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Abstract

Title of Dissertation:

Novel modules in the T cell signaling circuit which enable synergy between responses to

self and foreign peptides

Gideon S. Wolf, Doctor of Philosophy, 2022

Dissertation directed by:

Nevil Singh, PhD, Assistant Professor
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T cell activation occurs when a T cell receptor (TCR) engages with cognate
agonistic peptides in the context of Major Histocompatibility Complexes (pMHCs) on
antigen presnting cells (APCs). This initiates a series of intracellular signaling events
proximal to the TCR and associated CD3 complexes, mediated by unique kinases
together with scaffolding and lattice molecules. The downstream cascades ultimately lead
to transcrptional changes that promote the cellular program of conventional T cell
activatiord for example, cytoskeletal rearrangement, cytokine production, cellular
proliferation, and differentiation. Understanding signaling mechanisms not only allows us
to deciphethe regulation of T cell activation but also to manipulate immune responses
pharmacologically. TCR signaling by agonistic pMHCs is well studied, but much less is
known about signaling by a parallel universe of-pelptides that also engage TCRs in

vivo. The focus of this thesis is to understand how T cells perceive these signals without



fully acquiring effector responses as a result. The central hypothesis of my thesis is that
seltpeptide ligands signal uniquely through the TCR to alter the fate antidnrof a T

cell both with and without presence of their cognate agowst evaluated this

hypothesis using approaches that globally increasegsptide presentation in vivo

(using FLT3L to generate more DCs), deprived T cells ofggttide (by cultting away

from APCs) or stimulated a TCR with a known gadfptide in the presence or absence of
the strong agonist. The significant findings from these studies are that (i) boosting self
peptide presentation transiently increases a narrow T cell effediset; (ii) depriving T

cells of selfengagement lowers basal phosphorylation in the key signaling adapter LAT,;
(ii) self-peptides do not trigger cellular activation on their own, but synergize to enhance
activation as measured by CD69, pERK, and sewthalr parameters (iv) sgbleptides

initiate TCR signaling up to the level of pMEK and (v) gedfptides elicit a unique
transcriptional profile. Together, these results not only define the unique contributions of
self-peptides to T cell activation butsal demonstrate a distinct wiring profile in the

TCR-signaling network that limits seffeptide sensing at the ERK step.
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Chapter 1: Introduction
1.1 Prelude:

Thevertebratammune system itasked with keeping the body safe from all kinds
of invaders and insults. The first layer of immune defense involves a combination of
barriers Barrier immunity prevestpathogens from entering deeper into the bloodstream
or tissuesusing a combination gfhysical, chemical and mechanical featyeeg., the
skinis a physical barrier, butltas on its surface antimicrobial peptiddsch are
chemicalghat can kill microbe$ 2. If the pathogen were to breach this set of barriers, the
cellularand humorabrancles of the immune system can act to repel this attack. The
cellular arm is divided into the innate and adaptive branches of the immune sy$tem.
innate immune system consists of many different cell typesocytes, granulocytes
(neutrophils, basophilsind eosinophils)ynast cellsmacrophages, to name a few
which have germlinencoded receptors that recognize conserved patterns, either from
foreign antigens (these are termed Pathogen Associated Molecular Patterns [PAMPS], or
inappropriate location of femolecules (these are termed Danger Associated Molecular
Patterns [DAMPSs]¥. Importantly, these cells act rapidly in response to perceived foreign
threat, and can neutralize the threats by various mechanisms including phagocytosis, and

secretion of inflammatory moleculés

The adaptive immune system is distinguished from the innate system in several
capacities. Firstly, the major cells that comprise the adaptive system, B and T cells, have
receptors that arencoded byandomly somatically rearranggénesegmentgeach cell

with its own unique receptgrvhich generates tremendous diversity in the repertoire of



these cells to respond to an array of antigeSgcondly, after encountering cognate
antigen and expanding in population, B and
which preserves the responding cell in low numbers long ¥&riththe memory B or T

cells reencounters the same antigen, they are primed to be abtate a response more

quickly.

While there are similarities in the adaptivature of B and T cells, there are
fundamental differences between these cell types in many parameters, including
maturation, antigerecognition, and type of response. B cells develop in the bone
marrow and reach maturation in secondary lymphoid orgaFtsey sense whole antigen
through surface bound Immunoglobulin (lg) also referred to as the B Cell Receptor
(BCR), and respond to such antigen through antibody secrétion cells differ in that
their precursors origate from the bone marrow, but they develop in a specialized organ,
the thymus. Unlike B cells,conventional T cellsecognize antigesin the form of
peptide fragments anchored on Major Histocompatibility Complex (Mpi@einsvia a
specialized receptor, the T cell Receptor (TERY. Non-conventional T cells exist that
recognize ligands that are presented on complexes other than classicaldvIMIEIC-I
(ex: NKT cells with CD1MAIT cells with MR1) 213 There are two kinds of T celis
helper (which expregtie marker CD4) and cytotoxic (which express the marker CD8).
Each of thes@ cell subsets have differemtfector functios. CD8+ T cells recognize
peptides presented on MHTass I(MHC-I) and become effector cells that can kill
targets. MHCI usually pesents peptidegeneratedrom inside the cellwhich can
eliminatepathogernfected cells or tumors. CB4T cells are activated by peptides

loaded on MHG@I. These cells are much more diverse in the types of effector functions



they perform. Typically therely on the secretion of specific cytokines during specific
context9 f or exampl e, interferon gamma (I FN2)
in response to intracellular pathogéts The method of TCR activation forms the

foundation of understanding subsequent immunological outcdmése case of a

pathogen, if the pathogeaterived peptiddHC (pMHC) engages with a specific TCR,

then it initiates a cascade iofracellular signaling events that lead to T cell activation.

My thesis work examined the modalities of signaling throughTt@R andhow
that results inT cell activation. Studies of T cell activation have canonically viewed
TCR-pMHC interaction througlhe lens othe specific peptides from pathogens or
tumors, against which T cekhould nount effector responses. Thesteongly
stimulatoryfull agonistpMHCs have been characterized to great detail. Crystal structures
of TCR-pMHC complexs have been seed, allowing us to map precise interaction
points'>186 Examples of strong agonists include foredgrived peptide antigen (from
viruses, bacteria, etc), mutated peptides from cancer, or, in the case of some autoimmune
conditions, peptides fromelf-tissuethat are inappropriately treatads A f oTheei gn . 0
signaling downstream of the TCR, leading ¢ttivation via cognate strong agonigtas
alsobeen extensively studigtesulting in a well describembre framework of TCR

signalingthatwill be discussedhroughouthis chapter.

In thisthesis, | highlightasecond universe of pMHC complexiestare presented

on APCs Unlike agonists, these are always present and derived fropndbessg of

endogenous or fAsel fo antigens. I use the term

which are always in the bodywhere they come from true sqdfoteins, expression

products from integrated retroviruses, commensal flora etc. Importantly,siiése

s



peptidefragments on MHC (spMHC), aedwayspresenbn antigen presenting cells

(APCg9, including when the foreign pMH&are introduced, allowing each TCR to spend

a significant time interactingith spMHC,

One reason to further investigate these spMHIR interadbns is because every
peripheral T cell has a TCR that can recognize these sEMHE to thenatureof
thymic development. T cells acquiteeir TCR by rearrangement in the thymus as they
develop from a TCRiegatve, CD4, CD8ve stage to go on to becom€R+ CD4s or
CDS8si called single positive (SP, because they only have CD4 or CD8 at that point).
During this process, it is important that the SP TCRs are quality contriglted.
potentiallyself-reactive T cells are eliminated by negative selectidgherthymus
However even the remaining peripheral T cells were selected to be able to sense at least
one PMHC complex by a process callpdsitive selection. So, although peripheral T
cells do not typically respond tpBIHC as strongly as they do to agamist such a
reaction would lead to rampant autoimmudityve would expect most TCRs to interact
with spMHCs on APCs as well. While we will discuss the evidence and implications for
such interactions later in section 1.6 of this chapter, importantlyjghalisg
mechanisms and cellular outcoseef a per i pher al T cell s intert
endogenous ligand is largely unknown. Based on the literature available at the time, my

overarching hypothesisis fiselfpeptide ligands signal uniquely through the TCR to alter

the fate and function of a T cell both with and without presentteofcognateagonist 0

In this contextjn my thesid used a variety of approachesstcamine four central

guestionsderival from my central hypothesis



1. First, since (based on existing literature) my hypothesis suggested that spMHC
affecs T cell dynamics in the absence of agonists, we asiaddglobally
increasing spMHC availability impact T cell phenotype, even in tserade of
thecognate antigeh

2. Next, to understand how spMHC tonically modifiecell biology, weasked what
are themolecular consequencéslowing removal ofT cells fromconstant
contact withspMHC complexes?

3. A major mechanistic aspect of thgpothesis is that spMHC sigsalia the TCR
to effect functional changeblow doesT cell activation change in the context of
engaging with selpeptidevs agonistpeptideor if botharepresen?

4. Finally, from a global perspective, vasked whether thergereanyunique

changeghatoccur when a T cell interacts with a cogngiMBiC.

The key findings from my thesksased on investigatinfese central questions are as

follows:

1. We found that global increase in APC numbers (and accordingly total spMHC
abundnce)using themyeloid growth factor Flt3Lin vivoresulted in only a
transientchange in T cell populationRather than global increases in T cells, we
made the novel finding that a subseC@44-low, CD62L-low T cellswas
enhanced specifically. These cells showdlmmatory cytokine production
when stimulatedThere was alsanincrease in markers associated with broad T
cell activation CD25 KLRG1).

2. Removing T cells from access to spMHC complesea®aled a rapidli@ration

of basalTCR signaling machinery. Wiunda striking decrease in the



phosphorylation of a key signaling molecule, LAlhereas other molecules
(N F 3, BBr exampl¢ remainedhe sameThissuggests a new pathway whereby
tonic spMHC interactionsnantain the levels of key scaffoltholeculescritical
for TCR proximalsignaling, in the absence of agonist signaling.

3. We found that a specific spMHC failed to activate an antgpmtific TCR on its
own, but significantly synergized activation whesmbined withthe TCR
agonist

4. Intriguingly, we find that even nestimulatory spMHC can trigger early
signaling downstream of the TCR, but this flux dissipatés to the levebf
ERK phosphorylation. This suggests
allowing spMHC to prime early TCR signaling in the absence of agoibist
requires the agonist fwrogress througthe MAPK activation stage.

5. Finally, we examined the overalbtnscriptional network changing in spMHC
exposed T cellsuggesting that the signaling, despite being blocked at the ERK

step may augment a very maw set of gene expression events.

These key findings address fundamentathanismsef T cell biology ad explore
how naturally occurring endogenous peptides play an important role in affecting T cell
populationsin a practical sense, we expect our findings to have multiple implications.
Since spMHQzantonically signal to T cells, one might expect thatuamalation of such
signalscouldimpactperipheral T cell functions over extended periods of time. It is
possible that some of these alterations may manifest in T cell differences observed in
aging.In the early phases of infection, synergy with spMHC nlay p key role in

activating lowaffinity or rare agonisspecific T cellsldentification of the precise

t
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1.2 T cell signaling

To investigate the differences in mature T cell responses to spMHC vs agonist
pPMHC, it is necessary to first review conventional TCR signaling. In doingved, |

highlight key TQORkigngliegragparatusi t hi n t he

Following the theme we used imecent chapter on AntigelReceptor Signaling
(Paul 6s Fundament al I, mprass)ové wiligdigcudss TRt h Edi t i ol
signaling in a modular format. Hebéocks of signaling interactionetworks are
considered as discrete modules even when studyirgfisgeoteinprotein interactions.

The definition of what constitutes a signaling module can vary in each context, but very
broadly, it is a collection of genes/proteins which participate in one aspect of a cellular
function. Depending on the functionpadule can include a complete set of molecular
pathways or just a few interacting proteins. To be most useful in conceptualizing
signaling (and studying it in typical reductionist models) however, each module needs to
be selfcontained. This means that thenust be a particular input into the module which
would be expected to produce a reproducible or predictable output. Inputs, depending on
where the module is, can be the sensing of a ligand by a receptor or the phosphorylation
of a particular kinase ohé availability of a particular protein due to new gene

expression. A brief overview of antigeaceptor signaling is shown Fig. 1.1.
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Figure 1.1: Brief overview of Antigen Receptor Signaling

Antigen receptofAgR) signaling can be considered as comprised of several distin
modules, relative to the proximity to the TGRBCR (proximal, scaffolding, or
distal), leading to cellular function (or output). Upon antigen receptor signaling, S
family molecules (such dsk) phosphorylate the intracellular ITAM sites on
molecules such as CD3, as well as Syk family molecules (such as Zap70), allowi
Syk molecules to localize to the phosphorylated ITAMs. Scaffolding molecules st
LAT and SLP76 can then localize abe phosphorylated by the Syk molecules, anc
lead to signal transmission into distal pathways.

Figure adaptedfro®aul 6 s Fun da me n"tEdition, Chapte®4 o | o |



The first module, herein referred to as
mol ecul es that get recruited to the pl asma
soon after the TCR is triggered by antigending on the extracellular side. This module
is largely concerned with signal initiatién.e., to trigger the signaling fkuin
lymphocytes, which is then amplified along multiple intracellular branches or distal
modules. Each of these distal branches or modules is responsible for eventually inducing
a specific effector cellular function (e,gytoskeletal rearrangement, tsgniption
downstream o& particular promoter etc.). The connectivity between these two groups of
modules (proximal and distal) is mediated by adaptor modules, which serve as junction
boxes in the cellular circuit or scaffolds to assemble complexes dplaidignaling
molecules (signalosomes). This function in lymphocytes is carried out by relatively few
scaffolding molecules. The output of each of the distal modules is linked to other
modules that control transcriptional activation, specific effectoctfan etc. which are

not discussed in this section.

As discussed earlier in thetroduction, T cells recognize antigen through
recognition ofpMHC complexegpresented by other cells. Compared to the affinity of the
BCR for cognate antigen, the bindingiafty for pMHC by a TCR is significantly lower
7. The intracellulamnd transmembrarregionsof the TCR(and BCR)have no
enzymatic activity, andamot recruit another active enzyme. Instead, signatkttaction
by the TCR relies on theose contacof key signaling facilitator moleculete CD3
proteins (CD3 h a s!8whose aytoplasmsic domaindase intturn alblen d 6 )
to dock the signaihitiating kinasesGiven the significance of tisemolecules for TCR

function, stable assation with the CD3 complex is necessary for trafficking and surface

10



display of the TCR itself>. On the cytoplasmic portion of the CD3 molecules is a

conserved protein domarequiredfor TCR signaling: the Immunoreceptor tyrosine

based activation motif or ITAMyavinga consensus sequence of YxXXL/F&6/xxL,;

composed of two repeats of YxxL/I nifotY; tyrosine, L/I; leucine/isoleucine) with a

spacer of six to eight aminoacitys CD3nid O ,have a single | TAM e
has three tandem ITAMs in their cytoplasmic tail, and as areswhT CRUb 2CB8 U
complexhas a total of 10 ITAMs. The critical nature of ITAbaring molecules in the

initiation of TCR signaling was first higlghted by landmark experiments triggering T

cell proliferation by just using crosslinking antibodsgecific forCD3 2L Given the

redundancy within the ITAM signature (the x positions) each of the ITAMs in the CD3

molecules has a different amino acid sequence, suggesting that they may differ in

interacting partners and therefore the qualitative natiuttee downstream signaling.

Biochemical evidence for such differential binding partners is based on using defined

peptides from each ITAM with downstream enzymes as well as immunoprecipitation

analysis®??4, It is also possible that the number of tyrosine sites within the ITABIS th

can get phosphorylated may play a role in the type of T cell respamsek from Kersh

et al(1999) demonstratedthptar t i al |l y phosphoryl ated CD3g (
reflective of how peptide antagonists signaled in the Hemeglobin peptétafic 3.L2 T

cell %5,

The critical residues within each ITAM from the pointaoitigenreceptor AgR)
signal transduction are thyrosines(Y). Once they are phosphorylated at a Y, proteins
containing the SH2 (Src Homology domain 2) domain can taritle ITAM and

assemble the proximal signalosome around them (see next section). SH2 domains are

11



ubiquitous in tyrosin&inase signaling pathways and contain a signature sequence of
approximately 00 amino acids®. Typically, ITAM-SH2 interaction circuits drive a

positive signaling flux mediated by recruitment of activating kinases.

1.2.1 The Proximal Module:

The initiation of signaling (Atriggeringo
follows soon after bindingp antigenand involves three steps. First, a-Bamily protein
tyrosine kinase (sometime abbreviated as SFK) is activated and it phosphorylates ITAMs
in the cytoplasmic regions of CD3 associated with the €& CD79 with the BCR
This allows the second step, which is the recruitment of a Syk family kinase (with
characteristic tandem SH2 domains), to the phosphorylated ITAMs. The recruited Syk
kinaseis further activated by the action of the Src as well as its own subsequent
autocatalytic ability to further phosphorylate itself (autophosphorylation). Finally, the
stimulation of the enzymatic activity of the activated Syk kinase allows it to
phosphoryate multiple downstream substrates, which include the scaffolds (see next
section) as well as the distal signaling branches assembling at these scaffolds. T cells
mostly use Lck or Fyn as the Siamily kinaseand ZAP70 as the Syflamily kinase. Fyn

is alo expressed in multiple cell types, whereas Lck is relatively T andeéMlispecific.

All members of the Src family have a characteristic domain structimauding
an N terminal SH4 domain of ~16 amino acids (aa), a globular SH3 domain of ~65 aa
which binds prolinerich stretches of proteins with a consensus PXXP motif, an SH2
domain of ~90 aa with a deep hydrophobic pocket capable of binding the
phosphotyrosine residues (often within a conserved YEEI stretch in their tirgatsp

catalytic kinase domain of ~250 aa which is inealin ATP binding as well as the

12



phosphotransferase activity required for kinase function. In addition to these four

domains, a stretch of intrinsically disordered®&aa between the SH4 and SH3 domains
(named the fAuni queo do meinmegulatihD the actipity of gss a n
well as conferring target specificity to each Src Kinase. Finally, the last domain in a Src
kinase is a @erminal stretch of about 1B0aa which harbors a critical conserved Tyr

residue that was found to be phosphaigti, counterintuitively, when the Src kinase was

inactive in resting cell&.

The major Src family kinase in T cells is the molecule.lRiosphorylation on
Y-505 of Lck keepshe moleculen its autoinhibited position until dephosphorylation of
this site?®. In contrast, phosphorylation of activating sites suc¥ia®4 in Lck leads to
extension of the SH2 and SH3 domains with resutahincement in the kinase activity
of the molecule. The maintenance of the inactive form ofihdkmphocytegequires the
constitutive activity of another kinase, known as th@ninal Src kinase (Csky. A
critical step in initiating TCR signaling through Lck activation would be the inactivation
of Cski either by altering its location/activity or the remowélits phosphorylation from
the Gterminal domain of Srcs. The latter is accomplished by plasma membrane

associated phosphatases in lymphogytesst notably CD45™.

CD45, or Protein tyrgine phosphatase, receptor type C (PTRRG@Iso known
as the leukocyte common antigen (LCA) since it is not only expressed on but is also the
most abundant protein on the surface of all haematopoietically déeweacyteslt is a
type 1 singleransnembrane glycoprotein with two (tandem) protein tyrosine
phosphatase (PTPase) domains (D1 and D2) in the cytoplasteic@al tail. A key

target for the CD45 phosphatase itself is the site on Src Kinases phosphorylated by Csk,
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such as Lck Ty05. Removabf this phosphate allows the unfolding of Lck and
conversion to the active form. CD4fficient cells have reduced Src kinase activity with
corresponding increase in the amounts of tHer@inal phosphopeptid®. As we

discussed in the section on signaling dgnositive selection, Lck activation is critical

for a T cell to develop past this stégtherefore it is unsurprising that in CD#45mice, T

cell development is significantly impaired at the positive selection stage, consistent with

a failure to fully adwvate Lck3%33

A critical piece of the puzzle in understanding the initial triggering of signaling
downstream of the TCR is the localization of Lck. In T cellsddi#on to TCR binding
the pMHC, an invariant site on MHC molecules also binds theceptors CD4 or CD8.
Because of this, most of the catalytically active Lck at the plasma membrane of T cells is
bound to the cytoplasmic tail of theserezeptors; a ugue domain of Lck contains a
conserved dcysteine motif (Cy220 and Cy=23) that associates with a dual cysteine
(Cys445andCyst47) domain in the cytop¥RAeagm c tail
result of this, the association of TCR with pMHC together the binding of CD4/CDS8 to
MHC, increases the lat concentration of Lck intracellularly around the TCR. This
redistribution effectively reduces Csk in the vicinity of Lck and shifts the equilibrium
towards greater phosphatase activity onlitle C-terminus. This results in enhanced
kinase activity andggecific recruitment of Lck to the ITAMs on CD3 resulting in their
phosphorylationsettingthe stage for the next step in the proximal module of TCR

signaling involving Syk activation.

ZetaAssociated protein of 70kDa (Zap70) is the major Syk family prote

involved in the proximal module for T cell signaling. Zap70 contains two tandem SH2
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domains interrupted by a coiled coil region known as interdomain A. Tieen@nal

tyrosine kinase domain is connected to the tandem SH2s by an extended and flexible

interdomain B. The tandem SH2 domains of ZAP70 have been shown to directly bind

dually phosphorylated (but notthe-pnh o s phor y | at €dManyresStb@Te c hai ns
cells in vivo already show constitutive bhphosphorylation of one of the ITAMs
associated with the CD3¢ chain (identified a
CD3g6 which i s di-dutlly-phasphorylated versibnhmegratind s& M

23kDa or the p23 form) which stems from engagindagenous neagonist pMHC

mol ecul es. Significant amounts of ZAP70 in t

the plasma membrarié

Zap70 is reliant on subsequent Lck activity for full activation. The alignment of
the SH2 domains with the ITAMs twists out the linker sandwich in the inactive Zap70
configuration and accordingly extends the kinase domain, contributing to activation of its
autocatalytic activity. This new proximity to active Lck allo¥s in the activation loop
(Y-492/493) of Zap70 to be phosphorylated which helps unfold this disordered domain,
making its catalytic cleft available. As a result, the recruitment to the T@RIleg and
rapid enzymatic activation of Zap70 is tightly coordinated. In addition4®2/493, Lck
also phosphorylates the interdomaimesidues 315 and 319, which are crucial for Zap70
activity. While activated Zap70 can autophosphorylate many of teeghies
subsequently, the need for Lck activity to get the ball rolling implies that in the case of

Zap70, autophosphorylation is a necessary amplification mechanism.

15



1.2.2 The Scaffolding Module:
Within seconds of antigeeangagement, the proximal maddus fully activated.

The signaling flux emanating from this complex is then distributed and amplified through
the distal modules that would eventually drive specific phenotypic consequences of
lymphocyte activation. These two modules are connected loyfisdmker/adaptor

molecules which lack intrinsic enzymatic activity. These act as scaffolds to facilitate the
assembly and elmcalization of multiple proteins (a signalosome) and thereby regulate
the interconnectivity between different pathways. Thedaffolds in T cells are the

Linker of Activated T cells (LAT) and SH8omairrcontaining leukocyte protein of 76

kDa (SLP76).

LAT is a type lll transmembrane protein with a short (4aagixhinal
extracellular region, a single transmembrane spanningrrégllowed by a critical and
long cytosolic carboxyl terminus with no enzymatic activity. In Jurkat cells lacking LAT
the activation of TCR signaling up to ZAR activation is intact, but downstream
modules such as Phosphad pase C 21 (IRlarGignakegulated kinasdsr a c e
(ERK) are inactive®. In vivo, Latknockout mice are deficient in T cells, with
development blocked at the similar (DN3) stage as TCR or Zap70 knockout mice
Structurally, o conserved cysteine residues (@gsand Cy=29 in human LAT),
immediately following the transmembrane domain can attach to lipid groups by
palmitoylation, which is critical for LAT function and membrane mobility. The
intracellular domain that follows pvides key docking sites for multiple signaling
molecules, which are recruited when one or more of the highly consésviecthis
region are phosphorylated by activated Zap70 from the proximal m&t&ler instance,
phosphorylatety-1 32 i s sufficient for binding the
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Ys (171, 191 & 226)must be phosphorylated to bind the R&&PK adaptor GRB2 or

the GRB2-related adapter protein 2 (GADs) (T3¥1 and 191}°.

Binding of molecul es such aysosikelar€ alsb
guantitatively affected by mutations in other sites, suggesting that trerepsrativity
(see Balagopalan et al., 2010 for reviéWw)Binding of GADs is also critical from the
point of building a larger signalosome around LAT because it also bind&*tmajdr
adaptor protein, SLF6, effectively bridging these two major scaffolds downstream of

the TCR.

SLP-76 has multiple motifs wkh have sites for additional signaling proteins to
dock. For example, threés (Y-112, YR128 & YR-148) in the Nterminal Sterilealpha
motif region of SLP76 are phosphorylated by Zap70 initiating the assembly and
activation of the TCRproximal signalosom*2. Molecules that are recruited to SIZB
include, but are not limited to TEfamily kinase interleukir2-inducible TFcell kinase

(ITK)#3, the guaninenucleotideexchange factor & 44, and the adaptor neratalytic

(0]

region of tyrosine kinase (NCK) PLCo21 can al so associate

LAT, thereby further strengthening the disahffolded signalosonfé. Finally, the G
terminal SH2 domain of SL:-P6 binds hematopoietic progenitor kinase 1 (HPK1)
which is upstream of the JNK and NFkB pathwags well as the adhesioand
degranulatiorpromoting adaptor protein (ADAP), a key rémpor of cytoskeletal

rearrangements in T ceft&

1.2.3 The Distal Modules:
Each of the distal pathways that piagp the scaffolding mlecules help execute

one or more cellular functions. As discussed above, unlike the proximal and scaffolding
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modules which are mostly unique to lymphocytes, the distal branches are fairly
ubiquitous and found in multiple cell types even outside of the imensystem.

Typically, each distal module (especially the three Mitogen Activated Protein Kinase
(MAPK) modules discussed below) works as a phosphorylation relay system involving
kinases (e. MAPKKK) which activate downstream kinases (e. MAPKK) and so forth.
Each step amplifies the previous signal by allowing one enzyme to activate multiple
copies of substrates. In the following paragraphs, | will highlight a few of the relevant
distal signaling networks for my project, but it should be noted that there\asmab
signaling modules that are linked to T cell signaling thifitnot be discussed in depth:

NFAT, SAP/INK, p38, and cytoskeletal remodeling pathwiysexample.

The Mitogen Activated Protein Kinase (MAPK) pathway has been classically
viewed as a positive signaling pathway demarking T cell activationit @tad/s a role in
T cell development as well as peripheral
were originally described as key drivers of cell proliferation and oncogenic
transformation but are now known to participate in multiple functions even in quiescent
cells. The 21 kDa Ras proteimstiating this pathway are molecular switches because
they ca alternate between the inactive Gb&und conformation and the active GTP
bound conformation. In resting cells, Ras is inactive and bound to guanosine diphosphate
(GDP). Activation of Ras requires the Guanyl nucleotide Exchange Factors (GEFs) or
proteinsthat can exchange the GDP in Ras with Guanosine Triphosphate (GTP). GTP
binding induces a conformational change in the Ras switch domains4@d8fming
Switch 1 and aa 606 forming Switch 2) exposing the effector binding site. These

downstream effectarinclude Raf. Ras has an intrinsic GTPase activity that will return
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the protein to the inactive GBIBound state. On its own, this process is rather slow, but
GTPaseactivating proteins (GAPs) bind GIPound Ras and sfgdted t hi s

ensure rapidhactivation.

In T cell signaling, there are two potential GEFs that can activaté RasRas
guanyl nucleotide releasing protein (RasGRP) or Son of Sevenlessi(3Mgh are in
turn activated by different upstream enzymes. One arm follows DAG produxy
activated PLCo; this recr ui-speificRinase@PoRRinas wel |
kinase C (PKC) to the membrane. In addition to recruitment, DAG also directly activates
PKC which then proceeds to phosphorylate RasGRP to fully activ&&Edunction.
Alternatively, SOS is recruited and activated by GRB2 which, as discussed above, is

recruited to LAT.

Once Ras is in its active form, it can initiate several kinase cascades wherein one
inactive kinase is activated by an upstream kinaslewolg which the activated
substrate kinase now acts on another downstream substrate and so on. In the canonical
MAPK pathway, the initial kinase is the MAPKinaseKinase (MAPKKK) Raf, which
in turn activates a MAPKinase (MEK) leading to its activatianf extracellulassignal
regulated protein kinase (ERK). Being a critical node in the mitogen response, multiple
cellular inputs feed into the R&AAPK module. The phosphorylation of the ERK
isoforms (the 42kDa proteins ERK1 and ERK2) is a signature feaftactivation of the
RAS-MAPK module and these enzymes regulate multiple cellular functions (see review
in Lavoieet al,2020¥°. The regulated entry of phosphorylated ERK1/2 to the nucleus
from which it is actively excluded in resting celiows it access to additional substrates.

The canonical ERK substrates are the p90 ribosomal S6 kinase (Rsk) family of proteins
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(reviewed h Anjum and Blenis, 2008)as well as the MAP kinadateracting

serine/threoningrotein kinasesMNK).

A characteristic response to many mitogen receptors (including the TCR) is the
rapid expression of several mRNAs following ERK activation, commonly referred to as
immediate early genes (IEGs). Importantly, the expression of IEGs does not require de
novo protein synthesis, since the necessary signaling and transcriptional factors for this
module are already present in resting cells. Key IEGs in lymphocytes responsive to ERK
signaling include the Early growth response (EGR), FOS, JUN and MYC fantfilies o

transcription factors.

Another important distal module to note is the nuclear factor binding the promoter
of t hecha:mgdneighaells,orN&B, pathway, first characte
Sen and Baltimore and now known to be one of a criticallyashtranscription factors
involved in multiple biological pathways!. There are five mammalian N\&B f a mi | vy
members, namely RelA/p65, RelBRel, p50 (NFe B1) , andBpPphb2wlkhi NEh bi nd
DNA as dimers (either homodimers or heterodimers). Of these {88, and RelB can
directly activate transcription since they have transactivation domains (TADs) but p52
and p50 have to regulate transcription by forming heterodimers. ThekB Bémplexes
are now known to regulate a large number of genes, binding to fderhancer
el ement s r eGCGRNWYYGG3 &N amob5 Njf (purines (R), ade
(W), pyrimidine (Y) or any base (N)). Before activation, all lymphocytes express
significant amounts of multiple N6 B f ami | 'y protei ns; ntheese are
cytoplasm by binding of the inhibitory prote

Association with thamsleoBboitreri hsand yBicalll g, I
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nuclear localization signals (NLS) oftheMdFB t r anscr i ptigyn factor s.
activationofNFe B me di at ed gene transcription requir
effectively remove the | aB protein by phosph

degradation.

The canoni cal pat hwa y Bf arn vrogidgeeegoitrhge | a B f
the novel PKC family Ser/Thr kinase by the activated TCR proximal module. The
activity of PLCo at this stage resujJts in th
which in turn activates PKCd. PEECdId can al so
(phorbol 12myristate 13acetat§PMA)). Indeed, this allows the combination of PMA
with an ionophore such as lonomycin (which elicits the calcium flux) to fully mimic TCR
signaling and drive T cell activation. PKC then recruits CARD11 (CARMAL1) and
prosphorylates it (together with other Kkinase
the formation of a complex with BCL10 and the paracaspase MALT1 on the inner leaflet
of the membrane. This CARD11:Bcl10:MALT1 (CBM) complex is the central backbone
forNFFe B act i vat®° NALTIrecrlits TRAFE which catalyzes the
assembly of a cytosolic I o Kinase (I KK) hol
phosphoryl at eaB.aBl KK di i ¢ ecstglyidrFegulacosy Nla Bn o n
essenti al modi fi er ( NE MAQujthtreltws enzyknatio wn as | KKD2
subunits | KKU and | KKb. The activation of th
NEMO by TRAF6*>. Once phosphorylated by the activa
hol oenzyawre,| dBBUare pol yubiquitinated by the
which sends them to the proteasome for degradattidm alternate pathway of NkB

activation also operates via the fdFBinducing kinase (NIK) which is also stabilized by
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the removal of TRAF and then can phosphoryl a
pathway can phosphorylate BB (mostly p50 and p52 complexes) independent of

| KKb,2,l KiKr t he c | a% adRsignaling typikallydsanuorp tel@ant on

the classical pathway, with a variety of accessory receptors (eg. CD40, TNFR etc.)

triggering the alternate pathway. Indeed, overexpression of the CBM complex induces
spontaneous NB B \aatioh without Fcell activation while mutations in members of

either the CBM or IKK complexes lead to immunodeficiencies.

We have discussexbfar the various elements of TCR signalipgoximal A
scaffoldingA distal modules, however the question reraaivow doeshe TCR actually
get triggered by a pMHC to the point of activation, especially considering the low affinity
of the pMHC ligand for the TCR.ompared to the affinity of Ig to antigen? This question
is further complicated by data that show that cell can be activated by even a single
pMHC moleculejn a process that recruits several TCRs to cluster at the immunosynapse
57.58 How this can occur has been addressed through several models, which we will

discuss in the following sections.

1.2.4: Kinetic Proofreading

The AKinetic Proofreading Model , 0 a term
J.J. Hopfield descrdx how slow eactions in the proteisynthesis or DNAeplication
pathways could lead to high specificity of the @ndduct by allowing time for
incorrectly synthesized products to be shunted out of the pafwBiynothy McKeithan

in 1995 ceopted this notion for theansmission of signals through the TER The
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nature of transmitting signal through proximal modules, through scaffolds, and ultimately
to downstream activation pathways, typically involves phosphorylation or
dephosphorylation, and can be reversed by inhibitory molecules. McKeithan postulated
that T cells must be able to distinguish between high affinity agonists versus self
peptides, and that high affinity agonists allow for more TCR clustering and time to allow

for signal propagation than their spMHC counterp®rts

Modifications of the kinetic proofreading model for the TCR have been explored
with regards to feedback of sigimad; that is, how is leakiness of spMHC interaction
prevented at the level of downstream signaling? If, for instance, some small threshold is
crossed and signal can be transmitted to the MAPK pathway, one would expect there to
be some degree of T cell action. This was explored by AlteBonnet and Germain in
2005, who used mathematical modelling to observe that BHR inhibitor of proximal
signaling events, acts quickly to diminish signal from sheedd spoMHC:TCR
interactions, thereby never transtiniyg down to the MAPK levél however, when the
duration of peptidénteraction is sustained, as in that of an agonist, signal can propagate
leading to pERK, which in turn leads to full activation and positive feedback preventing
inhibition from SHR1 . Other similar aspects of proofreading for the TCR include
differences between agonists and endogenous peptides with regard to spatial clustering of
proximal signaling molecules, the speed of LAT phosphorylation, and thé&veslfof

peptides rgaging with the TCRFig. 1.2)6264,
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Figure 1.2:Kinetic Proofreading Model of TCR discrimination

Model explaining the dynamics of Kinetic Proofreading. (Top) Shown is the propc
of what might happen when a low affinity spiptide with a short halife of TCR
engagement interacts with a TCR. Binding can occur, but because there is a quic
off-rate, it will not allow for proper clustering of signaling molecules and activatior
thresholds to be crossed. Contrary to this, (Bottom), an agonist peptide with a lor
half-life of TCR engagement will allow for spatial clustering of TCR signaling
molecules to aggregate and propagate past the threshold for activation.

Figure adapted fror¥f.
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1.2.5: The Pseudodimer Model

An alternate model to the above is relevant to this thesis, since it incorporates the

structural and biochemical mechanism for the synergy in signaling between an agonist

and endogenous ligan@hisisknownas he fipseudodi mer model 0.

tha the weak interactions between spMHC and cognate TCR can recruit the relevant co
receptors (CD4 and CD8) to bind to that MHC, which in turn brings the proximal
signaling machinery associated with those@weptors (Lck) closer to the

immunosynapse, altigh spMHC interaction alone is not enough to trigger the full
downstream signaling. When both endogeremusagonist peptide are present,
enhancement of activation can occur because the spMHC recruited the appropriate
machi nery, and tHgeerafigity meractiob with hesTCR drives e d
downstream signaling to occur. The foundation of the pseudodimer model rests on two
pieces of evidence: 1) the abundance of endogenous peptides presented by APCs in
contrast to the occasional foreign agopisptide, which we have previously discussed

the Preludexnd 2) the structure of the CD4coe cept or 6s binding to
latter, CD4 has beesbservedo bind pMHC in a W¥shape (or at almost 90 degrees),

which means that for an activated dllavith a TCR interacting with the cognate pMHC,

it would be highly improbable that the associated CD4 coreceptor is able to bind to that
same pMHC; rather, perhaps the CD4 associated with the TCR binding to the spMHC
complex becomes stabilized by binditoga nearby MHC carrying an agonist peptide,

bringing the primed corresponding machinery closer to the reacting!¥eR 68

There have been several studies that explore this pseudodimer model of co

agonism in detail. For the 5C.C7 TCR, Krogsgaetrdl (2005) used prabelling of
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characterized endogenous peptides that could biné'tad observe which peptides
accumuléed at the APC:T cell interfad@ Several of these, including the peptide ER60

(of the cysteine protease from the endoplasnticuieim), were not only accumulated at

the immunosynapse, but also hadagmnism activity (as measured by?Cux and
membrane localized Akt) when heterodimerized to an ag#hiShese authors also
observed that activation was diminished only when disrupting the CD4 binding site of the
agonist pMHC complex, and not the spMHC; therefore, they proposed a model in which
the CD4 assciated with the spMH@inding TCR gets recruited to the site where the

TCR is binding to the agonist pMHC, and forms a stable pseudodimer that enhances the
T cell activation signalingFig. 1.3)%°. Krogsgaardkt al (2007)linked this pseudodimer
model to thymic developmefiio be discussed in Section 1.Bypothesizing that the

higher sensitivity of thymocytes to spMHC signaddich we will discuss further in

section 1.4 would allow for signal propagation through CD4/Lck; however, this violates
the same structural arguments made for the periphery (the TCR and CD4 of the same
associated complex would struggle to bind to a sisgMHC), and furthermore it
doesndt expl aisometothe peptides prasentectby the c&HCOrtical

thymic epithelial cellsfluring positive selectioff. Additional studies are required to

assign significance to theseudodimer modeh TCR:spMHC interaction.
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endogenous peptide signaling may be at the root of functional TCR signaling. Th
endogenous peptide binds to cognate TCR, which recruits #rexeptor that can
stably bind to anottr MHC presenting agonist peptide. This brings Lck, the initiatc
proximal signaling to the appropriate position within the immunosynapse.

Figure adapted frorff.
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Other, more recent work on CD8+ T cells has supported the pseudodimer model
of co-agonism. Zhaet al (2018) used a model in which MH@ficient cells could be
induced to express MHCcontaining different peptides derived from either Human
Immunodeficiency Virus (HIV) or Hepatitis B Virus (HBV), and-caltured these cells
with CD8+ T cells specific foan epitope of HBVL. Using various readouts (CD107a
expressi on, -2 frddictbn, leté) Nhe Authbrs found that when both the
unrelated HIV peptide (GAG) was expressed on the same cell as oresgrithe
cognate HBV peptide, there was an enhancement of activVatidfhen binding sites
were mutated forthe GAMIHC compl ex6s i nter aagoniston wi t h CL
effects were lost, imontrast to mutations that impacted the binding of the TCR to the
GAG pMHC which still allowed for cagonism to occuf’. Following these data, it
appeared that GAG pMHC together with the cognate HBV geptgonist could enhance
the levels of pLck and pZap70 within the immunosyndas€his same group built on
these studies in 2021 (Zhabal), with another model using GITT cells, and cells
expressing MH@A conjugated to either OVA (agonist) or VSV (Astimulatory peptide)

2. With this model, the authors founcatlVSV-pMHC enhances the activation of @T
cells with an increase of CD&Xpression, as well as cell proliferation, pERK and NFAT
translocation’2 Similar to their previous study, they also found that with theagmomist

VSV peptide, there is an enrichment of bound active Lck at the immunosyitapse

While theseresdt are i1 ntriguing, and give credenc
theme highlighting the importance of-oeceptor bound Lck recruited by ngpecific
agonist binding, both Zhaet al studies focus largely on CD8+ T cells, and exclude

CD4+ T cell® indeed tlere are important differences between the dynamics of Lck
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interaction with CD4 vs CD8, as well as general TCR affinities for pMHC, that should be
accounted for in future studié’®. Additionally, the studies revolve around using a-non
specific peptide with an artificially forced expression. Both the GAG and VSV peptides
are inherently derived from foreign antigen, and though on their owsstiranlatory, it

is unclear how often thgresentation of these peptides would occur in the WT

environment of the responding T cells.
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1.3 T cell development:
As alluded to above (see fAPremiseo) my st

and are influenced biologically by endogenous ligands that their TCRs can sense. The T

cell 6s preoccupat iligamds starts very eéaHyansthe thikmushadpan f s el f
of the selection steps following VDJ recombination and the generation of a neW.TCR

Therefore, although much of the data that I will discuss in later chapters pertains to

mature T cell signaling in the periphery, it is important to recognizehibamolecular

framework for signaling through the TCR is built up very early in T cell development in

the thymus, even driving changes in T cell fate and function.

Unlike most lymphocytes, which undergo development in the bone marrow, T
cells are uniquén that they require a dedicated organ (the thymus) for maturation. The
thymus is a organ which is located in humans between the sternum and ascending aorta.
Lymphoid progenitor cells migrate from the bone marrow to the thymus (these are often
cal | ydssfeteldi ng progenitorso (TSPs)) and have
the |l ymphoid |Iineages. The <cells that enter
Progenitorso (ETPs), which in humans, still/l
cell, or ganulocyte lineagé®. ETPs begin their commnnent specifically to a T cell
|l ineage (developing T cells are termed fithyn
transmembrane receptor Notch on thymocytes with its ligand, Jdggedsent on
thymic epithelial cells. Mouse models in which Notch has been kdookedemonstrate
a defect in T cell development, and instead an abnormal accumulation of B cells in the
thymus™. Similarly, overexpressing Notch in bone marrow progenitor cells causes an
early and aberrant accumulation of immature T cells, and shows a decrease in B cell

development®. Notch signaling throughout ETP development can initiate signals that
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promote the commitment into a T cell lineage, such as through expression of a T cell
master transcription factor TEF(encoded by TcfAt Signaling by the cytkine IL-7 is

also important for lymphoid progenitor growth, and has been shown to play a large role
in promoting mature B cell development, as demonstrated by a lack of B celig-in IL
models®?. For developing T cellgxpression ofhe IL-7 receptois extinguishedy the
CD4+/CD8+ double positive stage, sitying that thymic maturation beyond this point is
relatively IL-7 independert®. Ultimately, both Notch and HZ play a key role in early

fate determination of T cells, and there is evidence to support that Notch signaling
promotesearly thymocyte expression ofIR, enhancing early proliferation and

survival signal$.

At this stage, thymocytegpically are characterized by a series of surface
mar ker s. I n the periphery, the majority of n
respective caeceptor, CD4 or CD8, which are typically singly expressed (CD4+ T cells
vs. CD8+ T cells). At th ETP stage, these precursors are double negative (DN) for CD4
and CD8 cereceptor expressioit. The DN stage of T cell development is further
divided by a heterogeneous expression of two other markers: CD25, andCBtthe
first stageof T cell commitment, termed DN1, T cells are CD44+, but GCDEZB25, the
IL-2 receptor, initially is not expressed, and transiently increases in expression during the
DN2 (CD44+, CD25+), and DN3 stages (CD4@D25+)8. During the DN2 stage, in
which the developing T cell is CD25+, CD44+, important intracellular signaling
mol ecul es have been obser-¢ard NEAFE Withinthee as e, s u
DNZ2 phase, levels ohe marker «it highlight distinct phases, transitioning from cKit

high expression (DN2a) to low expression (DNzZhjs transition is also a time in which
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these developing cells losige ability to commit to NK or DC lineage®8*2 The DN2a
DNZ2b transition is additionally accompanied by a decrease of expression in the
transcription factor PU.1, which seems to limit precursor multipotency, particularly into

myeloid or DC lineage®.

By the DN3 stage hese precursor cells have committed to a T cell lineage. This
stage is distinguished by a period in which almost all the genes involved in TCR
signaling are upregulated (as reviewed in Rotheneead) °1. Additionally, theby the
DN3 stage, there is a high amount of expressed GATAS3, a protein known predominantly
for its role in the periphery as ahklper2 (Th2) promoting master regulafom the
DN3 stage, it is thought to be necessary for T cell growth and developin&nthe
final DN4 stage, developing T cellseaCD44, and CD25. Fig 1.4illustrates the

progression of T cell precursor development and commitment.
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Figure 1.4: T cell precursor development and commitment through the Double
Negative (DN) stage

Hematopoietistem cells (HSCs) begin with tihighest levebf cell-development
potential, and develop into multipotent precursors (MPP), which in turn into lympl
primed multipotent precursors (LMPPSs) or an erythroid lineage. The LLMPs can
a commitment into the myeloid/DC lineage or transitisto becoming Common
Lymphoid Precursors (CLPs). The dash
the ability for that lineage of cells to develop if the right conditions are present. Tl
vertical black dashed line between the CLP and the ET&phanbolizes entry into
the thymus, where the ETP transitions from the DN1 to the DN2 phase, and typic
Notch signaling will limit B cell potential. During the DN2 phase, cells can contint
cell commitment or diverge into NK cell commitment. Finatlyring the DN3 phase,
the betareceptor of the TCR is rearranged.

Figure adapted frorf?.
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The DN3 stagenarksone of the most important maturation phases of the
developing T ceb the rearrangement and testing of the TCR components. As discussed
earlier most other cell receptors are germline encoded, W8itand BCRyenes
undergo a somatic rearrangement of tdpice a highly diverse populationanitigen
receptors. The conventiondlb TCR c onsi s thetaand alphaglmirscEach i n s :
chain must undergo its own rearrangement and quality control to test an ability to signal,

wi t h -chaim @érst,landhent oget her as a complete UbTCR.

The betachain receptor undergoes the first rearrangement, with the most amount
of rearrangement occurring between the DN2 and DN3 st&8eJ he process of gene
rearrangement for lymphoid antigen receptors is termed V(D)J recombifi@igori.5)
named for the three gene segments (Variable, Diversity, and Joining) that will form each
chain of the receptor (iAtedDbysdverdl dassedof V, J f or
proteins. Two of the most prominent proteins involved are Recombirattivating
Gene (RAG) 1 and RAG2. These enzymes locate recombination signal sequences
(RSSs) nextto a V, D and J segment and initiate desttddded DNAbreaks, which
prompts rearrangement of these segments in a distinct order: for thehbitafirst the
D and J segments join, followed by addition of the V segment with the recombided D
segment®. Humans have approximately 52 ¥ Dy and 13 dgene segments, thereby
making the number of potential bethain reeptor combinations already quite laf§e
Further contributing to the diversity and function of the receptor are pleth@act
points encoded by these genes, called Complementarity Determining REQIOR).

CDR1 and 2 are found within the V region, and play a role in binding the TCR to MHC,

whil e CDR3 is formed through the junction of
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segments. Due to this increased junctional diversity of sequence, CDR3 plagsardo
role in interacting with the peptide component of the pMHQ he diversity of the

CDRa3 regims is also greatly increased by another process where random nucleotide
sequences are inserted between recombining gene sedntieistss done by the enzyme
Terminal deoxynucleotidyltransferase (T&fC This process generates the highest

level of diversity in the region of the TCR that interacts with the true antigen.
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Figure 1.5:V(D)J Recombination

Genes for Variable, Diversity and Joining segments are recombined in a process
termed Somatic Recombination. At the junction of each recombined segments, tt
a region termed Complementarity Determining Region 3 (CDR3) which is highly

diverse, both through the randomness of recombinatiginostlybecause of inserte(
nucleotides via the enzyme Tdt. This diverse CDR3 portion contacts the geiptide

complex.

Figure adapted and modified froftt
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Experiments in which either the T@Beta chain or the TGRIpha chain were
transgenically réntroduced to RAG mice showed that only the introduction of a TCR
beta receptor transgene led to an expansion of thymocytes(tintitde positiveDP
stage'®? Conversely, Mombaeret al (1992) demonstrated that mutating the FadRa
receptor reduced the percentage of viable DP cells to about 6% of a compared WT
control, whereas a mutation in the T@Rha receptor did not cause as significant an
impact?, However, mutation of the TGRIpha receptor did cause a decrease in the

number of CD4 or CD8+ SP cells!3

Oncea potential betehain is rearranged, its expression can be detected on the
cell surface, even in the absence of a functional alpha ¢Hairhe rearranged beta
chain foT@MRO acdimpleex with another pr-otein gp
T-a | p Warmexperiments in which the piealpha gene was knocked out in mice, it
was observed that any production of DP or SP T cells in the thymus had drastically
lowered levels of ©4 or CD8 cereceptors compared to wilgtpe cells, and there was
an increase in cells arrested in the DN3 stégeClearly this preTCR complex is vital to
the maturation and continuation of the{reell in development, and several key points
of evidence demonstratiedt downstream signaling through an association with CD3
molecules may be relevant at this stage. Wher@D8 monoclonal antibodies (mAbs)
are added to fetal thymic organ cultures (FTOCS) at th@ @R stage, there is an
increase in produced DP cellsjawnregulation of CD25, and TCGBeta chain
rearrangement stopsall indications that signaling through CD3 increases maturation
during the DN stag&’:1% Early repors also showed that when the Lwks knocked out

or mutated, developing T cellswald notprogress from the DN to DP statf&!1? Other
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reports in which prd cells are stimulated withar8@ D3 s how activation of

NFAT, and C&" flux 111,

If pre-TCR complex signaling (as shown Big. 1.6 is important for
developmentigprogression, the logical question would arise: what is thd QiR
complex engaging with as a ligand that drives signal? A very interesting study by Irving
et al(1998) demonstrated that truncated forms of the -DEf receptor and the pfe
alpha receir still associated with CD3 and was able to generate intracellular signaling,
notably through increased transcriptional activity of NFAT Another report by Saint
Ruf et al (2000) found that the prf€CR complex localized with lipid rafts containing
intracellular signaling machinery (including Lck), and initiated signaling without any
evidence of ligandnteraction*'3. Further analysis of the pie-alpha receptor illustrated
that there are charged residues on its extracellultioppand that these residues
facilitate receptor oligomerization and subsequent transition from DN to DP in a-ligand
independent mannét. This has also been corroborated in a new study that found that
mutation in the CD3egTOR@anockstering, wih&ttehpuatese duces p
subsequent signaling®. However, this idea of complete ligaimtependence for the pre
TCR has recently been disputed, and there are observations to suggest otherwise; for
example, mutating the CDR regions of the beta receptor, or deleting MHC from stromal
cells, arrests some priecells in the DN3 stage, implying an importance of pMHC
engagement!®117 |f signaling of the prelCR is indeed dependent on a ligand, this could
bias tte binding of future ligands, both in positive selection and in the periphery, to at
least be recognized by the same fretzeptod therefore the number of potential ligands

would be influenced as early as the-p@R stage.
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Figure 1.6: Signalingin the Pre-TCR

The PreTCR is capable of inducing downstream signal, as measured by various
readouts (survival, allelic exclusion, etc) as well as the activation of signaling
molecules themselves (NFAT, Ras, etc). However, the inducer of this sighalaig
ligand or another means, still remains unclear.

Figure adapted and modified frof¥.
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Regardlss of ligand engagement, a freell that has expressed a functional
betareceptor can transition from the DN to DP stage of development, in which two
crucial events transpire: alpichain rearrangement and therefore the formation of a
functional TCR, angbositive selection in which that functional TCR is tested for its
ability to bind to pMHC. This of course means that etaeptor rearrangement and {pre
TCR productivity is a momentous step forward in T cell development, as further

maturation hinges ondtsuccess.

Rearrangement of a viable mature alpha receptor occurs during the DP stage, and
requires the activity of RAG enzymes. Overall (and as illustratéeinl.?), RAG
enzyme activity has been shown to increase duringreetgptor rearrangement in the
DN stage, decrease for a small period during the transition frord NP when cells
proliferate increase once more during the DP stage for alpha rearrangement, and finally
cease activity when cells transition to the SP st&y@he decrease of RAG activity after
production of a viable betaeceptor ties into an important antigesceptor
devel opmental concept of dAallelic exclusiono
see LevinKlein ard Bergman'?9). Briefly, the genes required for producing the beta
receptor may be derived from alleles on either the maternal or paternal loci, and once a
functional preTCR complex is formed using the gene from one allele, a negative
feedback process occurs shutting off RAG, and preventing the opposite allele from
undergoing gene rearrangement. This process is important to prevent TCRs of multiple
specificities occurring on the same T cell, which would increase risk for autoimmunity.
Evidence for T cell allelic exclusion was highlighted in a 1988 study (Uereatdy in

which transgenic introduction of a beteceptor alters/reduces the ability for endogenous
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betareceptor to be appropriately rearrandg€dInterestingly, while allelic exclusion has

been observed for the beta receptas much less stringent for the alpha chain locus;
endogenous TCRIpha receptors can still be formed even when cDNA for the alpha

chain of the TCR is introduced by transgenes during development, and RAG can continue
activity until the T cell enters into tHeP stagé??23 Importantly, editig for the alpha

chain can occur via RAG, but it is no longer possible to edit the betaéhain
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Figure 1.7: T cell development from precursor stage through single positivé€SP)
stage

T cell precursors, as previously described mature through stages, and if success
lead to productive maturation to the single positive (SP) stages. This figure highli
the activity of RAG1/2 enzymes which are active for batal alpla-receptor
rearrangement, but cease activity after the DP stage.

Figure adapted and modified fro®
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1.4 Positive Selection
Once a functional alphbeta TCR is expressed, a T dais to have a way of

checking if this receptor can signal intracelluldrlgs well as link it to MHE vs MHC-

Il restriction. This is accomplished Ippsitive selection. In the periphery, a functibha

cell must be able to recognize antigen in the form of pepiH€ complexes (pMHC);

failure to recognize pMHC would result in an inability to detect and respond to foreign

antigen. Therefore, it is vital that development of T cells includes a mechahism

ensuring that each TCR is capable of first recognizing pMHC in the thymus, before
continuing maturation and further growth. I n
in a large number of insufficient T cells undergoing death by negtecthmore cell

death occurs during this stage, than in the subsequent stage of negative selection, where T

cells with toshigh an affinity for self are deletééf. While we will not discuss negative
selection in depth, it is importantégov oi d conf usi on. Firstly, the
during negative selection is mediated in an entirely different region of the thymus (the

medulla, versus cortex for positive selection). Secondly, negative selection is

accomplished with the help gbecialized proteins such as Aire and Fezf2, which

facilitate expression of peripheral tissue antigens in the thymus. This process allows a

mirroring of antigens corresponding to tissierived peptides that should not elicit an

immune response, such assbdound in the pancreas, testes, and other otgalt8

Positive selection is mediated by a group of specialized thymic cells termed
Cortical Thymic Epithelial CellécTECs). Developing T cells at this point have
completed their TCR rearrangement, and express both CD4 and CD8, and are in the DP
stage; cells that then survive the process of positive selection retainrbeeptor that

bound to the respective MHC (CDMIHC-II, CD8:MHC-I), and become single positive
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(SP). cTECs contain unique machinery allowing them to present peptides ol BHdC
MHC- I . Whil e these are fisel fo peptides,
presented in negative selection: theg aot created through the use of Aire or Fezf2, and
are not explicitly tissue derived. Rather, they are endogenous peptides generated from
specialized machinery in cTECs. For MH@eptide presentation, cTECs possess a
unique betaghymic proteasome suburfitb 5 Although it is still uncleapreciselyhow
these peptides are generat@ite deficient in thi® 5 Jubunit have a deficiency of
mature naive CD8+ T cells, indicating the importance of these proteagenetated
peptides on developmeh?f. Peptides diplayed on MH@I by cTECs are produced by
specialized enzymes such a€hthepsin, and thymispecific serine protease (TSS9

132 There is also evidence that starvatiodlependent autophagy can help produce
endogenous peptidé¥. Despite these unique features of peptide produdkion 1.9,
peptides produced by cTECs are also produced by peripheral lymphoid organs,
highlighting an existing overlap between thymic and peripheral endogenous peptide

ligands available for TCR engagemétft'3®
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Figure 1.8: Generation of Self Peptides for Class$ or Class|l Mediated Positive
Selection:

lllustrated is a comprehensive demonstration of some of the known methods of
generating positivebgelecting ligands. For the generation of CD8+SP cells, the
thymoproteasome can facilitate the production of peptidesepted on MH@. Other
enzymes, such as Cathepsin L or TSSP, or even authophagosaathery, can
produce peptides able to be presented on MIH@d used for selection of CD4+SP
cells.

Figure adapted fror®,
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In addition to the cTEC presentation of endogenous peptides, the very nature of
their interaction with the TCR is intriguinome of the initial studies into positively
selecting peptides showed that these peptides are much weaker in affinity than the
cognate agonist recognized by that TCR in the periphery. In fact, strong cognate antigen
in the thymus has been reported toseadeletion of T cells during negative selection.
Experiments in which Hogquist al (1994), added the peptide antigen OVA to immature
(developing) OVAspecific T cells (OT) in an FTOC showed that the T cells underwent
significant deletiort®”. A subsequent study by the same group observed that even
titrating OVA peptide to a lower dose by 181OT-I T cells still did not undergo
positive selection, indicating that low avidity of the pMHC:TCR cannot overcome the
negative effects of a higffinity peptide3® When peptides of various affinities for the
O1-1 TCR were tested for their ability to induce positive selection, it was found that
peptides with an intermediate iafty for TCR (between agonist and nepecific
peptides) were the most potent inducers of positive sele’éion differing report from
Yamagateaet al (2004) used a malentigen specific TCR (HY) to demonstrate that low
doses of agonist peptide could trigger positive selection of CD8+ g, bell that at
hi gher doses of antigen the SP CD8+ T cell s
to CD8UU, the | at tlerkehda viffheQverall iyappearsthdti nnat e
weakly-dosed agonist peptide may be sufficient for some positive selection, but higher
amounts lead to either clonal deletion in negative selection or a change in phenotype.
Another exception to the TGEffinity trend of positiveselection was seen in a study of
the P14 TCR in which a peptide mDBM of moderttdigh affinity compared to the

agonist was able to induce positive selection; it was shown however that its affinity for
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the MHC molecule F2DP was quite low, leading to iffecient presentation to a given
TCR !, Collectively the evidence has demonstrated that there is some phenotypic
difference between agonists and positive®yecting ligands, whether in affinity for TCR,

MHC, or ability to generate conventional Ub +

Hogquistet al (1994) additionally observed that atteredOVA peptide (E1),
with one amino acid substitution (glutamic acid for serine at position 1) was efficient to
induce positive selection of thymocytes, but acted as an antagonist to peripheral mature T
cells, diminisling cytotoxic T cell lysis response to OVA peptidé Although tempting
to classify all/l positively selecting peptide
studies showed this is not always true. In a similar study to HogejlastSezbdaet al
(1996) used the 327 mouse TCR transgenic model, whigleafie for the antigen
LCMV gps341 (p33) 142 These authors found that substituting one amino acid of p33 (an
alanine for a tryptophan at position 4, A4Y) resulted in an altered peptide capable of
positive selection, but with no observed antagonism in ¢ni@lpery. In fact, A4Y and

p33 coculturing appeared to boost peripheral T cell proliferatfén

The above studies are examples where positively selecting peptides are artificially
generated by modification of known agonist ligand sequences. This method was
necessitated due to the difficulty in detecting naturally occurring positively selecting
ligands. With their low affinity, conventional approaches such as those using tetramers
have not worked to date. Even using specific TCR transgenic models andlavailab
libraries of peptides that can bind to the respective restricting MHC, this has been
challenging. There have to date been three specific studies which have identified specific

endogenous peptides that are positively selecting for a specific TCR eEhlgj2009)
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used the 5C.C7 mouse TCR transgenic model, which is restricted by thel INMHE,

and found several peptides that led to upregulation of the marker CD69 on DP cells,a T
cell activation marker that is also upregulated during interaction \WitH( during
selection'*3, The eptide most able to transition 5C.C7 T cells into SP CD4+ T cells
came from a polypeptide called GRgo-Pol (GP), which differs in 9 of 14 potential

shared amino acids from the 5C.C7 TCR agonist moth cytochrome C (MCC)

In this study, they first used a model in which they isolated DP thymocytes from
invariantchaindeficient 5C.C7 mic& these mice lack machinery necessary to properly
load and traffic MHGII molecules to the surface, which subsequently hampers the
process befficient positive selection to occit®. They then cultured these arrested DP
thymocyteswith a library of peptides that could bind t&', and evaluated which of
these peptides could elicit the activation marker CD69 for DP cells, as well as
progression to the CD4 SP stage, thereby narrowing the pool to the peptides displayed in
Figure 1.9.Ultimately, the peptide that led to the greatest progression into the SP stage,
while also eliciting a significant degree of CD69 expression was the peptide GP. As
shown inFigure 1.9, GP as a sequence is quite distinct from the agonist MCC, sharing
only 4 of 15 possible residues. Two of these shared residues, however, are crucial for
binding of the peptides teE*d P6 and P9, whereas none of the vital T&Rtact

residues are sharétf.
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Figure 1.9: Table of I-EX bound peptides and their ability to promote positive
selection(Next Page)

Listed are the peptides (name on the left column) with amino acid sequences ani
corresponding markers for MH@&nchor sites (P1 and P9). Also shown is the ability
these peptidet® elicit CD69 expression on DP 5C.C7 thymocytes, as well as
progression to the SP stéigéhis latter measurement is listed as several possible
outcomes: fAnoneodo fofi MmMor see¢gativea Dd
selection, and the relage abundance of these signals indicates the intensity of the
selection observed. Also listed is the minimum concentration of peptide needed t
examine these effects.

Figure adapted fror4,
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Next, Eberiet alattempted to characterize the importance of a mature 5C.C7 T
cell 6s ability to recognize GP in the periph
ability of 5C.C7 T cells to interact with positively selecting ligands through with an
antibody could decese T cell activation from MCG-{gure 1.10A). Furthermore, when
the various positively selecting peptides werealiured with MCC, mature 5C.C7 T
cells had the greatest CD69 enhancement with MCC+GP, even compared to MCC alone
(Figure 1.10B) FurthermorgGP alone did not cause any CD69 upregulation, indicating
that outside of the developing context of the thymus, it cannot activate T cells on its own

(Figure 1.10B)
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Figure 1.10:The effects of GP on 5C.C7 cells in the periphery

A. B10.BRsplenocytes were cultured in the presence of either: an antibody C
which blocks the interaction of positively selecting peptides from the TCR,
antibody D4, which binds to theB but is not specific to a class of peptides,
no antibody (No Ab), ad subsequently cultured in the presence of MCC at
various doses and 5C.C7 T cells. Measurement of T cell activation was re
via flow cytometry and staining for CD69 expression.

B. In this setup, 5C.C7 T cells were cultured for 4 hours in the presénegious
peptides (all at 5¢ M) ;cham810:BR | | as
splenocytes. A No Peptide (NP) control was also used. After culture, T cel
activation was observed once again using flow cytometry and analysis of ¢
expression.

Figures adajed from44
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Similarly, Lo et al (2009) used the mouse TCR transgenic model AND, which
only differs from the 5C.C7 TCR by four amin
chain'3> The AND TCR also recognizes the agonist MCC, bagajsable of undergoing
positive selection with mouse MHC haplotypesland FAP, while 5C.C7 TCRs can
only recognize the formé#®. Lo et aldemonstrated that the AND T cell undergoes
positive selection strongly with an endogenous peptide, gp250, that is also presented on |
EX, but structurallydistinct from the 5C.C7 selector GP, as well as M&CThis
illustrates the specificity of positive selectiithat two TCRs with the same agonist
peptide are positively selected by completely different peptides in theighymaddition
to the 5C.C7 and AND TCRs, which have had positive selecting peptides characterized
for their CD4+ T cells, only a few other mouse T cells have had a corresponding positive
selecting peptide discovered: for example, Catnb and Cappal peptdé-|
TCR7.148 OT-| cells are CD8+ T cells specific for the OVA agonist, and restricted to K
MHC- mol ecul e. These positive selecting pept
recept or duicH used geptiges slatey from® volbserve thymocytes
decreasing individual ececeptors (CD4 vs. CD8), a sign of successful positive selection
147 Of the peptides elutehd tested, Catnb and Cappal were the only successful
peptides, however, they did not elicit any T cell activation when exposed to matire OT
cells*’. These examples denmstnate that every mature T @livhich must have
survived development in the thymus recognized an entirely different peptide from their

respective agonist.

A table comparing these known characterized IPRIHC examples is shown in

Table 1.1 and it furtheillustrates how outside of the bolded anchor residues, the
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sequences between endogenous positively selecting ligands vary greatly from that of the
agonist. The above studies focus on a single TCR transgenic cell for which a foreign
peptide is known, andhé positively selecting ligand is characterized. However, there is
evidence to show that the same peptide can positively select several different T cells
which have varying agonist ligands once they reach the periphery. Ignatsvaicz

(1996) used a modei which mice were deficient in endogenous MiHbut expressed

an MHGII transgene @A®) t hat woul d have a peptide (EU p
bound t o tTéesmicespuebentadiEp in the thymus at comparable levels to
an intact mouse capable of presenting Ep, and was capable of positively selecting CD4+
T cells'*®. What Igantowiczt alnoticed, however, was that these mice with a single
positively selecting ligand were able to generate a relatively diverse repertoire, with a

variety of T cells expressing TCRs with differenbV ¢ h'®.i n s

A similar study was performed with the AND endogenous peptide gp250, in
which the authors used a model in which MH®ad gp250 covalently bound in the
absence of other endogenous MH@olecule® these mice were termed gp25C
mice 1%, Comparable to the Ignatowiet al study, gp250 SC mice were able to
positively select CD4+ T cells, though slightly less efficiently than a wildtype counterpart
150 Furthermore, this gp250 SC model was able to generate T cells with a diverse set of
V-b chains, though the authors did noete that
U r e eevhithedemed to bias TCRs that could efficiently bind to the agonist MCC
150, Ultimately, these two studies demonstrated some redundancy of the T cell selection

systend that the sameositively selecting peptide can theoretically generate more than
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one mature T cell with different TCRs. How, and why such a system would occur, will be

discussed in the remainder of the introduction.
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Table 1.1:Comparison of known TCRs forwhich there is an agonist and

endogenous positively selecting ligand characterized

TCR
Model

5C.C7/AND
5C.C7
AND

OT-l

OT-l

OT-l

Peptide
Name

MCC
GP
gp250
OVA
Catnb
Cappal

Sequence

ANERADLIAYLKQAT K
AQRAELIALTQAL KM
SAPGUIATGSVGK

SIINFEKL
RTYTYEKL
ISFKFDHL
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1.41 T cell signaling during Positive Selection

Since endogenous peptides and agonist peptides appear to be quite distinct, a
guestion then arises: how do endogenous peptides actually signal through the TCR during

selection, and is that signal distinct from what might be expected from an agonist in the

periphery?

As discussed earlier, the Siamily kinase Lck has been considered the initiator
of TCR signaling, by phosphorylating the ITAM residues on CD3, and domains on Syk
family kinases, thereby allowing the recruitment of these Syk kinases to cdixenal
TCR molecular machinery. In a mouse TCR transgenic model DLGKR, in which T cells
overexpress a catalytically inactive Lck via its distal promoter, there appeared to be a
normal number of DP thymocytes, but a decrease in the number of mature CD4+ SP
cells, and a decrease in CD69 surface expression when these thymocytes were stimulated
151 Importantly, Lck is associated with the cytoplasmic tails of T ceteceptors CD4
andCD8, through the association of two cysteine residues conserved on both Lck and the
co-receptors’®. Mutation of these cysteines that disrupt théooalization of Lck with

CD4/CDS8 results in an abrogation of BP SP thymocyte$>2

ZAP70 is an important orchestrator of early TCR signaling events through its
kinase activity on several other TCR molecules. Once activated, it plays a major role in
phosphorylation several key TCR moleculeghsas LAT and SLP76. One study
(Mallaunet al, 2010) evaluated the recruitment and phosphorylation of ZAP70 using the
OT-l mouse TCR transgenic model. As discussed

Sel ect i o+hmodel has skveral Peptides chardztzl based on affinity the
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agonist OVA, and subsequent altered peptide ligands that act as positive or negative
selectors for thymocytes. These authors found that higher affinity peptides which trigger
negative selection trigger more recruitment and phogpation of ZAP70 compared to

the positive selecting peptide, with the caveat that the total amount of available ZAP70
was not changed, rather in negative selection there was an increase in the responding
TCRs that could recruit ZAP783 Furthermore, all of these peptides were compared in
their ZAP70 phosphorylation and recruitmeelative to a nofspecific peptide, VSV,

and taking this into consideration, the positively selecting OVA altered peptide Q4H7 did

have an effect on recruitment and phosphorylation of ZAP%0

The importance of several other molecules that bridge the proximal and
downstream modules of TCR signaling in positive selection has alsekelened. In
one study usingthemalent i gen TC transgenic HY mouse moc
recruiting site Y136 on LAT was mutated to substitute a phenylalanine rather than
tyrosine, there was a block in transition into the SP Stdgmterestingly, this same
mutation in male mice resulted in H8pecific CD8+ T cells failing to undergo negative
selection, and instead maturing into SP CD8+ T éedldn addition to LAT, other TCR
signaling molecules such as (but not limited to) Va\ADAP%6, and Nck®” have been

noted to play a role in positvselection.

Another important signaling parameter described in the positive selection stage
has been the MAPK pathway. Mice deficient in, or containing mutated versions of, the
Ras, MEK, and ERK1 proteins were shown to have an inability to transitidn BP
thymocytes, demonstrating the importance of this pathway in positive selection, whereas

in most cases negative selection proceeded unimpair&d Additionally, a study
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(Werlen et al, 2000) demonstrated that a mutated TCR atgtan connecting peptide
domain resulted in defective ERK phosphorylation in DP thymocytes, most likely due to
the mutated chainds inability to cause aggre

such as LckZAP70, and LAT62

Danielset al (2006) explored the MAPK signaling of positive selection for the
OT-I TCR transgenicmodeVvi t h sever al peptides that were
CD69+ cells in FTOG®3, Using tetramers composed of either positively or negatively
selecting peptides, the authors observed that positively selecting peptides generated a
delayed C# flux, decreased phosphorylated (p}231 buni t of CD3g, pLAT,
in DP thymocytes, but importantly still at levels above a-specific peptidé® This
agrees with an earlier report by Dawetyal (1999) which showed that although DP-OT
thymocytes have a lower TCR expression level than their mature caangetpey still
have elevated CD69 upregulation and*Glux in response to weak OVA variant
peptidest®®. Next, Danielst alexamined any differences in compartmentalization of
signaling during positive selectidf®. They found that positively selecting pMHC
interaction led to less recruitment to the plasma membrane of several molecules such as
pPZAP70, GrbSOS, RasGRP1, and pER®. Interestingly, positively selecting ligands
causedlistincttrafficking of RasGRP1 to the Golgi, and pERK throughout the cytoplasm
163 Other studies examined the effect of different peptides (agonists, positively selecting,
nonspecific) on ERK activation usg the P14 TCR transgenic model. These studies
found that stronger agonists which would lead to clonal deletion during negative selection
generally elicited a larger pERK response compared to positive selectors, but there was

still a significant level of sstained pERK during positive selectit®% Furthermore,
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completepharmacologic inhibition of ERK activation using an upstream inhibitor of
MEK PD98059 resulted in a block in SP maturation, whereas lessening the intensity of
ERK in a negatively selecting environment shifted the selection from clonal deletion to
positiveselection and SP formatidfr-167 Taken together, maintenance of the MAPK
cascade clearly plays a significant role in ensuringllTsoevival and maturation through

positive selection.

As mentioned above, €=flux has been studied in its differential role of
developing vs. mature T cell signaling, as well as positive vs. negative selection during
development itself. Mature T cells have been shown to have a biphasic calcium response
to anttCD3/CD4 stimulationwhereas both DN and DP developing T cells had a much
more homogenous phasing of calcium to the sa
168 Interestingly however, if DP cells were exposed to-éoidity amounts of ati-
CD3/CD4, resembling the interactions during positive selection, ther€&mponse
became more biphasié® Another study examined the role of calcined@ri calcium
associated phosphatase that plays a dominant rblEAT activatior®d in positive
selection, finding that use of a calcineurin inhibitor tacrolimus (FK506) resulted in an
arrest of DP thymocytes from transitioning to the SP stage, but did not affect the deletion

of selfreactive cells during negative selecti-®,
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1.4.2 Thymic tunim:

Thus far, we have discussed how positive selection involves a DP T cell
interacting with an endogenous peptide, and that these interactions generate a degree of
intracellular signaling. By this logi@veryT cell that matures from the DP stage to SP
and migrates to the periphery should have an innate ability to react to that same spMHC
complex. If this interaction were to result in T cell activation analogous to what we know
of for agonistic ligands, then this would result in rampant autoimmunitg. i$tmot the
case, suggesting other mechanisms by which the spMHC:TCR interaction does not lead
to activation. Furthermore, it might be expected that the signaling in the periphery for
mature T cells requires a higher threshold of all pegtideth agonist and positively
selecting, compared to the signaling in positive selection. However, it has been
demonstrated that while the sensitivity to the positively selecting ligand diminishes upon
maturation, the sensitivity for agonist peptide adyuakreases, indicating an active
cellular suppression, or at least divergence, of spMHC induced sighdlkis process
hasbeem ef erred to in this field as Atuning, o0 r
change in the response of a mature T cell to the same endogenous ligand it encountered

during development.

We left our developing T cell in the last section having undexgasitive
selection, and transitioned from a DP CD4+, CD8+ T cell to a SP CD4+ or CD8+ T cell,
a process mediated by interaction with, and signaling from an spMHC molecule. The
affinity of peptides that can engage with a TCR, especially during developshant
binary, rather a spectrum ranging of affinit{€sg. 1.11) One protein in particular has
been discovered to have its expression directly correlate with the level of affinity for
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spMHC during positive selection: the surface glycoprotein CD5ufysby Azzamet al
(1998) found that CD5 levels elevate during-peR signaling, but increase significantly
during the DP stage, and that level is maintained through maturation into the periphery
171 Interestingly, this study highlighted the importance of spMHC:TCR engagement on
increasing CD5 levels for DP cells, as MHt@ 7~ mice contained DP cells which had
much lower levels of CD5 expression compared to M TIn addition, the authors found
that when using a set of different TCR transgenic T cells (for example,-MidGtricted
AND and DO10 TCRs), there was a differential increase in CD5 expression during
positive selection independentBER expression itself; the authors posited that this was
related to the affinity and avidity of the selecting peptide ligand for the respective TCR
171 However, despite the relevance of CD5 to thymocyte selection, deletion of CD5 does

not cause a reduction in DP cells or any impact on levels of TCR, CD3, CD25, or CD69

172
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Figure 1.11:Range of affinities of peptides interacting with TCRs development

shape the outcome of thymic development

During positive selection, the affinities of the peptides that the developing T cells
engage with has been shown to impact the outcomeldliwan affinity of pMHC

resul ts in

i d eldgh an atiingy ofrpEHCl dariog negativelselection

results in death via apoptosis/clonal deletion. A range of intermeafiatéies of
SpMHC interactions can result in optimal positive selection.

Figure adapted frorir®
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The role of CD5 on the developing and mature T cell seems to involve tuning
down the TCR activation response to spMHC. When€D®10 (an 1A restricted
transgenic TCR specific for atken derived OVA peptide) thymocytes were examined,
there appeared to be progression through the DP to SP stage, but these thymocytes had a
higher rate of death due to negative selection, indicating a shift in lowering the threshold
for signaling'’4 This hyperresponsiveness in the absence of CD5 has been shown to also
occur when mutating the CD5 cytoplasmic tail, intiogthat CD5mediated
intracellular signaling may play a role in this tuning proc¢és<Other signaling
molecules, suchasVadv, and PLCo2, were incYbeAlhsughd i n t he
the precise intracellular signaling mechanisms govermnavwgCD5 dampens the T cell
response are still being elucidated, there is some preliminary evidence based on its
protein structure and biochemistry properties. CD5 was shown in a 1992 study to
associate with CD3g¢ and pr oXdcknwia BH2glomaih ei n t yr
recognition of cytoplasmic tyrosine sites of CB5 Another important SH2ontaining
molecule (SHZontaining tyrosine phosphatase 1 (SHIPcan also associate with CD5
and as its name implies, inhibit T&@Rediated signaling through dephosphorylation of
key substrates. Using @nodies that could crosslink both CD3 and CD5, one study
demonstrated that UCD3/CD5 resulted in atten
except when cells contained a mutated CD5 with a site unable to facilitaté Bid&ing
% As we will see, the role of OEh&ngms a stri

once the maturing T cell fully develops.

Another molecule has recently been characterized as increasing in expression

during positive selection is Thymocyte Expressed Molecule Involved in Selection
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(Themis). Themis was first identified among a family of proteins with an unknown
function that cordin prolinerich sequences which form SH3 domains, a nuclear
localization signal, and a unique CABIT globular domain (Cysteorgaining All Beta
in Themis)'7°18 Molecularly, Themis hasden shown to associate with the molecule
Grb2, which can then be recruited to the LAT signaling adaptor cor(ipigx1.12)

when this interaction is disrupted, there is a defect in positive selégtion
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Figure 1.12: Structure and Function of the molecule THEMIS:

(Top) Structure of the molecule THEMIS: purple = Nuclear Localization Signal (N
Green = Cysteineontaining All Beta in Themis (CABIT), red = Proline Rich Regio
(PRR).

(Bottom) A depiction showing the proposed function of THEMIS in attenuating T(
driven signals, through association with GRB2 on LAT and recruiting SHP1 to
dephosphorylate proximal signaling molecules.

Figure adapted frorf2

66



Themis expression was showmnbe elevated in the cortical, but not the
medullary, region of the thymus, and in Themisice there was an arrest in the BP
SP transitiort”®183 The mehanism ohow Themis integrates with signaling during
positive selection has been scrutinized over the last decade. In a study in which the
globular portion of Themis was mutated to contain a premature stop codon, early TCR
signaling in DP T cells was m@ively normal. The authors noted transcriptional
deficiencies in genes related to cell cycle, metabolism, and cholesterol transport and a
failure to produce SP CD4+ or CD8+ T céft8 Similarly, another study found that
Themis"~ mice had normal expression of CD5 and CD69 in DP thymocytes, but changes
were reveled when looking at CD4+, C[P8thymocytes. In these cells, a lack of Themis
resulted in decreased CD5, CD69, and’Iteceptor®3, Since many of these early
studies on Themis deficiency and TCR signatielged on crosslinking of thymocytes
with antrCD3 which produces strong activation, it was possible that subtle changes with
peptide affinity during positive selection, which utilizes taffinity pMHC complexes,
were not being revealed in Therisiice. Therefore, another study used the-Ofiodel
with the altered peptide ligands of varying affinities (as discussed in earlier sections) and
found that Themi§thymocytes had greater responsiveness to positively selecting, or low
affinity peptides than W cells; this was observed through increase in calcium flux, faster
phosphorylation kinetics of ERK, and membrdoealization of ERK all signs that
Themis deficiency was leading to inappropriately high levels of activation for these
peptidest®:. Similar to CD5, it was thought that Themis expression was therefore crucial
for tuning the signal of positively selecting peptides through the TCR, balaratiwgdn

allowing for appropriate survival signals to occur, but not -@etivation that would
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result in death during negative selection. This was corroborated by evidence thht SHP
phosphorylation was decreased in Themis deficient cells, which led to more

constitutively active Lck®. However, therarealternative data to suggest that binding

of ThemistoSHPL. decr eases t he ptviyysapthatiTresie 6s catal y
deficiency actually results in a decrease in other activaétated signaling molecules

suchasVav® These contradictions surrounding The
however it § clear that it interplays important intracellular signals throughout the positive

selection stage of development.

Given that multiple signaling changes can affect positive selection, of particular
interest is the role of the miciRNA 181a (mirl8la). Lke many miRNAs, mirl8la
regulates expression of multiple transcripts to different extents. Among the four mirl181
family members (a, b, ¢, and d), it appeared that mainhiBiia was involved in DP
thymocyte development. Furthermore, h81a was shown toe highly expressed
throughout T cell development (DA DP), but has little expression in mature peripheral

T cells?8e.187

The role of mi¥l81a on signaling in T cells seems to be one of positive
regulation. In experiments which retrovirally transduced higher |®fetsr-181a on
pre-activated T cells and then stimulated with antigen, greater calcium flux was seen
compared to controls in which the microRNA was mutatédidditional experiments
demonstrated that mit81latransduced mature T cellsaeted to the normaklinhibitory

signal of an antagonist peptide as that of an ag&fist

The mechanism of mit81a function is related to the transcripts it targets, which

include Dual Specificity Phosphatases (DUSPs), PTPN22, aneRSalPof which
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negatively regulate TCR signalirfgig. 1.13) DUSPs are important negative

regulators of the MAPK pathway, and when kked out in vivo or catalytically

inactivated, cause an increase of MAPK signalfi$$®. When mir181a was present in

T cells, these cells had a higher basal level of pERK, as well as a more sustained amount
of phosphorylation when stimulaté®. Conversely, in nee that lack mil81a, DUSP6
levels increase and ERK phosphorylation decre&4eo evaluate the impact of

mirl8la on T cell development, experiments were done which utilized antagomir which
would bind to and inactivate mir81a; using an FTOC dgsn with DP thymocytes, it

was observed that using antagomir decreased the production of SP T cells by 70% and
negated the responsiveness of these DP cells to even the cognate agonist of'flfe TCR
Thus, mirl81la acts as another important modulator of T cell signaling specific to
developmentbut does not appear to play a physiologjicde once the T cell is mature

and in the periphery.
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Figure 1.13:mirl81a requlates several components that inhibit TCR signaling

Mirl81a can negatively regulate several key TCR signaling inhibitors, such as Dl
SHR-2, and PTPN22.

Figure adapted frort2
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Another molecule involved in tuning TCR signaling during development is the
voltagegated sodium channel (VGSC) gene Scn4B, as described dtydlm 2012193,
We have previously discussed how?Thux during positive selection has a distinct
pattern (see AT cel |l d dighahengogeaondpositively Usi ng a
selecting peptide gp250 was characterized for the AND TCRt btfound that
consistent with previous reports, gp250 elicited sustainéto@a@DP thymocyte$®
Interestingly, when they examined what genes were upregulated during positive selection
in this model, they found that the gene Scn4B was significantly increased during the DP
stage, but decreased upowrdll maturation; Scn4B encodes for the regulatory subunit of
a VGSC that has also been associated with fltx 193 Furthermore, when this gup
pharmacologically blocked the activity of this channel, they observed a decrease in the
ability of AND T cells to undergo positive selection, as well as a decrease in the
sustained Caflux 1% It is notable that this channel plays a role in enhancing signaling
of DP T cells to endogenous peptide, allowing for positive selection to occur. However,
the transcript decreases after maturatimplying mature T cells must require either a
higher threshold for Carelease, or a different channel altogether. When channel activity
was ectopically restored in peripheral AND T cells, these T cells then had a significant

response to gp250, as measlng an increase in CD69 expressiéh

Collectively, we have discussed some of the mechanisms that drive signaling to
spMHC complexes durintipe positive selection phase of development. However, despite
several of these molecules decreasing in expression (or changing in activity post
selection) every T cell that successfully survives thymic development and migrates to the

periphery has the imnent capability of at leastcognizingthe same spMHC complex it
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encountered in selection. There is evidence to suggest that these selecting peptides are
certainly available for interaction in the periphery. The GP peptide can be encoded by 4
independengenes in the B10.A mouse strain, the gp250 peptide is expressed in DCs,
macrophages, and B cells, Cappal is derived fromaatif capping protein that is

ubiquitously expressed, and Catnb which is derived from datnint3%144.147.148

As we have discussed from some of these tumogecules (mirl81la, themis, etc)
beingdowrregulated posselection, as well as from empirical data that we will discuss in
future ®ctions, engagement with spMHC does not result in conventional T cell
activation. This does not mean that the engagement of TCR:spMHC is physiologically
inertd there is evidence to suggest a multifaceted role of these interéctiomst
suggests that thatracellular signaling and functional outputs that result from such
interactions are inherently different from that of agonist peptides. This quest to
understand the consequences TCR:pMHC engagement by mature T cells forms the

foundation of mythesis
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1.5 Why does spMHC alone not activate T cells in the periphery?

If spMHC interactions are available in the periphery, and in the thymus they were

able to generate signaling that promoted positive selection, it is appropriate to address the

guestion regarding why spMHC compl exes
actvation? We have discussed already one potential reason for this: a raising of the
threshold for ligand interaction during thymic maturation, as illustrated by the several

mol ecul es upregul ated or downregul ated

Collectively, the proximalscaffolding, and distal modules as presented in Section
1.2, portray the canonical circuitry of T cell activation as pertaining to engaging with a
cognate agonist. Rienagining each module as contributing to a circuit, where the agonist
PMHC complexiste Ai nput , 0 or Aswitch, d and the
components related to T cell activation (proliferation, differentiation, cytokine
production, etc), the bulk of current knowledge of the internal circuitry is categorized for
anagonistpeptide. While we have discussed some signaling circuitry during the thymic
development procedsin particular, positive selection, a stage where T cells engage with

endogenous lovaffinity peptides (spMHC complexds)what happens when a T cell

encounters thse same spMHC complexes in the periphery has yet to be fully determined.

The very fact that T cellsanengage with spMHC complexes has led to speculation as to
the merit of such interactions: if sSpMHCs do not elicit a conventional activation
phenotype (& demonstrated empirically by most mature T cells not being autoreactive),
then what, if any, are the consequences to engagement? As we will discuss in the next
section, there are several theories pertaining to the role of spMHCs in the periphery, and
howthey help shape the fate and function of a mature T cell.
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1.6 Proposed roles of spMHC interactions

In this section, | will discuss some of the prevailing data on the functional
consequences for TCR:spMHC interactions. These ideas should not be iategsret
mutually exclusive anthere is the possibility that spMHC engagement can have several
consequences. However, for the sake of organization, | will categorize the major
proposed consequences of spMHC engagement into distinsestibns, and discutise
evidence (or lack of evidence) to support such notions. Furthermore, it should be noted
that most, but not all, of these models presented are limited by the lack of known
endogenous peptide ligands for a) a given MHC, and b) a respective TCR. Therefore

many models rely on proxy measurements ofseffagement, which | will note.
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1.6.1: Selfpeptides ceagonize with foreign peptides to enhance T cell activation

At the level of T cell activation the presence of geptides has been proposed to
aid in the activation of T cells wheéen very I
i.e. the foreign antigen with adequate affinity. Central to this concept, ¢aled
agonism, 0 is that the signals derived from e
those of an agonist, leading to an increase in the measures classically associated with

activation (proliferation, surface expression of markers, etc).

Many studiesexamining the effects of spMHC engagement leading {agomism
rely on examination and manipulation of the MHC complexes in the steady state. This is
because in the absence of foreign antigen, stable MHC complexes at the surfaces of
APCs present endogeam® peptide ligands. In a 2002 study, Wulfetgal demonstrated
that when a fluorescently labeled mouse MHC class || moleeifeMas loaded with the
agonist MCC, and incubated with T cells that could recognize MCC (5C.C7 or 2B4), the
MHC-II molecules diplayed a transition from being diffusely spread around the APC to
being concentrated at the APC:T cell interf&%eAs we discussed in Section 1r@any
TCR-related signaling molecules reside at or near the plasma membrane; specific
clustering of these molecules in discrete locations around the TCR/CD3 complex occurs
when the T cell engages with pMHC on an APC. Intriguingly, when Wuétrgg
incubated the 4EK complexes with a null variant of MCC that is mutated in T€Rtact
residues leading to deficient T cell activation. With this variant, the authors still observed
concentration of-EX at the interface, although this occurred at a slowerthate an

equivalent amount of agonist, but ultimately in an amount that was comparable to the
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agonist. This seemed to be dependent on the ability of null MCC variants to still allow for
TCR:MHC binding in a variant that disrupted the CDR3 contact inteoactihe ability

of MHC-Il accumulation was impaired* The authors also found that when the null
peptide was added with the unmodified MCC, there was an increase in intracelfilar Ca
concentration, compared to the MCC aldffe Thus, this hallmark study demstrated

that low affinity peptides can still cause MHCaccumulation at the APC:T cell

interface and together with agonist peptide, enhance intracellular signaling.

The corollary to using lovaffinity or nonagonist peptides on MHC and
observing the éécts on T cells isleprivingthe T cell from contact with MHC and
examining if certain signals decrease. Stefareiva (2002) examined this MHC
deprivation in the 5C.C7 mouse model, in which they observed that isolating T cells and
placing them into 3C culture for 15830 minutes resulted in a decrease in the

phosphorylation of the p21 form of CD3g¢

section, is associated with recruitment of Zap70), and a decrease in proliferative response

to the cognate feign antigen PC&. They also demonstrated this in vivahere they
blocked polyclonal and ANBransgenic T cells from interacting with class Il MHC

through use of a monoclonal antibody agairsf 95, Finally, they also demonstrated

that in the context of T cells circulating in the ble@dperiod in which their interactions

with MHC molecules on APCs arelimted hese T cell s also had
phosphorylation and response to PECThese results indicate that reducing basal

interactions of T cells with spMHC not only decreases very proximal phosphorylation

events related to the TCR, but also decreases responsiveness to foreign antigen. A similar

study by Fisberet alin 2007 found that depriving T cells of MHICcontact in vivo led
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to a reduction in several parameteGD5 surface expression, antigeduced
proliferation, and interaction with transferred antigemtaining dendritic cell¥,
Interestingly, in both the Stefanoeaaland Fischeet alstudies, there was no difference
in cell viability between deprived or WT CD4+ T cells, and in the Fisehatstudy,

there was also no decrease in the amount of activé®®R&% We will discuss this work

againin the context of ouexperiments in Chapter 4.

In order to understand the activation signals from low affinity interactionsy ma
studies rely on the use of fnAaltered peptide
the endogenous peptides a given TCR may encounter, could be helpful in understanding
related aspects of T cell biology. Cemerskal (2007) employed the use of null/altered
agonist peptides on the AND transgenic TCR model, which recognizes MCC as its
cognate agonisf’. These authors observed that compared to the WT MCC, the altered
MCC ligands had faster effites of association with the AND TCR, variable ability to
form the central clusteng in the immunological synapse, and a lower amount of fully
phosphor yd alsignsithaOriially point to being weaker agonists
However, these peptides also paradoxically induced greater proliferation and more
sustained CD3¢ phosphoryl at ¥ olheseorasdts t i me con
demonstrate that for a given peptide, parameters such as pEptidee and
immunosynapse clustering should not be assumed to result in negligible T cell effects.

The latter concept, of immunsynapse clustering, is especially relevant, as we discussed as

part of the Pseudodimer Model of T cell activation in Sectiorbl1.2

A

Anot her measure for a given T cell 6s abil

levels of the surface marker CD5. As discussed in the T cell Development section, CD5
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levels increase during positive selection directly proportional to the amount éfGpM
engagement. Azzaet al(1998) had shown that in MHII knockout models in which
thymocyte development was arrested at the DP stage, CD5 expression on those DP
thymocytes was lower compared to WT miée When developed T cells migrate to the
periphery, continuous spMHC engagement helps to maintain the CD5 express®n leve
set in the thymu&® A study by Mandlet al (2013) observed the amount of CD5
expression for a given TCR transgenic T cell positively correlated with the amount of
steady state part *€aThe aGtbos @lsofonrm shat BD6T gellsat i o n
survived longer and underwent more cell division in response to cognate agonist
compared to CD%o cells of the same TCR®. A similar study examined two T cells

with TCRs specific to the same peptide epitope of Listeria, clone LLO56 and LLO118,
which ae phenotypically analogous except for CD5 expressio®ga.= CD5hi,

LLO118 = CD5lo) 2%, With various stimulation conditis (peptide antigen, anti
CD3/CD28, etc), LLO56 produced more-Bcytokine, and had greater pERK and'Ca
flux compared to LLO118; LLO56 also had a
phosphorylation, in accordance with previous findings by Mahdland Stéanovaet al

200 Notably, these effects of greater reactivity in Gisells was conditional upon
interaction with APCs, as trafer to MHGII deficient hosts abolished any effetl

Other characteristics of CEi cells compared to CDB counterparts havbeen

observed. Fultoet al(2015) found that CD%i CD8+ T cells had higher expression of
CD44, CXCR3 and the transcription factorbdt and Eome¥. The authors also found
that after an infection, CDBi CD8+ T cells were preferentially recruited to the

inflammatory site?°%,

78



Most of these studies involving CD5 focus on separation betweerhCdyiol
CD5lo cells, and subsequently characterizing the differences in functional response of
these pools of T cells. However, this does not provide a mechanism for how CD5, as a
receptormay be interplaying with TCRIriven signals. As we will discuss in a later
chapter, this notion of CD5 as a peripheral proxy for spMHC reactivity is more nuanced.
A recent paper from our lab (Matsenal 2020) explored the relationship between CD5
and ntracellular signaling pathways that may explain some of the functional responses
seen in many other papéfs. In a novel finding, increased CD5 expression in CD4+ T
cells was found to have a directly proportio
this was true in thymic development, as well as in peripheral T%2&lBurthermore, the
i ncreased amo u-hiT celtsivasladsd@ibtediwith a @iDer pool of the
transcription factor NFaB. Overall this sugg:¢e
to the T cell by modi fying the overall NFaB
NFkB may also be involved in additional functional changes betweeriC&ad CD5

lo T cells2%2
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1.6.2: Naturally occurring endogenous pepticas ceagonize with foreign antigen

There are a few examples of studies that employ specific known naturally
occurring seHlpeptide ligands for a given mouse TCR to study potentialgomistic
effects. For the 5C.C7 mouse TCR transgenic model, wechasassed how the well
characterized agonist peptide for this T cell is MCC (or PCC), and how é&latboked
at which peptides presented b induced positive selection (the best induced being the
peptide GP}44 In the same study of GP discovery, the authors also found that co
culturing mature 5C.C7 T cells with both MCC and GP led tagonism as measured by
CD69 expression, 2 and T N Fob, arul cetl divisiot*4i Similarly, Loet al
characterized the positiveelecting peptide gp250 for the mouse transg&ND T cell;
these authors observed the samagonistic effect when adding gp250 with MEE
Both these studies together higifilied several novel phenomena: firstly, they
demonstrated that specific endogenous-&ffinity peptides, such as those presented
during positive selection, could play a role in boosting the T cell response in the
periphery. Secondly, AND T cells and 5C.TZ%ells, despite sharing MCC as the
cognate foreign agonist, have enhanced activation responses only when interacting with
the respective selfeptide (5C.C7:GP, AND:gp250). These results, with actual
endogenous peptides characterized for each TCR, ghgsiological evidence of eo
agonism in the periphery, and provide tangible mouse models to further study the

consequences of spMHC engagement.
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1.6.3: Selpeptides act as trophic factors allowing maintenance of different T cell clonal
subsets:

Anotherconsequence of spMHC interactions with T cells in the periphery, is that
these engagements provide tonic signaling that is suggested to be required for T cell
survival, and perhaps homeostatic proliferation in certain environments (i.e.,
immunodeficiency) Several groups have studied this in models in which TCR transgenic
T cells are transferred into a T cell deficient host which is either lacking appropriate
MHC, or intact; T cells typically transferred into animals with an absent or
unrecognizable MHC thworse survival compared to those that are transferred into an
appropriate MHC backgrourfd®2°6. One study cleverly used a-educible system to
knock out MHCII on in the periphery, allowing normal development of T cells, and then
analysis of any phenotypic changes without the need for adoptiveetr&isthis study
found a decrease in T cell survival with®HC-11, with almost undetectable levels of
CD4+ T cells in the lymph nodes after 10 weeks, compared to mice that received a
thymectomy, which maintained a constant level of ~30% detection of CD4+ P%ells
The halflife of these transferred T cells (~3 weeks) was correspondingly lower without
MHC-II 2°7, Similar to the findings discussed earlier from Stefareia, there was a
decrease in the ba%.aAkwitd @fomogels weshpvie discusdedt i o n
these studies overcome ttigallenges of using specific TCR:spMHC pairings, which
were either still uncharacterized or difficult to obtain, and instead rely on manipulation of
MHC interactions to broadly extrapolate the role of-pelptides in the absence of an

agonist.
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There aralso several studies which explore how transferred T cells can survive
in an environment in which they compete for gaptide. In 1999, a study by Kieper and
Jameson followed the initial MH@ependent survival data by transferring-OT cells
into not aly a mouse with antigepresenting deficiency (the antigen processing
molecule TAP was knocked out), but also into either an irradiated or intact WT B6 mouse
208 Unexpectedly, cells transferred into an intact B6 mouse, with matching MHC
haplotype as the QTcells, failed to undergo homeostatic proliferation, compared to
those transferred into an irradiated 8% These findings demonstrated that there is
competition between existing T cells of the host (intactd®) the transferred GlTcells
that prevented homeostatic proliferation. While homeostatic cytokines have also been
shown to play a role in maintaining T cell populations and promoting homeostatic
proliferation, the OTl cells were similarly limited in piderating when in the TAP
mouse, illustrating some need for spMHC interact8nOther studies have dad
similar results for both CD8+ and CD4+ T cells, notably that the competition occurs
when T cells attempt to occupy the same niche when transferred into a new host with
identical TCRs; in the absence of foreign antigen, this competition is most likely
explained by limited access to spMH€21%, Many of these studies discussed thus far
have observed that when T cells are transferred into a lymphopenic host, they undergo a
rapid proliferation; to address if this is mediated by the homeostatic cytokinheMin et
al (2005) transferred CD4 T cslinto a RAG" host and observed that blocking the7L

receptor did not impact the large proliferative respéiése

From these experiments in which transferred T cells will compete withThost

cells for access to the same endogenous peptide, the role of spMHC is to act as a trophic
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factor. A study from Vireet al (1999) observed that when transferring polyclonal CD4+

T cells into a mouse with a limited diversity of spMHC expression, theosithe

adoptively transferred T cell pool contraété While this experiment did not

characterize the actual diversity of the remainingisurg T cells, other studies found

that CD4+ T cells positively selected on a certain peptide background had better survival

or homeostatic proliferation when transferred into another host wittethespMHC

availability, even moreo than transferred dells that underwent a namstricted

positive selectiod'#213 Singhet al (2012) explored this concept further, expanding on
observations of lymphopenriaduced autoimmunity, in which typically monoclonal

populatons of T cells expand and cause deleterious physiological eftédis one such

model, involving transferring 5C.C7 T cells into a lymphopenic mouse expressing the

5C. C7 agonist PCC, the authors observed that
by adding other clonal T cells to the same niche (A1M, Marilyn, 3AB42JTCR

clonal T cells), did not reduce the 5C.C7 response to PEThis was interestingly true

even when adding a TCR clone responsive te#meagonist as 5C.C7s, the AND TCR

216 However, polyclonal T cells, or speciity, as it turns out, a specific T cell identified

to bear a VU2 chain of the TCR, could 1|imit
and also potentially demonstrated reactivity to the endogenous peptidé Giese data

highlighted tle importance of endogenous peptides as trophic factors maintaining, but

also providing competition between distinct T cell clonal populations.

Many of these studies thus far mentioned have illustrated some level of
dependency of peripheral T cells on naieting with spMHGwithoutthe context of

foreign antigen, whether for prolonged survival, or for homeostatic proliferdtios.
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conclusion, however, is still controversial. Sogneups have found that while MHIC
deprivation impacts the basal level otdll proximal signaling, there is not as drastic an
impact on T cell surviialn addition, one groupeportedthatdecreases in transferred T

cells into MHCdeficient or mismatched hosts could be explained by host NK cell
mediated rejectioA'’-?18 For instanceGrandjearet al (2003) used the TCR transgenic
model Marilyn which are-AP and transferred them inteA>-deficient host$€.

However, the host mice had a subtle difference in class | structure (involving a difference
in the nonclassical MHC region), which appeared to promote-diken killing of the
transferred Marilyn T cells in a classitidependent fashi@énwhen NK céls were

depleted (through knockout of the common gamma chain receptor), the Marilyn cells
survived despite a lack of MH{ %18 Certainly,NK-dependent killing needs to be

factored into adoptive transfer experimeitg it may not explain all instance$™d cell
dependence of MHC for survival. Importantly, the Grandjean et al paper used a
lymphopenic NK deficient model; it is likely that the influence of spMHC on T cell
survival is only evident when there are competing T cells (for the same spMHC).,Indeed
this was demonstrated by Singh et al (2012) where they fractionated T cells and showed
that while >90% of the CD4T cel |l s dondét interfere with
clone, a rare fraction of T cells (occurring about 1 in 2000 in the repert@se)jeguired.

In the same studyansferring in 5C.C7 T cells into A1M hosts that shared the same
MHC-II restriction (FEX) but were otherwise dissimilar, there was equivalent survival of
the transferred T cells over time compared to transferring into @ns@ C7 host'®.

However, if the specific subset of polyclonal T cells discussed above, presumably sensing

the same spMHC as 3C7 was transferred in (or just a bolus of 5CC7 T cells
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themselves), that led to loss of the. 6B T cells. Thiss hard to explain as Nhediated
rejection since the presence of A1M or.6C should not make a difference to MHC
mismatched NK recognition. Certainly, the rapid loss of new 5CC7 in an intact 5CC7 is

inconsistent with any NK differences as well.

While many of the kinksemainto be worked out, it seems to indic#tat the
engagement of naive T cells with spMHC in the periphery is complex, and models to
directly examine the consequences of these engagements are limited and/or not
representative dhe normal physiological environment within which T cells exist
(lymphopenic, mismatched MHC, etc.). Furthermore, while preliminary studies have
observed differences in the phosphoryl ati on
be observed what othdifferences in signaling exist, or how the overarching structure of

the signalingmodel apparatus (i.e., how the immunosynapse looks) would be affected.
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1.7: Key Outstanding Questions:

From thymic development to maintenance in the periphery, T cells undergo
complex changes that seem to optimize their eventual function: to recognize and react to
antigenic pMHC complexes. Our discussion on the positive selection phase of thymic
developmentevealed the unique importance for T cells in engaging with low affinity
self-peptide ligands on MHC. The nature of this interaction has led to several decades of
researcai med at understanding what happens to T

the periphery.

Importantly, (norautoreactive) T cells do not normally respond to these spMHC
complexes in the same manner as an agonist pMHC. However, relatively little is actually
known about what these interactions accomplish on a signaling levelttadher
potentially maintaining basal |l evel s of CD3gsg
circuit, with the end result of the circuit leading to a yellow light bulb being lit, activation
of a mature T cell with agonist pMHC generates a-gefined pghway on the circuit
(fromACHBIBSEP76A MAPK/NFAT/NFKB, etc), which leads to the yellow
light bulb turning on (cytokine production, proliferation, surface expression of markers
such as CD69, etc). Todateemi ddl e of the cibox podotf oemapNBCaea

signaling.

An issue | have found when studying spMHC interactions with T cells, even when
using one of the few existing specific sSpMHC:TCR matches (GP:5C.C7) is that the
concept of the end of the circuit being a yellow light bulb need pyya it may be a
different color (i.e., different output, such as increased survivagonism), or not even

a light bulb (a tebe-determined consequence)! This makes both the end result, as well as
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upstream circuit, challenging to ascertain. My thesiskvihas involved using available
tools to begin with understanding the circuit (signaling) of these spMHC interactions.

Some key questions that arose were:

1. Are there other models to study spMHC t
transgenic systems?

2. Do spMHCinteractions elicit unique intracellular effects distinct from that of
an agonist?

3. Are there functional consequences to a TCR engaging with spMHC that can

be applied to a broad T cell repertoire?

In this work, we have validated previously reported findifgpagonism, basal
levels of signaling), while adding novel findings including, but not limited to,
transcriptional changes, downstream signaling pathways, and a survival contribution of

CDS5 in peripheral T cells.
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Chapter 2: Materials andethods:

2.1: Cell Culture:

P13.9Cells were the lab of Ronald Germain, and originally made from daughter
cells of the MHCII-negative DAP.3 cell transfected with the cDNA @& ICAM-1,
and B7.1. They armaintained in RPMI 1640 (Gibco) supplemented with Tgtal Calf
Serum FCS (Gemini), 2% glutamine(Gibco), 1% sodium pyruvate (Gibco), and 1%
antibiotic/antimycotic (Gibco) referred to as completed RPMI (cRPMI). Primary murine
thymocytes and T cells wereaintained in RPMI1640 (Gibco) supplemented with 10%
FCS (Gemini), 1% glutamine (Gibco), 1%antibietiotimycotic (Gibco), and 0.000014%

b-mercaptoethanol referred to as T cell media (TCM).

2.2: Mice:

Wild-type mice were obtained from both Jackson Lalooied (C57BL/6J and
B6.SJL-PtprcaPepchb/BoyJ) and Taconic Biosciences (B6NTac and
B6.SJLPtprca/BoyAiTac). B6 mice were bred for dual congenic expression of CD45.1
and CD45.2 using a dam or sire from opposing place of purchase to eliminate any strain
drift between the two wildype strains. Wiletype B10.Q/Ai mice were originally
obtained from Ron Schwartz, Institute of Allergy and Infection Diseases, NIH, Bethesda,
MD. Wild-type B10.AH2a H2T18a/SgSnJ mice were obtained from Jackson
laboratories. B10.A miceere bred for duatongenic expression using a dam or sire
from opposing genotypes. 5C.C7 TCR transgenic mice were obtained from Taconic
Biosciences (B10.ARag2tmlFwaH2ZI18aTg (Tcra5CC7,Tcrb5CC7)lwep). SMARTA

TCR transgenic mice were obtained from JacKsaivoratories (B6.CdPtprca Pepcb
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Tg(TcrLCMV)1Aox/ PpmJ). TCRUB knockout mice
Laboratories (B6.129S2cratm1Mom/J). CD5 inducible knockout mice were generated

by microinjection of constructs shownhig. 2.1into C57BL/6 ES celland

implantation into super ovulated females. CD5 inducible knockout mice were obtained

from Paul Love, National Institute of Child Health and Human Development, NIH,

Bethesda, MD. A1M mice (CBA/Ca,RAG) were obtained from Dr. Steven Cobbold,

University of Oxford, UK, and bred onto a BI0O.ARAGD» ac kgr ound. CD3UKO
were obtained from Ron Schwartz, National Institutes of Allergy and Infectious Diseases

(Bl0OACd45a(Ly5a)/-NAi N5, CD3U

Housing of mice, handling, injections, euthanasia, anddigsolation were all
done in accordance to our institutionally approved IACUC protocol (UMB #1119010).
Experiments were performed with animals at least four weeks of age and approved by
University of Maryland Baltimore Institutional Animal Care and Usen@uttee or by
the Animal Care and Use Committee of the National Institute of Child Health and Human
Development. Table 2.1 contains the genetic designation, description of phenotype, and

the abbreviation used within this thesis.
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FRT Loxp

Targeted Locus

Loxp

v
FRT Loxp

—EETs—7—{>—8EEnm— | ocus after Cre-loxp recombinatio

Figure 2.1: Schematic of the CDSinducible Knockout Model

The targeted locus first has the neo cassette removed using4#RR Figgcombinase
system, which leaves the CD5 locus remaining between two Loxp sites. Cre
recombinase activity is controlled by tamoxifen intoic via ERT, allowing for
specific timing of the knockout induction.

Figure adapted frorfi®
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Table 2.1:Mouse Strains and Descriptions

Mouse Genetic Strain

Description

Abbreviation Used

C57BL/6J

Wild-type B6 animal

B6

/-

specific for male DbY antigen

B6.SJL-PtprcaPepcb/BoyJ Wild-type B6 animal B6
B6NTac Wild-type B6 animal B6
B6.SJLPtprca/BoyAiTac Wild-type B6 animal B6
B10.Q/Ai Wild-type B10.A animal B10.A
B10.A-H2a H2T18a/SgSnJ Wild-type B10.A animal B10.A
B10.A-Rag2tmlFwaH2ZI18aTg | CD4+ TCR transgenic mouse | 5C.C7
(Tcra5CC7,Tcrb5CC7)lwep specific for pigeon or moth
cytochrome C
B6.CgPtprca Pepcb CD4+ TCR transgenic mouse | SMARTA
Tg(TcrLCMV)1Aox/PpmJ specific for LCMV GRu1.s0
B6.129S2Tcratm1Mom/J Ani mals |l ack TTCRABKO or TCRK
expression which prevents
development of T cells
C57BL/6.CD5iKO Tamoxifen inducible CD5 CD5iKO
knockout mice
C57BL/6.CD5Cre+,F Mice with Cre expression but | CD5-Cre+/F}+
no floxxed CD5 region
B10.A-Cd45a(Ly5a)/NAi N5, B.10A mice witCD3UKO
cD3U knocked out leading to loss of
cells
CBA/Ca,RAGL/-, B10.A,RAG2 | CD4+ TCR transgenic mouse | A1IM
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2.3: T cell purification:

For the lymph nodes, thymuses, and spleens, they were separately dissected and
filtered through 40egM nylon mesh with cold C
antibioticantimycoticsolution). When relevanthé cell suspensions were then processed
through a FicolHiPaque Density Gradient to isolate lymphocyi&sne marrow was
isolated from the femur, tibia, and fibula of mice by removal of the bones, incision at
separate ends ofdtbones, and flushing of cold Crushing Buffer through the medullary
cavity using a 2@auge syringe. For some experiments, such as the preparation of MHC
Il depleted T cells (Chapter 4) or CD5iKO adoptive transfer (Chapter 6) further
purification was pedrmed using magnetic depletion. Magnetic depletion was performed
with MyOne Streptavidin T1 DynaBeads with biotinylated 42H45R/B220 (RAXB2,
Biolegend #103204), biotinylated aiNK1.1 (PK136, Biolegend #108704), Biotinylated
antrl-A/IE (M5/114, Biokgend #107604), and biotinylated a@d11b (M1/70,

Biolegend #101204) for isolation of T cells according to manufacturer instructions.

Some experiments required isolation of cells from blood. To do this, mice were
anesthetized with Avertin, after whithey underwent cardiac puncture to collect ~1ml of
blood. The blood was transferred to a FACS tube with 1nfRB8 supplemented with
2% FCS, 0.01% sodium azide, and 0.02% EDTA (FACS Buffer) added. The tubes were
spun for 7 minutes at 1200RPM. Supernataas warefully pipetted off, and 1mL of Ack
lysis buffer was added for 10 minutes at room temperature. Cells were spun for 7 minutes
at 1200RPM, and after this the supernatant was poured off, and cells were resuspended in

500eL FACS buffer.
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2.4: Proliferaton dye labelling and assay:

T cells were | abeled with 2&¢M carboxyfl uo
Molecular Probes) in PBS supplemented with 0.5% FCS in 37°C water bath for 12
minutes. The cells were washed with neat FCS to quench labeling andshepereded
in crushing buffer or TCM dependent upon assay. When using 5C.C7 T cells in vitro,
they were typically cultured at 250,000 cells/well in a 24 well plate in the presence of
APCs derived from CD3UKO spl eno wfferaiocn, typi ca
assays were done with the antigen Moth Cytoc
or a No Peptide Control. Cells were harvested and analyzed after 72 hours via flow
cytometry. For in vivo assays, CF&ibelled 5C.C7 cells were transferredoatrbitally
into CD3UKO mice, with either 10eg of MCC or
injected intraperitoneally. Mice were sacrificed after 72 hours for harvest of lymph nodes

and spleen and analysis via flow cytometry.
2.5: Flow Cytometry Staining:

Fc-receptor blocking was performed for 15 minutes at 4°C in PBS supplemented with 2%
FCS, 0.01% sodium azide, 1% mouse serum, 1% hamster serum, and 1% rat serum
(FcBlock). Surface staining was performed for 30 minutes at 4°C in FACS buffer using

the antbodies provided iTable 2.2.Cells were washed once with FACS Buffer.

Intracellular staining was performed with eBioscience Fixation/Permeabilization
Kit. Cells were resuspended in 1X eBioscience Fixation/Permeabilization buffer and

incubated overnightta°C. Intracellular staining was performed overnight at 4°C in 1X
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eBioscience Permeabilization Buffer using the antibodies listédlte 2.2 Stained

cells were washed twice with FACS buffer.

Staining for phosphorylated molecules was performed bygittie cells first in
1.5% Paraformaldehyde (PFA) for 10 minutes, after which they were spun at 2000RPM
for 10 minutes. The supernatant was carefully pipetted out, and 2mL of ice cold 100%
Methanol was added while vortexing the cells to prevent cell clunpine cells were
incubated in methanol on ice for 30 minutes, after which they were spun for 10 minutes
at 2000RPM and the supernatant was removed. 2mL of FACS buffer was added and the
cells incubated on ice for 30 minutes, after which they were spur®faninutes at
2000RPM and the supernatant was removed. They were resuspended in FACS buffer and
typically 50¢L was added to a tube with 50 ¢
in. Antibodies for phosphéiow are listed inTable 2.2 For Factin staiing,
fluorescently conjugated Phalloidin was used, rather than methanol, 0.1% F1i@@nX
was used for-% minutes. Cells were analyzed on an-B8R-1l flow cytometer (BD).

All data were analyzed using FlowJo (Tree Star).
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Table 2.2:Flow Cytometry Antibody List

Antibody Fluorochrome Manufacturer Clone Catalog #
7AAD Biolegend 420423
B220 e450 eBiosciences RA3-6B2 48-045282
CD11b e450 eBiosciences M1/70 48011282
CD11b APC eBiosciences M1/70 17-011282
CDllc FITC eBiosciences N418 11-011482
CDllc v450 eBiosciences N418 48011482
CD19 APC Biolegend 1D3 152409
CD25 APC-cy7 BD PG61 561038
CD25 AF700 Biolegend PG61 102024
CD4 e450 eBiosciences RM4-5 48-004282
CD4 BV605 Biolegend GK1.5 100451
CD4 BUV395 BD GK1.5 553726
CD4 APC eBioscience RM4-5 17-004282
CD44 PE BD IM7 553134
CD44 PE-Cy5 eBiosciences IM7 15-0441-82
CD5 PECy7 eBioscience 537.3 25005181
CD62L PECy7 eBiosciences/Biolegend | MEL-14 25062942
CD62L AF700 Biolegend MEL-14 104426
CD69 PECy7 eBioscience H1.2F3 250691-82
CD8-alpha BUV805 BD 536.7 612898
CD8-beta BV650 BD H35-17.2 740552
cKit PE-cy7 Biolegend 2B8 105813

I FN9 PE-Cy7 Biolegend XMG1.2 505807
KLRG1 PE eBiosciences 2F1 12-589382
KLRG1 APC BD 2F1 561620
LAT AF647 R&D Systems 661002 FAB63341R
MHC-II PE eBiosciences M5/114.15.2 12-5321-82
MHC-II | -EX FITC eBiosciences 14-4-4S 11-598082
NFaB p 6| AF647 CST D14E12 8801S
NK1.1 APC Biolegend PK136 108709
pERK AF647 CST 197G2 13148
pERK AF488 CST 197G2 13214
pLAT-Y171 AF488 BD 158-1169 558519
pLAT-Y226 AF488 BD J961238.58.93 | 558430
pLck Y505 AF488 BD Clone 4 557879
pMEK AF647 BD 024836 562460
pSLP76 Y128 | AF488 BD J141668.36.58 | 558439
pZAP70 Y292 | AF488 BD J34602 558516
Scal APC-cy7 Biolegend D7 108125
TCR Vb 3| BV650 BD KJ25 743415
TCR Vb3|PE BD Pharmigen KJ25 553209
TCRb FITC BD H57-597 553171
TCRb BV510 Biolegend H57-597 109233
TCRb APC Biolegend H57-597 109211
TNFU BV605 Biolegend MP6-XT22 506329
ZombieNIR Zombie NIR Biolegend 423105
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2.6: FlowAssisted Cell Sorting:

Purified T cells were labeled with the antibodies listed in Table 2.2 and 7AAD in
PBS supplemented with 2% FCS and 1% antibiatitmycotic (Gibco). Cells were
sorted on a BD FACSAria Il cytometer into the following groups: 1) 7AAD

/] CD4+/ Vb3+/ ( CD6/9GD 4 +o/rV 23)-whet @A,

2.7: RNA Preparation and Sequencing

Cells that were sorted were spun at 400g for 7 minutes, after which supernatant
was withdrawnuntil ~22 0 e L r emains. The t uttebreakit h t he p:¢
up, and 400egL of cold RNAzol RT was added an

and lyse the cells. Lysed cells were storedB&iC until RNA extraction was performed.

RNA extraction was performed according to the RNAzol RT RNA Isolation
Reagent User Manual, Section IV: Isolation of mRNA and microRNA Fractions, with
some modification$ after the last wash, the pellets were dried, as previous experiments
had found that | ed to better yields. Final 2
RNAse and DNAse free H20, and divided into t

stored at8C°C until sequencing preparation.

All post-extraction work was performed with the collaboration of the Daniel
Douek Lab at the NIH Vaccine Research Center (VRC): Amy Ransier and Jesmine
Roberts for library and sequencing preparation, and Jianfei Hu for sequencing analysis
and bioinformatis. RNA extractions were measured for their purity and quality using the
Agilent Bioanalyzer. Purified RNA was used for transcriptome analysis. Briefly,

polyadenylated transcripts were purified on ol@jb magnetic beads, fragmented,
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reverse transcribed,verse transcribed using random hexamers and incorporated into
barcoded cDNA llluminaeady libraries. Libraries validated by microelectrophoresis

were sequenced on an Illumina NovaSeq 6000 using paiméd 50 cycles.

2.8: RNA Sequencing:

Sequencing libndges were prepared and sequenced as previously des&iibédal
brief, total RNA was enriched for polyadenylated species by two sequential rounds of
binding to oligedT dynabeads (Life Technologies), chemically fragmented in the
presence of Mg2+4and reverse transcribed using Superscript Il reverse transcriptase
(Life Technologies). Second strand cDNA synthesis, end repadiliAg, and
sequencing adaptor ligation were performed using NEBNext enzyme modules (New
England Biolands). Librariesewe amplified using universal and indexed primers from
the NEBNext system with Kapa 2x Hot Start Readymix (Kapa Biosystems). Amplified
libraries were sizaselected using BeckmaDoulter Ampure XP beads, quantified by
gPCR using the Kapa Library Quantifin Kit for lllumina (Kapa Biosystems), and
checked for sizing by electrophoresis on a BioAnalyzer (Agilent). Completed libraries
were loaded on lllumina Truseq PaiEdd v2 Cluster Kits and sequenced in 2 x 150
base paire@nd runs on an lllumina Nova§ 6000 sequencer. The final dataset
comprised 3.89x108 reads pairs in total, with each sample corresponding to 7.62x106

reads pairs on average.

2.9: Sequence Analysis:

We used Trimmomatic (version 0.22) to remove adapters and low quality bases,
STAR (verson 2.6.1c) to map the trimmed pairedd reads on the reference mouse
genome (Mm10), Picard (https://broadinstitute.github.io/picard/; version 2.1.1) to remove
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duplicated reads, HTSeq (version 0.9.1) to count the number of reads pairs mapped on
each mousegene, a Perl script written by us to generate the expression matrix of sample
and genes, and DESeg2 to do the differential gene expression afféRf&isJIMAP was

used for the clustering analysis of sampgfés GSEA was used for pathway enrichment

analysis*?®,

2.10: Adoptive transfer for CD5iKO experiments:

Lymph nodes and spleens were isaldr®m CD5iKO or CD5,Cre+,FImice and
mechanically dissociated by mashilxl®*6ti ssues
cells were injected retrorbitally (R.O.) into WT B6 1x2 mice that were anesthetized
with Avertin intraperitoneally. 48 hours aftadoptive transfer, mice were given
Tamoxifen (4mg) that was resuspended in sesame oil via oral gavage after being

anesthetized with Avertin intraperitoneally. The tamoxifen was given for 5 days.

2.11: FIt3L injection:

For the intraperitoneal injections E 2 8 ) 100eL of either 10¢g
in sterile 1x PBS with 1% Bovine Serum Al bun
1% BSA (as the control group) was injected, and mice were randomly selected to be in
either the FIt3L (n=14) or control grofp=14). B6 CD45.1x2 mice (n=3) used for the
ant-CD3 in vitro assay did not receive any injections, and were euthanized, and samples

processed according to Step 2.3.
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2.12: FIt3L in vitro assay:
Cells were isolated from the bone marrow of A1M mice, amitleed for
progenitor cells by using magnetic separation to deplete cells bearing the markers NK1.1,
CD11b, CD4, and MH@I. We then stimulated 10,000 cells with no cytokine, FIt3L
alone (250ng/ml), FIt3L + K3 (20ng/ml), or 1l-3 alone, and incubated thells for 1

week in T cell medium with 20% FCS.

2.13: AnttCD3 in vitro assay:

24 hours before use, a-9¢ll flat bottom plate was incubated with wells
containing either 10ug/mlofar8 D3 U ( c 2@, Biolegdn8), or 1x PBS at 37
degrees. After 24durs, the plate was washed with 1X PBS, and then incubated with T
Cell Medium for 10 minutes at 37 degrees. After this, the T Cell Medium was removed,
and 1 million T cells from the spleens and bone marrow of wild type mice prepared by
Step 2 were added &ach well and incubated for 2 hours at 37 degrees. After the
stimulus, 10ng of prevarmed Brefeldin A was added to each well, and the plate was
incubated for an additional 4 hours at 37 degrees. After this, the cells were prepared for

intracellular cytokne staining as described in Step 2.5.

2.14: APC deprivation assays:

Lymph nodes were isolated from mice (5C.C7, SMARTA, B10.A1x2) and
purified as in 2.3. After Ficoll, they underwent magnetic separatialeplete cells
bearing the markers CD11b and MHIC and had samples pasd posiseparation to
analyze via flow cytometry. To rest cells, cells were plated 250,000 cells/well on a 24

well plate in T cell medium for the given resting time. Nested cells were kept on ice.
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2.15: Peptide stimulation of TRCtransgenic T cells:
T cells from the lymph nodes of (5C.C7 or SMARTA) as well as splenocytes
derived from either CD3UKO or TCRABKO mice w
2.5*10"6 APCs were cultured at3for 1 hour typically with either no peptidBIC/NP),
l1leM agoni st ( MCGCGHweyr, 5% M 7GP ,L Camivd athiosni st + GP
was done in a 24 well plate. After 1 hour incubation of APCs with peptide, T cells were
added and the plate spun for 2 minutes at 900RPM. T cells, APCs+peptide were
incubated together for given time in culture. Some experiments involved using P13.9
cells as APCs. For these experiments, 100,000 P13.9 cells were plated 24 hours before
the addition of T cells in RPMI. Before the addition of peptide, the P13.9 cells in the
plate were spun for 3 minutes at 700RPM, after which the supernatant was dumped off
the plate and TCM with relevant peptides were added for incubation. For the experiment

that used LPS in culture, LPS was added at 1ng/well.

2.16: PMA Pretreatment:

Forsome experiments, a pteeatment with Phorbol 1&hyristate 13acetate
(PMA) was performed. This was typically done by using a range of doses of PMA with
isolated T cells (as described in 2.3) for 2 hours in®an@fer bath. lonomycin was used

for one expriment, and it was used either alone or with PMA at 500ng/mL.

2.17: Graphs and Statistics:
All graphs and statistics (with the exception of the RNA sequencing data) were

performed using GraphPad Prism version 9.0.
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Chapter 3: Global increase of availal@indogenous pMHC
impacts T cell memory compartments

While the data we have discussed in chapter 1 suggest that spMHC can modulate
T cell functions in complex ways, designing experiments to understand the contributions
of these endogenous peptides has been challenging. For one, the subset of T cells specific
for any selfpeptide (in the sense of positive selection) are very rare (maybe 1 in 2000
from the Singtet al 2012, study'9. Most conventional reagents used to study antigen
specificT cell activation (e.g. tetramers, restimulation followed by ICS ete)adavork
with spMHC. The reason is that (a) there are very few of these identified, (b) the affinity
of thesespMHC for TCRs is usually too low to work in a tetramer setting and<gc)
discussed above the functional impact on T cells on their own is difficult to quantify. This
raises several questigmamely thatf theseself-peptidesare so idiosyncratic, how will
we able to exploit their functional impact in a clinical settifrgthinking about this, we
took a broader approacihat if there were reagents that can modify spMHCR

interactions globallyather thanust one rare TCR at a time?

This line of thought offers two potential solutions. Fifathd as we discuss more
in Chapters 46) if we can identify specific signaling modalities used by spMHC, then
pharmacological agents which target these can be usagé#oticular clinical impact.

For instance, can enhancing this spMHC signaling improvet@mntbr immunity?Can
drugswhich dampen spMHC signaling reduce autoimmunity due 4&agamism between
a spMHC and a true autmtigen (agonist)A second and more provocative idea was to

globally enhance selfeptide levels and measure the impact that would have on T cells.
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We hypdhesized that if we use a method to enhance the numbtranj-state antigen
presentingells that capresentspMHCs to ay of the peripheral T cellhis should
have a greatly augmented phenotype aialv us to examine the effects of SpMHCs on

the entirentact polyclonal population of T cells.

The ability of the peripheral immune system to consistently mount successful
responses hinges on the availability of a sufficiently diverse collection of T cells at all
times. Naive T cells arrive in theecondary lymphoid organs after completing thymic
development. When a naive T cell is activated with cognate antigen, it undergoes transition
into an effector phase, characterized by extensive proliferation and cytokine production.
This transient changen ithe number of cells is followed then by a contraction of the
responding population, with some memory T cells remaining. At the end of an immune
response, cells of the immune systerestablish a homeostatic balance, with a relatively
stable proportion fodifferent T cell subset¥’. The composition of this homeostatically
constrained population is important. Naive T cells are required for generating new
responses but maintaining a population of diverse memory T cells allows a rapid adaptive
immune response up@ubsequent rexposure to antigett®?22 Impairment or depletion
of memory T cells can reduce the response to or clearance of a foreign pathétjerhe
memory T cell pool itself can be broken intobstompartments based on not only
expression of extracellular proteins such as CD44, CD62L, and CCR7, but tissue residence
and migratory properties; these include, but are not limited to Central Memewy, (T

Effector Memory (Ew), and Tissue Resident MenydTrw) cells?32:233

There are several physiological phenomena that impact the composition of this

peripheral T cell population. Although acute and chronic antigen exposures routinely affect
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T cell numbers?** natural homeostatic processes such as aging impacts both the
functionality and diversy of the memory T cell repertoire. Indeechronic antigen
exposure also contributes to the overarching immunological decline termed
Ai mmun os e %% Rrauctior df new naive T cells to the peripheral T cell pool
diminishes with age due to factors such as thymic involution, making protective immunity
in older individuals more heavily dependent on maintajra diverse repertoire of memory

T cells?33239 Viral infections can also cause significant perturbations of the total memory
T cell compartment due to cell death and loss in TCR divet&iff? In HIV, this is a
major cause of immunosuppression, and subsequent progression of disease?$&iférity
Importantly, an intuitive treatment strategy for many of these contexts, would be to globally
enhance the survival and maintenance of specifigosphlations of T cells for instance,

the memory T cell population. Efforts to develop approaches to accomplish this, however,

is limited by our incomplete understanding of naive and memory T cell homeostasis.

The maintenance of T cells in vivo is thought to require multiplesprgival or
trophic signals. These include signals from the cytokines includifg/IL-15 and tonic
signals from TCR engagement of spMHCs, as we have previously discitdsédl
Conceptually, we can segregate these factors
signals, such as cytokine/nutrienediated signaling, since all T cells express invariant
receptors for t hese and t hieh regurec TCRliverb e i ng A
signaling upon binding to cognate pMH&:232.245 While these requirements vary with
CD8+ and CD4+ T cells, previous studies, including ours suggest that spMHCs are also
critical even when homeostatic cytokines (the public factors) are broadly available

135209216 The relative contributions of these two sets of signals are still being dissected. It
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appears that within a defined niche in which T cells compete for trophic factors, publicly
available signals such agtokines are less vital for survival and maintenance compared to
access to private specific spMHKCR interactions?10211216 Several studies have

illustrated theeffect by which T cells with a certain TCR can prevent transferred T cells of
the same TCR specificity from undergoing homeostatic proliferation, indicating that the

competitive variable is access to a specific spMHE!!

Other studies have corroborated this effect by showing that blockingsp®RIC
interactions even in the absence of foreign antigen results in poor T cell maint®fatice
There are, however, studies that question the role of spMHC on T cell homeostasis and
survival, some studies have demonstrated that survival without MHC is possible for more
differentiated, omemory, T cells compared to naif#&24°. However, it is plausible that
for these cases, spMHC interactions may have an alternative effect rather than simply
boosting survival, and this has yet to be explored. Taken together, therapeutically
manipulating bulk populations of T celtsvivo would require a combination of strategies.

In this context, although we can modify the levels of cytokines in the body by exogenous
administration (as discussed above), there is as yet no clear approach available to globally
increase spMHC and thuweak the population dynamics of peripheral T cells. In the case

of CD4+ T cells, however, bulk of the relevant spMHC are likely to be presented by
hematopoietic cells, perhaps mostly by Dendritic cells (DCs). Therefore, one potential

strategy to increasall spMHCs would be to increase the number of DCs in the body itself.
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3.1:FIt3L as a method of increasitige number oAPCs:

DCs are considered the professional presenters of antigen to F¢élimong the
different molecules that help promote maintenance and differentiation of DCdikEms
tyrosine kinase 3 ligand (FIt3L) is a crucial growth factor, both within and outside of
lymphoid tissue*®, Recently, FIt3L has been explored as a therapeutic factor to 1) promote
tumor antigen uptake, presentation, and availability to activate cognate #t#fisand
2) potentiate vaccinanduced immunity to foreign antiget¥*2%% Additionally, FIt3L,
among other leukocytexpanding cytokines, has recently been explored in the context of
emergency, or demaratlapted hematopoiesis; upon inflammatory events and stimuli,
these cytokines can act in an acute period to increase dendritic cell expansion and
production to generate a rapid immune response to the perceivedthteatiowever, to
date, the correlative effects of such an induction of DCs and DC progenitors on populations
of T cells, have not fully been elaborat&dt3L has also been previously observed as a
potential enhancer of homeostatic peripheral expansion of stéiwwad T cés in
lymphopenic mouse modelthat primarily demonstrate the effects on adoptively
transferred T cells to a thymectomized h&$t Other than one studl? which briefly
examined the broaithpact of recombinant FIt3L has on memory populations in an intact

host, the subsets and markers of T cells that arise with FIt3L administration remain unclear.

We aimed to determine the effects on T cell populations of administering
exogenous FIt3L twild type C57BL/6 mice, in the absence of any additional antigen. We
examined different subsets of memory and naive T cells using phenotypic as well as
functional analyses after FIt3L treatme@tr results reveal several interesting phenomena.

Firstly, cur model corroborated the effects of FIt3L increasing the populations of DCs and
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DC progenitors. Secondly, we find that there was an additional effect in both the CD4+

and CD8+ T cell compartments. Specifically, we observed a transient increase in the
popuation of CD44low, CD62L-low T cells, as well as an increase in the subsets of T

cells expressing KLRG1 and CD25. Finally, we show that the @b#4CD62L-low T

cell population, particularly the CD8+ T cell subset, represents a poorly understood subset

of the homeostatic T cell pool that i s capal
upon ex vivo stimulation. These findings are likely to be consequential in not only
understanding the impact of mouse experiments (and perhaps human studies) involving

FIt3L treatment in vivo, but also in appreciating the functional significance of a transitory

subset of effectelike CD8+ T cells.
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3.2: Flt3Ltreatment augments the development of myeloid cells.

To first test the effects of FIt3L on itanonical ability to increase differentiation
of bonemarrow derived progenitarells, we tested FIt3L, either alone or in tandem with
IL-3, on cells isolated from the bone marrowaghaleT CR-transgenic A1M micgthis
mouse lacks mature peripheral T selis they get deleted during negative selection due
to response to cognate male antigéms method was modeled after experiments
previously described in Jacobsetmal (1999), which examined the effects of FIt3L alone
or with various cytokines and thémsulation of Lineaggnegative), Scal+ celf§. After
isolating cells from the bone marrow, we enriched for progenitor cells by using Dynal to
deplete cells bearing the markers NK1.1, CD11b, CD4, ad@€M. We thenstimulated
10,000 cells with no cytokine, FIt3L alone (250ng/ml), FIt3L +31(20ng/ml) or IL-3
alone, and incubated the cells for 1 weeK icell medium with 20% FCRfter 1 week,
the cells were harvested and analyzed by flow cytonfietrgxpression of markers
CD11b and CD11c, which can be used to idemqgdpulations of DCs, as illustrated in
Figure 1. Interestingly, it appeared that with FIt3L alone, there was a higher proportion
of cells that were CD11c+, and together with3Lmary cells became CDLb/c+(Fig.

3.1).
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Figure 3.1: Increase of CD11c+ cells with FIt3L addition

Cells were harvested and analyzed via flow cytom@iy11b R670, CD11c e45@nd
7AAD). Displayed are contour plots for the four conditions.
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We also examined@hetherthere were any effects of FIt3L on precursor
populations, and this could be measured by using flow cytometry to stain for the markers
cKit and ScalKig. 3.2). We found that the addition of FIt3L led to a marked increase in
cKit+ and cKit+/Scal+ cells. In fact, it appeared that adding FIt3L arRittigether led

to a decrease ithe level of cKit+/Scal+ cells.

109



No Cytokine 250ng FIt3L 250ng FIt3L + 20ng IL-3 20ng IL-3

os o8 s as os o8
O 1S 1 a4 32 1 4330 Ll

°

s 022

E = a7 o7 o8 o7
1+ 3% ° 158 7 0’4714 087
10?4100 073
— " r T T r ™ Pl s . v
~ w0 I 10* 10° w0 w0’ 0t 0° a0 0 o ot o 10 0 10 0 10
o
Scal

Figure 3.2: Increase of cKit+ and cKit+/Scal+ cells with FIt3L addition.

Cells were harvested and analyzed via flow cytometry (cKit Y780, Scal R780, 7/
Displayed are contour plots for the four conditions.
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3.3: FIt3L administration increases number of APCs in vivo:

With this in vitro study in mind, we turnemlr attention to exploring the in vivo
effects of FIt3L.In order to arrive at a regimen of FIt3L that alters APC frequencies in an
intact host, we first monitored DC and DC progenitor populations with intraperitoneal
injections of FIt3L. Wild type C57BL/énice were injected with either PBS (1% Bovine
Serum Al bumin [BSA]) or FIt3L (10eg/100¢l ) f
of mice (8 mice per group) were euthanized on Days 1, 2 (3 mice per group) and 3 (3

mice per group) poshjection (P1), asllustrated inFig. 3.3.
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Figure 3.3: Experimental designfor FIt3L injections :

18 B61X2 mice were grouped: 9 were injected with 10ug/100ult®E Fand the
remaining 9 with 100ul of PBS for 4 consecutive days. Injections were performed
intraperitoneally. After the 4th injection (labelled PI = post injection), 8 mice/grouj
were sacrificed on day 1 PI, and 3 mice sacrificed/group each subsequent day. E
marrow, spleen, and lymph nodes were isolated, crushed, and stained with fluore
markers.
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On Day 1 PI, we observed an increase in the percentage of both the CD11c+, and
CD11c/b+ cells in the lymph nodes, CD11c+ cells in the spleen, and CD11b/c+ cells in the
bone marrow (p < 0.0001Fig. 3.4A). Representative gating strategies are showign
3.4B. These specifisubseincreases validate previous findings of splsD expansions
with the use of FIt3L, reported by several studi@g%.2620n Days 2 and 3 PI, there was
no noticeable change in DC subsets in any organ, indicating that the shifteabs&s

transient in natureHg. 3.40).
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Figure 3.4: EL causes a transient increase in percentage of DC subsétext 2

Pages)

A. Day 1 postiP injection results of the DC subsets as a percentage of-MHC
cells, shown from Lymph Nodes (lef§pleen (middle), and Bone Marrow
(right). Results are tabulated from two experiments (N=3/group, N=5/grou
and normalized to the fold change of FhBljected group/control group for
each respective experiment. Grey rectangle = control group, Blue = FIt3L
injected group. (****) indicates statistical significance, P value < 0.0001
Statistics performed using a 2Way ANOVA.

B. Representative dot plots from the lymph node illustrating the gating stratet
CD11b and CD11c (top), and Scal and cKit (bottom).

C. Proyportion of CD11b, CD11c, and CD11b/c+ (DP) cells as a percentage of
MHC-I11+ cells in the bone marrow, lymph nodes, and spleen were evaluat
days 2 and 3 podP injection. White squares = PBS treated group, Black
circles = FL (FIt3L) treated groupN=3). Statistics performed using a 2Way
ANOVA.
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Figure 3.4 cont.

A.

Lymph Node Spleen Bone Marrow

s EEEE *EEH ns LR ns

]
5
Om
Yy
og
Ze .
58
o £
&3
g
o

CD11b+ CD11c+ CD11bic+

ns ns *EKK

|

o
-
«@

1

o FBS
®  FH3L

. o PBS
o FIBL

o PBS
e FI3L

m
@

=
]
L -]
1 1

2
o

L)
1

Fold change (FIt3LIPBS)

=
Percentage of MHC-II+ Cells

o
Fold change (FIt3LIPBS)

CD11b+ CD11c+ CD11blc+

Percentage of MHCHI+ Cells

CD11b+ CD11e+ CD11ble+

FSCAW

CDIILAPC

Scal ANC CyT l

115



Figure 3.4 cont.
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As illustrated in our in vitro work (and many other studies), FIt3L not only acts as
a homeostatic growth factor for DCs, but can also potentiate expansion of hematopoietic
progenitor cells (HPCs)F?263 We measured the impact on FIt3L injection on various
categories of progenitor cells, usingit and Scal and found an incread proportion of
c-Kit+/Sca1- cells in the bone marrow (p <0.000Bid. 3.5A). This is consistent with
several other studies which reported changes in the bone marrow with administration of
exogenous FIt3E>57.261.264.265Representative gating strategies for this population is shown
in Fig 3.4B. These progenitor cells remained ieased in the Flt3treated bone marrow
through Day 2 PI, though by Day 3 these levels were similar to the PBS treatedéFigpice (
3.5B). cKit+, Scal- cells have been characterized in previous literature as belonging to
the Myeloid Progenitor cell lineag&®26” Taken together, these results vatalthat the
FIt3L infusion was functional in our model and led to the expected expansion of DCs in

intact mice.
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Figure 3.5 _FL causes a transient increase in percentage of DC progenitors.

A. Day 1 postiP injection results of cKit+, Scakells from the Bone Marrow
Lymph Nodes and Spleen. Results are tabulated from two experil
(N=3/group, N=5/group) and normalized to the fold change of FHhgicted
group/control group for each respeetiexperiment. Grey rectangle = cont
group, Blue = Flt3kinjected group(****) indicates statistical significance, |

value < 0.0001Statistics performed using a 2Way ANOVA.

performed using a 2WayMOVA.
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Proportion of cKit+, Scalcells as a percentage of MHG cells in the bone
marrow, lymph nodes, and spleen were evaluated on days 2 and-I® |
injection. White squares = PBS treated group, Black circles = FL (FIt3L) tr
group. (*) indicates statistical significance, P value < 0(0&:3) Statistics



3.4: FIt3L affects the composition of CD4+ and CD8+ T cell subsets:

With the changes observed in the DC compartments, we next soutgtetmine
whetherthere were any corresponding changes in the T cell compartments. Cells from the
lymph node (LN), spleen, and bone marrow were first analyzed for the quantity of CD4+
vs. CD8+ numbers. On all three days of mice examined, there was no observed change in
theabsolute numbers of live CD4+ or CD8+ T cells in any of the three tissue sites examined
with or without FIt3L Fig. 3.6A+B). In our flow-cytometry gating of T cell§Fig. 3.6C)
we first gated on TCRb+ cell s, édloMeduswwed by
exclude any potential doubteegative (DN) cells, or Natural Killer T cells (NKT). When
comparing the fol&change of the results experiments using this gating vs. previous
experimentsod gating whi c hgatiodrrealte temainedc | ud e
largely unchanged, indicating that the DN and NKT cells are low frequency, and most

likely do not contribute significantly to any of the Flt3tduced effects.
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Figure 3.6:CD4+ and CD8+ T cell numbers remain stable with FIt3L injectio

(Next Page)

A. Lymph node, spleen, and bone marrow samples were processed and stail
analyze CD4+ and CD8+ numbers 1 Day PI. Grey rectangle = control grot
Blue = Flt3L-injected group(N=8) Statistics performed using 2Way ANOVA

B. Lymph node, spleemnd bone marrow (right) samples were processed and
stained to analyze CD4+ (top) and CD8+ (bottom) numbers on daym&t
injection (Day 2 = Left, Day 3 = Right). White squares = PBS treated grou
Black circles = FL (FIt3L) treated grou@\=3) Statistcs performed using
2Way ANOVA.

C. Schematic on the flow cytometry gating strategy to evaluate CD44/CD62L
cell compartments. This is showing the representative gating for CD8 menr
components. CD62L+/ CD44+ cells we
CD62L-/ICD44+ cell s as AEffectas fmeanov
CD62L-low/CD44-low were called by their markers.
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While the absolute number of CD4+ or CD8+ T cells did not change with FIt3L
administration, itemained conceivable that subsets within these T cell compartments were
altered. Using the canonical surface markers associated with memory phenotypes in mice,
CD44 and CD62L, we first looked at the relative percentages of different CD44/CD62L T
cell subses: CD44hi, CD62L:-hi cells are typically classified as Central memorg\)T
CD44hi, CD62L-low cells as Effector memory £f1), and CD44low, CD62L-hi cells as
Naive (Tn) (Fig. 3.60. Among the CD4+ T cells from the lymph nodes and spleen, there
was nadifference on Day 1 Pl in thectior Tem or naive populations in mice that received

FIt3L versus PBSKig. 3.7A+B).

Strikingly, however there was a significant increase in the proportion of CD4+
CD44low/CD62L-low cells in these tissues on Day 1 PI (lympode p < 0.05, spleen p =
0.0007) Fig. 3.7A+B). In the bone marrow, there was an observed decrease in the
proportion of Tmand naive CD4+ T cells, with a corresponding increasewtglls (Tem
p = 0.0077, Evp < 0.05, Naive p < 0.0001Fig. 3.7C) In the CD8+ T cell population,
there appeared to be an increase in the percentage of the@d@D62L-low cells in the
lymph node and spleen ( lymph node p=0.0392, spleen p < 0.GdQ13(7/A+B). Similar
to the CD4+ T cell compartment, in the bone marom Day 1 Pl there was a significant
increase in the proportion ot cells(Fig. 3.7C). Overall, our results indicate a significant
shift in CD4+ and CD8+ T cell subsets after FIt3L administration, with an increase in
effector memory T cells in the bongarrow, and an increase in CDidv, CD62L-low T

cells in the lymph nodes and spleen.
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Figure 3.7. Elt3L affects composition of CD4+ and CD8+ T cell subsetéNext 3
Pages)

Samples from the LN (left), spleen (middle), and bone marrow (right) averigzed for
memory subtype. CD4and CD8+central memory (CM) and effector memory (EN
naive, and CD44ow/CD62L-low populations were assessed in proportion to respe
CD4 total populations. White squares = PBS treated group, Black circles = FL)(
treated group(N=8) All statistics performed using 2Way ANOVA.

A. (Top) CD4+ cells from the LN*) indicates statistical significance, P value
0.05 (bottom) CD8+ cells from the LN (*) indicates statistical significanc
value = 0.0392

B. (Top) CD4+ cells from the spledtr*) indicates statistical significance, P valt
= 0.0007,CD8+ cells from the spledf***) indicates statistical significance, |
value < 0.0001

C. (Top) CD4+ cells from the bone marrd®) indicates statistical significae¢ P
value < 0.05, (**) indicates statistical significance, P value = 0.0077 CD8+
from the spleen (****) indicates statistical significance, P value < 0.0001
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While evaluating additional panels of T cell markers, we observed two striking
phenotypes within the CD4+ and CD8+ T cell compartment. First, we observed that the
marker Killer cell lectidlike receptor subfamily G member 1 (KLRG1), which is a marker
of T cell activation and differentiatiot$® 269 was increased (p<0.0001)tire CD8+ T cells
from the bone marrow of mice that received FltHig( 3.8B). This increase was not
observed for the CD4+ T cells in the bone marrbig.(3.84). Interestingly, this increased
KLRG1 was transient, and was not present on either Dayb3y8 PI Fig 3.8C). Another
marker, CD25, was also observed to follow a similar pattern as KLRG1 for CD8+ T cells,
demonstrating a significant, though transient increase in the @D@élls in the bone
marrow (p < 0.01)Kig. 3.8B+Q. Interestingly, folCD4+ T cells, there was a significant
decrease in these CD®bcells in the bone marrow (p < 0.0Big. 3.8A). Overall, these
differences highlight a transient phenotypic change skewing towards activation in the

CD4+ and CD8+ T cell compartment with theéministration of FIt3L.
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Figure 3.8 ELT3L transiently enhances KLRG1 and CD25 expression

A. The percentage of KLRGHigh (right) and CD24hi (left) cells as a proportio
of total CD4+ T cells in the lymph node, spleen, and bone marrow on Day
Grey rectangle = control group, Blue = FltBijected group. (**) indicate:
statistical significance, P value = 0.00P8=8) Statistics performed using 2Wi
ANOVA.

B. The percentage of KLRGHhigh (right) and CD245i (left) cells as a proportiol
of total CD8& T cells in the lymph node, spleen, and bone marrow on Day
Grey rectangle = control group, Blue = FltBijected group. (**) indicate:
statistical significance, P value < 0.01. (****) indicates statistical significanc
value < 0.0001(N=8) Statstics performed using 2Way ANOVA.

C. CD8+ KLRG1+hi population (left) and CD8+ CD2i population (right) in the
bone marrow at Days 2+3 pdsjection. White squares = PBS treated gro
Black circles = FL (FIt3L) treated groufhN=3) Statistics performedsing 2Way
ANOVA.
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The transient increase in CD4w, CD62L:-low T cells with FIt3L exposure
prompted us to examine this populatiaa functional level. Although much work has
been done to define other subsets of the CD44/CD62L axis, there lgtieengformation
on characterizing the CD44w, CD62L-low subset. To explore these cells, we cultured
cells from the bone marrow and spleens of wild type C57BL/6 mice on plates coated with
either aniCD3 or PBS. After 2 hours of culture, we harvesteiwells and prepared them
for intracellular cytokine staining (ICS), which was analyzed using flow cytometry. The
gating strategy for analyzing thi8D44/CD62L T cell subsets is shownkigure 3.9A
Strikingly, there was a large shift with the CD4+ &3id8+ T cells treated with ar€D3
into the CD44low, CD62L-low and effector memory compartments in both the spleen and

bone marrow (though not in the CD4+ bone marrdwig.(3.B).
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Figure 3.9: Gating strategy and compartmental differences for ©44/CD62L CD8+
T in vitro anti -CD3 assay(Next 2 Pages)

A. Representative dot plots illustrating the gating strategy for CD44 and CI

B.

illustrating both the amMCD3 and PBSontrol conditions.

CD44/62L compartmental differences between-@mB (whitesquare) and PB!
treated (black circle) samples in the spleen (left) and bone marrow (right).
axis represents the percentage of CD8+ T cells that are in each respective
as defined by CD440OW, CD62L- cells, effector memory (CD44+, CD62L.
certral memory (CD44+, CD62L+), and naive (CDU@W, CD62L+) cells. (*)
indicates statistical significance, P value < 0(0&:3) Statistics performed usir
2Way ANOVA.
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When we examined cytokine productifum these different subsets, we observed a
significant increase (spleen p<0.0001, bone
production among the effector memory population, as well as the -€R44£D62L-Iow
population of CD8+ T cells (spleereM p < 0.0001, spleen CD4w/CD62L-low p <
0.01, bone marrowel p <0.0001, bone marrow CD4dw/CD62L-low p = 0.0241) that
received antiCD3 stimulation Fig. 3.10A). This was in contrast to the CD4+ stimulated
group, in which central and effector memoryicel wer e t he maj or contri.t
production in the spleen and bone marrow (splegnpr< 0.001, bone marroweh p <
0.001, ™ p < 0.01). Furthermore, the CD4ew, CD62L-low CD4+ and CD8+
population demonstrated comparably increased amourdishoF U pr oducti on wi t
CDa3 stimulation to the effector memory population, in the spleen (p<0.0001) and CD8+ T

cells alone in the bone marrow (p<0.00CHig( 3.10B.
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Figure 3.1Q CD44-low/CD62L-low T cells can produce inflammatory cytokines
(Next 2 Pages)

A. The per c e n-high@€b8+ (eft) ahdFCNA+ (right) T cells within ea
compartment of CD44/62L gate in the spleen and bone marrow. Grey rec
=PBSt r eat ed, -tBhtede(*)indichted Btaistical significance, P ve
=0.0241. (**) indicates statistical significance, P value < 0.01. (***) indici
statistical significance, P value < 0.001. (****) indicates statistical significa
P value < 0.0001(N=3) Statistics performed using 2Way ANOVA.

B. The per ce n thighgCO8+dléft) ahnodNID&k (right) T cells within ea
compartment of CD44/62L gate in the spleen and bone marrow. Grey rec
=PBSt reat ed, Bréatecd (**F indidateP Statistical significance,
value = 0.0012. (***) indicates statistical sigiedince, P value = 0.0003. (****
indicates statistical significance, P value < 0.000d=3) Statistics performe
using 2Way ANOVA.
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A.

Percentage (%) of IFNy-high CD8+ T cells

Percentage (% ) of IFNy-high CDB+ T cells
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Percentage (%) of TNFa-high CD8+ T cells

Percentage (%) of TNFa-high CD8+ T cells

CD8+ TNFa Production (Spleen)
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Percentage (%) of TNFa-high CD4+ T cells

CD4+ TNFa Production (Bone Marrow)
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It was possible that the CD4dw/CD62L-low cells being stimulated as outlined
above representedpmpulation of cells that were transitioning into becoming GBhigsh
effector memory cells and downregulated CD62L, thereby confounding our results 50. To
circumvent this, we sorted unactivated cells from the spleens of wild type B6 1x2 mice into
the four mpulations of CD44/CD62L Hig. 3.11A). After sorting, the respective
populations were then stimulated with ptaeund antiCD3 or left unstimulated with
media as a control. Interestingly, we observed that the @@ D62-low population
still produced FNo and TNFU when stimulated. This wa
cells, which had sorted CD4dw/CD62L-l ow cel |l s produce signific.
(p < 0.0001) and TNFU ( timalatéd cadt®eRigB.1180 mp ar e d
In both caseghis was significantly higher than production of cytokines from Naive CD8
T cell s, in which there was no significant
increase of TNFU (p = 0.0174). For the CD4+
CD44low/CD62L-l ow cells in | FNoa and TNFU productio
cytokine productions were not statistically significafig( 3.120Q. Ultimately these
results show that for the CD8+ T cells, the Cbaw/CD62L-low cells are a functionally

significant group that can contribute to an inflammatory response.
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Figure 3.11:Sorted CD44low, CD62L-l ow cel | s are capab
TNFU (Next 3 pages)

A. Shown is the representative gating strategy for sorting T cells into 4 qua

B.

basedon CD44 and CD62L expression.

T cells from the spleens of WT B6 1x2 mice were sorted into 4 quadrants
on CD44/CD62L expression, as shown in Fig. S5. After sorting, each
population was respectively stimulated with plateind antiCD3 (stim) or left
unstimulated by only adding T cell media (no stim). Cells were then harve:
and stained for expression of | FN
per cent ages -hocélls. € presents b Fudlne = 0.0045, *** p
value = 0.0002, **** p value <0.0001Ind shown are the percentages of CD¢
T N Fhicells. * p value = 0.0174, *** p value = 0.0007, **** p value <0.00(
Statistics performed using a 2Way ANOVA.

Shown are the per clecelsa gelsie =00f017€ B*8p+
value = 0.0007, ****p value <0.0001 and shown are the percentages of CI
T N Fcells. * p value = 0.0323, *** p value = 0.0008. (N=3) Statistics
performed using a 2Way ANOVA.
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Figure 3.11 cont.
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Figure 3.11 cont.
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3.5: Summary of effectsf FLT3L treatmenbn T cell homeostasis:

In the above experiments, we have analyzed changes to the T cell compartment of
an intact host with the exogenous administration of FIt3L. This is important, since most
studies to date use lymphopenic or irradiated hosts to evaluate the consequen8és of Flt
as an expander of DC and T cell populati#®g> In intact hosts, Parajuit alreported
in 2001, that the use of FIt3L in intact mice resulted in an expansion of splenic CD11c+,
and CD11b/c+ cells, which we recapitulate in our findiff§sin addition to our
observations with DCs, we also find the expansion of HPCs in the bone marrow
consistent with the idea that FIt3L plays an important role in acting as a differentiator and
growth factor along the D@evelopmental pathwa/®?"1 Recent studies such as leh
al (2021) have also highlighted this importance of exogenous FIt3L administration on the
downstream lineage expansion of DCs and early DC progenitor popul&fiodsir
study not only corroborates certamportant findings from that paper (namely the
expansion of the myeloid progenitor population, particularly in the bone marrow), but

attempts to explore these effects beyond the myeloid compartment.

One key focus was to examine any relational changesinwitie T cell
compartment, particularly to memory T cells. The motivation for this work was hypothesis
driven. Based on our studies on the role of-pefftides and related signaling on T cell
homeostasis, we suggested that altering the abundance ofl eviggnrpresentation in
vivo would augment memory T cell turnover or maintenatféé’?>74 While is it not
possible to alter all seffeptides one at a time, we explored here the impact of a global
regimen usingFIt3L. If successful, this would be a viable way to perhaps change the

turnover of memory T cells even in special circumstances such as latent HIV inféttion
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Interestingly we observe a srhélux of memoryphenotype CD4+ and CD8+ T cells
within a narrow subset but not an overall perturbation of the steady state. In addition to
memory T cells, it is also important to consider shifts in the naive T cell population, as
these cells also derivmme basal homeostatic signaling from interaction with spMHC
275,276 Curiously, we observed a decrease in the proportion of naive T cells with FIt3L in
the CD4+ from the bone marrow. Because the number of Ttablidated did not change

with or without FIt3L, it is plausible that a compartmental shift in the bone marrow
occurred, with a higher proportion becoming effector memory from the actual naive
compartment. Furthermore, actual differences in the clondlibaive T cells should be
considered, as several studies have addressed the relation between spMHC interaction and
changes in the T cell repertoif&?’7 As a primer to evaluating this, we looked at the
thymuses of mice that received FIt3L vs. PBS confintling indeed that FIt3L induced

an increase in CD11c+ and CD11b/c+ DC sub$ets 3.12. Future work shouléxamine

any subsequent changes in T cell repertoire.
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Figure 3.12: CD11b and CD11c subset changes with FIt3L administration in th
thymuses of mice

Day 1 postlP injection results of the DC subsets geacentage of MHAI+ cells,
shown from the thymus. Results are tabulated from two experiments (N=3/group
N=5/group) and normalized to the fold change of Fidjected group/control group
for each respective experiment. Grey rectangle = control group, BFIt3L-injected
group. (A indicates statistical significande,value = 0.0443, (**) indicates statistical
significant, P value = 0.0038.
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3.6: FIt3L treatmentauses an observaldhift in T cell CD44/CD62L subsets

A significant change iur studies was in the CD4dw/CD62L-low population
of cells, and a decrease in the bone marrow CD4+ central memory cells. The CD44
low/CD62L-low population is a subset that has not received a lot of attention; though some
reports have referred to themiasi oubl e negativeo, tAEPr speci
The functional characteristics of the CDidv, CD62L-low T cell population, evaluated
by cytokine production after ex vivo stimulation, relegbsome intriguing features. First,
we observed that even a brief in vitro stimulation resulted in an increase in the percentage
of CD44low, CD62L-low CD8+ T cells in both the spleen and the bone marrow, but for
CD4+ T cells, we only observed a signifitancrease in the spleen, though in the bone

marrow there was a visible increase in the proportion of these cells with FIt3L.

Secondly, we found that these cells in the CD8+ population, uporCBX3ti
stimulation, they were able to produce significantambus of | FNo and TNFU,
to the production of effector memory cells, and much greater than naive or central memory
cells. This was in contrast to the major cell types producing these cytokine in the CD4+ T
cell compartment with stimulation; whiléneé splenic and bone marrow CD4+ CDb44
low/CD62L-| ow cell s produced increased amounts
memory cells were the major | FN2 producers.
cytokines secreted by T cells typically requiringfeliéntiation and T cell help?©28L
Particularly, it has been observed that CD8+ T cells with high CD44 expression generate
high amounts of these cytokines, and corresponds with a robust inflammatory effector

response’®282 |t was therefore curious that this population of Cielt, CD62L-low
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CD8+ T cells would also produce these cytokines in response t€RBtstimulation. It

is possible thatve are observing a subset of CD8+ T cells that are transitioning into
becoming effector memory cells, but have not upregulated CbeMertheless, in our
experiments in which the cells were m@rted before platbound activation, there was
still increase cytokine production of the CD8+ CD4dw/CD62L-low population.In
studies characterizing human CD8+ T cell populations, there is a subset defirggas T
which is identified as being CD48A+, CCR%#, qualities which distinguish it from other
memory ad naive T cells, and yet this population also produced Titokines?32:283
Perhaps the CD4lbw CD62L-low population represents aenra-like population of

CD8+ T cells in mice.

Furthermore, while writing this current manuscript, a study by Nakairai(June
2021) was published elaborating the relevance of GbW4 CD62L- CD8+ T cells®. In
their work, they describe this population as being important cells with effidator
properties, particularly in the rejection of tumors. We have shown in our studies data
consistent with this finding, n-lawn@DI8HYT t h a't
cells, than even the CD44l population. Nakajimat al also found that this doublew
population of cells seemed to arise from the naive subset {©R4ACD62L+), and
eventually transition into effector memory cells (CD44/CD8f). This appees to
synergize with our data shownkig. 3.9B where, at least for the spleen, there is a seeming
shift from the naive compartment into the doubdégative compartment. Finally, Nakajima
et alfound that the induction of this double negative populatias impaired in aged mice,
but could be recovered by increased exposure to nonself antigen. Our present study

complements these findings in several ways: 1) we have identified that these double
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negative cells are capable of producing effector cytokines2athe use of FIt3L should
increase major antigen presenting cells, which would theoretically boost access to both self
and nonself pMHC complexes. Although our model did not involve exposure of antigen in
addition to exogenous FIt3L, it is possible teatsting seHpMHC complexes have an

important role in at least transiently boosting this double negative population.

We also observed a transient increase in the surface expression of KLRG1 and
CD25 on CD8+ T cells in the bone marrow of mice that kexkeFIt3L. KLRG1 and CD25
are both activation markers involved in homing and responsiveness2toeldpectively.
The specific relationship to FLT3L here needs further study. While we equate this to a
consequence of transient increase in endogenous aptigeentation, tying these to DC
and MHC will require future studies ablating these. In an intact animal such perturbations
are hard to achieve (since DC ablation byaEed systems of MH@eletion by Cre_ox
approaches, all have impacts on the overdikm). We also highlight the acute nature of
our findings. The administration of FIt3L to the mice was done for 4 days; while other
studies have extended this duration of injection, we found that our minimum duration of
FIt3L injection could still elicit a increase in DC and DC progenitor populations. Acute
effects on T cell populations warrant attention; a recent study by Momteav$ound a
transient increase in a population of activated T cells associated with cases of the SARS
CoV2-associated Multistem Inflammatory Syndrome in Children (MISE¥. In our
study, it is unclear if continuing the FIt3L treatment would indeed result in more extended
effect on T cells. Previous work from Brastlal (1996) at the same dose of FIt3L we used
(10egg), the authors found that after 3 days

bone marrow reached a maximal expansion am&finFurther work into evaluating ¢h
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in vivo halflife and kinetic impact of exogenous FIt3L should be performed.

In sum, we report in this study a new examination of T cell compartmental shifts
due to corresponding changes in APCs. We find that although the size of CD4+ and CD8+
T cells themselves did not change numerically, there were several functional phenotypic
shifts both in frequency of memory subsets, and in expression of surface receptors. We
have also demonstrated that an observed increase in-BR4€D62L-low T cells may
be important in the context of inflammatory cytokine production. In addition to pngvid
data on the healthstate homeostasis of T cells, we hope to add to the growing literature
on the use of FIt3L and similar AR@fluencing tools in cancer therapy and vaccine

development.
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Chapter 4Tonic signaling byspMHC sets the levels of pLAT in
the steady state

4.1:spMHC interactions are vital to the maintenance of tonic proximal TCR
signaling:

Globally increasing spMHC access through the use of exogenoussApanding
agents, such as FIt3L, caused a transienplystrvable change in the phenotype o
CD4+ and CD8+ T cells. An alternatimeethodof approacing the role and importance
of spMHC interactions on shaping the fate and function of T cells woulol &k the
corollaryguestion: what are the consequendedisrupting the ability of mature T cells

to interact with spMHC in the periphery?

Our focus is largely on understanding the spMHC interaction with CD4+ T cells,
and therefor@ur aim was to disrupt the engagement with-pelfftide presented on
MHC-II. Studying the disruption ahatureT celFMHC-II interactionpresents a few
challenges. For example, simply knocking out MH@ a mouse model typically results
in a failure of ®4+ T cells to develop and matwi&28 In fact, in humans, this presents
as a condition termeadmdé@Barien Lywmphlm cge fee Sty di
complexes results in severely impaired mature T and B cell immune development and

responsgrespectively89.290

Researchers hawtudied the effects of mature CD4+ T cells in an MHC
deficient environment in several ways. One method relies on adoptively transferring

CDA4+ T cells into a host mousgieat is MHGCII deficien®d this technique has led to a
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wide array of findingsClarkeet al (2000) found that when naive CD4+ T cells and

CD8+ T cells were ctransferred into an MH -deficient host, CD4+ T cellsad worse

overall survival However, when Clarket althen transferred the CD4+ T cells into a

host with a significantly limited selfeptide repertoire (2 MUKO mi ce)Y, they d
notice any impact on survival, but they did see an initial impact on resulting homeostatic
proliferation?’6. This finding that MHGII presence-and particularly the ability to

recognize positively selecting sgléptides-impacts peripheral CD4+ T cell homeostatic

proliferation has been reported in several stutlied“ Another group (Poliet al, 2001)

took a different approach, by designing a systera whe t ho®nstantrBgibn was

inducibly deleted on T cells via a Grecombinase systefft’. In this system, naive

CD4+ TCR T cells decayed at almost 2x the rate as CD4+ TCR+ countefflarts

Stefanovaet al (2002) examined the importance of spMiH&€ognition byCD4+
T cells through several technicaeans. First, they generated an experimental model in
which they isolated T cells from mice and placed them in culture without APC8Gt 37
195 Interestingly, within 1830 minutesof culturg they observed a decrease in proximal
signaling, specifically with (Figdd®oryl ati on
Furthermore, when culturedcells were rantroduced to APCs with foreign antigen
(PCC) they underwent less responsive cell division compared to freshly isolated T cell
controls(Fig. 4.1B)%. These results were consistent for both TCR transgenic models

(5C.C7) as well as polyclonal populations.
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B. In vitro resting period
IP: ZAP-70 35- i
In vitro resting period 30 —©-30min

0 5 15 30 (min)

| — — —p21 pC

IB: anti-phosphotyrosine

I T S e — ZAP-70

IB: anti-ZAP-70

0 001 01 1 10
PCC (uM)

Figure 4.1: T cells cultured without APCs experiencellecr ease i n C
phosphorylation and responsiveness to foreign antigen

A. 5C.C7 T cells were cultured without APCs at 8f up to 30 minutes, after

which they were immunoprecipitated using an antibody against ZAMgD.
staining for t hdecrgages over tintemerdas thee ftotalC
ZAP70 levels remain constant.

. 5C.C7 T cells cultured for 30 minutes vs. freshly isolated were incubated \
APCs presenting varying concentrations of the agonist &@dneasured for
cell division after LhourvidH Thy mi di ne i ncorpor a
mi nuteo (CPM).

Figure adapted and modified frofft.
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Stefanovaet althenextended these findings in vivo, through blockade of MHC
via injection of a monoclonal antibodgnti-1-AP), which showed the sanbasicfindings
asthein vitro experimentd aloss of proximal T cell signaling as well as decreased
responsivenesslthough their ability to increase CD69 and cell size blasting was
maintained®®, They also observed that T cells in the blood, which have a physiologically
lowered contact time with APCs compared to those from lymphoid tissues had a decrease

in signaling and responsiveness as Wall

Many other groups have studied the reliance of mature CD4+ T cells on spMHC
interaction, and several ofdke studies were highligltg@reviously in the Introduction
chapterA benefit of studies that globally decrease spMHC interaction is that reliance on
a specific TCR with a known agonistgenous peptide is not need€dir workseeks
to expand on treefoundationafindingsd what other parameters changghin a naive
T cell in the absencef spMHC engagementudying this question has important
implications, not just in the study of endogenous peptide signaling, but because various
new clinical antitumor therapies rely on ex vivo or in vitro stimulation of T cells. For
example, Chimeric Antigen Receptor TIGEAR-T) therapy involves the isolation of T
cells from patientlerived peripheral mononucleeells (PBMCs) from the blood and are

eventually reactivated in vitro using antibodies (a@D3/antiCD28) (Fig. 4.2)%°2
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Figure 4.2: Chimeric Antigen Receptor T cell Therapypreparation pipeline

T cells are isolated from PBMCs derived from donor patient blood, after which T
are activated (typically with an€D3/CD28), expanded, and transduced with a vira
ACARO vector containing a rheseengiteerad ced
are expanded and transfused into patients after they undergo lymphodepletion.

Figure adapted frort?
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However, as illustrated from the findings from Stefanewal, T cells isolated
from the blood, which have less contact time with APCs in vivo, have striking signaling
and proliferative defects compared to those isolated from the lymph nodes. Furthermore,
if the T cells were isolated and cultured before expansitmantiCD3/CD28, in the
absence of APCs with spMHC, perhaps this instills a weaker signaling course that
persists despitsubsequent presentation with foreign antigdrereforefurther
understandingf the consequenced spMHC deprivation yields basicignce and

clinical applications.
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4.2: MHC-II complexes can be successfully depleted through magnetic selection

To explore the context of intracellular signaling once T cells had been removed
from APC contact, we isolated T cells from tlyenph nales of 5C.C7 mice, and purified
them via Ficoll gradient and negative selection to remove any AIHG.s4.3A). This
method allowed us to successfully the majority of any MIHCcells from our isolated

lymph node cells, as illustrated Big. 4.3B(p < 0.0001).
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Figure 4.3:5C.C7 T cell signaling in the absence of MHI

A. 5C.C7 T cells were isolated from the lymph nodes and purifiedy askicoll
gradient. After the i€oll gradient, cells were cultured with biotinylated
antibodiesagainst CD11b and MH@ (1-E/I-A). After 15 minutes of
incubation, cells were suspended with magnetic streptavidin coated bead:
20 minutes, and then the supernatant was collected after the tubes were |
on a magnetic column, leaving all CD11b+ &t C-II (1-E/I-A)+ cells
attached to the tube. Samples taken fbmforethis selection (praegative
selection) anafter (postnegative selectionyere analyzed on flow for the
efficiency of the selection process.

B. Analysis of7 separate biological repltes in which 5C.C7 cells form the
lymph node underwent the preparation outlined in A and the percentage ¢
MHC-I11+ cells were quantified via flow cytometry. Analysis was performed
using an unpaired T tef?.< 0.0001.
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4.3: Extended APC deprivation fromcells results in decrease of pLAT Y171

For the first experiment, we wanted to compare how different durations of
removing T cells from MH@I and culturing them at 3C would impact signaling, and if
there was potential faecovery of signaling if the T cells wereirgroduced to APCs in
culture. We refertothe MH@-d epr i ved+cul tured T cel-l' s as #fr
l-deprived T cell s Kbe@Tcadlnwere eged orseithBrdorde st ed . 0
hours, afer which some were fixed immediately, while others wesnatreduced to
APCs for 30 minutes, 1 hour, 2 houos 2 hours + the agonist MC@&fter this, we
looked at signaling via phospfilow cytometry, particularly the phosphorylation of the
scaffoldingmolecule LAT (Y171), which has not been examined in this context before
(Fig. 4.4A). Both thel and 4 hour rested T cells had interestingly a higher pLAT Y171
when fixed immediately compared the wellscrdtured with APCs (without MCC),
though this is pantially a byproduct of there being no APCs, and subsequently the
relative staining of pLAT Y171 was brighter. Regardless, from 30 minutes to 2 hours,
both the 1 and 4 hour rested cells did not appear to have any change in pLAT, except for
the condition wkre antigen was added for 2 hdurthis generated a tremendous increase
in pLAT-Y171, though the increase was greater for 1 hour vs 4 hour rested {(Faells
4.4B). Interestingly though, through both the dot pl@g). 4.4A)and examining the
total pLAT gMFI (Fig. 4.4C) there was a population of pLA®w cells that emerged
with increased initial resting time. 1 hour of rested 5C.C7 T cellddvaer of these
pLAT-low cellsat the onsetthough even adding them to culturemtPCs did not

prevent the emergence of the pLAGw population over timéFig. 4.4D) Collectively,
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these results indicated that resting T cells away from APCs caused an emergence of a

pLAT-low population, even in the presence of APCs and antigen
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Figure 4.4:1 hour vs. 4 hours of 5C.C7 Resting and Reculturing with APC&\ext
2 Pages)

A. Dot plots from flow cytometry illustrating Rested 5C.C7 T cells for 1 hour (
or 4 hours (bottom) in the absence of APCs, after which theyneeuvéured
with APCs for 30 minutes, 1 hour,
were then fixed and prepped for flow cytometry. Number bolded in top rigt
guadrant of gate indicattEbktcdllhid=1pe

B. The percentage of pLAY 171-hi cells as measured by the gating illustrated
A over time.(N=1)

C. The total gMFI of pLAT of rested (1 hour vs. 4 hour) 5C.C7 cells over time
(N=1)

D. Gating on the pLATY171-low population (right) was performed and quantifi
across the time pointsifd hour and 4 hour rested 5C.C7 T cells.
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Figure 4.4 cont.
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Figure 4.4 cont.

D. Resting T cells, 1 hour vs. 4 hours
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Since we saw this effect from 30 minutes through 2 hours of culture, and-pLAT
Y171 is a relatively proximal signaling molecule, we decided to look at earlier times of
APC reculturing (1 minute, 5 minutes, and 15 minutes) in addition to the later times.
Interestingly, for these earlier time points, the 4 hour rested cells displayed a greater drop
in pLAT Y171-hi cells compared to the 1 hour rested cells, though both levels became
comparable by 30 minutes of reculturing with APEg(4.5A). This was simildy
reflected in the total pLAIY171 gMFI(Fig. 4.5B) In both these metrics, adding MCC
to culture resulted in greater pLAY171 for the 1 hourested vs. the 4 hour rested cells.
When looking at the percentage of pLAT71-low cells again, the 1 hour rest5C.C7s
had consistently lower levels of this population compared to the 4 hour restdéFicells
4.5C). It is also worth noting that the presence of antigen did not impact the proportion of
pLAT-Y171-low cells for either the 1 hour rested or 4 houtee$HC.C7 cellsOverall,
these results corroborate our earlier findings, that resting T cells for extended périod

time seems to lowdghe amount of signaling as measured by pLAT.
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Figure 4.5:1 hour vs. 4 hours of 5C.C7 Resting and Reculturing with APCs at
earlier time points
A. The percentage of pLAY171-hi cells over time (1 minute, 5 minutes, 15
minutes, 30 minutes, 1 hour, 2 ho
cells rested for 1 hour vs. 4 houfll=1)
B. The total gMFI of pLAT of rested (1 hour vs. 4 hour) 5C.C7 cells over time
(N=1)
C. Gating on the pLATY171-low population was performed and quantified acr
the time points for 1 hour and 4 hour rested 5C.C7 T ¢blsl)
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4.4: UnrestedC.C7T cells rave higher basal pLAT Y174nd Y226compared to
rested cellsvhich is dependent on contact with matched APCs

The above experiments focused on trying to rescue the loss of signaling with
reculturing with APCs. The APCs we chose to reculture with for 5C.C7 T cells were the
CD3UKO spl en o cHaneculdtbéracognined by&C.C7 T cdllswever,
there wa a chance that the addition of these cells could be preventing an even more
drastic loss of signaling, and having some efféberefore, we performed a similar
experiment of resting T cells, though this t
splenocytesor splenocytes fromA*TCRUDB KO mi ce which should not
by 5C.C7 T cell§mismatched)The resting was performed for 1 hour, since for both 1
hour and 4 hour we saw a decrease in pLAT 171 expressionimoegiand this was
compared to unrestextlls that remained on ice until reculturing with APCsoking at
pLAT-Y171-hi cells(Fig. 4.6A), several key observations emerged. Firstly, the T cells
that were not rested had a higher baseline amount of pLAT 171 compared to those that
wererestedfot hour. Secondly, 5C.C7 T cells recul't
higher amounts of pLAT Y171 compared to those reculturedWithRUb KO APCs .
Lastly, MCC addition for 2 hours of culture appeared to increase the levels of pLAT for
both rested and unrested@ € | s , but only with CD3UKO APCs,
should not be presented cA These same patterns were apparent when looking at
pLAT Y171 taal gMFI (Fig. 4.6B) Furthermore, the pLAT Y1#low cells were
greatest for the rested T celecultured with mismatched APCand both rested and not
rested T cells had fewer pLAT Y1ddw cellswhen recul tured with CD3U

(Fig. 4.6C) Thus, these results show us: 1) resting T cells have lower pUATL
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compared to unrestednd?2) reculturirg with appropriately matched APCs can delay full

signal attenuation comparedrtosmatched APCs.

165



Figure 4.6:5C.C7 Resting vs. Not Resting and Reculturing with matched or
mismatched APCs(Next Page)
A. The percentage of pLAY171-hi cellsover time (1 minute, 5 minutes, 15
mi nutes, 2 hours, 2 hours with 1c¢
or unrested, and then recultured
B. The total gMFI of pLAT of rested vs. unrested 5C.C7 cells over time reailt
with either CD3UKMW=r TCRUbBKO APC
C. Gating on the pLATY171-low population was performed and quantified acr
the time points for rested vs. unrested 5C.C7 cells over time recultured wi
either CD3UKO o0i(N=2)CRUBKO APCs.
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In addition to looking at pLAT Y171, we also examined changes in pLAT Y226,
which is necessary f oraswealagrecuianentof @b2PL Co r ecr
Gads, and Grb2elated adapter protein (Grap) For this analysis, we observed a similar
pattern of pLAT Y226hi cellsas Y171, with the unrests CD3 UKO group having
highest basal and continuous level of pLE&Ig. 4.7A). However,unlike Y171, the
unrestedy T C R U bhéada comparably low amount of pLAT as the rested grbhis.
was more evident when examining the total pLAT Y226 gifitg. 4.7B) with both
rested and unrested cells recultured with TC
gMFI compared to those that were recultured
Interestingly, there weanoemergent pLAT Y228ow population for analysis, perhaps
indicatingthat this site has less basal phosphorylation compared to Y171, and therefore
there is no drastic shift. Alternatively, it is possible that the opposite is true, that this site
is morestably phosphorylated, and that 1 hour of rested time is not sufficient for its

dephosphorylation.
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Figure 4.7 5C.C7 Resting vs. Not Resting and Reculturing with matched or
mismatched APCs pLAT -Y226
A. The percentage of pLAY226-hi cells over time (1 minute, 5 minutes, 15
mi nut es, 2 hour s, 2 hours with 1c¢
or unrested, and then recul t(N=2e d
B. The total gMFI of pLAT Y226 of rested vanrested 5C.C7 cells over time
recultured with either(N\2D3UKO or
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45: Resting vsunrestingpLAT effects are extendable tle SMARTA TCR
modelbut little effect of matched vs. unmatched APCs

To validate our findings, we negecided to do the reverse experiment, in which
SMARTA T cells were isolated, rested or unrested, and recultured with its matched APC,
the FAPAPCs from TCRUBKO mice. Unfortunately,
SMARTA antigen (LCMVGPs1.80) as our 2hour antigen restimulation, so we used-anti
CD3 (10eg/ ml ) SAp seénarfeg. 4.8A#Bothe ceateéd tcallshad. lower

pPLAT Y171-hi cellsand total pLAT Y171 gMFthan the unrested. However,

W

unexpectedly the ones cultured initiallyvit t he mi smat ched CD3UKO AP

higher levels of pLAT Y171 than the other conditiohbe corollary to thisvas also
observed when looking at the percentage of pLAT Ylbwl cells(Fig. 4.8C) These
differences appear to be a little narrower careg to the 5C.C7 data, and it is possible
that the rescue effect for SMARTA cells by just reculturing with APCs is inherently

di fferent from 5 C.d@pérsapsite irhounCddéhdbeBousipepiide

present on the TCRUbK®Ocepi eabcgnheshas 1 baero
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Figure 4.8: SMARTA Resting vs. Not Resting and Reculturing with matched or
mismatched APCs, pLAT-Y171 (Next Page)
A. The percentage of pLAY171-hi cells over time (1 minute, 5 minutes, 15
minutes, 2 hours, 2 hours withO ¢ g -CR3) foriSMARTA T cells rested for
1 hour or unrested, and then recu
(N=2)
B. The total gMFI of pLAT Y171 of rested vs. unrested SMARTA cells over ti
recul tured with either(ND3UKO or
C. Gating o the pLATY171-low population was performed and quantified acr
the time points for rested vs. unrested SMARTA cells over time recultured
either CD3UKO of(N=2ZICRUBKO APCs.
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We also examined the pLAT Y226 for this SMARTA experimémterestingly,
there did not appear to be any basal differences in the amount of pLAFhY228s
between any of the conditionsut the Zhour condition with artCD3 stimulation
resulted in stghtly more pLAT Y226h i cells with the (hiatched TCI
4.9A). This was not as evident when lookingla total pLAT Y226 expressid(frig.
4.9B), where the biggest determinant for high pLAT Y226 expression was not resting vs.
resting the T cellsrather than the matching of the APCs in cult@ieilar to the
experiments with the 5C.C7is was not possible to gate on pLAT Y2Ra&v cells for the

SMARTAs, as there didndét appear to be a dist
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Figure 4.9: SMARTA Resting vs. Not Resting and Reculturing with matched or
mismatched APCs, pLAT-Y226
A. The percentage of pLAY226-hi cells over time (1 minute, 5 minutes, 15
mi nutes, 2 hour s -CD3)fohSMARTA T eeilstrested o0
1 hour or unrested, and thenrecuur ed wi th CD3UKO ¢
(N=2)
B. The total gMFI of pLAT Y226 of rested vs. unrested SMARTA cells over ti
recultured with either(N\2D3UKO or
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4.6: Rested vs unrest&C€C.C7T cells, without rentroduction of APCs, have
significant changes in amount of pLAT Y171

Our experiments thus far have focused on resting (or not resting) T cells and
reculturing with matched or unmatched APCs. Our results indicate that with resting
comes a loss gbLAT Y171 and Y226, though it is unclear what role reculturing with
APCs has on diminishing this effect. For 5C.C7s, it did appear that reculturing with the
appropriate refulted indssodbc3elisé 6f L AT phosphorylation than if
they were recultured with Howeverrhissidmot ched TCRU
appear to be as straightforward for the SMARTA T cells, which did not show this effect,
and the cells were not r eHowaver, dswegiscmsset,c hed TC
it is possble that there are intrinsic differences between the levels of endogenous
peptides present on CD3UKO vs. TCRUBKO APCs.
SMARTA experiment, the stain for pLAT Y171 and Y226 was done simultaneously, as
opposed tasing the same batch of unstained cells to separately stain for the
phosphorylation sites. This could have had a blunting effect on the intensttjirohg
for the SMARTA experiment, because thesessite relatively close together and there

may be stac hindranceof antibody binding.

One observation we repeatedly found were differences in LAT phosphorylation
between rested and unrested ceithoutreintroduction to any APCs. For these
experimental scenarios, T cells were isolated and purifiedragtill and negative
selection, after which some were cultured for 1 hour without APCs, and others were kept
on ice. Instead of reculturing with APCs, the cells weoe simply fixed and prepped for

phospheflow cytometry.As illustrated inFig. 4.10A 5CC7 T cells rested away from
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APCs had a lower amount of pLAT Y1-Hl cells, as well as decreasegeession of
pPLAT Y171 compared to those not restétlis was also quantified over several
biological replicates with the unrested normalized to the restdabfbrthe percentage of

PLAT Y171-hi cells (p = 0.0327) and pLAT Y171 gMFI (p < 0.00QE)g. 4.10B)
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Figure 4.10:5C.C7 Resting vs. Not Resting pLAT Y171

A. Example of 5C.C7 restdd hour)vs. non rested T cells and pLAT Y171. (Le
representative dot plots gated on
pLAT Y171. (Right) representative histograms of the rested (red) vs. non r
cells (blue) pLAT gMFI on the X axis.

B. (Left) Percentage of pLAT Y17hi cells of the unrestedomalized to the
rested cells. (Right) gMFI of pLAT Y17df the unrested normalized to the
rested cells. Analyses performed using unpaired T tests. (N=6)
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4.7: Decrease of pLAT Y171 found in rested SMARTA and polyclonal,asdls
differenceintotal LA or NFaB

With the novel finding that pLAT Y171 in 5C.C7 T cells with juste hour, we
next sought to validate if this was a specific finding in the 5C.C7 transgenic system, or if
these findings were extended to other T cells. We isolated T cellSSk6ARTA lymph
nodes and repeated the 1 hour restedinrested te¢Fig. 4.11A). When normalizing the
unrested to the rested cells for pLAT Y171 gMFI, the unrested once again appeared to
have a significantly higher pLAT Y171 surface expression (p < 0)0U?4 repeated this
again with polyclonal cells from B10.A CD45.1x2, and once again found the same
resul® that the gMFI of the unrested cells for pLAT Y171 was significafply 0.0011)
higher and deeased with resting for 1 ho(ffig. 4.11B) With the wlyclonal cells, we
also explored whether specifically the phosphorylation of LAT was decreased with 1
hour of resting, or if thervas an actual decrease of the LAT protein itdétfchange in
LAT protein expression was observed between the rested and unrested polyclonal T cells
(Fig. 4.11C) We additionally looked at a molecule downstream of TCR signaling,
NFaB, to see if there were any dlhodrefr ences i
resting vs. unresting, and found that similar to total LAT protein, there was no significant

difference(Fig. 4.11D)
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Figure 4.11: SMARTA and Polyclonal Resting vs. Not Resting pLAT Y171

gMFI of pLAT Y171 of the unrested normalizéalthe rested SMARTA cells.
Analyses performed using unpaired T tests. (N=3)
gMFI of pLAT Y171 of the unrested normalized to the re®&0.A 1x2cells.
Analyses performed using unpaired T tests. (N=3)

A.

B.

gMFI of LAT of the unrested normalized to the restddB\ 1x2 cells.

Analyses performed using unpaired T tests. (N=3)

g MF I

of NFaB

of

t he

unrested

Analyses performed using unpaired T tests. (N=3)
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4.8: T cells from blood have decreased pLAT Y171 comparéubse from
lymph nodes

Similar to the Stefanovet al (2003) paper, we wanted to see if the decrease in
signaling via MHGCII deprivationwas represented physiologically between T cells that
came from the lymph nodesdpotentially contacted MH4I, versis those that were
circulating in blood and likely had littleustainedontact with APCsTo do this, we
isolatedand purifiedT cells from the lymph nodes of 5C.C7 mared compared the
phosphorylation of LAT Y171 cells to T cells harvestasin the blood of the same mice.

As illustrated inFig. 4.12A there did appear to be a decrease in the percentage of pLAT
Y171-hi cells in the blood compared to the LNs. Though, there is a technical
consideration, as mentioned earlier, thatells alongwhich numbered ~250,000
cells/condition) stained brighter for pLAT Y171 compared to T cells withfalD

APCs. An example of this is shownkig. 4.12Bwith cells from 5C.C7 lymph nodes

(from the same mouse kg. 4.12A) containing 51076 fixed APCs #f®d into before

stain The addition of APCs caused a clear drop in pLAT Y171. Therefore, because the
cells from the blood did not undergo negative selection, it is possible that the decrease we
observe wamerely a product of higher backgrourithough itdoes appear that the

blood, similar to the lymph node cells without APCs, contains two distinct populations of
PLAT Y171-hi vs. low cells Future experiments should attempt to collect more T cells

from the blood and isolate them the same as for lymph nodes via negative selection.
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Figure 4.12:Differences in basal pLAT Y171 levels in the Lymph Nodes vs. Blooc
A. T cells were isolated from the lymph nodes and blood of 5C.C7 mice. For

isolation of T cellsfom the lymph nodes, the lymph nodes were harvested.
crushed into a single cell suspension, Ficolled, and purified via negative
selection. For the blood, the mice were anesthetized using Avertin
intraperitoneally, after which they underwent Cardiac Purdiuacquire ~1ml
of fresh blood. The bloofbr this experimentvas processed using Ack Red
Blood Cell lysis bufferand Ficoll. Both the cells from the lymph node and
blood were stained with the same amount of antibodies for flow cytometry
Shown is the gting for pLAT Y172hi , Vb3+ cell s onc
(CD4+, VD3+).

5C.C7 T cells from the lymph nodes were prepared as in A. Splenocytes f
CD3UKO mice were isolated and add
once both groups of cells were fixed with 1.5% paraformaldehyde.
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4.9: Mixed results with cellulgsroliferation capacity for rested vs. unrested T
cells

Finally, based on our earlier results, it appeared that rested cells responded
slightly worse to antigen when recultured with APCs than unrested dils was
measured by examining the specific sitesignaling at pLAT Y171 or Y226 (as Fig.
4.6 and 47). To examine a more basic effect intrinsic to T cell activétiosllular
proliferation-after resting or not resting 5C.C7 T cells isolated from the lymph node
were stained with CFSE and recultured with A
or absence of 1gM MCC. After 72 hours, cells
cytometry.As illustrated inFig. 4.13A rested 5C.C7 cells had higher CFSE fluorescence
after MCC compared to unrested cells, which could illustrate greater proliferative
capacity of the unrested group. However, it also appeareththbtiseline no peptide
group was also higher for the rested cells compared to unrested. Therefore, accounting
fort hi s by using the @CFSE gMFI for each cond
a CFSE of 11319, wher eas otthisdllustrates &largee d had a
decrease in gMFI in the rested group vs. the unrested, contrary to whaigimaly
expectedThis was also corroborated by using the Proliferation Indexing tool on the
software FlowJo, which uses the unstimulated population to measure the undivided cells,
and analyze relative lower fluorescence peaks to determine the amount efatiolif
that occurred. By this analyqiBig. 4.13B) we again saw that the rested cells had a

higher proliferation index (2.06) compared to unrested (1.60).
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Figure 4.13:Rested vs. Unrested 5C.C7 Proliferation

A. T cells were isolated from the lymph nodes and blood of 5C.C7 mice. For
isolation of T cells from the lymph nodes, the lymph nodes were harvestec
crushed into a single cell suspension, Ficolled, and purified via negative
selection. Cells from the lynmpnode were rested or unrested for 1 hour, anc
stained with CFSE and cultured wi
CD3UKO splenocytes. After 72 hour
flow cytometry.

B. Same experimental setup as in A, thiseiFlowJo software was used to
generate a proliferation index by
the unrested or the rested groups respectively.
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4.10: Summaryof the signaling impact &pMHG-TCR engagemeni resting T
cells invitro ard in vivo:

In this chapter, we have shown evidence from several experiments that disrupting
the spMHGTCR engagement can result in a decrease in intracellular signaling, namely
in the site of pLAT Y171The major technical setup involved isolating T cells from the
lymph nodes of multiple strains of mice (5C.C7, SMARTA, B10.A 1x2) purifying the
cells via Ficoll to remove dead cells and red blood cells, and negatively selecting T cells
by removing CD11b+/Mig-11+ cells. With this APCGfree collection of T cells, we
demonstrated that culturing these cellsdsiittle as 1 houfi.e., resting)ignificantly
reduced the level of pLAT Y17dnd Y226 and that for 5C.C7 T cells (for which we had
available agonigpbeptide), rested cells did not generate as much pLAT Y171 with MCC
compared to unrestebhterestingly, this was the opposite case when looking at cellular
proliferation, in which the rested cells appeared to have a higher proliferation index
compared to mrested. However, for that experiment, there are several caveats: 1) there
was only one biological replicatand it is possible that this is not representative of an
actual pattern between resting and not resting. 2) Although we chose 72 hours as the end
point for CFSE readout, the peaks were not quite as distinct as typical for this assay,
making the proliferation indexing tool on FlowJo slightly less reliable. Therefore, we
propose on repeats of this experiment setting up harvest points at multigeteads,

to allow us to visualize differences in tteiding cells more accurately over time.

Unlike pLAT Y171 and Y226 ,dvels of total LAT remained unchanged,
indicating this was not a decrease in the actual protein, rather a specific decrease in

phosphorylation with increased resting away from APEigthermore, when we looked
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atanot her signaling molecule downstream, NFa B
restingorunrestinghi | e these results are nowael, they
signaling exploratiors further analyses should be performed to isolate what basal

signaling machinery exists, and is subsequently diminished in the absence of APCs and
spMHC.One extension of these experiments that we began to explore was to extend

thes results in vivd while we are still optimizing the appropriate conditions for

staining, we plan to perform 2 major in vivo experimentadgptively transfer rested or

unrested T cells into an intact animal and determine if levels of signaling are non

rescuable (as we observiedvitro). Having endogenous T cells in the host animal present

would also provide a control comparison to examiaadferred rested/unrested T cells

and their relative signaling capacities. 2) adoptively transfer T cells into a WT animal that

has been treated with blocking antibody against MHChis is the equivalent of

generating an i n vounprelimimaryegperimengs,ove arestilin ar i o . I n

optimizing the correct timing and dosage of the blocking antibody injections.

Previous reports had shown thap2lrested ce
chain!®, This p21 site has been characterized as being constitutively phosphorylated,
even in unactivated T celland that this phosphorylation results in some (although weak)
recruitment of Zap76°3, By this logic, it would appear thaur observation of decreased
signaling at the | evel of pLAT is a byproduc
and subsequently, less basal phosphorylated Zap70. However, from early studies
evaluating this constitutively phosphorylated p21 sitestbey is more complex. Van
Oerset al (1994) demonstratetthat not only is the Zap70 that binds to basally

phosphorylated p21 not fully phosphorylated itself, but it only represents a fraction of the
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available Zap70 within a T céllthis is predicted to @nge during robust TCR

activation, with greater Zap70 phosphorylation and recruitment to both the p21 and p23
c omp onent %E Bechusedte BT&Ms of CD3 are mostly phosphorylated by Lck,
and Lck is also responsible for phosphorylating other proximal molecules such as Zap70,
it is possible that the signal we observe via pLAT is not directly relatdw toasal

phosphorylation of p21, and a byproduct of some low levels of Lck actiity

Lastly, it appeared that there was some decrease in signaling between T cells that
were isolated from the lymph nodes of mice versus the blood, validating previous
findings from Stefanovat al1®. Since we only had one replicate of this experiment, we
aim to repeat this, and in the process try to eliminaiee of the potential technical
problems with pLAT staining and high background from éelis work around this, we
recommend multiple rounds of Ack lysis treatment, and perhaps performing the negative
selection treatment as well to remove any residualAiRCirculation Furthermore, as
we discussed in the introduction of this chapter, since adoptive cell therapies for cancer
treatment rely on the use of PBMCs isolated from the blood, we would like to perform
experiments comparing the ability of ble@mblated T cells vslymph node derived to
respond to antigen in vitro, and once transferred back in Vivese results will shed

important light on how to optimizihese T cell based cancer therapeutics.
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Chapter 5:Theendogenous peptide Glgnergizes with the
agonist to drivehe activation of 5C.C7 T cells.

5.1:GP is an endogenous peptide characterized for the 5C.C7 TCR transgenic

mouse:
As we briefly discussed in earlier sections on T cell development and theories of

SpMHC leading to @-agonism, tedate, there are only a few mouse TCRs for which both
a cognate agonigind endogenous peptide have been characterized. In our laboratory, we
work with the 5C.C7TCR transgenic mouse, which cgmizes the peptides MCC (moth
cytochrome C), agell as an endogenous peptide GP (gag pol) in the context of being
presented on the mouse MHEOmMolecule FEX. Work characterizing the effects of GP

upon binding to the 5C.C7 TCR has been previously explored by &ta(2009) and
discussed in Sectioh4 144 Because the 5C.C7 system hasadly been established as a
viable model to study the engagement of endogenous peptides in addition to a known
agonistwe chose to use this model for many of our experiments. While &baiset

the stage for demonstrating that an endogenous peptide such as GP @gddize with

the cognate agonist (MCC) in the periphery, they did not explore the
signaling/mechanism of how this would occur. Furthermaregould employ this model

to evaludée how an endogenous peptide, such as GP, impacts the fate and function of T
cells on its own, without the context of foreign antigen. Through the useafizoe in

vitro work, as well as transcriptomic analysis, we will highlight our novel findings on

SpPMHC:TCR interaction in this chapter.
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5.2:Endogenous peptide GP enhances activation in 5C.C7 T cells in
presence of agonist peptide MCC

With our 5C.C7 model, our first objective was to recapitulate thegomism
effects observed by Ebeat al Whereas in that paper, the authors used splenocytes from

invariantchain deficient B10.BR mice as APCs, we used APCs isolated from mice that

were on a B10. A background, but G@D3UKO, maki
experimental approach was similar to that of Ebedl, 5C.C7 cells were isolated from
the lymph nodes and culturedinsinglee | | suspension with CD3UKO

had been incubating with respective peptide condiforepresentation of ounodel is

seen inFigure 5.3A.
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Figure 5.3: GP_addition enhances CD69 expression driven by agonist MCC

A. This is the general experimental set up for many of our experiments, unle:
stated otherwise. In this setup, T cells isolated from the lymph no&&s ©¥
micewereceed t ur ed with CD3UKO splenoc
peptide conditions for ~1 hour. The total time ofaudture was typically 6
hours, after which the cells were harvested and prepared for flow cytomet

B. After co-culture, 5C.C7 T cells were harvested and stained for expression
CD69. The Y shows the percentage of CB6SC.C7 T cells(N=11) *** =p
= 0.0002. Statistics performed using 2Way ANOVA.

C. 5C.C7 T cells were also examined for their surfaceesgion of CD69 (gMFI)
(N=11) ** = p = 0.0023. Statistics performed using 2Way ANOVA.
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For our most basic model, the peptide conditions we chose were No Peptide
Control (NG just media added), MCGP, or MCC+GPAfter 4-6 hours of ceculture,
the cellswere harvested and analyzed on flow cytometry for expression of CD69. As
illustrated inFig. 5.3B, APCs presenting both MCC+GP led to the greatest amount of
CD69hi 5C.C7 T cells, even more so than those that engaged with MCC alone (p =
0.0002).Importantly, the difference between GP and NC was not significant, validating
that spMHC alone does not lead to conventional T cell activgpier0.7369) This was
also demonstrated by examining the total surface expression of CD69 between the
various petide conditions, as measured by gMFig; 5.3C) 5C.C7 T cells that
interacted with both MCC+GP had a significantly greater expression of CD69 compared
to MCC alone (p = 0.0023), and once again GP was not significantly different from NC
(p > 0.9999) Thus, theseltpeptideGP ceagonizel with MCC to enhance T cell

activation, as illustrated by thegher levelf CD69.

The above results are a summation of many experiments that shared the common
feature of ceculturing 5C.C7 T cells with APCs loaded with the various peptide
conditions, and ended with examining CD69 surface expression. There were, however,
some variationgvithin the experiments with the model itself. For example, while many
of our experiments tested the-agonisticeffects of GP by incubating the peptide at the
same time as MCQhis simultaneous peptide incubatidni dnét al |l ow us to di
the rolesof the different peptides in the observedagmnism. Therefore, we devised a

modified system in which we incubated AP@ith a respective peptide (either MOE
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GP), washed the APCs to remove excess peptide, aimdubated witithe other peptide.

As stown inFig. 5.4A culturing with peptide for 1 hour followed by removal of the

excess peptide via spinning/washing still led to a significant increase in the percentage of
CD6%hi cells with MCC+GP compared to MCC alone (p = 0.0178). Curioasljtiring

with MCC, washing, and then-aulturing with GP(or vice versa)ed to the same

synergistic effect as eculturing MCC+GP together. Furthermotkis was also seen
co-culturing with MCC+GP together, washing, and thewcuturing withMCC+GP.A

similar pattern was observed for the gMFI of CDB®( 5.4B). Together, these results
highlight the necessity, but not temporal priority, for geptide in generating enhanced

CD69 expression.
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5.3: Co-agonism effect of GP not driven Imdirect cytokine secretion from APC
activation

We also explored whether GP could be causingspatific activation 06C.C7
cells that was dependent on &@.C7 Tcell engaging with cognate agonMCC; for
example, if GP caused an increase of inflammatory cytokine produattomight expect
that culturing APCs separately with either GP or MCC, adding those separate groups of
APCs to the same well with T cells would still result iragonism. HoweveGuriously
we observed ifrig. 5.4A+B that of all the various conditions tested, adding T cells to
APCs that presemitherGP or MCC did not result in an appreciable increase of CD69
above MCC alonéNe also compared the -@ulturing of MCC+GP to that d¥ICC and
the bacterial antigen Lipopolysaccharide (LPS). LPS is a potent stimulator of an immune
response, and has been showmtlirectly increase CD69 expressidncells via
activation of APCswhich secrete inflammatory cytokiné®. Interestinglyalthough
both MCC+GP and MCC+LPS induced a level of CD69 expression above MCC, LPS
alone could result in CD69 expression, unlike GP alone, which was compaeibly
(Fig. 5.4C) It therefore appeared that the effects oagonismfrom GP are not similar

to that of LPS.
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5.4: Coagonism effect of MCC+GP observed with fibroblastic cell line P13.9
cells

In addition to testing this model in conventional spleytederived APCs, we
also evaluatethe effects of CD69 upregulation using a fibroblasti expressing cell
line, P13.9 cellsThese cells argansfected to bable to express MH@ molecules,
ICAM-1, and B7 and are useful to culture withspecific exogenous peptidehey differ
from APCs in their ability to produceicell skewing cytokingsand importantly for our
experiments, it is assumed that these cells do not naturally pos2es®lecules with
endogenous peptidé®2°” We used these13.9cells as APCs to test the effects of GP
synergizing with MC@ testing a varying dose range of bot®iiM, 30nMMCC) (1 € M,
5 ¢ M .G\R found that even at low concentrations of MCC (10nM), the addition of GP
resulted in a boost in the level of CD69 expressamal, that this boost was increased with
higher concentrations of GFig. 5.4D) Thus, in APCs as well as synthetically designed
MHC-II expressing systems, the addition of the endogenous peptide GP enhances CD69

expression of T cells in the presence of agonist peptide.
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Figure 5.4:Varying conditions on GP/MCC incubation revealsmore specific
requirements for co-agonism.(Next 2 Pages)

A. 5C.C7 T cells were coultured as previously described with APCs and pept
forthedleftmost bars (White = No pepti
GP, Green = MCC+GP at the same time). In the next three conditions, AF
were cultured with peptide (purpteMCC, orange = GP, pink = MCC+GP) fc
1 hour, washed, and-riltured with the different peptide written (purple = G
orange = MCC, pink = MCC+GP) for an additional 1 hour. The right most |

(olive) represents a condition in which APCs were culturedrsgely with

either MCC or GP, after which equal aliquots of APCs were plated in the <
well. Results are shown as the percentage of @GL.C7 cells normalized
to the No Peptide contral.= p = 0.0178(N = 3) Statistics performed using

unpaired Ttests.

B. The same saip as A, illustrating the CD69 gMFI as normalized to the No

Peptide control. (N = 3)

C. 5C.C7 T cells were cultured as above for 4 hours with APCptbated with
No peptide (NC = white), MCC (red), GP (blue), 1ng LPS (yellow), MCC+(

(green), or MCC+LPS (orangdN=1)

D. P13.9 cells (100,000/well) were cultured with varying doses of peptide (ex

bars = MCC, green bars = MCC +

Cells were cultured with peptide for 1 hour, after which 5C.C7 T cells wer

cultured for 90 minutegN=1)

194



Figure 5.4 cont.
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Figure 5.4 cont.
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5.5: Addition of GP with MCC causes increased actin polymerization and 5C.C7 T
cell blasting

In addition to CD69, we examined other signs of T aelivation with regards to
GP-induced synergy. One marker of T cell activation is the polymerization of
filamentous (Factin(as reviewed in Kumaegt al?*9)d since this was never previously
explored as being eagonized by GP, we used fluoresceiitBbeled phalloidin to stain
for F-Actin after our ceculture conditionsAs illustrated inFig. 5.5A, the addition of GP
leads to an increase HActin, significantly above MCC alone (p = 0.035A&nhother
related measurement of T cell activation fbkasting of the cell(an increase of cell
size)?%. This can be measure by looking at the Forwigetter of Ara (FSGA) using
flow cytometry; as illustrad inFig. 5.9, the addition of GP to culture with MCC led to
a significant increase in cedize (p =0.0192).We also explored activation via injection
of peptides in vivo. For this, cells from 5C.C7 mice were stained with the dye CFSE
before beingaddpi vel y tr ansf er r2éhburs later, the mid 9/&lK O mi c e .
injected intraperitoneally with 10eg with or
were harvested for spleens and lymph nodes and analyzed via flow cytometry. As
illustrated inFig. 5.5C, mice that received the MCC+GP injection had lower CFSE
staining by Day 3 compared to MCC alone, which is representative of increased cellular

proliferation.
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Figure 5.5: GP coagonizes with MCC to increase activationnduced cell
remodeling and division.

A. 5C.C7Tecellswereecoul t ured f or 4 -dériced APCs with t
No peptide, 5&¢M GP, leM MCC, or M
harvested and stained. Analyfs F-Actin was done by staining with
fluorescentlylabelled phalloidin, which was detectable via flow cytometry.
(N=3). * = p = 0.0357. Statistics performed using ordinary One Way ANO\

B. 5C.C7 T cells were cultured as in A, and analyzed forsiedl vaa gMFI of
FSGA. The Y-axis shows the relative fold change of e@Hle compared to the
No Peptide (NC)* = p = 0.0192(N=11). Statistics performed using ordinary

One Way ANOVA

C. 5C.C7 cells purified from lymph nodes were adoptively transferred into
CD3UKO mice via retroorbital inje
intraperitoneally with 10&eg with

after injection, mice were sacrificed and lymph nodes/spleens were harve:
and analyzed via flow ¢gmetry. Shown are the CFSE histograms (blue =
MCC+GP, red = MCC) gated on CD45.2 (5C.C7) cells
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To summarize, the addition of GP with MCC led to an increase of key T cell
activation markers: CD69, actin polymerization, cell size increase, and prolifefetion.
CD69, we demonstrate that GP quickens the time it takes for a T cell to achieve maximal
adivation. Notably, this was the first time that an endogenous peptide has been shown to
increase cell size and actiaorganizationAdditionally, many of our control experiments
(seen inFig. 5.4 highlight that this effect appears through the GP pepid€E
interacting with the TCR, bummportantlythat it also requirethe same APC to present

MCC.
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5.6: GP ceagonizes with LCMV to enhance SMARTA T cell activation

As another control for any nespecific effects of GP that may be causing
increased CD6@2xpression, we tested our-colture system witlanother TCR
transgenic model, the SMARTA mouse, which has been characterized as recognizing the
agonist peptide LCM¥pe150( her ei n r ef er Penportantlyfaa HALCMVO)
control, SMARTA T cells recognize this LCMV peptide in the context of the mouse
MHC-II I1-AP, and therefore we assumed that 1) GP peptide is restrictdgk tahd 2) it
is unlikely that the SMARTA TCR would be specific for GP even if it is presented on |
Ab._Therefore, by this logic we established a similacatiure satip as with €.C7 T
cells. Spleens fromTARb KO mi ce (which are C57BL/ 6 backg
restricted to presenting omP) were used for APCs, and-caltured with various
peptide conditions: NC, LCM\GP, or LCMV+GP Surprisingly,we observed the same
co-agonism effect of GP with LCMV as we did with MGEig. 5.6A) (p =0.0334)
regarding increased proportions of CBitiSells This was even more significant when
looking at the actual surface expression (gMFI) of CD69 for SMARTA (Eig. 5.6B)

(p = 0.040).

These results with SMARTA are puzzling, as this was intended to be a negative
control demonstrating TCR (5C.C7) specificity for its particplasitively selecting
endogenous peptide (GP). Instead, we repeatedly foun@GEhatconcert with the
LCMV was able to synergize to enhance SMARTA activation. Based on our other
controls Fig.549 , we do not think that this is some

APCs are promoted to secrete inflammatbrgéll activating signalsis will be shown
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in subsequent sections of this chapter, thaganism of GP in this regard is not limited
to CD69 expression for 5C.C7s or SMARTASs, and | will discuss the implications of this

at the conclusion of the chapter.
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A. SMARTA CD69 Expression B. SMARTA CD69 Expression
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Figure 5.6 SMARTA TCRs display enhanced CD69 expression with agonist
LCMV and GP.

A. TCRUBDKO splenocytes were cultured
peptide, 5&gM GP, or both LCMV+GP
isolated from the lymph nodes of SMARTA mice were added to culture for
hours, after which cells were harvested andyaea via flow cytometry.
Displayed here is the percentage of Cbb@ells gated on the SMARTA
population* = p = 0.0334(N = 4) Statistics performed using ordinary one w
ANOVA

B. Same experimental proceduredrag, but looking at gMFI of CD69 among
the subsetst™* = p value = 0.0040. (N=4) Statistics performed using ordinar
one way ANOVA.

202



5.7: GP addition leads to eagonism ofintracellular signaling with agonist MCC:

A common refrain from our experiments thus far has been that while GP can act
synergistically to enhance the activation of a 5C.C7 cell, on its own it is relatively inert.
This has been observed, however, only throug
feature® for example, the extracellular surface marker COM§®m here, we wished to
understandhow GP was playing a role in this syner@y explore this, we looked
intracellularly at signaling modalities transmitted from the proximal to distal modules,
with CD69 expression being the most owant distafi a ¢ t i v adout. Eromdther e
outset, we hypothesized that two broad categories of possibilities could be occurring

regar dgantigns:GP 0

1) GP actdy slightly increasing all known activating signalipgthways such that
on its own naeadout could bdetectedbut whencombinedwith the agonist
MCC, the readous enhanced.

2) GP acts via a novel pathway that does not lead to conventional T cell activation
readouts, but this pathway can converge with those that lead to activation when an

agonist is present.

Armed with the initial information that GP enhances CD69 expressionhose to
work our way backwards up the intracellular signaling pathways and evaluate the effects
of GP. It has been previously demonstrated that the MAPK pathway is linked to the
expression of CD69 during T cell activati®h#°L To examine this pathway and any
implications of synergy from GRveused a similar coulturing setup as previously

described, this time utilizings our readoui p h o 4lqwld a technique that uses flow
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cytometry to detect phosphorylated intracellular molecWésfirst examined the
phosphorylation of ERKpERK), which, as we have already discussed (See:
Introduction, The Distal Module) is a key player in the MAPK pathwawg mhovel
observation, GP once again synergized with MCC to boost the percentage ochgfRK
cells more so than MCC aloffEig. 5.7A) (p <0.0001)This was also seen when looking

at the expression of pERK, alsownin Fig. 5.7 (p = 0.0018)Because some

intracellular signalingascades during T cell activation can take place much quicker than
even surface expression of CD69, we examined the effect of GP on pERK begiring at
minute, and lasting until 4 hou¢Big. 5.7C). Interestingly, we saw aincrease of pERK
(both in %pERKhI and gMFI)with MCC+GP compared to MCC alone beginning at 10
minutes, and lasting through 4 hours of cultéi@. these experiments, there appeared to
be some background expression with GP alone caused by sticky/dolibldtatevere

gated out for the final analysisowever, in both conditions (leaving doublets in vs.

gating them out) cagonism of MCC+GP occurrednd differences between GP MC

were negligible.
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Figure 5.7: GP_addition enhancedI cell activation at level of pERK

A.APCs from CD3UKO mice were incuba
peptide) for 1 hour, after which 5C.C7 T cells isolated from the lymph nodt
were added to the culture. Results shown are denatinstiof harvesting after
4 hours of culture, staining, and analyzing via flow cytometry for the
percentage of pERKigh cells.**** = p < 0.0001. (N = 8). Statistics
performed using ordinary one way ANOVA.

B. The same setup as in A, analyzing the gMFI dRgEhormalized to NC** =
0.0018. (N=8). Statistics performed using ordinary one way ANOVA

C. Similar to the setup of A, in this experimentaatured T cells and APCs pre
loaded with peptide were harvestedhet time points showr{N =2).
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5.8: GP does not synergize with low doses of PMA to boost T cell activation

In our observations with pERK, we found that similar to CD69, GP alone did not
generate an increase in signaling, whereasvi@PMCC seemed to boost pERK above
the levels of MCQGlone. Therefore, we wondered whether targeted triggefitige
MAPK cascade just below the thresholdoobmoting CD69 expression, followed by the
addition of GP, could similarly eagonize as with GP+MCC togeth@io dothis, we
usedPMA, which as discssed previously (See: Introduction, The Distal Modules) can

directly trigger PK@, which connects to the MAPK by activating R

First, we tested various doses of PMA to evaluate at which dose weachigde
a At ri ck Kwithgquofull €D69 expréssiarfinding that 1ng/mfulfilled this
criteria(Fig. 5.8A). Next, wesoughtto test ifaslight increase of pERK could synergize
with the TCR:GP interaction to lead to some level ofvatitbn above baseline. We
hypothesized that if the emgonism effet we were observing witGP required a certain
level of pERK (that GP alone could not induce), then priming the MAPK pathway with
1ng/ml of PMA could prompt an increase in activation, as measured by CD69 expression.
To do this, we used 5C.C7 T cells which underwent various dos8dA pretreatment
and subsequently cultured these cells with APCs that had be&apesl with either No
Peptide (NC), MCC, or GPnterestingly, we did not observe any increased CD69
expression with 1ng/ml of PMA with G&bove NC(Fig. 5.8B). It still remained possible
that the full extent of the MAPK pathway leading to T cell activation requirét] Ca
which can be induced adding the ionophore lonomycin, and therefore adding

PMA+lonomycin (a common T cell activation combination in vitro) as well BsnGuld
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lead to ceagonism. However, as illustratedfig. 5.8C, the addition of lonomycin did

not lead to synergy with GP to increase CD69 expression above that of the NC.
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Figure 5.8: Subthreshold PMA pretreatment of 5C.C7 T cells doesot lead to ce
agonism with GP(Next Page)

A. T cells from 5C.C7 mouse lymph nodes were cultured for 2 hours with var
concentrations shown of PMA. After this time, some cells were harvested
intracellular analysis of pERK, whereas others continuedlinre for an
additional 4 hours, after which cells were harvested and stained for CD69
expression. Statistical comparisons shown are between GP/MCC vs. NC.

B. The same experimental setup as in A, however 4 different PM#&gaanment
conditions were perfored (No PMA, 0.5ng/ml, 1ng/ml, and 50ng/ml). After
hours of pretreatment, T cells were added to culture with APCsqubated
with either 1eM MCC, 5 M GP, or N
cells were harvested and analyzed via flow cytonfetrfD69 expression. (N
= 3). **** = p < 0.0001. Statistic performed using 2Way ANOVA

C. The same experimental set up as in A, with some modifications: T cells wx
pre-treated with No Stimulation, 5 or 50ng/ml PMA-+dnomycin (500ng/ml),
as well as lononwin (1) alone. After 30 minutes of pteeatment, T cells were
re-cultured with APCs préncubated with peptide or a No Peptide (N@®)=1)
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5.9: GP coeagonizes with MCC, and signals alone, to boost pLAT Y171

These results help rutait some potential explanations ofagonism: if for GP
to boost CD69 expression it required an increase in basal distal signaling, it should have
synergized with PMA+/lonomycin. Instead, we found that these chemical mitogens,
which bypass the TCR, wemasufficient to synergize with GP. Therefore, it appeared
that the synergy only occurred when the T cell (5C.C7 or SMARA®)acted with GP

and their respectivpeptide agonisthroughthe TCR

As we discussed in thetroduction (Proposed Roles of spi@ Interactions),
certain models (ex: Pseudodimer Model) propose that spMHC interactionslpan h
recruit/phosphorylate proximal T cell machinery, priming the system for when it sees a
foreign agonist. With this in mind, as well as our observation that GP alone did not
enhance the MAPK pathwapn its own, we turned our attention to signaling maidesli
upstream of pERKONe appealing target to evaluate was the phosphorylation of the
scaffolding molecule LAT (see: T cell signaling, The Scaffolding Module), since the sites
that can be phosphorylated via LAT divert T cell signaling from Tioélinsic pathways
into various downstream distal modules (ex: MAPIK)particular, we examined the
phosphorylation site pLAT Y17Xnd at 4 hours, we suigingly found that GP alone
appearedo significantly increase pLAT Y17ghosphorylationcompared to NQp =
0.0®6) (Fig. 5.94). Additionally, MCC+GP generated a higher level of pL-XT71

than MCC alone (p = 0.@®).

This was a significant finding, as we observed botagonism at the level of
pPLAT Y171, but alsdor the first time, an apparent s@éptideinduced signalHowever,

this finding should be validated through other methods to ensure this is not an artificial
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product of phosphfilow non-specific antibody detectio®ne reason we are more

hesitant tadefinitively state that GP caused an incredggl&T-Y171 is the nature of

the shift we observéFig. 5.9B): with the agonist MCC, we observed a populational shift
upwards in the gMFI of pLAT Y171, whereas with GP alone, we saw the population as a
whole generally remain stable, with a fraction of ¢keéls becoming very high in pLAT

Y171 (see the rightward tailing on the histogram plots). Why this difference occurs with
MCC vs. GPand if this represents an actual difference in pLAT dynamics remains to be

explored.
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Figure 5.9 GP_alonemay leadto increase in pLAT-Y171

A.5C. C7 T cells were incubated i KOcc
miceprei ncubated for 1 hour with pep

5¢ M GP, MCC+GP). After 4 hours
processed fophospheflow cytometry. Shown is the percentage of pLAT
Y171-hi cells normalized to NGN=9). Statistics performed via OiWgay

ANOVA. Shown is one outlier in the MCC+GP group (%pLAT:NC = 32.9)
identified via ROUT test and excluded from statistical ansul§s = p < 0.003

B. Representative histogram plot showing the gMFI of pbATI71 with the

various peptide conditions. The dashed vertical line bisecting the NC histc

represents the mean portion of pLAT71 allowing a visualization of any
shifts. Rightward shifts represeat increase in pLAY171 gMFI.
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5.10:GP ceagonizes with MCC and acts alone to enhance proximal TCR
signaling throughpSLP76

Because we observed GP alone inducing a signal with the phosphorylation of
LAT, we also looked at several other scaffofgiproximal T cell signaling molecules,
namelyZap70,Lck, and Slp7§Fig. 5.10). For these phosphorylation events, we
examined them across several time points, as signaling can occur in the spamtes
to hours for TCRactivation. For Zap70, GP appeared to have an increase in
phosphorylation beginning at 10 minutes, whereas for MCC, this occurred at Theur
synergistic effect of MCC+GP caused an increase in pZap70 beginning at 10 minutes,

aligning with the increasef GP alone.

In a similar manneifor pLck-Y505, GP appeared to haggnificantlyincreased
fold change in phosphorylation compared to No Peptidbe 1 hour time poirfp =
0.0233)(Fig. 5.1@). Interestingly, the phosphorylation of Lck appeared to occur more
delayed for MCC compared to GP, although by 30 minutes of culture the amounts were
comparable. MCC+GP resulted in the greatest amount of pLck, and began to increase at
10 minutes of culturesven before MCC alone generated an increase. This perhaps
indicates that the proximal signaling can be enhanced by increased interaction with
spMHC, and quicken the effects of agonist when pre&asults for observing the
phosphorylation of SIp76 (Y128)ere slightly different from pLck and pZap7Big.
5.10C): effects of peptide incubation were slightly more delayed, withNBEC, and
MCC+GP causing an increase of phosphorylation beginniB@ atinutes. Both MCC
and GP alone were able to generate simiédvels of phosphorylation, though MCC+GP

generated the most robusteffécth e del ay/ decrease i n the
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own with Slp76 phosphorylation could represent a key thresholding of endogenous
peptide signaling capabilities; perhaggagement with spMHC is enough to drive some
level of proximal signaling throug8BIp76 but this is not enough to drive activation
inducing signaling further downstreaito pathways such as the MAPK cascallas
couldexplain how we saw GP cause phosptaiion of key signaling molecules, but
gradually decrease with each distal step until pERK, which appaa&gfizcted by GP

alone.
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Figure 5.10:GP synergizes to enhance proximal and scaffolding signaling
molecules(Next 2 pages)

A. 5C.C7 T cells were isolated and cultured wit? Cs f r om CD3 U
i ncubated with peptide (No Peptid
indicated time points, after which cells were harvested and stained for pZe
Y292. Shown are the percentaged afells that were pZap#9292-high.
(N=3-4)

B. Same culture set up as in A, this time analysis was done after staining fer
Y505.* p = 0.0233.Statistics performed using a Mixedfects analysigN=3-
4)

C. Same culture set up as in A, this time analysis @d@ne after staining for
pSIp76Y128 (N = 3-4)
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Figure 5.10 cont.
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Figure 5.10 cont.
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5.11:GP ceagonizes with MCC and acts alone to increase pMEK

Still, there is a large signaling track between even pLAT and pERK, including
severaimembers of the MAPK cascade. Unfortunately, we are limited in the available
sites to examine via conventional methods (i.e. pho$iplocytometry) between the
proximal/saffolding molecules and distal pathwalfmwever, there was a fluorescently
tagged antibody for the molecule directly upstream of pERK, MEK, which gets
phosphorylated by Raf, and itself acts as the kinase for phosphorylatingASRK.
illustrated inFig. 5.11,there is a baseline increase of pMEK with GP alone, in both the
percentage of pMEKi cells, aswell as the total gMFI of pMEK. This level seems to
decrease and level off around 30 minutes of culture, after which MCC alone begins to
generate aimcrease in pMEKMCC+GP surprisigly lagged behind GP alone, and only

resulted in the highest amount of pMEK after 30 minutes of culture.
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Figure 5.11:GP synergizes to boost pMEK levels with MCC and raises pMEK

levels on its own:

5C.C7 T cells were isolated and cultured wit? C s

with peptide (No

Peptide

from CDZ3ittkbared
(NC), 1eM N

points, after which cells were harvested and stained for pMEK. (Left) Shown is tF
percentage of pEK-hi cells. (Right) expression of pMEK as measured by gMFI.

(N=2).
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The observation that GP can increase phosphorylation of pMEK but not pERK
perhaps represents a cellular threshold preventing activation from going to completion
with spMHC. In fact, there are several phosphatases that specifically regulate the MAPK
pathwayand act to dephosphorylate pERK while allowing pMEK to remain
phosphorylated, namely the DUSP proteins DUSP5 and D33P explore the
possibility that the regulation of sgdeptides is particularly at the level of ERK specific
phosphatases, we aimed to use a chemical re@sgehitim orhovanadate) that can
competitively inhibit the activity broadly of many phosphatases in akigit, we looked
at whether the use of sodium orthovanadate (OV) could allow GP to phosphorylate ERK
(Fig. 5.12A+B) Curiously, we observed that wéiboth the No Peptide condition and GP
condition resulted in an observed increase in amount of ERK phosphorylation
(normalized to either the POV condition or the no peptide condition), GP did not
appear to increase pERK muetorethan No PeptideQuite emarkably however, when
we examined pMEKKig. 5.12C+D, GP addition alone seemed to greatly increase with
the use of OV, whether results were normalized to th©Maondition or the No
Peptide conditionThis was in contrast to No Peptide, which had little increase of pMEK
with any of the conditions. Overall, this presents a highly novel firddimgt selfpeptide
(GP) can transmaignal through pMEK, but that to propagate signal further to BRiK

was tlocked by a nosphosphatase level of cellular regulation.
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Figure 5.12: Sodium orthovanadate increases seffeptide signaling through
pMEK but not through pERK.
A. 5C.C7 T cells were isolated and cultured wit? Cs f r om CD3 U
i ncubated with peptide (No Peptid
4hoursSodi um orthovanadate (OV) was
concentration and incubated with the T cells before they were washed anc
incubated with APCsEach condition was normalized to the No OV conditio
and shown as the %pERMH cells.
B. The same peptide culture conditions were performed as in Ahisutme the
data were shown normalized to the No Peptide condition.
C. The same peptide culture condits were performed as in A, but this time th
data were examining the level of MEK phosphorylation.
D. The same peptide culture conditions were performed as in C, but this time
data were normalized to the No Peptide condition.
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5.12:GP additionwith MCC increases T cell:APC conjugate formation

Another aspect we were able to observe with phedlplmocytometry was borne
outoftryingtogateoutnem cel | s i n several experiments b
cytometry channel in which several markess APCs were placed on the same
fluorophore: B220, CD11b, and CD11c, each on e¥dile the original intent was to
try and exclude nofl cells from analysis of ubiquitous signaling molecules such as
pPERK, we found that there were peptidenditional diffeences when looking at the
doubl e positive (-dGul@p+PpopuldatiofRig.8.b633CGne APC
interpretation of this population is that it represents differences in the syloapsgion
between T cells and APCs, a finding that would perhaps echrevious observations
with actinpolymerization(Fig. 5.6A). In this analysis we found that there was no
difference in APCT cell conjugate formation with GP vs. NC, howevbere was a
significant enhancement of conjugate formation with MCC+GP vs. MGRealter 4

hours of culturgp = 0.0043)Fig. 5.13).
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5.13 Summary and Conclusions:
In this chapter we have introduced a major model in which | have explored the

effects of spMHC interaction: the 5C.C7 TCR transgenic mouse model, for which there is
a known agonist (MCC) and positively selectsadf-peptide (GP). Through etulturing
these T cells with splenocytes fromEKCD3UKO
(cognate to the 5C.C7 TCR), we obse&raecurious synergy of GP with MCC at several
parameters of T cell activation: CD69 expiesscell size increase, actin polymerization,
and APC:T cell conjugate formatioRurthermore, when we examined the intracellular
machinery that could be promoting increased activation with GP, we found that there was
co-agonismat the level of pERKIn al these parameters, GP alone had no effect,

however when we looked at signaling molecules upstream of pERK, we observed a
potential increase in pLAT, pSlp76, pLck, and pZAP70 Wit GP compared to NC.

We also observed an increase of pMEK with GP, wintdrestingly is the step directly

before phosphorylation of pERK in the MAPK, and perhaps represents a critical
discrimination point for the TCR to not react to spMHC. All of these resultsae] as

until now, no direct signaling change has been observed with the use of exogenous self

peptide on a cognate TCR.

There are, however, several outstanding questions as to the mechanism of GP, and
the specificity of these finding&irstly, with CD69 ehancement, we also observibdt
the SMARTA TCR, which recognizes its agonist peptide LGN the context of-AP,
still exhibited some degree of-@@gonism when GP was -oultured with agonist. This
complicated our findings because 1) it was not preshothought that GP, a peptide first
characterized as being presented-B,Icould bind to and be presented e&°| and 2) it

was not expected that the SMARTA TCR would recognizeAhGP complex as an
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endogenous interactioli.was possible that GRoald have been indirectly impacting T

cells by causing APC aggregation and inflammatory cytokine production, which in the
context of a T cell then seeing an agonist could boost the response. However, we tested
several controls for this possibilitiFzig. 54), some ofwhich demonstrated th#ie

synergistic effect of GP was independent of peptvdshing or simultaneous o

culturing with MCC, but dependent on MCC being incubatedhe same group of

APC:s. If the effects were simply an indirect effect of GP on APCs, we would have
expected the same degree ofagmnism when culturing T cells with APCs that only
received GP and APCs that only received MCiibwever, there was a stnilg lack of

co-agonism in this scenario.

Looking forward, it would be imperative to hone in on the precise mechanism of
action for GP both in the presence and absence of agonist peptide. If it is making the
interactions of a T cell with its cognate agomigire favorable, we would like testhow
that is occurring are there structural changes that occur withirMREC peptide binding
groovewith GP that make it more favorable for an agonist to bind and interact with a
TCR?Furthermore, for the intracellul@hospheflow cytometry, we would like to
validate that the shifts we observe with GP alone are not due to technical interference of
phospheantibody with the hydrophobic peptide GP. Other methods, such as extensive
washing of the cells to remove excesgptide, as well as neffow techniques (Western
Blotting or Immunoprecipitation) should be considered to evaluate whether GP alone is

increasing proximal/scaffolding phosphorylation.

Another area of exploration with GP is to examine not just phospharylati

signaling molecules, but other intracellular changes as well. In the next chapter, we will
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discuss several of our findings regarding transcriptional changes with- &, all of
which provide novel insight into the consequences ofpsttide enggement. However,

we would also like to explore if GP interaction causes a functional change in protein
trafficking, since this would not be reflected in traditional flow cytometrig A
sequencing. There is evidence that protein trafficking of molesulgsas LAT to

specific areas inside and outside of the immunosynapse is crucial for proper T cell
activation3°43% To this end, we have begun to optimize a protocol for analyzing high
resolution protein trafficking via electron onoscopy, and hope to use targeted antibodies
that can be conjugated with gold particles to detect the cellular localization of particular

molecules.

226



Chapter 6Do spMHGTCR interactions drive changes in gene
expression?

It appears that GP can drive signaling through part of the MAPK cascade, but
there is a clear stopping point at the level of pERK. Howelvtdrere is some signaling
upstream, especially at the level of pLAT, are there potentially divergent (or unique)
pahwaysthaGP can el icit that dondét r esudot i n
those pathways impact T cell function? In this chapter, we will discuss how
transcriptomic analysis has revealed several novel findings as to the role and mechanism

of the spMHC interaction with T cells.
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6.1: Use of RNAsequencing to elaborate consequences cpsglfide interaction:

In the previous chapter, we relied heavily on the use of the 5C.C7 mouse model as
it offers the ability to study the effects of the agonist MCC andpsgtide GP either
separately or in caulture. Most of the data presented theleed on functional or
phenotypic analysis using surface markers of activation suctC&69, orintracellular
phosphorylatiorof signaling molecules (@., pERK). This approach alone did not allow
us to understandhat was happening on a transcriptional level within the Twa#il the
various peptide conditionslowever, since phosphorylation of ERK did not occur with
GP alone, we do not expect that GP alone should result in pERted downstream
transcriptional hanges, such asanscription of I1-2 or CD693%6:307 However, itis
possible that there are other transcriptional changes that result from GP generating tonic
proximal signalingRNA sequencing is a useful tool to analyze any transcriptional
changes, and hedprovide a bigger contextual picturewhat occurs during TCR

engagement with various categories of ligands.

Similar transcriptomic analysisas been performed before to anadythe effects
of pMHC ligandwith different affinitieson 5C.C7 T cells. Gottscha# al (2015)
characterizd differences between the 5C.C7 TCR interacting with M@T vs. MCC-
102S, a loweaffinity mutantof MCC which has a much shorter hifé %€ They
performed a microarragndfound that there was a global reduction in Ffaigulated
genes with 102S compared to both high and low amounts of NiG&€e were some
notable differences in certain genes, namely a less dradtictien in the IL7 receptor,

FasL, and S1PR1 with 102S, all receptors that have some role in T cell
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survival/homeostasig.hese results amnsistent with 102S being a weak agonist and
therefore stimulating the TCR poordBut 102S and GP are quite different peptides.

102S is almost identical in sequence to M@Contains a serine instead of a threonine at
position 102, which is one of the TCR binding regiomng)ereas GP has a highly

dissimilar sequence Furthermore, Gottékled alwere able to demonstrate that adding
higher doses of 102S could result in similar activation readouts as using the same lower
dose of MC®@ in our experiments, we do not find that an increased dose of GP results in

any difference in activation comgzal to a nepeptide control.

We discussedn the Introductio{ Se c t | geptidesic@gonize with foreign
peptides t o enhahow@D5&xpressidnlhas afert beenasedasa 0 )
proxy for selfpeptide reactivity. In particular, two T ¢elones which share the same
Listeriaderived agonist, LLO118 and LLO56, differed only in the expression of CD5
(the latter having being CDBBI) and higher CD5 expression correlated withirecreased
levels of pERK and pCDp 2 #°% A follow up study by this same growsed
metabolomics anttanscriptomic analysis to evaluate differenbetveen these two T
cells3%°, These authors found thatima LLO118 cells, while CD%o, were surprisingly
more metabolically active compared to BB5-hi counterpart$®. Furthermore, when
they examined the GAM (genescametabolites) profile of these T cells 7 days after
Listeria infection, they found that there was a unique difference in the enzymes used to
shunt glycerof3-phosphaté the LLO118 cells directedhis metabolite towards a
pathway dedicated to oxidative plpb®rylation which corresponded with greater
capacity for activatiod®. Thus, in this study, there was an inverse cotiaiabetween

selfreactivity (interpreted from CDBxpression) and metabolic activity. Perhaps this
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provides another functional explanation for how peripheral T cells are tuned to remain

inert when interacting with cognate endogenous peptides.

With our cata, we hope to add to these initial studies examining mature T cell
interaction with spMHC, using our specific 5C.C7 ma@dé#his allows us talirectly ask
what happens on a transcriptional level when a 5C.C7 T cell encounters agonist (MCC),

endogenous peipe (GP), both (MCC+GP), or no peptide at all (NC).
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6.2: Experimental workflow from 5C.C7 T cell activation through RNA
sequencing:

To explore any transcriptional differences between our peptideilation
conditions, we set up cultures®E.C7 T cells with APCdrom syngeneic Tcell
deficientC D 3 U Hi€e) preincubated with either MCC alone, GP alone, MCC+GP,
NC. Because we wished to also analyanscriptional outputinetically, we set up co
cultures at three separate time points (1 hour, 6 hours, and 24 hours). At the conclusion of
each time pointiC.C7 T cells were sorted via FluoresceAotivated Cell Sorting
(FACS) to isolate a pure population of T cells. For the conditinrwhich 5C.C7 T cells
were cultured with MCC or MCC+GP, they were further sort¢éal ©®D69hi vs. CD69
lo T cells.This was not done with the NC or GP alone conditions because these groups
never became CD6BI at any time pointAfter the cells were sted, they were
immediately lysed using RNAz&RT and frozen at8(°C until RNA extraction could be

performed. A schematic of the experimental setup is shoWwigiré.1
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Collect T cells *GP (non-agonist)
Collect

from lymph +MCC ist {
yip (agonist) APCs from T
nodes
Spleen
C a2 T¥ET)
CD3gKO Mouse
No peptide

Group of 5C.C7 mice

Culture T cells with APCs +/- peptide for
various time points: 1 hour, 6 hours, 24 hours

|

Sort for T cells: CD69-hi vs. lo

|

RNA extraction

Figure 6.1: Workflow to prepare 5C.C7 T cells for RNA sequencing

T cells were isolated from the lymph nodes of 5C.C7 mice and cultured with

splenocytes fromn€bBHUKOdmwcehppeptid
MCC+GP, or No Peptide. The cultures were kept for 3 separate time points: 1 hc
hours, or 24 hours. Adt this periodthe T cells were sorted into a pure population, i
for the cells that received MCC or MCC+GP, they were further sorted into-GD&9

lo populations.
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From the cell sorting alone, we were able to glean important informatomely
thattheaddi ti on of 5&¢M GP to 5C.C7 T cells with
hour of ceculture, but seemed to significantly (p < 0.0001) increase the rate at which the
T cells became maximally CD&8 (from 6-24 hours) compared to MCCoale (Fig.
6.2A). This is quite novel, as we are demonstrating that an otherwisactigating
peptide (as seen Fig. 6.2B) can quicken theate of achieving full activation of a T cell

without causing any CD69 upregulation on its own

233



Figure 6.2 GP addition with MCC increases rate of 5C.C7 T cell activation

A.5C. C7 T cells were cul tur e-deriveddAPCsl
with No peptide, 5&M GP, 1eM MCC,
culture time, cells were harvested anded based on expression of the 5C.(C
Vb3 portion of the TCR and CD4 ex
for the samples that received MCC or MCC+GP into CGh@s. low cells.
Shown on the Y axis is the percentage of CIb6B2covered cells at eatime
point, with bluedashes representing the MCC+GP condition and black
undashed line the MCC alone condition. (N=3 per time point). Statistics
analyzed using a-@ay ANOVA.

B. Representative flow plots from the tiraeurse experiment.
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6.3: Preparation and Quality Control of RNA from sorted cells

After 3 separate sort days were performed and all samples were lysed with
RNAzol®RT, we performed RNA extraciis by separating the RNA and DNA,
precipitating the RNA via isopropanol, and performing several washes with 75% ethanol.
While there were originally a total of 54 samples, 3 samples were lost due to technical
failures during the RNA extraction procésthese were the 6 hour No Peptide, MCC
CD6%lo, and GP samples from one of the sorting days. This meant that for those
samples, there were only 2 vs. 3 biological replicatbs.resulting RNA was dried into a
pellet with glycogen, and dissolved in H20, sefetanto two aliquots for further
analysis Purity of the RNA was checked usitite Agilent Bioanalyzer, and RNA
Integrity Numbers (RINS) were on average between 7.07 and 8.05, which met the

threshold for library preparation and sequencing.

After sequencig, the quality of the reads were assessed by mapping the number
of Auniquely mapped readso c@Empbd)Asd to a ref
illustrated, the majority of the samples had reads that had ~94/95% uniquely mapped
reads, with the only lower exceptions pertaining to samples that were in the MCC or
MCC+GP CD69lo group at 24 houés this, however, made sense because that time
point cantained the fewest number of CD&Bcells with MCC or MCC+GP stimulation.
This can also be seen in the much lower number of reads seen in those three samples,
particularly those that received MCC+GP for 24 hours and were sorted in thel@D69

category(Fig. 6.3B)
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) Average Uniquely | Uniquely | Average #ReadsPa | Average Uniquely | Uniquely | Average
Sample #ReadsPairs L h mapped | mapped | mapped |Sample . L h mapped | mapped | mapped
n| 1T N,
enet reads# | reads% | length s engt reads# | reads% [ length
NP_1 Al 10786213 286 10178818| 94.37% | 275.43 |CD69 lo_1 A8 7564511 289 7134447 | 94.31% | 276.55
NP_1 C3 8653758 287 8171413 | 94.43% | 273.54 |CD69 lo_1 E3 6708826 287 6340102 | 94.50% | 273.86
NP_1 ES 7802382 287 7394638 | 94.77% | 272.64 |CD69_lo_1 G5 9598932 287 9093495 | 94.73% | 274.55
NP_6_A4 8728574 285 8274748 | 94.80% | 272.6 |CD69_lo_6_A2 9895936 285 9279191 | 93.77% | 263.45
NP_6_G1 9601048 288 9063693 | 94.40% | 275.17 |CD69 lo 6 C4 10310411| 286 9699706 | 94.08% | 269.83
NP_24 E2 7854110 288 7457066 | 94.94% | 272.59 |CD69_lo_24 A5 1622126 283 1521867 | 93.82% | 267.31
NP_24 F6 9734071 287 9257067 | 95.10% | 275.24 |CD69 lo_24 C8 4295981 281 3528373 | 82.13% | 225.21
NP_24 G4 8728220 287 8298054 | 95.07% | 270.65 |CD69 lo_24 H6 4803547 285 4519423 | 94.09% | 269.91
GP_1 D1 8159593 288 7746612 | 94.94% | 275.82 |GP_CD69_hi_1_A6 | 1702632 280 1482261 | 87.06% | 248.09
GP_1 F3 8783545 287 8295910 | 94.45% | 276.19 |GP_CD69_hi_1 B8 | 2594273 281 2174889 | 83.83% | 231.61
GP_1 H5 8688950 288 8220469 | 94.61% | 276.14 |GP_CD69 hi_1 G3 | 1528922 285 1410057 | 92.23% | 266.14
GP_6_B2 8837930 286 8296873 | 93.88% | 266.72 |GP_CD69_hi_ 6_C2 | 7729098 288 7325363 | 94.78% | 274.91
GP_6_D4 8866974 288 8365503 | 94.34% | 275.67 |GP_CD69 _hi 6_D6 |10317960| 287 9782219 | 94.81% | 277.66
GP_24 A7 9133165 286 8680190 | 95.04% | 274.72 |GP_CD69 hi 6 E4 | 9808131 288 9246688 | 94.28% | 272.38
GP_24 BS 9276135 286 8829159 | 95.18% 273.14 |GP_CD69_hi_24 A3 | 12468633 289 11803878| 94.67% 281.53
GP_24 _H2 9156708 288 8633142 | 94.28% 267.65 |GP_CD69_hi_24 B7 |11513961 289 10921918| 94.86% 281.35
CD69_hi_1_C1 4214557 285 3972121 | 94.25% 270.61 |GP_CD69 _hi 24 C5 | 7089257 288 6730103 | 94.93% 280.79
CD69_hi_1_D3 1412819 284 1317700 | 93.27% 267.77 |GP_CD69 lo_1 B6 | 9355659 286 8836974 | 94.46% 272.9
CD69_hi_1_F5 5326136 284 5035227 | 94.54% 271.25 |GP_CD69 lo_1 E1 | 9471144 289 8974564 | 94.76% 278.21
CD69_hi 6 B4 | 11804155 285 11181098| 94.72% | 274.91 |GP_CD69 lo_1 H3 | 8303564 288 7836120 [ 94.37% | 275.12
CD69_hi 6 C6 | 10898660 286 10310648| 94.60% | 275.43 |GP_CD69 lo_6 D2 | 9481162 286 8900508 | 93.88% | 267.27
CD69_hi_6_H1 9132765 286 8659263 | 94.82% | 272.81 |GP_CD69 lo_6_E6 |10066972| 285 9468256 [ 94.05% | 268.42
CD69_hi_24_F2 | 10569704 290 10046707| 95.05% 282.82 |GP_CD69 lo_6 F4 | 5137098 285 4825146 | 93.93% | 270.86
CD69_hi_24_G6| 10611520 290 10071852| 94.91% 282 GP_CD69_lo_24 B3 | 455979 283 404232 | 88.65% 247.38
CD69_hi_24 H4| 9394833 290 8929721 | 95.05% 282.4 |GP_CD69 lo_24 C7 | 504160 283 457670 | 90.78% 258.67
GP_CD69 lo_24 D5 | 120947 279 83827 69.31% 159.34
B. .
< o
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Figure 6.3: Assessment of the guality of RNA sequencing reads

A.

The RNA sequencing reads were assessed for the number of total reads/|
the average read length, and the percentage of uniquely mapped reads. £
were named with a unigutname modifier wittPeptide Condition__hours in
culture__sequencingdex The No Peptide alone condition was abbreviatec
ANPO, the MCC alone condition was
and the MCC+GP was renamed AGP_CEC
Number of reads (Y axis) shown for each indexed sample (X axis), with a
minimum threshold set at 1*10”6 reads (red line). In the yellow box are th
three samples that had reads that fell below the quality threshold set.
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6.4: Gene expression differences among 5C.C7 T cells that encountered GP

First, a Principal ComponeAmnalysis (PCAwas performed for the genes
expressed in each condition and time p@Hig. 6.4A). Several key patterns emerged
from this analysis. GP alone and No Peptide (NP) seemed to have very similar expression
profiles, however the 1 hour conditioiffdred greatly from the 6 hour and 24 hour
culture time points. The 1 hour time point cluster containing the groups that had T cells
which saw GP alone or NP also clustered close to cells that werel@B6ZD6310
from either the MCC alone or MCC+GPogip. Altogether, this indicates that at 1 hour,
the majority of genes did not appear vastly different, despite different peptide conditions.
By 6 hours however, the cells that saw MCC and MCC+GP and were-Qil2é®tered
together and much more distinctriothose that remained CDé®. These CD69o cells
clustered similarly to the cells that received GP or NP at 6 and 24 hours. For the MCC or
MCC+GP CD6%hi group, by 24 hours these cells still clustered together, but remained
wholly different in profile fom those that were CD@&8 at 6 hours. In sum, the biggest
change in bulk expression profile appeared to be in the cells that became activated over
24 hours, but this was not contingent upon the presence or absence of GP. If there were
indeed transcriptioal differences elicited by GP, they were perhaps more subtle and

would require more in depth analysis.
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Figure 6.4: Principal Component Analysis of 5C.C7 Peptide Stimulated Groups:

PCA showing the differential clustering of gene expression profiles of each samp
circles = 1 hour, triangles = 6 hours, plus signs = 24 hours.
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To better analyze any individual transcriptional changes between specific groups,
volcano plots were generatéelg. 6.5A+B).First, we analyzed any differences in
expression between the GP vs. NP groups at each time point. Only a few genes were
significartly differentially expressed, with the majority of the profile being virtually the
same across each time pdiRig. 6.5A). As expected, when examining the differences
between samples that received MCC and were G@&8. lo, there were many
transcriptional differences across each time point, more exaggeratedly during the 6 and
24 time pointgFig. 6.5A). This is expected because CD69 upregulation would
correspond to T cells that were activated, and these cells would likely be quite different
from unactivated group3his same trend was also observed for MCC+GP Ci&3.
lo cells(Fig. 6.5B) Finally, there were indeed several genes differentially expressed
when comparing MCC alone vs. MCC+GP CE@iells, particularly at the 1 hour time

point (Fig. 6.5B) A summary of these findings shown inFig. 6.5C
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Figure 6.5: Volcano plots for the differential gene expression of 5C.C7 T cells
stimulated with various peptides:

A. Volcano plots shown for the differentially expressed genes, with-8tg({p
log10) value set to 2 (on the Y axis), and log2 Fold change on the X axis.
vs. NP across the various time points shown on the top, MCC-GD&9
MCC CD6%lo across the variousme points on the bottom.

B. Volcano plots shown for the differentially expressed genes, with-dth({
log10) value set to 2 (on the Y axis), and log2 Fold change on the X axis.
MCC+GP CD6%hi vs. MCC+GP CD690 across the various time points
shown on tk top, MCC CD6%i vs. MCC+GP CD6%hi across the various
time points on the bottom.

C. Summary of the findings from the differential gene expression analysis. Tt
cutoff of significance was set to p.adjus@d 0,. OfilHi gh Ex pr e s
set to a |logdFolfido@Eap@e.was Set t
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CaseA (#ReadsPair)

CaseB(#ReadsPair)

CaseA vs CaseB HighExp | LowExp | DiffExp
Repl Rep2 Rep3 Repl Rep2 Rep3

GP_1-NP_1 8159593| 8783545| 8688950) 10786213| 8653758 7802382 2 0 2
GP_6-NP_6 8837930( 8866974 8274748| 9063693 1 0 1
GP_24-NP_24 9133165| 9276135| 9156708| 7854110| 9734071| 8728220 1 3 4
CD69_hi_1-CD69_lo_1 4214557| 1412819| 5326136] 7564511| 6708826 9598932 364 336 700
CD69_hi_6-CD69_lo_6 11804155(10898660| 9132765| 9895936| 10310411 2063 2768 4831
CD69_hi_24-CD69_lo_24 10569704| 10611520 9394833| 1622126 4295981| 4803547| 2857 4040 6897
GP_CD69_hi_1-GP_CD69_lo_1 1702632 2594273| 1528922| 9355659| 9471144| 8303564 530 372 902
GP_CD69_hi_6-GP_CD69_lo_6 7729098|10317960| 9808131|] 9481162| 10066972| 5137098 1969 2910 4879
GP_CD69_hi_24-GP_CD69_lo_24 |12468633|11513961| 7089257| 455979| 504160 120947| 2043 3572 5615
CD69_hi_1-GP_CD69_hi_1 4214557| 1412819| 5326136) 1702632| 2594273| 1528922 15 44 59
CD69_hi_6-GP_CD69_hi_6 11804155|10898660| 9132765] 7729098| 10317960 9808131 0 0 0
CD69_hi_24-GP_CD69_hi_24 10569704|10611520| 9394833) 12468633| 11513961| 7089257 i 2 )
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6.5: GP vs. NP, 1 hour Transcriptional Differences

Next, we examined within the conditions that varied with the addition or absence
of GP, what pathways were transcriptionally different based on the few differentially
expressed genes observed. First, we generated a list of the top 50 differentiallyeeixpress
genes between the GP and NP conditions at 1 (kagw6.6A). Of note, there were
several interesting genes upregulatedownregulatedch the GP 1 hour time poi

compared to the NP condition, listedTiable 6.1
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Table 6.1:Select genedifferentially expressed between GP and NP at 1 hour

Gene Name: Description: Upregulated or
Downregulated?

Dusp19 A negative regulator of the MAPK Upregulated
cascade

Plekhg3 Plays role in actin remodeling and Upregulated
polarizatiorf'©.

LMO7 Plays role in actin remodeling and Upregulated
polarizatiorf!Z,

CEACAM1 a cell adhesion molecule that has been Upregulated
implicated in the recruitment of Lck to
the immunological synapse of T ceil3

KLF4A a transcription factor which is Upregulated
significantly downregulated during
thymic T cell commitment3.

Bdkrbl a bradykinin receptor upregulated T ce Downregulated
of patients with Multiple Sclerosig

B3GNT2 a polylactosamine synthase which has Downregulated
suppressive actions on tiosulatory T
cell receptors?®,

PBLD A phenazine biosynthesi&ke domain Downregulated
containing protein that inhitst h e N
pathway3°3,

IL411 an L-phenylalanine oxidase thaas been Downregulated
shown to dampen the response of CDE
T cells®16

MDK a growth factor that is involved in Downregulated
NFAT-regulated activation of T cells,
and the pathogenesis of mouse models
Lupus Nephritist’.

CD8a encodes for the CD8b-receptor alpha  Downregulated
chain
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Using a falsadiscovery rate (FDR) cutoff g value 0.2, there were no
significant pathways expressed for the GP samples at 1 hour, and 2 pathways significant
for the NP treated cells: the Apical Surface (FDR@0@), andVnt Beta Catenin
Signaling (FDR = 0.096(Fig. 6.6B+C).Overall, these results are difficult to draw any
particular conclusions, since there are such few genes initially signiicign6.5A).
However, it appears that a few of the selecteagulated genesgith GP, when adjusting
for a less stringent significance cutoffere related to cellular rearrangement or synapse,
and those that were downregulated were related to both pathologicaabvetion or

immunosuppressive signaling pathysa
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Figure 6.6: Analysis of differentially expressed genes of NP vs. GP treated 5C.C:
T cells at 1 hour

A. Heat map generated of the top most significantly expressed genes betwec
vs. NP treated cells at 1 hour. Red = upregulated, blue = downregulated.

B. GSEA plot shown for the Hallmark Apical Surface Gene Set

C. GSEA plot shown for the Hallmark WNT beta CateSignaling Gene Set
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Figure 6.6 cont.
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Figure 6.6 cont.
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6.6: GP vs. NP, 6 hour Transcriptional Differences

Unfortunately, because NP and GP at 6 hours only contained 2 replicates each, it
was notpossible to generate accurate heatmaps or pathway anfatysdate available
software However, the top 50 differentially expressed genes from NP and GP at this time
point was stilviewable by manual analysis, which was performed by taking the top 50
geres differentially expressed sorted by thegtue.Selected genes that specifically

pertain to T cell function are shownTmable 6.2

250



Table 6.2:Select genes differentially expressed between GP and NP at 6 hours

Gene Name: Description: Upregulated or

Penk

Atg5

Dusp4

IL12rbl

Egrl

Egr2

Cdk2

Dusp2

Downregulated?

Encodes for proenkephalin, found to be Upregulated
upregulated in Tregs during UV

exposureand also in activated CD4+ T
Ce||5318’319

Important gene in the autophagy Upregulated
pathway, demonstrated to play a crucie

role in T cell survival, ability to

proliferate, and prevent apoptogf8

Encodes for a DUSP protein, a membe Upregulated
of the dual specificity phosphatase

family. Has been implicated in inhibiting

CD40L, ICOS, IL4, and IL21 productior

in T cells®?!

Forms one component of the-II2 and  Upregulated
IL-23 receptor

Part of the early growth response (EGF Downregulated
family of transcription factors,

upregulated during TCR activation,

upstream of NFaB «

potentially promotes Th2 differentiation
322,323

Part of the early growth response (EGF Downregulated
family of transcription factordypically
attenuates TCRnediated signaling*

Cyclin-dependent kinase 2, in T cells is Downregulated
thought to play a role in suppressing

regulatory T cell function and activatior
325

Encodes for a DUSP protein, a membe Downregulaed
of the dual specificity phosphatase

family. DUSP2 has been implicated in

negatively reglating Th17

differentiation via inhibiton of STATS3,

and is upregulated on exhausted T cell
326,327
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These results at the 6 hour time point revealed several points. Different from the 1
hour time point, it appeared that several of the genes downreg(Eapet) DUSP2,
Cdk?2) are negative regulators of T cell activation. Furthermoreintaeesting that Egrl
a Th2 skewing regulator is downregulated with GP, and the IL12rb1, a component that
allows IL-12 binding and Th1 skewing is upregulated. pelptide interaction has also
been shown to potentially help maintain T cells over time ta@dipregulation of

survival factor Atg5 with GP validates this notion.
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6.7: GP vs. NP 24 hour Transcriptomic Differences

Next, for the 24 hour time point, we analyzed the top 50 differentially expressed
genes from the GP vs. NP datasessllustrated inFig. 6.7A A few of these genes that

were upregulatedr downregulated with GP are shownTiable 6.3
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Table 6.3 Select genes differentially expressed between GP and NP at 24 hours

Gene Name: Description: Upregulated or

Wntl10b

Sema4C

Rgs16

IL2ra

Bcl2L1

Spryl

Ctla4

Cxcl12

Downregulated?

a molecule implicated in T cell Upregulated
polarization and when deficient
exacerbates the Tkellergic responsé&?®.

a semaphorin molecule that is Upregulated
upregulated on -Tollicular helper cells

and may promote migration to the

germinal centef?®,

an IL-2 responsive gene that is Upregulated

upregulated in activated Thl and Th2 1
Ce||s330,331

encodes for the receptor commonly Upregulated
referred to as CD25, an upregulated
marker during T cell activatioff?

produces the antipoptotic marker Bexl Upregulated
which has been implicated TCR and

co-stimulation driven celburvival during

activation333

encodes a ptein Sprouty that has been Upregulated
dually implicated as both a negative

regulator but also perhaps an enhance

TCR signaling, depending on the

differentiation staté3*

encodes for a emhibitory receptor that Upregulated
is also upregulated during activatief

a chemokine that can bind ®XCR4 on Downregulated
T cells and elicit a costimulatory

response, as well as impact SLP76

cluster formation and phosphorylation,

and T cell migratior§3®

254



When pathway analysis for these samples were performed, there were 5 pathways
significantly enriched for the GP samples at 24 hours: Myc Targets V2 (FDR = 0.018),
IL2 STATS5 Signaling (FDR $.014), Myc Targets V1 (FDR = 0.026), MTORC1
Signaling (FDR = 0.08), and Spermatogenesis (FDR = 0.180). These corresponding

GSEA plots are illustrated iRig. 6.7B-F.
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Figure 6.7: Analysis of differentially expressed genes of NP vs. GP treated 5C.C:
T cells at 24 hours

A.

nmoow

Heat map generated of the top most significantly expressed genes betwes
vs. NP treated cells at 1 hour. Red = upregulated, blue = downregulated.
GSEA plot shown for the Hallmark Myc Targets V2 Gene Set

GSEA plot shown for the Hallmark IL2 STAT5S Sigmaj Gene Set

GSEA plot shown for the Hallmark Myc Targets V1 Gene Set

GSEA plot shown for the Hallmark MTORCL1 Signaling Gene Set

GSEA plot shown for the Hallmark Spermatogenesis Gene Set
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