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Abstract
Linker for Activation of T cells, LAT, is a transmembrane adaptor protein that is
vital for integrating TCR-mediated signals that modulate T cell development, activation,
and proliferation. Upon engagement of the T cell receptor, LAT is phosphorylated and
associates with Grb2, Gads, and PLCγ1 through its four distal tyrosine residues. Mutation
of tyrosine 136 abolishes LAT binding to PLCγ1. This results in impaired TCR-mediated
calcium mobilization and Erk activation. LATY136F knock-in mice have a severe but
incomplete block in T cell development. Yet, CD4+ αβ T cells undergo uncontrolled
expansion in the periphery, resulting in a severe autoimmune syndrome characterized by
Th2 skewing and resultant B cell autoreactivity. Here, we further studied the role of
LAT-PLCγ1 signaling in T cell lineage commitment, cytokine production, and
autoimmunity.
First, we investigated the importance of the LAT-PLCγ1 interaction in γδ T cells
by crossing LATY136F mice with TCRβ-deficient mice. Our data showed that the
LATY136F mutation had no major effect on the homeostasis of epithelial γδ T cells,
which could be found in the skin and small intestine. Interestingly, a population of CD4+
γδ T cells in the spleen and lymph nodes underwent continuous expansion and produced
elevated amounts of IL4, resulting in an autoimmune syndrome similar to that caused by
αβ T cells in LATY136F mice. Development of these hyperproliferative γδ T cells was
not dependent on expression of MHC class II or CD4, and their proliferation could be
partially suppressed by regulatory T cells. Our data indicated that a unique subset of
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CD4+ γδ T cells could hyperproliferate in LATY136F mice and suggested that LATPLCγ1 signaling may function differently in various subsets of γδ T cells.
In addition to examining γδ and αβ T cell development, we also were interested in
further exploring the role of LAT in cytokine production. While our previous data have
demonstrated that T cells in LATY136F mice are Th2 skewed, producing large amounts
of IL4, we investigated other cytokines that may be important for autoimmunity and
found that these CD4+ αβ T cells could also produce the proinflammatory cytokine IL6.
Analysis of whole cell lysates from CD4+ αβ LATY136F T cells demonstrated that
NFκB, AKT, and p38 were constitutively phosphorylated, and inhibition of these
pathways resulted in reduced IL6 production. By crossing LATY136F mice with IL6
deficient mice, we demonstrated that early T cell survival was diminished in the absence
of IL6. We further showed that this reduced CD4+ T cell pool was not due to further
blocks in development, or an increase in FoxP3+ regulatory T cells. Finally, we
demonstrated that over time, CD4+ T cells do hyperproliferate, yet B cell class switching
and autoreactivity remains low. Our data uncovered a novel role for LAT-PLCγ1
signaling in regulating IL6 production by T cells during autoimmunity.
Finally, we wanted to further examine IL4 production and T helper cell
differentiation in LATY136F mice. We examined IL4 production using KN2 reporter
mice, where huCD2 marks T cells that have recently produced IL4 protein. We
demonstrated that only a small proportion of the LATY136F T cells were actively
secreting IL4. This subset of T cells were Tfh cells that expressed BCL6 and localized to
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B cell-rich germinal centers within the spleen. Most studies to date have examined Tfh
cells in infection models, and have demonstrated that Tfh cells have very low expression
of GATA3. Our results revealed in a spontaneous T cell-mediated autoimmune model
system, that Tfh cells express both high levels of BCL6 and GATA3. Additionally, using
an inducible deletion system, where normal development occurs, we showed that Tfh
cells differentiation is the result of aberrant LAT signaling, rather than autoreactive TCRs
with high affinity for self-peptide-MHC. LATY136F Tfh cells did require B cells for
their development. Together, these results displayed a novel role for tonic LAT-PLCγ1
signaling in modulating Tfh cell differentiation and BCL6 expression.
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1. Introduction
1.1 Thymocyte development
T cell development occurs in the thymus through a tightly regulated process.
Hematopoietic stem cells (HSC) in the bone marrow are multipotent and have the
capacity for self-renewal. These cells become multipotent progenitors (MPP), which can
no longer self-renew, but remain multipotent, traffic through the blood, and enter the
thymus. MPPs have the capacity to become common lymphoid progenitors (CLP),
differentiating into B cells, NK cells, dendritic cells, and T cells. Alternatively, MPPs can
become common myeloid progenitors (CMP), differentiating into myeloid cells such as
monocytes, neutrophils, eosinophils, and basophils. CMP can also become
megakaryocytes, and resultant platelets, as well as erythrocytes [1-4].
Lymphoid progenitors enter the thymus at the cortico-medullary junction and
traffic to the cortex where they begin to rearrange T cell receptor (TCR) genes [5]. These
progenitor cells are double negative (DN) for both TCR co-receptor genes, CD4 and CD8
(CD4-CD8-). Thymocyte development is classified by surface expression of CD4 and
CD8. Cells that will eventually become αβ T cells first are DN and express neither coreceptor, then double positive (DP), expressing both CD4 and CD8, and finally single
positive (SP) and only express one co-receptor (CD4 or CD8) on the cell surface (Figure
1).
DN thymocytes are further classified based on their CD25 and CD44 expression.
DN1 thymocytes (CD25-CD44+) retain multi-lineage potential, still capable of
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Figure 1: Thymoycte development
DN (CD4-CD8-) cells progress from DN1 to DN4 where they rearrange the TCRβ, TCRγ,
and TCRδ genes. Proper rearrangement of TCRγ and TCRδ genes results in mature γδ T
cells, which exit the thymus directly from the DN compartment. Proper TCRβ
rearrangement and selection results in cell progression to the DP (CD4+CD8+)
compartment. Following positive selection, DP cells become either CD4+ SP or CD8+ SP.
Adapted from Ciofani et al., 2010 [6].
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differentiating into B cells, natural killer (NK) cells, or myeloid cells [7, 8]. DN2
thymocytes (CD25+CD44+) lose their ability to become B cells, and it is not until DN3
(CD25+CD44-) that T cell lineage commitment occurs [9]. Movement and survival during
these developmental stages are supported by cortical thymic epithelial cells (cTECs),
which express Notch ligands and produce interleukin-7 (IL7)[10, 11].
Thymocyte upregulation of recombination activating genes (RAG1 and RAG2) in
DN2 is vital for rearrangement of the TCRβ, TCRγ, and TCRδ genes [12, 13]. Proper
rearrangement of TCRγ and TCRδ genes routes T cells into becoming γδ T cells (Figure
1). These cells mature in the DN compartment and promptly exit the thymus where they
constitute a small proportion of the mature T cell pool [14]. TCRβ in-frame
rearrangement triggers surface signaling through the preTCR complex, composed of
TCRβ, an invariant pre-TCRα chain, and CD3, which routes these cells into becoming αβ
T cells. They become DN4 thymocytes (CD25-CD44-), begin to express CD4 and CD8
mRNA, and initiate DP thymocyte development (Figure 1) [15-17].
Within the DP compartment, TCRα gene rearrangement occurs. Successful
rearrangement and expression of the αβ TCR on the surface of DP thymocytes can
interact with peptides presented on major histocompatibility complex molecules (MHC)
on the surface of cTECs and dendritic cells [18]. These DP cells express CD4 and CD8
that can bind the invariant regions of MHC class II and MHC class I, respectively. The
intracellular domain of CD4 and CD8 can bind and bring Src family kinases such as Lck
to the TCR complex, which aids in initiation of TCR signal transduction [19-22].
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DP thymocytes, unlike DN thymocytes, are unresponsive to IL7, and require TCR
signaling for survival [23]. Most DP thymocytes (95%) fail to interact with MHC
molecules. Therefore without TCR-mediated signaling, there are no survival signals and
these cells undergo death by neglect. DP thymocytes with surface TCR that can bind to
MHC molecules, and therefore are potentially useful, will survive. This process is called
positive selection. After positive selection, cells move from the cortex towards the
medulla [24]. DP thymocytes with high avidity for self peptide-MHC presented on
dendritic cells and thymic epithelial cells, which will likely bind self-derived antigens as
mature T cells, undergo programmed cell death called apoptosis [25]. This process is
negative selection. Only about 3-5% of maturing T cells survive past these checkpoints
[26, 27].
After selection occurs, DP thymocytes must undergo a lineage choice to become
either CD4+ SP or CD8+ SP thymocytes. Many hypotheses have been proposed to explain
how lineage fate decisions are made in the thymus. The most widely accepted is the
kinetic signaling model (Figure 2) [28]. TCR signaling in the DP compartment turns off
transcription of the cd8 gene [29]. Cells remain uncommitted yet appear CD4+CD8low and
are called intermediate single positive (ISP) [30, 31]. At this stage, if TCR signals persist
without CD8 expression and with CD4, this indicates that the cell is binding MHC class
II, and it will become a CD4+ T cell. Alternatively, if TCR signals are diminished without
CD8 expression, this indicates that the cell is binding to MHC class I but lack CD8
recruitment of Lck. It will then become a CD8+ T cell. Since these cells are no longer
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Figure 2: The kinetic signaling model
DP thymoyctes that have undergone positive selection terminate cd8 gene transcription,
appear CD4+CD8lo, and are called intermediate single positive thymocytes. The
persistence of TCR signaling promotes CD4+ SP T cell maturation. The absence of TCR
signaling initiates co-receptor reversal and allows IL7 signaling. These cells become
CD8+ SP T cells. Adapted from Singer et al., 2008 [28].
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receiving TCR signals required for survival, IL7 and other common γ chain cytokines
prevent ISPs that are transitioning to CD8+ SP cells from cell death. Additionally, IL7
signals increase cd4 silencing, while cd8 transcription initiates in a process called ‘coreceptor reversal.’ Cells that will become CD4+ T cells have persistent and optimal TCR
signaling do not require signaling through the IL7R [29].
In addition to TCR and IL7 signaling, the transcription factors Th-POK and
Runx3 are also important in lineage decisions in the thymus. Th-POK is a transcription
factor that is first expressed in CD4+CD8lo ISP cells, and persistent TCR signaling
promotes Th-POK expression [32]. In turn, Th-POK maintains cd4 transcription by
repressing RUNX3, and dampens cd8 transcription [33, 34]. While RUNX3 is not
thought to be directly involved in CD8+ T cell lineage choice, it is upregulated in CD8+
thymocytes and can bind the cd4 silencer region [34].
Once SP thymocytes are lineage committed and express only CD4 or CD8, they
traffic into the medulla. Medullary thymic epithelial cells (mTEC) and dendritic cells
present tissue-specific self-antigen to SP thymocytes to further detect self-reactive T cells
that escaped negative selection [25]. Mature thymocytes exit the thymus through the
perivascular space and enter circulation where they are poised to mount an immune
response [35, 36].
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1.2 TCR signaling pathway
1.2.1 Early TCR signaling events
Immune cells express receptors that are able to detect and elicit responses to
foreign antigens. Cells of the innate immune system recognize common antigens found
on many microbes, which bind to pattern recognition receptors (PRR) such as Toll-like
receptors (TLR), evoking a nonspecific yet rapid immune response. These signaling
pathways induce macrophage and neutrophil phagocytosis, cytokine production, and
antigen presentation, all of which are important for pathogen clearance and directing an
adaptive immune response. Cells of the adaptive immune system, such as T and B cells,
recognize specific antigens through receptors termed T cell receptors (TCR) and B cell
receptors (BCR), respectively. Each cell expresses multiple copies of one receptor that
has a different binding affinity and antigen specificity compared to every other T cell or
B cell. Engagement of these receptors prompt cell proliferation, differentiation, and
effector function.
Initiation of T cell signaling occurs when MHC molecules presenting peptide
antigen on antigen-presenting cells (APCs) bind to the TCR [37]. T cell co-receptors,
CD4 and CD8, bind MHC molecules with their extracellular domain and bind Src family
kinases, such as Lck (lymphocyte-specific protein tyrosine kinase) and Fyn with their
cytoplasmic domain. These coreceptors allow for targeted delivery of Lck to the TCR
[38]. Lck auto-activation results in phosphorylation of tyrosine residues found within
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immune-receptor tyrosine based activation motifs (ITAMS) of the T cell receptor
intracellular domain (Figure 3).
The T cell receptor complex on the surface of an αβ T cells consists of the TCRα,
TCRβ, and TCRζ chains, as well as the γ, δ, and ε chains of CD3. The subunits of CD3
form εγ and εδ dimers, and the ζ chain forms a homodimer. The CD3 subunits each have
one ITAM motif and TCR ζ has 3 ITAM motifs [39]. The TCR has no intrinsic
enzymatic activity. Instead, phosphorylated ITAM motifs act as docking sites for protein
tyrosine kinases, such as Zap70 (ζ chain associated protein of 70kDa), which bind ITAMs
through Src homology 2 domains (SH2) [40, 41]. Mutation of these ITAM motifs results
in impaired TCR signaling, demonstrating the importance of ITAM phosphorylation in
creating docking sites and for propagating signals downstream of the TCR [42-44]. Once
bound to the TCR, Zap70 is then phosphorylated and activated by Lck. In turn, Zap70
phosphorylates many downstream proteins, most importantly, the adaptor molecule LAT.

1.2.2 LAT signalsome
Since TCR engagement results in many downstream signaling events such as T
cell activation, proliferation, and differentiation, signals from the TCR must radiate into
various signaling cascades rapidly. Adaptor proteins lack enzymatic activity but have
docking domains for other proteins, enabling them to mediate interactions between
molecules, resulting in branched signaling networks. For many years, it was observed
that a 36-38 kDa protein, localized to the plasma membrane, was highly tyrosine
phosphorylated upon ligation of the TCR and associated with growth factor receptor
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Figure 3: Proximal TCR signaling pathways
Upon TCR engagement, tyrosine kinases, such as Lck, phosphorylate ITAMs on the TCR
complex, which includes CD3 and TCRζ. Phosphorylated ITAMs act as a docking site
for Zap70, which is also phosphorylated and activated by Lck. In turn, Zap70
phosphorylates many tyrosine residues on LAT allowing it to bind Gads, Grb2, and
PLCγ1.
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bound protein 2 (Grb2), phospholipase C gamma-1 (PLCγ1), and the p85 subunit of
phosphatidylinositol 3-kinase (PI3K) [45-47]. It was hypothesized that this protein
served as a critical link connecting TCR engagement at the membrane to activation of
signaling events in the cytosol.
In 1998, the gene encoding this protein was identified after microsequencing
phosphorylated proteins purified from the membrane fractions of activated Jurkat T cells
and was named LAT, linker for activation of T cells [48]. Sequencing of cDNA clones
revealed that LAT is a type III transmembrane protein that contains a short extracellular
domain, a transmembrane domain, and a long cytoplasmic tail. While LAT has no
apparent structural domains, it has multiple tyrosine motifs for binding Grb2. Further
biochemical analysis confirmed that it does directly interact with Grb2, PLCγ1, and p85
[48]. In 2003, the other member of the LAT protein family, linker for activation of B
cells (LAB)/non-T cell activation linker (NTAL), was discovered [49, 50].
The indispensible role of LAT in TCR-mediated signaling was first demonstrated
by studies using LAT-deficient Jurkat T cell lines (J.CaM2). Loss of LAT in Jurkat cells
demonstrated the requirement of LAT for TCR-mediated calcium flux, CD69
upregulation, Erk activation, IL2 production, and gene transcription of AP-1 (activator
protein 1) and NFAT (nuclear factor of activated T cells). Phosphorylation of PLCγ1 and
SLP76 (Src homology domain containing leukocyte protein) in these cells was also
reduced. These signaling defects could be corrected by the reconstitution of LAT
expression in these cells [51, 52].
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Upon T cell receptor ligation and proximal TCR signaling events, ZAP70
phosphorylates LAT and other signaling proteins [39]. There are nine conserved tyrosine
residues between murine and human LAT. Among these tyrosine residues, the four distal
tyrosines, Y132, Y171, Y191, and Y226 in human LAT, mediate the binding of Grb2,
Gads (Grb2 related adaptor protein), and PLCγ1, and their phosphorylation is vital for T
cell activation [53].
Additional analysis of LAT function was demonstrated by creating constructs of
LAT with specific tyrosine-to-phenylalanine mutations (Y to F), which prevented
phosphorylation of these residues. These constructs were transfected into LAT deficient
Jurkat cells and LAT binding partners and downstream signaling pathways were
assessed. Tyrosine 132 is required for PLCγ1 binding and phosphorylation. Abolishing
this binding site results in defective calcium mobilization, and diminished Erk and NFAT
activation [53].
Grb2 and Gads association with LAT requires the three distal tyrosine residues.
The mutation of Y171 and Y191 resulted in decreased Grb2 and PLCγ1 association, and
total loss of Gads binding, indicating these two residues are required for Gads binding.
Mutation of Y171, Y191, and Y226 of LAT resulted in the failure to bind Gads and
Grb2. The abrogation of these interactions has severe consequences for AP-1 and NFAT
activation. [53]. It was demonstrated that the minimum tyrosine residues required for
TCR mediated calcium flux was Y132, Y171, and Y191. Ras-MAPK activation required
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these three tyrosine residues, and additionally required Y110 and Y226 for optimal
activation [54].
The recruitment of molecules to LAT results in the initiation of many downstream
signaling pathways (Figure 4). Grb2 recruits the Ras guanine nucleotide exchange factor,
Son of sevenless (Sos), which activates the Ras-Raf-MAP kinase pathway and results in
the activation of Erk. Phosphorylated Erk translocates to the nucleus and functions in the
assembly of AP-1 [55]. In addition, Grb2 also stabilizes the interactions between LAT
and its other binding partners, Gads and PLCγ1 [56].
By associating with LAT, Gads mediates the interaction between LAT and
SLP76, another important adaptor protein [57]. SLP76 regulates actin polymerization and
cytoskeleton rearrangement via recruitment of Vav, the guanine nucleotide exchange
factor for Rac/Rho and the adaptor Nck. SLP76 activates two important MAP kinases,
p38 and JNK. p38 contributes to T cell IFNγ production [58] and JNK acts to both
positively and negatively regulate TCR signaling. JNK1 activates c-Jun, a subunit of the
AP-1 complex, while JNK2 targets c-Jun for degradation [59-61].
Additionally, SLP76 stabilizes PLCγ1 binding to LAT and recruits the Tec kinase,
Itk, which phosphorylates and activates PLCγ1 [62]. PLCγ1 is responsible for the
hydrolysis of phosphatidylinositol bisphosphate (PIP2) to inositol triphosphate (IP3) and
diacylglycerol (DAG) [63]. IP3 is important for TCR-mediated calcium mobilization and
subsequent activation of the transcription factor NFAT. DAG has dual functions in that it
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Figure 4: LAT-mediated signaling pathways
LAT tyrosine phosphorylation creates binding sites for Grb2, Gads, and PLCγ1. Grb2
recruits Sos, a Ras nucleotide exchange factor, which activates Ras and leads to Erk
activation. Gads interacts with the adaptor molecule SLP76 to activate p38 and JNK.
PLCγ1, through hydrolysis of PIP2 can also activate Ras and induces calcium
mobilization.
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activates protein kinase C (PKC), triggering downstream NFĸB nuclear translocation, as
well as serving to activate the Ras-Erk pathway through the Ras guanine nucleotide
exchange factor, RasGRP1 [55]. Since all of these pathways depend on LAT for their
activation, it is easy to understand how the absence of LAT has severe ramifications on
TCR signaling.
While LAT mainly serves to positively regulate TCR-mediated calcium
mobilization and MAPK activation through binding Grb2, Gads, and PLCγ1, it also
negatively impacts TCR signaling by recruiting other proteins, such as Gab2 and SHIP-1.
After TCR activation, Grb2 associated binding protein 2 (Gab2), which is constitutively
associated with Gads and Grb2, is recruited to LAT and is then phosphorylated by Zap70.
Gab2, in turn, recruits SH2 domain-containing tyrosine phosphatase-2 (SHP2) to
dephosphorylate key signaling molecules, such as CD3ζ [64].
LAT can also recruit Src homology 2 domain-containing inositol polyphosphate
5-phosphatase-1 (SHIP-1) to the TCR complex though its interaction with Grb2. SHIP-1
is required to anchor downstream of kinase-2 (Dok-2) to the LAT complex as well as for
Dok-2 tyrosine phosphorylation. Together with Dok-1, Dok-2 negatively regulates
Zap70 and Akt kinase activation [65]. Through its association with negative regulators,
LAT plays a critical role in dampening signals emanating from the TCR.
In addition to its vital role in TCR-mediated signaling in the periphery, LAT is
also essential for T cell development in the thymus. LAT-deficient mice show an early
block at the DN3 (CD25+CD44-) stage of thymocyte development, resulting in no double
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positive or single positive thymocytes, indicating the importance of LAT in pre-TCR
signaling. Consequently, LAT-deficient mice lack mature αβ T cells. Moreover, γδ T
cells also need LAT signaling during development to enter the periphery [66]. Knock-in
mice that have tyrosine to phenylalanine mutations which inhibit phosphorylation of the
four distal tyrosine residues (Y136, Y175, Y195, and Y235), display the same DN3
thymocyte block, demonstrating specifically the importance of these four residues for
LAT function downstream of the preTCR [67]. Using a knock-in mouse in which LAT
is inducibly deleted upon the expression of Cre-recombinase under the control of the
CD4 promoter, our laboratory further demonstrated that LAT signaling through a
functionally rearranged αβ TCR receptor is indispensible for the transition from the DP to
SP stage of thymocyte development [68].
Biochemical analyses indicate that LAT is constitutively localized to lipid rafts,
similar to Lck and Fyn. In the juxtamembrane region of LAT, there are two conserved
cysteine residues, which are covalently modified by palmitate, a 16-carbon fatty acid.
Studies using LAT cysteine mutants clearly demonstrate that palmitoylation is required
for LAT phosphorylation and function in TCR-mediated signaling [69]. Moreover, LAT
palmitoylation is impaired in anergic T cells [70]. As of yet, the role of LAT
palmitoylation remains unclear. While palmitoylation targets LAT to lipid rafts, raft
localization of LAT is not essential for its function [71]. It is possible that palmitoylation
is required for trafficking of LAT from the Golgi to the plasma membrane [72] or simply
for stably tethering LAT to the plasma membrane.
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LAT is not just expressed in T cells, but also in mast cells, NK cells, and
megakaryocytes [48, 73]. Besides its well-defined role as a positive regulator of TCRmediated signaling, LAT is also critical for FcεRI-mediated signaling in mast cells.
LAT-deficient mast cells have impaired MAPK activation, cytokine production, and
degranulation. LAT-/- mice are resistant to IgE-mediated passive systemic anaphylaxis,
indicating the essential role of LAT in FcεRI-mediated signaling in mast cells [74].
In summary, LAT is a transmembrane adaptor protein that is required for
thymocyte development, with LAT deficiency leading to a complete absence of mature T
cells. LAT is vital for T cell activation downstream of the TCR. LAT is phosphorylated
on multiple tyrosine residues by ZAP70 tyrosine kinase and interacts with Grb2, Gads,
and PLCγ1 directly, as well as SLP-76 and Vav, and other proteins indirectly. The ability
of LAT to interact with these signaling proteins is required for TCR-mediated MAPK
activation, calcium mobilization, and cytoskeleton rearrangement, leading to T cell
survival, proliferation, activation, and cytokine production.

1.3 γδ T cells
After αβ T cells and γδ T cells exit the thymus, αβ T cells primarily traffic to
lymphoid tissues such as the spleen and lymph nodes, while γδ T cells populate the gut,
skin, and other epithelial-rich tissues [6, 14]. αβ T cells are further divided based on their
expression of CD4 or CD8. CD4+ T cells are called T helper cells (Th) and CD8+ T cells
are called cytotoxic T cells (Tc). Upon TCR binding cognate peptide-MHC class II
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molecules, CD4+ T cells become activated and secrete cytokines to help induce B cell,
macrophage, and CD8+ T cell effector function that is important for mounting an
appropriate immune response to eliminate invading pathogens. Upon TCR binding
cognate peptide-MHC class I molecules, CD8+ T cells acquire cytotoxic killing activity,
which allows them to recognize pathogen-infected cells and kill them.
While αβ T cells are vital for mounting adaptive immune responses, γδ T cells are
important for barrier protection, and their functions span innate and adaptive immunity.
γδ T cells have effector functions that allow them to kill infected or transformed cells.
They have the ability to release perforin and granzymes, and can engage death receptors
such as FAS and TRAILR [75, 76]. They can also release cytokines vital for protective
immunity such as TNF and IFNγ in response to intracellular pathogens, IL17 in response
to extracellular bacteria and fungi, and IL4, IL5, and IL13 in response to parasites. Like
αβ T cells, Tbet and EOMES are the transcription factors associated with IFNγ
production, and GATA3 is associated with IL4 production [77, 78]. γδ T cells can also
modulate immune responses by producing immunosuppressive cytokines such as TGFβ
and IL10. Finally, these cells are vital for wound healing and tissue repair through the
production of epithelial cell growth factors, including keratinocyte growth factor 1 and 2
(KGF1 and KGF2) and epidermal growth factor 1 (EGF1) [79].
γδ T cells have killing functions similar to CD8+ T cells, and release cytokines
similar to CD4+ T cells, yet these responses occur rapidly upon TCR engagement,
without the requirement of a priming step. The ability to perform these functions rapidly
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before adaptive T cell responses occur is very important. For example, IL17 induces
neutrophil expansion and maturation in the bone marrow [80, 81], and since neutrophils
traffic to the site of infection in the span of hours, a rapid IL17 response is required to
replenish the circulating pool of neutrophils. γδ T cells are an important early source of
IL17 [82], producing it days before Th17 cells develop. Most γδ T cells express memory
markers indicative of previous activation early during development, which aids in rapid
induction of effector functions. Resembling innate cells, which have PRRs that recognize
PAMPS and DAMPS (damage associated molecular patterns), γδ TCRs also recognize
conserved self antigens that are expressed by stressed cells [79].
γδ T cells have functions of both innate and adaptive immune cells, but their
functional specialization and developmental programming makes them unique. γδ T cells,
with similar and sometimes invariant γ and δ chain repertoires, are found in specific
tissues and perform restricted functions (Figure 5). For example, Vγ5+ T cells home to
the epidermis and Vγ7+ T cells home to the intraepithelial compartment of the gut. Both
γδ T cells are primed to respond to tissue injury by producing antibacterial and wound
healing responses [83]. Vγ6+ T cells produce IL17 in response to pulmonary
inflammation [84] and Vγ1+ T cells produce IL4 and IFNγ in the liver [85].
This γδ T cell “programming,” where cells with restricted TCR usage home to
specific tissues and acquire tissue-specific effector functions, occurs in the thymus.
Ordered rearrangement of the Variable (V), Diversity (D), and Junctional (J) gene
segments of the TCR occur for γδ thymocytes, whereby at various stages during fetal and
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neonatal development, tissue specific γδ T cells with similar γδ gene segments develop.
The first few waves of γδ T cell development occur in the fetal thymus and result in
invariant γδ T cells. Dendritic epidermial T cells (DETCs) reside in the skin and express
Vγ5 and Vδ1 TCRs. γδ T cells that reside in the epithelium of the reproductive tract
express Vγ6 and Vδ1 TCRs (Figure 5). These invariant γδ T cells have very little TCR
junctional diversity and are thought to recognize host antigens, allowing them to respond
to tissue damage and maintain epithelial cell barriers. The second wave of γδ T cells are
produced in the thymus postnatally. These TCRs use varied Vγ and Vδ segments, have
diverse CDR3 junctional regions, and traffic to secondary lymphoid organs and mucosal
tissues such as the lung and small intestine [86]. For example, Vγ1 rearrangement and
homing to secondary lymphoid organs occurs after birth (Figure 5) [87].
Interestingly, while the thymus is the primary lymphoid organ where T cell
development occurs, studies using athymic mice show that some γδ T cells do not
develop in the thymus. Within the intestinal intraepithelial (IEL) compartment, most
γδ T cells express TCR Vγ1, Vγ4, or Vγ7 gene segments, and uniquely express the
CD8αα homodimer. These cells were shown to express RAG proteins, indicating they
were undergoing TCR recombination events. Athymic mice retained this RAGexpressing population of IELs, which begin to express TCR mainly in the mesenteric
lymph nodes and some develop in Peyers patches [88]. More recent studies using athymic
mice lacking lymph nodes further demonstrated that primary and secondary lymphoid
structures were not required for CD8αα+ γδ IEL development [89].
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αβ T cells recognize antigen in the context of MHC and require ligand-mediated
positive and negative selection during development, yet γδ T cells do not necessarily
require MHC or antigen recognition during development. It was thought that invariant γδ
T cells using Vγ5 and Vγ6 are typically not selected on antigen [90, 91]. Yet emerging
data have shown that antigen-driven positive selection is important for the development
of DETCs [92]. Recently, fetal thymic stromal cells were shown to express an
immunoglobulin-like protein, Skint1 (selection and upkeep on intraepithelial T cells 1)
[93]. Without Skint1, Vγ5+Vδ1+ DETCs cannot be found in the epidermis, and instead, a
diverse pool of γδ T cells populates the skin epidermal layer. These replacement DETCs
do not function the same as Vγ5+Vδ1+ DETCs, as Skint1 mutant mice develop
spontaneous skin inflammation, potentially through the ability of these TCRs to
recognize different ligands [94].
While DETCs require ligand binding in the thymus for development, the
development of variable, antigen-specific γδ T cells from the adult thymus does not
require ligand expression in the thymus. This was first studied using transgenic mice with
a TCR (clone G8) specific for the MHC class Ib molecules, T10 and T22. T10/T22 is the
natural ligand for up to 2% of γδ T cells [95]. In β2-microgloublin deficient mice, which
do not express T10 or T22, G8 T cells developed normally [96], thus positive selection is
not required for γδ T cell development. C57BL/6 mice express both T10 and T22, and
expression of these molecules reduced G8 T cell development [97], thus ligand-driven
negative selection does occur for some γδ T cells.
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Comparison of T10/T22-specific γδ T cells in C57BL/6 and β2-microgloublin
deficient mice allows for the comparison of antigen experienced and antigen
inexperienced T cells respectively. T10/T22-specific T cells from C57BL/6 mice
expressed higher levels of CD122, the common β chain receptor for IL2 and IL15, than
T10/T22-specific T cells from β2-microgloublin deficient mice [86]. Upregulation of
CD122 on both αβ and γδ T cells is used to indicate previous recognition of self-ligand.
Thus, CD122lo γδ T cells likely do not bind antigen or MHC in the thymus, while
CD122hi γδ T cells do engage ligands.
Interestingly, it has been shown that CD122lo γδ T cells tend to produce IL17 after
TCR stimulation, while CD122hi γδ T cells secrete IFNγ. These data suggests that
perhaps antigen naïve γδ T cells are primed to produce IL17, while antigen-experienced
cells make IFNγ [98]. Interestingly, studies have demonstrated that only CD4-expressing
γδ T cells produce IL4 [99, 100]. These results put forth the hypothesis that development
in the thymus, both with regards to temporal development, γ and δ gene rearrangement,
and ligand binding, helps program peripheral effector functions. γδ T cells developmental
programming allows these cells to respond quickly and act as the first line of defense in
the periphery.

1.4 CD4 T cell differentiation
Following injury, infection, or cellular transformation, both the innate and
adaptive immune cells use various surface receptors to detect environmental changes and
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mount appropriate responses. Innate cells, such as neutrophils, macrophages, dendritic
cells, and natural killer cells, express pattern recognition receptors (PRR) to detect
surface determinates that are broadly expressed by invading microorganisms, termed
pathogen-associated molecular patterns (PAMPS) [101]. Engagement of PPRs, such as
Toll-like receptors (TLRs) or NOD-like receptors (NLRs), induce an inflammatory
response. Cytokines, chemokines, and other tissue factors recruit, activate, and polarize
innate cells to engulf foreign pathogens and kill infected cells.
When the innate immune system cannot resolve infection rapidly, innate cells
help trigger an adaptive immune response. Dendritic cells act as professional antigen
presenting cells (APCs). They internalize pathogens, process them into small peptides,
which are then presented in the context of MHC molecules to αβ T cells within secondary
lymphoid organs [102].
Naïve CD4+ helper T cells (CD44loCD62Lhi) require multiple signals from APCs
to mount an appropriate immune response. The first signal is the recognition of peptide
presented in MHC class II by the TCR, which was discussed previously (Section 1.2).
The second signal is costimulation. The interaction between costimulatory molecules
such as CD40L and CD28 on T cells with CD40 and CD80/CD86 on APCs is vital.
CD28 through PI3K facilitates IL2 production, and also activates BCL2 and BCL-XL to
prevent cell death [103]. Without costimulation, T cells fail to activate and can become
anergic. The third signal produced from mature polarized APCs is cytokines, and it is
thought to be the most important for helper T cell differentiation [104].
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Certain cytokines promote polarization of different helper T cell subsets (Figure 6). For
example, antigen stimulation of naïve T cells in the presence of IL12 and interferon-γ
(IFNγ) promotes T cell skewing to Th1, while IL4 promotes T cell skewing to Th2.
Transforming growth factor-β (TGFβ) and IL6 instigates skewing towards Th17, and
TGFβ and IL2 leads to the emergence of regulatory T cells (Tregs). While follicular
helper T cells (Tfh) are a more recently defined subset, it is thought that IL6 or IL21 is
important for their differentiation. Engagement of cytokine receptors activates Janus
kinases (JAK) that in turn phosphorylate signal transducers and activation of transcription
proteins (STAT). STAT proteins then translocate to the nucleus and initiates transcription
of various gene programs [104]. Once helper T cells become activated and differentiated,
they can then carry out various effector functions at the site of injury or infection.

1.4.1 Th1 cells
Th1 cells play a vital role in controlling intracellular pathogens such as viruses
and bacteria. The effector function of Th1 cells is orchestrated through production of
IFNγ, IL12, and TNF [105]. Interferon-γ activates macrophages by stimulating their
microbicidal activity, increasing their MHC surface expression, and inducing secretion of
IL12 to further promote Th1 differentiation. IFNγ also induces B cell class switching to
IgG2a, an antibody that promotes phagocytosis by binding high affinity Fc
receptors on macrophages. Finally, Th1 cells produce IFNγ and IL2 that initiates CD8+ T
cell maturation into cytotoxic T cells.
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Figure 6: CD4+ helper T cell differentiation
Antigen presenting cells (APCs) activate naïve CD4+ T cells in the presence of various
cytokines. These cytokines determine the lineage fate of the cell, and induce the
expression of transcription factors that drive differentiation and further cytokine
production.
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Both IL12 and IFNγ are necessary for Th1 cell differentiation from naïve CD4+ T
cells. APCs produce IL12, which can bind to the IL12R on T cells, initiating JAK2/
STAT4 signaling [106]. This leads to upregulation of IL-12Rβ expression, IFNγ
production, and increases the expression of T-box expressed in T cells (Tbet). Tbet is the
transcription factor that is essential for Th1 differentiation [107]. Mice deficient in Tbet
produce the Th2 cytokines IL4 and IL5 [108, 109]. Tbet can bind to the Ifng gene and
promote its expression. Both Tbet and STAT4 negatively regulate IL4 and GATA3, and
thus dampen Th2 skewing. IFNγ can also amplify Th1 programming in a positive
feedback loop by signaling through JAK1/JAK2 to activate STAT1 and further induce
Tbet expression [110, 111].

1.4.2 Th2 cells
Th2 responses are vital for clearance of extracellular parasites, primarily
helminths. Yet, Th2 responses can be harmful and are known for their prominent role in
asthma and allergic inflammation of the respiratory tract. Th2 cells produce the cytokines
IL4, IL5, IL13, IL9, and IL10 [105]. These Th2 cytokines promote B cell class switching
and secretion of IgE, IgM, and IgG1. Mast cells and eosinophils are also activated by Th2
cytokines, and can bind these antibodies through Fcε receptors, causing degranulation
and release of cytotoxic particles.
IL4 is vital for expression of GATA3, the Th2 master regulator transcription
factor [112, 113]. The absence of GATA3 abolishes Th2 differentiation, while the
overexpression of GATA3 in Th1 cells prompts them to produce IL4, and inhibits IFNγ
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[114-116]. It is unclear as to which cell type, memory T cells, naïve T cells, or innate
cells such as basophils or APCs are the initial source of IL4 to instigate Th2 skewing.
Regardless of the source, IL4 signals through the IL4R and common γ chain dimer
leading to phosphorylation of JAK1/JAK3 and STAT6. STAT6 is necessary and
sufficient to induce high levels of GATA3 [117], which functions to create an open
conformation of the il4, il5, and il13 gene locus [118]. This creates an important positive
feedback loop where T cell-mediated IL4 promotes GATA3 expression, which further
enforces IL4 production.
While STAT6 signaling is important for GATA3 upregulation, Th2 skewing and
GATA3 upregulation can still occur without STAT6 [119]. Both Notch signaling and
STAT5 signaling have been implicated in Th2 skewing. Th2 in vivo immune responses
are impaired without Notch, while forced expression of the Notch intracellular domain
increased GATA3 expression, and subsequent IL4 production, even in the absence of
STAT6 [120, 121]. Similarly, the absence of STAT5a, an isoform of STAT5, dampens
Th2 differentiation. STAT5 is phosphorylated and activated downstream of IL2
engagement with the IL2R. This signaling pathway was shown to induce Th2 cytokine
production, IL4R expression, and inhibit Tbet [122]. Together, these data demonstrate an
important role for STAT6, Notch, and STAT5 signaling in the induction of Th2
immunity.
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1.4.3 Th17 cells
Th17 cells were initially characterized by studies examining the T helper cell
subsets important for experimental autoimmune encephalomyelitis (EAE), the mouse
model of multiple sclerosis (MS). Th1 cells were originally thought to be the mediator of
this autoimmune disease, since deletion of Tbet, the Th1 master regulator, or STAT4,
which is activated downstream of IL12, alleviated EAE induction. Yet it was later shown
that loss of IFNγ or certain subunits of the IL12R did not mitigate EAE [123, 124]. The
discovery of a new cytokine, termed IL23, later explained the disparate findings
regarding the role of Th1 cells in EAE [125]. IL23 was found to signal using the p40
subunit of the IL12R, and it was shown that IL23, not IL12, was crucial for induction of
EAE. This new cytokine promotes IL17 production in T cells, and thus a new helper T
cell subset was found, called Th17 [126].
Th17 cells are critical for the clearance of pathogens that Th1 and Th2 cells are
not able to resolve, such as certain fungal infections. They are especially important in
mucosal and barrier protection, and produce IL22 to promote epithelial cell secretion of
anti-microbial particles. Th17 cells can also be detrimental, inducing tissue inflammation
and instigating autoimmune diseases.
TGFβ and IL6 are both important for induction of IL17-producing Th17 cells
from naïve CD4+ T cells [127-129]. IL6 signals through STAT3 to induce RORγt, the
transcription factor responsible for IL17 production [130]. STAT3 can also bind to the
il17 and il21 promoters to increase production of these cytokines. It was shown that IL21,
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which also signals through STAT3, functions in conjunction with TGFβ to induce Th17
differentiation [131]. Therefore, Th17 cell-production of IL21 also works as an autocrine
positive feedback loop to amplify differentiation. TGFβ is vital for upregulation of the
IL6R, especially since TCR stimulation induces IL6R shedding or downregulation. TGFβ
also upregulates IL23R expression, which is essential since IL23 signaling is vital for
terminal differentiation and commitment of Th17 cells [123].

1.4.4 Treg cells
TGFβ also plays an important role in inducing regulatory T cells (Tregs) in the
periphery. It is an inhibitory cytokine that is produced by innate immune cells and also by
natural Tregs, which are thymically derived cells. TGFβ induces expression and
maintainence of FoxP3, a Treg-specific transcription factor [132, 133]. Tregs function to
suppress immune responses through production of anti-inflammatory cytokines, IL10 and
TGFβ. They also are characterized by high surface CD25, a subunit of the IL2R. This
allows them to dampen immune responses by acting as an IL2 sink, preventing
conventional T cells from using IL2 to support proliferation. Furthermore, Tregs block T
cell activation by constitutively expressing CTLA-4, which competes with CD28 to bind
the costimulatory molecules, CD80/CD86 on innate cells, thus inhibiting costimuation of
other T cell and inducing anergy [134].
The importance of Tregs in modulating the immune system was seen in scurfy
mice and IPEX patients (immunodeficiency, polyendocrinopathy, enteropathy, X-linked
syndrome) who display lymphoproliferation and multi-organ infiltration. These immune
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disorders are a result of mutations in the foxp3 gene resulting in the absence of regulatory
T cells [135-137].

1.4.5 Tfh cells
CD4+ T cells found within the germinal center have been observed for a long
time, yet it wasn’t until 2009 that follicular helper T cells (Tfh) were recognized as their
own subset of helper T cells [138-141]. Tfh cells express surface molecules and secrete
cytokines that are important for germinal center formation and maintenance, helping with
B cell differentiation to plasma or memory B cells, and with B cell isotype switching. For
example, Tfh cells express CD40L, which binds to CD40 on B cells to induce activation,
proliferation, and survival. They also express SAP, which helps with B cell-T cell
conjugate formation, and ICOS, which binds ICOSL on B cells and initiates/maintains
Tfh differentiation and GC formation. Tfh cells produce the cytokines IL4 and IL21. IL4
is a B cell survival factor and IL21 promotes GC B cell differentiation [142].
BCL6 is the transcription factor associated with Tfh cells. GC B cells also express
it. In T cells, BCL6 functions as a transcriptional repressor, blocking expression of
transcription factors important for differentiation of other helper T cell subsets, such as
GATA3, Tbet, and RORγt [140]. It was demonstrated using STAT3 deficient mice that
this transcription factor was required for Tfh differentiation, and that STAT3 can bind to
the BLC6 promoter [139, 143]. IL6 and IL21 are both cytokines that initiate
phosphorylation and activation of STAT3. One study used an in vitro culture system to
demonstrate that TCR engagement in the presence of IL6 or IL21 drove BCL6 mRNA
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expression. These data are somewhat controversial, as other groups could only detect
IL6-induced IL21 mRNA expression, but not BCL6 [140, 144, 145]. Mice deficient in
either IL21 or IL6 exhibited normal Tfh development upon infection [146]. These results
suggest that further work is required to fully understand the signaling pathways required
for Tfh lineage differentiation and commitment.
One major role for Tfh cells is to induce B cell class switching. It is known that
cytokines help dictate class switching to the appropriate isotype depending on the
pathogen. IgG2a is induced by IFNγ and is vital for intracellular pathogen clearance. IgE
is induced by IL4 and is important during parasite infections. While these cytokines were
conventionally thought to be produced by Th1 and Th2 cells, Tfh have been shown to
produce both cytokines at low levels [139]. Recently, during worm infection, it was
shown that the primary IL4-producing T cells in secondary lymphoid organs was Tfh
cells, while the primary IL4-producing T cell at the site of infection was Th2 cells. When
examining B and T cell conjugates, the IL4-producing Tfh cells were interacting with B
cells undergoing class switching to IgG1 [147]. While BCL6 acts to dampen expression
of other helper T cell transcription factors, those factors are not completely suppressed,
which may explain how Tfh can produce Th1, Th2, and even Th17 cytokines.
The relationship between Tfh and other CD4+ T cell lineages is not yet well
understood. It is not yet known whether these cells are a distinct lineage that
differentiates from naïve CD4+ T cells, whether there is plasticity between CD4+ T cell
lineages, or if various Tfh are actually derived from Th1, Th2, and Th17 cells.
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1.5 LAT mediated autoimmunity
LAT clearly plays an indispensable role in thymocyte development as LAT
deficient mice lack peripheral T cells [66]. Studies using cell lines expressing mutant
forms of LAT demonstrate which tyrosine residues are required for binding Gads, Grb2,
and PLCγ1 [53, 54]. To understand the roles of these interactions in thymocyte
development, T cell homeostasis, activation, and function, mice with LAT tyrosine to
phenylalanine mutations were designed. Interestingly, mice with LAT mutations
developed autoimmune-like conditions characterized by hyperproliferative T cells,
demonstrating an important role for tonic LAT signaling in maintaining T cell
homeostasis.

1.5.1 LAT in CD4+ T cell-mediated autoimmunity
LAT is able to bind PLCγ1 via tyrosine 136 in mice. Abolishing this binding site
in cell lines results in defective calcium mobilization and Erk and NFAT activation [53].
To investigate the role of LAT-PLCγ1 signaling in T cell development and activation in
vivo, two groups independently generated LATY136F knock-in mice, where tyrosine 136
is replaced with a phenylalanine. These mice have a block in thymocyte development;
most thymocytes are unable to progress past the DN compartment, specifically DN3, due
to insufficient signaling through the preTCR complex. The thymus does contain small
populations of DP and SP thymocytes, which are able to populate the periphery [148,
149].
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Remarkably, the CD4+ T cells that do mature in the thymus and escape to the
periphery are hyperproliferative, causing splenomegaly, lymphadenopathy, and
eventually, a fatal autoimmune-like disease. CD4+ T cells dominate peripheral lymphoid
organs and infiltrate other tissues, such as the liver, lungs, and kidneys. LATY136F
CD4+ T cells have an effector memory phenotype (CD44hiCD62Llo), express low levels
of surface TCR, and secrete large amounts of Th2 cytokines, including IL4. These mice
have increased B cell, macrophage, and eosinophil numbers, yet are devoid of γδ and
CD8+ T cells. High levels of serum IgE, IgG1, and IgM are detectable and serum
autoantibodies are present in these mice [148, 149]. These results demonstrate that
signaling through LAT-PLCγ1 is required for proper thymocytes development, yet also
has an inhibitory function for CD4+ T cell homeostasis.
Although LATY136F-mediated disease is characterized by Th2 skewed cells
producing IL4, LATY136F T cell hyperproliferation is not dependent on the assumption
of a Th2 lineage. Th2 programming occurs when early, low levels of IL4 signal through
the IL4R, inducing STAT6 mediated GATA3 upregulation [150]. STAT6-/-LATY136F
mice display similar CD4+ T cell expansion when compared to LATY136F mice,
however these pathogenic T cells are Th1 skewed, demonstrating high Tbet mRNA
expression and IFNγ production [151]. These Th1-programmed T cells induce B cell
class switching, resulting in enhanced serum IgG2a and IgG2b. Moreover, unlike
LATY136F mice, STAT6-/-LATY136F mice have an expanded CD8+ T cell population
[151]. These data indicates that disruption of signaling through LAT-PLCγ1 allows for
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hyperproliferation of CD4+ and CD8+ T cells. Of note, it has yet to be determined if γδ T
cells undergo uncontrolled expansion in the absence of LAT-PLCγ1 signaling.
The autoimmune-like phenotype seen in LATY136F mice suggests that the
peripheral T cells could be responding to self-antigen presented on MHC molecules,
inducing their proliferation. Indeed a study using the HY-TCR transgenic system
uncovered that the thymic selection processes, which are meant to prevent self-reactive T
cells from entering the periphery, are defective in LATY136F mice [152]. Furthermore,
these mice do not contain T regulatory cells (CD4+CD25+Foxp3+), which are normally
critical to control T cell expansion. Adoptive transfer of normal T regulatory cells into
neonatal LATY136F mice can prevent development of the autoimmune syndrome [153].
Yet, there is also evidence that LATY136F T cell proliferation does not simply
result from self-reactivity, but from altered intrinsic mechanisms. First, LATY136F T
cells are polyclonal and express low levels of surface TCR [148, 149]. Antigen, both self
and foreign, is presented to CD4+ T cells through MHC class II molecules on the surface
of APCs. To understand the requirement for MHC in LATY136F T cell proliferation,
first CFSE-labeled LATY136F T cells were transferred into T cell deficient hosts.
Studying the dilution of CFSE, these T cells underwent slow, homeostatic proliferation,
which is dependent on IL7 and MHC-TCR signaling, and not rapid proliferation, which
only requires MHC-TCR signaling. Furthermore, CFSE labeled LATY136F T cells were
also transferred into IL7-deficient hosts or MHC-deficient hosts. In the absence of IL7,
LATY136F T cells displayed decreased proliferation and CFSE dilution, compared to
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LATY136F T cells transferred into MHCII-/- hosts, which showed normal CFSE dilution
[154]. This indicates that IL7 signaling, not MHC-TCR signaling, is important for the
hyperproliferative phenotype of LATY136F T cells.
To further demonstrate that LATY136F-mediated disease cannot be solely
attributed to defective thymocyte development, an inducible deletion model was
developed, by which normal thymic development is allowed to occur through the use of a
floxed wildtype LAT allele. Upon injection of tamoxifen, this wildtype floxed allele is
deleted in mature T cells using a Cre-loxP system driven by estrogen receptor (ER),
allowing expression of only the recessive mutant LAT allele (ERCre+LATf/m, f=floxed,
m=Y136F) in peripheral T cells. ERCre+LATf/+ mice were used as controls, where
deletion of the floxed wildtype LAT allele leaves expression of a wildtype LAT allele
(+=wildtype) [155].
These ERCre+LATf/m mice develop a disease similar to LATY136F mice,
indicating that T cell hyperproliferation in the absence of LAT-PLCγ1 interaction cannot
be solely attributed to defective thymic selection. These mice had increased numbers of
CD4+ T cells and B cells. The CD4+ T cells had an activated phenotype and produced
IL4. ERCre+LATf/m mice contain Foxp3+ T cells, yet they were unable to suppress
conventional T cells in vitro [155].
Interestingly, mice with LAT inducibly deleted in mature T cells also developed a
similar, yet less severe, autoimmune syndrome [156, 157]. Using ERCre+LATf/- mice (=knockout), tamoxifen-induced deletion of the floxed WT LAT allele deletes all
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functional LAT in mature T cells. These T cells have a defect in long-term survival and
Tregs had reduced expression of FoxP3 and impaired suppressive function. Finally,
deletion of LAT in mature primary T cells resulted in lymphopenia-driven proliferation
of CD4+ T cells with enhanced Th2 cytokine production [156].
Together, these data indicates that LAT functions as a negative regulator of T cell
homeostasis and expansion. Specifically, in the absence of the LAT-PLCγ1 interaction,
CD4+ T cells expand and produce Th2 cytokines, suggesting a fundamental role for LATPLCγ1 signaling in the repression of this T helper cell program.

1.5.2 LAT in γδ T cell mediated autoimmunity
In addition to the knock-in mouse model with the LAT-PLCγ1 binding site
mutated, mice were generated in which LAT binding to both Gads and Grb2 was
inhibited. These mice, LAT3YF mice, harbor mutations at the three distal tyrosine
residues, Y175, Y195, and Y235. Whereas LATY136F mice have a partial block in
development at the DN3 stage, LAT3YF mice have a complete block in the DN
compartment, indicating that signaling through Gads and Grb2 is essential for preTCR
signaling and thymocyte development of αβ T cells. γδ T cells, on the other hand,
rearrange both TCR genes in the DN compartment. LAT3YF mice contain decreased
numbers of thymocytes with both TCRγ and TCRδ alleles rearranged and expressed on
the cell surface; however, these cells are able to populate the periphery. By six months of
age, the pool of γδ T cells in peripheral lymphoid organs expands, resulting in
splenomegaly and lymphadenopathy. The hyperproliferative LAT3YF T cells produce
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Th2 cytokines, driving elevated serum IgE and IgG1 levels [158]. These data indicates
that LAT-mediated signaling through Gads and Grb2 is required for αβ T cell
development, and is also necessary to regulate γδ T cell homeostasis.      

1.5.3 LAT mediated T cell proliferation
One aspect that is shared by all forms of LAT-mediated autoimmunity is the
hyperproliferative nature of the T cells. Mutation of LAT binding sites results in a block
in thymic development; therefore, T cells that do exit the thymus enter a lymphopenic
environment. Lymphopenia-driven homeostatic proliferation of CD4+ T cells occurs in
two forms. The first type of proliferation is slow, dependent on IL7 and MHC
interaction. Homeostatic proliferation can also be rapid, requiring antigen-MHC-driven
TCR signaling. T cells with LAT deleted in the periphery (ERCre+LATf/-) fail to undergo
rapid homeostatic proliferation [156]. LATY136F T cells, which are unable to signal
through LAT-PLCγ1, also do not undergo rapid proliferation upon transfer into T cell
deficient hosts, but rather undergo slow proliferation. These T cells proliferate similarly
to wildtype T cells in an MHC-deficient environment, but do not divide in the absence of
IL7 [154]. These data indicates that IL7 plays an important role in T cell expansion in
LAT mutant mice and that LAT is critical for the regulation of slow homeostatic
proliferation.
Combined, the studies examining the different aspects of the LAT signalsome
reveal novel requirements for this adaptor molecule during T cell development,
activation, and homeostasis.   
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2. Materials and Methods
2.1 Mouse models
LATY136F (LATm/m), LAT-/-, and LATf/f mice have been previously described
[66, 68, 149]. In all experiments using LATm/m mice, LATm/+ mice were used as controls.
LATm/m mice were crossed to TCRβ-/- mice (Jackson Laboratory) to obtain TCRβ-/LATm/m or TCRβ-/- LATm/+ mice (referred to as TCRβ-/-). TCRβ-/- LATm/m mice were
crossed with MHCII-/- and CD4-/- mice (Jackson Laboratory). Myd88-/-, IL6-/-, IL6Rαf/f,
and CMV-cre mice were purchased from The Jackson Laboratory and crossed with
LATm/m mice. IL6Rαf/f mice and CMV-cre mice were crossed together to generate
IL6Rα-/- mice. Estrogen receptor-Cre (ERCre) transgeneic mice were provided by Dr.
Thomas Ludwig (Columbia University, New York, NY) to generate ERCre+LATf/f mice.
IL4 reporter mice (IL4KN2/KN2) that use the human CD2 marker were provided by Dr. R.
Lee Reinhardt (Duke University, Durham, NC) to generate LATm/mIL4KN2/+ mice. ICOS/-

and RAG1-/- mice were obtained from The Jackson Laboratory (Bar Harbor, ME). All

experiments with mice were conducted in accordance with National Institute of Health
guidelines and were reviewed and approved by the Duke University IACUC. Mice were
housed in a specific pathogen-free facility.
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2.2 Antibodies
2.2.1 Antibodies for flow cytometry
The following antibodies were purchased from Biolegend or eBioscience used to
stain cell surface markers of T cells: CD4, CD8, CD3, TCRγδ, TCRβ, CD44, CD25,
CD5, CD62L, ICOS, CXCR5, PD1, Thy1.2, Thy1.1, CD27, CCR6, NK1.1, IL6Ra,
Vγ1.1, Vγ2, Vγ3, Vδ4, and Vδ6.3. Human CD2 antibodies were purchased from
Invitrogen. The following antibodies were used to stain cell surface markers of B cells:
B220, CD19, IgM, IgD, CD86, and MHCII. For intracellular staining of cytokines, IL4,
IL2, IFNγ, IL17, and IL6 antibodies were used. For intracellular staining of transcription
factors, Tbet, PLZF, EOMES, GATA3, FoxP3, BCL2, BCL6, and pSTAT3 antibodies
were used.

2.2.2 Antibodies for biochemistry
Rabbit monoclonal antibodies against phospho-ERK, phospho-Akt, Akt, and
phospho-p38 were purchased from Cell Signaling. Rabbit polyclonal antibodies against
p38, phospho-NFκB (p65), and NFκB-p65 were also obtained from Cell Signaling. The
following Santa Cruz antibodies were also used for biochemistry: mouse monoclonal
Lck, and rabbit polyclonal antibodies, phospho-Lck and ERK2. Secondary antibodies,
goat anti-mouse and goat-anti-rabbit Ig, were conjugated to Alexa Fluor 680 (Molecular
Probes).
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2.2.3 Antibodies for immunofluorescence
Staining of ear sections for dendritic epidermal T cells was done using PE antiTCRγδ. Detection of autoantibodies bound to NIH3T3 cells was done using FITC antiIgG. Nuclear detection was done using DAPI (Invitrogen). Staining of spleens to examine
germinal-center like reactions was done using directly conjugated B220-PE, and biotin
conjugated MHC class II, IgD, CD21, Thy12, and CD4 antibodies followed by
Streptavidin-647. Human CD2 staining was amplified using a huCD2-biotin antibody
followed by fluorescein-tyramide using the TSA Fluorescein System protocol
(PerkinElmer).
  

2.3 Cell isolation
2.3.1 Primary and secondary lymphoid organ
Thymuses, spleens, and lymph nodes were isolated and homogenized to single
cell suspensions using frosted slides. All organs were filtered through sterile mesh, spun
down, and resuspended in RPMI complete media (10% FBS, 1% HEPES, 0.1% βmercaptoethanol, 1% Penicillin streptomycin). Red blood cells from spleens and liver
tissues were additionally lysed using ACK (0.15M NH4Cl, 10mM KHCO3, 0.1mM
EDTA pH7.4) for one minute at room temperature.

2.3.2 Intraepithelial lymphocytes and dendritic epidermal T cells
Small intestines were cut longitudinally, washed in HBSS, and incubated in
HBSS containing 5% FBS and 5mM EDTA. Cells were strained and resuspended in
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45% Percoll (Amersham Biosciences) and isolated using a 45/70% Percoll gradient. Ears
from TCRβ-/- and TCRβ-/-LATm/m mice were separated into ventral and dorsal halves and
incubated in 20mM EDTA (Sigma) for 3 hours at 37°C. Epidermal sheets were removed,
incubated in Trypsin EDTA (Cellgro), homogenized, and analyzed by FACS.

2.4 Flow cytometry
2.4.1 Cell surface staining
Single cell suspensions were blocked with 2.4G2 (anti-FcγII/III receptor) for 15
minutes prior to staining with fluorescent antibodies (eBioscience or Biolegend). FACS
buffer containing 2% FBS in 1x PBS was used for antibody staining and wash steps. 7aminoactinomycin D (7AAD) was used to distinguish live cells (Invitrogen). AnnexinA5 was used to distinguish cells undergoing apoptosis. CountBright absolute counting
beads were used to determine cell number (Life Technologies). Data was acquired on
FACSCanto II (BD Biosciences) and analyzed using FlowJo (Ashland, OR).

2.4.2 Intracellular staining
For intracellular staining of transcription factors, splenocytes were stained for
surface markers, fixed and permeabilized, and stained directly conjugated antibodies. For
intracellular staining of cytokines, splenocytes were stimulated with PMA (20ng/mL) and
ionomycin (0.5ug/mL) for 4 hours with Monesin, stained for surface markers, fixed and
permeabilized (eBioscience), then stained for FITC-anti-IL17, PE-anti-IL4, PECy5-anti-
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IL2, and APC-anti-IFNγ. Live/Dead staining kit (Invitrogen) was used to distinguish live
cells.
For inhibitor experiments, SB203580 (30µM), PD98059 (30µM), LY294002
(10µM), Akt inhibitor (2µM), or QNZ (2µM)(Sigma) were added to RPMI complete
media supplemented with IL2 for 48 hours prior to PMA and ionomycin stimulation.
Intracellular staining for IL4 and IL6 was performed as outlined above. Data was
acquired on the FACSCanto II (BD Bioscience) and analyzed using FlowJo software
(Ashland, OR).

2.4.3 CFSE staining
T cells were negatively selected using EasySep biotin-conjugated magnetic beads.
Cells were loaded with 5µM CFDA for 10 minutes. Excess CFDA was washed away and
the cells were i.v injected into LAT-/- mice, with or without Tregs. One week later, CFSE
dilution was analyzed by flow cytometry.

2.5 Adoptive transfer
Spleen and lymph nodes were combined, and T cells were isolated by negative
depletion using magnetic beads with biotin-conjugated antibodies (EasySep). For
CD4+CD25+ Treg and CD4+CD25- nonTreg isolation, PE-anti-CD25, APC-anti-CD4, and
7AAD were used for sorting on a FACSVantage flow cytometer (BD Biosciences).
1x106 Tregs or nonTregs (Tcons) from congenic Thy1.1+ WT mice were injected into 4week old recipient mice. Mice were sacrificed 12 weeks later.
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For transfer of γδ T cells into LAT-/- mice, T cells were sorted using PE-anti-CD5,
FITC-anti-Thy1.2, and 7AAD antibodies. Cell transfer of 1x106 γδ T cells into LAT-/mice was performed via i.v injection. Mice were sacrificed 12 weeks later.
2x106 IL4KN2/+ or LATm/mIL4KN2/+ CD4+ T cells were sorted and i.v injected into
LAT-/- or RAG1-/- mice. Mice were sacrificed 8 weeks later. Similarly, 1x106
ERCre+LATf/m or ERCre+LATf/+ gfp-CD4+ T cells were sorted and i.v injected into LAT/-

or RAG-/- mice. Homeostatic proliferation was allowed to occur for 3 weeks, prior to

weekly injections of 1.5 mg tamoxifen dissolved in corn oil for an additional 3 weeks
before the mice were sacrificed.

2.6 ELISA
Plates were coated overnight with anti-mouse IgE or anti-mouse Ig(H+L). The
next day, plates were incubated with sera and then detection antibody: HRP-conjugated
for IgE and AP for all other isotypes (Southern Biotech). Absorbance was read on a
precision microplate reader (Molecular Devices) at 450nm for IgE, and 405nm for all
others. For DNA ELISAs, plates were coated overnight with 5ug/ml calf-thymus DNA
in Reacti-Bind DNA Coating Solution (Pierce), incubated with sera, then with anti-mouse
IgG HRP detection antibody (Southern Biotech). Absorbance was read at 450nm.
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2.7 Western blotting
T cells were purified from spleen and lymph nodes using EasySep CD4
Purification kits (STEMCELL Technologies). Equal T cell numbers from WT and
LATm/m mice were lysed in 1xSDS sample buffer using repeated freezing and thawing,
resolved on SDS-PAGE, and transferred onto nitrocellulose. Membranes were blocked
using 1% fish gelatin in PBS and blotted with the various antibodies.

2.8 Real-time PCR
Total RNAs from purified T cells or whole lymph nodes were isolated using
TRIzol reagent (Invitrogen). Lymph nodes were homogenized with 1.5mm beads using
the D1030 Beadbug homogenizer (Benchmark Scientific). Super-Script reverse
transcriptase (Invitrogen) was employed to synthesize cDNA. SYBR Green Super mix
(Bio-Rad) was used to quantify RNAs by real-time PCR. β-actin was used for
normalization.

2.9 Confocal imaging
Ears from TCRβ-/- and TCRβ-/-LATm/m mice were embedded in Tissue-Tek OCT
compound (Sakura Finetek) and cut into 5µm sections on a Leica CM3050 cytostat
(Leica Microsystems). Sections were fixed with 1:1 acetone/methanol. Sections were
stained with PE-anti-TCRγδ (1:100) overnight at 4°C in PBS containing 0.5% BSA and
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0.1% Tween20, then with 1:2000 1mg/mL DAPI (Invitrogen), mounted using
Fluoromount-G (SouthernBiotech), and analyzed by fluorescent microscopy.
NIH3T3 cells were dropped onto 18 chamber slides, fixed with 1:1
acetone/methanol prior to incubation with serum (1:50) followed by goat anti-mouse
IgG-FITC and DAPI (Invitrogen). Cells were mounted using Fluoromount-G
(SouthernBiotech), and analyzed using the Leica SP5 confocal microscope.
Spleen sections were embedded in Tissue-Tek OCT compound (Sakura Finetek)
and cut into 5µm sections on a Leica CM3050 cryomicrotome (Leica Microsystems).
Sections were fixed with 1:1 acetone/methanol and huCD2-biotin was amplified by
fluorescein-tyramide according to the TSA Fluorescein System protocol (PerkinElmer).
Antibodies were used at 1:100, expect B220-PE which was used at 1:200, followed by
1:2000 1mg/mL DAPI (Invitrogen), mounted using Fluoromount-G (SouthernBiotech),
and analyzed on the SP5 confocal microscope (Leica).

2.10 Hybridoma generation and sequencing
γδ T cells from TCRβ-/-LATm/m mice were isolated from the spleen and stimulated
for 24 hours, fused with TCR-deficient BW5147 cells, and plated in 96 well plates at <1
cell/well. FACS analysis using FITC-anti-Vγ1.1, PE-anti-Vδ6.3, and PE-anti-TCRγδ
was performed.
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Total RNA was isolated using TRIzol reagent (Invitrogen). SuperScript reverse
transcriptase (Invitrogen) was employed to synthesize cDNA. The following PCR
primers were used to amplify cDNA from hybridomas:
Vγ1.1 5’- ATCAACFACCCTTAGGAGGGAAGA-3’
Cγ4 5’-AATCTTCAGTCACCGTCAGCCAAC-3’
Vδ2.2 5’-GCCACCATGGTACGGCCGTTCTTC-3’
Vδ4 5’-GCCACCATGCTTTGGAGATGTCCAG-3’
Vδ5 5’-CCCAGATTTATTTTGGTATCGCA-3’
Vδ6.1 5’- AAGAAGGAGATGAAGTCACCA-3’
Vδ6.2 5’-AACAAGCAGGCAGGAGGG-3’
Vδ7 5’- CGCAGAGCTGCAGTGTAACT-3’
Cδ 5’-GCTGGGGGAGATGACTATAGCAG-3’
PCR products were gel purified (Promega) and sequenced at the Duke DNA Sequencing
Facility using internal primers: Cγ4 5’-AAAGGTAGGTCCCAGCCTTATGGA-3’ and
Cδ 5’-CACCTCTTTAGGGTAGAAATC-3’. CDR3 length, Vδ usage, and junctional
sequences were determined using IMGT software.
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3. The Role of LAT-PLCγ1 Interaction in γδ T cell
Development and Homeostasis
3.1 Introduction
αβ T cells represent the majority of T cells that traffic through lymphoid tissues
while γδ T cells represent only 1-5% of circulating lymphocytes. Rather, γδ T cells
populate the gut, skin, and other epithelial-rich tissues [6, 14]. LAT is important for the
development of both αβ and γδ T cells as LAT deficient mice show an early block at the
double negative (DN3) stage of development and lack both mature αβ and γδ T cells [66].
After T cell activation, LAT is phosphorylated on multiple tyrosine residues. Among
these tyrosine motifs, the four distal tyrosines, 136, 175, 195, and 235 in murine LAT, are
responsible for binding PLCγ1, Gads, and Grb2 and are required for TCR-mediated
calcium mobilization, Erk activation, and cytokine production [53].
Published studies using mice with specific tyrosine residues mutated in LAT
(LATY136F and LAT3YF with Y175, Y195, and Y235 mutated) suggest a differential
requirement of LAT-mediated signaling during the development and activation of αβ and
γδ T cells [148, 149, 158]. In LATY136F mice, which contain a mutation in the PLCγ1
binding site of LAT, αβ T cell development is partially blocked at the DN3 stage. In the
periphery, CD8+ and γδ T cells are also nearly absent from secondary lymphoid organs.
By contrast, the few αβ CD4+ T cells that do exit the thymus are hyperproliferative and
infiltrate different organs, causing a severe autoimmune-like syndrome [148, 149]. These
CD4+ T cells have an effector/memory-like phenotype (CD44hiCD62Llo) and express low
levels of surface TCR. They are Th2 skewed, secreting large amounts of IL4 and IL13.
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Correspondingly, serum IgE and IgG1 are elevated, and autoantibodies are detectable
[148, 149]. These data demonstrate that LAT signaling through PLCγ1 plays important
roles in αβ T cell development and homeostasis in the periphery. The effect of this
mutation on γδ T cell development and effector function has not been analyzed.
In contrast, LAT3YF mice, in which Gads and Grb2 binding sites are mutated,
display a strikingly different phenotype [158]. They have a complete block in αβ T cell
development at DN3, indicating the importance of signaling through Gads and Grb2 at
the preTCR checkpoint. Surprisingly, γδ T cells, which rearrange both TCR genes in the
DN compartment, only have a partial defect during development. These γδ T cells, ~20%
of which express CD4, were able to populate peripheral lymphoid tissues and instigate an
autoimmune syndrome in 6 month-old mice [158]. Interestingly, mice devoid of Itk, a
tyrosine kinase that phosphorylates PLCγ1, display a similar γδ T cell phenotype. Itk-/mice have a markedly increased number of CD4+ γδ T cells in secondary lymphoid
tissues that are able to produce Th2 cytokines [77]. These γδ T cells were identified as
γδ-NKT cells as they expressed the transcription factor, PLZF [159, 160]. Taken
together, these data suggest that αβ and γδ T cells have different signaling requirements
during development and that dampened TCR signaling in both αβ and γδ T cells leads to
a Th2 skewed phenotype.
Since CD4+ αβ T cells dominate the periphery of LATY136F mice, it is difficult
to study the effect of this mutation on γδ T cells. In order to specifically investigate the
importance of LAT-PLCγ1 signaling in γδ T cells, we crossed LATY136F mice,
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designated as LATm/m, with TCRβ-/- mice to generate TCRβ-/-LATm/m mice. These mice
revealed that abolishing the LAT-PLCγ1 interaction resulted in a partial block in γδ T
cell development. γδ T cells were found in the skin and small intestine and had no
obvious activated phenotypes. Interestingly, a population of CD4+ γδ T cells underwent
rapid proliferation and caused a severe autoimmune disease. Our data suggested that
different populations of γδ T cells have different LAT-PLCγ1 signaling requirements.

3.2 Results
3.2.1 The effect of the LATY136F mutation on γδ T cell development
As previously reported [161], ablation of TCRβ expression caused a block in αβ
T cell development at the DN3 stage, but a small number of DP thymocytes were still
present in TCRβ-/- mice (Figure 7A). Similar to TCRβ-/- mice, TCRβ-/-LATm/m mice had
~10% DP thymocytes. Analysis of the DN compartment in TCRβ-/-LATm/m mice revealed
that, while the percentages of DN1 through DN4 subsets were similar to controls, the
percentage of CD3+TCRγδ+ DN thymocytes was moderately reduced, from 15.6% in
TCRβ-/- mice to 11.2% in TCRβ-/-LATm/m mice (Figure 7A). In addition, the numbers of
total, DN, and CD3+TCRγδ+ thymocytes were reduced in TCRβ-/-LATm/m mice (Figure
7B).
We subsequently analyzed whether LATm/m γδ thymocytes were properly
selected. CD5 is upregulated upon selection of γδ cells, while CD25 is downregulated
prior to their exit from the thymus [162-164]. As shown in Figure 7C, TCRγδ+
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Figure 7: The effect of the LATY136F mutation on γδ development
(A) FACS analysis of thymocytes. (B) The numbers of different subsets of thymocytes.
(C) The expression of CD5, CD25, and TCRγδ. Cells in panel C to F were all gated on
CD3+TCRγδ+ DN thymocytes. (D) The Vγ and Vδ usage. (E) The expression of CD27,
CCR6, NK1.1 and PLZF. (F) The expression of T-bet and Vδ4. Mice analyzed were 4
week-old. Data are representative of 3-4 individual experiments. Two-tailed t test; *,
p<0.05, **, p<0.005.
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thymocytes from TCRβ-/-LATm/m mice had impaired CD5 upregulation and CD25
downregulation. The numbers of CD3+TCRγδ+CD25- thymocytes in the DN
compartment of TCRβ-/-LATm/m mice were significantly reduced (Figure 7B). In addition,
overall surface expression of γδ TCR was lower and there were more γδ T cells that
expressed an intermediate level of the TCR. γδ T cells in adult thymuses and spleens
express Vγ1 and Vγ2. The percentages of γδ thymocytes expressing Vγ1+ and Vγ2+ were
similar in TCRβ-/-LATm/m and TCRβ-/- mice; however, the percentage of Vδ6.3+ γδ
thymocytes was reduced in TCRβ-/-LATm/m mice (Figure 7D).
It has been suggested that γδ T cells acquire their effector fates in the thymus
[86]. CD27 is thought to be high on IFNγ-producing γδ progenitors and low on IL17producing progenitors [165]. Further studies have indicated that TCRγδ+CCR6+
thymocytes produce IL17 while TCRγδ+NK1.1+ thymocytes do not [166]. The majority
of TCRγδ+ in both TCRβ-/- and TCRβ-/-LATm/m mice were CD27high and CCR6-,
indicating that they were not IL17 producers (Figure 7E). NK1.1 and the transcription
factor PLZF identify a population of innate-like γδ NKT cells [167]. Analysis of γδ+
thymocytes from TCRβ-/- and TCRβ-/-LATm/m mice revealed that the NK1.1+ population
was reduced from 10.3% to 2.89%, and the PLZF+ population was reduced from 17.1%
to 2.67% (Figure 7E), indicating that the development of innate-like γδ NKT cells was
impaired. We also examined the development of γδ+ thymocytes that tend to populate
epithelial tissues. γδ thymocytes that tend to traffic to the epidermis and are T-bet+, while
those expressing Vδ4 go to the intestinal epithelial [79]. Both the Tbet and Vδ4
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expressing γδ thymocytes populations were reduced in TCRβ-/-LATm/m mice compared
with those in TCRβ-/- mice (Figure 7F). Together, these data indicated that, in the absence
of the LAT-PLCγ1 interaction, the development and selection of different γδ thymocyte
subsets were partially blocked.  

3.2.2 γδ T cells are found in epithelial tissues of TCRβ-/-LATm/m mice
γδ T cells are highly enriched in epithelial, mucosal, and barrier tissues including
the skin, lungs, and small intestine where they are thought to function in initial host
defense [87]. Epithelial γδ T cells, which develop in the fetal and perinatal thymus, have
a restricted repertoire, using Vγ3 and Vγ4 [168]. We wanted to determine if γδ T cells are
present in epithelial-rich compartments of TCRβ-/-LATm/m mice.
Fluorescent staining of ear sections from 3-month-old mice showed similar
numbers and morphology of dendritic epidermal T cells (DETCs) present in TCRβ-/- and
TCRβ-/-LATm/m mice (Figure 8A). FACS analysis of cells isolated from ear epidermal
sheets confirmed similar percentages of DETCs in these mice, all of which express Vγ3
(Figure 8B). Interestingly, while the surface expression of TCRβ in LATm/m mice is
greatly reduced [149], expression of TCRγδ remained high on these DETCs.
Among the small intestine intraepithelial lymphocytes (IELs), there are two
subsets of γδ T cells, either derived from the thymus (Thy1+) or extrathymically (Thy1)[169]. In TCRβ-/-LATm/m mice, the percentages of both small intestine γδ subsets were
reduced (Figure 9A), which could be attributed to a partial block in development. In the
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Figure 8: γδ T cells in the skin epidermis compartment
(A) Frozen ear sections were stained using DAPI (blue) and anti-mouse TCRγδ-PE (red).
Imaging was performed using fluorescent microscopy at 20x magnification. (B) TCRγδ,
Vγ3, and CD4 expression on cells isolated from ear epidermal tissues. Mice analyzed
were 8 to 12-week old. Data are representative of 3-4 individual experiments.
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Figure 9: γδ T cells in the IEL compartment of the small intestine
(A) FACS analysis of IELs. (B) Vγ1.1, Vγ2, Vδ6.3, and Vδ4 usage in Thy1.2+ and
Thy1.2- γδ IELs. Mice analyzed were 8 to 12-week old. Data are representative of 3-4
individual experiments.
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Thy1.2- subset, the majority of T cells in both mice were CD8α+; however, in the Thy1.2+
subset, there was an increased percentage of CD4+ T cells even though the number of
these cells was drastically reduced. The surface expression of TCRγδ for both subsets in
TCRβ-/-LATm/m mice was similar to that in TCRβ-/- mice (Figure 9A). Since the surface
level of TCRγδ was high, we further analyzed Vγ and Vδ usages by flow cytometry. The
Thy1.2- subset in TCRβ-/-LATm/m mice has similar usages of Vγ1.1, Vγ2, Vδ6.3, and Vδ4
to TCRβ-/- mice (Fig. 9B). The Thy1.2+ subset in TCRβ-/-LATm/m mice seemed to be
skewed, with γδ T cells primarily using Vγ1.1 and Vδ6.3 compared to control mice
(Figure 9B).
Together, these data demonstrated that in TCRβ-/-LATm/m mice, the development
of IEL γδ T cells was partially blocked; however, DETCs in the skin were not affected.
Interestingly, unlike αβ T cells in LATm/m mice, these γδ T cells in the epithelial tissues
maintained normal levels of surface TCR and were not hyperproliferative, suggesting that
LAT functions differently in αβ and γδ T cells.

3.2.3 The LATY136F mutation on γδ T cells in secondary lymphoid
organs
LATm/m mice have splenomegaly and lymphadenopathy at 4-6-weeks old,
whereas LAT3YF mice show a similar syndrome at 6 months. Comparatively, 4-6 -weekold TCRβ-/-LATm/m mice had no apparent splenomegaly. However, at 8-12 -weeks, their
spleens and lymph nodes appeared enlarged, and the spleen weight and number of
splenocytes were increased dramatically (Figure 10A, 10B). Since CD4+ T cells in
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Figure 10: Hyperproliferation of T cells in the spleen and lymph nodes
(A) Spleens from 12 -week-old TCRβ-/- and TCRβ-/-LATm/m mice. (B) Spleen weights
and the number of splenocytes and γδ T cells in 4 and 8-12 -week-old mice. Each dot
represents one mouse. (C) FACS analysis of splenocytes. (D) TCRγδ, CD4, CD44, and
CD62L expression on γδ T cells from 12 -week-old mice. (E) γδ TCR expression on
Thy1.2+CD5+ cells. (F) NK1.1 expression on γδ T cells. (G) Adoptive transfer. 1x106 γδ
T cells were sorted and transferred into LAT-/- mice. 12 weeks later, splenocytes were
analyzed by FACS. FACS plot shown is representative of 3 independent experiments.
Two-tailed t test; ***, p<0.001.
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LATm/m mice downregulate the expression of surface TCR [148, 149], we used the T cell
markers, Thy1.2 and CD5, to identify γδ T cells in 4, 6, and 8-12 –week-old mice. In
agreement with a partial block in γδ thymocyte development, 4 week-old TCRβ-/-LATm/m
mice had decreased percentages of splenic γδ T cells (0.96% compared to 1.79% in
control mice)(Figure 10C). Interestingly, at 6 weeks of age, a second population of γδ T
cells appeared in the spleens and lymph nodes of TCRβ-/-LATm/m mice. This new
population expressed higher levels of CD5 than γδ T cells in TCRβ-/- mice or those in 4
week-old TCRβ-/-LATm/m mice. By 8-12 weeks, these CD5hi T cells expanded
tremendously and composed ~30% of total splenocytes (Figure 10C).
Further analysis of CD5hi γδ T cells revealed that the majority (~70%) also
expressed CD4. In contrast, very few γδ T cells in TCRβ-/- mice were CD4+. These CD5hi
cells in TCRβ-/-LATm/m mice had an effector/memory-like phenotype (CD44hiCD62Llo)
(Figure 10D). Reminiscent of hyperproliferative CD4+ αβ T cells in LATm/m mice, CD5hi
γδ T cells in 12 week-old TCRβ-/-LATm/m mice downregulated surface TCR expression;
however, γδ TCR surface expression was only slightly reduced in 4 week-old mice
(Figure 10E). Neither TCRβ-/- nor TCRβ-/-LATm/m γδ T cells from aged mice expressed
NK1.1, a markers for innate γδ NKT cells (Figure 10F).
To investigate whether CD5hi γδ T cells were derived from CD5int γδ T cells in
the periphery, T cell transfer experiments were performed. Thy1.2+CD5int γδ T cells
purified from 4 -week-old TCRβ-/- and TCRβ-/-LATm/m mice and Thy1.2+CD5hiγδ T cells
from 12 -week-old TCRβ-/-LATm/m mice were adoptively transferred into Thy1.1+LAT-/-
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mice that lack T cells. Twelve weeks post-transfer, there was no conversion from
Thy1.2+CD5int T cells to Thy1.2+CD5hi T cells (Figure 10G). CD5hi γδ T cells remained
CD4+, and CD5int γδ T cells remained CD4-. Moreover, CD5int γδ T cells from TCRβ-/LATm/m mice did not expand as much as those from TCRβ-/- mice, suggesting that their
homeostatic proliferation is impaired. In contrast, CD5hi γδ T cells from TCRβ-/-LATm/m
mice expanded much more than those from TCRβ-/- mice (6.9% vs. 0.14%). These data
suggested that these two γδ subsets in TCRβ-/-LATm/m spleens are likely derived from two
different thymic outputs: a conventional pool that express relatively normal surface TCR
and are defective in homeostatic proliferation, and a distinct subset of CD4+ γδ T cells
that express low levels of TCR and hyperproliferate.

3.2.4 CD5hi LATm/m γδ T cells have a diverse TCR repertoire
γδ T cells that populate lymphoid tissues develop in late fetal and early postnatal
life. These cells typically display high levels of junctional diversity and commonly
rearrange using Vγ1.1, Vγ1.2, and Vγ2 [168]. We investigated Vγ and Vδ usage and
clonality of CD5hi γδ T cells in TCRβ-/-LATm/m mice. Since TCRγδ was downregulated
from the cell surface, it was difficult to analyze Vγ and Vδ usage by FACS. Instead, we
generated hybridomas by fusing CD5hi γδ T cells with TCR- BW5147 cells. FACS
analysis of 40 hybridoma clones showed that they all were Vγ1.1+ (Figure 11).
To further analyze Vγ and Vδ usage, total RNAs were isolated and used in PCR
amplification of Vγ and Vδ regions. Sequencing of the PCR fragments indicated that
these T cells were polyclonal, and in agreement with the FACS data, they indeed used
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Figure 11: TCRγδ expression on hybridoma cell lines
T cell hybridomas were generated by fusing CD5hi γδ T cells from 12-week-old TCRβ-/LATm/m mice with TCR- BW5147 lymphoma T cell line and analyzed by FACS.
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Vγ1.1. Their CDR3 lengths varied from 11 to 15 residues (Table 1). Sequencing δ
fragments showed that they primarily used Vδ5, Vδ6.1, and Vδ6.2. Interestingly, their
CDR3 lengths varied greatly, from 12 to 22 residues. In addition, three clones (B14, D4,
and D19) expressed two rearranged and in-frame δ alleles. These data indicated that the
hyperproliferative CD5hi γδ T cells are polyclonal. They use Vγ1.1 and different Vδ
segments with diverse junctional regions and CDR3 lengths.

3.2.5 Development of a γδ T cell autoimmune-like syndrome
As shown in Figure 10, γδ T cells in the spleens and lymph nodes of TCRβ-/LATm/m mice underwent a large expansion similar to αβ T cells in LATm/m mice. We next
examined whether these T cells were Th2 skewed and caused autoimmunity. Splenocytes
from 4 or 12-week-old mice were stimulated in vitro prior to intracellular staining.
Similar to TCRβ-/- splenic γδ T cells, ~30% of CD5int γδ T cells from 4-week-old TCRβ-/LATm/m mice produced IFNγ, and a small percentage of them produced IL17 or IL4. In
contrast, ~90% of CD5hi γδ T cells in 12-week-old TCRβ-/-LATm/m mice produced IL4
(Figure 12A). Further analysis revealed that these CD5hi γδ T cells downregulated Tbet
and EOMES and upregulated GATA3, the master regulator of Th2 differentiation (Figure
12B, 12C). Itk deficient mice have increased γδ T cells which also express Vγ1.1 and
Vδ6.3 and produce IL4. These γδ cells express PLZF and are NKT cells [159, 160].
While TCRβ-/- γδ T cells had a small population of cells expressing PLZF, TCRβ-/LATm/m CD5hi γδ T cells did not express PLZF, indicating that they were not NKT cells
(Figure 12B).
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Table  1:  The  clonality  of  CD5hi  γδ  T  cells  
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Figure 12: The development of an autoimmune syndrome in TCRβ-/-LATm/m mice
(A) Cytokine production. Splenocytes were stimulated for 4 hours with PMA and
ionomycin before intracellular staining for cytokine production. T cells were gated on
CD5+ and Thy1.2+. (B) Intracellular staining for T-bet, EOMES, GATA3, and PLZF.
Shaded histogram represents B220+ cells, solid black line (TCRβ-/-) and dashed black line
(TCRβ-/-LATm/m) are gated for γδ T cells. (C) Quantification of intracellular transcription
factor levels by geometric mean fluorescent intensity (gMFI). (D) MHC class II and
CD86 expression on B220+ B cells. Shaded histogram represents non-B cell controls. (E)
Serum antibody titers of IgG1, IgE, and autoantibodies. Data are representative of 4-5
separate experiments using two to three mice in each cohort. Two-tailed t test; *, p<0.05,
**, p<0.005, ***, p<0.001.
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We next wanted to determine the effect of the hyperproliferative γδ T cells on B
cell activation and maturation. Although the numbers of B cells were not significantly
elevated in TCRβ-/-LATm/m mice (data not shown), they did have an activated phenotype,
with upregulated expression of MHC class II and CD86 (Figure 12D). Serum
antibodylevels were assessed by ELISA and revealed that the concentrations of IgG1and
IgE were significantly elevated in aged TCRβ-/-LATm/m mice, which also had enhanced
levels of anti-nuclear antibodies (Figure 12E). Taken together, these data suggested that
hyperproliferative γδ T cells in TCRβ-/-LATm/m mice secrete Th2 cytokines, resulting in B
cell activation, class switching, and autoantibody production.
Further evaluation of other organs showed the ability of CD5hi γδ T cells to
infiltrate. In the livers of 4 week-old TCRβ-/-LATm/m mice, the number of γδ T cells was
much reduced compared to TCRβ-/- mice (0.32% vs. 4.31%) and most of them were
CD5int (Figure 13A). However, in the livers of 12 week-old mice, most of the γδ T cells
were TCRγδloCD5hiCD4+ (Figure 13A) and their numbers were drastically increased
(Figure 13B). These data indicated that, in addition to excessive proliferation in the
spleen and lymph nodes, CD5hi γδ T cells also infiltrated into the liver.

3.2.6 Suppression of γδ proliferation by regulatory T cells
Next we determined whether hyperproliferation of CD5hi γδ T cells could be
suppressed by natural regulatory T cells (Tregs). 1x106 CD4+CD25+ Tregs or
CD4+CD25- conventional T cells (Tcons) from congenic Thy1.1+ mice were adoptively
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Figure 13: Infiltration of T cells into the liver
(A) Representative FACS plots of γδ T cells in the liver after Percoll isolation. (B) Total
numbers of T cells isolated from the liver in 12 week-old mice.
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transferred into 4 week-old TCRβ-/- and TCRβ-/-LATm/m mice. Twelve weeks after
transfer, these mice were analyzed for development of the autoimmune syndrome. Donor
cells (Thy1.1+) were clearly detected in these mice and had no apparent effect on γδ T
cells in TCRβ-/- mice (Figure 14A). Conversely, TCRβ-/-LATm/m mice that received Tregs
had reduced percentages of CD5hi γδ T cells (Figure 14A) and much smaller spleens
(Figure 14B) compared to both uninjected controls and mice that received Tcons.
Interestingly, TCRβ-/-LATm/m mice that received Tcons displayed an intermediate
phenotype. They had slightly larger spleens than mice injected with Tregs, yet, similar
percentages of γδ T cells to uninjected mice (Figure 14A, 14B). It is also interesting to
note that the addition of Tregs allowed the persistence of CD5int γδ T cells. Both Tregs
and Tcons had no effect on the phenotype of γδ T cells, since T cells still displayed high
surface CD5 and CD4, and low TCR expression (Figure 15).
We also examined the ability of Tregs to inhibit proliferation of CD5hi γδ T cells
by transferring CFSE labeled γδ T cells with or without Tregs into LAT-/- hosts. As
shown in Figure 14C, Tregs slowed down the proliferation of CD5hi γδ T cells from
TCRβ-/-LATm/m mice. These results suggested that CD4+ Tregs, and to some extent,
Tcons are able to inhibit the proliferation of CD5hi γδ T cells.

3.2.7 MHC class II and CD4 are not required for the development of
autoimmunity
Published studies demonstrate that the absence of classical MHC molecules has no effect
on the development of γδ T cells [170-172]; however, since most of the γδ T cells in
TCRβ-/-LATm/m mice are CD4+, we investigated whether these unconventional
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Figure 14: Suppression of γδT cell proliferation by nTreg cells
(A) 1x106 nTregs (CD4+CD25+) and Tcons (CD4+CD25-) from congenic Thy1.1+ mice
were sorted and injected into 4 -week-old TCRβ-/- and TCRβ-/-LATm/m mice. 12 weeks
later, mice were analyzed. (B) Spleen weights. (C) γδ T cells from 12 week-old TCRβ-/LATm/m mice were negatively selected, labeled with CFSE stained, and injected into
LAT-/- mice with or without nTregs. 1 week later, CFSE dilution in T cells from these
mice was analyzed. Shadowed histograms are gated for B cells. Data are representative of
two experiments.
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Figure 15: γδ T cell phenotype from suppression assay
Surface staining of CD4, TCRγδ, CD44, and CD62L on γδ T cells from mice that
received Tcon or Treg cells. Data are representative of two experiments.
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CD4+ γδ T cells are MHC II-restricted or require CD4 signaling by crossing them
with MHCII-/- and CD4-/- mice. MHCII-/-TCRβ-/-LATm/m mice had enlarged spleens
(Figure 16A). Their γδ T cells expressed CD4, downregulated surface TCR (Figure 16B),
and overproduced IL-4 (Figure 16C). Interestingly, MHCII-/-TCRβ-/-LATm/m mice
actually had a lower percentage of γδ T cells than TCRβ-/-LATm/m mice, 12.9% versus
25.8% (Figure 16B), suggesting that a proportion of the polyclonal γδ T cells might be
selected on MHC class II. Still, in the absence of MHC class II molecules, these mutant
γδ T cells hyperproliferated and induced splenomegaly. Interestingly, CD4-/-TCRβ-/LATm/m mice also developed splenomegaly and lymphadenopathy (Figure 16A). CD5hi γδ
T cells from these mice expanded to make up almost 50% of the splenocytes (Figure
16B) and overproduced IL-4 (Figure 16C). These data indicated that CD4 is not required
for the development, proliferation, or cytokine production of LATm/m γδ T cells. In
contrast, since CD4 deficiency enhanced their proliferation, CD4 may actually function
to negatively regulate the development or proliferation of these cells.
  

3.3 Discussion
Mutation of tyrosine 136, the PLCγ1-binding site in LAT, results in a severe
block in thymocyte development of αβ T cells. This tyrosine residue is also indispensable
for controlling CD4+ T cell homeostasis, as LATY136F mice bear hyperproliferative
CD4+ T cells that are Th2 skewed [148, 149]. Our data here demonstrated that without
the LAT-PLCγ1 interaction, γδ T cells had a partial block in their development and
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Figure 16: γδ T cell-mediated autoimmunity is independent of MHC class II or CD4
(A) Spleens from 12 -week-old TCRβ-/-, TCRβ-/-LATm/m, MHCII-/-TCRβ-/-LATm/m, and
CD4-/-TCRβ-/-LATm/m mice. (B) Representative FACS plots from 12-week-old mice. The
lower panel is gated on CD5+Thy1.2+ γδ T cells. (C) Cytokine production. Splenocytes
were stimulated with PMA and ionomycin for 4 hours before intracellular staining. Plots
shown were gated on CD5+Thy1.2+ γδ T cells. Data are representative of two
experiments.
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selection. Consequently, the amount of γδ T cells in the thymus, intestine, and liver in 4week-old mice were reduced, although the percentage of γδ T cells in the skin remained
similar. Despite the developmental defect, γδ T cells in the skin and intestine were not
hyperactivated and had normal levels of the TCR at their surface. However, a population
of CD4+ γδ T cells in the secondary lymphoid organs of TCRβ-/-LATm/m mice had a very
similar phenotype to αβ T cells in LATm/m mice. These γδ T cells, most of which were
CD4+, underwent uncontrolled expansion and caused an autoimmune syndrome. These
data indicated that the LAT-PLCγ1 interaction may function differently in distinct subsets
of γδ T cells.
An alternative explanation for the ability of γδ T cells to maintain homeostasis in
the epithelium but hyperproliferate in the spleen may be due to temporal differences in
development or reactivity. Epithelial γδ T cells that develop in the fetus may not express
TCRs that have high affinities for self-antigens. It is possible that the antigens that these
T cells react to in the fetal thymus are not present in the skin and small intestine. Thus,
these T cells may not be constantly stimulated by self-antigens. Conversely, CD5 and
CD25 staining of TCRβ-/-LATm/m thymocytes indicated that their postnatal selection is
impaired. This may allow highly self-reactive T cells into circulation, where they are
activated by self-antigens.
Our results showed that secondary lymphoid tissues in TCRβ-/-LATm/m mice
contain two distinct populations of γδ T cells. The CD5 hi population expressed CD4, had
low TCR levels, and rapidly expanded. Conversely, CD5int cells did not undergo
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uncontrolled expansion. Over time, the CD5int T cells population actually diminished,
likely due to competition for cytokines. Transfer experiments also revealed that these
CD5int T cells may have a defect in homeostatic proliferation or cell survival. A similar
phenomenon was seen with CD8+ T cells in LATm/m mice [155]. The disparity in
proliferation potential of these γδ cells might be due to a difference in self-reactivity or
dependence on normal LAT signaling to maintain homeostasis.
In LAT3YF mice, LAT interaction with Gads and Grb2 is disrupted. LAT3YF
mice have a complete block in αβ T cell development while LATm/m mice have a partial
block. γδ T cells are able to develop in both of these mutant lines, suggesting that they
may require less TCR-mediated signaling during development. In LAT3YF and TCRβ-/LATm/m mice, γδ T cells are able to hyperproliferate in secondary lymphoid organs [158],
although the LAT3YF disease is much less severe; the autoimmune syndrome does not
develop until 30 weeks of age and only ~30% of T cells produce IL4. LATm/m γδ T cells
induced splenomegaly as early as 8 weeks, and ~90% of these T cells produced IL4. The
γδ thymocyte selection defect appears similar between these two knock-in lines,
suggesting that the difference in autoimmune syndrome severity is attributed to signaling
differences in the periphery.
Recruitment of Gads and Grb2 to LAT is important for PLCγ1 function. Grb2
stabilizes the interactions between LAT and PLCγ1 [56]. Furthermore, Gads binds SLP76, which recruits Itk to phosphorylate PLCγ1 [173, 174]. The inability of LAT to bind
Gads and Grb2 in LAT3YF mice may also have ramifications for LAT-PLCγ1 signaling.
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Therefore, the LAT3YF mutation may have more of an impact on LAT function in TCRmediated signaling than the Y136F mutation. The residual function of these LAT mutants
is likely important in T cell expansion, thus explaining the delayed and less severe
phenotype in LAT3YF mice compared to TCRβ-/-LATm/m mice.
Finally, it is known that in the absence of regulatory T cells, autoimmunity occurs
due to the loss of tolerance in the periphery [175-177]. nTregs are able to suppress the
proliferation of conventional αβ T cells. Our data showed that nTregs were able to
greatly inhibit expansion and prevent splenomegaly of γδ T cells. Interestingly, Tcons
also had some ability to dampen splenomegaly, perhaps by competing for limited
cytokines or space. Although Treg deficient mice have a defect in T cell tolerance, the
absence of nTregs in TCRβ-/- mice does not result in spontaneous autoimmunity. This
indicates that it is not the absence of Tregs alone but rather in combination with strong
self-reactivity or abnormal TCR signaling that is responsible for T cell hyperproliferation
in TCRβ-/-LATm/m mice. Understanding the cell intrinsic mechanisms by which weakened
LAT signaling in αβ or γδ T cells causes this type of autoimmunity remains to be fully
explored.
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4. The Importance of Interleukin-6 in the Development of
LAT-mediated Autoimmunity
4.1 Introduction
Cytokines play an important role in orchestrating immune responses, and are vital
for T cell survival, proliferation, and differentiation. Aberrant cytokine production is
thought to play a role in the development of inflammatory conditions, which can lead to
autoimmunity. Interleukin-6 (IL6) is a cytokine that is found in high quantities in the
joints and serum of patients with rheumatoid arthritis (RA). Within joint tissue, IL6 is
produced by fibroblasts, activated macrophages, and lymphocytes. It activates vascular
endothelial cells to upregulate adhesion molecules, which then promotes leukocyte
recruitment to the site of inflammation. IL6 is important for B cells maturation to
antibody secreting plasma cells, which can lead to over production of autoantibodies, as
seen in RA [178]. IL6 has become a promising target for treatment of RA and other
autoimmune diseases.
Upon binding IL6, IL6Rα associates with gp130 and activates downstream
signaling cascades. STAT1 and STAT3 are phosphorylated by JAK1/2, form
homodimers, and translocate to the nucleus [179]. IL6-mediated STAT3 signaling
induces the gene transcription of BCL2, BCL-XL, cFos, and TIMP, all of which regulate
cell survival and proliferation. Additionally, IL6 association with IL6Rα can induce
gp130 phosphorylation of the SHP-2 binding site and induction of MAPK and ERK
activation [180, 181]. Finally, PI3K is also known to be activated downstream of IL6,
which is an important mediator of Akt and cell survival [182].
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During acute inflammation macrophages are the main source of IL6, while during
chronic inflammation, T cells primarily produce IL6 [180]. IL6 plays an important role
in T cell survival, skewing, and cytokine production. It has been shown to inhibit
apoptotic cell death of naïve T cells [183, 184] and to regulate the Th17/Treg balance
[185]. IL6, together with TGF-β, promotes Th17 differentiation, while TGF-β alone
promotes iTreg differentiation [127, 128, 185]. Additionally, it has been reported that
IL6 can lead to the production of other cytokines by T cells. T cell receptor (TCR)
signaling in conjuncture with IL6 signaling can induce cMaf expression and early IL4
production [186]. In human T cells, specifically, T follicular helper cells (Tfh), IL6 can
induce IL21 production, which in turn is important for plasma cell differentiation [187].
Importantly, IL6 has been implicated in regulation of T cell proliferation.
Microbiota within the gut has been shown to activate dendritic cells to produce IL6 in a
Myd88 dependent manner, which induces spontaneous T cell proliferation [188].
Additionally, IL6R-inhibiting antibodies can alleviate CD8+ T cell proliferation during
colitis [189]. IL6 is also important for CD4+ T cell homeostatic proliferation. Mice
harboring a mutation in gp130 which results in enhanced STAT3 activation, induce nonhematopoietic cells to produce IL7, which in turn drives homeostatic proliferation of
CD4+ T cells [190].
Linker for activation of T cells (LAT) is an adaptor molecule that is highly
tyrosine phosphorylated upon TCR engagement with MHC-peptide complexes. Through
its phosphorylated tyrosine residues, LAT recruits Grb2, Gads, and PLCγ1 [53]. LAT
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functions to link TCR engagement to downstream signaling pathways that are important
for T cell activation, proliferation, survival, and cytokine production. Among the
tyrosine residues in murine LAT, Y136 is responsible for binding PLCγ1. The
recruitment of PLCγ1 to the LAT signalosome is important for the hydrolysis of PIP2 to
IP3 and DAG, and resultant calcium mobilization and ERK activation [52, 53]. In
LATY136F mutant mice, thymocyte development is partially blocked at DN3,
demonstrating the important role for LAT-PLCγ1 signaling at the pre-TCR checkpoint.
CD4+ T cells are able to exit the thymus and hyperproliferate in secondary lymphoid
organs. These CD4+ T cells have an activated phenotype (CD44hiCD62Llo) and low
levels of surface TCR. In addition, these T cells produce elevated amounts of IL4.
Consequently, B cells are activated, undergo isotype switching, and produce high levels
of serum IgE, IgG1, and anti-dsDNA antibodies [148, 149]. We were interested in
investigating the role of cytokines in spontaneous hyperproliferation of LATY136F T
cells. In this study, we found that LATY136F T cells produced IL6, and IL6 played an
important role in the development of LAT-mediated autoimmunity.
  

4.2 Results
4.2.1 LATY136F T cells overproduce IL6
Published data indicate that CD4+ T cells from LATY136F mice, designated as
LATm/m mice, are Th2 skewed [148, 149]. We wanted to understand the effect of
aberrant LAT-PLCγ1 signaling on the production of other cytokines. RNAs were isolated
  

   78     

  

from WT and LATm/m CD4+ T cells to examine cytokine production at the level of
transcription by real-time PCR analysis. As shown in Figure 17A, CD4+ T cells from
LATm/m mice had elevated levels of Th2 cytokines, such as IL4, IL5, and IL13, as
expected. Interestingly, LATm/m T cells also had elevated levels of IL6 RNA compared
with WT CD4+ T cells (Figure 17A). To determine if this was also true at the protein
level, we isolated splenocytes from 6 week-old mice and stimulated them in vitro with
PMA and ionomycin prior to intracellular staining for IL6. Our results showed that WT
splenocytes had very little positive staining. In comparison, close to 25% of CD4+ T
cells from LATm/m mice produced IL6 (Figure 17B). Very few non-CD4+ T cells from
LATm/m mice were IL6 positive. These data indicated that in addition to enhanced Th2
cytokine production, aberrant TCR signaling in LATm/m T cells also led to
overproduction of IL6.
We next wanted to elucidate the signaling pathways downstream of the mutant
LAT that were required for increased IL6 production. First, we used different
pharmacological inhibitors to block known pathways downstream of LAT and then
determined their effect on IL6 production. Splenocytes were incubated with various
inhibitors prior to stimulation with PMA and ionomycin. Interestingly, while on average
23% of DMSO-treated T cells produced IL6, treatment with both p38 and PI3K inhibitors
resulted in a 4-fold reduction in the percentage of IL6-producing CD4+ T cells (6.3% and
5.6% respectively)(Figure 17C). Downstream of PI3K, both AKT and NFκB have been
demonstrated to induce IL6 [191, 192]. In both tumor and RA model systems, IL17 can
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Figure 17: Increased production of IL6 by LATY136F T cells
(A) Increased IL4, IL5, IL13, and IL6 production by real-time PCR analysis of cytokine
transcripts in LATm/m CD4+ T cells compared to WT. Relative expression of cytokine
RNA was normalized to β-actin. (B) Intracellular staining of IL6. WT and LATm/m
splenocytes were stimulated with PMA and ionomycin for 4 hours prior to intracellular
staining. (C) The effect of pharmacological inhibitors on cytokine production.
Splenocytes were incubated with different inhibitors or DMSO in the presence of IL2 for
48 hours prior to stimulation with PMA and ionomycin and intracellular staining.
Significance differences between cytokine productions with various inhibitors is
compared to DMSO treated cells. (D) Activation of signaling pathways in LATm/m T
cells. Whole cell lysates from WT and LATm/m T cells were analyzed by Western blotting
with antibodies as indicated. Data are representative of 3-5 individual experiments. Twotailed t test; *, p<0.05, **, p<0.005.

  

   81     

  

induce AKT phosphorylation resulting in IL6 production [193, 194]. Additionally, NFκB
binds the IL6 promoter and induces its transcription in many cell types [195]. As shown
in Figure 17C, inhibition of AKT or NFκB resulted in more than a 2-fold reduction in the
percentage of IL6-producing CD4+ LATm/m T cells (9.7% and 9.0% respectively). In
contrast, MEK inhibitor treatment caused no significant difference in IL6 production
(Figure 17C).
We also examined the effect of various inhibitors on IL4 production. Among the
different inhibitors, the PI3K and NFκB inhibitors impacted IL4 production more than
the other three inhibitors (Figure 17C). Treatment with the PI3K inhibitor resulted in a
1.7-fold reduction in the percentage of CD4+ T cells producing IL4 (51.3% compared to
91.2% with DMSO), while NFκB inhibition resulted in a 2.5-fold reduction in the
percentage of CD4+ T cells producing IL4 (34.5%). These results indicated that both
AKT and NFκB activation were required for increased IL6 and IL4 production in CD4+
LATm/m T cells.
To confirm the inhibitor data, we next wanted to see which of these pathways
were activated in LATm/m CD4+ T cells. CD4+ T cells were isolated from aged matched
2-3 month old mice and equal numbers of cells were lysed without any stimulation.
Zap70, which is upstream of LAT signaling and therefore should not be affected by the
LAT mutation, was used as a loading control. As shown in Figure 17D, the levels of p38,
AKT, and NFκB proteins were all similar, yet the phosphorylation of these proteins was
increased in LATm/m T cells, indicating that these signaling pathways were activated in
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the absence of LAT-PLCγ1 signaling (Figure 17D). In contrast, there was no significant
difference in Erk activation. Together, these results suggested that the LATY136F
mutation caused the activation of p38, AKT, and NFκB pathways in CD4+ T cells, which
resulted in elevated IL6 production.

4.2.2 Reduced expansion of LATY136F CD4+ T cells in the absence of
IL6
LATm/m mice display splenomegaly and lymphadenopathy due to
hyperproliferating CD4+ T cells as early as 4 weeks of age [148, 149]. To assess the
contribution of IL6 to the LATY136F-mediated autoimmune syndrome, IL6-/-LATm/m
mice were generated, and disease development was compared to that in LATm/m mice at 6
weeks of age. Age-matched WT and IL6-/- mice were used as controls. Remarkably,
IL6-/-LATm/m mice had normal spleen size and weight, similar to control WT and IL6-/mice (Figure 18A, 18B). LATm/m mice had enlarged spleens and increased number of
splenocytes (data not shown) as previously reported [148, 149]. In agreement with the
disparate size, spleens from LATm/m mice contained a large percentage of CD4+ T cells
(~70%). Spleens from IL6-/-LATm/m mice, however, had dramatically reduced
percentages of CD4+ T cells (2.6%), even compared to WT and IL6-/- control mice
(~15%)(Figure 18C). The number of CD4+ T cells in IL6-/-LATm/m mice was also
reduced compared to that in LATm/m mice (Figure 18B). Interestingly, while LATm/m
mice lack peripheral CD8+ T cells, 4-6 week-old IL6-/-LATm/m mice retained that
population (Figure 18C), although at much lower percentages than control mice (1.6%
compared to 8.7% in IL6-/- mice or 10.2% in WT mice).
  

   83     

  

  

Figure 18: The effect of IL6 on LATY136F T cell homeostasis
(A) Spleens from 6 wk-old WT, LATm/m, IL-6-/-, and IL-6-/-LATm/m mice. (B) Spleen
weight and the numbers of CD4+ T cells from 4 to 6 wk-old mice. (C) Representative
FACS plots of splenocytes. The expression of CD44 and CD62L was pregated on CD4+
cells. For intracellular staining of IFNγ and IL4, cells were stimulated with PMA and
ionomycin for 4 hours. Data are representative of 3-5 individual experiments. Two-tailed
t test; **, p<0.005. ***, p<0.001.
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In addition to being hyperproliferative, LATm/m CD4+ T cells are also
characterized by their activated phenotype, low levels of surface TCR, and exaggerated
Th2 cytokine production [148, 149]. While CD4+ T cells in IL6-/-LATm/m mice did not
expand greatly, we wanted to evaluate if they displayed the other characteristics of
LATY136F T cells. Surface staining of 4-6 week-old mice revealed that the vast
majority of CD4+ T cells in IL6-/-LATm/m mice had an effector/memory-like phenotype
(CD44hiCD62Llo)(Figure 18C); however, the number of naïve T cells (CD44loCD62Lhi)
was increased compared with that in LATm/m mice. Furthermore, staining of TCRβ
revealed that both CD4+ and CD8+ T cells in IL6-/-LATm/m mice had very low levels of
TCRβ at the cell surface similar to LATm/m T cells (data not shown). To assess cytokine
production, splenocytes were stimulated with PMA and ionomycin for 4 hours prior to
intracellular staining. Like LATm/m T cells, the vast majority of IL6-/-LATm/m T cells had
the capacity to produce large amounts of IL4; therefore, they were also heavily Th2
skewed (Figure 18C). Together, these results suggested that even though IL6 deficiency
did not change the activated phenotype of LATm/m T cells, IL6 was important in driving
uncontrolled CD4+ T cell expansion in LATm/m mice.

4.2.3 IL6 deficiency had no effect on LATY136F T cell development
Since the LATY136F mutation causes a partial block at the pre-TCR checkpoint (DN3)
during thymocyte development, we next wanted to determine if the reduced number of T
cells seen in the periphery of IL6-/-LATm/m mice was due to a further block in thymocyte
development. Thymocytes from 4 week-old IL6-/-LATm/m, LATm/m, and control mice
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were analyzed. Staining for CD4 and CD8 revealed a similar block in the DN
compartment. Both LATm/m and IL6-/-LATm/m mice had 75.2% and 70.5% DN thymocytes
respectively (Figure 19A). Further analysis of the DN compartment showed that
thymocyte development was partially blocked at DN3 and the percentages of the DN1DN4 subsets were similar between LATm/m and IL6-/-LATm/m mice (Figure 19A).
Furthermore, the numbers of total, DN, and DP thymocytes were comparable in LATm/m
and IL6-/-LATm/m mice (Figure 19B). Thus, the reduction in the number of CD4+ T cells
seen in the periphery of IL6-/-LATm/m mice was not due to a further block in thymocyte
development.

4.2.4 No effect of IL6 deficiency on regulatory T cells in LATY136F
mice
We next wanted to elucidate the mechanism by which IL6 regulates T cell
expansion in secondary lymphoid organs of LATm/m mice. It is known that IL6 inhibits
Treg differentiation and promotes Th17 differentiation from naïve T cells [127-129].
Since LATm/m mice lack functional Tregs [153, 155], it is possible that IL6 deficiency in
LATm/m mice may restore the development or function of regulatory T cells. To detect the
presence of Tregs, T cells from 6 week-old mice were stained intracellularly for FoxP3,
the master regulator of Tregs. Similar to LATm/m mice, IL6-/-LATm/m mice were devoid
of FoxP3+CD4+ T cells (Figure 19C). This indicated that the reduced expansion of CD4+
T cells in IL6-/-LATm/m mice was not due to the appearance of Tregs that suppressed T
cell expansion. It also suggested that the absence of Tregs in LATm/m mice was not due
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Figure 19: IL6 has no effect on T cell development
(A) Analysis of thymocyte development in 4 wk-old mice. (B) The numbers of different
subsets of thymocytes. (C) IL6 deficiency had no effect on Treg cells in 6 wk-old IL-6-/LATm/m mice. FoxP3 expression in CD4+ T cells was analyzed by intracellular staining.
Data are representative of 3-5 individual experiments.
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to an overabundance of IL6 in lymphoid tissues, but rather an intrinsic role of LATPLCγ1 signaling in the development or maintenance of Tregs.

4.2.5 Myd88 signaling is not required for LATY136F T cell
proliferation
Studies have demonstrated that toll-like receptor (TLR)-mediated IL6 production
can induce T cell homeostatic proliferation [188]. Additionally, naïve T cells express
TLRs, such as TLR 1, 2, 3, 6, and 7, while activated CD4+ T cells express TLR4 and
TLR5 [196, 197]. TLR-mediated signaling may potentially intersect with aberrant TCR
signaling in LATm/m T cells to induce IL6 production. We next tested whether TLR
signaling was important for IL6 production in LATm/m mice by crossing them to Myd88-/mice to ablate TLR signaling.
Similar to IL6-/-LATm/m mice, we analyzed Myd88-/-LATm/m mice at 4-6 wks of
age for IL6 production and the development of autoimmunity. We first analyzed the
ability of Myd88-/-LATm/m T cells to produce IL6. As shown in Figure 20A, 10.9% of
Myd88-/-LATm/m T cells produced IL6, which was comparable to LATm/m T cells (8.7%).
To assess autoimmunity, we first analyzed spleen weight and the number of CD4+ T cells,
which were similar in Myd88-/- and WT mice (Figure 20B). Myd88-/-LATm/m mice had
significantly larger spleens and increased number of CD4+ T cells compared to Myd88-/and WT control mice; however, the splenomegaly was not as drastic as that in LATm/m
mice (Figure 20B). The spleens of Myd88-/-LATm/m mice contained ~34% CD4+ T cells
with virtually no CD8+ T cells (Figure 20C). While the percentage of CD4+ T cells
varied, the average number of CD4+ T cells in the spleen was not significantly different
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Figure 20: Myd88 is not required for IL6 production in LATm/m T cells
(A) IL6 production. Splenocytes from WT, LATm/m, Myd88-/-, and Myd88-/-LATm/m mice
were stimulated for 4 hours with PMA and ionomycin before intracellular staining. (B)
Spleen weight and the numbers of CD4+ T cells. (C) FACS analysis of splenocytes. Cells
were pregated on CD4+ cells for CD44 vs. CD62L expression. Data are representative of
3 individual experiments. All data were obtained from the analysis of 4-6 wk-old mice.
Two-tailed t test; *, p<0.05, ***, p<0.001.
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between Myd88-/-LATm/m mice and LATm/m mice. Additionally, Myd88 deficiency did not
rescue the activation status of LATm/m T cells, similar to IL6 deficiency (Figure 20C). T
cell hyperproliferation in Myd88-/-LATm/m mice was similar to that seen in LATm/m mice,
and it did not recapitulate the phenotype seen in IL6-/-LATm/m mice. These data indicated
that TLR signaling through Myd88 did not play a major role in IL6 production and T cell
expansion in LATm/m mice.

4.2.6 Defect in T cell survival in the absence of IL6
In addition to its role in T cell differentiation, IL6 is also important for both T cell
survival and proliferation [183, 184, 188, 190]. To examine if IL6 deficiency blocked
proliferation in IL6-/-LATm/m T cells, we examined T cell proliferation by Ki67 staining,
which marks cells that are in active phase of cell cycle, not resting cells. While the
percentage of CD4+ T cells in IL6-/-LATm/m mice was relatively small (~5%), almost half
of those T cells were in active proliferating phase (Figure 21A). Even though LATm/m
mice had enlarged spleens by 6 weeks of age due to uncontrolled expansion of CD4+ T
cells, only 11% of them were actively proliferating. This large Ki67+ population in IL6-/LATm/m mice may be a factor of the lymphopenic environment. This result suggested that
there was not a defect in T cell proliferation in the absence of IL6.
To examine the role of IL6 in LATm/m T cell survival, we examined cell death by
staining with Annexin5 and 7AAD. CD4+ T cells were pre-gated to remove doublets,
and then the percentage of live cells (Annexin5-7AAD-) was determined. WT and IL6-/spleens contained on average 82.2% and 84.4% live CD4+ T cells, respectively (Figure
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Figure 21: IL6 deficiency on LATY136F T cell proliferation and survival
(A) T cell proliferation. Ki67 intracellular staining was pregated on CD4+ T cells for both
LATm/m and IL6-/-LATm/m mice. (B) The percentage of live (Annexin5-7AAD-) CD4+ T
cells. (C) Analysis of BCL2 expression in CD4+ T cells by intracellular staining. (D)
IL6Rα surface expression on CD4+ T cells. WT and IL6-/- (solid line); LATm/m and IL6-/LATm/m (dashed line). The numbers labeled in the FACS plots represent mean florescent
intensity. (E-F) pSTAT3 activation. Splenocytes were either treated with IL6 (1µg/ml)
for 20 minutes or left untreated before pSTAT3 staining. Mice were used at 6 wks of age.
Data are representative of 3 independent experiments. Two-tailed t test; *, p<0.05, **,
p<0.005, ***, p<0.001.
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21B). LATm/m mice had an average of 81.1% live CD4+ T cells in their spleens, which
was similar to WT and IL6-/- mice. In contrast, 72.6% of CD4+ T cells in IL6-/-LATm/m
spleens were live, which was significantly reduced compared to WT, IL6-/-, and LATm/m
T cells (Figure 21B). Previous studies have demonstrated that IL6 signaling induces the
expression of the antiapoptotic molecules, BCL2 and BCL-XL to rescue T cells from cell
death [180, 183, 198]. Intracellular staining of T cells from 6 week-old mice showed that
IL6-/-LATm/m CD4+ T cells expressed low levels of BCL2 similar to LATm/m CD4+ T cells
(Figure 21C). Since BCL2 expression was not further reduced in IL6-/-LATm/m CD4+ T
cells compared to LATm/m CD4+ T cells, we were able to conclude from these data that
the effect of IL6 on the survival of CD4+ T cells in LATm/m mice is less likely through the
regulation of BCL2 expression.
While it has been shown that IL6 can rescue antigen-stimulated T cells from cell
death [199], it was also reported that the effect of IL6 on T cell survival is restricted to
naïve T cells, and there is little effect on activated T cells due to differential signaling and
expression of IL6Rα [184]. LATm/m T cells spontaneously develop an activated
phenotype, therefore, these cells may not be able to signal through the IL6Rα like naïve T
cells. Indeed, when we examined IL6Rα expression, LATm/m CD4+ T cells expressed
lower levels of surface IL6Rα compared to WT T cells (Figure 21D). While some
cytokine receptors become internalized upon engagement with their ligands, this is likely
not the case here, as IL6-/-LATm/m CD4+ T cells also expressed low surface IL6Rα,
despite the absence of IL6 cytokine.

  

   92     

  

To test whether low IL6Rα expression could still allow for STAT3 activation,
splenocytes were left unstimulated or stimulated in vitro with IL6 for 20 minutes, prior to
intracellular staining for pSTAT3. As shown in Figure 21E, STAT3 phosphorylation was
induced in WT T cells upon IL6 stimulation while STAT3 phosphorylation was
unchanged in LATm/m T cells. Quantitation of fold changes of STAT3 phosphorylation
from unstimulated to stimulated showed that WT T cells had approximately a 2.1-fold
increase in pSTAT3 (Figure 21F). STAT3 phosphorylation was not increased in LATm/m
T cells. In addition, there was no detectable pSTAT3 in LATm/m T cells at 5, 10, or 30
minutes after IL6 stimulation either (data not shown). As controls, IL6Rα-/- and IL6Rα-/LATm/m splenocytes were also stimulated with IL6, and those T cells showed a lack of
STAT3 phosphorylation (0.87 and 0.98 fold change in MFI respectively), similar to
LATm/m T cells (Figure 21F). Together, these data suggested that it is unlikely that IL6
acts directly on T cells in LATm/m mice to promote cell survival.

4.2.7 IL6 in LATY136F mediated autoimmunity
Finally, we wanted to determine if the regulation of T cell expansion by IL6
persisted in aged mice. To examine this, 3 month-old IL6-/-LATm/m mice were analyzed
for T cell expansion and development of autoimmunity. Again, IL6-/- mice had normal
spleen sizes and similar T cell populations as WT mice. In contrast to young mice, 3
month-old IL6-/-LATm/m mice now displayed severe splenomegaly, with large percentages
of CD4+ T cells (49.7% compared to young mice with ~3%)(Figure 22A, 22B). Aged
IL6-/-LATm/m mice had a T cell profile similar to LATm/m mice, with close to half of the
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Figure 22: The development of T cell hyperproliferation in aged IL6-/-LATm/m mice
(A) Spleen weight, splenocyte number, and CD4+ T cell number. WT, LATm/m, IL6-/-, and
IL6-/-LATm/m mice were 3 months old. (B) FACS analysis of splenic CD4 and CD8
expression. Data are representative of 3-5 independent experiments.
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splenocytes being CD4+ T cells and very few CD8+ T cells (Figure 22B). From these
data, we were able to conclude that over time, there is a compensatory mechanism that
promotes expansion and survival of CD4+ T cells in the absence of IL6.
The other aspect of LATY136F-mediated disease is the effect of CD4+ T cells on
B cells. B cells become activated and express high levels of MHC class II, CD80, and
CD86. They undergo isotype switching, resulting in high levels of serum IgG1 and IgE,
and autoantibodies [148, 149]. The number of B cells in IL6-/-LATm/m mice was not
significantly different compared to LATm/m mice (data not shown). B cells from 3 monthold IL6-/-LATm/m mice also had similar upregulation of MHC class II; however, while
26.6% of LATm/m B cells had undergone class switching, only 9.4% of IL6-/-LATm/m B
cells were IgD-IgM- (Figure 23A). Furthermore, analysis of serum antibodies from 3
month-old mice demonstrated significantly less serum IgG1 and IgE in IL6-/-LATm/m
mice compared to LATm/m mice, although still more than WT and IL6-/- mice (Figure
23B). Interestingly, quantitation of anti-dsDNA antibodies by ELISA revealed that IL6-/LATm/m had lower levels of autoantibodies than LATm/m mice. This result was also
confirmed by immunofluorescence staining of NIH3T3 cells with the sera from these
mice. Staining with the LATm/m sera revealed marked nuclear and cytoplasmic staining
(Figure 23C). While detectable, staining of NIH3T3 cells with IL6-/-LATm/m sera was
much weaker.
It has previously been demonstrated that the role of IL6 on antibody production is
indirectly mediated through induction of IL21 by T cells [144]. Therefore, we wanted to
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Figure 23: The development of an autoimmune syndrome in aged IL6-/-LATm/m mice
(A) MHC class II, IgD, and IgM expression on CD19+B220+ B cells from LATm/m and
IL6-/-LATm/m mice. (B) Serum levels of IgM, IgG1, IgE, and anti-dsDNA antibodies. (C)
Autoantibody production. NIH3T3 cells were incubated with sera from different mice
followed by anti-mouse IgG-FITC. (D) IL21 mRNA levels from whole lymph nodes.
RNAs were isolated from inguinal lymph nodes in Trizol reagent using a Beadbug
homogenizer, and 5µg RNA was used for reverse-transcription. cDNAs were normalized
to β-actin. Data are representative of 3-5 independent experiments. Two-tailed t test; *,
p<0.05, ***, p<0.001.
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examine IL21 levels in LATm/m mice with and without IL6. Since the phenotype seen in
the spleen was mirrored in the lymph nodes, we homogenized whole LNs for preparation
of total RNAs for real-time PCR analysis of IL21. There was no difference in IL21
mRNA levels in LATm/m and IL6-/-LATm/m lymph nodes (Figure 23D). These
datademonstrated that in LATm/m mice, IL6, which is most likely produced by T cells,
plays an important role in B cell class switching and autoantibody production.

4.3 Discussion
Published studies show that the LAT-PLCγ1 interaction is essential in regulating
T cell homeostasis and controlling production of Th2 cytokines. Our results here
demonstrated that this interaction is also important for modulating IL6 production. IL6 is
normally produced by innate cells such as monocytes and macrophages at the site of
acute inflammation, and also by T cells during chronic inflammation [180]. Its expression
is induced upon activation of IL1, TNFα, or TLR signaling pathways, all of which
depend on the transcription factor NFκB. Our results showed that basal phosphorylation
of both NFκB and AKT was enhanced in T cells with the LATY136F mutation.
Moreover, inhibition of these proteins reduced the ability of these T cells to produce IL6.
Interestingly, p38 activation was also enhanced in LATm/m T cells, and inhibition of p38
also prevented LATm/m T cells from producing IL6. It has been demonstrated that in
cardiac myocytes, MKK6 activates NFκB-mediated IL6 production in a p38 dependent
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manner [200]. Thus, it is possible that in LATm/m T cells, p38 is enhancing NFκBmediated IL6 production.
Signaling through TLRs is a major mechanism for IL6 induction. Our data
showed that LATY136F CD4+ T cells were able to produce IL6 in a Myd88-independent
manner. Additionally, Myd88-/-LATm/m mice had CD4+ T cells that were
hyperproliferative and activated. These results suggested that TLR-mediated Myd88
activation is neither required for T cell IL6 production nor for IL6-induced expansion of
T cells in LATm/m mice. Our intracellular staining of IL6 suggested that macrophages and
B cells were not the main producers of IL6 in LATm/m mice. Although our data indicted
that CD4+LATm/m T cells increased IL6 production, we cannot rule out the possibility that
non-hematopoietic cells may contribute to IL6 production in these mice. The liver is able
to produce IL6 as part of an acute phase response and muscle cells can also produce IL6.
Because our multiplex assay for various cytokines did not detect high levels of IL6 in the
serum of LATY136F mice (unpublished data), it is possible that IL6 is acting locally in
secondary lymphoid organs, and not part of a systemic inflammatory response.
Additionally, endothelial cells and fibroblasts can produce IL6. These cells may also
contribute to local IL6 production in the spleens and lymph nodes of LAT mutant mice.
Ki67 intracellular staining indicated that IL6-/-LATm/m T cells were not defective
in proliferation compared with LATm/m T cells. Additionally, when we transferred IL6-/LATm/m or LATm/m T cells into LAT-/- mice (T cell deficient) to examine homeostatic
proliferation by CFSE labeling, we did not observe a difference in CFSE dilution.

  

   98     

  

Previous studies have shown that IL6 signaling plays an important role in IL7 production
in vivo. In mice with a mutation in gp130 (a subunit of the IL6R) that causes enhanced
STAT3 signaling, IL7 production is enhanced, thus driving abnormal CD4+ T cell
proliferation [190]. It has been shown that IL7, rather than the TCR-MHC interaction, is
crucial for LATm/m T cell proliferation as they fail to expand in IL7-deficient hosts [154].
Interestingly, we observed normal IL7-mediated CFSE dilution in our transfer
experiments (data not shown), suggesting that IL7-dependent proliferation is not
regulated by IL6 in the LATm/m mice. Additionally, we did not detect any difference in
IL7 levels between IL6-/-LATm/m and LATm/m lymph nodes by Western blotting and RTPCR analysis (data not shown). Since the absence of IL6 did not affect the production of
other cytokines, such as IL2 and IL4, other factors such as MCL1 or BCL-XL might be
important in promoting T cell survival [179].
Despite the delayed T cell expansion in young IL6-/-LATm/m mice, by 3 months of
age, IL6-/-LATm/m mice had enlarged spleens similar to LATm/m mice, due to the huge
expansion of CD4+ T cells. Interestingly, while B cell numbers were comparable in IL6-/LATm/m and LATm/m mice, antibody class-switching and secretion were reduced in the
absence of IL6. Previous studies have demonstrated that IL6 has an indirect role in B cell
antibody production through increasing IL21 production by T cells [144]. When we
examined IL21 levels in lymph nodes, there was no difference between IL6-/-LATm/m and
LATm/m mice. How IL6 affects antibody class-switching and production in LATm/m mice
remains to be further investigated.
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IL6 is a cytokine that is found in high concentrations in many autoimmune
syndromes, such as SLE and rheumatoid arthritis. It is a therapeutic target for dampening
inflammation in these patients [201]. IL6 is also highly expressed in germinal centers in
patients with Castleman’s disease, a type of lymphoproliferative disorder [202]. Our
work established a critical role for LAT-PLCγ1 signaling in the regulation of IL6
production by T cells, and subsequent B cell class-switching and autoantibody
production. Modulating LAT signaling may prove to be a novel target for controlling T
cell-mediated cytokine production in human diseases.
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5. Spontaneous T Follicular Helper Cell Differentiation in
LATY136F mice
5.1 Introduction
Intracellular bacteria and viruses are controlled by type 1 immune responses,
including Th1 CD4+ T cells, which secrete IFNγ and promote CD8+ T cell killing. On the
other hand, extracellular helminth infections and allergic responses elicit a type 2
immune response. Type 2 immunity is characterized by CD4+ T cells which induce B cell
activation and IgE secretion resulting in tissue eosinophilia, mast cell activation, and
alternatively activated macrophages [203]. These responses require IL4 and IL13,
cytokines that are secreted from T cells, among other cell types.
LAT is an adaptor molecule that is phosphorylated downstream of TCR
engagement and is required for TCR-mediated signaling [66]. LATY136F mice, which
have a mutation in the LAT binding site for PLCγ1, display a spontaneous Th2 immune
response in the absence of exogenous antigen stimulation [148, 149]. LATY136F CD4+ T
cells within the spleen and lymph nodes produce IL4 and IL13. They are
hyperproliferative, resulting in enlarged secondary lymphoid organs. Additionally, T cells
infiltrate the liver, lung, and kidney. As a result of the exaggerated T cell activation, B
cells become activated, resulting in high serum IgE and IgG1 levels [148, 149].
LATY136F T cells were shown to have defects in both positive and negative
selection, and also display self-reactivity [148, 152]. To demonstrate that the T cell
phenotype was not solely due to developmental defects, our lab created an inducible
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deletion system, by which a normal wildype floxed LAT allele (WT) allows for proper
development to occur [155]. Using ERCre recombinase, the addition of tamoxifen
weekly to ERCre+LATf/m mice allows for deletion in the periphery of the wildtype floxed
allele (f), leaving only the LATY136F mutant allele (m). After 4 weeks of deletion,
ERCre+LATf/m T cells spontaneously produce IL4, further demonstrating that aberrant
LAT-PLCγ1 signaling in mature T cells can drive Th2 skewing in vivo.
In addition to understanding the Th2-mediated autoimmunity in LATY136F mice,
other studies have looked at the requirement for canonical LAT-PLCγ1 signaling in other
helper T cell subsets. It has been shown that Tbet signaling is intact in LATY136F T cells
deficient in STAT6, a transcription factor required for Th2 programming [151].
LATY136F mice lack Foxp3+ regulatory T cells (Tregs), and ERCre+LATf/m mice have
Tregs, yet they are nonfunctional [153, 155]. We wanted to understand the requirement
of LAT-PLCγ1 signaling in the differentiation of a recently described subset of CD4+ T
cells, the follicular helper T cell (Tfh) [142].
Tfh cells are the CD4+ effector subset important for B cell help within the
germinal center, where B cell affinity maturation and isotype switching occurs. These T
cells were originally described in the early 2000s by their high expression of CXCR5
[204-206], the receptor for CXCL13, a chemokine secreted by follicular stroma cells
[207, 208]. CXCR5 expression promotes T cells migration to the follicle. BCL6 was
recently identified as the transcription factor vital for Tfh differentiation [138, 140, 141].
BCL6 also functions as a transcriptional repressor, blocking expression of transcription
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factors important for differentiation of other helper T cell subsets, such as GATA3, Tbet,
and RORγt [140]. At this time, the lineage relationship between Tfh cells and other
helper T cell subsets is still somewhat unclear.
Recent studies have demonstrated that during allergic inflammation, IL4 in
lymphoid tissue is primarily produced by follicular helper T cells (Tfh), not by Th2 cells
[209]. In our studies, we wanted to identify the IL4-producing CD4+ T cell subset in
LATY136F mice, and to understand the role of tonic LAT-PLCγ1signaling in modulating
Tfh cell lineage commitment and BCL6 expression.

5.2 Results
5.2.1 IL4-producing T cells are localized to GC-like zones in
LATY136F mice
As previously reported, LATY136F (designated LATm/m) CD4+ T cells
spontaneously develop a Th2 phenotype, with up to 90% of the T cells producing IL4
after stimulation in vitro with PMA and ionomycin for four hours [148, 149]. To monitor
IL4 production without the need to restimulate cells, we crossed LATm/m mice with KN2
reporter mice. The reporter mice have one allele of the IL4 gene with human CD2
(huCD2) knocked-in at the IL4 start site (IL4KN2/+), allowing us to detect huCD2 on the
surface of cells that have recently secreted IL4 [210].
We examined 6-8 week-old IL4KN2/+LATm/+ (designated IL4KN2/+) and
IL4KN2/+LATm/m mice for IL4 secretion in the lymph nodes and spleen by flow cytometry.
While very few T cells produced IL4, as measured by huCD2 expression in WT, IL4KN2/+
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mice (.38% in the inguinal lymph node and .28% in the spleen), around 20% of lymph
node and 7% of splenic T cells from LATm/m mice were producing IL4 (Figure 24A).
IL4+/+LATm/m mice (designated LATm/m) without the KN2 reporter were used as controls
for huCD2 staining.
LATm/m T cells are noted for their effector/memory-like phenotype and
downregulation of the TCR from the cell surface [148, 149]. When we compared surface
TCRβ expression within the LATm/m CD4+ T cell population, the huCD2+ IL4-producing
cells had higher surface TCR than the huCD2- cells in both the spleen and lymph nodes
(Figure 24B). This difference in mean fluorescent intensity between these two
populations was significantly different (Figure 24C) and indicated that perhaps these two
populations had distinct functions within secondary lymphoid tissues.
Since almost all LATm/m T cells produced IL4 upon PMA and ionomycin
stimulation in vitro, but a much smaller percentage produced IL4 in vivo, we next wanted
to determine where the IL4-producing T cells were localized to within secondary
lymphoid tissues, to better understand their function. Spleen sections were stained with
various antibodies and imaged at 20x, and 70x on a SP5 confocal microscope. LATm/m
mice were used as controls for huCD2 staining and clearly showed that CD4+ T cells
were found within B cell rich regions of the spleen (Figure 24D). Specifically, the CD4+
T cells that were clustered in B220+ B cell rich regions of LATm/m spleens were huCD2+
IL4-producing (Figure 24E). A small number of huCD2+ T cells were also found in
Thy1.2+ T cell zones. Further staining demonstrated that the B cells expressed high MHC
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Figure 24: IL4-producing T cells in LATY136F mice
(A) The expression of CD4 and huCD2 from spleens and inguinal lymph nodes from 68wk-old IL4KN2/+, LATm/m, and IL4KN2/+LATm/m mice. (B-C) TCRβ surface expression.
Representative FACS plots comparing TCRβ expression between CD4+huCD2+ or
CD4+huCD2- from  IL4KN2/+LATm/m mice. Top row: lymph node, bottom row: spleen. (DE) 5 µm spleen sections from 3 month-old mice were stained with anti-mouse B220-PE
(red), huCD2-biotin, amplified using fluorescein-tyramide (green), and various other
biotinylated antibodies followed by SA-647 (blue). Imaging was performed using
confocal microscopy at 20x (top) and 70x (bottom) magnification. Data are representative
of 3 individual experiments. Two-tailed t test; **, p<0.005, ***, p<0.001.
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class II and IgD, although B cells at the center of these structures were IgD-, indicating
these were germinal centers where class switch recombination was occuring. We also
stained for CD21, which marks B cells and also follicular dendritic cells. CD21 also
colocalized with high concentrations of IL4-producing LATm/m T cells. While the normal
splenic architecture is disruputed in LATm/m mice, it appeared that IL4-producing T cells
were localized to germinal center-like regions in close contact to B cells that were IgDclass-switched.
A recent study compared IL4 competence and IL4 secretion by CD4+ T cells
within the lymph node during immune responses, and found IL4 secretion was limited to
follicular helper T cells (Tfh) [147]. Based on our imaging data, the small proportion of T
cells that are actively secreting IL4 in LATm/m secondary lymphoid organs did appear to
be Tfh-like, in that they were localized to B cell-rich regions of the spleen where isotype
switching was occurring.

5.2.2 IL4-producing T cells express BCL6 and are Tfh cells
We previously identified that LAT-PLCγ1 signaling was important for
modulating Th2 differentiation, and we even demonstrated that γδ LATY136F T cells in
secondary lymphoid organs produced IL4 and express high GATA3 [211]. While the
localization of the IL4-producing T cells in IL4KN2/+LATm/m mice suggested that they
were Tfh cells, rather than Th2 cells, we next needed to confirm this by examining the
expression of surface markers and transcription factors important for the Tfh lineage.
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First, we examined expression of master regulators for T helper cell development
by FACS analysis. In support of our previous findings, we saw that all LATm/m CD4+ T
cells express high levels of the Th2 master regulator, GATA3 (Figure 25A). This might
explain why the majority of these CD4+ T cells were IL4 competent and could produce
IL4 after PMA and ionomycin stimulation. Interestingly, when we stained for BCL6, the
master regulator of Tfh cells, we saw that ~3% of CD4+ T cells were BCL6+ (Figure
25B). These data confirmed that, in addition to the known role of LAT-PLCγ1 signaling
in modulating Th2 differentiation, mutation of LAT induced spontaneous BCL6
expression and Tfh differentiation.
Knowing that IL4 producing T cells were composed of a small population of
splenic CD4+ T cells and these T cells localized to germinal-center like zones (Figure
24), we next wanted to understand if these cells were BCL6-expressing Tfh cells.
Examination of IL4KN2/+LATm/m CD4+ T cells revealed that BCL6+ T cells were huCD2+
and thus were IL4 producers (Figure 25C). FACS analysis demonstrated that there was
also a second, much larger population of huCD2-BCL6- CD4+ T cells. Comparison of
huCD2 and GATA3 demonstrated that cells which were huCD2- were also GATA3+
(Figure 25C). Our data suggested that within secondary lymphoid organs, Th2 cells were
GATA3+BCL6-, could produce IL4 and IL13 after in vitro stimulation and were therefore
IL4 competent, but were huCD2- and not actively secreting IL4. The Tfh cells expressed
BCL6 and were huCD2+, actively producing IL4.
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Figure 25: IL4-producing T cells in LATY136F mice are Tfh cells
Mice were all IL4KN2/+ and used at 6-8 wks of age for flow cytometry. (A) Intracellular
staining of GATA3. Cells were pregated on splenic CD4+ T cells. (B) BCL6 expression
in the spleens of WT and LATm/m mice. (C) FACS analysis of huCD2, GATA3, and
BCL6 expression on CD4+ T cells from IL4KN2/+LATm/m mice. (D) ICOS and PD1
expression on huCD2+ and huCD2- CD4+ T cells from IL4KN2/+LATm/m mice. (E-F)
mRNA levels from sorted huCD2+ and huCD2- CD4+ T cells from 3 month-old
IL4KN2/+LATm/m mice were normalized to β-actin. RNAs were isolated in Trizol reagent
used for reverse-transcription. Connected lines indicate sorted populations from the same
mouse. Data are representative of 2-5 independent experiments.
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It is known that BCL6 suppresses expression of GATA3, at the posttranscriptional level [141, 212]. Previous studies looking at Tfh cells in the lymph node
after N. brasiliensis infection showed BCL6+ T cells do not express GATA3 [209].
Remarkably, in T cells lacking tonic LAT-PLCγ1 signaling, huCD2+ and huCD2- cells
showed equally high expression of GATA3. The same was true with BCL6+ and BCL6- T
cells (Figure 25C). Since all BCL6+ cells were huCD2+, we sorted huCD2+ and huCD2CD4+ T cells from IL4KN2/+LATm/m mice. RT-PCR analysis of cDNAs from sorted cells
confirmed similar GATA3 mRNA levels between the two populations (Figure 25E).
To confirm that the huCD2+BCL6+ T cells in LATY136F mice were indeed Tfh
cells, we compared the expression of various proteins between the huCD2+ Tfh-like
population, and the huCD2- Th2 populations. Tfh cells expressed high levels of PD1,
ICOS, CXCR5, SAP (SLAM-associated protein), and produced IL21 [147, 209], and
expressed low levels of Blimp1, a BCL6 antagonist [138]. Surface staining in LATm/m
mice revealed that huCD2- T cells had very few ICOS+PD1+ cells (~2%), while huCD2+
CD4+ T cells were enriched for this population (~49%). HuCD2+ T cells also had high
expression of the SAP, IL4, and IL21 mRNA, and low expression of Blimp1 mRNA
compared to their huCD2- counterparts (Figure 25E, 25F).
Tfh can produce various T helper cytokines such as IFNγ, IL4, IL5, IL13, and
IL17 [139]. Additionally, IL6 signaling and STAT3 activation is thought to be important
for their differentiation [140, 143-145]. Since LATY136F mice demonstrate spontaneous
type 2 immune responses, and our previous work shows these T cells overproduce IL6,
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we examined cytokine mRNA levels in huCD2+ and huCD2- IL4KN2/+LATm/m T cells. IL4
and IL13 mRNA levels were elevated in huCD2+ T cells, IL5 was similar between the
two populations, and IL6 was reduced compared to huCD2- T cells (Figure 25F). huCD2T cells still had elevated levels of all these cytokines when compared to WT CD4+ T cells
(data not shown).
These data demonstrated that LAT-PLCγ1 signaling modulates Tfh cell
development, and this population is phenotypically distinct from the Th2 cells. The
LATY136F model of autoimmunity was similar to studies using Leishmania  major  or  
Nippostrongylus  brasiliensis, in that IL4 production within the secondary lymphoid
organs is restricted to Tfh cells, rather than Th2 cells. Yet interestingly, Tfh cells in this
system expressed high levels of GATA3.

5.2.3 TCR autoreactivity does not drive Tfh development in LATY136F
mice
Previous studies have demonstrated that during differentiation, T cells with high
TCR avidity preferentially develop into Tfh over non-Tfh cells [213]. Both positive and
negative selection processes are defective in the thymus of LATm/m mice resulting in the
survival of autoreactive T cells [152]. We wanted to understand if spontaneous Tfh cell
development in these mice was a result of autoreactive TCRs with enhanced avidity to
self-peptide-MHC, or if tonic LAT-PLCγ1 signaling was important to negatively regulate
BCL6 expression.
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To examine this, we used our inducible system, where a wildtype floxed LAT
allele (f) allowed for normal thymocyte development and selection to occur, which then
could be deleted in the periphery of ERCre-expressing mice by injection of tamoxifen,
leaving one allele of mutant LAT (m) [155]. In this system, two LoxP sites flank exons 711, and deletion of these exons not only leads to a non-functional LAT allele, but to
expression of GFP. Tamoxifen injections once a week for 4 weeks in ERCre+LATf/m
mice showed similar CD4+ T cell hyperproliferation, IL4 production, and GATA3
expression as LATY136F mice [155, 156]. Here we also saw that four-weeks of
tamoxifen injections resulted in Tfh development and B cell activation and class
switching (data not shown).
We wanted to look at an earlier time point to assess Tfh cell development prior to
B cell activation. Comparison of ERCre+LATf/+ and ERCre+LATf/m mice that had
received 2 weeks of tamoxifen injections showed that all T cells were GFP+, yet CD4+ T
cell hyperproliferative disease development has not yet begun to occur (data not shown).
ERCre+LATf/m mice did not have enlarged spleens and lymph nodes, and had similar
percentages of CD4+ T cells compared to ERCre+LATf/+ mice (Figure 26A). Interestingly,
at this early time point, we saw that ERCre+LATf/m CD4+ T cells had upregulated
GATA3 expression (Figure 26B). When we examined these mice for Tfh cells, we saw in
Figure 26C, an enriched population of PD1+CXCR5+ in the ERCre+LATf/m CD4+ T cell
pool (~9.5%) compared to ERCre+LATf/+ CD4+ T cells (~1.8%). Correspondingly, there
is a distinct population of BCL6+CD4+ T cells in the spleens of ERCre+LATf/m mice that
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Figure 26: Tfh development occurs in ERCre+LATf/m mice
ERCre+LATf/+ and ERCre+LATf/m mice were injected weekly for two weeks prior to
being sacrificed. (A) CD4 and CD8 expression in the spleen. (B) GATA intracellular
staining of CD4+ T cells. Numbers represent gMFI. (C) Cells were pregated on CD4+ for
CXCR5 vs. PD1 expression. (D-E) Intracellular staining of BCL6 verse CD4 or GATA3.
(F) Percentage of BCL6+ cells of CD4+ T cells. Data are representative of 2 individual
experiments. Two-tailed t test; ***, p<0.001.
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were also GATA3 high (Figure 26D, 26E). The percentage of BCL6+ T cells in
ERCre+LATf/m was significantly increased relative to ERCre+LATf/+ mice (Figure 26F).
To eliminate the contamination of recent thymic immigrants in the ERCre+LATf/m system
we also transferred ERCre+LATf/+ and ERCre+LATf/m CD4+ T cells into T cell deficient
hosts (LAT-/-) and then induced deletion of the floxed wildtype LAT allele. These results
also demonstrated that a population of ERCre+LATf/m CD4 T cells became BCL6+ Tfh
cells  (Figure  27).  These  data  suggested  that  autoreactive  TCRs  with  enhanced  binding  
affinity  did  not  cause  spontaneous  Tfh  cell  skewing,  but  rather  BCL6  expression  was  a  
result  of  aberrant  LAT  signaling.      

5.2.4 B cells are required for Tfh cell initiation and maintenance in
LATY136F mice
The main function of Tfh cells is to help with B cell survival, class switching, and
affinity maturation through the production of cytokines and expression of various surface
co-receptors. To understand the requirement for B cells and the B cell follicle in the
differentiation and maintenance of Tfh cells lacking LAT-PLCγ1, we performed adoptive
transfer experiments into LAT-/- (T cell-deficient) and RAG1-/- (T and B cell-deficient)
hosts. 1x106 ERCre+LATf/+ and ERCre+LATf/m CD4+ T cells were sorted and injected into
LAT-/- and RAG-/- mice to study the initiation of Tfh cell development. We waited 3
weeks to allow expansion by homeostatic proliferation prior to tamoxifen injection.
Tamoxifen was then injected once a week for 3 weeks to ensure complete deletion of the
floxed allele prior to analysis of spleens for Tfh cells.
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As shown in Figure 27, intracellular staining of BCL6 was used to identify Tfh
cells. Close to 5% of ERCre+LATf/m CD4+ T cells that were transferred to LAT-/- mice
were BCL6+, while only 0.6% were BCL6+ when transferred into RAG1-/- hosts (Figure
27A). A small, but similarly low percentage of transferred ERCre+LATf/+ CD4+ T cells
expressed BCL6 in both LAT-/- and RAG1-/- hosts (average: 2.4% and 1.1% respectively)
(Figure 27B). These data demonstrated that B cells are vital for the development of
spontaneous Tfh cells resultant of LAT mutations.
To examine the requirement of B cells for the maintenance of Tfh cells, we sorted
CD4+ IL4KN2/+ and IL4KN2/+LATm/m T cells from 8 week-old mice and transferred them
into LAT-/- and RAG1-/- hosts. Since IL4KN2/+LATm/m T cells had close to 3% of their T
cell population that was Tfh cells, we assessed the persistence of this population eight
weeks after transfer. Similar to what was observed in IL4KN2/+LATm/m mice (Figure 25),
upon transfer into T cell-deficient hosts, the IL4-producing cells were BCL6+ (Figure
27C). Both LAT-/- and RAG1-/- mice that received IL4KN2/+LATm/m T cells had similar
averages of BCL6+ T cells (~4%); yet the overall intensity of BCL6 was significantly
reduced in RAG1-/- mice (Figure 27D). The intensity of BCL6 (gMFI) from
BCL6+huCD2+ cells in IL4KN2/+LATm/m T cells from RAG1-/- mice was similar to that
seen in control-transferred mice receiving IL4KN2/+ T cells. Together, these data
demonstrated that B cells were important for Tfh differentiation and BCL6 maintenance.
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Figure 27: B cells are required for Tfh cell induction and BCL6 maintenance
(A-B) 1x106 CD4+ T cells from ERCre+LATf/+ or ERCre+LATf/m were sorted and
transferred into LAT-/- or RAG-/- hosts. Homeostatic proliferation occured for 3 wks prior
to 3 wks of tamoxifen injection. FACS plots are pregated on CD4+GFP+ T cells. (A)
Intracellular staining for BCL6. (B) The percent of CD4+ T cells expressing BCL6. (C-D)
3x106 CD4+ T cells were sorted from 8 wk-old IL4KN2/+ and IL4KN2/+LATm/m mice. Cells
were i.v injected into LAT-/- or RAG-/- recipient mice for 8 wks. CD4 and Thy12 were
used to gate on transferred T cells. (C) BCL6 and huCD2. (D) The percent of CD4+ T
cells that are BCL6+huCD2+ and MFI gated on BCL6+huCD2+ T cells. Data are
representative of 2-3 individual experiments. Two-tailed t test; *, p<0.05; ***, p<0.001;
****, p<0.0001.
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5.2.5 The Tfh lineage in LATY136F mice is not terminally
differentiated
Our data have demonstrated that TCR self-reactivity is not important for Tfh
development from CD4+ T cells that lack tonic LAT-PLCγ1 signaling. Yet, we still did
not understand why only a proportion of T cells differentiated into Tfh cells. Knowing
that B cells are vital for their development and maintenance, we wanted to understand if a
small niche within secondary lymphoid organs limited Tfh cell differentiation and if these
cells were terminally differentiated. Since all BCL6+ Tfh cells were huCD2+ (Figure
25C), we sorted huCD2+ and huCD2- cells from IL4KN2/+LATm/m mice and transferred
them individually to LAT-/- hosts for 8 weeks. These experiments showed that mice
receiving huCD2- T cells now had 5% of the transferred T cells that were secreting IL4.
The reverse was also true, in that mice receiving only huCD2+ T cells now had 84% of
the transferred T cells which were IL4 negative (Figure 28A). Mice that received
huCD2- cells, which were entirely non-Tfh cells (BCL6-) (Figure 25C), now had
spontaneous Tfh development from Th2 cells, with 3.7% of their population being
huCD2+BCL6+ (Figure 28C, 28D). Moreover, mice that received all huCD2+ cells now
had only 10% of their population that was actively producing IL4 and expressing BCL6.
These data demonstrated that Tfh cells in LATm/m mice were not terminally differentiated
and could lose expression of BCL6. The converse was also true as well, where BCL6GATA3+ T cells gained expression of BCL6.
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Figure 28: Tfh cells in LATY136F mice are not terminally differentiated
1.5x106 huCD2+ and huCD2- cells were sorted from IL4KN2/+LATm/m mice and
transferred into LAT-/- mice via i.v injection. Mice were sacrificed 8 wks later and
analyzed for Tfh cells. CD4 and Thy1.2 were used to pregate on transferred T cells. (A)
Representative FACS plots of CD4 verse huCD2. (B-C) Intracellular staining for BCL6
was compared against CD4 and huCD2. (D) The percent of BCL6+huCD2+ cells of total
CD4+ T cells and BCL6 MFI pregated on BCL6+huCD2+CD4+ T cells. Two-tailed t test;
*, p<0.05.
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5.2.6 ICOS is not required for Tfh development in LATY136F mice
Finally, we wanted to determine if other signaling pathways, in addition to ablated
LAT-PLCγ1, was important for spontaneous Tfh development. Understanding that B
cells were important for Tfh cell development in LATm/m mice, we examined the
requirement of ICOS in LATY136F Tfh development. Inducible costimulator of cytokine
secretion (ICOS) is expressed on T cells and can bind ICOSL on B cells. ICOS is vital for
GC formation and antibody production, and is a marker of Tfh cells [214-216].
Moreover, Reinhardt et al. found that blocking ICOS reduced the amount of cytokinesecreting Tfh cells in secondary lymphoid organs [147]. While it has been shown that
ICOSL is not required for B cell activation in LATm/m mice [217], we wanted to
understand if ICOS was required for the lineage commitment of the newly identified
population of spontaneous Tfh cells in LATm/m mice.
To this end, we crossed ICOS-/- mice with LATm/m mice, and analyzed at 6-8
weeks of age for Th2 cells, Tfh cells, and disease development. LATm/m mice had
increased percentages of huCD2+ IL4 producing T cells, PD1+CXCR5+ T cells, and
BCL6+ T cells compared to ICOS-/-LATm/m mice (Figure 29B-D). LAT-mediated
hyperproliferation was not affected by ICOS deficiency. Intriguingly, ICOS-/-LATm/m
mice actually had increased percentages and numbers of CD4+ T cells compared to
LATm/m mice (Figure 29A, 29F). Therefore, while the percentage of Tfh cells was
diminished, the overall number of BCL6+ T cells was similar between LATm/m and ICOS/-

  

LATm/m mice (Figure 29F). Again, CD4+ T cells in both LATm/m and ICOS-/-LATm/m
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mice expressed high levels of GATA3 (Figure 29E). These results demonstrate that in the
absence of canonical LAT signaling, ICOS was not required for Tfh development.

5.3 Discussion
Studies using LATY136F mice have established that tonic LAT-PLCγ1 signaling is
important for regulating Th2 differentiation and IL4 production from Th2 cells [148,
149]. CD4+ T cells in the spleens and lymph nodes of these mice express high GATA3
levels and up to 90% of these cells can produce IL4 upon PMA and ionomycin
stimulation in vitro. Here, our results demonstrated that a small proportion of these cells
resemble Tfh cells, expressing BLC6, CXCR5, PD1, and ICOS. These cells were
Blimp1lo and SAPhi, and haved elevated IL21 mRNA levels. The Tfh cells, rather than
Th2 cells, were found within B cell GC zones, and were actively producing IL4, similar
to previous studies [147].
Since BLC6 was identified as the master regulator of Tfh differentiation, many
studies have tried to understand how BCL6 expression is regulated. Here we show that
tonic LAT-PLCγ1 signaling is important for suppression of BCL6 expression in naïve T
cells. Using our inducible deletion system, our studies demonstrated that as early as two
weeks after deletion of WT LAT leaving only one mutant LAT allele in mature, naive T
cells, both BCL6 and GATA3 were upregulated. While we demonstrated that in LATm/m
mice, B cells are important for development of Tfh cells, we clearly see in our inducible
system that Tfh skewing occurs prior to B cell activation and isotype switching, and is
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Figure 29: ICOS signaling is not required for Tfh development in LATY136F mice
WT, LATm/m, ICOS-/-, and ICOS-/-LATm/m mice were all IL4KN2/+ and were analyzed at 68 wks of age. (A) CD4 and CD8 expression in splenocytes. (B-E) Cells were pregated on
CD4+ T cells. Surface staining of (B) CD4 and huCD2 and (C) CXCR5 and PD1. (D)
Intracellular staining of BCL6. (E) GATA3 levels and gMFI. (F) Absolute numbers of
CD4+ T cells and CD4+BCL6+ T cells. Data are representative of 2 individual
experiments.
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therefore not a result of the B cell phenotype in these mice.
A previous study in B cells found that BCR mediated MAPK activation resulted
in BCL6 phosphorylation and degradation [218]. Abolishing the PLCγ1 binding site of
LAT in Jurkat-T cells results in defective calcium mobilization and ERK activation upon
TCR stimulation [53]. Additionally, studies from our lab examining the signaling
pathways important for IL6 production in LATY136F primary T cells show that while
p38 and PI3K signaling pathways are enhanced at the steady state, very little ERK
activation is detected in LATm/m T cells. Together, these data supports the hypothesis
that, perhaps similar to B cells, in LATm/m mice, without LAT-PLCγ1 mediated MAPK
signaling, BCL6 is no longer targeted for degradation, and spontaneous Tfh cells
developed.
Interestingly, while we demonstrate that spontaneous Th2 and Tfh development
occurs in LATm/m mice, in our system, Tfh cells expressed both high levels of GATA3
and BCL6. Liang and colleagues characterized Tfh cells within the lymph node as IL4
producers that are GATA3-BCL6+ [209]. It has been demonstrated that BCL6 blocks
GATA3 expression at the post-transcriptional level [212] and that overexpression of
BCL6 in Th2 cultures results in downregulation of GATA3 [141]. When we analyzed
aged LATm/m mice we detected lower GATA3 levels in BCL6+ cells compared to BCL6cells (data not shown), indicating that BCL6 does repress GATA3 expression over time.
Yet aged Tfh cells still expressed detectable GATA3 levels higher than WT T cells. The
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fact still remains that during the differentiation of these T helper cells, Tfh cells initially
expressed both master regulators at high levels.
Moreover, our transfer experiments showed that Tfh cells were not terminally
differentiated. BCL6+ cells developed from a BCL6-GATA3+ population, and a pool of
huCD2+ cell enriched for BCL6-expressing cells dropped BCL6 expression. Together,
these data indicated that in a model of LAT mediated autoimmunity, tonic LAT-PLCγ1
signaling is important for modulating Th2 and Tfh differentiation. In this model system,
Tfh cells expressed high levels of GATA3, which may assist in plasticity and conversion
between these two populations. To conclude, these studies demonstrate an important role
for tonic TCR signaling in repressing BCL6 expression in naïve T cells. Understanding
the role of TCR signaling during autoimmunity may become an important target to
repress Tfh cells and the development of autoreactive B cells.
  
  
  
  
  
  

  

   124    

  

6. General Discussion and Future Directions
6.1 LATY136F mediated autoimmunity
The LATY136F mutation, which abrogates the interaction between LAT and
PLCγ1, results in CD4+ T cells with two major characteristics: 1) they are
hyperproliferative, undergoing slow homeostatic proliferation and 2) they spontaneously
differentiate into Th2 cells, expressing high GATA3 and producing IL4. The underlying
mechanisms by which naïve LATY136F CD4+ T cells develop this phenotype has been
the subject of study for more than a decade. Our studies demonstrated that LATY136F
early T cell survival required T cell-mediated IL6. The absence of IL6 resulted in very
few CD4+ T cells in 4-6 week old LATY136F mice, but had no effect on IL4 production.
Additionally, studies examining the Th2 phenotype demonstrated that almost all
LATY136F CD4+ T cells were GATA3hi and competent to produce IL4 upon in vitro
stimulation. Remarkably, only a small subset of T cells actively produced IL4 within the
spleen and lymph nodes. These cells were actually Tfh cells, which localized to B cell
germinal centers and interestingly expressed both BCL6 and GATA3. Similar to studies
crossing LATY136F mice to STAT6-deficiency [151], our unpublished studies indicate
that IL4 is not required for T cell hyperproliferation. Together, these data suggest that the
T cell expansion and T helper cell differentiation phenotypes seen in LATY136F T cells
are differentially regulated.
In terms of trying to better understand how LAT signaling can regulate
autoimmunity, we wanted to examine the role of LAT signaling in γδ T cells. γδ T cells

  

   125    

  

are inherently self reactive and previous studies of Itk-/- mice show that γδ T cell in these
mice produce IL4 and induce IgE secretion from B cells [77]. Specifically γδ T cells that
express surface CD4 have been shown to provide B cell help in the germinal center after
Mycobacterium infection [219]. Additionally, using models of repeated parasite infection
of TCRβ-deficient mice, γδ T cells formed conjugates with B cells in germinal centers
resulting in increased antibody production. Interestingly, antibodies were more
commonly reactive to self-peptide rather than specific for the challenging parasite [220].
Targeting γδ T cells during chronic infection may prove to be important to prevent
autoantibody production and autoimmunity.   
Similarly, in our studies we demonstrate that hyperproliferative CD4+ γδ T cells
in the spleen and lymph nodes of TCRβ-/-LATY136F mice induced elevated serum
autoantibodies [211]. While γδ T cell development and selection was altered in the
absence of LAT-PLCγ1 signaling, γδ T cell homeostasis was maintained in the epidermis
and the small intestine. This data suggests that γδ T cells in secondary lymphoid organs
are either exposed to different antigens in the thymus than the spleen, or have different
requirements for tonic LAT signaling than γδ T cells in epithelial-rich compartments.
This data suggests that aberrant LAT signaling in γδ T cells also contributed to induction
of autoantibody production by B cells.   
Through our research, we were able to further investigate the role of LAT-PLCγ1
signaling in T cell development, cytokine production, T helper cell differentiation, and
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ultimately, further our understanding of the development of the LATY136F T cell
phenotype.

6.2 T cell development in the absence of LAT-PLCγ1 signaling
TCR-mediated LAT signaling is vital for thymocyte development, as LAT-/- mice
have a complete block in development at the DN3 stage, resulting in no mature αβ or γδ
T cells [66]. αβ T cell development occurs through many stages characterized by ordered
rearrangement of TCRβ and TCRα, selection checkpoints, and CD4 and CD8 expression.
γδ T cell development occurs within the DN compartment where antigen-driven selection
occurs for certain γδ T cell subsets.
Examination of specific LAT signaling pathways has demonstrated the
importance of intact LAT for proper αβ T cell development and selection. Mice
harboring mutations of the Grb2 and Gads binding sites on LAT (LAT3YF mice) have a
block at the DN stage of development, with no mature αβ T cells in the periphery [158].
Mice with a mutation in the PLCγ1 binding site on LAT (LATY136F mice) have a severe
but incomplete block in αβ T cell developmental at the pre-TCR checkpoint in the DN3
compartment, which still allows mature T cells to enter the periphery [148, 149].
Mutation of the Gads and Grb2 binding site results in a more severe block in
development. In these mice, LAT can still bind PLCγ1, but Grb2 is important for
stabilizing this interaction, and Gads recruitment of SLP76 is important for bringing Itk
to activate PLCγ1, suggesting that perhaps PLCγ1 signaling is also diminished [56, 62].
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Interestingly, CD8+ T cells are absent from the periphery of LATY136F mice. It
has been shown that TCR mediated-GATA3 expression in DP thymocytes can inhibit
CD8 SP development [221]. Since we know GATA3 is spontaneously upregulated in
both LATm/m and the inducible LATf/m systems, potentially the absence of LAT-PLCγ1
signaling in DP thymocytes will result in elevated GATA3 and reduced CD8+ SP T cells.
Thpok and Runx3 are important for CD4+ and CD8+ differentiation in the thymus
respectively. Thpok and GATA3 have known roles in suppressing Runx3 [222, 223], so
examining the role of LAT signaling in the induction or repression of these important
transcription factors may further explain the differential requirements of LAT signaling
in CD4+ and CD8+ T cell development.
An alternative explanation for the hyperproliferation of CD4+ T cells and the
absence of CD8+ T cells could be a defect in the periphery, rather than development.
Using the LATf/- system, where deletion of the wildtype floxed LAT allele results in
mature LAT-deficient T cells, it was shown that LAT-deficiency had a greater effect on
the survival of CD8+ T cells than CD4+ T cells [156]. Interestingly, CD8+ T cells that
have engaged the TCR during Listeria monocytogenes–expressing OVA infection prior to
deletion of wildtype LAT, form memory cells and do not appear to have a survival defect
[224]. Further work examining CD8+ T cells in LATf/m mice will bring insight to their
requirement for LAT-PLCγ1 signaling for survival and homeostasis in the periphery.
γδ T cells appear to have differential requirements for LAT signaling during
development than αβ T cells. LAT3YF mice allowed for delayed development of γδ T
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cells found in the blood and secondary lymphoid organs, but inhibited development of
DETCs which populate the skin epidermis [158]. Our studies presented in this thesis
concluded that γδ T cell development and selection was altered in LATY136F mice. The
IEL compartment had less T cells yet the DETC population was normal. Trafficking to,
and hyperproliferation within secondary lymphoid organs occurred quicker than in
LAT3YF mice [211]. These data indicate that αβ and γδ T cells have differential
requirements for LAT-mediated signaling in the thymus, with γδ T cells generally
requiring less TCR signaling. Also different subsets of γδ T cells depended on LAT
signaling pathways with varying degrees. DETCs require Grb2 and Gads signaling for
development, but did not require PLCγ1. Since this population is known to undergo
antigen selection, in the absence of Grb2 and Gads, perhaps TCR signaling during this
selection step is not strong enough to promote selection, maturation, or trafficking out of
the thymus.
Interestingly, since we saw expansion of CD4+ γδ T cells in TCRβ-/-LATY136F
mice, and these mice had a population of DP thymocytes, we examined the possibility
that these CD4+ γδ T cells were developing in a CD4+ αβ-like manner. To examine this,
we crossed these mice to CD4 deficient- and MHC class II deficient-mice, since these
signaling molecules are important for commitment to becoming CD4+ SP T cells. Neither
CD4 nor MHC class II was required for γδ T cell development or hyperproliferation.
Moreover, CD4 deficiency in effect resulted in enhanced splenomegaly and increased
percentages of γδ T cells in the spleen, suggesting signaling through CD4 may actually
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act to negatively regulate either development or expansion in the periphery. TCR surface
levels are so low that we are unable to stimulate LATY136F cells with anti-CD3 and
anti-CD28 in vitro. This suggests a model where TCR engagement with MHC is not
required for these T cells to initiate downstream LAT activation (Figure 30). Lck has
been shown to be able to directly bind to and phosphorylate LAT [225]. Perhaps in the
absence of TCR phosphorylation and Zap-70 activation, Lck is vital for initiating tonic,
aberrant LAT signaling pathways. In this situation, CD4 may be important to sequester
Lck [226], leaving less free Lck to associate with LAT in LATY136F T cells.
To further explore this possibility, CD4-/-LATm/m mice would need to be
examined. Our preliminary studies reveal that CD4-/-LATm/m mice do have enlarged
spleens and lymph nodes, even compared to LATm/m mice, due to an exaggerated
population of αβ T cells, which do not express CD4 or CD8. CD4-/-LATm/m T cells and
LATm/m T cells could be isolated and examined for amount of free Lck, as well as amount
of Lck associated with CD4 and LAT by immuneprecipitation. If the above-mentioned
hypothesis is correct, and CD4 sequesters Lck to modulate TCR independent LAT
signaling, western blot to detect phosphorylated tyrosine (pY) would reveal enhanced
overall phosphorylation in CD4-/-LATm/m T cells compared to LATm/m T cells. To rule out
the possibility that the phenotype seen in the periphery is due to a greater thymic output
in CD4-/-LATm/m mice, a mixed bone marrow transfer could be performed using congenic
markers to track, over a time course, the number of T cells in the thymus and spleen
derived from either CD4-/-LATm/m (Thy1.2) or LATm/m (Thy1.1) bone marrow. A greater
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Figure  30:  Alternative  signaling  model  in  LATY136F  T  cells

(Top) In the presence of high surface TCR and canonical LAT, tonic signaling through
the TCR results in low levels of downstream LAT signaling to maintain survival and
homoeostasis of naive T cells. (Bottom) In the absence of an intact LAT signalosome,
TCR surface levels are reduced, preventing tonic signaling through the TCR. Instead, Lck
directly binds and phosphorylates LAT initiating activation and proliferation.
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thymic output caused by reduced thymic selection checkpoints in CD4-/-LATm/m mice
compared to LATm/m mice would show an enhanced ratio of T cells in the periphery of
young mice.
Interestingly, while Archambaud and colleagues reported that CD8+ T cells
contribute the LAT lymphoproliferative disorder in the absence of STAT6 [151], we do
not detect CD8+ T cells in CD4-/-LATY136F mice. Since persistence or absence of CD4
signaling in the thymus is thought to determine the transition and survival signaling for
CD4+ or CD8+ SP T cells [29], we would hypothesize that the absence of CD4 would
favor the survival of CD8 T cells. This could indicate that reduced of LAT-PLCγ1
signaling induces expression of survival signals or transcription factors such as ThPok or
GATA3 overriding the need for CD4 signaling.
Previous studies have examined the role of MHC class II in LATY136F CD4+ T
cell development and autoimmunity. First, crossing LATY136F mice to MHC (β2microglobulin and MHC class II) deficiency was shown to result in very few peripheral T
cells in 6 week old mice [148], suggesting MHC class II is important during development
of LAT136F CD4+ T cells. Next, LATY136F proliferation was studied by transferring
these cells to Rag2-/- and Rag2-/-MHC-deficient hosts. No defect in proliferation was
detected in the absence of MHC, indicating that the TCR-MHC interaction is dispensable
for LATY136F slow homeostatic proliferation [154]. Yet using an inducible system
similar to ERCre+LATf/m mice, adoptive transfer of these T cells into MHC-deficient
hosts did not induce autoimmunity, suggesting while MHC is not important for
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proliferation, it is important for thymocyte development and initial conversion to effector
T cells in the periphery [157].
We used MHC class II deficient mice for our γδ studies while the above studies
used dual MHC class I and class II deficient mice. Our preliminary data examining
LATY136F αβ T cells suggests that, similar to LATY136F γδ T cells, MHC class II was
expendable for both development in the thymus, proliferation, and the peripheral effector
phenotype of LATY136F CD4+ T cells. Further work will examine the MHC restriction
in MHCII-/-LATm/m mice to determine if these hyperproliferative T cells have TCRs that
recognize MHC class I, if they can bind antigen without MHC, or do not require antigen
at all.
Also, it is interesting to try to understand why our studies examining the
requirement of MHC in LATY136F had different results than the Malissen group. We do
see a slight delay in T cell accumulation in MHCII-/-LATm/m mice, so perhaps Aguado et
al. did not examine aged MHC-/-LATm/m mice to see a delayed accumulation of CD4+ T
cells in the periphery [148].
Moreover, while our inducible system allows for transfer of selected T cells into
host mice, followed by deletion of the wildtype allele by i.p. tamoxifen injection, the
coordinate inducible model system is slightly different. LATfl-dtr/Y136F have a floxed
wildtype lat allele with a diphtheria toxin receptor introduced into the 3’ untranslated
region. These CD4+ T cells are isolated and stimulated in vitro for two days with antiCD3 and anti-CD28 prior to retroviral transfection with a Cre-recombinase. T cells that
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had deleted the wildtype floxed lat allele no longer express DT-receptor and therefore are
no longer sensitive to death by diphtheria toxin treatment. This process requires cells to
be in vitro for 6 days before being injected into recipient mice. Our data using CD8+
LATf/- T cells show that these cells behave differently when they have been activated via
the TCR prior to deletion of the wildtype lat compared to deleting wildtype lat in naïve T
cells. Perhaps the same is true with LATfl-dtr/Y136F and ERCre+LATf/m mice, which may
skew the results seen with each model system.
Finally, the above studies examining CFSE dilution were performed in Rag2-/host mice, which lack both T cells and B cells. Our unpublished observations indicate
that LATY136F CD4+ T cells may have a survival/proliferation defect in the absence of
B cells. This suggests that using host mice lacking B cells, such as Rag2-/- mice, for
transfer experiments may poorly recapitulate the proliferation phenotype seen in
LATY136F mice.

6.3 LATY136F T cell cytokine production
  

The underlying mechanisms that mediate the LAT pathology remain unknown.

Previous studies were untaken to evaluate the role of restoring and further disrupting
TCR signaling pathways in reestablishing LATY136F T cell homeostasis and dampening
Th2 differentiation [227]. Restoring prominent signaling pathways: NFAT signaling
through constitutively active calcineurin, NFκB signaling through enforced IKβ kinase
(IKK2), or MEK through constitutive RAF, could not inhibit LAT autoimmunity.
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Similarly, disruption of Gads, which may facilitate aberrant PLCγ1 signaling by
recruitment through SLP76, or RasGRP1 knockdown to block ERK activation were also
unable to inhibit disease development [227]. Our results examining pathways important
for IL6 production demonstrated very low levels of constitutive phosphorylated ERK,
which may explain why blocking this pathway had no effect on T cell proliferation or
cytokine production.
It seems likely that in the absence of canonical LAT-PLCγ1 signaling, multiple
pathways are altered resulting in the T cell phenotype. This led us to broaden our search
of intersecting signaling pathways to understand if LAT signaling may alter TLR
signaling or cytokine signaling. Crossing LATY136F mice with Myd88 deficient mice to
quell TLR signaling had no effect on disease development.
Now, we are interested in examining both cytokine production and cytokine
signaling in LATY136F CD4+ T cells. We created a cytokine expression profile via RTPCR of purified CD4+ T cells and performed Luminex analysis of serum from
LATY136F mice. Comparison of cytokine mRNA levels in WT and LATY136F CD4+ T
cells led us to examine IL6 and confirm that a subset of LATY136F T cells produced
elevated IL6 after in vitro stimulation. We also followed up on the TCR signaling
pathways important for IL6 production as well as the role of IL6 in T cell survival. Going
forward, we are specifically interested in exploring the potential role of common gamma
chain cytokines, IL4, IL7, IL21, IL15, and IL2. Our preliminary data suggests that some
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of these cytokines are also upregulated at both the mRNA level and protein level in
LATY136F T cells.
Our studies using the KN2 mice with huCD2 knocked into one allele of the il4
locus, demonstrated that while almost all T cells were GATA3 high and competent for
IL4 production, only around 10% of the T cells were actively producing IL4 and were
Tfh cells. IL6 is thought to be important for initiation of Tfh differentiation [140, 143145], yet our mRNA data shows that huCD2- cells may actually express higher levels of
IL6 than huCD2+ cells. One may hypothesize that the subset of T cells that produced IL6
is different from the T cells that responded to IL6, yet our unpublished observations
demonstrated normal Tfh populations in IL6-/-LATm/m mice. Further work examining
LATY136F mice is required to tease apart the relationship between IL6-producing T
cells, Tfh cell function, and B cell class switching, which is diminished in the absence of
IL6.
Next, it will be interesting to examine what occurs with disease development in
the absence of IL4. Our previous work used the IL4 reporter mice, where one il4 allele
had huCD2 knocked-in but still allowed IL4 secretion from the remaining WT allele
(IL4KN2/+). IL4KN2/KN2 mice act as an IL4 knockout mouse, which will be crossed to
LATY136F mice. Previous studies examining STAT6-/-LATY136F mice demonstrated
that without STAT6-instigated Th2 differentiation, LATY136F T cells were Th1 skewed,
producing IFNγ [151]. While these studies indicate that the Th2 phenotype is not required
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for exaggerated T cell proliferation or autoimmunity, these studies didn’t try to address
the relationship between LAT signaling and GATA3 upregulation.
IL4 forms a positive feedback loop with GATA3, where IL4 signaling through the
IL4R activated STAT6, which in turn upregulates GATA3. GATA3 then binds to the
IL4, IL5, and IL13 locus to induce their expression [104]. It is not known whether the
altered LAT signaling induces IL4 production or GATA3 expression to begin this
feedback loop. Deletion of IL4 in LATY136F mice will allow us to examine if GATA3 is
still highly expressed in these T cells. If GATA3 levels are low, we can examine other
transcription factors known to bind the IL4 gene to see how the LATY136F mutation
affects their expression. For example, NFκB can bind the IL4 promoter and increase IL4
transcription [228, 229]. Indeed, in our studies using inhibitors to understand the TCR
mediated pathways important for IL6 production, we saw that PI3K or NFκB inhibition
reduced IL4 production. Also worth examining is C/EBPβ which has strong binding sites
in the IL4 promoter and is highly expressed in Th2 cells [230] and cMaf which can also
regulate IL4 production, but has no effect on other Th2 cytokines [231]. Alternatively, if
GATA3 levels are high in IL4 deficient LATY136F T cells, we can then further study
how LAT signaling regulates GATA3 expression. NOTCH and Dec2 can directly
regulate GATA3 [120, 232] and the absence of Bach2 results in GATA3 upregulation
indicating it negatively regulates GATA3 expression [233]. Further experiments in our
lab will focus on how LAT-PLCγ1 regulates the expression of these transcription factors
and contributes to Th2 differentiation.
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6.4 The role of LAT in T helper cell differentiation
  

TCR engagement and signaling in naïve CD4+ T cells induces differentiation into

various effector subsets based on the cytokines present during activation. IFNγ, IL4, IL6
and TGFβ, or TGFβ alone, then induce expression of master transcription factors, which
reinforce T helper cell differentiation. Antigen dose has been shown to affect the
differentiation of Th1 and Th2 cells. Small amounts of antigen, and therefore less
peptide-MHC complexes favor generation of Th2 cells, while increased antigen dose,
increased peptide-MHC, and increased TCR signaling, promotes Th1cells [234].
Recently antigen dose was shown to override innate immune cell cytokine production, in
experiments where high antigen dose could induce Th1 cells in the presence of Th2polarizing adjuvants [235]. Jurkat cells harboring a mutation in the PLCγ1 binding site of
LAT have diminished calcium mobilization and ERK activation [53], yet LATY136F
CD4+ T cells are activated and have elevated phospho-NFκB. This suggests that in the
absence of LAT-PLCγ1 signaling, tonic signaling through LAT might be enough to
induce Th2 skewing, but because some downstream pathways are inhibited (ERK and
NFAT), the threshold is not large enough to induce Th1 cells.
Interestingly, another study examined the role of TCR signaling strength and
duration in Th1 and Tfh cell differentiation. Using Listeria monocytogenes, low dose
infection results in Th1 and Tfh cells, with few germinal center-localized Tfh cells.
Increased bacteria load results in primarily Tfh cells and germinal center-localized Tfh
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cells, with fewer Th1 cells [236]. In our studies, we did observe that IL4-producing
LATY136F Tfh cells expressed higher surface TCR compared to the IL4-negative
population. We showed that developmental defects and increased autoreactivity were not
required for spontaneous Tfh differentiation using our inducible system. Yet we cannot
rule out the possibility that increased surface TCR levels allows greater signal strength,
duration, or access to peptide-MHC, which may influence Tfh differentiation.
Examination of the TCR repertoire and the magnitude of antigen binding in different
subsets of LATY136F T cells will be studied further to understand the role of both TCR
and LAT signal strength in T helper cell differentiation.

6.5 Conclusions
The immune system is a delicate balance, where immune cells traffic through the
body, waiting for signals to instigate activation against invading pathogens. Yet all the
while, they need small signals to persist and survive and also must have an exit strategy
to dampen signaling-induced responses as pathogens are cleared. Defects in
development, tolerance, or prolonged responses can lead to aberrant activation and
autoimmunity, where cells begin to attack self-tissue rather than foreign infectious
agents. These regulated responses occur at the level of the entire immune system, but also
at the cellular level. Here, we demonstrate that T cell signaling through the adaptor
molecule LAT is vital for development of T cells that do not bind strongly to selfmolecules. Additionally, deletion of one signaling pathway downstream of the TCR
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resulted in loss of homeostasis in the periphery. These T cells are no longer naïve,
producing various cytokines including IL4 and IL6, and results in T cell differentiation to
both Th2 and Tfh cells. These studies demonstrate the importance of these highly
regulated TCR signaling networks in balancing immune surveillance while preventing
autoimmunity.
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