role in mediating the selection of iNKT cells.

iINKT cells have a skewedp/repertoire that is limited tof88.2, 7, and 2. This
is because these cells are preferentially selekigdg development rather than due to
preferential pairing of the 14318 TCR with limited \B chains (204). The
preselection repertoire of INKT fromal 4118 TCR/CD1d mice contain cells
expressing the canonicaP8.2, 7, and 2 subunits an@¥, 6, 9,1 0, and 14, as evidenced
by CD1d tetramer staining. Upon stimulation wiBbB, however, only the iNKT cells
expressing the §8.2, 7, and 2 chains expand. In contrast, stinmraif the cells with
a-GalCer, results in the expansion of INKT cellsig@numerous 3 chains.
Becauseai-GalCer is a much more potent agonist than iGh8,sihggests that the38.2,
7, and 2 iNKT cells are preferentially selected tuthe fact that they can overcome

signaling thresholds necessary for positive sadacti
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Conventional T cells that express autoreactive Ta@Rsliminated in the thymus
by a process called negative selection. Severes lof evidence support the premise that
iNKT cells are also subject to negative selectibirst, iINKT cell numbers are drastically
reduced in fetal thymic organ cultures stimulatéith whe agonisti-GalCer but not
vehicle or3-GalCer (205). Consistent with these findinggmbcytes treated witti-
GalCer exhibited a marked reduction in iINKT celhgmartment, as did mice
overexpressing CD1d (205). iNKT cells do not esprihe CD8 co-receptor. This is
likely due to the fact that CDSNKT cells are deleted due to the fact that CD&lbig to
CD1d induces such strong signals that negativetateoccurs. This is supported by the
fact that NK1.1 T cells are drastically reduced in transgenic nmoghich the CD2
promoter drives CD8.1 expression, thereby alloviiggxpression all T cells (206). The
reduction is likely due to the fact that most af tNKT cells in CD8.1 mice are deleted.
Taken together, these data suggest that high signadtentials decrease iNKT cells in a
manner consistent with negative selection. This teht mediate negative selection have
not been identified, but some studies suggest dencells are reasonable candidates

(205, 207).

iINKT cell development: differentiation and matiwmatin the thymus and periphery
Following their selection, iINKT cells undergo a grammed differentiation and
maturation sequence that can be tracked by the latomtuof HSA, CD44 and NK1.1
surface expression (Figure 6). The earliest INKIl grecursors are found in the thymus
as HSA'CD69" CD4" CD8 CD1d-tetrameéfrcells (208). These cells are absent in CD1d

deficient mice, suggesting that they arise durinfptiowing positive selection. After
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their selection, iINKT cells downmodulate HSA expies (HSA®) and then upregulate
CD44 and NK1.1 in three defined stages (208, 2@ge | is characterized as
CD44°NK1.1. These iNKT cells are able to secrete copioustamsoof IL-4 upon
stimulation and begin a robust expansion in thenths:  The Stage Il cells,
CD44'NK1.1, secrete both IFN-and IL-4. It is at Stage Il that most iNKT cedigit the
thymus and undergo terminal maturation in the fpenip. There are; however, a small
subset of cells that remain in the thymus in otderomplete the final stages of
maturation. Stage Il of INKT cell developmentisaracterized by the upregulation of
NK1.1. These CD44K1.1" stop proliferating and secrete high levels of FN-

following agonist stimulation.

Signaling requirements for iNKT cell development

Because conventional and iNKT cells expresaai CR, some signaling
pathways necessary for their development are eggeotbe conserved. Indeed, like
conventionabi T cells, iNKT cell development is blocked in CQ#)" , ZAP-70™,
and Lck” mice (116, 122, 129, 210, 211). In each of thesekout lines, DP precursor
cells are present. Thus, iINKT cell developmetikidy arrested in these mice due to
inefficient TCR signaling (116, 124, 129). PreReC(PTa) signaling is also necessary
for INKT cell development. RY deficient mice lack iINKT cells, but also lack the
necessary DP precursor cells necessary for iNKITdesklopment (212). Irradiated
Ja18" mice were reconstituted with congenic mixed bomeraw chimeras using wild
type and p@” mice. iNKT cells did not develop from pT donor cells but did develop

from the wild type cells. R cells did not produce iNKT cells, despite the pre= of
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CD1d expressing DP T cells from the wild type cedlsggesting that Rilsignaling is

required for iNKT cell development (213).

Despite these similarities, iINKT cells require athignals that are not necessary
for the development of conventional T cells. Fxaraple, homotypic interactions
between SLAM (Slamfl) or LY108 (Slamf6) are critifar normal iNKT cell
development, but are dispensable for conventiorallTdevelopment (214). Mixed
bone marrow chimeras of 1:1 SlafiflD1d” and Slamf& or Slamf6' CD1d" and
SlamfT” produce very few iNKT cells when transferred idad 8" hosts. In this system,
each of the donor populations lacks one of the Sliabéptors. Thus, homotypic SLAM
interactions are abrogated in each chimera. Howaeterotypic interactions between
Slamfl and Slamf6 can occur. Analysis of Slamf&#$8llL double mutant mice will be
necessary to determine whether loss both receptbrsompletely block iINKT cell
development. Along these lines, the adaptor profeAP, or SLAM-associated protein,
is also critical for INKT cell development. Thisévident by a lack of INKT cells in
SAP" mice and individuals with X-linked lymphoprolifeéiee due to a SAP deficiency
(215-217). SAP is necessary for SLAM receptor aligig (218, 219). Furthermore,
FynT is coupled to SLAM signaling pathways via SA®s a result, INKT cells are
reduced in the thymus, spleen and liver mice wiiA® mutation (R78A) that disrupts

FynT association (220).

iINKT cells appear to rely on strong signals throtigh TCR for their
development. This is supported by the fact thdt ihice have a significant reduction in

the number of INKT cells in the thymus and perigh@21-223). Itk augments TCR
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signaling by increasing intracellular calcium levgla PLCy activation. The iNKT
cells that do develop in these mice produced Iggkine and have an immature
phenotype as evidenced by a decrease in the pageeof cells that expressed HSA,
CD44, and NK1.1. Itk iINKT cells had an increase in cell death due tieerease in T-

bet and CD122 expression (221, 223).

Interestingly, early growth response 2 (Egr2) isciically required for iNKT,
but not conventional T cell development. Ragice reconstituted with Egf2fetal liver
cells have a profound reduction in the percentagesnumbers of iNKT cells compared
to wild type mice, while the DN, DP and mature cemional SP T cells populations are
normal (224). The lack of iNKT cells in Egfanice was also shown to be a result of an

increase in cell death compared to wild type mice.

Egr2 is a transcription factor that is a targetegehNFAT. Calcium signaling is
critical for Egr2 expression as calcineurin knodkmice have reduced Egr2 expression
and iNKT cell development (224, 225). Egr2 imember of a family of three
transcription factors, (Egrl,2, and 3). iNKT cdiism the thymus were stimulated with
PMA and ionomycin. The expression Egr2 was onlgkieinduced compared to Egrl
and Egr3 when analyzed by quantitative real-tim&F224). This suggests that robust
calcium signaling is required for Egr2 expressidinus, it seems reasonable that Itk
could be required for sustained increases in iathaar calcium. This would increase
NFAT activation and thus Egr2 expression. The eraxhanism by which Egr2
regulates cell survival is unclear, however, ielikregulates developmental pathways

prior to the induction of T-bet, as Egr2 is neceg$ar early whereas T-bet is required
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for late stages of development. This might expleity the phenotype in Egr2 and Itk

deficient mice are so similar.

T-bet is required for survival and terminal matigatof iNKT cells. T-bet
mice have a significant decrease in the percerdhidKT cells in the thymus, spleen,
liver, bone marrow and peripheral blood (226). el-s upregulated at each stage of
iINKT cell development, reaching its peak levelthat CD44NK1.1" stage (226, 227).
iNKT cell development is halted at the CDMK 1.1 stage in the absence of T-bet. T-
bet is necessary for CD122 upregulation whichitgcat for controlling T cell
homeostasis and survival. T-bet also regulatesTil&ll migration and effector function,
as T-bet mice have significantly reduced IFf\Granzyme B, FasL, and CXCR3
MRNA levels. As a result, these iINKT cells arehlado produce IFN¢tin response
to a-GalCer stimulation and show limited cytotoxicitifurthermore, restoration of T-bet
expression in immature thymic iNKT cells is suffiot to restore development and

effector function of these cells.

Two additional transcription factors are neces$argarly iINKT cell
development. Ragt deficiency leads to a reduction in the INKT aa@impartment (198).
Ront increases the survival of DP thymocytes by upieqg Bcl-xI. This provides a
necessary window of survival whereby T cells alle &brearrange the TC&® chain.
Rearrangement of thedvand & segments occur in a 5’ to 3’ direction, witlu14 and
Ja18 segments located at the 3’ of the genesytRapckout mice contain T cells with

proximal, or more 5’ \ and & rearrangements (228, 229). Thus, the reductiaNKiT
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cells in Royt deficient mice is due to the fact that INKT cedls not survive long enough
to produce the canonicalM 418 TCRa rearrangement. iNKT cell development is

rescued by ectopic expression of Bcl-xl in Raeficient mice (198).

PLZF, or promyelocytic leukemia zinc finger protenmember of the BTB-
POZ-ZF transcription factor family, also regulatd&T cell development. PLZF is
downregulated over the course of iINKT cell develepimwith the highest levels
expressed at the CD4MK1.1 stage (230, 231). Furthermore, PLZF deficientensicow
a significant reduction in the percentage and albsalumber iINKT cells in the thymus
and peripheral lymphoid organs. These iNKT cedigehan immature phenotype and

CD4" iNKT cells predominate (230, 231).

iNKT cells in bacterial infections

iINKT cells are important in the immunoregulationsefveral bacterial infections.
In some cases, this is likely due to the fact tR&T cells directly respond to infection
following engagement of their TCR by foreign-glyipadl/CD1d complexes. This is
supported by the fact that several bacterial antigeve been identified that directly
stimulate iINKT cells. The first bacterial lipids be identified werel-
glycuronylceramide antigens in the Gram negati\&s Inegativer-proteobacteria
Sphingomonaf32-235). Diacylglyceride antigens derived frBurrelia burgdorferi
can stimulate iINKT cells botim vivo andin vitro (236). Other lipid antigens, such as the
phosphatidylinositol mannoside, PIM4, from mycolegiet can stimulate iINKT celis
vitro, however, a synthetic version of PIM4 did notiekcresponse (232, 237). This

data suggest that iINKT cells are capable of diyaeitognizing glycolipid antigens
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derived from a variety of bacteria, suggesting thay could play a direct role in

regulating the immune response to such pathogends .

Outstanding Questions

One of the first steps in TCR signal transductiomlves the phosphorylation
of the CD3 ITAMs. These signals initiate the intloie of multiple intracellular signaling
cascades which lead to T cell development, pralifen and effector functions. How
these signals are integrated in order to produ@paropriate functional outcome is
unclear. The TCR contains six signaling subunhgtvencode a total of 10 ITAMs,

suggesting that these outcomes could be regulatéehst in part, by the CD3 ITAMs.

Signaling through ten ITAMs in multiple subunitsuteh be useful in signal
amplification and/or discrimination. A role foggial amplification is evidenced by the
high number of ITAMs associated with the TCR. Ategtively, TCR signaling is
organized into two distinct signaling modules, @123 ye/d¢ heterodimer and the CD3
¢(C homodimer, could provide a mechanism whereby sidisarimination could be

imparted.

Roles for each of these signaling outcomes couldnpertant during thymocyte
development and peripheral T cell functions. T deVelopment occurs under conditions
in which low levels as TCR surface expression atively maintained. Furthermore, the
outcome of selection is determined by the magnitfdbe signals generated following
TCR recognition of low affinity self-ligand/self-MEl complexes. Furthermore, distinct

signaling pathways are necessary to support pesitid negative selection. Thus, signal
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amplification or discrimination could be necessargrder to overcome signaling
thresholds necessary for or to induce the distiggtaling pathways that support positive

or negative selection.

In mature single positive T cells, TCR levels amrkedly increased compared to
DP cells. This is likely due to the fact thatdlls must vigorously respond to infections
with pathogens. Thus, high TCR surface expresaimhadditive ITAM signaling might
be required such that sufficiently large sighats@enerated at times when the abundance
of foreign antigen and the number of antigen spegifcells are limiting. Alternatively,
signal discrimination might be important in organgzan appropriate immune response
to dangerous versus innocuous foreign antigengsd hre not an exhaustive list of
possibilities. However, these offer viable reasmhereby a complex, multifaceted T
cell receptor could have evolved to shape the inewasponse by generating a pool self-

tolerant T cells.
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Figure 1. The T cel Receptor Complex. The TCR is a multisubunit
complex consisting of a clonotypief heterodimer that is responsible for
ligand recognition, and the non-covalently assedantracellular signaling
chains CD3y, 9, € and{. The stochiometry is shown above. Each CD3 chain
contains at least one copy of a signaling motimeat an ITAM with the
conserved sequence shown in the green box. THnergO ITAMs in the TCR
complex (denoted by green boxes). OpP® ande have one ITAM per chain
while each CDZ molecule has 3 ITAMSs per chain
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Figure 2: The Phosphorylated Derivatives of CD3 {. As an unphosphorylated
protein, CD3 { has a molecular weight of 16 kDa (left). Followingceptor
engagement, the CD38 ITAMs are phosphorylated on the two critically spd
tyrosine residues.  Phosphorylation of the two im@me distal ITAMs yields a
protein of 21 kDa, or p21, (center). When all &ht€ AMs are fully phosphorylated,
this yields the 23 kDa, or p23, form (right) of CR3 P21 is constitutively associated
with inactive ZAP-70, while p23 is complexed toiaated ZAP-70.
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Figure 3: TCR signaling pathways. TCR signaling is initiated following TCR
interactions with peptide/MHC complexes. The CD3AMs are biphosphorylated on
tyrosine residues by the Src kinases, Lck and/or Fhhis results in the recruitment of
ZAP-70 via its tandem SH2 domains. ZAP-70 is thetivated, and phosphorylates
and activates a number of downstream adapter dact@f molecules, including LAT,
SLP-76, Vav, Itk, and PL@- This contributes to transcription factor tramsition
into the nucleus, where genes important for T dellelopment, differentiation and
effector function are transcribed.
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Figure4: af T cell Development in the thymus. off T cell developmnt is

initiated once bor-marrow derived progenitors migrate into the thym
Distinct stages of development are identified bg thodulation of the ce
surface proteins CD4, CD8, CD44, and CD25. Dutihg first stages c
development, T cells are C'CD8 (DN). DN T cells progress through fo
stages of development, CL'CD25 to CD44CD25 followed by CD4.

CD25', and finally CD4°CD25 (DN1, 2, 3, 4). DN4 cells upregulate the-

receptor molecules CD4 and CD8 (DP). DP cell ugadeselection. MHC
class |, class Il, and CD1d restricted TCRs yield COB4, and iNKT cell
respectively.
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Figure 5. CD3 { ITAM composition of CD3 { transgenic mice. CD3
transgenic mice contain tyrosine to phenylalaniobsstutions in selected
ITAMs are shown. Phenylalanine residues cannotHmsphorylated thereby
blocking function. Blue boxes represent wild tygeAMs. Grey boxes
represent mutated ITAMs. Y = tyrosine, F = phergitéhe, x = any amino
acid, YF = tyrosine to phenylalanine substitutionNumbers represent the 6
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Figure 6: iINKT cell development and differentiation. iNKT cells develop
in the thymus from CDZD8" (DP) precursor cells. iNKT cells are positively
selected following TCR interactions with glycolip@ZD1d complexes present
on immature CDZCD8" (DP) thymocytes. Following selection, iNKT cells
undergo maturation in the thymus and periphery W8A, CD44, and NK1.1
differentially modulated in distinct stages as shabove.
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CHAPTER I

MATERIALSAND METHODS

Transgenic Mice

CD3{ transgenic mice (TCR transgenic) were previously described (52).
Briefly, the CD3C transgenic mice contain tyrosine to phenylalasimestitutions on the
first, third or all three CD3 ITAMs. The CD3 transgene is driven by VA-CD2
transgenic cassette (46, 238). All of the miceenggnerated on a C57BL/6 background.
Mice were termed YF1,2, YF5,6, and YF1-6 denotingations on the membrane
proximal, distal, or all three CD@ITAMSs, respectively. YF1,2 and YF5,6 have
equivalent TCR density and contain equivalent nusibéavailable ITAMs (8/10) in the
TCR complex, however, the YF1,2 lines retains thiétg for form the phosphorylated

21 kDa form of CDJ (p21).

MHC class-I-restricted TCR transgenic lines included HY (H)2P14 (H-2),
OT-I (H-2°), and C10.4 (MHC class Ib molecule, H2-M8hereas the MHC class II-
restricted mice consisted of OT¢(H-2%), D011.10 (H-9), and 5C.C7 (H-9. HY/Rag on
H-2° andH-2° backgrounds, 5CC7/Rag on M#hd H-2 backgrounds wembtained
either from Taconic Farms or through the Nationatituteof Allergy and Infectious

Diseases/Taconic Farms emerging mogdegram.

All mice were housed in a Specific Pathogen Fre#itiaon the North Campus

of UT Southwestern Medical Center or the South Qasiparrier Facility (Dallas, TX).



All mouse procedures were carried out in accordaitelnstitutional Animal Care and

Use Committee approved protocols.

Antibodies and CD1d Tetramers

The following antibodies from BD Biosciences (Sase] CA) were used for
flow cytometry analysis: anti-mouse fluoresceirthsucyanate (FITC)-conjugated CD3
€, CD8, HSA (CD24); phycoerytherin (PE)-conjugatddld, CD45 (B220), CD122,
LY108, NK1.1; phycoerytherin-Cy5 (PE-Cy5) CB3CD8; phycoerytherin-Cy7 (PE-
Cy7) CD8, allophycocyanin (APC) CD4, CD44, NK1APC-Cy7 conjugated CD45
(B220), CD11b; Peridinin-chlorophyll-Cy5.5 (Pei@yb.5) CD4; and AlexaFluor647-
CD3 (CD247, pY142, fifth of six tyrosings ). Antibodies from eBiosciences (San
Diego, CA) included: Pacific Blue-conjugated C3gG2h; CD44 PeCy7, PE-Texas
Red CD62L, and CD69. PE and APC labeled murine37B8aded CD1d tetramer and
unloaded control tetramer were obtained from th&lNIAllergy and Infectious Diseases
core tetramer facility (http://tetramer,yerkes.eyedu). A mAb recognizing the HY
TCR (T3.70) (provided by Dr. Hung-STée, University of British Columbia,
Vancouver, Canada) was purified from hybirdomawelsupernatants and labeled with
FITC. For blocking Fc recpetors, culture supemiatérom a 2.4G2 (anti-FcRII)

hybridoma cell lines were used.

The following antibodies were used for western hlmlyses: purified-CD3¢
(CD247, pY142, fifth of six tyrosings ¢, BD Biosciences, San Jose, CA), mAbs and/or

polyclonal antisera to the TCRsubunit(6B10.2) and Zap-70 (1E7.2 mAb or 1222-12,
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1225-14, or 1600 polyclonahtisera) (115, 239), and anti-phospho-Zaputtisera

(Y493 and Y319, Cell Signaling Technologies, Dasy#A).

Cell isolation

Intrahepatic lymphocytes (IHL) were isolated foliog liver profusions. In
brief, mice were anesthetized with Avertin, theifo@eal cavity was exposed to reveal
the inferior vena cava. Blood flow through théeiior vena cava was restricted by tying
off the vein above the kidney with surgical threddhe portal vein was cut in order to
allow fluid to flow out of the liver. A 22 gaugesadle was inserted into the right atrium
of the heart, and 10 ml ice-cold DPBS was profukedgh the liver. The liver was
harvested into cold Hanks Balanced Salt SolutiodBSH, Mediatech, Inc., Herndon,
VA), and crushed though wire mesh. The liver ecttreas subsequently washed in
HBSS and centrifuged at 1200 rpm for 10 minute®@t The pellet was resuspended in
a 35% Percoll (Amersham Biosciences, Piscatawayir\HBSS supplemented with 200
U/ml of Heparin (Sigma-Aldrich, St. Louis, MO). &mesuspended cells were then
overlayed onto a 67.5% Percoll/HBSS solution. £ettre centrifuged through this
gradient at 600 g for 20 minutes. The IHL were removed and washedaughly in 40

ml HBSS (containing 2% FBS) to remove all of thenaéning Percoll.

Single cell suspensions of lymphocytes were isdl&tem the thymus, lymph
node, and spleen. The cell suspensions were waslcett PBS and resuspended in
appropriate buffers. Red blood cells (RBC) wgsetl using an RBC lysis buffer (0.1
mM EDTA, 155 mM ammonium chloride, 10 mM potassibivarbonate, pH 7.2-7.4).

The remaining cells ells were washed twice in DPBS.
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In order to isolate bone marrow, the spine, fenmak tsbia were isolated and
debrided of muscle. The remaining material wasigdan 20 ml of HBSS using a

mortar and pestle. The cells ells were then washedime in HBSS.

Flow cytometry for surface and intracellular pratsi

For the analysis of cell surface proteins, singlésuspensions from various
tissues were first generated as described abdve. ¥1Cto 2.5 x 16 cells were added
to each well of a Costar 96 well U-bottom platerf@ag, Inc., Corning, NY) or into a 5
ml polystyrene round bottom tube (Becton Dickens®am Diego, CA). Cells were
pretreated with 150 - 3Q@ of culture supernatant containing a monoclonébaily
specific for the Fc receptor (2.4G2). After a 1¥D-minute incubation at 4°C, Fc block
was removed by centrifugation. Then, 50-200f fluorochrome-conjugated
monoclonal antibodies for an additional 30 minte4°C. When PBS-loaded CD1d
tetramers were used (at a dilution of 1/600 - 10)6and cells were stained for 1 hour at
4°C. Cells were washed twice with FACS buffer. &3\buffer consisted of 1% FBS,
0.05% Sodium Azide (Sigma-Aldrich, St. Louis, Mi@)Dulbecco’s PBS with
Ca’/Mg"™ (Mediatech, Inc., Herndon, VA). Data was acquivecdhe FACSCalibur (BD
Biosciences, San Diego, CA) or the LSR Il (BD Biesces, San Diego, CA). Data was

analyzed using FlowJo software (Tree Star, Incla@uh OR).

For intracellular cytokine staining, the lymphoayteere surface stained as
described above. The cells washed and then firdgparmeablized with the BD
Cytofix/Cytoperm Plus Fixation/Permeablization Kér manufacturer’s instructions (BD

Biosciences, San Diego, CA).
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For intracellular phosphoprotein analysis, 1.5 %ufstimulated or stimulated
cells were resuspended in 0®PBS (Mediatech, Inc., Herndon, VA) and were atide
to 5 ml polystyrene round bottom tubes (Becton Bidon, San Diego, CA). Then, 300
pl of 8% formalin/PBS was added to the cells théndeRT for 15 minutes at room
temperature. Cells were washed once in DPBS, esubpended in 3.0 ml ice-cold 100%
Methanol (Fisher Scientific, Pittsburg, PA) for tinutes at room temperature. Cells
were washed twice with 1 ml phospho-staining bufiPBS/0.5%BSA/0.5%
saponin/ImM sodium orthovanadate). Cells were thsnspended in 1Q0 of
fluorochrome-conjugated antibodies diluted in ptasptaining buffer with antibody,
and incubated for 30 minutes at room temperattliree cells were then washed twice in
1 ml phospho-staining buffer. The cells were theished once in 1 ml of wash buffer
(DBPS/0.5%BSA/1mM sodium orthovanadate) and thengeended in 200 of wash
buffer for flow cytometric analysis. The cells waacquired on the BD FACSCalibur

(BD Biosciences, San Diego, CA).

IFN-yproduction by CD8T cells
Splenocytes were isolated as previously descrilbed.IFNy production
following anti-CD3e stimulation, 4x10splenocytes were added to each well of a 24 well
plate. Cells were stimulated withidg/ml anti-CD3e for 24 hours at 37°C. During the
final 4 hours of stimulation, Brefeldin A (EpiceetBiotechnologies, Madison, WI) was
added to cultures. Cells were then harvestediedddpr surface CD4 and CD8. Cells
were washed and permeablized, and stained focaitudar IFNy using the BD

Cytofix/Cytoperm kit per manufacturer’s instructsofBD Biosciences, San Diego, CA).
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For innate IFNy production by CD8T cells, splenocytes were cultured in
recombinant IL-2 (130 U/ml) alone or rIL-2, rIL-18 ng/ml) and rIL-18 (10ng/ml) for
24 hours at 37°C. Cells were harvested and stdaradtracellular IFNy as described

above.

iINKT Cell Proliferation Assays

Splenocytes were isolated as described above |8weete depleted using anti-
mouse B220 magnetic Dynabeads (Invitrogen Lifer®ws, Carlsbad, CA). The B cell
depleted splenocytes were then stained with CFSBI18uM) for 10 minutes at room
temperature. After labeling, the cells were washedoughly with 10% FBS in Iscove’s
Modified Dulbecco’s Media (IMDM, Mediatech, Inc.,aMassas, VA) supplemented with
penicillin, streptomycin, L-glutamine, ang-mercaptoethanol. Five hundred thousand
cells per well were plated in a Costar 96 well Utdnm plate (Corning Life Sciences,
Lowell, MA'). Cells were incubated with 100 ng/migalactosylceramide (KRN7000,
U.S. Biologicals, Swampscott, MA). The cells whexvested at 24 and 96 hours post-
stimulation. The cells were then stained and amal\by flow cytometry as described

above.

Immunoprecipitation and Western Blot Analysis

Cells were lysed in Triton-X lysis buffer contaigi@0 mM Tris-Cl pH 7.6, 150
mM NacCl, 1.0 mM EDTA, and 1% Triton-X 100. The farfwas supplemented with
protease inhibitors (1@g/ml Aprotinin, 10ug/ml Leupeptin, 1um Benzamidine, 10

pg/ml Pepstatin and 0yim PMSF) and phosphatase inhibitors (@\ sodium

49



orthovanadate, 1,0M sodium fluoride, 0.5uM sodium molybdate) when appropriate.
Cells were lysed at 1 x 1@ells/ml for 30 minutes on ice. Lysates were reldaf
particulate debris by centrifugation for 15 minua4.4,000 rpm at 4°C. The
supernatants were transferred to a new 1.5 mL oeertoifuge tube and used for

immunoprecipitation or analysis of whole cell lysa(WCL).

For immunoprecipitations, 2 -j&g of the appropriate antibody and @5Protein
A or Protein G sepharose beads were added to aaghles Cells were gently mixed by
inversion for 2 hours or overnight at 4°C. Preeifgs were then washed in lysis buffer,

and boiled in 1 x SDS sample buffer for 5 minutes.

For immunoblot analysis, proteins from immunopréations or in whole cell
lysates were resolved by 10 - 12.5 % SDS-PAGE. prhteins were then transferred to
polyvinylidene fluoride membranes (PVDF, Millipotéd., Bedford, MA) for Western
blot analysis. The buffer for the Western blotagisted of a Tris-buffered saline
solution containing 0.5% Tween-20 (TBST). Aftarsfer, the PVDF membranes were
blocked in TBST supplemented with 4% bovine serillmarain (BSA, Fisher, Pittsburg,
PA) for 1 hour at RT. The blocking buffer was themoved, and TBST containing the
appropriate primary antibody (supplemented withgpthatase inhibitors when
necessary). The membranes were incubated at RI'Hoor at 4°C overnight. The
primary antibody was removed, and the membranes washed with TBST three times
for 5 minutes at RT. Next, TBST containing the mppiate secondary antibody was
added, and the membranes were incubated at roopetatare for 1 hour. The

membranes were then washed three times in TBSTamalgized by enhanced
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chemiluminescence reactions per manufacturer'siictsons (Pierce Biotechnology, Inc.

Rockford, IL).

For analysis of total CD3 or ZAP-70 following phosphoprotein analysis,
membranes were stripped (62.5 mM Tris-Cl, pH 600MM b-ME, 2% SDS) for 30
minutes at 50°C. The membranes were then washealigfidy and immunoblotted using

an anti-CDZX or —ZAP-70 monoclonal antibody.

Thymectomy and Peripheral T cell Survival Assays

Four-week-old mice were thymectomized under Instihal AnimalCare and
Use Committee-approved procedures. Nine weeksthgstectomy, the mice were
euthanized. Lymph node and spleen were obtdinetdthese mice and analyzed by flow
cytometry. Littermatethat had been mock thymectomized and/or mice thiatetained

one of two thymic lobes after the thymectomy seragdontrols.

Listeria monocytogenes Infections

Recombinant.isteria Monocytogenes-Ova (M-Ova) was kindly provided by
Dr. J. Forman (UT Southwestern Medical Center, &allX). Three days prior to
infection, mice were bled retro-orbitally. The miwere then infected with the
appropriate dose of rLM-Ova of via tail vein inject. For innate immune response
studies, the various mice were injected with 10,060 rLM-Ova. For adaptive
immune response studies, the mice were first priwidd2000 CFU rLM-Ova and then

challenged with 200,000 CFU rLM-Ova 6 weeks later.

51



Three days following the primary or secondary ititet, mice were euthanized
by CQ, asphyxiation. Livers and spleens were harvesida liver was weighed, and
cut in half. The liver and half of the spleen glddnto sterile, purified water. The liver
was dissociated using a Dounce homogenizer, afidtthe spleen was dissociated
through wire mesh. The volumes were then adjusi&dand 12 ml for the spleen and
liver, respectively. Serial dilutions (neat, 1*11x 10% 1 x 10°) were made from the
starting homogenate. Fiffyl of each lysate was added to Brain Heart Infugiidl)
agar plates that contained J0@/ml streptomycin. Two plates were used per dituti
Plates were then incubated at 37°C for 36 houdony forming units (CFUs) were then

calculated for each tissue.

The second half of the spleen was placed into DRB& a single cell suspension
was made as described above. RBCs were lysededindvere stained for cell surface

proteins and analyzed by flow cytometry as prewviodsscribed.

Borrelia burgdorferi Infections

Borrelia burgdorferistrain 297 (Bb-297) spirochetes were grown in Barb
Stoenner-Kelley-1l (BSK-II) medium with 6% normallbit serum in a 35°C incubator
with 5% CQ. All mice were 4-6 weeks old at the time of infen. Mice were
intradermally inoculated with 1.2 - 1.5 x®1Bb-297 spirochetes. To ensure mice were
infected withB. burgdorferj a 2 mm ear punch was taken from the mice at $4 past-
infection. The biopsies were grown in BSK media#@ hours at 35°C incubator with
5% CO2. Dark field microscopy was used to confie presence of spirochetes. At 2

weeks or 6 weeks post-infection, the mice wereifsaa by halothane overdose and
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subsequent cervical dislocation. The tibiotarsal lenee joints were harvested for

histological examination.

Histology

Inflammatory arthritis was assessed in controliafetted mice by analysis of
lymphocyte infiltration into the joints. The kneasd tibiotarsal joints were fixed in 10%
buffered formalin (Mallinckrodt Baker, Inc., Phgkburg, NJ) for 6 days at room
temperature, inverting every other day. The tisgae then sent to the UT Southwestern
Pathology Core (Dallas, TX) for paraffin embeddargl sectioning. Sevamn sections
were cut, and the tissue was stained with hematogyld eosin. Lymphocyte infiltration
into the joint was analyzed by the UT SouthwesfeRC Diagnostic Unit (Dallas, TX).
A score of 0 — 3 was assigned to the tissue indigano, mild, moderate, or severe

inflammation, respectively, using a blinded scorsygtem.
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CHAPTER 111

THE CONSTITUTIVE PHOSPHORYLATION OF CD3{ RESULTSFROM TCR
I MHC INTERACTIONSTHAT ARE INDEPENDENT OF THYMIC
SELECTION

I ntroduction

T cell development and effector functions are aalgd byTCR interactions
with peptide-self-MHC complexes. In developthgmocytes, TCR recognition of a
select set of self-peptidembedded in MHC molecules can support both positinc
negativeselection process¢4). These selection processes ensurddtielopment of
mature T cells that are tolerant to self-peptideMdelC and responsive to foreign
peptides presented by self-MHC moleculegen before selection, the TCR appears to

have an intrinsibias toward the recognition of MHC molecules (2241).

Many thymocyte and peripheral T cell functions esetrolledby TCR-mediated
increases in the phosphorylation of intracellplateins (4). These TCR-regulated
phosphorylatiomascades are initiated by at least three distamtlies ofprotein tyrosine
kinases, Src, Syk, and Tec. The functionthe$e kinases coordinate around the ITAMSs,
a signaling motithat is present in 10 copies in the invariant sitiswof theTCR complex
(CD3y, -9, -€, and £) (3, 76). TCR interactions with peptide-MHC complexes regubi
transienphosphorylation of two tyrosine residues in eacANT(YXXLXx s_gYXxXL), which
allows the Zap-70/Syk protein tyrosine kinasesital bia their tandem SH2 domains.
The ITAM pathway not only provideke basis for TCR signaling but is also involved in

BCR anctertain Fc- and activating NK cell receptors (12412).



The TCR complex is distinct from all other ITAM-daiming receptorbecause it
contains 10 ITAMs, whereas most other receptorsagoone or two (243). Six of the ten
TCR ITAMs are located in theD3 ¢ homodimer (three ITAMs per chain). After TCR
engagemenC D3 appears as two distinct tyrosine-phosphorylatestimediatesf 21
and 23 kDa, respectively (p21 and p23) (52). B2Zbnstitutivelyphosphorylated in
thymocytes and peripheral T cells and camplex with an inactive population of Zap-70
molecules (48, 49). The constitutive phosphorglatf CD3( results from TCR
interactions with MHC molecules, given that p2ldisvare reducest to 15-fold in MHC
class lI3,-microglobulin @,m) double-knockounice and are almost absent in T&GR
deficient mice (48, 244) . kddition, p21 is reduced or absent in Lck- and Zap-
deficientmice (58, 245). The p21 that is present in devafpthymocytesnaintains
TCR expression at a low level, in part througlintsractions with the SH2 domain
containing Src-like adaptprotein in association with Cbl (41, 42). Elevaledtls of
p21 have been correlated with autoimmune diseagteral celhyperactivity (246,
247). How the constitutive phosphorylatmCD3¢ (p21) influences T cell functions is
controversial. Foexample, p21 was reported to enhance the sengitivitaiveT cells
to foreign Ag by - 5- to 10-fold (248). In contraggrtialphosphorylation of CD3
(p21-like) reduced TCR-mediated functioakgiting T cell anergy (47, 249). Still other
studies have showhat p21 is not required for positive selectionRT€lgnal
transmission, or T cell anergy (77, 108, 142).,Yetl has beemported to influence the
effectiveness of negative select{@40). These results leave unanswered the

physiological contributionf p21 to T cell biology.
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To better understand the functional role(s) of pRthymocyteswe have
analyzed the regulation §fphosphorylation. We repdrerein that the constitutive
tyrosine phosphorylation of CO3was maintained in thymocytes isolated from both
class I- andlass ll-restricted TCR-transgenic lines when thilsalevelopeth either a
selecting or a nonselecting MHC environment. THieskngs suggested that the intrinsic
capacity of the TCR teecognize MHC molecules before repertoire seleatsultedn
TCR-mediated intracellular signals that contributetheconstitutive phosphorylation of
CD3¢. Biochemical signaling assagmsd intracellular staining procedures indicated tha
the presencef p21 had little impact on signals induced throtlgga TCR These findings
suggest that tonic TCR interactions with MHGIlecules elicit a constitutive
phosphorylation of CD3 that,under normal physiological conditions, is functitya

inert.

Results

P21 can is detected as a constitutively phosphtegllarotein in thymocytes from various

MHC class I- and ll-restricted TCR-transgenic lines

In most T cell lines, TCR ligation is required the inductiorof two tyrosine-
phosphorylated derivates of CIg3which are definelly their two distinct molecular
masses of 21-kDa (p21) and 23-kpa3) (Figure 7 A, lane 2 vs lane 1) (46). p2lis
phosphorylatedn all four tyrosines in the two-membrane distadMs, whereap23 is
fully phosphorylated on all three ITAMs (46). Uddicultured T cell lines, p21 is

constitutively tyrosine phosphorylatedboth thymocytes and peripheral T cells due to
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TCR interactionsvith MHC molecules (46, 49, 50). This was evidafter Westeriblot
analysis of CDZ precipitates prepared from unstimulatiegmocyte lysates, which
revealed an abundant constitutive tyrogihesphorylation of CD3 (p21) (Fig. 7 A, lane
3). p23 was detectedter TCR cross-linking, although it was presenhath lower
levels than p21 (Figure 7 A, lane 4). Prolongeposxres did reveabme p23

expression in unstimulated samples (data not shown)

We wanted to determine whether p21 phosphorylagenltedrom TCR
interactions with self-peptide/self-MHC moleculasalvedin positive and/or negative
selection, and whether the TCR dengiffjuenced its formation (48, 244, 245). To
answer these questiotisymocytes from several different TCR-transgeniedi were
analyzed for the levels of p21 and the 16-kDa nosphorylatedorm of CD3C (p16).
Consistent with previous reports, p21 wagected in unstimulated thymocytes from
C57BL/6 mice and attlass | (HY, P14, OT-I, C10.4)-and class Il (OBG.C7,
D011.10)-restricte@CR-transgenic lines examined (Figure7 A, laneg Bnd 9; dataot
shown and (49, 50, 169). Furthermore, stimulaticthe thymocytes with agonist
peptide-loaded APCs induced pZ8gure 7 A, lanes 6, 8, and 10). Using a normdlize
value of Ifor the p21:p16 ratio in C57BL/6 thymocytes, thd p 6 valuesanged from
0.49 £ 0.08 1) = 3) for the HY mice to 1.2 0.2 ( = 3) for the P14 line (Figure 7 B and
Table I1).Thymocytes from the various mice were also analygefiowcytometry for
the cell surface expression of CD4, CD8, and (fixgure 8). There was a wide range in
the percentage of positivedglected cells, from 15.1 + 1.8% (P14) to 4931G2%

(5C.C7) (Table Il). The TCR density was also mdhkearied ranging from an MFI of
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34 (C57BL/6) to 201 (5C.C7) (Table Il)n thymocytes from wild-type C57BL/6 mice,
guantitative measuremeiislicated that p21 represented 4.0 + 3.1% @) ofthe total
available pool of CDg, with most phosphdg-associatedith the TCR (Figure 9, A and
B). A comparison of the p21/p1#tios, the percentage of positively selected troytes,
andTCR density revealed no obvious relationship betwaagy othese parameters,
leaving unresolved the mechanism by whi2h is constitutively present (Table II).
Several alternative explanations have been propwosaccountor the
constitutive phosphorylation of COG3including coreceptanteractions with MHC
molecules and/or in vitro experimenta&nipulations (49, 250). To address these
possibilities, we characterizéte phosphorylation state of Cld3n mice wherein
coreceptomteractions were eliminated. The levels of p2thiymocytessolated from
wild-type and CD4-deficient mice were determing@21 was maintained at equivalent
levels in thymocytes from CD4-nuilice when compared with wild type mice (Figure
10, lane 1 vs. lar®). In addition, the constitutive phosphorylatmfip21 wasnalyzed
in thymocytes from TCR-transgenic male and femafentice. In male HY mice, >85-
95% of thymocytes are CD@D8 because of the deletion processes. P21 was
constitutively preserin these cells, suggesting that neither CD4 nor C@r&ceptor
molecules were necessary for its formation (Fidurelanes &nd 4). This is consistent
with earlier findings that p21 mresent in CD4.m double-knockout mice, a condition
that eliminatesall coreceptor interactions with MHC (48). To exaenthe contributionf
temperature-regulated in vitro manipulations of @@ osphorylatiormpne thymic lobe

isolated from a mouse was immediately lyaed processed by Dounce homogenization,
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Table I.Regulation of p21 expression in C57BL/6 and TCRdg&nic mice

Mouse Lint p21:ple MHC % %

Ratid? Restriction CD4'CD8 CD4CD8 TCR MFP
C57BL/6 1.0 + 03 H-2° 10.5 + 2.( 47+0.f 3444
HY 0.5+0.: H-2D" 8.4+1.: 155+1.( 144.3+8.
P14 1.1+0. H-2D" 2.7+0.: 15.1+1.( 106.3 +4.l
OTlI 1.C+03 IA® 28.8 £ 6.¢ 1.2+0.f 134.0%2
5CC7 0.7 £0.: IEX 49.4 + 3.( 6.1+1.c 201.0+6.l

@The p21:p16 ratios in the various mice were detegthfrom analyses of at least three
mice per group. The ratio was normalized to a valukin the C57BL/6 mice, and all
other mice were compared with C57BL/6 mice. Thengltypic analyses were
undertaken with 6- to 8-wk-old mice € 3—4 mice/line). Data are the average = SEM.

b MFI, Mean fluorescence index.
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eliminating any in vitrdemperature and cell suspension variability, whetha second
lobe was processed under standard conditions.w@2 videnin both samples (Figure
10, lanes 5 and 6). Overall, these findimgscated that direct TCR interactions with

MHC molecules werprimarily responsible for the formation of p21.

The constitutive phosphorylation of p21 was presetitymocytes developing in

nonselecting MHC environments

We considered two hypotheses to account for thetitativepresence of p21 in
thymocytes. First, p21 could result frdi@R interactions with MHC complexes
independent of positivend/or negative selection. This would be consistéth the
proposed structural capacity of the TCR to recagMHC moleculeghdependent of the
peptides bound in the peptide-binding cleft (2441)2 Alternatively, p21 could result
from TCR interactionwith the diverse array of positively and negativedyecting
peptides bound to MHC molecules (4). To addresselpossibilitieshe
phosphorylation state of COBwas compared in thymocytsslated from several
distinct TCR-transgenic lines maintair@aselecting or nonselecting MHC backgrounds.
All the mice weren a Rag-deficient background to ensure that TCRIMieractionsn
the thymus resulted from the transgenic TCR, witltontributiongrom endogenous
TCRa gene products (251, 252). In initial experimedtaik-old TCR-transgenic
female HY/Rag mice were obtainedeither selecting (H} or nonselecting (H}

MHC backgroundsAt this age, only small numbers of thymocytesasitively
selected (253). Mature CD@D8' T cells developed onip the H-2 female mice, while

most thymocytes were blockatithe CDACDS8' stage in an H<2environment (Figure 11
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A, B) (251, 252). There were no T cells detectethe lymph nodes of female
HY/Rag/HZ' mice (data not shown). The phosphorylation sta@D3Z was examined
in equivalent numbers of thymocytes frtm two sets of mice. P21 was detected in
thymocytes isolateflom both the female HY/Rag/H2and HY/Rag/H2 mice (Figure 11
B). By normalizing the p21:p16 ratio to 1 in the HY/R48" mice(1.0 + 0.02n = 3), we
determined that the p21:pf#tio was higher in thymocytes not undergoing pasit
selection(1.5 + 0.1,n = 3). This finding strongly supportéte idea that p21 resulted
from TCR interactions with MHC moleculésdependent of positive and/or negative

selection, and thatis occurred in developing CD@D8" thymocytes.

We next characterized the phosphorylation stateld8 { in aclass ll-restricted
TCR-transgenic line (5C.C7/Rag) where tingmocytes developed in selecting iBr
nonselecting MH®ackgrounds (1. Upwards of 55% of the thymocytes from the
5C.C7/Rag/IE line were positively selected into the CIOD8 subset (Figure 10 C).
Mature CD4CD8 thymocytes (0.5%) arlgmph node T cells were completely absent in
the 5C.C7/Rag/IBine (Figure 11 C, data not shown). Again, CP®as constitutively
phosphorylated in both sets of thymocytes, althdhghevelof p21 were higher in the
thymocytes that developed in a selecéngironment (Figure 11 D). This increase may
have been a consequent¢he extremely high TCR density in the 5C.C7/R&gmice
(Figure 11 C). Using a normalized p21:p16 ratid df the 5C.C7/Rag/ffine (1.0 +
0.2,n = 3), we determined that the ratias 4-fold higher in thymocytes from the

nonselecting environme(.5 £ 2.6).
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Based on these results, we concluded that theitdivg phosphorylatioof
CD3C (p21) was independent of the selecting liganddablain the thymus. The data
support the concept that the TCR hagructural design facilitating MHC interactions
that are independeot the self-peptide/self-MHC molecules responstblepositiveor

negative selection.

The constitutively phosphorylated Cig3ubunit does not facilitate TCR signal

transduction

We next addressed the functional consequenceg afthstitutive
phosphorylation of p21 on TCR signal transmissiBiochemicaktudies have revealed
that Zap-70 is complexed to p21, with taedem SH2 domains of Zap-70 stabilizing p21
(46). The p2l-associat@dp-70 kinase is catalytically inactive, as defibhgdts weako
nonexistent tyrosine phosphorylation state. Gienhighevels of p21 present in
thymocytes, we wanted to determimieether the presence of p21 and associated Zap-70
enhanced TCRignaling, as measured by Zap-70 activation. Wapaoed TCRsignal
transduction with different CDB transgenic lines thatve selected substitutions of
tyrosine residues in the ITAMS52). These lines are called CRD¥F1,2, YF5,6, and
YF1-6.The YF1,2 and YF5,6 lines are matched for TCR dgnl§iAM number, and
single-positive and double-positive thymocyte petageg108). T cells from the YF1,2
line retain p21 and the associaZsgh-70 but cannot generate p23. Cells from the,&F5

line containveak phosphd-forms of 19 and 20 kDa that are detected af@&R

stimulation and have no pre-existing phosghgap-70 complexesAll tyrosine residues
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in CD3¢ are substituted with phenylalaninghe YF1-6 line, resulting in no phospbo-

intermediate$142).

We compared the TCR-induced changes in Zap-70 plooglationamong the
wild-type, YF1,2-transgenic, and YF5,6-transgdimes. Before stimulation, p21
coprecipitated with Zap-70 the wild-type and YF1,2 but not the YF5,6 line (g 12,
lanesl, 5, and 9). TCR ligation induced the tyrosinegghorylatiorof Zap-70 at 10 and
30 min in all three lines, which diminishbg 90 min (Figure 12, lanes 2—4, 6-8, and 10—
12). Some phospho-CD8and -CD3X were detected in the Zap-70 immunoprecipitates
at the 10-min stimulation point (Fig. 12, lane$2and 10).The magnitude and kinetics
of Zap-70 phosphorylation were simil@hen comparing all three distinct lines (Figure
12, lanes 2, &, 7, 10, and 11). This was consistent with ouliegefindingsthat agonist
peptide-stimulated thymocytes isolated from HY,/YF1,2 and HY/YF5,6 TCR-
transgenic female mice had very simpatterns and kinetics of Zap-70 and SLP-76
phosphorylation (108)The experiments suggested that the pre-existingzppi70
complexfailed to enhance the magnitude of TCR signalingpymocytes We further
explored this possibility by examining the amouwftp21 associated with activated Zap-
70 before and after receptigation. If the constitutively phosphorylated Ci33ap-70
populatiorcontributes to TCR signaling, then the populatibaciivatedZap-70 detected
after TCR engagement should include the majofigy21. If p21/Zap-70 is excluded
from newly engaged TCRs, theery little should coprecipitate with activated Zap.

To addresthese possibilities, we analyzed signaling evanteymocyte$rom class I- or

class ll-restricted TCR-transgenic lines (Hivd 5C.C7). Cells from the HY mice were
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left untreated or stimulatddr 10 minutes with agonist peptide-loaded APChodpho-
Zap-70 wagprecipitated with antisera directed against twogphmtyrosineesidues that
are only phosphorylated when Zap-70 is catalytyeaitive (phosphotyrosine residues
319 and 493). These antisdmanot detect nonphosphorylated Zap-70, as evidege
the absencef Zap-70 in (Figure 13, lanes 1 and 2n unstimulated lysatesnly 9 + 5%

(n = 4) of total p21 coprecipitated wiphospho-Zap-70, and there was very little
detectable phospho-Zap-{#Eigure 13, lane 1). After receptor triggeringttbp21 and
p23detectably coprecipitated with active Zap-70 (FiglB, lane 2)The amount of p21
that coprecipitated with phospho-Zap-70 increasdd + 7% of the total pool of p21,
suggesting thahe amounts of new p21 induced after receptoriigateresmall. After
immunodepletion of active Zap-70, the remairpogl of total Zap-70 was
immunoprecipitated (Figure 1Bnes 3and4). The amount of phospho-Zap-70 was very
low in these sequentimhmunoprecipitates, indicating that the majorityacfive Zap-70
was precipitated with the anti-phospho-active mAbsignificantamount of p21
coprecipitated with nonphosphorylated Zap-70 (FédLB8, lanes 3 and 4). This indicated
that the majority of thpre-existing p21/Zap-70 complex was not activafeer FCR
cross-linking. CDZ was immunoprecipitated next (Figure 13, lanesdb&n Mosp21
remained in the lysates after Zap-70 depletion,aadditionakexperiments indicated that

30-40% of p21 was not associatgth Zap-70 (data not shown).

The experiments were repeated with thymocytes ft@mbC.CTCR-transgenic
line. In unstimulated cells, 14 + 3% 2) of total p21 coprecipitated with phospho-

Zap-70 (Figure 14ane 1). After TCR engagement, both p21 and p2&ctibly
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coprecipitateavith phospho-Zap-70, with 24 + 5% of total p21 gt these samples
(Figure 14, lane 2). The 11% increase in getected after TCR stimulation could have
developed from thpre-existing population of constitutively phospHhatgd CD3(

and/or newly formed p21 from the nonphosphorylgteol of{. Such experiments also
suggested that more p21 and p23 are genaaatetbre mature thymocytes are used,
likely due to higher surfaaxpression of the TCR (Figure 14, lanes 1-6). fake
togetherthe findings suggest that the constitutive phosyghtion ofp21 and its

associated pool of Zap-70 do not enhance TCR digmamission.

To examine whether only a subset of thymocytesainet p21we performed
intracellular staining with a mAb that specificalgcognizes the fifth phosphotyrosine
residue in CDJ (pY-142). This tyrosine is constitutively phosphorylateRil (46).In
both unstimulated and TCR-stimulated COB8’ cells fromeither the C57BL/6 or
YF1-6 line, pY-142 (p21) was ndetected by intracellular staining (Figure 15 A).
fact, pY-142p21) was detected at appreciable levels onlyerutistimulate@€D4'CD8
thymocytes, and these levels increased affét cross-linking (Figure 15 A). There were
very minimal changes the levels of phospho-pY142 in the CGH8 thymocytegrom
the YF1-6 line (Figure 15 A). These experimentgsstedhat the constitutively
phosphorylated CD8 was inaccessibte the anti-phosphd-mAb in immature
thymocytes, the levets p21 were below the detection limits, and/ortyresineat
position 142 was not phosphorylated. To examinsetlpossibilitiegthymocytes from
C57BL/6 mice were sorted into CO@D8" and CD4CDS8 subsets and lysed. The

samples were then immunoblotted vifie same anti-pY142 mAb (unlabeled version) as
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that used fointracellular staining (Figure 15 B). The samplese also immunoblotted
with anti-phosphotyrosine mAbs (Figure 15 C). B2k detected itysates of

CD4'CDS8' cells that were isolated from wild-typat not YF1-6 mice (Figure 15 C).
Taken together, the experimestgygested that p21 is inaccessible or partiallgksd
fromdetection in CDACDS8’ thymocytes when using intracellular stainieghniques.

This could account for the inability of p21 to enbhalTCR signaling. Second, most of
the pre-existing p21/Zap-70 pawhs excluded from agonist peptide or Ab induced TCR
signalingwhich could elicit new p21 and p23 from the pregigunonphosphorylated

pool of CD3C.

T cell survival in thymectomized mice is regulaigdTAM numbers

The function of p21 in peripheral T cells has yebé determined-or peripheral
T cells, the constitutive phosphorylationp@l has been correlated with peripheral T cell
survival (168).In contrast, a distinct report has shown that CD4ells declinafter
their adoptive transfer into an MHC class lI-deditienvironment independent of p21

(169).

To address the role of p21 in regulating periph&regll survivalwe analyzed
the percentage of CD@D8 and CD4CDS8'T cells in control and thymectomized mice
9 wk postthymectomyThymectomies were used to eliminate the presendeyofic
emigrantgo the peripheral T cell pool. Mice used for thassays included57BL/6
mice and the CD3-transgenic lines YF1,2, YF5,6, aréf1-6. Upon thymectomy, the

number of CDACD8 T cells in the lymph node was reduced by 11% in C5@Bhice
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relativeto mock-treated controlp & 0.001; Figure 16 A). A similaecrease occurred
in mice that contained p21 but lacked 1(281,2), and in mice that lacked both p21 and
p23 (YF5,6). Immice that lacked all phosphorylated CD&rms (YF1-6)the number

of CD4'CD8 T cells decreased by 19%. An analgdithe CD4CDS8' T cells revealed a
decrease in the percentajeells similar to that shown for the CBBDS T cells(Figure
16 B). There was, however, no significant decréasieenumber of CD4CDS8’ T cells
from the thymectomized YF14#Be, as had been observed for the QD148 cells p >

0.05; Figure 16 B).

Next, we analyzed the survival of naive CDcells, as defineoly the
expression of CD62L (Figure 16 C). The numbera¥@ CD62'CD4 T cells in the
lymph node declined by 12% in C57BL/6 mice®after thymectomyg < 0.05). There
was a 7% reductionf these cells in the YF1,2 line. A more substntductiorof 17%
was noticed in the YF5,6 linp & 0.01). The greatestduction of naive cells was noted
in the YF1-6 micewhere a 27% reduction in T cells was detecped (0.001).We also
analyzed the percentage of peripheral T cellsaspleens of control and thymectomized
mice. The results weommmparable with that noted in the lymph node (datashown).
We also undertook adoptive transfer experimentsguSISFE-labeled cells from the
YF lines into C57BL/6 recipients. Again, were unable to detect statistically
significant differencem the survival span of the YF1,2 vs. YF5,6 T cédlata not
shown). In summary, p21 did not appear to becalifior regulating cell survival based

on the comparisons of the YF1,2 and YHB6s. The substantial changes seen in the
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YF1-6 micehowever, suggested that the number of ITAMs avhilabtheTCR were

important for T cell survival in the peripheral Ipimoidorgans.

Discussion

The CD3C subunit is unique among the ITAM-containing prosin the TCR,
BCR, Fc, and NK cell receptor complexes as it egista constitutively tyrosine-
phosphorylated protein (p21) whisnlatedex vivo(242). There has been a considerable
effort to define the functional role of the diffetgphosphorylatefbrms of CD3¢, in
particular p21 (254). We provideidence that the constitutive tyrosine phosphtigha
of p21resulted from TCR interactions with MHC moleculaghe thymusindependent
of the specificity of the TCR for self-peptide/sbHC molecules. P21 appeared to be
functionally inert, given thahe development of mature thymocytes and the broaa
change# Zap-70 activation assessed after TCR triggenace not significantly
enhanced or inhibited by its presence. Intracallstainingvith anti-phosphd-specific
mAbs suggested that p21 was eithaccessible or at levels too low to detect when

present ira constitutively phosphorylated form in immaturgrtiocytes.

The constitutive phosphorylation of Cl33vas dependent on TGReractions
with MHC molecules, with a 5- to 15-fold reductiorthe magnitude of p21
phosphorylation evident in thymocyisslated from MHC 1IB,m double-deficient mice
(48). The presenad some p21 in these mice was consistent withahethata low level
of MHC class | expression, particularly H-2@sapparent iB,m-deficient mice (255).

That TCR interactions witbeptide-MHC molecules elicit p21 formation was sued
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byanalyses of TCRi- and Zap-70-deficient the positimad/or negative selecting
peptides that shape the T cell repertaneresponsible for the constitutive
phosphorylation of CD3. Our current experiments suggest that the TCR ictiers

with selecting self-peptides/self-MHC are not requiretthfie generatioof p21. P21 was
evident in thymocytes expressing either class class ll-restricted TCRs that were
unable to interaatith the selecting ligands. We also noted that T8 thymocytes
from HY TCR-transgenic male mice and cells from Gi¥ficientmice contained p21
(48, 50). Given these findings, we proptisefollowing mechanism for the constitutive
tyrosine phosphorylatioof CD3¢. TCR interactions with MHC molecules, independent
ofthe selection environment, activate intracellulgnals involvinghe Src and Syk
families of kinases. This is consistent witike reported ability of the TCR to recognize
disparate MHC moleculdmfore repertoire selection (240, 241). Thesedcteons may
causean activation and/or redistribution of Lck (andattesseextent, Fyn), which
phosphorylates the four distal tyrosiesidues in the ITAMs of CD8. Upon their
tyrosine phosphorylatiothe two C-terminal ITAMs in CD3& are complexed by the
tandenH2 domains of Zap-70, which stabilize p21. CD4rattionsvith MHC class |l
interactions are hypothesized to actiatk, which in turn phosphorylates CId3n
immature thymocyte@l9, 256). In addition, CD8 can bind to MHC classoleculesn
immature thymocytes, implicating a possible role@®8-associatedck to
phosphorylated CD8 (257). Our findings indicate that p&lindependent of CD4
and/or CD8 coreceptor interactions WilhlC molecules. However, both CD4 and CD8

could contribute tp21 by stabilizing appropriate TCR/MHC encountdtgemainsery
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interesting that the Zap-70 that is precomplexeoPtb doesiot become activated.

Current experiments are addressingidsse.

Three cellular fates are classically defined foredepingthymocytes: death by
neglect if the TCR cannot recognize self-peptideldéiC; positive selection; or
negative selection (4). Our results suggest aitiaddl step during thymopoiesis,
wherein T cell recognition of MHC, independent objiive omegative selection and/or
coreceptor expression, induces a biochensigalal resulting in CD3 phosphorylation.
This likely reflectghe structural capacity of the TCR in the preregegtpopulatiorof
thymocytes to recognize peptide/MHC complexes. ddresequenaesf this interaction
leading to phospho-CD@is currently beinglucidated but is also likely to contribute to

some as yet unidentifiggbripheral T cell function.

The constitutively phosphorylated p21 could notlbtectedn CD4 CDS8’
thymocytes by intracellular staining with anti-ppbs-<{-specificmAbs. Attempts to
detect this constitutive pool with TAT fusipnoteins containing the tandem SH2
domains of Zap-70 linked t8FP or pure 2SH2-GFP were also unsuccessful ( @%8)
datanot shown). Only after TCR triggering or by Weatanmunoblottingvas phospho-
( detected. These results suggested that p2inadidied, preventing its detection. This
could be a result affs distinct intracellular distribution within theytoskeletor{259,

260). Alternatively, the p21 could be interactimigh distinctSH2 domain containing
proteins such as SHP-1, Shc, Sts-1, Sts@/or Src-like adaptor protein in addition to

Zap-70 (260, 261)The idea that p21 is excluded from de novo siggadiventss
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consistent with the inability of p21 to enhance T€ighaltransduction elicited by Abs or
peptides. A recently proposetbdel suggests that endogenous and agonist pékide/
complexedunction cooperatively in amplifying TCR signaltisductiorand subsequent
effector functions (262, 263). Our findings alsply that the constitutively
phosphorylated CD8 subunit doesot contribute to the agonist response. These
interpretationgaire extremely divergent from that published forigiegral Tcells where it
was proposed that the presence of p21 enhgresgaheral T cell responses 10-fold over
T cells wherein p2fvas reduced (248, 264). Additional experiments@aessary to
account for these discrepancies but may relateg@articulal CR-transgenic line used
and/or thdan vivo Ab manipulations.Finally, p21 has been linked to peripheral T cell
survival insome but not all studies. Using thymectomy procesiuve werenable to
identify a role for p21 in T cell survival (168, 96 However, such experiments are
limited because recent repdnisve indicated the presence of more than one fhuati
thymusin mice (265). Transfer of the various YF seriemice intoappropriate MHC-
deficient hosts that express or lack the selediete could be another way in which to

address this question.

In summary, the constitutive phosphorylation of p2turs irthymocytes and
peripheral T cells in a mechanism that doesemtire selecting ligands and/or
coreceptor molecules. Undmartain disease conditions or autoimmune diseabasges
inthe levels of p21 could contribute signals thataerde or inhibiautoimmune

progression (173, 246).

71



BW C57Bl/6 HY P14 5C.C7
Stim: - +

. + . + - + - +
a-PY -— . ;e - ..

. - p23

a-CD3¢ | 3 -
Y EE W T Ry e
ro2 3 4 5 6 7 8 9 10
2.0m p21/p16 ratio

T

Ratio p21/16
5

=

0
C57BII6 HY P14 OTIl 5CC7

Mouse Line

Figure 7: P21 and p23 phosphorylation in cell lines and mice. The
constitutive phosphorylation of p21 occurs in thyytes from all class I- and
class ll-restricted TCR-transgenic lines examingdT cells from the BW T
cell lines or thymocytes from normal C57BL/6 micetbe TCR-transgenic
lines HY, P14, OT-Il, and 5C.C7 were left untreatieahes 1 3, 5, 7, and9) or
stimulated for 10 min with anti-CD3 mAbs (anes 2and 4) or agonist
peptide-loaded APCs for 10 mifaes 6 8, and10). The cells were lysed in
Triton X-100 lysis buffers, and CDI was immunoprecipitated. The
precipitates were resolved by SDS-PAGE and subsdéiguenmunoblotted
with anti-phosphotyrosine (-PY) and anti-CRQ3nAbs.B, The ratios of p21 to
pl6 were determined from CD3 immunoprecipitatexgseed as . For
statistical analyses, the lysates from all the mieee processed and analyzed
in the same experimen € 3 mice/line). Thymocytes from the OTII line were
analyzed in a separate experiment and compared3&iTiBL/6 1 = 4).
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Figure 8: T cell development in distinct TCR trasngenic mice. Thymocytes from
the indicated mice were harvested, stained witlorfohrom-labeled mAbs, an
analyzed by flow cytometry. Percentages of cellmdividual quadran are indicated.
Data are representative of two to three indepeneeperiments. Rel. Cell #, Relati
cell number.
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Figure 9: The constitutive phosphorylation of p21 represents a small
proportion of total CD3. A, The CD3 subunit was immunoprecipitated (IP)
from lysates prepared from varying numbers of C5¥BBthymocytes: 1 x 0
(lane 1; 3 x 1¢ (lane 2; 5 x 10 (lane 3; 2.5 x 10 (lane 4; 1 x 10 (lane 5;
0.5 x 10 (lane 6; 0.25 x 10 (lane 9; or 0.125 x 10(lane § cell equivalents.
Lane 9is an Ab control lane with no thymocyte lysatebeTsamples were
immunoblotted with anti-phosphotyrosine ((-P#ne 1) or anti-CD3{ mAbs
(lanes 2-7. The weak band at 22 kDa is TGRCD3n), an alternative splice
variant of{. Data are representative of three independentriexpets.B, The
CD3 subunit was either directly immunoprecipitafedm lysates prepared
from C57BL/6 thymocytes (1 x $p lane 1) or was sequentially
immunoprecipitated with anti-CD8 mAbs three times (1 x $@ells;lanes 2

3, and thernd) followed by an anti-CD3 mAb to detect residual p21 not
associated with the TCR compldar{e 9. The samples were immunoblotted
with anti-phosphotyrosine mAbs. Data are represietaf two independent

experiments.
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Figure 10: Phosphorylation of CD3 ¢ is not dependent or enhanced by co-
receptor signaling or temperature. Thymocytes from wild-type léne J),
CD4-deficient [ane 29, HY TCR-transgenic (Tg) maléafie 3 and female HY
TCR-transgenic micelgne 49 were analyzed for the presence of p2l as
described in Figure 8. Individual thymic lobes fram individual mouse were
processed and analyzed for p21 by normal cell aéiparand processindgfe

5) or by direct Dounce homogenization of the lobemiediately after its
removal from the thymusdane 9.
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Figure 11: p21 expression isinduced by TCR interactions with MHC molecules
that are independent of the selecting environment. A, Thymocytes from female
HY/RAG/H-2° and HY/RAG/H-2 mice were stained with a combination of
fluorochrome-labeled mAbs as indicated. The staad&piots were analyzed by flow
cytometry. The dashed line in the histograms regmssfluorescence levels with
control Abs.B, The CD3( subunit was immunoprecipitated (IP) from lysatés o
thymocytes obtained from female HY/RAG/H-and HY/RAG/H-2 mice (5 x 10
cell equivalents/sample). The precipitates wereolvesl by SDS-PAGE and
subsequently immunoblotted with anti-phosphotyregiY) followed by anti-CD3

¢ mAbs. For statistical calculations, at least tHittermates were used per transgenic
line. C, Thymocytes from 5C.C7/RAG/H2and 5C.C7/RAG/H-2 mice were

analyzed by flow cytometry as
immunoprecipitated

from equivalent

indicated, The CD3 { subunit was

numbers of cell§ x 10 cell

equivalents/sample), and it was analyzed as destiiB, Data are representative of
three sets of mice. Rel. Cell #, Relative cell nemb
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Figure 12: The constitutive phosphorylation of p21 does not augment or
inhibit ZAP-70 phosphorylation following TCR crossiinking. Thymocytes
from wild-type (anes 1-%, YF1,2 (anes 5-8, or YF5,6 (anes 9-12 mice
were either untreatedafie 1 5, and9) or stimulated (Stim.) with anti-CD8
mADbs for 10 min lanes 2 6, and10), 30 min (anes 3 7, and11) or 90 min
(lanes 48, and12). At these time points, the cells were lysed, Z2ag-70 was
immunoprecipitated (IP) with an anti-Zap-70 mAb. eTtsamples were
processed for Western blotting with anti-phosphagive (-PY) followed by
anti-Zap70 mADbs. Data are representative of thtdependent experiments.
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Figure 13: The constitutive pool of p21 is not involved in de novo TCR
signal transduction in thymocytes from HY TCR trasngenic mice.
Thymocytes from female HY TCR-transgenic mice wetenulated with
control or agonist peptides for 10 min. The cellrevlysed, and the lysates
were sequentially precipitated with anti-phosph@-Z8 polyclonal antisera
(lanes 1and?2), followed by anti-Zap-70 antiserlafies 3and4) and then anti-
CD3 ¢ mAbs (anes 5and 6). The immunoprecipitates were processed for
Western immunoblotting with anti-phosphotyrosind amnti-Zap-70 mAbs. An
aliquot of the Ilysates, prepared before and afthe tanti-Zap-70
immunoprecipitations was analyzed for the levelZap-70 [anes 7and8).
Data are representative of four independent exsetisn
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Figure 14: The constitutive pool of p21 is not involved in de novo TCR
signal transduction in thymocytes from 5C.C7 TCR transgenic mice.
Thymocytes from 5C.C7 mice were stimulated withtoalror agonist peptides
for 10 min. Phospho-Zap-70afes 1and2), Zap-70 [@anes 3and4), and then
CDa3 (anes 5and6) were sequentially immunoprecipitated and proagssein
Figure 13. The levels of Zap-70 in WCL before after immunodepletion
are shown inlanes 7and 8. Data are representative of two independent
experiments. WCL, Whole cell lysate.
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Figure 15: p21 is not detected in immature thymocytes by intracellular
staining. A, Thymocytes from C57BL/6 or YF1-6 mice were leftreated or
stimulated for 10 min. The cells were stained vAtis against CD4 and CD8
and subsequently processed for intracellular stginwith anti-phospho-
(Y143)-specific mAbs. The CD€DS8" and CD4CD8 were electronically
gated and analyzed for phosphdy flow cytometry. Data are representative
of three independent experiments. COB8" and CD4CD§ thymocytes
from wild-type mice were isolated by cell sortingsed, and processed by
Western immunoblotting with B, anti-phospho-Y142,r oC, anti-
phosphotyrosine. The samples were compared wittetismlated from YF1-6
mice B andC). Max., Maximal; Ctl, control.
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Figure 16: ITAM numbers in the TCR complex regulate T cell survival. Four-
week-old mice were thymectomized (TX). Nine weeéstfhymectomy, the mice were
euthanized and analyzed for the absence of a thyfgslymph nodes were removed
and processed. Aliquots of the cells were staindl the indicated fluorochrome-
labeled mAbs and analyzed by FACS analyses. Theeptge ofA, CD4'CDS’, B,
CD4CDS8', andC, naive CD62LCD4" T cells in the lymph nodes were plotted for
control and thymectomized mice. B6, C57BL/6. Damaverage + SEM
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CHAPTER IV

iNKT CELL DEVELOPMENT REQUIRESA FULL COMPLEMENT OF
FUNCTIONAL CD3ITAMS

Introduction

Invariant natural killer T (iNKT) cells participate immune responses to various
bacterial and viral infections and reduce the sgvef some autoimmune diseases (5,
175). The ability of INKT cells to regulate B gallendritic cell, and T cell responses is
partly due to their rapid and substantial productd|FN-y and IL-4 within minutes of
TCR engagement (175, 266). Thus, these celldharght to provide a critical link
between the innate and adaptive immune systerfactniNKT cells are proposed to
control the extent of inflammatory arthritis follovg Borrelia burgdorferiinfections

(267, 268).

Contrasting conventional T cells, which expressvarde repertoire of & and
VB subunits, iINKT cells express a semi-invariaftTCR containing a W1418
rearrangement of the TGiRchain paired with & subunit that is limited to §8.2, V37
or VB2, in mice (M241118/VB11 in humans). This TCR reacts with glycolipid
complexes that are bound to the MHC class |b méde€D1d. iNKT cells develop in
the thymus from the same CIDS8" (DP) precursor cell as conventional T cells (196,
198, 229). However, unlike conventional T celt& positive selection of INKT cells
requires invarianti TCR interactions with glycolipid/CD1d complexegexssed on

CD4'CD8' thymocytes (5). Thuspd8” and CD1d animals lack iNKT cells (213, 269,



270). Furthermore, INKT cell development requinesnotypic interactions between
SLAM family receptors such as SLAM and LY 108, usgignaling pathways involving

SAP and the protein tyrosine kinase Fyn (198, 2ZQ).

The signaling pathways required for iINKT cell deghent are poorly
understood. For conventional T cells, TCR-drivigmals mediated by a signaling motif
found in one or more copies of the cytoplasmicdithe CD3 subunits, termed an
immunoreceptor tyrosine-based activation motif (M)Aare required for both positive
and negative selection processes. Following receptgagement by selecting ligands
expressed in the thymus, the ITAMs are phosphaglan tyrosine residues by the Scr-
family of protein tyrosine kinases (PTKs). As pplog-proteins, the ITAMs are
complexed by the PTK ZAP-70. Most conventionakllcan be positively selected
with as few as 4 functional ITAMs (108, 140, 14®yhile TCRZ™ , ZAP-70" and Fyrf
mice lack iNKT cells, the number of functional ITAMequired for INKT cell
development has not been addressed (116, 1292220272). Some experimental
evidence suggests that strong TCR-driven signalseeded for iINKT cell development.
For example, mice lacking the PTK Itk have limitBékT cell development (82, 221)
This is consistent with the observation that thmmielation of the transcription factor
early growth response 2 (Egr2), a target of 2alcineurin/NFAT signaling, results in a

significant reduction in INKT cells in the thymusdaperiphery (224).

To explore the functional contribution of the CO3\Ms in iNKT cell
development, we analyzed a series of D@&nsgenic mice in which selected tyrosine

to phenylalanine substitutions were introducedanfirst (YF1,2), third (YF5,6), or all

83



three ITAMs of CD3X (YF1-6). In this report, we show that iINKT cetivklopment is
almost completely abrogated in mice lacking asdsvwo of ten functional CD3
ITAMs. The developmental block occurred at anye®NKT cell developmental stage,
as evidenced by the increased cell death in dewgJoNKT cells. The few iNKT cells
that formed in the CD8 ITAM substituted lines contained more CBBD8 (DN) subsets
relative to the CD4CD8 (CD4') populations, opposite to that noted in wild typiee.

In spite of a near absence of INKT cells, there m@aslifference in the onset of
inflammatory arthritis in YF mice compared to catgrfollowing infection with the
Lyme disease causing spirochd@epurgdorferi Taken together, these data suggest that
a full complement of functional CD3 ITAMs is necassfor proper iNKT cell
development, but that INKT cells are not criticad €ontrolling immune mediated

arthritis followingB. burgdorferiinfection.

Results

CD3{ITAMs are required for iNKT cell development

The development aif3 T cell occurs in mice containing as few as 4 fiomzl
CD3-encoded ITAMs (144). For example, T cell depeent is relatively normal in
mice containing tyrosine to phenylalanine substing in the first (YF1,2), third (YF5,6),
or all three CDZ ITAMs (YF1-6) (Figure 5 and Figure 17A) (52). Mutess is known
about the ITAM requirements for iNKT cell developmhe To determine if the

development of these cells was also permissive reidliced numbers of functional
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ITAMs, we analyzed the YF series of mice for thegence of INKT cells. These mice
retain 8/10 (YF1,2 and YF5,6) or 4/10 (YF1-6) fuantal ITAMs, with the YF1,2 and
YF5,6 differing only in the presence or absencthefconstitutively phosphorylated 21
kDa form of CD3 (Figure 5) (46, 52). The iNKT cells were detectégth glycolipid-
loaded CD1d tetramers (PBS57) combined with antB&mAbs. The percentage of
iNKT cells, defined as CO¥™“***and CD1d tetramé&rwas significantly reduced in the
thymus, spleen, liver, and bone marrow of the YKQ,22%, 0.02%, 1.2 %, 0.02%),
YF5,6 (0.02%, 0.05%, 0.30%, 0.02%) and YF1-6 (0.08%7%, 0.6%, 0.02%) mice
compared to wild type controls (0.4%, 0.7%, 15.692%) (Figure 18). The lack of
iINKT cells was also reflected in a statisticallgrificant decrease in absolute number of
these cells in the thymus and spleen of YF1,2, 8F&d YF1-6 lines compared to the
wild type controls (Figure 19). Interestinglyetice that lacked only 2 of the 10 CD3-
encoded ITAMs (YF1,2 and YF5,6) had a more sewvedlection in iNKT cell numbers
compared to those missing 6/10 ITAMs (YF1-6). TikiBkely a consequence of the
increased TCR density in the YF1-6 lines, whichursdecause of decreased GP3
ubiquitination and degradation (Figure 17B) (41). 4Regardless of these effects, our
results demonstrate that normal iNKT cell developtmequires a minimum of 9-10

CD3-encoded ITAMSs.

iINKT cells from mice lacking two or more CIJ3TAMSs are blocked early in
development
Like conventionabi3 T cells, iINKT cell development progresses throagh

number of stages defined by the expression ofqudati cell surface markers. To
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determine the stage at which iNKT cell developmeas blocked in YF series of mice,
thymocytes were isolated and stained with mAbsresgdine heat stable antigen
(HSA,CD24) and the CD1d tetramer. The percent&geior cells in the HSA
compartment was significantly reduced in thymocytem the YF1,2 (0.01%), YF5,6
(0.01%) and YF1-6 (0.04%) lines compared to wilgetynice (0.43%) (Figure 20 A).
This reduction was consistent with the statisticaijnificant increase in the percentage
iNKT cells (electronically gated CI#*$™*“"4etramef) that expressed high levels of
HSA (HSA™ in the YF1,2 (36%p<0.0001), YF5,6 (33%p<0.000) and YF1-6 (19%,
p<0.001) mice compared to wild type mice (3%) (Figure 20 Bollowing the down-
regulation of HSA, INKT cells mature in three pregsive stages defined by CD44 and
NK1.1 (Stage I: CD44K1.1; Stage Il: CD42NK1.1; Stage Il CD44NK1.1%). To
examine which maturation stage was affected byrtbdifications to the CD3 ITAMs,
iNKT cells (gated as CO"™* " tetramet HSA"), isolated from the thymus and spleens
of the different mice, were analyzed for the exgpi@s of CD44 and NK1.1. More iNKT
thymocytes were arrested at Stage | in the YF122{1YF5,6 (13%) and YF1-6 (11%)
lines compared to wild type mice (3%) (Figure 2This block was also noted in the
splenocyte populations (Figure 21). Contrastirgdifferences in Stage I, the
percentages of cells at Stage Il and Il in bothtthymus and spleen were comparable
between the YF lines and the wild type controlakén together, these findings indicate
that a deficiency of one or more CIQ3TAMs severely impairs iINKT cell development,
but the cells that do develop can proceed throhghater stages without undergoing

significant cellular expansion.
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In wild type mice, most iINKT cells express the C&teceptor molecule
(CD4'CDS8 or CD4), with a small subset developing into COBS cells (DN) (Figure
22) (198, 209). Contrasting this, all the micekiag one or more functional CO3
ITAMs exhibited an inverted ratio of CD4o DN iNKT cells in both the thymus (1.4
versus 0.3-0.6) and the spleen (5.8 versus 0.2@BiG)re 22). Overall, these data show
that INKT cells from CDJ transgenic mice lacking one or more functional CD3
( ITAMs are developmentally impaired in the thymuesulting in enhanced percentage

of DN iNKT cells in the periphery.

iINKT cells from mice lacking two or more functio@d3 ¢ ITAMs have increased cell
death

Mice deficient in the protein tyrosine kinase Itidathe transcription factor Egr2
have reduced iNKT cell numbers due, in part, togased cell death in the thymus (221,
224). To examine whether a similar mechanism weasming in the YF sets of mice, the
tetramer positive cells were stained with Annexiand 7AAD to detect dead cells. The
iINKT cells from of the thymus of the YF1,2 (43 %)cathe YF5,6 (13 %) mice had a
statistically significant increase in the percestafjAnnexin V 7AAD" cells compared
to the wild type controls (3%) (Figure 23 A, Bntdrestingly, in spite of an equivalent
TCR density and functional ITAM number, the YFlirlexhibited much greater cell
death than the YF5,6 mice. The difference betwikese two lines is the presence of the
constitutively phosphorylated CZ3subunit of 21 kDa, or p21, in the YF1,2 mice (52).
Notably, the constitutive presence of p21, in theemce of other phospldo-

intermediates, can attenuate T cell developmemt)(1While there was a higher rate of
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cell death in the YF1-6 mice relative to C57BL/@trols, this did not reach significance,
consistent with the presence of more iNKT cellthim YF1-6 mice relative to the YF1,2

and YF5,6 lines.

The most likely interpretation of our findings wiigt TCR signaling in the
iINKT cells required a full complement of CD3 ITAMs promote the efficient
development. A second explanation to accountferéduced NK T cell numbers is a
change in the cell surface expression of CD1d, 8¢ Hhd SLAM on DP thymocytes.
This would result in decreased selection of iINKTlsceThe thymocytes from all the
mice were analyzed for the expression of CD1d, L&/a6d SLAM (Figure 24 A, B).
Notably, there was no difference in the expressicemy of these three proteins on DP
thymocytes among the various mice, indicating thatblock in INKT cell development

was most likely a consequence of inefficient sigrgathrough the TCR.

iINKT cells are not necessary to prevent inflammatothritis following Borrelia
burgdorferi infection

The YF series of mice had severe reductions in iNEIT numbers. Since iNKT
cells are proposed necessary for controlling inffeatory arthritis in mice infected with
the spirochet®. burgdorferj we were interested in assessing whether theisgaér
arthritis in the YF sets of mice was increased (268). Wild type, YF1,2 and YF1-6
lines were infected intradermally with 1.2 — 1.5 B. burgdorferispirochetes. At 2
and 6 weeks post-infection, the knees and tibiatgoints were sectioned and stained
with hematoxylin and eosin. Tissues were thenyaeal for arthritis by assessing

lymphocyte infiltration into the joints. The tisswas scored for arthritis severity using a
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scale from 0 - 3, where the intervals indicatestight, moderate and severe
inflammation, respectively, as evidenced by theele@f lymphocyte infiltration into the
joints. Interestingly, there was no differencetia degree of inflammation in the
tibiotarsal or knee sections at 2 weeks or 6 wpeks-infection in YF1,2 or YF1-6 mice
compared to wild type mice (Figure 25 A-D, Figue/A&D). These experiments
suggested that INKT cells are not the principat&fir populations that control

inflammatory responses to Lyme arthritis.

Discussion

Although conventionahi T cells can develop with as few as 4 functionaBeED
encoded ITAMs, our study shows that INKT cell deyshent requires a full complement
of CD3 ITAMs. Thus, mice lacking one functional €D ITAM, effectively eliminating
2 of the 10 TCR/CD3 ITAMs, had a severe block iiKiNcell maturation and/or
expansion. These findings suggest that the TCiRabiigg strength required for INKT
cell development is relatively weak when the TCRages glycolipid/CD1d complexes.
This interpretation is consistent with previousdgs showing that conventiona T
cells with low avidity TCRs require a full complenteof CD3C ITAMs for effective
positive selection (107, 108, 144). The fact Swhe iNKT cells develop normally in the
YF sets of mice described herein could be explainexhe of two ways. First, a subset
of INKT cells might express a TCR with sufficierfimity for the selecting glyolipids

expressed in the thymus (192-195). For examb&-&kpressing iINKT cells are
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preferentially selected by iGb3, in anvitro culture system, since thelV is a higher
affinity receptor (204, 273). Second, a full coemknt of TCR ITAMs might actually

be required for the proper expansion of the iNKIIsagnce they are positively selected.
Comparing the wild type and YF sets of mice, theetlgpmental patterns are not
dramatically different when analyzing Stagel-IRather, all the iINKT cells in the YF
lines exhibited a statistically significant increas the number of cells undergoing cell
death. In particular, the YF1,2 lines had the naggireciable extent of cell death, with
the residual iNKT cells detected in the thymushafse mice expressing relatively lower
TCR densities. The fact that the YF1,2 line dgférom the YF5,6, despite having an
equivalent TCR density and ITAM number, is consisteith our early studies
comparing conventional T cell development in thesse. Thus, the YF1,2 line retains a
constitutively phosphorylated CZ3subunit that is complexed to an inactive popufatio
of ZAP-70 molecules. When analyzed in the setbhY TCR transgenic male mice,
the p21/ZAP-70 pool attenuates negative selecfid) To support this, we have shown
that the constitutive pool of p21/ZAP-70 is notdhxed inde novoTCR signaling (274).
Thus, the existence of p21/ZAP-70 complexes invthg,2 line could diminish the

magnitude of TCR signaling even more than the YRaidge.

Mechanistically, the TCR-ITAM signaling pathway oives the activation of
downstream PTKs such as ZAP-70 and Itk (76, 82)es€ kinases are required for TCR-
mediated elevations in intracellular calcium leve¥otably, both ZAP-70 and Itk-
deficient mice have a block in iINKT cell developm€2ill, 221). Recent experiments

have revealed a direct requirement for TCR-mediatdcium responses in the activation
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of calcineurin leading to INKT cell selection andéxpansion (224). Itk functions
downstream of the TCR by amplifying calcium signglpathways through PLE-
induction (82). The calcium/calcineurin pathwaytibutes to the expression of the
Egr2, a transcription factor required for iNKT ca#ivelopment. Impressively, the
developmental arrest of the INKT cells in the kikd Egr2-deficient animals
phenocopies that noted in our YF series of miceinjpublished data from our lab, we
have carried out proliferation witlrgalactosylceramide, a potent agonist of iINKT ¢ells
and measured cell expansion by CFSE dilution in,2F¥F1-6 and wild type mice. We
found that while the percentage of YF1-6 iINKT dalirease consistent with a decrease
in CFSE and cellular proliferation, the percentafNKT cells from YF1,2 mice
decreased and very few CFSE negative cells weeetdet compared to wild type mice.
The reason for this is still under investigatioawever, one explanation could be due
inefficient induction of Egr2, resulting in a highate of cell death. Our additional
observation that the elimination of 6/10 functio@&83 ITAMs (YF1-6 line) had an

iNKT cell selection/maturation defect less sevéamtthe YF1,2 or YF5,6 lines is
explained by the increased TCR density previousgcdbed in these mice. In summary,
strong TCR driven intracellular signals, regulabgdooth ITAM numbers and TCR

densities, are required for efficient INKT cell édapment.

iINKT cells are reported necessary for preventirgatthritis that develops in
mice following infections with the spirochet, burgdorferi(267, 268). These findings
would suggest that a more severe arthritis shoeNeldp in mice deficient in INKT cells.

However, the YF1,2 or YF1-6 mice exhibited simiathology in the tibiotarsal and
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knee joints at 2 and 6 weeks post-infection congpaoevild type. We considered three
explanations to account for these results. RM{T cells are not the principal cell
population regulating arthritis following exposueeB. burgdoréri. For example,

several studies suggest tBatburgdorferispecific antibody production by B cells is
critical for mediating protection as serum tran$fem infected to uninfected animals can
ameliorate arthritis (275). A second explanatmthie differences in the haplotype of the
mice studied. BALB/c mice are tolerant to low bot high doses d8. burgdorfer;
whereas C57BL/6 mice have been shown to be tolerat at high doses of infection
(276). Furthermore, RAGC57BL/6 mice maintained resistance to arthritidiken

RAG’ BALB/c mice, despite the lack of T and B cells ansimilar bacterial burden
(277). All of our mice were maintained on a C578background. Thus, it is possible
that, in more susceptible strains of mice, INKTiebuld provide efficient protection
from or immunoregulation of the disease. Thisgetion could be mediated by early
cytokine production by iNKT cells, as early IL-4ogluction correlates with decreased
susceptibility to arthritis whereas IFjNproduction has been associated with increased
severity of arthritis (277-282). The small numb&iNKT cells that remain in the YF1,2
and YF1-6 mice could have thwarted the developrotintflammatory arthritis.

However, due to the fact that RA@57BL/6 mice remain resistant to arthritis suggests
that these cells are not necessary for arthrigsqation. Furthermore, iNKT cells in the
YF1,2 and YF1-6 mice are mostly DN, a subset whiati been associated with a Th1l,
rather than the protective Th2 response. Thusgttata suggest that the prevention of
arthritis in C57BL/6 mice is not dependent on iNE&dlls. In order to confirm thig.

burgdorferiinfection studies using Jaléice on a C57BL/6 background are necessary
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in order to formally answer this question. Takegether, these data show that early
iINKT cell development is dependent on signalingtigh a full complement of CD3

ITAMs, but INKT cells are not necessary for theyanetion of Lyme arthritis.
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Figure 17: Conventional CD4" and CD8" T cells develop normally in mice
lacking two or more CD3 { ITAMs. T cells in the thymus and spleen were
stained withA, anti-CD4 PerCp-Cy5.5 and -CD8 PE-Cy7 @&)dCD3 Pacific
Blue. Histograms gated through total lymphocyteega
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Figure 18: iNKT cells are reduced in mice lacking one or more CD3 (
ITAMs. The percentage of INKT cells in the thymus, spteand livers of the
indicated mice were identified by staining cellghwanti-CD3¢e-Pacific Blue
in combination with PBS57-loaded CD1d tetramer-PH analyzed the cells
by flow cytometry. iINKT cells are representediral gates.
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Figure 19: The percentage and absolute number of INKT cels is
significantly reduced in the mice lacking one or more CD3 { ITAM. iNKT
cells were stained as in Figure 18, The percentage ar®l absolute number
of INKT cells from WT, YF1,2, YF5,6 and YF1-6 migeere compared with at
least 3 mice per group. Data is consistent witlB2ndependent experiments.
*** p = 0.0001 values were generated by one-way ANOVA.
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Figure 20: iNKT cell development is blocked at an early stage of
thymopoeisis in mice lacking one or more functional CD3 { ITAMs.
Thymocytes or splenocytes from wild type, YF1,2,5Y6; and YF1-6 mice
were stained with anti-CD3-Pacific Blue, PBS57-CD1d tetramer-PE and
anti-HSA FITC. A, The percentage of H¥AINKT cells was analyzed by
gating on HSA PBS57-CD1d tetraméitymphocytes (right gate3, The bar
graph represents the average percentage of HSAT cells. Cells were first
gated electronically on CH¥™%Cpid tetramer’.  Statistics were
generated using a Student t t&st.p < 0.001, ** p< 0.01
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Figure 21: Increased percentage of INKT cells are CD44'NK1.1 in mice
lacking two or more CD3 ITAMs. Thymocytes or splenocytes from wild
type, YF1,2, YF5,6, and YF1-6 mice were stainedhvwanti-CD3 e-Pacific
Blue, PBS57-CD1d tetramer-PE, anti-HSA FITC, -C%Ly7, and —NK1.1
APC. Stage |, Il, and Il INKT cells were analyzexthe thymus and spleen of
indicated mice as indicated in corresponding quadrkabeled I, II, and Il in
the upper left FACs plot. Quadrants represent %% CD1d tetramér
HSAP cells.
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Figure22: iNKT cellsare skewed to the DN lineage in mice lacking two or
more functional CD3 { ITAMs. The percentage of CD4 SP and DN iNKT
cells was analyzed on CH8™%cpid tetramer HSA® cells. The bar
graph represents the ratio of CD4 SP / DN iNKT<xdData are representative

of at least 3 independent experiments. Statistiesewgenerated by 1-way
ANOVA. ***p<.0001, ** p<0.001.
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Figure 23: INKT cells from mice lacking two or more CD3 { I TAMs have

an increase in cell death compared to controls. A, Thymic iNKT cells from
the indicated mice were stained with anti-CB3PBS57-CD1d tetramer,
Annexin V APC and 7AAD, and analyzed by flow cytdnge The percentage
of cells is represented in each quadradtBar graph indicates the percentage
of iNKT cells that are Annexin V7AAD" using atleast 2-3 mice/group.
Statistics were generated by 1-way ANOVA. 1* 0.0001 ** p <0.001
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Figure 24: DP thymocytesfrom CD3 { transgenic mice express equivalent
levels of CD1d, LY108 and CD150. Thymocytes were stained with anti-CD4
PerCp-Cy5.5 and -CD8 PE-Cy7 plés anti-CD1d PEB, -LY108 PE, or -
SLAM FITC. Histograms were generated after gatiog CD4CDS8"
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Figure 25: iINKT cells are not necessary to prevent inflammatory arthritis
following B. burgdorferi infection. 6 week old mice were inoculated
intradermally with 1.2 — 1.5 x £@. burgdorferispirochetes. Right and left
tibiotarsal joints were isolated, paraffin embeddamtd 7um sections were cut
and stained with hematoxylin and eosirA ,B Digital pictures taken of
tibiotarsal joints from indicated miceC, D Joints were scored for arthritis on a
scale from 0 — 3 indicating no, slight, moderatesevere inflammation. Bar
graphs indicated the mean arthritis score at 2 @are6ks post infection. 3
shams and 6 - 9 infected mice were analyzed peupgrper time point.
Arrows indicate sites of inflammation. Graphs es@nt scoring from both
right and left joint sections.
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Figure 26: iINKT cells are not necessary to prevent inflammatory arthritis

following B. burgdorferi infection. 6 week old mice were inoculated
intradermally with 1.2 — 1.5 x £@. burgdorferispirochetes. Right and left
knee joints were isolated, paraffin embedded, apthsections were cut and
stained with hematoxylin and eosii\, B Digital pictures taken of knee joints
from indicated mice.C, D Joints were scored for arthritis on a scale from3

indicating no, slight, moderate or severe inflamarat Bar graphs indicated
the mean arthritis score at 2 or 6 weeks post fioiec 3 shams and 6 - 9
infected mice were analyzed per group, per timatpdirrows indicate sites of
inflammation. Graphs represent scoring from baghtrand left joint sections.
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CHAPTER YV
DISCUSSION

The TCR recognizes both self- and foreign-peptaesplexed to MHC
molecules. Ligand-mediated signaling by this rémeis critical for both T cell
development and the initiation of T cell mediatedriune responses. The TCR signals
through ten ITAMs, distributed throughout the CD3$, €, { subunits.

A proportion of CDZ exists in a constitutively phosphorylated sfateivo.

TCR interactions with MHC molecules are necessairgbnstitutive phosphorylation of
p21. Mapping studies have shown that p21 regpinesphorylation of the 4 tyrosine
residues the two membrane distal ITAMs (46). RB2dhisent or reduced in TGR Lck,
and ZAP-70 deficient mice, but maintained in CDahd Fyr‘f'lines. In order to
determine whether p21 arises from self-ligand attonsin vivo, we monitored the
phosphorylation state of CO3in thymocytes developing in distinct MHC classiba
class Il restricted TCR transgenic mice. In tlyigtem, thymocytes developed in a
selecting or a non-selecting environment. Undkscsiag conditions, T cells could
undergo positive selection and develop into ma@ipd or CD8 SP T cells. Under non-
selecting conditions, cells were blocked at thest#ge of development. The
experimental finding showed that p21 phosphorytatesulted from TCR recognition of
MHC molecules, as it could be detected in bothstilecting and non-selecting
environments.

Previous reports provided conflicting data aboetrile of p21 in TCR signaling

and function. Some reports suggest that p21 eelsahe sensitivity of naive cells to



foreign antigen, others support a role for p21 icell anergy (47, 248, 249).
Furthermore, some studies have shtva p21 is not required for positive selection,
TCR signatransmission, or T cell anergy; however, we haeemdy found a role for
p21 in negative selection (108, 140, 14®Je further analyzed the role of p21 in TCR
signal transduction in thymocytes prior to anddaling stimulation. Our results
indicated that the constitutive pool of p21/inaet&AP-70 complexes were not involved
in de novoT CR signaling, but that the formation of new p2likated ZAP-70
complexes could be formed following TCR crosslimkirinterestingly, a large pool of
p21 was immunoprecipitated with anti-CR3 ZAP-70 depleted lysates, suggesting that
p21 could be complexed to proteins other than ZAP-This data is supported by
previous findings in which we analyzed the levekZafP-70 phosphorylation in HY/CD3
 transgenic mice prior to and following stimulatieith peptide/MHC complexes. We
have previously shown that wild type HY, HY/YF1ghd HY/YF1-6 contained
comparable levels of phosphorylated ZAP-70 follayirgonist stimulation (108). There
was a slight increase in the level of activated Z#Z&Hn the HY/YF5,6; however, this
difference did not reach significance. BecauseHkérYF1,2 and HY/YF5,6 mice
contained comparable TCR surface expression aablT#tMs, this data suggests that
the presence of p21 in the HY/YF1,2 mice could halightly attenuated signaling,
possibly by sequestering inactive ZAP-70 away famtive signaling complexes. The
YF series of mice was initially generated in ortbedetermine the role of the various
phosphot derivatives in T cell development, signaling, &maction. While most T cell
development remains intact in all of the YF mice, did notice a difference in the

development of INKT cells.
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Early iINKT cell development is dependent on theesaignaling pathways as
conventional T cell development. As suchppTD3¢, ZAP-70 and Lck deficient mice
have poor iNKT cell development (116, 122, 129,-21Q). These cells develop from
the same DP precursor population as conventioall$, and as a result, all T cell
signaling leading up to positive selection is likeimilar. Consequently, iINKT cells
diverge from conventional T cells during positiveestion due to the expression of a
canonical \t141118 TCR that is specific for glycolipid/CD1d compéex(283).
Interestingly, there are some differences in tgeaing and co-stimulatory requirements
for INKT cells and conventional T cells, endowitKIT cells with a unique phenotype
and functional properties (5). Conventional Telévelop with only 4/10 functional
CD3 ITAMs (107-109, 142, 145). Contrasting thidKiT cell development was almost
completely abrogated in YF1,2, YF5,6 and YF1-6din&hese findings suggest that
iINKT cells rely on stronger TCR signals, implyirttat the V1418 TCR has a very
low affinity for selecting glycolipid/CD1d complege iNKT cells have an activated,
memory phenotype even when developing in germ+friee (284). Development of
such cells likely requires more strict control digriselection, such that mature iNKT cells
do not pose a threat to the host when releasedhatperiphery. Consistent with this,
iINKT cells express lower levels of the TCR on thirface. Furthermore, in the final
stages of maturation, iNKT cells upregulate a nunabénhibitory NK cell markers, such
as NK1.1, which correlate with a decrease in peddifion, suggesting that these receptors
could keep iNKT cells quiescent in the peripher§g,2209).

T cell development requires signals through the T@Rwing recognition of

peptide/MHC or glycolipid/CD1d complexes. Someemtcevidence suggest that the
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TCR evolved specifically recognize self and to surpthe emergence of self-tolerant T
cells. Draper, an ancient ITAM immunoreceptor egpegl on phagocytic glial cellsh
melanogastemecognizes “modified self” proteins presented bgdlor dying neurons,
leading to the phagocytosis and clearance of thelé®e The Draper signaling pathway is
dependent on a Src family kinase and the Syk hag@bark, for proper signal
transduction. This was likely the predecessor framth other ITAM-based
immunorecptors evolved, including the TCR, suggestinat the TCR evolved in order to
recognize and induce tolerance to self-proteinatalpresented in this thesis support this
role for the TCR. We have shown that pre-selecliaells generate signals through the
TCR following recognition of self-MHC molecules.uhermore, p21 is sequestered
from TCR signaling and likely regulates signalingidg development by sequestering
key signaling proteins, or by recruiting proteihattactively attenuate signaling.
Furthermore, we have shown that the developmehigbly reactive innate effector
iINKT cells requires a full complement of CD3 ITANfsorder to develop properly, and
that additional signal attenuation by p21 additignianpairs development.

While Draper contains a single ITAM, the TCR is ewed with 10 ITAMs. The

CD3y, 8, ande proteins are highly homologous and are thoughgate arisen by gene

duplication, while CD3 ITAMs are duplications of Rg(243). This suggests that over
time, as the species became more complex, so@ifi@R. More importantly, the
multiple ITAMs within the TCR likely evolved for thspecific purpose of generating and

integrating signals that are necessary for theldpugent of self-tolerant T cells.
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What is Role of the Constitutively Phosphorylat@d i TCR Signaling and Selection?

The pre-repertoire of T cells express TCRs thalinpaecognize MHC
molecules (240, 241, 285). Following the mutatibthree conserved residues on a
V8.2 restricted TCR that are necessary for bindomgserved regions of MHC
molecules located outside of the peptide bindirgpge, positive selection is impaired
(285). Three conclusions can be drawn from supbrts. First, MHC reactivity is not
imparted by positive selection, but is presentmdcselection. Second, MHC reactivity
is the basis of positive selection as mutationthefamino acids that are critical for MHC
binding reduce the efficiency of selection. Thindgative selection limits MHC
reactivity by deleting T cells that are highly MHE€active, as cells developing in an
environment with limited negative selection showeleerate MHC cross-reactivity.
Indeed, we identified p21 in the pre-selection tbggies that were unable to undergo
positive or negative selection (Figure 11 A-D).u$hthere are two sequential steps in T
cells selection, the appropriate recognition of-B#iC followed by the detection of

selecting self-peptides or self-glycolipids.

Thymocyte selection occurs in an environment iictviTCR surface expression
is actively maintained at a low level in developDB thymocytes. This process is
fostered by the recruitment of the E3 ligase c{Glthe CD3{ ITAMs, by the adapter
molecule SLAP (41, 42, 150). This causes theuiti@tion and subsequent
degradation of CD3g, eventually leading to a reduction in TCR expm@ssiThis is
likely a purposeful event in order to keep TCR sigmg potentials low during selection.

This is consistent with the fact that the DP thygtes are more sensitive to stimulation
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with low affinity antagonists than mature SP T alhd that low avidity ligands can
induce deletion of thymocytes (286, 287). FurthemenmicroRNA 181a, which
increases TCR sensitivity to stimulation by neggtivegulating the expression or
function of phosphatases, is highly expressed inHymocytes (288). Due to the fact
that TCR surface expression is kept very low piaaselection, low signaling potentials
likely mediate proper selection. However, lowersignaling below a certain threshold
adversely impacts both positive and negative delectThis is evident by data showing
that efficient negative selection of conventioaIT cells expressing low affinity TCRs
requires a full repertoire of functional CD3 ITANIB)7-109, 140, 145). In one case, we
found that potentially autoreactive Cf%83.70° T cells were released into the periphery
of male HY/YF1,2 transgenic mice which express pthe absence of p23 (140).
These cells also exhibit high levels of CD5 comgaceother HY/YF mice, suggesting
that these cells are in a more activated stat¥/CB3 { male mice expressing wild type,
YF5,6 or YF1-6 CDZ, have a peripheral population of T3'@lls that are CO%
rendering them unresponsive to peptide/MHC comgl€%40). The emergence of
potentially autoreactive HY-specific T cells in H¥#1,2 mice but not HY/YF5,6 mice,
might be due to additional signal attenuation ptediby p21 in HY/YF1,2 mice. Yet, if
this is true, HY/YF1-6 mice should have also redéebhese cells into the periphery, as
mutation of 6 rather than 2 ITAMs would more prafdly attenuate signaling.

However, the HY/YF1-6 mice have been shown to hlaueh more severe impairment in
positive selection (108). Thus, while negativeesbn was likely impaired YF1-6 mice,
the impairment in positive selection could havevpreged development of autoreactive T

cells. Despite the emergence of potentially aaictiee cells in the periphery, HY/YF1,2
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male mice did not show overt signs of autoimmunitiis could also be due to reduced
signaling through the TCR as a result of mutatiartsvo ITAMs. Furthermore, since
HY/YF1,2 mice contain the constitutively phosphatgld p21, this might further

attenuate TCR signaling, thereby keeping autoneacells quiescent in the periphery.

There are instances; however, where autoimmunigg desult from lower TCR
signaling thresholds. SKG is a spontaneous mutii®ALB/c mice, in which a
mutation in the C-terminal SH2 domain ZAP-70 resuitinflammatory arthritis (138).
This mutations lead to a decrease in positive @uative selection. As such, FfYmale
mice have a large percentage of TC®8" HY specific T cells, in almost comparable
percentages to female HY mice. This suggestsattfaiugh signaling through the TCR
was reduced, sufficient signals were generateolvalp for activation of these cells
following peptide/MHC recognition in the peripheryhis might be especially critical
since mature SP cells have higher TCR surface sgjme The constitutive
phosphorylation of p21 was detected in these bellsit much lower levels compared to
wild type mice, likely due to the inability of ZAPS™9 to form stable interactions with
phospho. Thus, autoimmunity could have resulted due lmnger level of p21
expressed in the periphery. Alternatively, p2Inhalmight not attenuate signaling
enough to prevent the activation of autoreactivis,oe@hen a full functional repertoire of

CD3C ITAMs is available for signaling.

The mechanism by which p21 could attenuate TCRadilgmis unclear. P21
could sequester a population of inactive ZAP-70etwles away from active TCR

signaling components and/or recruit other prot#ias negatively regulate signaling
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pathways. This could limit signaling and promdtenhocyte survival. The Epstein Barr
virus expresses the ITAM containing protein, LMP2AVIP2A sequesters Syk and
ZAP-70 in infected B and T cells, respectively (3B). As a result, TCR signaling is
reduced through the TCR, impairing host immuneagsps. Alternatively, when the
LMP2A ITAMS were mutated, Syk association with LM®P®%/as prevented, and normal
signaling within the B cell was restored. Furtherey we have shown that p21/ZAP-70
complexes were not recruited to active signalingglexes (Figure 13 and 14). This

suggests that p21 could attenuate signaling byestering ZAP-70.

Alternatively, another model, called receptor degeation, was observed for
the F&RI receptor (44). This activity required low affinbinding interactions between
monomeric IgA to the FcRI receptor which limited receptor clustering, aghhaffinity
IgA complex binging to FaRI led to receptor aggregation and activation.n8lg
attenuation by FeRI required association with the ITAM containingfmin, Fg, which
recruited the phosphatase SHP-1. This resultedyival attenuation of the heterologous
receptor FgRI, due to dephosphorylation of the signaling priteSyk, LAT and Erk.
P21 is also induced via low affinity interactioretWeen the TCR and MHC molecules.
Furthermore, TCR signaling is regulated by a nunatbg@hosphatases, such as SHP-1
(52). Thus, p21 could recruit phosphatases thdatopen signaling through adjacent

TCRs.
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P21 detection in DP T cells

In order to truly analyze the fate of T cells eegsing p21, it is necessary to
determine whether some or all cells express p2t@ddtermine the level of expression
per cell. The only method to detect p21 in DRrthgytes is through Western blot
analysis. Thus, p21 is detected in pooled T céNe analyzed p21 by flow cytometry,
using an anti-phosph6{Y142) antibody that is specific for the fifth pdpho-tyrosine
residues in the CDB ITAMs. P21 was not detected in DP thymocytes frwifd type
C57BL/6 mice, but could be detected in SP T céligyre 15 A). Since SP T cells have
much higher surface TCR expression, one explanatiaid be that p21 was not detected
due to lower TCR surface expression in the DP céligwever, we also analyzed p21
expression using this antibody in wild type HY miadiich have much higher TCR
surface expression in DP thymocytes. P21 wasueidetectable in these cells (data not
shown). This suggests that p21 was occludedjlppss forming complexes with
ZAP-70 or other signaling proteins, thereby blogkininding of the antibody to the

phospho-ITAMs.

The fact that we detected p21 in cells prior tecstdn in both selecting and non-
selecting backgrounds suggests that p21 resaltsfecognition of conserved regions
of MHC molecules. Therefore, one way to determihether p21 is expressed in all
cells would be to take advantage of tH&8\2 TCR system, in which known TCR
residues mediate TCR recognition of MHC molec({®85). It would be useful to
determine whether p21 is maintained iB8/2 mice that contain that the mutations in the

TCR that abrogate MHC recognition. If p21 was éiamted, it would also suggest that
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all cells express some level of p21, since all I5dikely bind the conserved MHC
regions. However, even if all T cells express @2fpossibility still remains that the level
of p21 expression per cell would be the more ingurfactor. In order to truly answer
these questions, techniques would need to becoaikalale that would allow direct

detection and measurement of p21 on a per cek.basi

CD3{ITAMs in the regulation of INKT cell selection anddevelopment

A full complement of functional CD8 ITAMs is required for INKT cell
development. As such, mice with mutations in ag CD3( ITAM, leaving 8 of the
10 CD3 ITAMs intact, have a significant reductiortle percentage and absolute
number of INKT cells in the thymus, spleen, livend bone marrow (Figure 18, 19 A,
B). This could be due to inefficient induction@&™* signaling pathways in response to
selecting ligands. In support of this, the Teosyne kinase, Itk, and the transcription
factor, Egr2, are required for iINKT cell developrhas mice lacking these molecules
have reduced iNKT cell numbers due to an increaseli death (221, 224). Itk
functions downstream of the TCR and augments T@Rating by increasing the
activation of PLCy (82). This in turn, increases intracellularClavels. Egr2 is
induced by NFAT, a transcription factor reliant©@a"*/calcineurin signaling pathways
for its activation (224, 225). One possible expléon is that YF mice could have
reduced calcium responses contributing to theimiefft induction of Egr2. For the
YF1,2 and YF1-6 mice, this could be due to inedfitirecruitment to the immunological
synapse, thereby dampening signaling through the [®89). Furthermore, there might

be a more profound attenuation in the YF1,2 mice tduthe expression of p21. Thisis
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supported by the fact that INKT cells from theseartiad extremely low TCR surface
expression and the highest rate of cell death, edem compared to the YF5,6 mice,
which lack p21. P21 could additionally attenuagmaling in these mice by sequestering
ZAP-70, further attenuating signaling in these miesulting in even lower expression of
Egr2. However, the constitutive phosphorylatiop®1 in iINKT cells has not been
assessed. P21 could be assessed by Westerndiigtisof sorted iNKT cells; however,
this would require breeding the YF mice to thelMIi18 transgenic line in order to
increase iINKT numbers. It will be important to exae Itk activation in all of the YF
iINKT cells in order to determine whether this paéiyis disrupted by the ITAM
mutations. In order to do this, phospho-Itk cdodgdanalyzed in iNKT cells by western
blot or flow cytometry before and after stimulatiwith iGb3. Moreover, it is necessary
to determine whether aberrant Egr2 expression atsdar the iNKT cell developmental
block. Egr2 expression could be analyzed in iNKTiscfrom the various YF mice prior
to and following stimulation with iGb3 (the endoges ligand). Alternatively, INKT

cells could be analyzed following ectopic expresibEgr2 in order to determine
whether this restores normal development. Thisdcbe done by retroviral transduction

of Egr2 in DP precursor cells followed by intrathigrimjection into a wild type host.

In preliminary experiments, the proliferation ofdW cells was compared in
YF1,2, YF1-6, and wild type mice. iNKT cells thagre enriched from the spleen were
stimulatedn vitro with 100 ng/ml ofa-GalCer, a potent agonist for iINKT cells. Cells
were harvested after 24 or 96 hours of stimulatmal proliferation was analyzed by

flow cytometry using a CFSE dilution assay. YFINKT cells proliferate as well or
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slightly better than wild type mice at both timemis, as evidenced by similar (24 hour)
or higher (96 hour) rates of CFSE dilution (Fig@i®eB). YF1,2 iNKT cells has the
lowest rate of cell division at both time poinfEhere were almost no iNKT cells
detected in the YF1,2 line by 96 hours of stimolatiwhereas iNKT cells were detected
in wild type and YF1-6 lines (Figure 27 A). As adtin developing thymocytes, the
YF1,2 iNKT cells analyzed in the CFSE assay co@dibdergoing a higher rate of cell
death. Staining with Annexin V and 7AAD stainiralléwing stimulation would

confirm this. The YF5,6 line should also be imlgd as a control for the YF1,2 mice, in
order to distinguish between the effects of CDBNThumber versus the presence of the
constitutively phosphorylated p21. To correlatesthfinding with the developmental
profiles of thymocytes, using the endogenous, satptigand iGb3 would be useful, as
a-GalCer is a potent agonist. Lastly, it would beeresting to analyze phospho-proteins,
such as ZAP-70, SLP-76, Itk, and Pl@x order to determine whether TCR signaling is
impaired in iINKT cells when the number of functibhBAMs is reduced. This could be
determined by flow cytometric analysis of phosphotgins. Alternatively, if adequate
cell numbers could be acquired, this could alsddtermined by Western blot analysis in

sorted iNKT cells.

Lastly, it remains unclear whether a full compleingCD3 ITAMs is required
for normal iNKT cell development. In order to daténe this, iINKT cells should be
analyzed in mice carrying YF mutations in either @D3y or CD38 ITAM. Since this

would only eliminate one ITAM in the TCR complexne ITAMs would remain
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functional. If there were reductions in these mthé would suggest that all ten CD3

ITAMs must be functional to support the proper depment of iNKT cells.

Are CD3{ ITAMs important for the development of other ienaffector T cell

populations?

Preliminary data suggest that the developmenthafrahnate effector T cells is
also dysregulated in the YF series of mice. CD8&ell development was analyzed in
wild type and YF1-6 mice (Figure 17 A). A two-foldduction was consistently noted in
peripheral CD8T cells is observed in the YF1-6 mice compareditd type mice
(Figure 17 A). We further analyzed the functidfC®8" T cells by analyzing the types
of cytokines produced followinig vitro TCR stimulation. T cells from the C57BL/6 and
YF1-6 were stimulated with an anti-CR&ntibody, and analyzed IFiproduction 24
hours later by intracellular cytokine staining dlodv cytometry. There was a 2-fold
reduction in the percentage of IRNsroducing CD8T cells in YF1-6 mice compared to
controls (Figure 28). Because IRNproduction is required for efficient innate immune
responses thisteria monocytogeneasfection, we also compared the ability of wilghéy
and YF1-6 mice to clear primaty monocytogenesfection (290-293). We used a
recombinant version df. monocytogenethat expresses ovalbumin (rLM-Ova). Mice
were injected with 10, 000 CFU of rLM-Ova. On dhyee post-infection, the total
colony forming units (CFU) were calculated in tipdegn and liver. There was no
difference in the ability of wild type and YF1-6 eito clear rLM-Ova from the spleen

as similar CFUs were calculated (Figure 29). TR line did, however, demonstrate
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a slight impairment in the clearance of bactemarfithe liver, although this difference
never reached statistical significance. We alstyard the ability of wild type and YF1-
6 mice to mount an efficient memory response to+QWa. Mice were infected with
2000 CFU of rLM-Ova, rested for 6 weeks, and rdengled with 200,000 CFU. On day
3 p.i,, the CFUs in the liver and spleen were dated. Both the YF1-6 and the
C57BL/6 mice cleared infection. These results destrate that the YF1-6 mice were
able to mount efficient primary and secondary imetgsponses to rLM-Ova infection,

or that these responses are not dependent ory gebiduction by CD8T cells.

To further characterize CDS cells from YF1-6 and WT mice, we stained
splenocytes and lymph node cells for cell surfaeekers that are used to identify naive
and memory T cell populations. The expressioBbfi4 and CD62L was analyzed on
CDS8' T cells in order to identify naive (CD62LD44) and memory (CD62ICD44",
effector memory, EM; CD62CD44’, central memory, CM) subsets. In the lymph node,
the percentage of naive T cells was reduced fra¥h 8616% in WT and YF1-6 mice
respectively (Figure 3@ <0.05. In addition, the percentage of EM and CM celsge
significantly higher in the YF1-6 (13%, 27%, resipay) compared to WT mice (5%,
13%;p < 0.05. In the spleen, naive CD¥ cells were reduced in YF1-6 (16% versus
29%), although this difference did not reach sigaifce (Figure 30). The percentage of
EM and CM cells were significantly increased in ¥el-6 (34%, 29%) compared to
WT (15%, 12%p<0.05 mice. Next, innate IFN-production was analyzed in CDB
cells following stimulation with recombinant IL-X2IL-12) and rIL-18. A similar

percentage of total CDJ cells from the YF1-6 mice (38%) produced IfNempared
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to wild type mice (28%) (Figure 31, top). Howeudhiere was a significant increase in
the percentage of CDA@DS8' T cells that produced IFMin YF1-6 mice (31%)
compared to wild type controls (16%) (Figure 31ddhe). When IFNy production was
assessed in the CD2@D8' T cells, there was no difference in the YF1-6 waiid type
mice (Figure 31, bottom). Further experiments télneeded in order to confirm these

results.

It is interesting to note that naive CDBcells are almost completely absent in
ITK ™ mice. Yet, the total percentage of C@lls in these mice is normal (221). The
CDS8' T cell compartment was almost exclusively madefupnate CD8T cells, which
were characterized by high expression of CD44, NKdnd CD122. The pattern of
CD8" and iNKT cell development in Itk deficient animéssimilar to our YF1-6 mice.
Our phenotype is likely not as profound as thahsedtk deficient mice since some Itk
signaling is likely intact due to the ability of YF6 T cells to signal through 4 CD3

ITAMs.

Innate CD8CD44' T cells isolated from Itk mice rescue INF-null mice from
an otherwise lethdl. monocytogendsfection, and Itk mice cleal.. monocytogenes
more quickly than wild type mice due to an increiask-N-y secretion (294). Since the
YF1-6 mice have an increase in CB®44 T cells with an increased capacity to secrete
IFN-y following innate cytokine stimulation, this colldve masked any deficit that

might have occurred following. monocytogends these mice. Several groups have
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shown a role for various innate CDB populations in the clearancelofmonocytogenes

infection (294-297).

Future experiments should be directed at deterigiwimether the “memory”
CDS8' T cells from our YF1-6 mice are actually innateefor T cells, by further
characterizing the expression of CD44, NK1.1, abd 2. Furthermore, it would be
interesting to determine whether innate CD&ells populations are also increased in
YF1,2 and YF5,6 mice, as they exhibit a similaredein INKT cell development. It
would be interesting to determine whether YF1-6entlear rLM-Ova as efficiently as
WT mice if the CD44CD8' T cells are depleted prior to infection. Furthere) these
cells could be transferred into IFNaull mice in order to determine whether the
CD44'CD8' T cells from YF1-6 mice can rescue these mice fieimal rLM-Ova

infection.

Are INKT cells necessary for the prevention of Lamleritis?

The role of INKT cells in the control of Lyme aritfis following B. burgdorferi
infection is controversial. Some reports that ssgghat iINKT cells are not required for
the prevention of inflammatory arthritis followit) burgdorferiinfection, as Raf
C57BL/6 mice, but not R&GBALB/c mice, remain resistant to arthritis (276,72
Other reports, however, suggest that iINKT cellscaitecal for preventing the onset of
inflammatory arthritis as both JaL&nd CD1d mice are susceptible to arthritis (267,
268). Our data supports the former findings, aaiée, despite a profound lack of

iINKT cells, remained resistant to arthritis followgi high dosd3. burgdorferiinfection.
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Because different strains of mice have been stovae more susceptible to
inflammatory arthritis followind3. burgdorferiinfection, the possibility remains that
iINKT cells could provide some level of protectionimmunoregulation of the disease in
susceptible strains of mice (276, 277, 298). Tioégetion offered by iNKT cells is
likely due to cytokine secretion by these cellsmyiinfection. In both mice and humans,
resistance to Lyme arthritis correlates with insezhlL-4 (Th2) while IFNy(Th1l) is
associated with more progressive disease (279,28%). IL-10 secretion is also
correlates with improved disease outcome in micklarmans (299, 300). Borrelia-
specific antibody production and marginal zone Bsae also critical for the control of
B. burgdorferiinfection and prevention of Lyme arthritis (27513303). In the Ja18
model of Lyme arthritis; howeveB. burgdorferispecific antibodies were higher than
those produced by WT mice. Thus, it is unlikelgttitNKT cells are necessary to control
the humoral immune response during infection. eadf it appears that these cells act as
true regulatory cells and attenuate the inflamnyatesponse t&8. burgdorferiin

susceptible hosts, possibly by secreting high egélL-4 and/or IL-10.

Model for innate effector T cell development

The development of T cells bearing low affinity TERquires signaling through
a full complement of CD3 ITAMs for efficient posié and negative selection. iNKT
cells appear to be especially sensitive to siggaterated through the TCR, as disruption
of only two ITAMs significantly reduces iNKT celledelopment. Thus, we propose the
following model to account for the developmenta# laffinity T cells (Figure 32). In

developing T cells, recognition of selecting peptddHC or glycolipid/CD1d complexes
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results in the phosphorylation of all of the CD3\NMIs by Lck. This results in the
recruitment of ZAP-70 to the phospho-ITAMs and sdugent activation. ZAP-70 then
phosphorylates LAT, resulting in the recruitmend activation of PLGt This would
increase intracellular calcium within the T cedpwing for the activation and
translocation of NFAT into the nucleus, where itilcbbe retained in order to promote

efficient positive selection.

In the case of innate effector cells, Itk wouldrberuited to the active signaling
complex via its association with LAT, either didgabr indirectly via interaction with
SLP-76. Activated Itk would then phosphorylate activate PLGy, resulting in
increased and/or sustained calcium signaling irdéweloping iINKT cells. This would
lead to increased activation of NFAT, and allowdafficient upregulation of Egr2. Egr2
would then go on to regulate the transcriptioneies important for iINKT cell selection,

development and survival.

In mice in which one or more CO3ITAMs are mutated, signaling potential
through the TCR decreases resulting reduced calsignaling within the cell. This
could lead to NFAT export from the nucleus, andtthascription of genes important for
selection and development would be arrested. drcéise of iINKT cells, this could be a

result of inefficient expression of Egr2.

Additional attenuation of TCR signaling found iretifF1,2 mice, due to the
constitutive p21 phosphorylation, could furtheruegl signaling through this pathway,

resulting in a more severe iINKT and conventionakll phenotype in these mice.
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Reduced signaling, on the other hand, would faveremergence autoreactive T cells or

innate CD8 T cells.

Overall Conclusions

The TCR signals through 6 signaling chains thataiarlO ITAMs. The reason
for such a complex immunreceptor is unclear, blikidy necessary to promote the
development of numerous T cell subsets that aféadelant. This is supported by the
fact that the ancient ITAM-based immunoreceptoger, recognizes “modified self’ on
of dying neurons, inducing the phagocytosis andrelece of these cells in order to
promote self-tolerance. While the function of tréseptor is slightly different than the
TCR, it sets a precedent for an ITAM-based immuoeptor that promotes self tolerance
following intracellular signals mediated by ITAM-ed signaling pathways. Thus, these
data suggest that the TCR evolved in order to ne@zegelf-antigens from thymocytes
undergoing necrosis and apoptosis and translase #eents into intracellular signals that
lead to the development of self-tolerant T cekowever, the predecessor of the TCR
contained a single signaling chain that includsthgle ITAM. The reason for 10
ITAMs in the TCR is unknown; however, substantidtience suggests that these
ITAMS are specifically required to overcome signglthresholds and/or direct signaling

pathways that are necessary for efficient posdive negative selection.

T cell development occurs in an environment in WHI€R expression is
maintained at very low levels. Thus, 10 ITAMs ntigle necessary to additively increase

ITAM signaling in order to provide efficient sigrsaflor selection. This is supported by

122



data from mice in which some or all CD3 ITAMs hdeen mutated or eliminated in T
cells bearing low affinity TCRs, resulting in inefent positive and negative selection of
several subsets of cells. Furthermore, the fattttie TCR is organized into two distinct
signaling modules, the CDB/d¢ heterodimer and the CZZ homodimer, suggests that
signal discrimination might also be necessary suemefficient selection. This type of
signaling could be required for the induction tl&idct signaling pathways involved in
positive versus negative selection. The constiguphosphorylation of CD3in
developing thymocytes could also provide some lefisignal attenuation and/or
receptor desensitization, which likely further admites to the appropriate selection of T
cells. Taken together, these data indicate th& $ignaling during thymocyte
development is a highly regulated process, as swbtie reductions can disrupt
development. Thus, the evolution of the TCR complas a precise and deliberate event
in order to provide multiple and meaningful layefsignal transduction during

thymocyte development, thereby directing the deumlent self-tolerant T cells.
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Figure 27: INKT cells from YF1,2 mice proliferate less efficiently than
WT and YF1-6 iINKT cells. Splenocytes were isolated from the indicated
mice. B220 cells were depleted using anti-B220 metig beads. The
remaining cells were CFSE labeled. 500,000 cedisevplated per well of a 96
well round bottom plate. Six wells were plated peouse. Cells were
stimulated with 100 ng/md-GalCer. A. Cells were harvested after 96 hours of
stimulation, and stained with anti-C@3acific Blue, -B220 and CD11b APC-
Cy7, unloaded CD1d tetramer APC, and PBS57-loadeddCtetramer PE.
B220, CD11b, and APC tetramer positive cells weaited out. The INKT
cells were then identified as CH3™%*CD1d tetramércells.B. Histograms
represent INKT cells.
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Figure 28: Fewer CD8" T cells from YF1-6 mice produce | FN-y following
anti-CD3 stimulation. Splenocytes were harvested from the indicated mice.
Red blood cells were lysed. 1 x°It®lls were added to each well of a 24 well
plate. Cells were stimulated with soluble anti-ED®Ab for 24 hours. Cells
were harvested and stained with anti-CD4 APC, @8 FITC. Cells were
then washed and permeablized using BD Cytofix/Cstopkit. Cells were
then stained intracellularly with anti-IF}N-PE. Bar graphs represent the
percentage of CO8T cells producing IFNt Data are representative of at
least 3 independent experiments with 3-5 mice peupy Statistics generated
by Student’s t testp < 0.002
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Figure 29: Clearance of primary rLM-Ova infection is not dependent on
CD3{ ITAMs. C57BL/6 (B6) or YF1-6 mice were injected with Q00 CFU
of r(LM-Ova. Three days post-infection, mice weeerdficed, and spleen and
livers were harvested and cells were lysed inlst@rater. Serial dilutions of
lysates were made and total colony forming unitUYCwere calculated in
each organ.
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Figure 30: Effector and central memory CD8" T cellsareincreased in YF1-6 mice
compared to WT mice. Splenocytes and lymph node cells were harvestedd
blood cells were lysed in the spleen. Cells wéaeed with anti-CD4, anti-CD8, anti-
CD44, and anti-CD62L. Cells were gated on CO8cells and analyzed for the
expression of CD4€D62L effector memory (EM), CD4ED62L" central memory
(CM), and CD44CD62L" naive CD8T cells. * p < 0.05. Statistics were generated by

Student t's test.
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Figure 31: CD44°CD8" T cells produced higher levels of IFN-y following
IL-12 and IL-18 stimulation in vitro. Splenocytes were harvested and red
blood cells were lysed. 1 x d@ells were plated per well of a 6 well plate.
Recombinant IL-12 and IL-18 were added. Cells vatiraulated for 24 hours
at 37 degrees Celsius. Cells were harvested, tanted with anti-CD4 and —
CD8. Cells were washed and then fixed and pernesblusing BD
Cytofix/Cytoperm kit. Cells were then stained auellularly using anti-1IFN¢
PE. Cells were analyzed by flow cytometry using BD FACSCalibur. Plots
represent the percentage of CIFN-y" T cells. Each dot represents a mouse.
Statistics were generated using the Student tis t&gp< 0.005.
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Figure 32: iINKT cell signaling in CD3 ¢ wild type mice. Once the TCR is engaged
by glycolipid/CD1d complexes, CDGZITAMs are biphosphorylated by Lck, leading to
the recruitment of ZAP-70 via its tandem SH2 domeaiithis leads to an intracellular
signaling cascade that results in the recruitmdnttlo to the signaling complex,
enhancing the activation of PLYC- This amplifies TCR signaling by increasing
intracellular calcium signaling. This results retactivation of calcineurin which goes
dephosphorylates and activates NFAT, which tramséscinto the nucleus. NFAT
then upregulates Egr2 expression, a transcrip@atof that regulates genes that are
necessary for INKT cell selection, development andlirvival.
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