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ABSTRACT

The immune system has evolved to mount effective defense against pathogens or
tumors yet prevent misguided or excessive responses that could be detrimental to the host.
Maintenance of immune homeostasis involves tight contrekpfnsiondifferentiation,
survival andtrafficking of conventional and regulatory lineages of T lymphocytéss
dissertation focuses on T cell receptor (T@mJuced cell signaling and transcriptional
regulation, with a particular interest on how forkhead box(Exixo1)} and GAbinding
protei n al-depeadent pBofyrBnsdontrol T cell tolerance and immunity.

We found thatthe migration ofactivatedphenotyperegulatory T ceb (aTregs),
the predominant Treg population in nlymphoid tissues, was associateih repression
of Foxoldependent transcriptional program. Tsggecific expression of a constitutively
active mutant of Foxol (FoxolCA) impeded Treg homing to-lgmphoid organs,
causing CD8 T celF-mediated autoimmune diseases. Compared to Tregs Heatthy
tissues, tumaemfiltrating Tregs were more susceptible to Foxol@Aduced depletion.
Therefore, theAkt/Foxo signaling in Tregcould be titrated to specifically boost anti
tumor immunity without inflicting autoimmunity.

Using a mouse model thatb | at es the Ets family trar
specifically in T cells, we showed th& A B Pwas crucial for T cellproliferation,
cellular redox homeostasand cell survival, bothn response to antigen stimulation
vitro anduponListeria Monocytognesinfectionin vivo.

The work in this dissertatiowill provide novel molecular insights into T cell
biology and shed light on future T celependent therapy against cancer and infectious

diseases.



ACKNOWLE DGEMENTS

My experience in the Li Lab has bean extraordinary one. | am really fortunate
to have met and worked with so many supportive individuals during my pursuit of the
PhD. This page is dedicated to expressing my gratitude towards all these great people.

First, | would like to gratefully eknowledge my research mentor, Prifing Li.
During my five years in thei Lab, | have been constantly inspired by his enduring
dedication to science and ambition to push forward the frontier of human knowledge. He
patiently and selflessly helped me overcomsery obstacle | encountered in my
academic endeavors. | also benefited enormously from his insightful ideas on both
scientific research and career development. It would be impossible for me accomplish my
thesis work without his guidance and mentorship.

| also want to thank theembes of my thesis committee, Préting Chi andProf.
Alexander Rudensky. Their invaluable suggestions and insights tremendously enriched
my thesis workAside from sciencd, am alsodeeply grateful tahemfor their generous
sugporton my career development

| also want to extend my gratitude towarall my fellow Li Lab members and
Huse lab membershoth present and past, for sharing with me their professional
knowledge and life wisdoms, as well as making the lab such a plgdaemtto work in.
In particular, | want to thankeiming Ouyandor guiding me towards a good scierttist
Soyoung Oh, Saida Dad¥youngjoo Kim,Ruth Franklin, Mytrang Do and Briana Nixon
for their gracious support and sharing with me their colorful egpes; Michael Bivona,
Ahmed Toure and Qian Ma for their assistance in mouse colony management; Prof.
Morgan Huse, Thinh Nguyen Duc, Yuedan Chen, Xin Liu and Roshni ®asuaking
Li-Huse labs a fun family.

And finally, much appreciation to my parentasy grandma andny husband
Dazhi for their everlasting love and support throughout both the up and down days of my

life.



TABLE OF CONTENT S

LIST OF FIGURES ...ttt eeee et e e e enee e X
CHAPTER |
INTRODUCTION AND OVERVIEW ..o 1
1.1 CeIIOVEIVIEW. ...ttt r e e e e e e e e e e e e emmr e e e e e e eas 1
1.2T cellmediated IMMUNITY.......ooiiiiii e eeee e e e e e e 2.
1.2.1T Cell deVEIOPMENL.......uiiiiiiiiiiiiiii et 2
1.2.2Naive T Cell NOMEOSIASIS. .....cvviiiiiiiiieiii e 3
1.2.3T cellactivation and differentiation.............ccooooviiiiiicccee 5.
1.2.4MEMOIY T CeIIS..ccii ittt 8.
1.3Molecular insights into T cell Signaling............ooooiiiiiii e 9
1.3.1 T cell receptor (TCR) SIigNaliNg........ccoeeriiiiiiiiiieee e 9
1.3.2C0-StMUIATION. ...ttt e e e e e e e e e e 14
1.3.3CYtOKING SIGNAIING.....uuuutiiiiiiiiiiiiiii et 15
1.4 T lymphocytes in health and diSEaSEe............ceviiiiiiiieeciiiiie e 18
1.4.1 T cell tolerance under steastgte conditions.............oooovvviiiceenne e 18
1.42T cellresponses t0 INfECHION. .......uueiiiiiiiiiiiiie e 20
1.4.3T lymphoCYLeS IN CANCEL.......uuuiiiei i erne e e e 24
1.5 CONCIUSION. ...t e e e e e s rme e e e e as 27

vi



CHAPTER I

THE PI3K/AKT/FOXO SIGNALING PATHWAY CONTROLS REGULATORY T

CELL HOMEOSTASIS AND FUNCTION .oiiiii e 28
2 [ g (o To [FTox o] o H TP PP TP PTTTPPPON 28
2.1.1 PI3K/Akt/Foxo signaling pathway.............ccuuveeeiiiieemiiiiiiiiieeeeeeeeeeeee 28
2.1.2Foxo family of transcription facCtorS.............coooovviiiiiiicce e 29
2.1.3Foxo proteins in conventional T CellS...........iiiiiiiceniieee, 30
2.1.4 Foxo proteins in regulatory T CellS............uuuviiiiiiiieemiiiiiiiiieeeecceeeee 31
2.1.5 Other PI3K/Akt signaling molecules in regulatory T cells................. 32
2.1.6 Regulatory T cellSeterogeneity............uuuuurreriiiiiiieeeiiiieieeieeeieeeeeeeeeeeea 34
2.2 RESUIS .ttt e e e e e e e e e e e e e e e e e e e 35

2.2.1Resting and activated Treg subsets with distinct homeostatic characteristics

.................................................................................................................... 35
2.2.2Foxol-dependent transcriptional program is repressed in alregs.....40
2.2.3Mice with constitutively active Foxol contain reducgtregs................ 46
2.2.4Enhanced Foxol activity in Tregs alters cell migration...................... 50
2.2.5aTregs are crucial for the suppression of CD&ell-mediated tissue

ESTIUCTION. ... et bbbt e e e e e e e e e e e e e s smmreeeeaeeas 55

Vii



2.2.6 Expression of Foxol1CA at a lower dose was sufficient to deplete-tumor

RS T oo =1 (=10 I =T 1 PRRRRR 63

2.2.7 Foxol is a major downstream effector of the PI3K/Akt pathway in control

Of Treg fUNCLION TrEOS.....cii ittt ee e eeee e e e e e e e 69
2.3 DISCUSSION ...ttt e e ettt et e eees s e e e et ettt et e e e e e e e e s ammmreeeeeaeaeeeeas 74
2.4 Experimental ProCeUIES.........cooiiiiiiiiiiiiiieee e eeeiiieieeveeeeseeseeneneeeeee e ]

CHAPTER 1lI

GABP-DEPENDENT REGULATION OF EFFECTOR T CELL RESPONSES

AND REGULATORY T CELL FUNCTION ..o 87

I [ 011 {0 o [ o 1 o o F PSPPSR 87
3.1.1Ets family of transcription factors..............oovvvviiiiicccrieeeeee e 87
3.1.2GA-binding protein (GABP)...........uuuuiiiei e aeeee 88
3. L.3 GABP IN T CeIIS...iiiiiiiieii et 90

L2 RESUILS. ..t e e e e 91
3.2.1Thymocye developmentin Tcel p e c i f i -defice@mrBide ........ 91
322GABPU is required for T..cel.l..a®tivat.

323GABPU regul ates cellul ar me.t.ald@l i sm a

324GABPU is indispensible f.ar.Trd homeo
GG B 1Yol 1S3 o] o PSP PPUPPPPRRRN 117
3. 4EXperimental ProOCEAUIES. .......uuuu it reee e e e e e e e eeeeaaeees 122



CONCLUDING

REFERENCES

REMARKS e



LIST OF FIGURES

Figure: 21 The T cell eceptor (TCR) signaling network...............cccccciimmenniiiinens 13
Figure 21 rTregs and aTregs reside in distinct anatomic locations....................... 37
Figure 22 Parabiotic analysis of Tregs from different organs................ccccceeeemnnnee 38

Figure 23 aTregs have a slow turnover, but are not locally maintained in nonlymphoid

DI S S U S ettt ettt ettt ee e e et e e e e et e e e m— et e e e et ———— e ——————— 39

Figure 24 aTreg differentiation is associated with downregulation of Faleyfendent

ENE EXPIESSIOMN . ..eteeeieiiiiiiieeee e e et eaat et e e e e e e e e e e e e e e s s e e nee e e s s s s s bbb bbb s e e e e s enanssbbrbeeeee e 42

Figure 25 Differential expression of Foxedirect taget genes in aTregs compared with

L =T PP PPPUPPPT 43
Figure 26 aTregs show reduced expression and cytoplasmic localization of Foxd4

Figure 27 Conversion of rTreg to aTreg is associated with-thikfgered suppression of

10 )0 PSP PP UPPRTRPPIN 45
Figure 28 Mice expressing theoastitutively nucleudocalized form of Foxol.......... 47

Figure 29 Thymic Treg differentiation is intact in mice expressing constitutively active

[ =0) (0 ) TR 48

Figure 210 Reduction of cD62f Tregs in mice containing the Foxol hyperactive

1181 = 1 | PR 49

Figure 211 CA-expressing Tregs show intact activation, proliferation and survival



Figure 212 Expression of constitutively active Foxol leads to a change of Treg

ErATT CKING. ..o 53

Figure 213 Foxol hyperactivation depletes aTregs and results in a reduged Tre

[S10] o8] F= Ui [0 o PP PP PP PP PPPPPUTPPPTPPPP 54
Figure 214 Foxol hyperactivation preferentially impairs aTregs in adult mice....57
Figure 215 Foxp3"Foxo1CA/FoxolCAnice succumb tawasting disease............ 58
Figure 216 Foxol hyperactivation does not affect Treg suppressive funetiotno....59

Figure 217 Modest increase of inflammatory cytokine production by Cidwl CDS T

cells iNFOXPS ™ FOXOLCA/FOXOLCANICE. ........cveveeeereeeeeeesteeeeeee e e st eennens 60

Figure 218 Heightened production of the cytolytic molecule granzyme B by’GD8

cells iNFOXPS ™ FOXOLCA/FOXOLCANICE. ........cveveeeeeeeeeeeeeteeeee et eennens 61

Figure2-19 CD8 T cell depletion rescues the lethal diseasedrp3™

FOXOLCA/FOXOLCANICE ...ttt e e ettt eeerse e e e e eeeeeeeeaeeeeeand 62
Figure 220 Tumorinfiltrating Tregs express lowest level of Fdxtargets................. 65

Figure 221 Tuned activation of Foxol in Tregs results in enhancedwambdr immunity

without INfliCtiNG AULOIMIMUINITY.......uuuiiiiiiiiiiiiii e 66
Figure 222 Foxp3™Foxo1CA/+mice show enhanced aittimor immune responsess7
Figure 223 Expressing Foxo1CA one allele confers pradecigainst tumor growth .68

Figure 224 Expression of a constitutively active form of PI3K in Tregs triggers overt T

(o] | =T 0T ] Y= 71

Xi



Figure 225 Tregs expressing hyperactive PI3K show similar phenotype as Foxol

(0o (oI T=T oL I =T TP PP PP PP PPPPPPRPP 12

Figure 226 Ectopic expression of nuclear Foxol rescues flmmatory disorder in

FOXPFPIBKCA/H IMICE ...o.vvveeceeee e eeee s et seranases et es s s s e sseanenseen 73
Figure 31 Thymocyte developmentin Tcalp e ¢ i f i -defic@r migel.......... 93

Figure 32Micewith Tcells peci fic di sruption of GABPU co

[S10] o8] F= Ui [0 £ K- OSSP PPTTPPPPPPPPPPPPPR 94

Figure 33 Antigen-experienced Tells are more severely impaired bythesss of GABPU

............................................................................................................................... 95
Figue34GABPU is dispensable four..T..cel.l96homeos
Figure 35GA B P U h a-nteinsiafunctier in promoting T cell proliferation.....99

Figure 36GABP U i s r e q ustimulatdd aétication and pralifgratian vitro

Figure 37 Defective antigess peci fi c T cell responsi®l in t hi

Figure 38Acelli nt ri nsic role forTeIsBRsponseéstn contr ol

MONOCYLOGEIBRINTECTION. ... ...ttt e e e e e e e 102
Figure 39 G A B Pdependent transcriptional program in T cells...........ccccveuven..ed 106
Figure 310GABPU regul at es D Nd&clerpegdssion.a.t..i..ol®7 and ¢
Figure 311GABPU mai nt ains cel.l.ul.ar..r.edoxlBhomeos:

Figure31 2 GABPU i s diTRperxadbles sficels..li.ln.1at ur e

Xii



Figure 313 Micewith Tcedls peci fi ¢ depl etion of..GABPU sh

Figure31 4 Depl etion of GABPU in Tregs results

Figure 316GABPU deficiency in Tregs | eads to in
production and augmented serum immunoglobulin levels...............cvvveeeenneeee. 115

Figure 317 Effectorphenot ype Tregs are preferentially

Xiii



CHAPTER |

INTRODUCTION AND OVERVIEW

1.1 T cell overview

The immune system has evolved to mount an effective defense against invading
pathogens and to minimize deleterious reactions attacking healthyisseds and
commensal microorganisms. T lymphocytes, a crucial component of the adaptive
immune system, orchestrate antiggecific immune responses and immunological
memory. T cells are composed of two distin
different types of TFcell receptor (TCR) chains and are committed early in T cell
devel opment. Later, Ub T <cells develd op in
CDS8' T cells, identified by their cell surface expression ofeceptors. Cytotoxic CO8
T cells arecrucial in mediating pathogen clearance during various bacterial and viral
infections. Full activation and differentiation of these cells requires the help of TD4
cells. CD4 T cells, or helper T cells, also provide help to B cells to produce antiodie
and regulate innate immune cells such as macroghbagmunity mediated by the CD4
and CD8 T cells includes a primary response by naive T cells, effector functions by

activated T cells, and persistence and reactivation of arsigecific memory T cedl.



1.2 T celtmediated immunity

1.2.1 T cell development

T cells are derived from multipotent lymphoid progenitors in the bone marrow
and differentiate into mature T cells through a series of lineage commitment steps
occurring in specific locations of the thyms, 2. The major stagesf thymocyte
development can be delineated by the expression -oécaptors, CD4, CD8, which
define the CDZADS8 (doublenegative, DN), CDZACD8" (doublepositive, DP),
CD4'CDS8 or CD4CDS8" single-positive (SP) subsets. During their early development
stages, DN thymocytes can be further subdivided into four stages of differentiation

(DN1-DN4), which are identified by their surface expression of CD44 and GBR25

Early committed T cells (DN1) | ack express
d and b TCR 1l oci Ssimultaneously as they pr
compl ete ol TCR i s f o r-ohain gereeréaocangement, theu c c e

thymocyte matures i nt o -BCRpwhichTs conpdséd.of al f a
r ear r ahmamand thénoerearrangingprd U chain, is formed be
TCR, the signal throughthe pBCR commi ts the cell to the L
TCR expression leads to substantial cell proliferation during the DN4 to DP transition
and replacement of the pfeCR-c Bbai n wi t h a newdhain, whelar r ang
yieldsa compl e3 Ub TCR

The UB DPTtg/Rocytes then interact with thymic ¢oal epithelial cells

(CTECs) and the bone marrederived antigen presenting cells such as dendritic cells



(DCs) that express a high density of major histocompatibility complex (MHC) class | and
class 1l molecules associated with gmtfptides. The diverge rearranged TCRs
recognize selpeptide MHC (seHoMHC) ligands at various intensities and durations,
and the signaling mediated by this TSBIFpMHC interaction dictates the fate of the DP
thymocytes. Too little signaling results in delayed apoptakgath by neglect), while too
much signaling can promote elimination of the thymocyte by negative selection. The
appropriate, intermediate level of TCR signaling initiates effective maturation into SP
thymocytes, a process known as positive sele¢tprSP cells migrate from the cortex to

the medulla, where they continue to sample antigen presented by DCs and medullary
TECs (MTECSs). Thymocytes that express TCRs that bineoB#HC-classl complexes
become CD8T cells, whereas those with TCRs that contactsIHC-classll ligands
develop into CD4T cells(5). Among the CD4 SP cells, one subset that receives strong
TCR signal differentiates to thymic regulatory T cells (tTregs), which is marked by the
expression of forkhead family of transcription fadtmxp3(6). The CD4 and CD8 SP

cells are then ready to emigrate from the thymus.

1.2.2 Naive T cell homeostasis

Once T ceb have completed their development in the thymus, they enter the
bloodstream and continually recirculate through secondary lymphoid organs, the lymph
and the blood7). Mature recirculating T cells that have not yet encountered their cognate
antigens are known as naive T cells. They are characterized byprvession of CD44

(CD44° and high expression of the lymph neugming receptors dselectin (CD62L)



and CGchemokine receptor 7 (CCR7) (CDBALCR7"). Naive T cells are relatively
long-lived and can remain in interphase for several wégks).

The numbers of naive T cells in the periphery nenfairly stable in young adult
animals, despite continuous output from the thymus, suggesting balanced loss and
replacement. In addition to the stable size of the entire pool, naive T cell homeostasis
requires the maintenance of diversity and functiomahmetence. A large number of
unique antigen receptors are needed in a limited physical space in order to recognize a
multitude of potential foreign antige(8). Maintenance of both the naive T cell number
and the diverse TCR repertoire relies on signals from -$€lRoMHC interaction and
members of t he c o fawily of gyookmes inctuding interleykio 7
(IL-7) and to a lesser degree-1b6 (10-12). IL-7 and related cytokines promote survival
of naive T cells by preventing the mitochondrial pathwagmdptosis, primarily through
increasing expression of the aapoptotic factor BeR (13, 14.

Naive T cells undergo spontaneous homeostatic proliferation in response to severe
depletion of T cells or upon transfer into lymphopenic emnment. This homeostatic
proliferation is dependent on the T&RIFpMHC interaction and/or H7, the same
factors required for survival of naive T cells, but have increased availability under
lymphopenic conditiong15). Ot her ccytokimaosuch as HL5 and IL2 can

also provoke proliferation of naive T ce(lk5).



1.2.3 T cell activation and differentiation

Upon encountering of foreign antigens presented by anpgesenting dés
(APCs), naive T cells become activated and differentiate into effector T cells. This
process is accompanied by robust proliferation, transcriptional, epigenetic and metabolic
reprogramming, and the acquisition of cardinal features of effector T aedlls &s
effector function and altered migratory pattern.

Naive T cells are small resting cells with condensed chromatin. Antigen sensing,
together with costimulation and cytokine signaling trigger the quiescent T cell to rapidly
proliferate and differentta into effector T cells(17). Their proliferation and
differentiation are driven by the cytokine-B, which is produced by the activated T cells
themselves(18). Initiation and progression of cell cycle is tightly controlled by the
ordered expression and degradation of cyclins, cyfgimendent kinase (CDKs) and their
negative regulators, the CDK inhibitors. Exe#alar cues are first integrated through the
D-type cyclins and their catalytic partners, CDK4 and CDK6. Thiyd® cyclins are
ratelimiting factors cell cycle progression from the G1 to the S phase. The induction of
cyclin E occurs at the late G1 restion point, and cyclin A is expressed at S phase entry.
CDK inhibitors, such as p57 and p2fP*, negatively modulate the kinase activities of
CDKs. CyclinCDK complexes phosphorylate the retinoblastoma tumor suppressor (Rb),
releasing the E2F transption factor from Rbmediated inhibitionwhich is required for
the transcription of S phase geli&9).

T cell activation is also accompanied with dramatic metabolic chai2geJ.

Naive T cellsexhibit basal levels of nutrient uptake and primarily use mitochondrial



oxidative phosphorylation (OXPHOS) and fatty acid oxidation (FAO) to generate energy
in the form of ATP(17, 22. Antigen stimulation leads to irgased uptake of nutrients

and a metabolic switch to a program of anabolic growth and biomass accumulation.
Notably, activated T cells show enhanced facilitated glucose transport and a marked
increase in aerobic glycolysis, a process in which glucosenigedmd into lactate even
though sufficient oxygen is present to support glucose catabolism via the tricarboxylic
acid (TCA) cycle and OXPHO®20, 23. Although less efficient in producing T4,
aerobic glycolysis is thought to provide activated T cells with intermediate substrates to
fuel de novonucleotide synthesis and fatty acid synthesis (FAS), and to serve as a way to
maintain the redox balance (NAMADH) in the cell (22, 24. In addition, T cell
activation results in increased facilitated amino acid transport and augmented
glutaminolysis to support the need of biosynthetic precursors required for rapid cell
growth (23). Moreover, Tregs exhibit distinct metabolic profiles from conventional
effector T cellsi they depend more on the oxidation of lipids rather than strongly
ergaging glycolysig25).

Activated T cells differentiate into diverse effector subsets, which is optimally
tailored to provide an appropriate response to the broad array of infectious agents that the
host encounters. Depending on the paldiceytokine milieu, naive CD4T cells can
differentiate into T helper 1 (Thl), Th2, Thl7, T follicular helper (Tfh) and peripherally
derived Tregs (pTregqR6, 27). These subsets require the transcription factebetT
GATA-binding protein 3 (GATA3), retinoic acid recept@lated orphan receptort
( RORot) , B c el |-6) any fogkhead roax P& (FXB3J, leespectively, for

their development(27). They also play distinct roles in the regulation of immune



responses: Thl cells preferentially produce the cytokinedEN and ar e i mpor
eradicating intracellular pathogens. Th2 cells produce large quantities4oflllL5 and
IL-13, and are crual in the regulation of humoral immune responses to extracellular
pathogens, such as helminth worms. Th17 cells are known for their secretioilf IL
and they are important in the elimination of extracellular bacteria and fungi. Tth locate in
the germinhcenter, and are specialized providers of B cell help in the lymphoid follicles.
pTregs, together withlregs restrain effector T cell responses and keep autoimmunity in
check (27). CD8 T cells have a less versatile repae of effector functions. They
differentiate into cytotoxic effector T cells that recognize and kill cells infected by
intercellular patogens like virus and bacteria. CDB cells accomplish killing through
molecules including the granzymes and perforand Fasmediated cell death
mechanismsEffector CD8 T cells secrete inflammatory cytokines such as-tFN a n d
tumor necrosis factor TN&s well(28, 29.

T cell activation also leads to altered migrationaive T cells recirculatthrough
secondary lymphoid organs, whereas activated T cells disseminate broadly to sites of
infection to exert effector functiond). Cell surface proteins including CD62L, CCR7
and lymphocyte functiclassociated antigen 1 (LFA1) mediate the entry of naive T cells
into secondary lymph organs. These molesuare downregulated upon antigen
stimulation (30, 3). In addition, specific homing molecules are induced in effector T
cells to dictate their tissegelective homing, for instance, CCR9 and intéeggn U4 b7 ar
preferentially upregulated in T cells migrating to the gut, and CCR10 is induced to guide

T cells to the skir§32, 33.



1.2.4 Memory T cells

Following the peak of effector expansion, the resolution of inflammation and
pathogen eradication, the majority of effector T cells die, leaving behind a heterogeneous
pool of menory T cells(34, 35. On the basis of their function, proliferative capacity,
anatomical location and migration pattern, memory T cells can be divided into discrete
subsets, including two circulating populationseffector memory T (#v) cells and
central memory T (dm) cellsi as well as notirculating tissuagesident memory T cells
(36). Tcwm cellsexpress high levels of lymph node homing molecules, CCR7 and CD62L,
and home to secondary lymphoid organs and bone marigwcellslack the expression
of these lymph homing molecules, and are most commonly found idyngahoid
tissues(37, 39. Functionally, Ewu cells can proliferate extensively and produce2lL
whereas Ev cellspossess heightened effector functions such as cytolytic activity among
CD8" T cells, and they ar commonly the immediate responders. Bo#y and Tewm
populations continuously circulate through blood vessels, and they might interconvert as
they pass through lymphoid and rlgmphoid tissue$37).

Memory T cells downregulate much of the activation program of effector T cells,
yet they maintain the ability to rapidly reactivate effector functions upon restimulation.
They primarily rely on fatty acid metabolism, and are maintained in an antigen
independent, cytokinedependent manner mainly throughland IL-15, which promote

the cell survival and selenewal proliferatiorg8).



1.3 Molecular insights into T cell signaling

Immunological inputs in form of antigen recognition (signal 1)}stmulatory
ligand engagement (signal 2) and cytokine stimulation (signal 3) guide the outcomes of T
cell development, homeostasis, activation and differentiagf@® The responses are
highly coordinated and contegependent. A number of evolutionarily conserved
signaling modules have been rewired by T lymphocytes to interpret these environmental

cues and to orchestrate the wide array of responses.

1.3.1 T cell eceptor (TCR) signaling

The signaling network downstream GICR signaling has a central role in
adaptive immune respong€&ig. 1-1). The extracellular portion of TCR recognizes
cognate pMHC, which is facilitated by the binding of coreceptors, CD4 and TLS.

PMHC interaction induces conformational changes of associated CD3 chains and
phosphorylation of the immunoreceptor tyrosbesed activation motifs (ITAMs) of
CD3-, & 2, U a-whadinsgwhich is mediated by the Src kinases leukesyyeeific
tyrosine kinase (Lck)(14). A significant proportion of Lck in the cell constitutively
associateswih t he intracellul ar domain of CD4,
recruitment to the TCRED3 complexes. Phosphorylated CD3 ITAMs recruit the Syk
family kinase Zeta activated protein 70 kDa (Zap70) viat®mology2 (SH2)}domain

interactiong40).

t



Upon locaization to the TCR complex, Zap70 propagates TCR signaling by
phosphorylating multiple downstream targets, among which dedhe activation of T
cells (Lat), a membranassociated scaffolding protefhl). Phosphorylated Lat recruits a
second molecular scaffold, SH#omainrcontaining leukocyte protein of 76 kDa (Slp76),
via the protein Grb2elated adapter proteins (Gad@)2). SIp76 is subsequently
phosphorylated by Zap70, and the resulting LBIp76 complex serves as a platform for
the recruitment of downstream effector molecules twhér amplify the TCRnduced
signaling, among which includehospholipase @ ( PLC2) and the Tec
interleukin2-inducible T-cell kinase (ITK)(42).

PLCo transduces TCR signal s by -hydrol
bisphosphate (PHp to yield diacylglycerol (DAG), a membra@ssociatedipid, and
inositol (1,4,5)trisphophate (If), a diffusible second messenger. DAG recruits a number
of downstream proteins to the plasma membrane, among them protein kinase C (PKC)
and RAS guanyl nucleotideleasing protein (RasGRR33). PKC activates a protein
complex comprising the adaptors caspase recruitment domain containing membrane
associated guanylate kinase protein 1 (CARMAL), Bcll0 and miasssmiated
lymphoid tissue lymphoma translocation gene 1 (MALT1), and modulatesidclear
factor of kappa light chain enhancer in B cells {dilB-dependent signaling pathwéd4,
45). Under reshg conditions, NFe B i s sequestered in the cyt
(1 8aB). Phosphoryl ati on oK) compleB leddy to tthie e | o
ubiquity ati on and degradat-aBntof titaBs!| ocaddtoewi |
Activation of the CARMA1/EBI10/MALT1 complex by PKC stimulates IKK, which then

phosphoryl ates | aB anadBdependenttransriptiqe).act i vat i

1C



RasGRP is a guanine nucleotelechange factor (GEF) for the small GTPase Ras,
which crucial in transmitting signals from csllirface receptor tyrosine kinases (RTKs)
to activate downstream signaling cascades. In its active-l8®0URd confirmation, Ras
has high affinity for numerous downstream effectors of RTK signal transduction
pathways, including Raf, thereby activating a mitogetivated protein kinase (MAPK)
signalng cascades. Raf is a MAPK kinase kinase (MAPKKK) that phogfates and
activates MAPK kimase (MAPKKSs), which in turn phosphorylate and activate the effector
MAPK, extracellular signategulated kinase (ERK}3). ERK phosphorylatethe ETS
family transcription factors to induce the expression of immediate early genes such as ¢
Fos, a component of the APtranscription complegd?).

The IR generated by TCRt i mul ated PLCO activity st
Cd*-permeable ion channel receptors sRP on the endoplasmic reticulum (ER)
membrane, leading to the release of ER"€®res into the cytoplas(48). Depletion of
ER C&" triggers the aggregation of Easensors stromal interaction molecules (STIMs)
in regions of close ERlasmamembrane appositiofd9, 50. These STIM clusters
induce the opening of Orail channels in the cell membrane, leading to ea dach
sustained influx of extracellular €ainto the cytoplasm(51). The activity of nuclear
factor of activated T cells (NFAT) is regulated by the concéntraf intracellular C&

(52). When C4&' levels are low, phosphorylation by the kinase glycogen synthase kinase
3 (GSK3) promotes nuclear export of NFAT. Increases in cytoplasaficl€ad to the
dephosphorylation and nuclear import of NFAT, which is mediated by the binding of
Cd* to calmodulin and subsequent activation of the phosphatase calcineurin (CN) that

dephosphorylates NFAB3).
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In addition to thehydrolysis mediated by PLC, PIRcan be modified by
phosphatidylinositol &inase (PI3K). Several TCR signaling effectors, including Ras,
activate PI3K, which then phosphorylates Pi® generate phosphatidylinositol (3,4,5)
trisphosphate (PHp. Localizel PIR; generation serves as a docking site for the PH
domains of phosphoinositidelependent protein kinase 1 (PDK1) and its target(Bdx
Phosphorylation of Akt by PDK1 and the mechanistic tagjetapamycin complex 2
(mMTORC?2) leads to its activation, allowing it to phosphorylate multiple downstream
proteins including the Foxo family of transcription factors and the tuberous sclerosis
complex (TSC)(55). Phosphorylation of Foxo proteins by Akt induces their nuclear
export and transcriptional inactivati¢h6). Phosphorylation of TSC by Akt represses its
function as a GTPaszctivating protein (GAP) towards the small GTPase Rheb, which
activates the mTORC1 kinase that is important in the regulation of cellular growth and
metabolic responsg®7). Activation of Akt also enhances the nuclear translocation of
NFFeB by facilitating the assembl yb8olh t he
addition, Akt affects optimal transcription of NFA/Bgulated genes by inactivating
GSK-3, the kinase that triggers nuclear export of NKB3).

Besides the downstam proteins that amplify the TARduced signaling, several
pat hways are involved in the dowmeadatgdul at i o
signaling is attenuated by diacyglycerol kinases (DGKSs), which phosphorylate DAG to
yield phosphatidic acid?A) (59). PI3K signaling is regulatelly the opposing activity of

the phosphate and tensin homoloByef), which converts PiRo PIR (55).
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Figure 1-1: The T cell receptor (TCR) signaling network. Abbreviations: TCR, T cell receptor; MHC, major histocompatibility
complex; ITAM, immunoreceptor tyrosideased activation motif; Zap70, Zedasociated protein 70 kDa; Slp76, Sét#main
containing leukocyte protein of 76 kDa; GAD, Grielated adapter prt e i n ,, phoBphdipmase G |tk, interleukin2-inducible T

cell kinase; PIP2, phosphatidylinositol (4{&sphosphate; DAG, diacylglycerol; IP3, inositol (1,4y#)hosphate; C4, calcium;

STIM, stromal interaction molecule; CN, calcineurin; PKC,t@i kinase C; RasGRP, RAS guanyl nuclectieleasing protein;
CARMAL1, caspase recruiting domatontaining membranassociated guanylate kinase protein 1; Bcll@eB lymphoma 10;
MALT1, mucosaassociated lymphoid tissue lymphoma translocation geit€Kl;laB kinase; PI3K, phosphatidylinositotnase;

PIP3, PtdIns(3,4,5° mTORC1/2, the mechanistic target of repamycin complex 1/2; TSC, tuberous sclerosis complex; Foxo,
Forkhead family O; GAP, GTPasetivating protein; PA, phosphatidicid; DGK, dacylglycerol kinase.
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1.3.2 Cestimulation

Signaling solely through the TCR results in a nonresponsive state (anergy) in
which T cells are refractory to restimulation. Optimal T cell stimulation that leads to
productive T cell activation and proliferation requires a second signal delivered by the
colligation of other cell surface receptors. Although many cell surface receptors can
provide costimulatory signal, CD28, upon binding to-Band B72 (also known as
CD80 and CD86) expressed by APCs, transmits the most robust signal. bigalintt
of CD28 induces phosphorylation of its cytoplasmic tail, which recruits several
downstream proteins, including PI3K and IT({&0). Since these molecules are also
recruited to the activated TCR compl ex,
enhance T cell signaling in a quantitatmannemrather than a qualitative manner.

In addition to CD28, a number of other transmembrane protichk, asnducible
costimulator (ICOS), 4BB and OX40, have been described as having costimulatory
functions(61). ICOS belongs to the CD28 superfamily of costimulatory molecules, and it
binds to the B/H2 ligand(62). Unlike CD28, which is constitutively expressed on naive
and activated T cells, expression of ICOS is induced on activated T cells. Ligand
engagement of ICOS also leads to phosphorylation of its cytoplasmic tail and stimulation
of the PI3K signaling. 4BB and OX40 are members of the TNF receptor superfamily,
and they transmit costimulatory signal in a distinct pattern from CD28 and ICOS.
Colligation of 41BB and OX40 with their ligands-#BBL and OX40L, respectively,
link downsteam signaling through the TNF&&ssociated factor (TRAF) family of adapter

proteins(63).

14



Besides the receptors that deliver positive signals, a group -ofhitmtory
receptors function to limit the expansion and activation of -i@igered cells. Cytaixic
T-lymphocyte antigen 4 (CTLA4) and programmed delaiiPD1) represent two well
studied ceinhibitory receptorg64, 65. CTLA4 is closely related to CD28, but it binds to
B7-1 and B72 with significantly higher affinity(66). It is sequestered in intracellular
compartment in resting T cells, and traffics to the cell surface following TCR stimulation.
One mechanismof CTLA4 exerting its inhibitory function is through coetmg with
CD28 for binding to the B7 ligands. Additionally, ligand binding of CTLA4 leads to
phosphorylation of its cytoplasmic tail, which recruits phosphatasesh asSH2-
domaircontaining tyrosine phosphate 2 (SHP2) and serine/threonine proteirhptassp
2A (PP2A) to dephosphorylate membrapsoximal effectors.Binding of PD1 toits

ligand (POL-L) recruitsSHP2 and PP2A in a similar manner as CTL(A4).

1.3.3 Cytokine signaling

Along with antigen recognition and costimulation, a third signal that is mediated
by cytokinesplayscrucialrolesin T cell development, differentiation arfdnction. For
instance, CD8T cells that do not receive a third g n a | from i npammat or
predominantly Ik12 and type | interferons (1 FNU/ D)
and become unresponsiy@’). Additionally, the particular cytokine milieu experienced
by antigeractivated CD24 T cells instructs the differentiation into distinct effector

lineages.
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Cytokines can be grouped into families based on their structures and downstream
signaling modules. One large class of cytokines, including interleukins, interferons
(IFNs), and hemotopoietins, employ the Janus kinase (Hdfal transducers and
activators of transcription (STAT) pathwdg8, 69. The receptors of these cytokines
lack intrinsic kinase activity and are associated with JAK family of tyrosine kinase.
Ligand binding to cytokine receptors and subsequent receptor dimerization lead to
activation of associated JAKs. There are four Jpddteins, JAK1, JAK2, JAK3 and
Tyk2, which selectively bind different receptor chains. The activated JAKs then
phosphorylate the receptor cytoplasmic domains, creating docking sites fer Sh2
containing signaling proteins, most representatively, the STATATS are a family of
transcription factors composed of seven members (STATa, 5b and 6), and they
dimerize upon activation by JAKs. The STAITAT dimer translocate to the nucleus,
where it can directly bind DNA and regulate gene expression. One slybfam
cytokines that stimulates the JAKTAT pathway include 12, IL-4, IL-7, IL-9, and Il-

15, and they interact with a shagCBI&8)r ecep!
(70. J AK 3 ¢, bnd 3AKE interact with the ligand specific subunit that is associated

wit hc. Al interferonssignal through the JAK/STAT pathway, and different JAK and

STAT members mediate distinct downstream responses. Type | IFNs, includifg) IFN b

activate TYK2 and JAK1, resulting in STATZ heterodimerization, whereas type Il IFN

(IFN-2 ) activates JAK1 and JAK2 t(@1). theduce
JAK/STAT pathway is negatively regulated by a family of JAK kinagehitor proteins

referred to as suppressors of cytokine signaling (SOCS). SOCS members inhibit
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JAK/STAT signaling via binding to phosphorylated JAK to suppress its kinase activity or
interacting with cytokine receptors to block STAT recruitm@a).

Tumor necrosis factors (TNFs), suchas TMF and | ymphot oxi n (L
another important class of pnaflammatory cytokineg73). TNF is primarily produced
as a trimeric type Il transmembrane protein, and the soluble TNF is released via
proteolytic cleavage. Both TNF and LT bind to two receptors: TNF receptor 1 (TNFR1)
and TNFR2, which differ in their structure and expression petterhe intracellular
domains of the two receptors are devoid of intrinsic enzyme activity, and they transduce
signaling by recruiting distinct signaling modules. TNFR1 contains a cytoplasmic death
domain (DD), which recruits the adaptor molecule TNFf&bociated death domain
protein (TRADD). TNFR2 lacks the cytoplasmic DD sequence and binds TINFR
associated factor 1 (TRAF1) and TRAF2. Both TNFRRADD and TNFR2
TRAF1/TRAF2 signaling lead to activation of NFB pat hway, t hrough t
of receptosinteracting serine threonisgotein kinase 1 (RIPK1), and transforming
gr owt h f a-b{adivatedbkingdsd 1GaRd MAP3K¥nding protein 2 (TAB2) and
TAB3 and TGFb-activated kinase 1 (TAK1). The activated TAK1 also stimulate the
JNK and p38 signalingr4).

TGFb bel ongs to a family of regul atory ¢
(75). Three members of TGB pr ot e-b #B)shavé be@Fidentified in mammals,
and TGFb1 i s the predominant form exbpriessed
synthesized in an inactive form composed of a GF di mmer i n associ at
latercy-associated protein (LAP), which is subsequently degraded by ébTGR ct i vat or

(76). Active TGFb i ni ti ates signaling by bin&ing to
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Il receptors (TGFb R | an@RITIGF t hat contain serinel/thr
allows TGFb R 1 | to phosphory-bRte whidchctheat er d
signal through phosphorylation of the Smad proteins, such as Smad2 and Smad3.
Phosphoylated Smad2/3 interact with the -&mad, Smad4, and translocate into the
nucleus. In conjunction with other nuclear cofactors, the active Smad complex binds to

DNA and regulate the transcription of target ge(®8. In addtion, TGFb act i vat es
number of Smadhdependent signaling pgatays, such as MAPK and PI3K/Akt

signaling.

1.4 T lymphocytes in health and disease

1.4.1 T cell tolerancendersteadystate conditions

As a key component of the adaptive immune system, T lymphocytes are capable
of recognizing enormously diverse antigens, mounting vigorous effector responses, and
developing longasting immunological memory. Due to this high potency, they can
cause severdamage to the host if inappropriately directed. Therefore, a major challenge
for the immune systemndersteadystate conditions is ¢hmaintenance of setblerance

Multiple mechanisms are involved in the immune-seliérance. Central tolerance
refersto the deletion of autoreactive T cells during development in the thyi@8)s
Single positive thymocytes binding with overly high avidity to gedptide MHC
complex undergo apoptosis in the thymic medulla, a processdalonal deletior(79).

This process relies in part on ectopic expression and presentation of proteins usually
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restricted to peripheral tissues, by medullary thymic epithelial cells (mTEC).
Promiscuous expression of tiss@stricted antigens (TRAs) by mTEC is r&gad by a
transcription factor called the autoimmune regulator (AIRE), mutation of which causes
autoimmune polyendocrinopathy, candidiasis, and ectodermal dysplasia (APESIED)

81). In addition to clonal deletion, clonal diveysialso occurs in the thymiissome seHl

reactive clones differentiate into Tre@§, 82, 83. Finally, a group of thymocytes
expressing high affinity TCR for seffeptide MHC complexes can avoid the deletion or

di version fate via secondar,apragessiigknaweasr r an g
receptor editingtherely changing the TCR specifici{34).

Despite extensive pruning of seHactive cells in the thymus, potentially self
destructive T cells escape into the periphery, necessitating addjieniatheralolerance
mechanisms. Seheactive T cells can be rendered anergic upon exposure to cegifate
antigen in the peripherg85). Alternatively, their activation threshold may be raised by
the expression of inhibitg receptors or negative signaling molecu|8s). In addition,
deletion of selreactive T lymphocytes through apoptotelladeath also occurs in the
peripherala process thas termed peripheral deletig6l). Mutation in FAS, a member
of the TNF receptor family that is crucitdr both the central and peripheral deletion,
causes autoimmune lymphoproliferative syndr¢86.

In addition to these celhtrinsic or recessive mechanisms, @gltrinsic or
dominant mechanisms, by which suppressiopytations acting intrans to restrain
aberrant or overeactive lymphocytes, play pivotal rele the maintenance of peripheral
tolerance. A most extensively studied suppressive population is Tregs. Mutations of the

Foxp3gene, which encodes the lineagpecifying transcription factor dfregs, result in
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a lethal lymphoroliferative disorder in Scurfy mice, and are associated with
immunedysregulation, polyendocrinopathy, enteropathy atidkéd syndrome (IPEX)

in human patient€87-89). Tregs depend on {R signaling for development and function.
IPEX-like syndrome is also manifested in animals possessing defects2irsinaling

such as mutations inthe-2 r ecept or U chain (CD25) or

mediator STAT5K90, 91.

1.4.2 T cell responses to infection

The goal of immune responses in infectious diseases is to eliminate pathogens
through inflammatory reactions without collateral damage. T cedlsnat only the key
mediators of adaptive immune reactions, but they also orchestrate the delicate balance
between nonproductive and exaggerated responses. Depending on the particular
pathogenic insults, naive CDZ cells can differentiate into Th1l, Thad Th17 cells,
which are important for eradicating intracellular pathogens, helmith, and extracellular
bacteria/fungi, respectively. Tfh and Treg cells are two other'QDeell subsets that can
provide help to B cells or limit immune reactions, respebtiveD8’ T cells differentiate
into cytotoxic lymphocyteshat participate in defense against intracellular viral, bacterial
and protozoal infections.

The differentiation fate of effector CDA cells involves integration of antigen,
costimulatory, and cgkine signals that influence the expression of linegggific
transcription factor$26, 27. During Thl polarization, 112 producedy dendritic cells

and macrophages binds to-12 receptor, a heterodimer of-L2 Rb1 -4Aa8BbHb2 L on
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the cell surface of naive CD4T cells, and stimulates IRl pr oducti on vi
activation.IFNo produced by devel opi n @utoErmdroutee !l | s

bindstolFNo r ec e potRo)r, (ellFENci t s downstreambeSTATI1

expression(92). T-bet is a lineage specific transcription factor of Thl prognafrich

a

f

functionsto enhance IRl pr oducti ol 2&RHDR iexpu-eesEil hucdd

by Thl cells then activates macrophages that are infected by or have ingested pathogens

to eliminate the intracellular pathogé®?). Thl cells are of particular importance in the

defense against intracellular bacteria, most notably, mycobacterial species, as deficiencies

in humanlFNGR1, IFNGR2, STATL, IL12RB4AndIL12B genes causes susceptiilio
those infection§93).

IL-4 is a crucial cytokine for Th2 lineage commitment. Parasite infettiggers
the production of IE4 in cells such as eosinophils and basophils. Binding @f tb the
IL-4 receptor on naive CDAT cells activates STAT6, which upregulates the expression
of the master regulator GATA3. GATAS3 induces its own expression, reinfp Th2
differentiation. GATA3 also induces the expression of type 2 cytokined, IL-5 and
IL-13 that required for the switching of B cells to produce the IgE class of antibody and
recruitment of eosinophils. Besides GATA3,-2kmediated activation foSTAT5 is
indispensible for the production of Th2 cytokines as \{@l, 95. Mutations of GATAS3
have been detected in human populations, and in the hegetsform they account for
the hyoparathyroidism, deafness, and renal dysplasia (HDR) synd(88)e Mice
lackingIl-4 r ecept ordRW) ¢ haSiTPATG! lor GAT Aokiises h o w

antihelminth immunity(97, 9§.
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IL6, IL21, IL23 and TGFb ar e t he maj or signaling cy
celdi fferentiation, and ROR2t is the master
divided into threestages differentiation, amplification and stabilization. T&F i n t he
presence of 6 initiates the differentiation of Th17 lineage, inducing the expression of
ROROt , p r o 2l as well@aupregulatibnlof-23 receptor (IE23R) (99). IL-

21 produced by developing Th17 cells then mediates the faoaptin step, and H23

expands and stabilizes the Th17 lineage. STAT3, activated downstrean6ofLH21

and IL-23, is crucial in the Th17 differentiation procgd90, 10). Th17 cells help

protect against extracellulapacteria and fungi through stimulating the neutrophil
response that helps tolear such pathogens. Mutations in-1l2 Rb 1, t he S i
transduction chain of both L2 and IL:23 receptors, in humans lead to impaired
immunity to mycobacteria and Candidi&02). Similarly, mutations in STAT3, or RORC,

the human version of mouse ROR2, trigger |
such asStaphylococcus aureuwsd Candida albicang102, 103) Besidesthe protedve

responses in infection, Th1l7 cells have been implicated in many autoimmune diseases,
including psoriasis, rheu®&i0®.i d art hritis

CD4" Tfh cells are recently recognized as a distinct T celissti They are
identified mainly by their location in the B cell follicles, and by the expression of surface
markers including chemokine {€-C motif) receptor 5 (CXCR5) and ICOS. Bgl a
transcription factor that is induced by antigen stimulation andSIG@naling, plays a
crucial role in Tth differentiation. Tfh cells express CD40 ligand, and produd knd
IL-4 (107). They drive B cell proliferationantibody affinity maturation, isotype class

switching, and the formation of memory B cells and plasma cells. Increased populations
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of virus-specific Tth cells are observed during chronic lymphocytic choriomeningitis
virus (LCMV) infection of mice, as well as human immunodeficiency virus (HIV),
hepatitis B and hepatitis C virus infections of humans, yet they exhibit impaired activity
partly due to PEL ligation (108). Additionally, aberrant expansion of circulating Tfh

cells has been reported to correlate with numerous autoimmune diseases in humans,
including rheumatoid arthritis and systemic lupus erytresus(109).

Cytotoxic CD8 T cells are important in the defense against intraeellu
pathogens, including virus, bacteria and protozoa. They recognize pattegerd
peptides complexed with MHC class | molecules on the surface of infected cells, and
trigger apoptosis of the target cells. The principle mechanism of CTL Kkilling is the
release of cytotoxic granules, which includes granzymes that induces apoptosis of target
cells, and perforin that delivers granzymes into the ¢28s CDS8' T cells also perform
killing via FasFas liganedependent cell death. Additionally, they secrete cytokines such
as TNFU ando,l FWhi ch pl ay i mportant rol es I n
memory CD8 T cells can be established after the eradicatiopathogen, conferring
protection against subsequent reinfect{@8). Mutations in genes coding for proteins
that transport MHC | to the cell surface, for example TAP1 and TAP2, impaif TD8
cdl development and functioil10. Increased susceptibility to a broad spectrum of
infections has been observed in patients harboring these mutations, underlying the crucial
function for CD8 T cells in ost defens¢110).

In addition to the effector CD4and CD8 T cell populations that carry out host
defense against invading pathogens, Tregs also participate in the responses to infection.

They play badt negative and positive rolésexcessive Treg activity restrains effector T
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cell responses and impairs clearance of harmful pathogens, yet adequate Treg activity is
required to limit the immunopathologil1l). The deleterious role of Tregs has been
implicated by the association of elevated Treg numbeh \Wigher viral burden in
patients infected with hepatitis C virgsl2). On the other hand, Tregs exert protective
function by regulating the quality and quantity of effector response. For instance, in a
murine infection model of herpes simplex vi2IgHSV-2), depletion of Tregs triggers
uncontrolled T cell activation thatrgvents effector T cell migration to the site of
infection(112). FurthermoreTregs increase the avidity of primary CD8cell responses

by destabilizing lowaffinity T cell-DC interactions in mice followingListeria
monogtogenesinfection (113. Tregs also promote memory responses in a murine
Leishmaniainfection modelthrough blocking the sterile eradication of the pathogen,
thereby providing longerm persistence of the antigen that is needed for the maintenance

of memory respons€414).

1.4.3 T lymphocytes in cancer

The idea that immune system has negative effects in tumor development may
trace back to the 19008yt it has been under debate ever since. Extensive work over the
past two decades has ended the argument, and demonstrated the duaitéctsie and
tumorpromoting roles of immunity{115. The immune system can not only suppress
tumor growth byrecognizing and destroying cancer cells (cancer immunosurveillance),
but also facilitate tumor progression either by selecting for tumor cells that are more fit to

survive in an immunocompetent host (possibly through shaping the immunogewicity)
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by esablishing conditions within the tumor microenvironment thet beneficial for
tumor growth(116). T lymphocytes have central functions in the many facets of immune
tumor interactions.

The hostprotective role of T cells is supported by the observations that mice
lacking T @lls, such agcrb’” Terd” and Nude strains, develop more carcineietuced
tumors and spont@ous cancer thamild-type mice(117, 118. CD8 T cells are at the
core of adapte response. They recognize and destroy the tumor cells expressing
peptdeMHC c¢cl ass | compl e x ®G caotake tiphaed cropsesdnta ¢ e .
tumor antigens to T cells, a process that is promoted by type | (EMgs. Activated
effector CDS T cells rdease IFNo  t ha't c a ntumoreeffdacta byeinhilaitimg |
tumor cell proliferation and angiogenesis, or by activating macroph&y&9.
Additionally, CD8 T cells can induce tumor cell apoptosis by interacting with Fas and
TRAIL receptors on tumor cellgr throughsecreting perforin and granzymes. Depleting
effector molecules including IFN , perforin, Fas Ligand,
increased susceptibility to carcinogeluced or spontaneous tumd@i0-122). On the
other hand, entribution of CD4 T helper cells to host protection against tumors has
been typically attributed to Thl celiwhereaghe functions of Th2, Th17 and Tfh cells
remain elusivé€123).

Conversely, T cells can promote tumor evasion. Qmmechanism is through
immunoediting that selects outgrowth of tumor cells that lack strong rejectionrentige
(124). Another mechanisns mediated by Tresy which dampen effector responses and
prevent immunenediated rejection of cancét25). In murine tumor models, transient

ablation of Tregs restd in activation of CD4or CDS§' effector T cells and rejection of
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solid tumors(126). In human patients, low Treg to Teff ratios are asgedi with better
prognosis in multiple cancers including ovarian cancer, breast cancer, renal cell
carcinoma, and colorectal carcinofi27, 12§.

Growing knowledge on the interplay between T cells and tumor cells has attracted
enormous interest to Tell-based cancer therapies. One early approach focuses on
developing therapeutic vaccines to expand T cells against shared antigens expressed on
tumors(129). Nevertheless, such trials elicited minimal clinical benefits, which might be
caused by celéxtrinsic suppressive mechanisms in the tummreenvironment such as
Tregs. Another contributing factor to the failure of cancer vaccines is cell intrinlke
anergic or irresponsive status of tunndfiltrating lymphocytes triggered by activation of
inhibitory pathways such as CTEA and PB1 (61). Blocking CTLA4 andbr PD-1
unleashes T cell responses against tumor, and has generated outstanding responses in
patients with a variety of tumor types, inding melanoma, renal cell carcinoma, prostate
cancer and ovarian canqéB0-132).

Adoptive T cell transfer representsather type of Tcell manipulationin cancer
treatmentIn one approach, tumanfiltrating lymphocytes (TILs) are isolated, expanded,
and in some cases, selected for TCR specificity before being reinfusethentame
patient (133. TIL transfer has so farshowed remarkable efficacy in patients with
metastatic melaama(134). In a second approach, hdstellsaregenetically engineered
with antitumor T cell receptors or chimeric antigen receptors (GARRre subsequent
administrationto the patient. CARs can be constructed by linking the anbgeding
domain of an antibody to the intracellular signaling molecules such asecCD&a nd ot her

costimulatory signaling domains to fully activate T c€ll85. CD19%targetel CAR-T
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cells have generated marvelous responses in B cell malignancies, and CAR

targeting other cancer types are under active investiggi861138).

1.5 Conclusion

With the mapping of human genome and rapidly evolving technologies in animal
modeling, ourknowledgeof the pervasive influence T lymphocyteserton health and
diseasedas increagk at an exponential ratélnderstanding thenolecular mechanisms
that dictateT cell fate and behavior could lead to novel approaches to treating human

diseases.
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CHAPTER Il
THE PI3K/ AKT /FOXO SIGNALING PATHWAY CONTROLS REGULATORY

T CELL HOMEOSTASIS AND FUNCTION *

2.1 Introduction

2.1.1 PI3KAktFoxosignalingpathway

The PI3Ks are a family of kinases that regulate diverse biological process,
including cell growth, differentiation, proliferation, survival, metabolism and migration,
through the generation of lipid second messengers. On the basis of the structural
similarities, the PI3K family can be divided into four classes, among which class IA and
class IB PI3Ks have been most extensiatlydied inimmunecells (139). Class | PI3Ks
phosphorylate PiRnto PR, which mediategherecruitment and activation of numerous
signaling nolecules.Class IA PI3Ks are activated by receptor tyrosine kinases such as
the TCR, costimulatory receptors and cytokine receptors, whereas class IB PI3Ks are
primarily stimulated by Gproteincoupled receptors such as chemokine recef1@9.

Each PI3K comprises a regulatasybunit and a catalytic subuniost studies in the
immune system focus ohépll@ cl ass | A and pl1l1O09duetd ass

their high expressio(140).

Luo C.T., Liao W., Dadi S., Toure A., Li M.O. (2016) Graded Foxol activity in Treg
cells differentiates tumour immunity from spontaneous autoimmunity. Nature. 528, 532
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PIP; recruits K1 andAkt to the plasma membran@DK1 phosphorylate8kt
at Thr308, andhe full activationof Akt requiresa second phosphorylation by mTORC2
or DNA-PK at Ser473(141, 142. In the nucleus, @ivated Akt phosphorylates and
triggersnuclear exclusion oFoxo transcription factorg143. Phosphorylatedikt also
activateanTORC1 via RhelisTPasg144). Several phgphatases negatively regulate the
PI3K pathway, including the lipid phosphataggsnand SHIP that dephosphorylate PIP
(145, and the PHdomain leucingich-repeat prain phosphatasgPHLPP that

dephosphorylateakt (146).

2.1.2Foxofamily of transcription factors

Foxo transcription fact® are key players in an evolutionary conserved pathway
downstream of insulin and insullike growth factos. They regulate a variety of
processesncluding cellularmetabolism, organ development, cell cycle progression or
apoptosis(56). In mammals, thé-oxo subclass is comprised of four membédfexal,
Foxa3, Foxo4 andFoxdb (147). Foxds expression is confined to specific region of the
brain, whereag&oxal, 3 and 4 are ubiquitously expressed, but among different cell types
and organs, a heterogeneous pattern of expression has been dgdd@hedoxol is
highly expressedn B cells, T cells and ovarie€onstitutive deletion ofFoxol gene
causes embryonic lethaliiy mice at day 10.5due toimpaired vascular development
(149-151). Lymphocytes and myeloid delexpress high levels of FoxoBoxo3mutant

mice exhibit minimally noticeable phenotypath the exception of earlyvarian follicle
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depletion in female micgl50, 153. Foxo4 is expressed atower leve| and no apparent
phenotype has been reported in Hoeo4 knockout anima(151).

One mechanism by whicRoxo proteins regulate gene transcription is through
their binding as monomers to cognate DHiddings e q u e ATA@TTACE ®(153.
Besides, they can associate with mamayscriptionatofactos, including STATs, Smads3,
p 300 -eatedin,tdregulate contexdependent transcription progranis54). The
activity of Foxo proteins is tightly regulated byosttranslational modifications,
primarily phosphorylationand acetylation, whiclalter the subcellular localization and
protein abundance of Foxd53. In response to growth factormsulin or cytokines
stimulation kinasesdownstream ofPI3K, such asAkt and serum glucocorticoid kinase
(SGK1) phosphorylate Foxo proteins, resulting in their nuclear export into the cytoplasm
and potentially proteasomal degradatiof56, 155. Conversely, oxidative stress
stimulates JNK signaling, activates Foxo amnglgers the relocalization oFoxomembers
from the cytoplasm to the nucle(&6). Cdl starvation results in nuclear transportation of

Foxo proteins as we{lL47).

2.1.3Foxoproteinsin conventionall cells

A number of studies have implied that the evolutionarily anciéwkt-Foxo
signaling has been eampted to play a highly specialized role in the immune system.
Foxal controls the homing of T cells to secondary lymphoid organs. Activatiboyafl
promotes expression of trafficking molecules S1P1, CD62L and CCR7, potentially

through induction of KIf2, the transcription factor known to have a specidiizexdion
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in regulating T cell trafficking(151, 156, 15). In addition,Foxol is requiredo sustain
naive T cell survival. Adult mice with T cell specifiEoxaol-deficiency harbor a
significantly reduced population of naive T cells, mainly due to the loss -GfRIL
expression and ar#ipoptotic protein Bcl2151, 157.

Besidesaive T cell homeostasis, Foxo proteinsiamlvedin thedifferentiation
and function okeffectorand memoryl cells.Foxoli nt er act sanadvsupgptessé8 OR O t
its activity, thereby serving as a negative regulator of Th17 cell differentidt@) 159.
Activation ofthesals ensi ng ki nase SGK1 phosphoryl ate
Foxol-mediated inhibitior(159). In acuteviral and bacterial infection modeBpxol and
Foxo3have been shown fmromote the differentiatioand maturation of memory CTLs
via positive regulation of genes involved in memory T cell survival and trafficking,
including 1I7r, Ccr7, Tcf7, Eomesand Bcl2 (160-166) Moreover, Foxgoroteinsmight
counterbalanceffector CTL differentiation by repressing the expression-bef IFN-o
and granzyme B160, 166, 16) In a chronic infection model, Foxol is shown to sustain

the expression of P2 and survival of viruspecific CTLs(168).

2.1.4Foxoproteins in regulatory T cells

In addition to the control otonventionalT cell responsesfoxo proteinsare
crucial regulators ofT cell tolerance.Foxal and Foxad3 cooperatively induce Foxp3
expression during thymic Treg cell development as well as-B-@uced Treg cell
differentiationin vitro (169-171) Mechanistic studies reveal tiiéoxol andFoxa3 bind

to the promoter and a conserved intronic enhancer régomserved noncoding sequence
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2: CNS2)of Foxp3 locus, and regulate the transcription of Foxp3 d¢&ne, 17). In
mature TregsFoxol rather than Foxa3s highly expresse(ll72). Disruption ofFoxol in
matureTregstriggersa fatal lymphoproliferative diseag® mice whichis in partcaused

by the loss ofFoxol-dependent repression I6iN-2 (172).

2.1.5 Other PI3KAkt signaling molecules in regulatory T cells

Dynamic regulation othe PI3K/Akt signaling pathwayascentralfunctionsin
thedifferentiation, maintenance and functionTwegs Compared to conventional T cells,
Treg exhibit dampenedactivation of PI3K/Akt signaling in response to TCR,
costimulabry ando ¢ c y t o ki n(&72574).iTmedistiact sigralimg regulatiors
associated wittheightened expression of negative regulator$regs, such aBtenand
the protein phosphatase PHLRF73-175). Recruitment ofPtento the immunological
synapseelies onthe scaffold proteiisc large homolg 1 (DIghl1) depletion of which
impairs the suppressive function of human Tregatro (176).

Consistent with theeduced PI3K/Akt signaling in Tregaumerousstudies have
shown that activation dPI3K/Akt pathwayis inhibitory to the differentiation of Treg)
including tTreg developmer the thymusconversion of Treg from naive CDZ cells
in the periphera{pTreg), as well as TGB-dependent induction of Tregs vitro (iTreg)
(177-182. These repds utilized various models o introduce elevated PI3K/Akt
signaling, for instance, overexpression ofcanstitutiely active form of Akt or
sphirgosine 1phosphate receptor (S1Pby, inactivation of negative regulators such as

Cbl-b orPTEN, which all resukedin profound defects indxp3 induction(169, 178181).
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Conversely, blockade of the PI3K/Akt signaling, either through pharmacological
inhibition, limitation of essentiahmino acid, expression afkinaseinactive version of

Pl 3 K pof distuption ofmTOR orS1P1 facilitatesdifferentiation of Tregs (177,
180-185. Mechanistically, the PI3K/Akt/mTOR ignaling and the transcriptional
regulation of Foxp3 can be connected by aligning the Foxo family of transcription factors
in this pathway(170, 17).

Beyond the differentiatiosstage, the maintenance of Treg population as well as
their suppressive activitydepends onthe PI3K/Akt signaling axis.Compared to
conventional T cells, Tregs have elevated stestdie mMTORCL1 activity186). Depletion
of Raptor, the defining element of MTORQC#&sults in loss of Treg sppessive activity
which is associated with mTOR@hediatedregulation of lipid metabolism(186).
Additionally, ectivation of the Tregenriched receptor neuropilih by semaphoringa
potentiates Treg function by recruitiffjenat the immunologial synapse, which limits
Akt phosphorylation and retains nuclear localization of Foxo protéiB3). Recent
studieson Ptenrevealed that it is required for the mainteren€ Treg stability asvell as
its suppressie function.Tregspecific disruption ofPtentriggers unrestrained Thl and
Tfh cell responsesn mice (188, 189. Moreover, depletion of Pten in Tregs or
pharmacologi inhibition reverses th&reginduced immune suppression, resulting in

tumor regressio190).
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2.1.6 Regulatory T cells heterogeneity

The PI3K/Akt signalingpathway controls many aspects of Treg bioldgy
differentiation, proliferation, stability and functiGnperturbation of ay of these causes a
wide spread of deleterious consequences, such as rampant autoimmunity, abnormal
responses to infection and canceherefore, in order to accomplish such a plethora of
tasks, a emerging concept in the field of Treigsplies thatTregs are broadly distributed
and possess contespecific functionsRather than a homogenous population, Tregs are a
diverse collectiorof phenotypically and functionally specialized subgé®l, 192. The
Tregs heterogeneitincludes distinct developmeéal origins, antigerspecificities, tissue
tropisms homeostaticequirements and functiorf$93, 194. Accordingly, epression of
adhesion and chemoattractant receptors directs preferential migration of Tregs, for
i nstance, i ntegrin U4b7 for Tregs (185s 196.n a | Tr
Moreover, colonic Tregmainly exhibit peripherally converted phenotyi®7-199), and
environmental factors sucls dhe metabolites of commensal organisms influence their
development and homeostagg00-202). Sequencing studies revealed that the TCR
repertoire of colonic Tregs is distinct from that of Tregs in other tissue(228s

Aside from the phenotypicaldiversity, Tregs also exhibitdistinct functional
specificity 1 specializedTreg populations are recruited toontrol different types of
inflammation Expression of théelper T cell lineagspecifictranscription factors T-bet,
IRF4 and Stat3in Tregshas been shown to liedispensible fothe control ofThl, Th2
and Thl7responses, respective[¥04-206). Additionally, Blimp-1, a transcription factor

induced upon Treg activations required for effector Treg functio(207). Blimp-1
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promotesiL-10 expression in Tregs,istuption of which causes exaggerated immune

responses in the intestine, skirddang(208).

2.2 Results

2.2.1Resting and activated Treg subsets with distinct homeostatic characteristics

Despite the incrediblgomplicatedheterogeneityTregs can be broadly divided
into two subsets dsed on differential expression of the lymph node homing molecule
CD62L and the T cell activation marker CD&imilar as conventional CDA cells,the
CD62L"CD44° subset represents thresting phenotype Treg8Tregs) whereas the
CD62L°CD44" population is considered ativated Tregs (aTreg§P09-211). rTreg
and aTreg subsets resid¢ different anatomic sites and possess rdisthomeostatic
characteristicsrTregs were abundant in secondary lymphoid tissues, including lymph
nodes (LNs) and splee(ig. 2-1). aTregs wer@resenin secondary lymphoid orgaias
well, andthey werethe predominant Treg palation in nonlymphoiergans, such as the
liver and lamina propria (LP) of the intesti(fég. 2-1). Since Tregs in the nonlymphoid
organs contained a very minor rTreg subset (Ffj), 2ve treatthem asone population
without further dividinginto rTregs and aTregs for the salf simplicity.

To examine the homeostatic characteristics of different Treg subsets, we
established parabiosis between mice expressing two distinct CD45 allotypes, CD45.1 and
CD45.2 (Fig. 22a). In line with a recent stud212), rTregs as well as naie CD4T

cells were completely exchanged, whereaeg3, in particular LP Tregs, were skewed
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towards the host at 2 weeks pestgery (Fig. 2b and Fig. 23a). Nevertheless, in
contrast to liveresident CD49aK1.1" innate lymphoid cells(213, all Treg
populations were mixed by 4 weeks after initiation of parabiosis (F2yp. 2 d Fig. 234).

These observations reveal that despite different kinetics, both rTregs and aTregs cells
recirculated througithe blood and/otthe lymph, and they were not locally sustained for

an extended period.

Antigen-experienced conventional T cells that recircutit®ughnonlymphoid
tissues, the blood and thgmph can beeither shortlived effector cells or longved
effector memory cell§35). To directly determindhomeostatic characteristics of rTregs
and aTregs,we separated parabiotic mice after Treg equilibration (4 weeks), and
measured the rate dtregsloss that wa®riginated from the ncehost parabiont (Fig.-2
2a). LN or splenic rTregs turned over at a rate close to that of naie" GDeells with a
decay half time between 4 to 7 weeks (Figk2and Fig. 23b). In contrast, aTregs from
these tissues turned over atsubstantially slower rate with a half time of around 14
weeks (Fig. 1b, p=0.0025 for LN and p=0.0335 for spleen). Notably, liver orre§sT
had a comparable decay half tilmetween 13 to 15 weeks (Fig3D). Thus, compared to
rTregs, aTregs from botlymphoid and nodymphoid tissues turn over more slowly,

resemblinghe homeostatic features dfextor memory T cells.
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Liver LP

CD62L

Figure 2-1: rTregs and aTregs reside in dtinct anatomic locations Flow cytometric
analysis of CD44 an€D62L in Tregs (CDZoxp3) from lymph node (LN), spleen,
liver, and colon lamina propria (LP) of C57BL/6 mice. Percentage of rTregs and aTregs
are shown.
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Surgical Surgical
Connection Separation
CD45.1/.1* CD45.2/.2* CD45.1/.1* CD45.2/.2*
or CD45.1/.2* or CD45.1/.2*

Timeline (Week):

CD45.2/.2* Host

LN-
Naive
CD4

LN-
rTreg

LN-
aTreg
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LP-
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CD45.2

Figure 2-2: Parabiotic analysis of Tregs from different organs.a, Graphical
representan of the parabiosis experiments. Congenically mismatched C57BL/6 mice
were surgically connected (time poudt). Parabionts were analyzed 2 or 4 weeks-post
surgery (time point2 or 0). In separation experiments, parabiotic mice that had been
connected dr 4 weeks were surgically disconnected from each other (time point 0).
Separated mice were analyzed 2, 6, 12 or 18 weeks after surgery (time point 2, 6, 12 18).
b, Representative flow cytomatriplots showing chimerism of na CD4 T cells or
different Treg subsets in a CD45.2/garabiont at various time points.
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Figure 2-3. aTregs have a slow turnover, but are not locally maintained in
nonlymphoid tissues. a The frequencies of nemost derived cells in parabiotic mice 2
or 4 weeks after surgerjncluding naive CDA T cells (CD4Foxp3CD62L"CD44°),
rTregs (CD4Foxp3CD62L" CD44°), aTregs (CD&Foxp3CD62L°CD44™ in the
lymph node (LN) and spleen, total Tregs (CBdxp3) in the liver and colon lamina
propria (LP), andCD49d4NK1.1" innate lymgnoid cells in the liver. n=6b, Parabionts
were separated 4 weeks after connection, and percentageslodstarhimerism at 2, 6,
12, 18 weeks posteparation are shown,;tdepicts the amount of time it took until the
population decayed to half of itgiginal size. n=4 for each time point. Mean values +
SEM are shown. Twavay ANOVA.

39



2.2.2 Foxoidependent transcriptional program is repressed in aTregs

We wanted to understand how the distinct trafficking pattern and homeostasis
features between rTregand aTregs were established, and whether this process could be
manipulated. The transcription factor Foxol integrates diverse environmental signals to
control T cell homeostasis and differentiatid@®3, 214. Previous reports have shown
that expression of Foxol is crucial for Treg funct{@d2, 215, but whether it plays a
role in differentiating the aTregqhd rTreg subsets remains elusive.

To address this question, we purified splenic aTreg and rTreg subsets and
performed genexpression profiling experiments. By crag$erencing the differentially
expressed genes between aTreg and rTreg and the -Feuadted geneg172), we
found that aTregs preferentially expressed the Falavinregulated trascripts, whereas
rTregs contain higher expression of Foxgiregulated genes (Fig:42). Furthermore, in
reference to a Foxol direct target gene signd#d), the Foxoirepressed otactivated
transcripts were enriched inmi@gs or rTregs, respectively (Fig-4D), suggesting that
Foxoldependent gene expression is repressed in aTregs.

In line with the different trafficking pattern between aTregs and rTregs, several
Foxolactivated genes that promote T cell homing to semgndymphoid organs,
including the transcription factor KIf2 and the cell trafficking receptors CCR7 and S1prl,
were highly expressed in rTregs (Fig:5&). In addition, the Foxefepressed genes
potentially involved in T cell migration or retention ingiges, such as the extracellular
matrix glycoprotein Lamcl, the basement protein Nid2, and the matrix metalloproteinase

Mmp9, were induced in aTregs (Fig-52 and 5c). The attenuated expression of two
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well-defined Foxolactivated targets, CCR7 and Bim, afregs was validated on the
protein level (Fig. 5b).

We then sought to understand the molecular mechanisms that contributed to the
dampened Foxol program in aTregs. Using a report strain contaiffiogod®? allele
that encodes an4fmtame fusion of GFR172), we could assess Foxol protein abundance
by FoxoltagGFP. We found that compared foregs, aTregs expressed lower amounts
of Foxol protein (Fig. 26a). Foxol protein stability and subcellular localization are
negatively modulated by the PI3K/Akt signaling akl<l3). Indeed, we found that the
reducel protein level of Foxol in aTregs was associated with its cytosolic localization
(Fig. 26b). In contrast, Foxol predominately resided in the nucleus of rTregs {#1g. 2
Furthermore, phosphorylation of Akt, Foxol, as well as the mTORCL1 signaling pathwa
marker S6 ribosomal protein was elevated in aTregs (F&¢ ® 6e). Together, these
observations demonstrate that aTreg differentiation is associated with activation of the
Akt kinase with concomitant repression of Foxol nuclear localization and sixpres
Accordingly, inclusion of an Akt inhibitor (MK2206) in thein vitro culture diminished

Foxol phosphorylation and prevented the conversion of rTregs into aTregs {Hig. 2
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Foxo1-regulated genes Foxo1 direct target genes

. *p < 8.21e-06
b < 4.76e-

log2 fold change (aTreg/rTreg)
log2 fold change (aTreg/rTreg)

Up- Down- Activated Repressed
regulated regulated

Figure 2-4: aTreg differentiation is associated with downregulation of Foxol-
dependent gene expression, &ene expression comparisohFoxaol-regulated genes in
splenic aTregs (CD621CD44") versus rTregs (CD62ICD44°). Foxol-regulated genes
were defined by th&llowing criteria: 1) differentially expressed between wijge and

Foxal knockout Tregs; 2) the expression was corrected by expression of a constitutively
active mutant ofFoxol (FoxolCA). b, Gene expression comparisaf Foxal direct

target genes in $gnic aTregs versus rTregsoxal direct target genes are defined as: 1)
differentially expressed between wilghe andFoxaol knockout Tregs; 2) the expression
was corrected bifoxalCA; 3) Foxal was recruited to the gene locus.
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Figure 2-5: Differential expression of Foxol-direct target genes in aTregs compared
with rTregs. a, Normalized expression of all transcripts isolated from splenic aTregs
were plotted against transcripts from splenic rTregs. Some oFdkel direct target
genes werdighlighted. b, Flow cytometric analysis ofFoxal-activated target genes,
CCR7 and Bim, in splenic aTregs and rTregsComparison ofLamcl, Nid2, Mmp9
MRNA levels in rTreg versus aTreg subsets.
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Figure 2-6: aTregs showreduced expression andytoplasmic localizationof Foxol.

a, Flow cytometric analysis oFoxal protein FoxoltagGFP) in splenic aTregs and
rTregs.Mean values +SEM of mean fluorescence intensity (MFI), normalized to rTregs
are shown. n=4. Pairaeest.b, Immunofluorescence staining Bbxal in splenic rTregs
and aTregsOriginal magnification, *60.n=70. Nuc,Foxol in the nucleus; Nuc/Cyto,
Foxal in both the nucleus and cytoplasm; Cygoxal in the cytoplasm.
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Figure 2-7: Conversion of rTreg to alreg is associated with Akt-triggered
suppression ofFoxol. a-c, Flow cytometric analysis of phosphorylatéét (a), Foxol
(b), and S6 ribosomal proteiw)( in splenic aTregs and rTreddean values + SEM of
mean fluorescence intensity (MFI), normalized to rTregs are shov@.Paired-test.d,
aTreg differentiation experimenis vitro. rTregs (CD4"Foxp3 CD62L"CD44°) from
spleen and LNs of Foxp8FP reporter mice were purified by floaytometric sorting,
and were st ODCD28 and IL2wdr 8 taysBkt inhibitor (Akti, MK -
2206) or DMSO solvent control were added to the culture. PheSpxal, CD44 and
CD62L levels were determined by flow cytometry. Quantification showseptages of
rTregs and aTregs in DMSO controlAkt inhibitor group. n=3. Unpairetdtest. All data
are presented as the mean values +SEM.
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2.2.3 Mice with constitutively active Foxol contain reduced aTregs

To determine the specific role of Foxol inactivation in aTiagsvo, we used a
mouse strain carrying a mutant allele B6xol in which amino acids at the Akt
phosphorylation sites are substituted with alanines, rendering the mutant protein
refractory to Akt-triggered inhibition(172). The constitutively active Foxol mutant,
herein designated as Cpreceded by éoxP-f | anne@SdT OP6 cassett e,
into the ROSA26locus. Mice harboring CA were bred to tRexp3'™ background to
induce Tregspecific expression of CA. As expected, CA was expressed at increasing
levels in CA/+ or CA/CA Tregsand was constitutively localized in the nucleus (Fig. 2
8a and 8b). In addition, CA triggered a daspendent induction of its target gene
expression, including CCR7 and Bim (Fig8@).

Thymocytes development or thymic Treg differentiation was ungestuin CA/+
or CA/CA mice (Fig. 29). However, cD62f aTreg phenotype cells in LNs were
proportionally decreased in 9 to-tiay-old CA/+ or CA/CA mice (Fig. 210a), which is
in line with a role for Foxol in inducing CD62L expression possibly via K21, 156,

157). T cell activation markers CD69 and ICOS were comparaiiyesed among

Tregs from wildtype (WT), CA/+, or CA/ICA mice, yet a lower fraction of CD62L
aTreg phenotype cells in CA/+ or CA/CA mice expressed these molecules -(Fig. 2
and 10c). Collectively, these data revealed a substantial reduction of aTregipopalat

CA-expressing mice.
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Figure 2-8: Mice expressing the constitutively nucleusocalized form of Foxol. ab,

Tregs (CD4Foxp3) from spleens and lymph nodes (LNs) of wijghe (WT),
Foxp3FoxolCA/+ (CA/+) or Foxp3™FoxolCA/FoxolCA(CA/CA) mice were

purified by flow cytometric sortinga, HA-Foxo1CA protein in the whole cell lysate was
measured by i mmA .dpSubcelitlar focalization tohHAOXo1CA

was determined by i mmu nldA ¢ Elavrcyganatrie analysis st ai n
of FoxoZlactivated target genes CCR7 and Bim in LN Tregs from 9 tdalld WT,

CA/+, CA/CA mice. Grey shaded lines represent isotype controls.
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