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ABSTRACT

Genomic-Scale Transcriptional Analysis of T-Celltikation
Reveals Novel Genes and Signaling Programs

Min Wang

T-cell activation is an essential step of the imewsponse, yet the cellular and
molecular events underlying this complex processat fully understood. Significantly, a
comparative genome-scale transcriptional analysi® T-cell subsets and the natural-mixed
CD3+ population remains unexplored. Using microgyave investigated the temporal global
transcriptional profile of human T-cell activationCD3+, CD4+ and CD8+ T cells. Comparison
of the microarray-based gene expression pattetmgeba the three populations revealed largely
conserved transcriptional patterns. Transcriptiattgpns of selected genes were confirmed by Q-
RT-PCR. We employed a Gene-Ontology-driven trapsional analysis coupled with protein-
abundance/activity assays to identify novel gemeiscall-type-specific genes involved in the
activation process.

Focusing on immune response, we identified potegéaes involved in the
communication between the two subsets, would-kextff-function-specific genes and novel
chemokines in T cells. Increased expression of peeted cytokines (GPI, OSM and MIF)
suggests their involvement in T-cell activationff@iential expression of many receptors, novel
in T-cell activation, including CCR5, TNFRSF25 anidFRSF1A, suggests their role in this

process.



We identified significantly regulated apoptotiags in several protein families and
detailed their transcriptional kinetics during theell activation process. Transcription patterns
of some selected genes were validated at the prietegl. The simultaneous upregulation of NF-
kB and kB family genes at 48-96 hours, supported by theeeme of phosphorylated p65 at 48-
96 hours, suggests the MB-involvement. Examination of significant regulagehes revealed
an increase of p38 and ERK1 signalings during Tareliferation (48-96 hours), explored using
phosphorylation assays for p38 and ERK1.

Gene-Ontology-driven transcriptional analysis efell response to #D, stress revealed
transcription events, such as response to stimahgsignificant genes, such as BBC3, involved
in this stress response process in the contexiadTactivation.

Analysis of T-cell activation, which integrateshdynic gene-expression data with
protein-abundance and activity assays, has idedtrfumerous novel genes and pathways that
may be important players in T-cell activation. Thas significantly broadened our
understanding of the molecular orchestration o&ll-&ctivation process, and provides a basis
for further studies for understanding T-cell adiiva in health but also in malignancies and

autoimmunity.
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CHAPTER 1: INTRODUCTION

1.1 IMMUNE RESPONSE

The immune system is a remarkable defense systetecting the host against invading
foreign pathogenic organisms. Even minor infectioas be fatal without a working immune
system. The immune system consists of a dynamveanktof an enormous variety of cells and
molecules to specifically recognize and eliminatarge variety of antigens through cooperation.
The vertebrate immune system adapts over timectmgreze particular pathogens more
efficiently. Subsequent exposure to the same pathogluces a memory response, characterized
by a more rapid and heightened immune reaction.

The ability of a host to resist infection is calletmunity, which includes both
nonspecific innate immunity and specific adaptivenunity (1). The mechanisms of innate
immunity fighting against infection are short-temot specific to any particular pathogen. In
contrast, the adaptive immunity is long-lived abteao recognize and remember specific
pathogens, displaying a high degree of specifecstyvell as the remarkable property of memory.
However, it takes time to select and mass-produeenost useful ones among the wide variety
of recognition proteins of the adaptive immunityfight against the particular pathogen. The
innate immunity is always present and quick to oesh It provides an immediate and rapid
defense for the host right after the exposuregathogen when the more powerful adaptive
immune response is in preparation. Innate immuamty adaptive immunity work together to
bring forth effective immune responses againstciidas as well as abnormal cells of the body

that can develop into cancer. For example, phageaftinnate immunity can generate a range
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of cytokines that help to stimulate the adaptivenine responses, and present the
phagocytosed antigen to its specific T cells (I).tke other hand, after activated by
appropriately presented antigen, some T cells sgith and secrete cytokines that may activate
macrophages and/or neutrophils, increasing thdityato kill invaded microorganisms, a
function of the innate immune response (1).

Adaptive immunity can be further categorized intortoral immunity and cellular
immunity (1). Humoral immunity is mediated by sderkantibodies, produced by B cells.
Secreted antibodies bind to antigens on the swgfacmvading microbes, which flags them for
destruction. Cellular immunity does not involveibatlies but rather involves the activation of
macrophages, natural killer cells (NK), antigenesfe cytotoxic T-lymphocytes, and the release
of various cytokines in response to an antigen.

The immune system can be compromised by immunadefyg caused by inherited gene
mutations or certain pathogens, such as human irnd&ficiency virus (HIV), which can lead to
destructive chronic infections or death. Diseasesalso be caused by unwanted immune
responses, such as allergy, autoimmune diseaseasusglantation rejection. Allergy is the
consequence of antibody production against a hamdebstance; autoimmune disease is caused
by immune response directed toward the body’s nbne@thy components; transplantation
rejection will be triggered by the differences itHK type between donor and recipient if

unchecked (1).
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1.2 T-CELL DEVELOPMENT IN THYMUS

T cells are among the most versatile cells in thaybPrecursor T cells from the bone
marrow enter the thymus, where they undergo a ssepvaturation process (2) (Figure 1.1). In
the first phase of T-cell development, double-nieggirogenitor lymphocytes make gene
rearrangement and express T-cell receptor (TCRgprand other cell-surface glycoproteins
essential for the receptor’s full function, suchCd34 and CD8. In the second phase, the double-
positive (CD4+ and CD8+) T cells go through twodgmf screening. In the first screening,
positive selection selects T cells that can recagpeptides presented by a self-MHC molecule
and determines the commitment of the double-pasiticells to either CD4+ or CD8+ single-
positive T cells. Cells that do not receive thetjaep MHC complex positive signal at this stage
will undergo apoptosis. In the second screeningndgative selection eliminates potentially
auto reactive cells that could be activated bypiygtides normally presented by MHC molecules
on the surface of healthy cells. Only a small syigetion of the double-positive T cells
survives the obstacle course of positive and negatlections and leaves the thymus and
circulates in the secondary lymphoid organs. Thgsutation of mature circulating T cells is able
to tolerate self-antigens, but is responsive teifpr antigens presented by self-MHC molecules.
T cells remain naive until they encounter with getis, which provoke the final phases of T-cell
development and differentiation: the mature T cg#lsactivated, divide and differentiate into

various types of effector T cells and gain theighbib enter inflammations sites.
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Source: Savino W (2006) The Thymus Is a Commonétarg
Organ in Infectious Diseases. PLoS Pathog 2(6): e6

Figure 1.1. T-cell development in the thymus can beonsidered as a series of phases.

In the first phase, double-negative thymocyte pnitges enter the thymus, proliferate, and begin
to rearrange T-cell receptor genes, which leadadyrction of CD4+ and CD8+ double-positive
cells. In the second phase of the developmentldhible-positive thymocytes undergo positive
selection, matching between the receptor spegifioit MHC and the co-receptor molecules,
which eventually leads to single-positive CD4+ @8&3 T cells. In the third phase of
development, negative selection eliminates celth g&lf-reactivity. Thymocytes that survive
both positive and negative selection leave the tlsyas mature single-positive CD4+ or CD8+ T

cells and enter the circulation.
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1.3 T-CELL ACTIVATION

T-cell activation is the process in which naive€ell€ encounter their specific antigen for
the first time and are stimulated to differentisi® effector cells. T-cell activation is the first
stage of a primary adaptive immune response. Naeglls constantly circulate through out the
body in search of stimulation. Initially, it is aldately necessary for T cells to recognize their
antigen on professional antigen-presenting celBGA Since APCs only reside in lymphoid
tissues, naive T cells can only be activated inglymd tissues, such as the lymph nodes, spleen,
and also the peyer's patches of the intestinal sauddnce activated, T cells may activate other
naive T cells that also have specific receptorgifersame antigen. Alternatively, the activated T
cells can leave the lymph node, travel to periphgtas infection and of inflammation and
activate other cells locally. The selective homifigpaive T cells to lymphoid tissues and
activated T cells to peripheral tissues is dueffergntial expression of adhesion molecules on
the surface of these cells. For example, naivell$ de not contain cell adhesion molecules that

allows them to bind inflamed endothelial cells amder those sites.

1.3.1 Requirements for T-cell receptor (TCR) ligatbn and co-stimulatory signal

T-cell activation requires the binding of T-celteptor (TCR) to an antigen: MHC
complex. However, binding of the T-cell receptarred is insufficient to trigger naive T-cell
activation, proliferation and differentiation ofetlprogeny into effector cells (1). A second, co-

stimulatory, signal is required. This signal isyaded by B7 molecules expressed on the surface
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of antigen-presenting cells exclusively. B7 molesuhteract with their appropriate ligands on
T cells (CD28 on naive T cells, CD28 and CTLA4 ativaated T cells). Binding of B7 to CD28
provides the critical second signal for T celld&zome activated. Upon activation, T cells also
express CTLA4. B7-CTLA4 interaction provides anibitory signal to T cells. This serves to
competitively inhibit, and regulate excessive Tl-eetivation. The co-stimulatory signal can
only be delivered by antigen-presenting cells. &fwe, the most critical point in the activation
of T cells is the presence of appropriate antigesgnting cells. This absolute requirement of T-
cell activation for a co-stimulatory signal, ane flact that this signal can only be provided by
antigen-presenting cells, serve as an importantaegy point to limit inappropriate T-cell
activation by other host cells.

If any one of the above signals is absent (e.g. T@&action in the absence of co-
stimulation from antigen-presenting cells), T celli become non-responsive, a state described
as anergy. In this state, T cells can not be aetivby any subsequent stimulation it might

receive in the future, even with appropriate coiatation.

1.3.2 T-cell activation induces the gene transcripin regulation

Upon T-cell receptor ligation and co-receptor ligat the signal is transmitted to the
interior of T cells by the cytoplasmic tails of t&®3 proteins, containing immunoreceptor-
tyrosine activation motifs (ITAMs), which associatéh cytoplasmic protein tyrosine kinases.
These kinases are activated by receptor clustandghen phosphorylate tyrosine residues in
ITAMs (1). On formation of the T-cell receptor: MH€o-receptor complex, the protein tyrosine

kinase Lck activates the cytoplasmic protein tyredtinase ZAP-70, which is prominent in
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initiating the intracellular pathway. Once activit@AP-70 triggers three major signaling
pathways, DAG and Gamediated protein kinase C pathway?tQaediated phosphatase
calcineurin pathway, and G protein RAS and RAC ratedi MAP kinase pathway, which
eventually regulate the activity of transcripti@ttors such as NFAT, AP-1, and MB-(Figure
1.2). The orchestrated action of NFAT, AP-1, andkRurn on the transcription of genes that

direct T-cell proliferation and the developmeneffector functions (3).
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Source: The Journal Of Biological Chemistry Vol92Ro. 28, July 9, pp. 28827-28830, 2004
Figure 1.2. T cell receptor signaling events leadgto activation of transcription factors.

This figure presents an overview of some of thediggaling events linking the binding of
peptide-MHC to the T cell antigen receptor (TCR/GRBd the CD4 costimulatory receptor. The

existence of key phosphorylation events is indit@te some of the signaling proteins by small
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gray circles labeled P; however, not all proteindargoing TCR-stimulated phosphorylation
are labeled. Ub designates ubiquitination. Theneatfithe different interactions is described in

the accompanying text.

1.4 T-CELL SUBSETS AND EFFECTOR FUNCTIONS

There are two major types of effector T cells: aykac CD8+ T cells, which kill a
variety of target cells, CD4+ T helper cells (Trellg for cellular immune responses and Th2
cells for humoral immune responses). Additionallya small population of the total T cells,

regulatory T cells suppress the immune response.

1.4.1 Helper T cells

The general function of effector CD4+ T helper €&lto secrete cytokines that activate
other cells of the immune system. These cells haveytotoxic activity and do not kill infected
cells or clear pathogens directly. Instead, theyrod immune response by directing other cells
to perform these tasks including cytotoxic CD8+s;eéB cells, macrophages, and natural killer
cells. CD4+ T helper cells can be further categmtiaccording to the cytokines they secrete and
the cells they assist. Helper cells that secratkiyes that mainly activate macrophages are
called Th1 cells, whereas helper cells that mduelp B cells to make antibodies are called Th2
cells.

The two helper T cell populations (Thl and Th2)@mmonly distinguished by the

profiles of cytokines they secrete (1). Thl celted cell-mediated functions such as cytotoxic
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CD8+ T-cell and macrophage activation by secrei2g IFNG, TNF-beta, GM-CSF and
IL3, which leads to inflammation and a cell-medtiemmune response. Th2 cells mediate
allergic or hummoral responses by providing cytekithat help activate B cells (IL4, IL5, IL6,
IL13), eosinophils (IL5), and mast cells (IL3, ILL10). The Thl and Th2 responses are
exclusive. A Thl or a Th2 response, rather thamxéune of the two, can be elicited by certain
infectious agents. The choice can have profoumdeguences for the human host. Leprosy, an
infection caused by the Mycobacterium leprae, advaon that grows within the vesicular
system of macrophages, is a case in point(1). €H4 give a more effective response to this
bacterium, secreting cytokines that activate madzagps, which then destroy the bacteria they
contain. When the host’s response consists mafiynd cells, the bacterial population is kept
low, the disease progresses slowly, and the paigmdlly survive. On the other hand, if the
CDA4+ T-cell response consists mainly of Th2 celis,antibodies made by the host can not
reach the bacteria inside the macrophages, thdvettterial population expands. Unchecked
bacterial growth within macrophages cause grosadislestruction, which is eventually fatal.

Although we know about the types of cytokine paisenelper T cells tend to produce (1),
we understand less about how the decision betwk#&ramd Th2 responses are made and how
the patterns themselves are decided. The majareinding factors involve the affinity of the
binding of the antigen to the T cells (including tiype of the presentation, the concentration of
antigen presented to the T cell) and the presehcgakines during primary activation (such as
the ones mentioned above). For instance, whenslipdasent during activation, CD4+ T cells
develop into Th2 cells, while activation in the ggace of IL12 results in development of Thl

cells. The cytokines produced by the Thl and THI2 can suppress the differentiation of the
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other population to bias the development of its oMer example, IFNG, secreted by Thl
cells, inhibits Th2 cell proliferation (4). The lake of the two helper cell subsets is of
paramount importance and deregulation might comteilbo the development and progression of

certain diseases, such as cancer (5, 6).

1.4.2 Cytotoxic T cells

Cytotoxic CD8+ T cells can selectively eliminatéeicted or abnormal cells by three
distinct but not mutually exclusive mechanismst dehth induced by the perforin (direct), cell
death induced by Fas pathway (direct), and celidiealuced by cytokines (indirect).

Both the perforin and Fas pathways trigger apoptscades in the target cells (7).
Cytotoxic CD8+ T cells contain stored Iytic grarsylevhich are modified lysosomes containing a
mixture of specialized proteins called cytotoxi@gtotoxic CD8+ T cells start to synthesize
cytotoxins in inactive forms and to pack them ilytac granules upon stimulation. Activated
cytotoxic CD8+ T cells undergo a reorganizationhair cytoskeleton, which leads to
polarization and a directional release of lyticrgrigs towards the target cell. Cytotoxic granules
contain the pore-forming protein, perforin, lysosdmproteins and proteases known as
granzymes. The perforin monomers insert into thgetacell membrane, and polymerize in a
Cd* dependent reaction resulting in pore formatiore fphres contribute to access of granzymes
and other lytic enzymes into the target cell (Marizyme A (GZMA) is the most abundant
granzyme, which activates the apoptosis cascadaghra caspase-independent mechanism, and
overexpression of BCL2 does not protect against @Aivediated cell death (8). Cleavage

assays in isolated nuclei demonstrated that GZMAwds lamins A, B, and C, causing
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disruption of the nuclear lamina (9). GZMA alsodsdo degradation of histone H1,
proteolysis of the tails of core histones, andlsisgranded DNA nicking (10). Granzyme B
(GZMB) initiates apoptosis by cleaving caspases@yd 10 (11).

Activated cytotoxic CD8+ T cells also express meanierbound Fas Ligand (FasL).
Once the effector cytotoxic CD8+ T cells recogrspecific antigen on the target cell through
TCR recognition, FasL will come into contact witagon the surface of the host target cell. The
ligation of Fas and FasL will induce an intracedlusignal to induce apoptosis in the target cell
(12). In summary, the granule release mechanismpgsrtant in virus clearance, tumor rejection
and cytotoxic function, while the Fas-mediated patyis involved in homeostasis of the
lymphocyte population following an immune respo(is®).

Cytotoxic CD8+ T cells can also induce cell deatharget cell by cytokine secretion.
Activated cytotoxic CD8+ T cells secrete cytokimeduding INFG, TNF and TNF-beta, which
are important in the activation of macrophages.GhN#fso induces the expression of MHC | on
host cells, which will increase antigen presentat@mcytotoxic CD8+ T cells. Thus infected
cells are more readily destroyed.

Figure 1.3 summarizes effector functions and spesécretion patterns for both CD4+

and CD8+ T cells.
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Figure 1.3. Three main types of armed effector T d¢is produce distinct sets of effector

molecules.

CD8 T cells are predominant killer cells, whichagoize pathogen-derived peptides bound to
MCH class | molecules. They release perforin, gyares and IFNG. A membrane-bound
effector molecule expressed on CD8 T cells isitemd for Fas, a receptor whose activation
induces apoptosis. CD4 T cells recognize peptidest to MHC class Il molecules and are of
two functional types: Thl cells and Th2 cells. Tells are specialized for activation of of
macrophages that are infected by or have ingestéwbgens; they secrete IFNG as well as other
effector molecules, and express membrane-bound d§eifd, and/or Fas ligand. These are
both members of the TNF family but CD40 liganddegs activation, whereas Fas ligand
triggers death, so their pattern of expressiorahstsong influence on function. Th2 cells are
specialized for B-cell activation; they secrete Baeell growth factors IL4 and IL5. Th2 cells
express mainly the membrane-bound effector mole€lé0 ligand, which binds to CD40 on

the B cell and induces B-cell proliferation.
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Source: Immunobiology, edition, Janeway C.A. and Travers, P., Current

Biology Ltd./ Garland Publishing Inc., New York,9A
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1.5 T-CELL RESPONSE TO H,0O, STRESS

1.5.1 Generation of ROS, especially in T cells

There are three main cellular ROS: the superoxiiena*O, "), the hydroxyl radical
(OHe) and hydrogen peroxidél$O,). ROS generation reactions always start with the
production of the superoxide anioi®f) by an electron transfer to molecular oxygé&iectron
transfer to @ can occur as a “leakage” of the respiratory ch@attions in mitochondria, where
some electrons can escape to generafe(2@). Another source of ROS is the endoplasmic
reticulum where @ is generated by NADPH cytochrome p450 agfhinilies of enzymes that
can oxidize unsaturated fatty acid and xenobiatts reduce ¢to O, (15). This radical can
be converted t&1,0, and Q spontaneously in the presence of protons frommeik® S H' +
OH"). This process can also be catalyzed by enzgues as superoxide dismutases (SODs).
Three SODs have been discovered: SODL1 is fourkicytosol and nucleus, while SOD3 is

extracellular and SOD?2 is localized to the innetoctiondria membrane (16).

Furthermore, the plasma membrane-associated NAD#RIdge complex in phagocytic
cells has been established as ROS producing enzyhiesactivation of the complex causes the
oxidative burst in macrophages and neutrophileaponse to phagocytosis (17), catalyzing the
one-electron reduction of oxygen by NADPH. ThisDH oxidase complex comprises the
membrane-bound cytochrome b558 (a heterodimerec$tbunits gpd1™ and p29") and at
least three cytosolic proteins: p&%, p67", p4®"™ (phox: phagocyte oxidase). The small G
protein Rac is required for the activation of th&DNPH oxidase complex, which will helpe

cytosolic proteins translocate to the plasma menweand associate with cytochrome b558 to
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form the active superoxide-generating enzyme. NABPH oxidasecomplex can be
activated by the phosphorylation of a few cytospliateins: (1) phosphorylation of p8% by
the GTP-bound Rac recruits the f8%p47"* complex to cytochrome b5588); (2)
phosphorylation of p47°* by PKC and other serine-threonine protein kinasssits in its
binding to cytochrome b558 (19); (3) phosphorylatid p4F"™ releases its inhibition of
forming the active p&7™-p47"™ complex and helps to activate the NADPH oxidasg. (Pbe
existence ofunctionalcomponents of this multisubunit enzyme complexideen demonstrated
in nonphagocytic cells, suggesting the ROS producingebteeNADPH oxidase homologous
in nonphagocytic cells. Moreover, it has also been hygsitted that diverse receptors stimulate
ROS generation via activation of intracellular NABBxidase homologous to that of

inflammatory cells (21).

In T cells, it has been reported that TCR stimatateads to ROS generation, although
only thep40"™* is expressed among the known NADPH oxidase sub(@®). It has also been
reported that T-cell mitogens (23), lectins (24perantigens (mouse mammary tumor virus)
(25), staphylococcal enterotoxin B, and staphylcabenterotoxin A (26) can stimulate ROS

generation in T cells.

External stimuli will cause excess ROS productigrséveral possible mechanisms: (1)
cellular injury leading to Caaccumulation accelerates the electron transferessand
increases ROS formation; (2) chemicals that atieptng of the respiratory chain, such as
antimycin, or change the redox state of the aedlluding alcohol and its metabolite
acetaldehyde, cause excess ROS; (3) diseasesamnimétions, such as HIV, are an important

source of extra ROS production (as reviewed by &al. (27)).
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1.5.2 Redox control of signal transduction

Because of ubiquitous presence of ROS in biologigsiems, it is not surprising that a
large number of signaling pathways are regulateB®%. However, the underlying
mechanisms of cellular response to ROS are notumelkérstood. There is growing evidence
that redox regulation might occur at multiple lesvahd involve several signal-transduction
pathways. (1) ROS have been reported to activateip tyrosine kinases (PTKs) and inactivate
protein tyrosine phosphatases (PTPs). Thus, Rabttean apparent enhancement of tyrosine
phosphorylation. Studies have shown thgDkreadily inactivates a number of PTP family
members while having no effect on serine/threopimesphatases (28). (2»®, can induce
rapid increase in intracellular concentration of‘Ga9). (3) ROS are involved in regulation of
activities of MAP kinases (30). (4) It has beenorted that ROS induce the activity of

transcription factors, such as NB; AP-1, STAT3 and SP1 (31).
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1.6 DNA MICROARRAYS: TECHNOLOGY, ANALYSIS AND

APPLICATIONS

1.6.1 Principle of the method

Microarray technology is based on the principld tamplementary nucleic acids will
hybridize, which is also the basis for traditiogahe expression analyses, such as Southern and
Northern blotting. Hybridization provides high siivity and specificity of detection as a
consequence of exquisite, mutual selectivity betwaemplementary strands of nucleic acids.
However, it is impossible to research on a largalmer of genes using the traditional techniques.
In microarray-basetéchnologies, the arrays, with the solid surfacebare spotted with
thousands of target paring sequences, wtachbe simultaneously hybridized (32). Therefore,
the microarrays enable the simultaneous detecfigere expression levels of thousands of
genes due to a vast number of gene-specific tafgkgeonucleotides or DNA) that are
individually arrayed on a single matrix. The adépganature of the fabrication and hybridization

methods allows the technique to be applied widely.

1.6.2 Applications of microarrays

Microarray technology has been classically usednfegstigating the effect of a given
biotic or a biotic perturbation on the transcriptéb output of a system (32). Underlying these
experiments is the notion that analyzing the respaf a system to a given perturbation can

uncover the mechanism of signaling or the bioldgiesponse to the perturbation, or both. One
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example of a systematic genome-wide study wasethaut in examining the response of
human fibroblasts to serum (33). It was demondrtitat serum could cause large differential
phenotypes that can be used to elucidate intrdaetlvechanisms and cellular function.

Microarray experiments based on temporal gene sxjme profiling have advanced the
understanding of biological processes such as dprednt, differentiation, the cell cycle and
biological rhythms (34, 35). Hundreds of trans@ipave been found to show rhythmic
expression patterns in their steady-state messagés| with a periodicity very close to that of
the cell cycle (36). These transcripts have beassdied into separate clusters on the basis of the
stage of the cell cycle corresponding to the péwdsp of expression. DNA microarrays have
also been used to study transcriptional changésafisig T-cell activation. The gene expression
patterns of T-cell activation with or without carstilation by anti-CD28 antibody were
compared (37, 38).

Microarray technology is also becoming an increglgimaluable tool in diagnosis,
classification, and outcome prediction of varioaaeers. For example, two types of acute
leukemia, acute myeloid leukemia (AML) and acutephoblastic leukemia (ALL), are
treatable by traditional chemotherapy; howeverceassful treatment is largely dependent on
correct diagnosis. To find a distinct moleculamsityire for these two diseases, oligonucleotide
microarrays were used to identify a set of 50 gehatscan differentiate between AML and ALL
with great accuracy (39). These methods have @so bxtended to the analysis of several
classes of tumor. Su et al. have established aflsbout 110 genes that are highly characteristic
and therefore diagnostic of colon, bladder, kidtiegr, pancreas, ovary, prostate, lung, gastric

and breast cancers (40). In addition to diagngatiposes, gene expression signatures of tumor-
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subgroups have been correlated with patient sur(dg and histopathological data to predict
poor prognosis or to identify carriers of the BRCgédne in breast cancer (42).

Recently, arrays have also been used to constangdriptional networks by monitoring
the binding of transcription factors to genomic D#8). This method uses chromatin
immunoprecipitation (ChlP) to detect physical iatg#ions between known proteins and their
DNA target sites. Instead of sequencing immunoprtted targets genes, DNA arrays were
used to identify the target identities (‘ChIP-chigJsing this methodology, it has been shown
that transcription factors that are activated dyarspecific phase in the yeast cell cycle control
the expression of transcription factors that retguiliae respective subsequent phase, which
revealed novel mechanistic insights into the cartus transcriptional coordination of the cell

cycle (44).
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CHAPTER 2: COMPARATIVE ANALYSIS OF
TRANSCRIPTIONAL PROFILING OF CD3+, CD4+ AND
CD8+ T CELLS IDENTIFIES NOVEL IMMUNE RESPONSE

PLAYERS IN T-CELL ACTIVATION

2.1 INTRODUCTION

T cells are among the most versatile cells in thdytand play a central role in adaptive
immunity. T-cell maturation in thymus is a stepwmecess, undergoing positive and negative
selection to produce CD4+ and CD8+ T cells (2). Whmature, T lymphocytes leave the thymus
and are considered naive cells until they encowd®vating signals in peripheral lymphoid
organs, thus become activated, start to prolifecatierentiate into effector cells (helper and
cytotoxic) and gain the ability to enter inflamnaets sites (45). Activation of the naive T cells in
the peripheral immune system is the first stefhefadaptive immune response.

Successful T-cell activation requires two majomstiatory signals to produce an
effective immune response. First, the T-cell receppmplex (TCR) recognizes the cognate
ligands presented by the major histocompatibildggnplex (MHC) on antigen-presenting cells
(APCs) (46). Second, a co-stimulation signal ispreed to T cells through the engagement of a
co-receptor such as CD28 (47). In the absence @8CGD-stimulation, TCR signaling alone
results in anergy. T-cell activation, which begivith TCR activation with CD28 co-stimulation,

triggers multiple signaling pathways and celluleer®s. Signaling downstream of TCR
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engagement has been widely studied (3, 48, 49)eXents include activation of protein
kinases such as LCK and ZAP-70, intracellulaf‘Gagulation, activation of MAP-kinase
cascades, and activation and nuclear localizati@nuzial transcription factors including AP-1,
NFAT, and NF«B. However, our understanding of the activationcess including subsequent
proliferation and differentiation events is farficomplete. A temporal genome-scale
transcription profiling of T-cell activation procewsould provide a comprehensive understanding
and insights into the molecular mechanisms undwegltie process.

Gene expression analysis of T-cell activation sihgle timepoint has been reported (50,
51), and using a single donor sample, the geneesgjom patterns of T-cell activation with or
without co-stimulation by anti-CD28 antibody wemmpared (37, 38). However, to the best of
our knowledge, the genome-scale donor-independentdral gene expression analysis of
primary, human T-cell activation has not been regghrand this is the goal of this study.
Significantly, a comparative analysis of the praogseaof two T-cell subsets (CD4+ and CD8+)
against each other and against the natural CD3tl@i@n remains unexplored, and would
likely yield significant new information. Comparisof the transcriptional patterns among the
three populations should lead to the identificabbthe common transcriptional events shared
by CD4+ and CD8+ T cells, and of subset-specifitegeand genes potentially involved in the
communication between CD4+ and CD8+ T cells. Amibhregdifferentially expressed genes, we
focused on ‘immune response’ genes based on Getmdo@y (GO) classification in order to
provide new insights into the expression of chemeg&iand cytokines, the orchestrated

regulation of receptors, the interactions betwéento subsets, and the homeostasis of resting



T cells. Such understanding would be helpful fdnarcting, re-directing or modifying the

activities of T cells under physiological and pathgsiological circumstances.

42
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2.2MATERIALS AND METHODS

2.2.1 Cells and culture system

Healthy-donor peripheral blood mononuclear celBNEES) (AllCells, Berkeley, CA)
were used to negatively-select CD3+ T cells, CDdd @D8+ T cells (Pan T Cell Isolation Kit
Il, CD4+ T Cell Isolation Kit Il, and CD8+ T Celkblation Kit 1, Miltenyi Biotech, Sunburn,
CA). Cells were activated polyclonally with anti-Ganti-CD28 Mab (1:1)-coated magnetic
beads (500 fmol/bead) (Dynabeads M-450 Epoxy, DBnatech, Lake Success, NY) (52). The
ratio of beads to cells was 3:1. CD3+ cell cultdresm three individual donor samples were
seeded at 1xfa@ells/mL in T-flasks and cultivated for 96 hounsserum-free AIM-V medium
with 100 U/mL IL2 (Chiron, Emeryville, CA) and 2%uman serum (Sigma-Aldrich St. Louis,
MO) as described (53). CD4+ cells and CD8+ cetistfianother three individual donors were
cultured for 72 hours in the same manner. Cell togrand sampling for flow cytometry and
microarray analysis were carried out at 0, 4, Boadd 96 hours in CD3+ T-cell experiments,
E1-E5, and at 0, 6, 12, 24, 48 and 72 hours in CD4¢ll and CD8+ T-cell experiments, E7-

E11. This study was approved by the Northwesternveysity IRB.

2.2.2 Flow cytometry

The following monoclonal antibodies (Mabs) for flaytometry were purchased from
BD Biosciences (San Jose, CA) unless otherwisedtatd included CD3 (FITC+PE), CD4 PE,

CD8 PE, CD25 PE, CD69 PE, TNFSF4 PE, CD40LG (TNR$HS TNFRSF9 PE, KLRD1 PE,



44
CD48 PE, GZMB PE (Invitrogen, Carlsbad, CA). Floytarnetry was carried out as
described (54, 55). Briefly, all samples were gatedorward scatter and on propidium iodide
negative (PI-) to eliminate debris and dead c€lis.intracellular detection of GZMB, cells were
first stained with anti-CD4-FITC (or anti-CD8-FIT@nd then fixed, permeabilized, and stained
as previously described (56). 10,000 gated eveots éach tube were acquired using a FACscan
(BD Biosciences) or LSRII flow cytometer (Bectonckinson). Quantibrite beads (BD
Biosciences Immunocytometry Systems) labeled wifierént amounts of PE molecules were
used to quantify surface or intracellular prota@wdls and normalize measurements between

timepoints.

2.2.3 RNA extraction and quality control

Total RNA was extracted from frozen cells using Tl¢al RNA Isolation Mini Kit
(Agilent, Wilmington, DE). RNA samples were re-sasded in RNase-free water and stored at
—80°C. RNA yield and purity were assessed spectitmphetrically at 260 and 280 nm (Biomate
3, Thermo Spectronic, Marietta, OH). RNA integmtgis evaluated using a Bioanalyzer 2100

(Agilent).

2.2.4 DNA-microarray experiments and data analysis

Microarray-based transcriptional analysis was edraut for samples at each timepoint,
using the ‘reference’ design (55), with Human Thgmwtal RNA (Ambion, Austin, TX) as the

reference RNA. Approximately half of the individualcroarrays were replicated and the
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correlation coefficient between these technicalicapes was above 0.90. Detailed
experimental procedures and the use of the SNNLER)drithm (57) for data normalization
were described (55). Further analysis (signifiggaries identification, hierarchical clustering

and gene ontology assignment) was carried out usiktyltiExperiment Viewer (MeV)’ from

The Institute for Genomic Research (TIGR) (58). Rendl normalized data were deposited in the
Gene Expression Omnibus (GSE6607 (CD3+ T-cell ewpart), GSE7571 (CD4+ T-cell
experiment) and GSE7572 (CD8+ T-cell experimerad).(Within each population (three
biological replicates using cells from differentndes), multi-class SAM (Significance Analysis

of Microarrays) with a false discovery rate <1% wasgd to select genes that show statistically
different expression between groups. A group isneefas all the samples belonging to the same
timepoint regardless of the donors. Briefly, theaxe 5 groups (0 hour, 4, 10, 48 and 96 hours)
in the set of CD3+ experiments, E1-E3, and 6 grq¢Qgwsour, 6, 12, 24, 48 and 72 hours) in the
set of CD4+ experiments and CD8+ experiments, E7FEB three samples from biological
experiments in each group were treated as repicitefocus on the expression change, gene
expression at each time point was compared toofiahour in each experiment. Gene Ontology
annotations, as curated by European Bioinformatistitute, were retrieved from the Gene
Ontology Consortium website (60). Hierarchical tdugg was performed with the Euclidian

distance metric.
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2.2.5 Quantitative RT-PCR (Q-RT-PCR)

cDNA was obtained from total RNA samples usinghigh-Capacity cDNA Archive
Kit and Q-RT-PCR was performed with Assays-on-Dedhlats (Applied Biosystems; Foster
City, CA) as described(54). The amount of mMRNAdach sample was normalized using the
average of two housekeeping genes (Glucuronifiased 18S). The use of GUSB
(Hs99999908 m1) and 18S (Hs99999901 s1) genesuaskeeping genes has been previously
tested in our lab (54, 55). Primers (Applied Bideyss, Foster City, CA) for the following
functionally diverse set of genes were used: FO{119267_g1), MYB (Hs00920564_m1),
JUN (Hs99999141_s1), CAT (Hs00156308_m1), MAPK60®857318 gl), SOD2
(Hs00167309_m1), SORD (Hs00973148_m1), STAT1 (H$8001_m1) in CD3+ T-cell
experiments, E1-E3; and GZMA (Hs00196206_m1), GZ1B00188051_m1), MYB
(Hs00920564 m1), FASLG (Hs00899442 m1l), EGR1 (H52028_m1), EGR2
(Hs00166165 m1), and EGR3 (Hs00231780_m1l) in CD#HGD8+ T-cell experiments, E8
and E9. Genes were chosen to reflect differentedjyressed genes of a wide range of

microarray signal intensities.

2.2.6 Supernatant ELISA assay of CCL20 and IFNG

Culture supernatants were collected at 4, 10, 48é&mours in three CD3+ T-cell
experiments, E3-E5, and analyzed for CCL20 and IfENGentrations by ELISA (R&D

Systems, Minneapolis) following the manufacturgr&ructions.
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2.3 RESULTS

2.3.1 Primary human T-cell activation is donor ind@endent

We aimed to capture important, donor-independanistriptional events of T-cell
activation. Three biological experiments, E1-E3ngsCD3+ T cells, which contain both the
CD4+ and CD8+ subsets, from three different healitryors demonstrated similar phenotypic
characteristics. T-cell proliferation, as measurgaell expansion, started at 48 hours after
stimulation, and cell numbers doubled by 96 hokrgure 2.1A). Cell viability remained around
80% throughout the 96 hours (Figure 2.1B). Suraqaession of the early T-cell activation
marker CD69 was rapidly upregulated within 10 hparsl then downregulated after 48 hours
(Figure 2.1C). Expression of the other importamfasze marker CD25 (IL2RA) rapidly
increased within 24 hours and stayed high (abo%e)86om 24 hours to 96 hours (Figure 2.1D).
We also examined the CD4+/CD8+ subset ratio bufowad no significant changes during the
96 hours of the experiments (data not shown). Céelts were ca. 60%, and CD8+ cells ca.
40% of the total T-cell population.

A separate set of experiments, E7-E9, was caougdising separately CD4+ and CD8+
T cells isolated from another three healthy donbhe time course analysis of this set of
experiments was setup somewhat differently thahenCD3+ T-cell study (0, 6, 12, 24, 48 and
72 hours in the CD4+ and CD8+ subsets compared4pX®, 48, and 96 hours in CD3+ T cells)
in order to cover earlier timepoints. As we demmatstbelow, the different time points in the
two sets of experiments do not affect our abilitgdmpare the data from the two studies, and in

fact enhance and broaden the validity of the canehs. Within each population, T cells
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exhibited overall similar phenotypic characteristiEigure 2.1). T-cell proliferation as
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Figure 2.1. Phenotypic analysis of T-cell ex vivoctivation upon anti-CD3/anti-CD28

stimulation of three populations.

Three independent biological experiments were edrout for each population. CD3+, CD4+
and CD8+ T cells were negatively selected from PBMEhealthy donors and activated with
anti-CD3/anti-CD28 antibodie§A) T-cell expansion as assessed by cell numb@};The
percentage of the viable T cells as determineddvy €ytometry;(C) The percentage of the
viable cells expressing CD6@) The percentage of the viable cells expressing CD25a

from 6 independent experiments (CD3+ T-cell expenris, E1-E3, and CD4+ and CD8+ T-cell



experiments, E7-E9) using cells from 6 differerdltiey donors are shown.
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CD4: 1463

CDa&: 1258

CD3: 3793
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Total: 4167

Figure 2.2. Venn diagram comparison of the signif@ant genes identified as differentially

expressed in the three populations.

SAM analysis (false discovery rate of <1%) idemtifi3793 significant genes in CD3+

population, 1463 significant genes in the CD4+ paipon and 1258 significant genes in the

CD8+ population.
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by cell numbers did not start until 48 hours. Exgan reached about 1.2 fold in CD4+ T
cells and about 0.8 fold in CD8+ T cells by 72 lm@ell viability remained around 75% in
CD4+ T cells vs. around 60% in CD8+ T cells; thevdo viability of CD8+ T cells was likely
caused by the absence of the help from CD4+ T.deXgression of the T-cell activation surface
markers CD25 and CD69 in the two subsets was sitailthat of CD3+ T cells.

Agilent microarrays that target 18,403 human gemege used to generate the
transcriptional profile of activation for the combd CD3+ T-cell population, and CD4+ and
CD8+ T-cell subsets. Comparing samples across irak tpoints, multi-class SAM (false
discovery rate of <1%) identified 3793 genes witdtistically significant expression change in
the CD3+ population, 1463 significant genes in@i&+ population and 1258 significant genes
in the CD8+ population in these temporal profilisudies. Hierarchical clustering of these
significant genes (Appendix Al-A3) demonstratedt tttee common transcriptional patterns
among the replicate biological experiments weregagpcible. Thus, for simplicity and ease of
presentation, gene expression data from their thi@egical experiments for each population
were averaged for discussion and analysis belowrdar to compare the transcriptional patterns
of the three populations, the significant genesnfial experiments were combined to a total of
4167 unique, significant genes distributed amorgthinee cell populations as shown in the Venn
diagram of Figure 2.2. Far more significant gewese identified in the CD3+ T-cell activation
experiments than in the subset experiments, pgssédilecting a larger repertoire of genes
during activation in the natural, mixed populatioh CD3+ cells, and thus the synergy and
interplay of the two subsets in producing a morenglex and multifaceted response.

Nevertheless, a large number of the genes weredhsr CD4+ and CD8+ T cells (910 out of
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1463 and 1258 respectively), reflecting the commeehular events shared by CD4+ and
CD8+ T cells during the activation process. Hieharal clustering of these pooled significant
genes (Appendix A4) demonstrated that the 3 pojumatshared largely similar transcriptional
profiles regardless of the difference of the samhpimepoints, which, in perspective, broadens
the significance of identified genes.

Q-RT-PCR was used to validate select microarrayited-ifteen significant genes with
different expression intensities were selectedpssiously reported (54), in our laboratory, data
from these Agilent microarrays correlated strongith the Q-RT-PCR results, although Q-RT-
PCR data generally show larger fold changes cordgareicroarray data (Appendix A5). We
thus conclude that the T-cell activation procestenour experimental conditions is largely

donor invariant, as assessed by both phenotypécatat transcriptional profiles.

2.3.2 Regulation of ‘immune response’ genes in T4tactivation

Ontological analysis using the MeV EASE module tdesd 203 genes associated with
the term ‘immune response’ among the 4167 sigmifiganes, consistent with the essential roles
of T cells in the adaptive immune response. Hidiaat clustering revealed distinct expression
patterns for these 203 genes and allowed us tdalihiem into two clusters: (A) Expression is
mainly upregulated compared to resting T cellsqOrh(Figure 2.3A); (B) Expression is mainly
downregulated compared to resting T cells (O h@&igure 2.3B).

Although we expected differences in gene expregsatterns because of the different

biology and functions of CD4+ and CD8+ T cells, #fierementioned 203 genes show, overall,
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similar expression patterns among the 3 populatonisvith several notable exceptions.
Within the upregulated cluster A, notable differem@mong the three populations include: (1)

genes in

Figure 2.3. Expression profiles of significant gerseassociated with the Gene Ontology term

‘immune response’.

Genes that were differentially expressed temporalll-cell activation of the three (CD3+,

CD4+ and CD8+) populations were divided into twougs (A with mostly upregulated genes
and B with mostly downregulated genes) accordinttpédr distinct expression patterns based on
hierarchical clustering using the Euclidian diseneetric. Color denotes degree of differential
expression compared to 0 hour (saturated red Fd3dfm-regulation, saturated green = 3-fold
down-regulation, black = unchanged, gray = no datalable). Clusters (I-VI) of genes with
different expression patterns among the three pdipuls were noted on the side. Expression
data shown are averages from three independewigizal experiments for each T-cell

population.
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clusters | (IL23A, NR4A2, CD83) and IV (PSMBS8, PSRIBVIF, IFI16, TNFAIP1,
POU2AF1, and OTUBL1), which shared similar gene esgion patterns between CD4+ and
CD8+ T cells, but different than those of CD3+ Tis;€2) genes in cluster 1l (XCL1, SLAMF7,
BRDG1, CD69, TNFRSF9 and CD40LG (TNFSF5)) with eliéint gene expression patterns
among the 3 populations, and cluster Ill (CSF3RN] BCL6 and TNFSF4) with different gene
expression patterns between the CD4+ and CD8+ pbpns. Within the downregulated cluster
B, there are a few genes with different exprespatterns in cluster V (AOAH, CD8A, -B,
KLRC1, -2, -4, KLRD1, CD48, CCL5, S100B, CD244, PF3LL1, IGJ, FCER1A, ITGB1,
TRIM22, TNFRSF25, LCK and ZAP-70), mainly betweeD43 and CD8+ T cells, and cluster
VI (IFIT5, ISGF3G, IL6R, CD164, HLA-E, TYROBP andNFRSF1A), mainly between CD3+
T cells and CD4+, CD8+ subsets.

Genes sharing similar expression patterns betw&t+@nd CD8+ T cells, but different
than CD3+ T cells, are likely important playerghe communication between CD4+ and CD8+
compartmentsAlthough not previously associated with T-cell aation, the decreased
upregulation of NR4A2 (coactivator of general gamamscription) (61) and increased
upregulation of IFI16 (transcriptional repress@2)and PSMB8, PSME2, and
OTUB1(proteases) (63-65) are possibly involvedhim delayed T-cell activation and
proliferation of the CD4+ and CD8+ subsets companatie CD3+ T cells. The significant
downregulation (at 48-96 hours) of IGLL1 and IGd&itiunoglobulins), FCER1A (receptor),
CD164 (negative regulator proliferation) and IRE@ifscription factor) in CD3+ T cells, but not
in CD4+ or CD8+ subset suggests that these proteeaffected by the co-presence or and/or

communication between the two subsets. Genes \ffdreht expression patterns between
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CD4+ and CD8+ subsets are possibly involved intypk-specific development of
characteristics and functions. For instance, eswanf TNFSF5 (CD40LG) has been mainly
reported in CD4+ T cells, facilitating the activatiof CD8+ T cells (66). Indeed, preferential
transcriptional upregulation of TNFSF5 was obselive@D4+ T cells, supported by a protein
abundance assay (Figure 2.4). Interestingly, TNR8&Salso upregulated in CD8+ T cells
(although not as strongly as in CD4+ T cells), sarppg the recently reported expression of
TNFSF5 in CD8+ T cells in the absence of CD4+ Tsc@7). This is an example demonstrating
that, with the comparative analysis of the expmsgpiatterns among the 3 populations, our data
capture significant differential transcriptionaleexs. Transcriptional differences between CD4+
and CD8+ subsets were validated and supporteddigiprabundance assays of selected genes
(TNFSF4, -5, -RSF9, KLRD1, CD48 and CD69) (Figur4)2Some of these genes (encoding
cytokines and receptors) are discussed in detkmibe

Cytokines act as messengers between cells, raggilfteir functions and activity. The
production of cytokines is precisely controlled parally in the immune response, and so are
cytokine receptors. Thus, the significantly regrdiecytokines and cytokine receptors were

sorted based on their functions listed by NCBI viteb®ttp://www.ncbi.nlm.nih.goy/ (Figure

2.5 and Figure 2.6) and are discussed below.
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Figure 2.4. Protein expression profiles supportedhe different transcription patterns

between CD4+ and CD8+ subsets.

CD4+ T cells and CD8+ T cells were selected, statad (with anti-CD3/anti-CD28 antibodies),
cultured separately and harvested at the indidatezgpoints of culture. Flow cytometric assays
were carried out for the selected genes with diffetranscription patterns between CD4+ and
CD8+ subsets ((A) TNFSF5, (B) TNFSF4, (C) TNFRSEY,KLRD1, (E) CD48, and (F)

CD69). Data from two independent experiments, EBE®, are shown.
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Figure 2.5. Transcription profile of
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Cytokines and Chemokines
Chemokines ~ CGL3  CCL4 CCL20 CXCL9 OXCL1D XCL2 XCL1 CXOLit
CCL5 CCL18 CXCLS
Interleukins | I8 23A | U5 |8l LB IL15

Cv?;:rnres GP] DSM MlF !Eﬂﬁ

TNF Family ~ TNFSFE TNFSF4 TNFSF5 TNF TNFSF2 TNFSF12-TNFSF13

TNFR Family TNFRSFE TNFRSFB TMFRSFS TNFRSF25 TNFRSF1A
Cytokine

Receptors ADORAZB 4R 21 ILIRZ GTiA4 [IL7R CCRS [IL6H [CCR7

T-cell Activation SRR [l2RE ITCGAL ITGE1 ITGB2 €D3D CD3G TRATiI TYROBP
Receptors ' :
Surface Antigens CD83 CD150 CDs9 ©D72 (CD53 ©D96 [CD97 SLMAF7
Killer Cell Lectin- igpi KiRG1 KLRF1 KLRC1 KLRC2 KLRC4 KLRD1
like Receptors '
MHC Molecules HLA-DPB1 HLA-DPA1 HLA-DMB HLA-DRB3 HLA-DQB1 HLA-G HLA-E

Receptors and Surface Proteins
Figure 2.6. Schematic showing the significantly radated genes of cytokines and receptors.

Membership to these sets was manually curated tinencorresponding gene pages by NCBI

website http://www.ncbi.nlm.nih.goy/and references therein. The regulation of gene

transcription in CD3+ T cells, compared to 0 haesidenoted by different color (green:

downregulation; red: upregulation) at each timepiirihe sequence of 4, 10, 48 and 96 hours.



60

2.3.3 Cytokines and Chemokines

A group of chemokines (CCL3, CCL4, CCL20, CXCL90-111, XCL1 and XCL2)
showed a steady increasing expression upon antf&abD3 D28 stimulation in all 3 populations
with the exception that XCL1 was not upregulate@€id4+ T cells. The strong upregulation of
these genes is likely responsible for the proinftatory response of T cells, including the
recruitment of T cells as well as other leukocytethe sites of inflammation. CCL20 is mainly
secreted by epithelial cells and macrophages &) CXCL9, -10, -11 are mainly secreted by
dendritic cells and macrophages (70, 71); theiresgions have not been reported in T cells.
Supernatant ELISA assays confirmed the significantinuous transcription upregulation of
CCL20 (Figure 2.7), suggesting the induction of @Qlsecretion in T-cell activation. The
preferential expression of XCL1 and XCL2 in CD8«dlls suggests that these proteins might
have roles in activation and/or functions of cykitorl cells (72). A few chemokines showed
high expression in resting T cells (CCL5, CCL18 @XICL5), suggesting their importance in
the homeostasis of resting T cells in the perigheraune system. Interferon gamma (IFNG),
INFG-inducible protein 16 (IFI16), IFN regulatorgdtor 4 (IRF4), -1, and IFNG-inducible
Guanylate binding proteins (GBP1 and -2) were pitegulated (Figure 2.5 and Figure 2.8A).
Supernatant ELISA assays revealed that the sedfetal protein level continuously increased
throughout the 96 hours (Figure 2. 8B). IFNG hagarnant immunoregulatory functions such as
antiviral and anti-tumor activity, and as an adiwvaf macrophages (73), yet its functions in T-
cell activation remains unknown. The orchestrataddcriptional regulation of IFN regulatory
factors, IFNG, and INFG-inducible proteins and significant induction of IFNG protein

secretion suggest that IFNG secreted by T cell@ahasportant role in T-cell activation.
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Figure 2.7. Supernatant ELISA
analysis of CCL20 secretion in three

independent CD3+ T-cell experiments.

CD3+ T cells were selected, stimulated (by
anti-CD3/anti-CD28 antibodies) and
supernatants harvested at the indicated
timepoints of culture. Data from three

independent experiments E3-E5 are shown.

Figure 2.8. Regulation of IFNG in T-cell

activation.

(A) Schematic showing the significantly
regulated genes associated with IFNG. The
regulation of gene transcription in CD3+ T
cells, compared to 0 hour, is denoted by
different color (green: downregulation, red:
upregulation) at each timepoint in the sequence
of 4, 10, 48 and 96 hour) Supernatant

ELISA analysis of IFNG secretion in three
independent CD3+ T-cell experiments, E3-E5.

CD3+ T cells were selected, stimulated (by
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anti-CD3/anti-CD28 antibodies) and the supernataet® harvested at the indicated

timepoints of culture.

Some of the interleukins (IL2, -23A, -5 and -8) waiso upregulated, and with distinct
patterns. The expression pattern of IL23A in CD3gells was significantly different than that in
CD4+ or CD8+ T cells. Expressed by activated deiedrells, IL23 has anti-tumor effects
through inducing CD4+ T-cell proliferation and @sti-tumor effects are reportedly to be
inhibited by the depletion of CD4+ or CD8+ subs&t)( These expression differences among
the three populations suggest that IL23A mightrbglicated in the communication between
CD4+ and CD8+ T cells. Early upregulation of ILBgortedly a B-cell and eosinophil
differentiation factor) (75) and IL8 (a neutrophittivating factor) (76) suggests that they might
have important roles in T cells as activating/d#éfgiation factors. The downregulation (at 48-96
hours) of IL1B, mainly secreted by macrophages, (@@{l IL15, an important cytokine in
lymphocyte survival (78), upon anti-CD3/anti-CD2Brsilation was unexpected.

A few members of the TNF family (TNFSF6 (FASLG), -8 and TNF) were
upregulated while others (LTB (TNFSF3) and TNFSHNFSF13) were downregulated. A
preferential expression in CD8+ T cells especially2 hours was observed for TNFSF4.
TNFSF4 has been hypothesized to have costimul&tagtions in both CD4+ and CD8+ subsets
(79, 80). However, no subset-specific function§ WFSF4 have been reported. Flow-cytometric
analysis confirmed its significant upregulatiory@athours in CD8+ T cells (Figure 2.4B). This
preferential expression suggests that in CD8+ IB,CENFSF4 might play an important role,

possibly with cytotoxic effector functions besidbe reported costimulatory functions.
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A few cytokines (GPI, OSM and MIF) also displayadreased expression mainly at
10-96 hours. Neither the expression nor the funstaf these genes have been previously

reported in T cells.

2.3.4 Receptors

The upregulation of several key receptors (IL2ZRAP5), ICOS, and IL21R) was
expected and confirms the validity of our data. ldeer, the temporal expression patterns of
these upregulated receptors, including those espdethroughout these experiments (IL2ZRA
(CD25), ADORA2B), early (IL4R, IL21R, FAS) or la(.1R2, TNFRSF8 and CTLA4),
provide new insights that reflect their roles ircdlt activation. For instance, the late
upregulation of CLTA4 is consistent with its inhidy functions in T-cell activation (79). The
upregulation of FAS at 4-10 hours implies that FAght have facilitating functions in early T-
cell activation in addition to its known role indacing apoptosis in fully activated cells (81).
The IL4 receptor is critical for inducing the demeinent of the Th2 lineage of effector T cells
(82). The simultaneous early upregulation of IL4Rl &L5 (a signature cytokine of Th2 cells)
suggests that the Th1/Th2 balance might be biaseartls the Th2 direction in our experiments.
Significant differential expression of receptor$ieh have not been reported in T cells, call for
attention to their possible role in T-cell activati These include the upregulation of IL1R2 (as
well as its binding proteins ILLRN and ILLRAP) & Bours and the constant upregulation of
ADORAZ2B (G protein-coupled adenosine A2b receptértensive upregulation of TNFRSF9
was observed in CD8+ subsets through 6-72 houts)diun CD3+ T cells or CD4+ T cells.
Flow cytometry analysis supported this preferergiaression of TNFRSF9 in CD8+ T cells at

the protein level (Figure 2.4C). TNFRSF9 has beported as a costimulatory receptor in T
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cells, but not in a subset specific manner [25]sTontinuous strong upregulation of
TNFRSF9 in CD8+ T cells indicates its specific itwement in the activation, proliferation and
differentiation of cytotoxic T cells.

Transcription of a number of other receptors, metjusly reported in the context of T-
cell action, was downregulated, likely to help aefei an efficient T-cell activation. These
include IL7R (which shares the IL2 receptor gamimaic (IL2ZRG) with IL2RA) (83), CCRS5,
TNFRSF25 and TNFRSF1A (apoptosis inducing recep(8rs 85), CCR7 (enabling cells for
secondary lymphoid organ homing) (86) and IL6R (tagng cell growth and differentiation in
neutrophils) (87). The unexpected downregulatioh.BRG (as opposed to the strong
upregulated IL2RA) and of integrins (ITGAL, ITGBh@&ITGB2), the components of LFA-1
(reportedly a receptor for costimulatory signalheell activation (88)) was somewhat surprising
and deserve attention. .

Our data reveal the transcription dynamics of afegciously reported upregulated cell-
surface antigens including CD83 (89) (expressenutjinout) and SLAMF1 (CD150) (90)
(expressed early), and novel ones such as CD5%g&sg early) and CD72 (expressed late).
Interestingly, CD83 showed increased expressiom gtimulation in CD3+ T cells, decreased
expression at 24-72 hours in CD4+ T cells, butmange in CD8+ T cells. CD83 expressed on
dendritic cells delivers costimulatory signals tadlls for activation (91), and CD83 expressed
on T cells has been hypothesized to be involvelddell activation with its detailed function yet
to be defined (89). These apparently different eggion patterns among the three populations
indicate that CD83 might have different roles in43Dversus CD8+ subsets, and may be

possibly implicated in the communication of thesetis. In contrast to CD3+ or CD4+ T cells,
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SLAMF7 showed significant increased expressionD8€ T cells at 6-24 hours. SLAMF7
regulates the cytotoxity of NK cells (92), and naigon/adhesion of B cells (93); however, its
function in T cells has not been reported. Thisguamntial expression of SLAMF7 in CD8+ T
cells suggests that it might be involved in theedepment of the cytotoxicity of CD8+ T cells.

Among the mainly downregulated cell-surface antsggehe simultaneous downregulation
of CD3D, CD3G, TRAT1 (TCR-associated transmembadtegptor 1) and TYROBP (ZAP-70
binding protein) along with the downregulation &K and ZAP-70 (TCR associated tyrosine
kinases) are likely part of the orchestrated reigarieof T-cell activation. CD53, CD96, and
CD97 shared similar expression patterns (upreguitd hours and then downregulated at 48-
96 hours). However, little is known about theira®in T-cell activation. We also observed the
downregulation of CD8B and CD8A in CD8+ T-cell, pdy as a part of the CD8+ T-cell
activation machinery. Interesting, binding partneed|-surface antigens CD48 and CD244,
demonstrated opposite expression patterns. CD4&avdsuously downregulated in CD4+ T
cells, but not in CD8+ T cells; while CD244 was touously downregulated in CD8+ T cells,
but not in CD4+ T cells. It has been hypothesited T cells costimulate each other through the
interactions of CD244 and CD48 (94). This cell-tbgpecific downregulation of CD48 (CD4+
T-cell) and CD244 (CD8+ T-cell) suggests that thi3244-CD48 interaction might be cell-type-
specific as well between the CD244 expressing CD8¢lls and CD48 expressing CD4+ T
cells.

Upon activation, killer cell lectin-like receptofisLRB1, KLRG1, KLRF1, KLRC1, -2, -
4, and KLRD1) showed mainly decreased expressiost. discovered in NK cells, the

expression of inhibitory receptors (KLRG1, KLRB1LRC1, and KLRD1) (95, 96), and
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activating receptor KLRC2 (97) has also been rebirt activated CD8+ T cells, involved in
TCR signaling, but not in activated CD4+ T cellsaive T cells. The shared downregulation of
these KLRs along with that of some less-well-stdareembers (KLRF1, and KLRC4) suggests
that their function might not be limited to effectoD8+ T cells, and that they are implicated
more broadly in T-cell activation. Surprisingly, meers of both MHC classes | and Il were
expressed in resting T cells (0 hour; data not shofeveral genes encoding MHC class Il
members (HLA-DPB1, HLA-DMB, HLA-DRB3, HLA-DQB1, anHLA-DPA1) showed
decreased expression upon stimulation, while sord€Mlass | molecules (HLA-G and HLA-

E) were downregulated at 48-96 hours.

2.3.5 Granzymes

Secretion of cytotoxic granules is one of the maftector functions of cytotoxic T cells
to induce apoptosis in target cells(98). Perforgmanulysin and granzymes are the core
components of the dense cytotoxic granules resplentir target cell lysis. Most of the
granzyme genes (GZMB, -A, -H, -K, except for GZMNyt not GNLY and PRF1, were
significantly regulated (Figure 2.9A). GZMA and GEMvere considerably downregulated
throughout the experiments. It is likely that Tlsdlave not acquired the full cytotoxic effector
functions at this stage of the activation. Howe@£MB was transcriptionally upregulated in
both CD4+ and CD8+ T cells, and this was suppdriedata from a protein abundance assay

(Figure 2.9B).
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Figure 2.9. GZMB was upregulated continuously in dlthree populations.

(A) Transcription profile of significantly regulateggranzymes (GZMB, -A, -H, and —K). Color
denotes degree of differential expression comptr€dhour (saturated red = 3-fold up-
regulation, saturated green = 3-fold down-reguigtidack = unchanged, gray = no data
available). Expression data shown are averagestiioge independent biological experiments
for each T-cell population. (B) Intracellular pristexpression profiles of GZMB in the CD4+
and CD8+ subsets. CD4+ T cells and CD8+ T cellewetected, stimulated (by anti-CD3/anti-
CD28 antibodies), cultured separately and harvesttéte indicated timepoints of culture to
analyze the protein expression via by flow cytomeissays. Data from four independent

experiments, E8-E11, are shown.
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2.4 DISCUSSION

Genome-scale transcriptional profiling can add iicgmt new information for better
understanding of T-cell activation as an importaintogical process of the immune response.
Previous efforts had examined T-cell activationra single time point (50, 51) or addressed
costimulatory signal effects using only a singleerkment (37, 38). Using multiple donors, in
this study we focused on the temporal, donor-inddpat gene expression patterns not only in
the CD3+ T cells, but also in the CD4+ and CD8+sgtth We identified donor-independent
significantly regulated genes in CD3+ T cells (frdme activation of co-cultures of CD4+ and
CD8+ T cells in their natural ratio), and the CDaitd CD8+ subsets. The CD3+ T cells had far
more significantly differentially expressed geneart those in the activation of the CD4+ and
CD8+ T cells (Figure 2.2). Regardless, the trapsiom profiles of the pooled significant genes
in T-activation shared largely similar patterns agpthe three populations.

Anti-CD3/anti-CD28 stimulation induced expresspattern changes of ‘immune
response’ genes which arensistent with the important roles of T cells daptive immune
response. Not only well-known cytokines (e.g., IlENNG, TNFSF6 (FASLG)) and cytokine
receptors (IL2RA (CD25), CD69, ICOS), but also nuous novel ones, for T-cell activation,
were differentially expressed. Among the novel kites, strongly upregulated genes (e.g.,
CCL3, -4, CCL20, CXCL9, -10, -11) might have img@ort roles in enhancing T-cell activation
in addition to their functions in cell traffickinf@ownregulated genes (CCL5, IL5) might rather

be involved in maintaining the homeostasis of nesi cells.
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A number of cell-surface receptors not previousigoiated with T-cell activation,
were differentially expressed including downregeda€CCR5, TNFRSF25, TNFRSF1A, CCR7
and IL6R, and upregulated CD59 and CD72. A numbegaeptors involved in TCR activation
(CD3D, CD3G, TRATL, ITGAL, ITGBL1, ITGB2, CD8A andBB (CD8+ T-cell specific)
along with LCK, ZAP-70 and TYROBP, were all simulémusly downregulated. Little is known
about the expression and functions of KLRs in ngsti cells. The downregulated KLR receptors
are likely involved in the homeostasis of restingells. It is also possible that they regulate T-
cell activation through TCR signaling. Surprisingbpth MHC class | and class Il molecules
were transcriptionally expressed in resting T cllbour) (data not shown), and MHC class li
molecules were significantly downregulated uporell-activation. MHC Class | and class Il
molecules are receptors on APCs, but not T caltsthie activation of CD8+ and CD4+ T cells,
respectively.

Comparison of the expression patterns among tlee {hopulations provided further
insights. Different expression patterns between-€b4d CD8+ T cells (XCL1, -2, SLAMF7,
CD244, CD48, TNFRSF9, TNFSF4, -5, CSF3, and GZMHj)enbserved, suggesting their
subset specific involvement/functions in T-celliaation. Among these genes, very little is
known about XCL2 and SLAMF7 in T cells. Genes (IB23R4A2, CD83, PSME2, PSMBS,
MIF) with similar expression patterns between Cldel CD8+ T cells, but different than those
in CD3+ T cells are likely involved in the commuaiion between CD4+ and CD8+ subsets.
These and the large number of novel genes in thixbof T-cell activation that were identified

in this study offer new research targets fro a nooraplete understanding of T-cell activation.
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2.5 CONCLUSIONS

In conclusion, our study captured novel temporé#igpas of previously known but many
novel, in the context of T-cell activation, genesgadogically classified under the term ‘immune
response’. These patterns were reproducibly angstbhbidentified as donor independent, and
were partially confirmed by Q-RT-PCR and proteinedleassays. Comprehensively integrating
previous knowledge, we identified novel significgenhes associated with immune response in T
cells, as well as subset specific genes, and geyieated in the communication between
CD4+ and CD8+ T cells. This study improves our ustéading of the biology and the
underlying regulation of T-cell activation in thataral combined CD3+ population, as well as in

the CD4+ and CD8+ subsets.
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CHAPTER 3: A GLOBAL TRANSCRIPTIONAL VIEW OF

APOPTOSIS IN HUMAN T-CELL ACTIVATION

3.1 INTRODUCTION

The adaptive immune response starts with theatativ of the naive CD4+ and CD8+ T
cells in the peripheral immune system. SuccessfttglTactivation requires the T-cell receptor
complex (TCR) and the co-receptor CD28 (47), thation of which leads to several
downstream signaling events, including activatibprotein kinases such as LCK and ZAP-70,
activation of MAP kinase cascades, and activatimhrauclear localization of crucial
transcription factors including AP-1, NFAT, and KB-(3). In contrast, TCR signaling alone
without CD28 co-stimulation results in anergy andregual cell death (99).

Apoptosis has been extensively examined in T galig activation, such as activation-
induced cell death (AICD), due to its essentiat fial eliminating unwanted lymphocytes and
maintaining the homeostasis after fighting infectand inflammation (100). However, the
regulation of apoptosis and the balance betweearttieapoptotic and pro-apoptotic signaling
(which is an essential part of the surveillance mraery) during the process of T-cell activation
have not been examined.

Genome-scale transcriptional analysis is a powssl for understanding complex
processes such as T-cell activation (37, 38).dreaious effort, using ontological analysis
coupled with a comparative analysis of primary harecell activation in the CD3+ T cells and

the two subsets, CD4+ and CD8+ T cells, we proheccobmmon and potentially subset-specific
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immune response-associated transcriptome in Tacellation (101). In this study we focus
on the differentially expressed genes associatdunregulation of apoptosis, as well as essential
apoptotic signaling pathways: the MB-signaling pathway, and MAP kinase signaling. We
identified several potentially important apoptajgenes based on their patterns of expression and
examined the protein expression of a select sg¢wés, most of which have not been previously

discussed in T-cell activation.
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3.2 MATERIALS AND METHODS

3.2.1 Cells and culture system

CD3+, CD4+ and CD8+ T-cell cultures were set uprasiously described (101).
Briefly, negatively-selected T cells (CD3+, CD4AdaCD8+) were activated with anti-
CD3/anti-CD28 Mab conjugated to magnetic beadd. c@einting and sampling for flow
cytometry and microarray analysis were carriedad@, 4, 10, 48 and 96 hours in the CD3+ T-
cell experiments, and at 0, 6, 12, 24, 48 and 12im the CD4+ T-cell and CD8+ T-cell

experiments. This study was approved by the Norsteva University IRB.

3.2.2 Flow cytometry

The following monoclonal antibodies (Mabs) for flaytometry were purchased from
BD Biosciences (San Jose, CA) unless otherwisedstatd included CD3 (FITC+PE), active
CASP3 PE, phospho-MB-p65 PE, phospho-p38 (MAPK14) PE, phospho-ERK1 B¥A) PE,
PUMA (BBC3) (Cell Signaling Technology, Danvers, MBCL2A1 (Abcam, Cambridge, MA)
and goat anti rabbit IgG PE (Jackson ImmunoResdaabbratories, West Grove, PA). Flow
cytometry was carried out as described (54, 55&fBr all samples were gated on forward
scatter and on propidium iodide negative (PI-)limi@ate debris and dead cells. For
intracellular detections, cells were first staimgth anti-CD3-FITC and then fixed,

permeabilized, and stained as previously desciiB&d Quantibrite beads (BD Biosciences
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Immunocytometry Systems) labeled with different ams of PE molecules were used to

guantify surface or intracellular protein levelglarormalize measurements between timepoints.

3.2.3 RNA extraction and quality control

Total RNA was extracted from frozen cells using khecleoSpin RNA Il kit (Clontech,
Palo Alto, CA). RNA samples were resuspended in$&Nfeee water and stored at —80°C. RNA
yield and purity were assessed by UV spectrophatecrmaeasurements at 260 and 280 nm
(Biomate 3, Thermo Spectronic, Marietta, OH). Ferthore, RNA integrity was evaluated using

the Bioanalyzer 2100 (Agilent Technologies, PalmACA).

3.2.4 Microarray experiments and analysis

Total RNA was extracted, RNA integrity was evalubsed microarray experiments and
data analysis were carried out as preciously desdri101). Briefly, microarray data were
normalized and further analyzed (identificatiors@nificant genes, hierarchical clustering, and
Gene Ontology assignment) with ‘MultiExperiment Wex (MeV)’ from The Institute for
Genomic Research (TIGR) (58). Raw and normalizeéd deare deposited in the Gene
Expression Omnibus (GSE6607 (CD3+ T-cell experim&BEE7571 (CD4+ T-cell experiment)
and GSE7572 (CD8+ T-cell experiment)) (59). Witbath population (three biological
replicates using cells from three different donomsjlti-class SAM (Significance Analysis of
Microarrays) with a false discovery rate of <1% wased to select genes that show statistically

different expression between groups. A SAM grougieiBned here as all the samples belonging



75
to the same timepoint regardless of donor. Brig¢figre were 5 groups (0 hour, 4, 10, 48 and
96 hours) in the set of CD3+ experiments and 6@sdQ hour, 6, 12, 24, 48 and 72 hours) in the
set of CD4+ experiments and CD8+ experiments. @gpeession at each time point was
compared to that of O hour in each experiment. G@melogy annotations, as curated by
European Bioinformatics Institute, were retrieveahi the Gene Ontology Consortium website
(60). The EASE (Expression Analysis Systematic Bogal) score in ontological analysis is a
modified Fisher Exact Probability p-value (102)icating the probability of finding by chance
the same degree of enrichment on a Gene Ontologyitea set of genes. The lower the EASE
score, the more significant is the enrichmentthe.less likely that degree of enrichment can be
found by chance. Hierarchical clustering analysas werformed with the Euclidean distance
metric. The list of genes associated with RB-signaling pathway was curated based on the
information of Gene Ontology Consortium (http://gmigeneontology.org/cgi-bin/amigo/go.cgi)
per ‘positive regulation of I-kappaB kinase/NF-kappcascade’ and superarray

(http://www.superarray.comper ‘NF«B Signaling Pathway’. Information of superarray

enriched our list with members of the Rel, MB-and kB families. The list of NR<B target

genes was curated based on the information of veepsip:/people.bu.edu/gilmore/nf-Rba

collective information source of NkB research based on updated publications. Thelgpt o
MAP kinase signaling pathway was curated and sdrés@d on information of Kegg website

(http://www.genome.jp/kegpper ‘MAPK signaling pathway’, superarray

(http://www.superarray.comper ‘MAP Kinase Signaling Pathway’, and NCBI wibs

(http://lwww.ncbi.nlm.nih.gow/
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3.2.5 AP-1 activity assay

DNA-binding activity of AP-1 was assessed usingThensBinding AP-1 ELISA kit
(Panomics; Fremont, CA) as described (54). BrieflyGlear extracts were incubated with
biotinylated AP-1-consensus-binding-sequence oligteotides and complexes were detected
using a primary AP-1 antibody and a secondary adtiltonjugated to horseradish peroxidase.
This assay is analogous to the traditional eletimogtic mobility shift assay in that it measures
the ability of a transcription factor from nucldgsates to bind to a consensus-binding sequence

of that transcription factor, and has been extehgivalidated (103, 104).
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3.3 RESULTS

3.3.1 Anti- and pro-apoptotic genes in T-cell actiation

As previously reported, within each population (GD8D4+ and CD8+ T cells), T cells
from three independent biological donors (threddgigal replicates) exhibited overall similar
phenotypic characteristics (101). Briefly, the agd expression of the early T-cell activation
marker CD69 and the middle activation marker COR2RA) (105) were rapidly upregulated
within 10 hours and 24 hours respectively; T-cetlliferation did not start until 48 hours and
cell numbers doubled by 96 hours following T-celivgation. Accordingly, we divided our
experimental time course into early T-cell actiwat{(0-10 hours), middle and late T-cell
activation (10-48 hours), and T-cell proliferati@8-96 hours). Our microarray results have
been validated by Q-RT-PCR assays with a seledfidifteen significant genes covering a
broad range of expression patterns and intengiti&k). We have also established the
reproducibility of our genome scale transcripti@tedwithin each population (CD3+, CD4+ and
CD8+ T cells) and across the three populations)(1®AM analysis identified a total of 4167
unique, significant regulated genes in T-cell ation, with similar transcription patterns in
three replicate biological experiments within epoipulation (101).

Following SAM analysis, ontological analysis usthg MeV EASE module identified
125 significantly regulated genes, associated ‘rgljulation of apoptosis’ (EASE score: 7.65E-
08), suggesting an active involvement of apoptdsring T-cell activation and proliferation.
Made up of both anti- and pro-apoptotic genes gli&$ genes shared well-preserved expression

patterns among the three T-cell populations (Figuté and Figure 3.1B). The mainly
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upregulated cluster (Figure 3.1A) contains botlra@md pro-apoptotic genes, and so does the
mainly downregulated cluster (Figure 3.1B). Thiggests an essential role of the balance
between anti- apoptotic and pro- apoptotic sigmgilmT-cell activation.

Members of the BCL2 family are key regulators obpiosis. The balance between pro-
and anti-apoptotic BCL2 family members determirnesdellular fate in response to survival
cues and stress signals (106). The functions amddriptional regulation of these BCL2 family
genes in T-cell activation remain largely unexptbralves et al. reported several significantly
regulated BCL2 family genes in T-cell activatiortlvaut discussion (107). Our microarray data
identified a set of significantly regulated BCL2rfdy genes reported by Alves (107), but with
different transcriptional patterns (Figure 3.1)e$a included continuously upregulated BCL2A1
(anti-apoptotic), early upregulated MCL1 (myelog&lldeukemia sequence 1) (anti-apoptotic),
BMF (BCL2 modifying factor) (pro-apoptotic) and PNFAL (pro-apoptotic), late (48 hours)
downregulated BCL2 and dynamically (up-down-uputated BBC3 (pro-apoptotic). Flow
cytometric assays demonstrated the continuous ulategn of BCL2A1 (Figure 3.2A) and
upregulation of BBC3 at 0-10 hours and 24-96 hatithe protein level (Figure 3.2B), both of
which are consistent with their transcriptionalteats. The BCL2A1 gene has been reported as a
direct target of transcription factor NéB complex, p65/p50, in T cells (108). This indicate
continuous involvement of BCL2A1 and a constanivéagtof the NF«B (p65/p50) complex in
T-cell activation. BCL2 has been hypothesized talble to block T-cell death (109). Several
genes of the BCL2 protein family and their intemagtproteins, whose functions and
transcription regulation have not been discusselarcontext of T-cell activation, were

differentially expressed. These include upregulaidy (anti-apoptotic BNIP2
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Figure 3.1. Expression profiles of genes associateath regulation of apoptosis.

Genes that were differentially expressed temporalll-cell activation of the three (CD3+,
CD4+ and CD8+) populations were divided into twougrs A with mostly upregulated genes,
andB with mostly downregulated genes) according torttisstinct expression patterns based on
hierarchical clustering using the Euclidean distametric. Color denotes degree of differential
expression compared to 0 hour (saturated red fd3dfm-regulation, saturated green = 3-fold
down-regulation, black = unchanged, gray = no datalable). Expression data shown are
averages from three independent biological experisi®r each T-cell population. Pro-
apoptotic genes names and descriptions are showed jmnti-apoptotic genes are shown in
green and genes with both pro- and anti-apoptotas are shown in blue. Genes with unknown
functions in apoptosis are shown in bla@&) Schematic view of significantly regulated genes of
BCL2 family. Green and red connections denote negative andvyeosgulation of apoptosis,

respectively, based on information of NCBI web#itp://www.ncbi.nlm.nih.goy/ Regulation

of gene transcription in CD3+ T cells, compare@ twour, is denoted by different color (green:

downregulation, red: upregulation) at each timepminhe sequence of 4, 10, 48 and 96 hours.
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at 10-48 hours (anti-apoptotic BAG1 (BCL2-assodathanogene)), and late BAG2,
BCL2L12, and pro-apoptotic BNIP3, and downregulgiemtapoptotic BNIP3L and pro-

apoptotic MOAP1 (Figure 3.1).
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demonstrated by microarray analysis. CD3+ T cedisangelected, stimulated (with anti-
CD3/anti-CD28 antibodies), cultured and harvestati@indicated timepoints of culture to
analyze the protein expression by flow cytometsisays. For BCL2Aand BBC3, data from two
independent experiments, E4 and E5, are showiASP3, data from three independent

experiments, E1, E4 and E5, are shown.

Caspases play a central role as executioners ihtypes of apoptosis, including
activation induced cell death (AICD). However theywe not been discussed during T-cell
activation. Our microarray data show that numeaspase genes were differentially expressed.

Contrary to the signaling mechanism whereby CAS&®ines activated first, and then in turn
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activates CASP3 and CASP6 (100), CASP3 was upregglié 48-96 hours, earlier than
CASP9 and CASP6, which were only upregulated dtd@6s. The flow cytometric assay
specific for the active form of caspase 3 proteipported the involvement of CASP3 at 48-96
hours (Figure 3.2C). CASP8AP2, which is require€@€&ASP8 mediating apoptosis (110), was
downregulated at 4-10 hours and then upregulatétetesame level of resting T cells at 48-96
hours. CASP1, as well as its adaptor PYCARD (1449l CASP4 displayed decreased
expression throughout, suggesting that CASP1 angRZIAmight play important roles in the
homeostasis of resting T cells, but not in T-cethation. Caspase regulatory protein AVEN
(reportedly an inhibitor of CASP9 activation) (1Mas upregulated at 10-48 hours,
concomitantly with the upregulation of CASP9 att#fiurs. CFLAR (CASP8 and FADD-like
apoptosis regulator) was significantly and contumlp upregulated. CFLAR has different roles
in T cells at different stages. It has been repoittat CFLAR is induced by restimulaiton in
activated T cells, inhibiting FAS-mediated apopsddi13), while overexpression of CFLAR in
naive T cells decreased T-cell proliferation upoh-&D3/anti-CD28 stimulation (114). The
strong transcriptional upregulation of CFLAR in &Hcactivation, not previously reported,
suggests an important role in T-cell activation.

Some heat shock proteins are involved in apoptbsisnpone has been discussed in the
context of T-cell activation. HSPE1 and HSPD1 stiax@ntinuously elevated expression at 4-96
hours. It has been hypothesized that HSPE1 and H$&Dh a complex with and facilitate the
activation of pro-caspase 3 (115). Anti-apoptatieracting heat shock proteins HSPA9 and
HSP90B1 (116, 117) were also upregulated; thes r@mains unknown in T-cell activation. Of

note, reportedly anti-apoptotic HSPAS (118), dentiated distinct transcription patterns in the
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three populations: it was upregulated in CD3+ Tsoespecially at 48 hours, but overall
downregulated in both CD4+ and CD8+ T cells. HSPAS been reported to retain T-cell
antigen receptor alpha chain (TCR-alpha) withinghdoplasmic reticulum (119). These
different expression patterns among the three Tpoglulations indicate that HSPA5S might be
involved in the interaction between CD4+ and CD8gells in T-cell activation.

Other significantly regulated, and not-previougported, apoptotic genes in T-cell
activation included members of inhibitor of apopgqsrotein (IAP) family and genes of
programmed cell death (PDCD) proteins. IAPs inhalpibptosis by interfering with activation of
caspase proteins (120). The differentially expréggnes of the IAP family displayed different
expression patterns: BIRC1 and BIRC2 were downeggd| BIRC5 was down-then-
upregulated, and BIRC3 was up-down-upregulatechddd, pro-apoptotic PDCD5 and AlF1
(PDCD8) were upregulated at 10-96 hours.

Non-caspase executor proteases, such as Granzy@eNBB) and CTSB (cathepsin B),
were also significantly regulated. Besides its fiorcin inducing target cell apoptosis,
intracellular degranulated GZMB has also been ioapéid in AICD in TH2 cells (121). Our
microarray data revealed that GZMB was continuoughgegulated with similar transcription
patterns in CD4+ T cell and CD8+ T cells, suggestin involvement of GZMB in T-cell
activation. CTSB has been reported to promote Tageptosis by immune-suppressive anti-T
cell agents, mitogen antithymocyte globulins (AT@s)2). Transcription of CTSB was
downregulated first (at 4-48 hours) then upregdl@ie96 hours, thus suggesting a role of CTSB

in the early stage of T-cell proliferation.



84

The TNF receptor family plays important roles irtressically induced apoptotic
pathways. Some TNF receptors have death domainarardirectly involved in apoptosis.
Transcription of several TNF receptors (TNFRSF6;98-18, -1A, -1B, -10A, -10B, and -25)
was differentially regulated. Of note, TNFRSF6 (FABe well-known AICD receptor, was
upregulated at 4-10 hours, but not the other twopmments of the death-inducing signaling
complex (DISC): FADD and CASPS8 (123). FAS has &lsen implicated in multiple pathways
including NF«B, extracellular signal-regulated protein kinasBKE 1 and -2, and p38;
however, the function of FAS in early T-cell acttem has not been reported (100). Contrary to
the reported induction of death-receptors TNFRSERAA TNFRSF25 (DR3) in T-cell activation
(124, 125), our microarray data show that bothdan@nregulated, together with TRADD
(TNFRSF1A-associated death domain protein), thesimmaon adaptor protein. These data
suggest that the apoptosis pathways mediated byRBREA/TRADD and TNFRSF25/TRADD
are suppressed upon T-cell activation. TNFRSF1Bwpasgulated and more significantly so in
CD8+ T cells. The function of TNFRSF1B in T ceksmains controversial, with both anti-
apoptotic and pro-apoptotic functions reported (112&). Furthermore, TNFRSF1B has not
been reported to be T-cell subset (CD4+ or CD8¢riie. BIRC3 (also known as IAP1),
component of the TNFRSF1B signaling complexes imdpapoptosis (128), was more
significantly upregulated in CD8+ T cells, similatb TNFRSF1B. This suggests that the
TNFRSF1B signaling might have CD8+ specific fungioA few TNFSF and TNFRSF related
proteins, the function of which remain largely uotum, were significantly regulated. These

included FAIM (FAS apoptotic inhibitory moleculé&JAF1 (Fas associated factor 1), and SIVA
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(CD27 (TNFRSF7)-binding protein)), which were doegulated first and then upregulated;
and TNFAIP8, which was upregulated first and thewgregulated.

Numerous TNF receptors and related proteins ineblmeNF«B signaling pathway were
significantly regulated in T-cell activation. TNFR&, reportedly able to promote apoptosis
through inducing the activation of NéB complex (129), was significantly upregulated &9%
hours. TNFRSF9, reportedly able to promote apoptasd suppress the activation of NB-
complex (130), was mainly upregulated. TNFRSF10RAILR1) and TNFRSF10B
(TRAILR2), which can interact with several membefd RAFs to activate NkB complex
(131), together with several members of the TRARilia(TRAF4, TRAF1, TRAF3, and
TRAF6) were upregulated. A detailed examinatiotheftranscriptional orchestration of NB-

signaling pathway in T-cell activation is presenteckt.

3.3.2 NFxB signaling pathway

The transcription factor NkB complex, a collection of several homodimers or
heterodimers of Rel proteins (REL, RELA (p65), REIB30 and p52), plays a key role for the
regulation of T-cell activation by mediating thelurction of various genes that control T-cell
proliferation, activation and survival (132). A vi@rray of stimuli including IL1, and TNF as
well as TCR stimulation lead to the onset of cassatiat ultimately lead to NkB activation
(3). Due to the broad range of the upstream siggaland the complexity of the dimers, our
knowledge of the orchestrated regulation of dB-signaling pathway and activity of the
different NFxB dimers in T-cell activation is far from compleléhe transcriptional regulation

of significantly regulated genes associated withNf-«B signaling pathway is shown in Figure
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3.3A and Figure 3.5A. NkB family genes (REL, RELA (p65), and RELB) andBIfamily

genes (NFKBIA (the inhibitor of RELA), NFKBIE (inhitor of REL) and NFKB1 (p105,

precursor of p50)) shared similar transcriptiortgrat, an early upregulation at 4-10 hours was
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followed by a decrease at 48-96 hours. IKIP
(IKK interacting protein) was significantly
upregulated at 48-96 hours (Figure 3.3A). We
also examined the intracellular protein
expression of phosphorylated p65, the major
active component of the NiEB complex. Flow
cytometric analysis demonstrated an increase of
the phosphorylated p65 at 48-96 hours (Figure
3.3B). This activation delay is likely the result o
the strong upregulation of NFKBIA at 4 and 10
hours. It is also possible that p65 might quickly
become activated within 4 hours leading to the
transcriptional induction of NFKBIA, one of the

target genes of the NEB complex (133). Of

Figure 3.3. Significantly regulated genes in

NF-kB signaling pathway.

(A) Expression profiles of genes involved in NF-
kB signaling pathway. Color denotes degree of

differential expression compared to O hour
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(saturated red = 3-fold up-regulation, saturateskigr= 3-fold down-regulation, black =
unchanged, gray = no data available). Expressitamsteown are averages from three
independent biological experiments for each Tqeeflulation. Genes, whose transcription can
induce the activation of the NéB complex, identified in a large scale screeninglgt(134)
were shown in blugB) Protein expression profile of phosphorylated p65iBfB complex.
CD3+ T cells were selected, stimulated (with afii3Zanti-CD28 antibodies), cultured and
harvested at the indicated timepoints of culturartalyze the protein expression by flow

cytometric assays. Data from two independent erparis, E4 and E5, are shown.
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note, not only the transcriptional regulation oflBEmaximum fold change of 7.4) was more
significant than that of RELA (maximum fold changfe5.5), but also RELB had higher
transcriptional levels than RELA. BCL3, a transtiapal coactivator of NReB homodimer
p50/p50 and p52/p52 (135), was upregulated at Déritburs.

TLR1 (toll-like receptor) and TICAML (toll-like reptor adaptor), which promote
activation of the NReB complex (136), showed decreased expression 864&urs, suggesting
that this upstream activation cascade of thexkBEomplex might not be active during early T-
cell proliferation. Also involved in NiB complex activity regulation, members of the TNF
receptor super family (TNFRSF6, -8, -9, -10A, ah@B), their associated proteins (TRAF1, -3,
-4 and -6, EDARADD (ectodysplasin A receptor-asatax)) and TRAF interacting protein
(TRAIP) showed increased expression. TNFRSF-1088;TRAF1, -3, and -6 were
upregulated at 4-10 hours and TRAIP, which inhithts TRAF-mediated NikB activation
(137), was upregulated at 48-96 hours. This orcaest gene expression regulation suggests that
the TRAF-mediated upstream signaling of KEactivation is active at 4-10 hours. Furthermore,
the early upregulation of MAP3 Kinases (MAP3K14, M2K8, MAP3K7IP2) supports the
early involvement of the TNF receptor pathway sikk&P3 Kinases activateB kinases
recruited by TRAFs to the TNF receptor complex (188contrast, TNFRSF1A, TRADD
(TNFRSF1A-associated via death domain) and TRAR®wewnregulated, suggesting that the
reported TNFRSF1A-TRADD-TRAF2 cascade (139) and FBAnediated cascade (140),

regulating the activation of NEB complex, might not be active in T-cell activation
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TCR specific signaling protein MALT1 (through théRD11-BCL10-MALT1
complex) was recently reported to be required fiimeal NF«xB activation through proteolysis
of the NF«B inhibitor TNFAIP3 (141, 142). However the tranptional regulation of MALT1
and TNFAIP3 in T-cell activation has not been répdr Our microarray data demonstrated that
MALT1 was upregulated at 4 and 96 hours, and TNBAIRS upregulated at 4 hours and
downregulated at 10-96 hours. CARD11 and BCL10 wetdadentified as significantly
regulated, however. CARD9, the equivalent geneARD11 in dendritic cells (143), was
upregulated at 4 and 10 hours, suggesting its vevoént in T-cell activation.

Matsuda et al. identified genes whose transcripteominduce the activation of the NF-
kB complex by introducing cDNA clones of full-lengtluman cDNA libraries to HEK 293 cells
(134). Our microarray data demonstrated that seeéthese genes were significantly regulated
with different transcription patterns (gene nantesas in blue in Figure 3.3A). Some of these
genes were upregulated, such as UBE2N, ECT2, TRGFKBP1A; while others were
downregulated, such as SCOTIN, APOL3 and FLNA. TN#e«B inhibitor-like proteins
(NFKBIL1 and NFKBIL2), whose function has not besdgtermined, were significantly
upregulated at 96 hours and 48 hours respectisetgesting that they are involved in early T-
cell proliferation and late T-cell activation, resgively.

Some genes (EGR1, NFKBIA and NFKBIE) had signifitadifferent expression
patterns in CD4+ and CD8+ T cells compared to CD2ells. NFKBIA and NFKBIE are
inhibitors of REL proteins, and EGR1 has been rabto inhibit the activity of RELA (144). It
is possible that the communication between CD4+@D8+ T cells may affect the activation of

the NF«B complex.
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Activation of the NF«B complex is further supported by the significaegulation of
many target genes, whose transcription is regulayadF+«B complex upon anti-CD3/anti-
CD28 stimulation (Figure 3.4). Interestingly, soai¢hese target genes showed higher

expression in resting T cells.

CD3+ CD4+ CDB+ Figure 3.4.
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PTEN MAP4K1
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cTSB ERBB2
S100A6 HLA-G
CXCL5 BCL2
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SOD1

compared to 0 hour

unchanged, gray = no data available). Expressitmsteown are averages from three

independent biological experiments for each Tqgeflulation.
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3.3.3 MAP kinase signaling pathway

Mitogen-activated protein (MAP) kinases are impottsignaling mediators in regulation
of apoptosis, including the anti-apoptotic ERK® &mti-/pro-apoptotic c-Jun N-terminal kinases
(INKSs), and anti-/pro-apoptotic p38-MAPKSs. Yet thechanisms as to how these MAP kinases
regulate apoptosis remain controversial (145)a#t been suggested that the three main
mammalian cell MAP kinase cascades, JNK, p38 and, BRe essential for T-cell functions
(146, 147). However, the temporal regulation oBhMAP kinase cascades in T-cell activation
remains largely unexplored. Thus, we focused orsitpaificantly regulated genes involved in
MAP kinase signaling pathway (Figure 3.5B and FegBu6). A few genes of the RAS family
and RAS regulating protein were upregulated upan@D3/anti-CD28 T-cell stimulation,
including HRAS (at 10-48 hours), KRAS (at 4 houMdRAS (at 4-96 hours) and ADORA2B (at
4-96 hours). HRAS, KRAS and NRAS have been repdddse activated shortly after TCR
stimulation (148), however the regulation of thesipression (either at the transcriptional or
protein level) has not been reported. ADORAZ2B rggitly regulates ERK and p38 MAP kinase
cascades in mast cells (149), but its function gells is not known. Contrary to upregulated
RAS genes, several upstream RAS regulating pro(fBASGRP1, -2, ADRB2, GRAP, ERBB2)
showed higher expression in resting T cells (Figu6#). The downregulation of RASGRP1
and GRAP does not correlate with their reportedisifive roles in T-cell receptor signaling
(150, 151). Little is known about RASGRP2, ADRBAd&RBB?2 in the context of T-cell
activation. Contrary to the reported activatiorR&C proteins CDC42 and RAC2 (152, 153) in

T-cell activation, here we found that their tramsiton was downregulated.
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Several kinases in the MAP kinase signaling pathwene differentially expressed. A

few kinases upstream of the JNK cascade (MAP4K2)14AP4K1 (155), MAP3K12 (156),

A

Receptors TLR1 TNFRSF6 TNFRSF8 TNFRSF9 Figure 3.5. Pathway schematic of
¢ TNFRSF10A TNFRSF10B TNFRSF1A
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NF-kB signaling and (B) MAP kinase

signaling.
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NFkB Family "RELA | RELB REL NFKB1 . .
from the corresponding gene pages in

w

Ho PAO AN [}
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e

Proteins (Rt ereet apngg | NCB! (Nttp://www.ncbi.nim.nih.gov/)
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DUSPS5 I

...... INK Upstream| MAP4K2 MAPaK1 N
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DUSP1 38/ERK MAPK14 MAPK3 : :
iinases different color (green: downregulation,
MKNK1 MAP2K6
Other Kinases MAPKE  MAPK12 red: upregulation) at each timepoint in
Transcription Factors FOS JUN

the sequence of 4, 10, 48 and 96 hours.

MAP4K4 (157), MAP3K2 (158)) were downregulated, anBIP (MAP3K12 binding inhibitory
protein), which inhibits the MAP3K12 mediated JN&igation (159), was upregulated,
suggesting that the JNK cascade might not be aati4e96 hours. MAPK14 (p38), MAPKS3
(ERK1), MKNK1 (the interacting protein of both pa8d ERK1 (160)) and MAP2K6 (p38
specific MAP kinase kinase (161)) displayed simitsgulation patterns: downregulated at 4-10

hours and then upregulated at 48-96 hours. Thedlgametric assays of phosphorylated p38
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and ERK1 confirmed their transcriptional pattemmanely that there was no significant
increase of phosphorylated p38 until 24 hours drasphorylated ERK1 until 48 hours, but
large increases after that until 96 hours (FiguéBand Figure 3.6C). Kinases involved in
positive regulation of activity of the NEB complex, MAP3K14 (162) and MAP3K8 (163),
showed increased expression at 4-10 hours whicbnsistent with expression patterns of
several members of NkB and kB family genes (Figure 3.3A). Two less examinedakigs,
MAPKG6 and MAPK12, were mainly upregulated at 4-48its and at 10-96 hours respectively,
suggesting that they are actively involved in Ti-aetivation.

Several MAP kinase regulating proteins were alfferdintially expressed upon anti-
CD3/anti-CD28 activation of T cells. Members of theal specificity phosphatase family,
negatively regulating members of the MAP kinaseifigrshow different expression patterns.
DUSP1, able to inactivate ERK1, JNK and p38 (184)s significantly downregulated
throughout. In contrast, DUSP5, specific inhibibdiERK1 (165), was strongly upregulated at 4-
10 hours and decreased thereafter in concert hthipregulation of ERK1 at 48-96 hours at
both the transcriptional and protein level (Fig8réA and Figure 3.6C). DUSPS8, of which little
is known, was significantly upregulated at 4 hcamd then downregulated at 48-96 hours, which
is opposite to the transcriptional pattern of MARKdnd MAPKS.

Some transcription factors regulated by MAP kingathway were downregulated, and
most intensely so were FOS and JUN. FOS and JUte¢ipsoare the main components of the
transcription factor complex AP-1. AP-1 has beguorged to be quickly activated in response to
T-cell activation (166), which is contradictoryttee significant downregulation of FOS and

JUN. The temporal activity of AP-1 in T-cell acttian is not known. Thus, we examined the



94
DNA-binding activity of AP-1, which rapidly incread within 4 hours and then rapidly
decreased (Figure 3.6D). It is possible that FOBJN were immediately and transiently
regulated upon anti-CD3/anti-CD8 stimulation, almalt ttheir upregulation was not captured by

our first timepoint following T-cell activation.
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Figure 3.6. Significantly regulated genes involveth MAP kinase signaling.
(A) Expression profiles of genes that belong to theohsAP kinase pathways. Color denotes
degree of differential expression compared to (r fisaturated red = 3-fold up-regulation,
saturated green = 3-fold down-regulation, blackhehanged, gray = no data available).
Expression data shown are averages from three endent biological experiments for each T-
cell population(B) Protein expression profiles of phosphorylated p38ad (C) phosphorylated
ERK1 agree with the late transcription upregulabdMAPK8 and MAPK3. CD3+ T cells were
selected, stimulated (with anti-CD3/anti-CD28 aaotiles), cultured and harvested at the
indicated timepoints of culture to analyze the giroexpression by flow cytometric assays. Data
from two independent experiments, E4 and E5, avevsh(D) DNA-binding activity profile of
transcription factor AP-1 captured the immediateé tansient activation of AP-1 in T-cell
activation. CD3+ T cells were selected, stimuldteith anti-CD3/anti-CD28 antibodies),
cultured and harvested at the indicated timepahtsilture. Data from three independent

experiments, E1, E4 and E5, are shown.
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3.4 DISCUSSION

In this work, we sought to improve our understagdhregulation of apoptosis in T-cell
activation. We approached this problem by analygiiodpal, temporal microarray data from ex
vivo CD3+, CD4+ and CD8+ T-cell cultures, and leaging Gene Ontology associations and
prior knowledge. This approach extended our knogéddobse in three ways: we presented
detailed kinetic gene expression information onegenith previously hypothesized or presumed
important roles in apoptosis; we identified a n@vaf genes not previously associated with T-
cell activation; and, we integrated and connedtedorevious knowledge with temporal
transcription profiles to build a more compreheaspicture of regulation of apoptosis in T-cell
activation. Gene expression data were further egglby examining protein expression (active
form/phosphorylated form) and functional activiégwéls as a first assessment of their functional
role.

Genome-scale transcription profiling provides tppartunity to more holistically
evaluate the regulation of a group of genes, ostdme family, or with analogous functions, or
associated in specific pathways. Composed of atwembers, the BCL2 family proteins are
key players in regulation of apoptosis. BCL2, BABAK have been reported to play important
roles in apoptosis post activation in T cells (103Q)ockout of pro-apoptotic BBC3 and PMAIP1
decreased DNA damage-induced apoptosis in miceldfiasts, but only loss of BBC3 protected
lymphocytes from cell death (167). However, thection and transcriptional regulation of most

of the BCL2 family members and their regulatorytpnas remain unexplored in T-cell
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activation. Our data suggest the distinct stagasBICL2 family members are involved in the
process of T-cell activation, thus providing difens for future studies. For instance, validated
by protein abundance assays (Figure 3.2A and FR}@&), the functions of continuously
upregulated BCL2A1 and dynamically regulated BB@3atve further studies in T-cell
activation. The synchronized early transcriptiamalegulation of MCL1 and its inhibitory
interacting proteins PMAIP1 (107) and BMF (168) Igniheir involvement in T-cell activation
quickly upon TCR ligation.

In typical apoptosis signaling, CASP9 is activdiest, which leads to activation of
downstream effectors CASP3, and CASP6. Here, CA&3upregulated (at both the
transcriptional and protein levels) at 48-96 hoamnpared to the upregulation of CASP9 only
at 96 hours. These findings suggest that active 3A&@otein might have a different role in T-
cell activation and thus its activity might be ridad by other proteins, such as HSPE1 and
HSPD1 (Figure 3.1A), rather than CASP9. Surprigintgie well-known AICD receptor,
TNFRSF6 (FAS), was upregulated at 4-10 hours, siggethe involvement of FAS
immediately upon T-cell activation.

Our data show that numerous significantly regulgedles associated with apoptosis are
involved NF«B signaling pathway and MAP kinase signaling pathv&ipported by the
increase of phosphorylated p65 at 48-96 hours (Ei§BB), the simultaneous upregulation of
NF-kB family genes (REL, RELA, and RELB) ancB family genes (NFKBIA, NFKBIE and
NFKB1) at 48-96 hours (Figure 3.3A) suggests thaltipie versions of the NkB dimmer
complex are active during this time period in oxpperiments. Lack of early detection of

phosphorylated p65 could be the result of the gtrgregulation of NFKBIA at 4-10 hours. It is
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also possible that p65 might immediately and tieemtsy become activated, and then quickly
deactivated within 4 hours, our first timepoint. i@ite, IKIP (kB kinase interacting protein) was
significantly upregulated at 48-96 hours (Figur®@A3. To date, the function of IKIP remains
unknown. Its transcriptional kinetics suggests thatight have a positive role in NEB activity
regulation.

Validated by the increase of phosphorylated p38ERH1 at 24-96 hours and 48-96
hours, respectively, as measured by flow cytomedsays (Figure 3.6B and Figure 3.6C), the
similar transcriptional patterns of MAPK14 (p38)AMK3 (ERK1), MKNK1 (the interacting
protein of both MAPK14 and MAPKS3 (160)) and MAP2K&38 specific MAP kinase kinase
(161)) (downregulated at 4-10 hours and then upasea at 48-96 hours) suggest that cascades
of p38 and ERK1, but not JNK, are synergisticatlinaated during late T-cell activation and
early proliferation. Activity of transcription famt AP-1, mostly regulated by JNK and p38
cascades (169), increased immediately, but onhgieatly, upon anti-CD3/anti-CD28
stimulation, suggesting a potentially rapid buhsiant activation of JINK and p38 cascades in T-
cell activation. Significantly, there was no adymincrease of AP-1 at 48-96 hours, in contrast to
the increase of phosphorylated p65. It has beegestigd that MAP kinases have different roles
in CD4+ and CD8+ T cells (170). However most of significant regulated genes in MAP
kinase signaling pathway shared similar expresgaiterns between the CD4+ and CD8+
subsets. It is possible that the MAP kinase sigggbathway is regulated similarly between the
two subsets in the context of T-cell activatiorislalso possible that the MAP kinases might

function differently due to regulation at proteavél.
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CHAPTER 4: GENOMIC-SCALE ANALYSIS OF HUMAN T-

CELL ACTIVATION IDENTIFIES SIGNIFICANT CELL

CYCLE GENES AND MITOCHONDRIA GENES

4.1 INTRODUCTION

4.1.1 Cell cycle

The cell cycle is remarkably conserved among eukasy composed of series of steps,
including GO, the phase at which cells are nonfaxative; G1, which defines entry into the cell
cycle and is characterized by the synthesis obuarenzymes that are required in S phase; S, in
which the whole chromosome of the cell is replidaté2, where the cell finishes significant
protein synthesis necessary for the division; anfhiosis), where the parent cell with the
double genetic content divides into two daughtédsc&he G1 to S transition is the key step in
cell cycle progression. The fidelity of cell cygeogression is strictly regulated by the cell cycle
machinery (171).

The cell cycle machinery, mediated by the balaratesben the proliferative and anti-
proliferative signals determining the fate of eaeh to enter and go through the cell cycle
process in an orderly fashion and then exit thiecgele, or to undergo programmed cell death
(172), is mainly composed of two protein familiee regulatory cyclins and the catalytic

cyclin-dependent kinases (CDKs). The CDKs, namél&, CDK6, and CDK2, control the
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G1/S transition (173). The activation of CDKs stawith the association with a cyclin
subunit, followed by phosphorylation/dephosphorglaf specific amino acids. The cyclins
that are active in different parts of the cell eyahd regulate the activity of corresponding
CDKs. CDKs have been characterized into severtdreit subtypes, including Cyclin A,
Cyclin B, Cyclin D, Cyclin E and Cyclin F. Of not€DK4 and CDK®6 are only able to complex
with D-type cyclins. The activity of CDKs is alsegulated by the cyclin kinase inhibitors

(CKIs) including p27, p21, and p19 (174).

4.1.2 Mitochondrion

Mitochondria, the membrane-enclosed organelle fanndost eukaryotic cells, are the
cellular power plant. Mitochondrion generates nadghe cellular supply of adenosine
triphosphate (ATP), used as the main source of cda&mnergy. Mitochondria are composed of
compartments that carry out specialized functidihgse compartments include the outer
membrane, the intermembrane space, the inner membltee cristae and matrix. Significantly,
Mitochondria have their own independent genomadidition to supplying cellular energy,
mitochondria are also involved in a range of offreicesses, such as signaling, cellular
differentiation, cell death, as well as the contblhe cell cycle and cell growth (175).

Mitochondria are required for all cell processes ticommon energetic requirements. It
has been reported that low glucose and ATP leadslitaycle arrest (176). A low-energy cell-
cycle checkpoint has been hypothesized monitohegretabolic activity of the mitochondria
before the cell can commit to cell division (17AMPK, a sensor of the AMP:ATP ratio, is a

heterotrimeric kinase that is activated under I§P conditions (177). Activated AMPK
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initiates a phosphorylation cascade that switclmesababolic pathways and switches off
processes that consume ATP. Activated AMPK alssphorylates transcription factor p53 and
then promotes cell-cycle arrest during DNA damage @&berrant growth factor signaling (178).

Mitochondria have essential functions in the aptptascades. Mitochondrial
fragmentation is a fundamental step for cytochreamelease and cell death (179). During cell
death, a group of proteins translocate to the rhdadria in a highly synchronized fashion, in
addition to those that are systematically reledis®d mitochondria in the dramatic apoptosis
cascades. For instance, upon phosphorylation kgiprkinase C, K-Ras translocates to the
mitochondria and interacts with Bcl-XL to promotgigation-induced apoptosis of T cells
(180). Another example is transcription factor PBi3e p53 translocated to the mitochondria
interacts with the anti-apoptotic proteins Bcl2-Bt and participates in the cytosolic activation

of Bax, oligomerization of Bax and Bak and subsegagtochrome c release (181, 182).
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4.2 MATERIALS AND METHODS

4.2.1 Cells and culture system

CD3+, CD4+ and CD8+ T-cell cultures were set uprasiously described (101).
Briefly, negatively-selected T cells (CD3+, CD4AdaCD8+) were activated with anti-
CD3/anti-CD28 Mab conjugated to magnetic beadd. c@einting and sampling for flow
cytometry and microarray analysis were carriedad@, 4, 10, 48 and 96 hours in the CD3+ T-
cell experiments, and at 0, 6, 12, 24, 48 and 12im the CD4+ T-cell and CD8+ T-cell

experiments. This study was approved by the Norsteva University IRB.

4.2.2 Flow cytometry

The following monoclonal antibodies (Mabs) for flaytometry were purchased from
BD Biosciences (San Jose, CA) unless otherwisedtatd included CD3 (FITC+PE), CD25
PE, CD28 PE. Flow cytometry was carried out asrniesd (54, 55). Briefly, all samples were
gated on forward scatter and on propidium iodidgatige (PI-) to eliminate debris and dead
cells. For intracellular detections, cells werstfstained with anti-CD3-FITC and then fixed,
permeabilized, and stained as previously desciiB&d Quantibrite beads (BD Biosciences
Immunocytometry Systems) labeled with different ams of PE molecules were used to

guantify surface or intracellular protein levelglarormalize measurements between timepoints.
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4.2.3 RNA extraction and quality control

Total RNA was extracted from frozen cells using khecleoSpin RNA Il kit (Clontech,
Palo Alto, CA). RNA samples were resuspended in$&Nfeee water and stored at —80°C. RNA
yield and purity were assessed by UV spectrophatecrmaeasurements at 260 and 280 nm
(Biomate 3, Thermo Spectronic, Marietta, OH). Ferthore, RNA integrity was evaluated using

the Bioanalyzer 2100 (Agilent Technologies, PaltbACA).

4.2.4 Microarray experiments and analysis

Total RNA was extracted, RNA integrity was evalubsed microarray experiments and
data analysis were carried out as preciously desdri101). Briefly, microarray data were
normalized and further analyzed (identificatiors@nificant genes, hierarchical clustering, and
Gene Ontology assignment) with ‘MultiExperiment Wex (MeV)’ from The Institute for
Genomic Research (TIGR) (58). Raw and normalizeéd deare deposited in the Gene
Expression Omnibus (GSE6607 (CD3+ T-cell experim&dEE7571 (CD4+ T-cell experiment)
and GSE7572 (CD8+ T-cell experiment)) (59). Witbath population (three biological
replicates using cells from three different dononsilti-class SAM (Significance Analysis of
Microarrays) with a false discovery rate of <1% wased to select genes that show statistically
different expression between groups. A SAM grougieiBned here as all the samples belonging
to the same timepoint regardless of donor. Brig¢flgre were 5 groups (0 hour, 4, 10, 48 and 96
hours) in the set of CD3+ experiments and 6 gr¢Qgwsour, 6, 12, 24, 48 and 72 hours) in the

set of CD4+ experiments and CD8+ experiments. @gpeession at each time point was
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compared to that of O hour in each experiment. G@melogy annotations, as curated by
European Bioinformatics Institute, were retrieveahi the Gene Ontology Consortium website
(60). The EASE (Expression Analysis Systematic Braa)) score in ontological analysis is a
modified Fisher Exact Probability p-value (102)icating the probability of finding by chance
the same degree of enrichment on a Gene Ontologyitea set of genes. The lower the EASE
score, the more significant is the enrichment.the.less likely that degree of enrichment can be
found by chance. Hierarchical clustering analysas werformed with the Euclidean distance

metric.
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4.3 RESULTS AND DISCUSSION

4.3.1 Significant cell cycle regulation in T-cell etivation

Upon stimulation, T cells get activated, go throtigg balance of apoptosis regulation,
entry into cell cycle and start to proliferate. Tdisruption of the proper pathways of T-cell cycle
control may cause decreased immune competence,nosuppression and diseases such as
lymphohematopoietic cancer. However, the tempaoaalscription regulation of the genes
associated with this orderly orchestrated prognassnot been reported in the context of T-cell
activation. Ontological analysis using the MeV EASEBdule identified 142 significantly
regulated genes associated ‘cell cycle’ (EASE s@R8E-15). Transcription profiling
demonstrated highly reserved transcriptional pastshared by the three populations, CD3+,
CD4+ and CD8+ T cells: (A) genes generally downlaigal; (B) genes generally upregulated,;
(C) genes upregulated at 48-96 hours (Figure #Hg.transcription dynamics indicate the stages
of cell cycle these genes are involved in.

Several cell division cycle (CDC) proteins (CDC28a1/S), CDC25C (G2/M), CDC7
(G1/S), CDC23 (G1/S), CDC45L (G1/S), CDC20 (G1EpC6 (G1/S), CDCAS5 (G1/S), and
CDC2 (G1/S and G2/M)) showed synchronized increas@dession at 48 hours or 48-96hours
except for CDC42. This is consistent with the pitgpe data that T-cell expansion did not start
till 48 hours (Figure 2.1). Surprisingly, CDC42, iatm has been reported to be activated upon T-
cell activation (183), was rather higher expresaa@sting T cells. It is possible that CDC42
protein might be activated independent of transiompregulation. Cyclin-dependent kinases

(CDKs) were upregulated at different stages. CDK wsignificantly
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Figure 4.1. Expression profiles of significant
genes associated with the Gene Ontology term

‘cell cycle'.

Genes that were differentially expressed
temporally in T-cell activation of the three (CD3+,
CD4+ and CD8+) populations were divided into
three groups (genes generally downregulated;
genes generally upregulated; genes upregulated at
48-96 hours) according to their distinct expression
patterns based on hierarchical clustering using the
Euclidian distance metric. Color denotes degree of
differential expression compared to O hour
(saturated red = 3-fold up-regulation, saturated
green = 3-fold down-regulation, black =
unchanged, gray = no data available). Expression
data shown are averages from three independent

biological experiments for each T-cell population.
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upregulated at 10-48 hours and CDK2 was signifigarpregulated at 96 hours, consistent
with their hypothesized functions in T-cell cyclatiy and/or early G1 progression and the G2/M
transition respectively (184). CDK7 was signifidgntpregulated at 48-96 hours, contrary to its
reported constant expression throughout cell oji3&). Our microarray data also captured the
transcription regulation patterns shared by CDK& @DK5 regulatory subunit associated
protein 2 (CDK5RAP2): downregulated at 4-10 hourd #hen upregulated at 96 hours,
oscillation of which have not been reported in cgtlle. Inhibitors of cyclin-dependent kinase
(CDKNSs) were regulated differently. CDKN2D (inhibrtof CDK4 and CDK6) was
downregulated at 10 hours; CDKN3 (inhibitor of CDK#fas upregulated at 48-96 hours,
simultaneously with the upregulation at 48-96 hafr€ DK2 and CDK2APL1. Interestingly,
CDKNL1A (also called P21, inhibitor of CDK2 and CDK4vhich has been reported to inhibit
lymphocyte proliferation (186), was upregulatedtighout the T-cell activation process in
CD3+ T cells, possibly with functions in strict ¢osl of cell cycle progression. However,
CDKNZ1A was only upregulated at 4 hours in CD4+ Tiscand of no significant change in
CD8+ T cells, suggesting its different roles in @4+ and CD8+ T-cell subsets. Different than
the upregulation at 48-96 hours of several cydi®GNEL, -A2, -B2, and -B1), CCND2 and
CCNC were continuously upregulated, suggestingttieat may have different functions at the
earlier phases of cell cycle. Several genes criticeDNA replication in the S-phase (CDT1
(chromatin licensing and DNA replication factor WYCM3, -2, -7, -8, -6 (minichromosome
maintenance complex component), and CHAF1A, -Bdjetatin assembly factor) showed

simultaneous increased expression at 48-96 hours.
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Besides those general cell cycle regulation geswae have been specifically

implicated in T-cell activation. MAPRE?2 has beembthesized to be involved in control of the
signal transduction cascade downstream of the TIBR)( Highly homologous members of
microtubule-associated protein, RP/EB family (MAPR&hd MAPREZ2), with functions in
mitotic spindle function and in late mitotic checkt (188, 189), were significantly upregulated
at only 4 hours. The simultaneous transcriptioregplation of MAPRE1 and MAPRE?2
suggests that they might be immediate and transéspbnse genes in T cells upon anti-
CD3/anti-CD28 stimulation. NME2 (non-metastaticsé, protein (NM23B) expressed in),
together with KCNN4 (potassium intermediate/smahductance calcium-activated channel,
subfamily N, member 4), has been reportedly requimer-cell activation in CD4+ cells (190).
Indeed, KCNN4 was more significantly upregulateCid4+ T cells than in CD8+ T cells;
however, NME2 was similarly upregulated in the CD@b4+ and CD8+ T cells, so as another
NM23 genes, NMEL. It has been reported that trgptsan factor MYC is able to induce
expression of NME1 and NME2, which suppresses ¢theity of CDC42 and prevent CDC42
mediated cell differentiation (191, 192). The symetized upregulation of MYC at 4-48 hours
(Appendix A4), upregulation of NME1 and NME2 andadwegulation of CDC42 at 10-96 hours
suggest the involvement of this pathway in T-cethation. Transcription factor, aryl
hydrocarbon receptor (AHR) was significantly upreged at 4-10 hours. The function of AHR
in cell cycle is controversial. It has been repbtteat AHR facilitated G1 cell cycle progression
(193), however overexpression of AHR inhibited Ti-peoliferation (194), yet the transcription

kinetics of AHR in T-cell activation is unknown. &learly upregulation of AHR suggests that
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AHR might be of help to bring cells out of phaset@@hase G1 into the cell cycle and no
longer needed during the cell cycle progression.

The MeV self-organizing tree algorithm (SOTA) moeludentified a cluster of genes that
were significantly upregulated at 48-96 hours,rmitat 4 or 10 hours (Appendix A6) (the
centroid graph see Appendix A7). Many of theseegdrmave been associated with cell cycle (per
corresponding gene pages in NCBI http://www.nci.nih.gov/ and references therein). We
hypothesize that this cluster of gene are cellecg@nature genes in T-cell activation, which

provides a valuable platform for immune system @isoand malignancies.

4.3.2 Mitochondria in T-cell activation

Ontological analysis using the MeV EASE module tdfezd 246 genes associated with
‘mitochondrion’ among the 4167 significant geneA8E score: 1.91E-35), suggesting its
essential role in T-cell activation, proliferatiand differentiation. Hierarchical clustering
revealed distinct expression patterns for thesegef@s and allowed us to divide them into three
clusters (Appendix A8): (A) mainly downregulatechgeared to resting T cells (0 hour); (B)
mainly upregulated compared to resting T cellsqOrl (C) mainly downregulated at 4-10 hours
and then upregulated at 48-96 hours. These 24ésgeere manually curated into subcategories

based on their functions listed by NCBI webshtgd://www.ncbi.nlm.nih.gov!/

Numerous mitochondrial ribosomal proteins were ificgmtly regulated: some were
generally upregulated throughout the T-cell actoraprocess of our experiment period; some
were upregulated at 48-96 hours (Figure 4.2). Tammalian mitochondrial ribosomal proteins

are products of nuclear genes and help synthesiteips within the mitochondrion (195). Few
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genes have been reported to have functions in atkeer such as DAP3 (MRPS29), which
participates in apoptotic pathways initiated by TIR&sL, and interferon- gamma (196). As
discussed in Chapter 3, T-cell proliferation did si@art until 48 hours upon stimulation. The
down/no change at 4-10 hours and then upregulatid8-96 hours of a number of the
mitochondrial ribosomal proteins is agreeing with T-cell proliferation phenotype. Of note,
several gene encoding mitochondrial ribosomal pmeteere upregulated at 4 or 10 or 4-10
hours, including MRPL50, MRPL32, MRPL47, MRPL23, MB18A, MRPS6 and MRPL44,

suggesting their, non-previously reported, involeainin T-cell activation.

CD3+ Tcell CD4+ Tcels CD8+T cells

ShortName 3 Figure 4.2. Expression profiles of
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The mitochondrial electron transport chain, compasfefour complexes: mitochondrion
(NADH dehydrogenases), complex Il (succinate detyenases), complex Il (cytochrome bcl
complex), and complex IV (cytochrome ¢ oxidases)dpces the majority of ATP in
mammalian cells. Numerous NADH dehydrogenases;dhgonents of mitochondrion, were
significantly regulated. The roles and function®\N&DH dehydrogenases are mainly to
transport of electrons from NADH to ubiquinone, @opanied by translocation of protons from
the mitochondrial matrix to the intermembrane sqa®&). Interestingly, they demonstrated
different transcription patterns (Figure 4.3). Asposed to the upregulation of most of the
NADH dehydrogenases, the early upregulation of NBRIINDUFA6, NDUFAB1, NDUFS2,
NDUFAF1, NDUFBS8 suggests their involvement in edrigell activation. No subunit of the
complex Il was identified as significantly reguldt&)QCRFS1, UQCRC1, UQCRH, CYCL1 of
the complex lll and COX (cytochrome ¢ oxidase) 3C01, COX5A, COX15 and COX8A of
the complex VI shared similar transcriptional pattenot significantly regulated at 4-10 hours
and significantly upregulated at 48-96 hours. Gengenes of voltage-dependent anion channels
(VDACS) also shared this particular transcriptiopattern with components of complex Il and
complex VI. The main functions of VDACs are to amhthe C&* exchange between
mitochondria and cytoplasm (198). VDAC1 has be@orted to be able to bind to cytochrome ¢
oxidase (COX) in vitro (199). Their similar trangtion patterns suggest that COXs and VDACs
might be binding proteins in control of €axchange in T-cell activation.

A number of oxidoreductases, not component of eladransport chain, were

significantly regulated. PRODH (proline dehydrogeméoxidase) 1) was downregulated at 48-
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96 hours. It has been reported that PRODH is abdeherate reactive oxygen species
(ROS), induce apoptosis and regulate nuclear fadtactivated T cells (NFAT) signaling and
MEK/ERK pathway (200). The downregulation of PROBifgests that this oxidase and its
related pathways are not active during our T-celliferation (at 48-96 hours). The MTHFD2
protein is a NADP+ dependent, bifunctional, methgketrahydrofolate dehydrogenase and
methenyltetrahydrofolate cyclohydrolase, while BlhEHFD1 protein is a NADP+ dependent,
trifunctional methylenetetrahydrofolate dehydroganand methenyltetrahydrofolate
cyclohydrolase and formyltetrahydrofolate synthetdsterestingly, the gene MTHFD2 was
significantly upregulated at 4-96 hours while MTHE®@as downregulted at 4 hours and then
significantly upregulated at 48-96 hours. The congoa of the functions and transcriptional
patterns of MTHFD1 and MTHFD2 suggests that forety#thydrofolate synthetase activity
might not be needed in the early stage of T-céivaton. Components of the pyruvate
dehydrogenase complex, which catalyzes the irréatersonversion of pyruvate into acetyl-
CoA, and components of Acyl-Coenzyme A dehydrogerasnplex, which catalyzes the first
step off-oxidation in fatty acid metabolism, were similarggulated: not significantly regulated
at 4-10 hours but significantly upregulated at 4338urs, including DLD (E3 component of
pyruvate dehydrogenase complex), PDHA1L (pyruvakydi®genase (lipoamide) alpha 1),
PDHX (pyruvate dehydrogenase complex, componenf&AD9 (Acyl-Coenzyme A
dehydrogenase family, member 9), ACADVL (Acyl-Cogme A dehydrogenase, very long
chain (ACADVL)), ACADS (Acyl-Coenzyme A dehydrogesg C-2 to C-3 short chain

(ACADS)) and HADH (hydroxyacyl-Coenzyme A dehydrogse).
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Different than the most of components of the etattransport chain (as discussed

above), CYCS (cytochrome c), which transfers etetrbetween complexes Ill and IV, was

continuously upregulated. SOD2, superoxide disneugasvas significantly upregulated at 4-10

hours. The SOD2 protein has been reported to paatein the response to oxidative stress,

converting superoxide to hydrogen peroxide ancbdciat oxygen (201). Even though not

directly measured, the intracellular reactive oxygpecies (iROS) has been suggested to be

induced
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activation. PRDX3, encoding peroxiredoxin 3
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that deletion of PRDX3 led to increased
intracellular levels of KD, and sensitized cells

to induction of apoptosis. The upregulation of
PRDX3 at 10-96 hours suggests its anti-
apoptotic and antioxidant functions in T-cell

activation during this time period.

Figure 4.3. Expression profiles of significant
genes encoding oxidoreductases in

‘Mitochondrion’.
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The membership of oxidoreductases is based on @& Website
(http://www.ncbi.nlm.nih.gov/) and information tledry. Color denotes degree of differential
expression compared to 0 hour (saturated red Fd3dfm-regulation, saturated green = 3-fold
down-regulation, black = unchanged, gray = no datalable). Expression data shown are

averages from three independent biological experigi®r each T-cell population.
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CHAPTER 5: TRANSCRIPTIONAL PROFILING OF T-

CELL RESPONSE TO pD, STRESS

5.1 INTRODUCTION

Oxidative stress has been associated with agingamain disease conditions, executed
by intracellular reactive oxygen species (IROSR{[2@ersistent increase in iROS production
may cause a dysregulation of redox-sensitive siggalathways in addition to direct oxidative
damage and eventually aging, which will lead tongjes in gene expression and subsequent
cellular events.

There are three main iROS: the superoxide anion ), the hydroxyl radical (O¥ and
the hydrogen peroxidédgO,). The concentrations of these iROS are deterntayetie balance
between the rates of production and the rateseafahce by various antioxidant scavengers
(203). At low concentrations, iIROS positively regigl numerous signaling cascades, including
membrane receptor signaling pathways (such as E@tjtion of protein tyrosine
phosphatases, activation of cytoplasmic proteias@s, activation of mitogen-activated protein
(MAP) kinase cascades, activation of protein kimas®forms and activation of the transcription
factors AP-1, NReB (203). In immune system, reactive oxygen speca@salso be beneficial as
a way to attack pathogens in infections. Underggimd various clinical conditions, such as
malignant diseases, chronic inflammation, humanumaaeficiency virus (HIV) infection, extra

IROS are produced, causing oxidative stress anégarf203).
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Up to date, the molecular and cellular mechanigmmsugh which T cells respond to
oxidative stress remain poorly understood. Eluandgthese mechanisms will be key to
understanding oxidative stress as a frequent coatpmn in disease conditions as well as aging
under physiological and pathophysiological condisio

The present study focused on T-cell response teeratel oxidative stress, implemented
by incubation with HO,. The global transcription profiling revealed thaimtranscriptional
events in T-cell response to oxidative stress, angd our understanding of T-cell specific
oxidative stress response and provided a platforrfuture research leads in aging,

inflammation and immune dysfunctions.
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5.2 MATERIALS AND METHODS

5.2.1 Cells and culture system

Healthy-donor peripheral blood mononuclear celBNEES) (AllCells, Berkeley, CA)
were used to select CD3+ T cells (Pan T-cell IsmaKit 1, Miltenyi Biotech, Sunburn, CA).
After selection, T cells for 0 hour sampling (fl@ssay and microarray) were collected. The rest
cells were equally divided and incubated witiOxlat different final concentrations (M
(control), 25uM, 50 uM and 75uM for experiment 1 (E1) and @M (control), 25uM, 35 uM
and 50uM for experiment 2 (E2)) and incubated at 37°C1@min, and then washed once with
AIM-V medium (Invitrogen, Carlsbad, CA). Cell cutes were setup separately, the control
samples and D, stressed samples, seeded at ix#lls/mL in T-flasks and cultivated for 96
hours in AIM-V medium with 100U/mL IL2 (Chiron, Emerille, CA) and 2% human serum
(Sigma-Aldrich St. Louis, MO). T cells were actigdtpolyclonally with anti-CD3/anti-CD28
Mab (1:1)-coated magnetic beads (500 fmol/beadhéidgads M-450 Epoxy, Dynal Biotech,
Lake Success, NY). The ratio of beads to cells3vasCell counting and cell sampling for
microarray analysis were carried out at 0, 4, Boadd 96 hours. Cells were counted using a
Coulter Multisizer 3 (Beckman Coulter, FullertorA)C Specific proliferation rateg of T cells

were calculated as described (53).
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5.2.2 Flow cytometry

The following monoclonal antibodies (Mabs) for flaytometry were purchased from
BD Biosciences (San Jose, CA) unless otherwisedstatd included CD3 (FITC+PE), active
CASP3 PE, phospho-MB-p65 PE, phospho-p38 (MAPK14) PE, phospho-ERK1 B¥A) PE,
PUMA (BBC3) (Cell Signaling Technology, Danvers, MBCL2A1 (Abcam, Cambridge, MA)
and goat anti rabbit IgG PE (Jackson ImmunoResdaabbratories, West Grove, PA). Flow
cytometry was carried out as described (54, 55&fBr all samples were gated on forward
scatter and on propidium iodide negative (PIl-)limi@ate debris and dead cells. For
intracellular detections, cells were first staimgth anti-CD3-FITC and then fixed,
permeabilized, and stained as previously desciiB&d 10,000 gated events from each tube
were acquired using a FACscan (BD Biosciences)SRILflow cytometer (Becton Dickinson).
Quantibrite beads (BD Biosciences Immunocytomeysté&ns) labeled with different amounts
of PE molecules were used to quantify surface toacellular protein levels and normalize

measurements between timepoints.

5.2.3 RNA extraction and quality control

Total RNA was extracted from frozen cells using Tl¢al RNA Isolation Mini Kit
(Agilent, Wilmington, DE). RNA samples were re-sasgded in RNase-free water and stored at -
80°C. RNA yield and purity were assessed spectrgphetrically at 260 and 280 nm (Biomate
3, Thermo Spectronic, Marietta, OH). RNA integmtgis evaluated using a Bioanalyzer 2100

(Agilent).
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5.2.4 DNA-microarray experiments and data analysis

Microarray-based transcriptional analysis was edraut for samples at O hour (prior to
stimulation), and 4, 10, 48 and 96 hours post datran for three experiments (E3, E4, E5)
using a ‘reference’ design (55), with Human Thyrfiosal RNA (Ambion, Austin, TX) as the
reference RNA. Detailed experimental proceduresthadise of the SNNLERM-algorithm (57)
for data normalization were described (55). Geqmeassion at each time point was compared to
that of O hour in each experiment. To select geoesistently differentially expressed, the
following selection criterion was used: a gene twadave a minimum of 1.8-fold difference
compared to the 0 hour, in at least 3 out of th&l tt? timepoints (4, 10, 48 and 96 hours for 3
experiments) in order to be considered for furdmaalysis. Further analysis (hierarchical

clustering and gene ontology assignment) was chotg using ‘MultiExperiment Viewer

(MeV) from The Institute for Genomic Research (R§X58). Gene Ontology annotations, as
curated by European Bioinformatics Institute, wexteieved from the Gene Ontology
Consortium website (60). Hierarchical clusteringsyparformed with the Euclidian distance
metric. The Fisher score in ontological analysia is a Fisher Exact Probability p-value (102)
indicating the probability of finding by chance th&me degree of enrichment on a Gene
Ontology term in a set of genes. The lower the EAB&te, the more significant is the
enrichment, i.e the less likely that degree of@mnrient can be found by chance. Raw and
normalized data were deposited in the Gene Exmes3mnibus (GSE6607;

http://www.ncbi.nlm.nih.gov/ged/




122

5.2.5 Supernatant ELISA assay of CCL20 and IFNG

Culture supernatants were collected at 4, 10, 48&mours in three CD3+ T-cell
experiments and analyzed for CCL20 and IFNG coma#gahs by ELISA (R&D Systems,

Minneapolis) following the manufacturer's instrocts.

5.2.6 AP-1 activity assay

DNA-binding activity of AP-1 was assessed usingThensBinding AP-1 ELISA kit
(Panomics; Fremont, CA) as described (54). BrigflyGlear extracts were incubated with
biotinylated AP-1-consensus-binding-sequence oligtaotides and complexes were detected
using a primary AP-1 antibody and a secondary adtiltonjugated to horseradish peroxidase.
This assay is analogous to the traditional eletimogtic mobility shift assay in that it measures
the ability of a transcription factor from nucldgsates to bind to a consensus-binding sequence

of that transcription factor, and has been extehgivalidated (103, 104).
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5.3 RESULTS AND DISCUSSION

5.3.1 KO, stress delays T-cell activation and proliferation

In spite of the important roles of IROS, littlekisown about physiological concentrations
of IROS in vivo. It was estimated that T cells ntigle exposed to 10-1Q0M H,0- in the
physiological microenvironment of an inflammatiateg204). In this study, we aim to
understand T-cell response to oxidative stressJ@ Bpplication in a manner that extreme
enough to cause oxidative damage, but not necM¥&did concentration titration with 26M,
35uM, 50 uM and 75uM H>0;,. H,O, with final concentrations of 3pM, 50 uM and 75uM
induced cell death in most of the cells within 2ufts (Figure 5.1B). D, with final
concentration of 2aM caused ca. 50% T cells non-viable, delayed T-asllvation and
proliferation, compared to non-stress control (Fegb.1), but not extreme rapid necrosis.
Therefore, we chose 28M H,0Oto investigate the T-cell global transcriptionapense to

oxidative stress.

5.3.2 Ontological analysis identifies significantresponse to stimulus’ genes in T-cell

response to HO, stress

To capture significant regulated genes, gene egjaesf the 25u:M H,0, stressed
samples was compared to that of non-stressed teaimples at each timepoint in each

experiment accordingly (see materials and methd®29 genes were identified as differentially
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expressed by selection criterion (see materialsaettiods). Ontological analysis of MeV

module associated the significantly regulated gen#sGene Ontology terminology and
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Figure 5.1. Phenotypic analysis of
T-cell response to HO, stress in ex
vivo activation upon anti-CD3/anti-

CD28 stimulation.

CD3+ T cells were negatively
selected from PBMCs of healthy
donors, stressed by indicated
concentrations of yD, for 10

minutes and activated with anti-

CD3/anti-CD28 antibodiegA) T-cell expansion as assessed by cell numb@&@xsThe

percentage of the viable T cells as determineddwy €ytometry;(C) The percentage of the

viable cells expressing CD6{) The percentage of the viable cells expressing CD25a

from two independent experiments, E1 and E2, avessh

provided information regarding the major cellulatidties regulated by bD, stress (Appendix

A9), such as ‘response to biotic stimulus’ (Fisbesre: 2.28E-17), ‘immune response’ (Fisher

score: 2.29E-16). A few defense related assoaistiiocluding ‘defense response’ (Fisher score:

4.26E-15), ‘response to stress’ (Fisher score:B.0h), ‘response to pest, pathogen or parasite’

(Fisher score: 9.99E-14), ‘response to stimulusHér score: 1.84E-12), ‘response to external



125

stimulus’ (Fisher score: 1.09E-08), shared numegaues in common. Therefore we
focused on stimulus responsive genes. Transcriptiofiles of (194) genes associated with
‘response to stimulus’ were demonstrated in Figu2e These genes were sorted based on their
functions given by NCBI website (http://www.ncbmmhih.gov/) and information thereby
(Appendix A10), and discussed in details in théof@ing.

Several transcription factors were regulated b@1+6tress. KLF2, JUN, FOS, DUSP1,
FOSB and TCF7 shared similar transcription pattefhsy were consistently downregulated in
T-cell activation while this downregulation was pugssed in stressed samples. FOS, FOSB, and
JUN (purple colored in Appendix A10) are componaearitganscription factor AP-1 complex.
AP-1 has been reported to be activated in T-céNaon (51, 205), which is contrary to the
synchronized transcriptional downregulation of ABeImponent genes. We therefore measured
the AP-1 transcription factor DNA-binding activityhich rapidly increased at 4 hours (Figure
5.3) and decreased thereafter. AP-1 in T cellssée by HO, demonstrated the similar activity
trend, but at a less extent, indicating that ARhplex is immediately and transiently activated
in T-cell activation while the oxidative stress thms the activation of transcription factor
activity of AP-1 in T-cell activation. It is likelthat AP-1 complex was activated in T-cell

activation even though the transcription of its pements was downregulated. It is also possible

that the transcription of FOS, FOSB, and JUN wasldyiupregulated and our first timepoint
did not capture the transient upregulation. KLFandmmediate-early transcription factor
regulating IL2 expression in T-cell activation (206t has been reported that its transcription
was upregulated within 2 hours and then downregdlat T-cell activation (207). Consistently,

our microarray data captured the transcription degulation of KLF2 in T-cell activation at 4-
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96 hours. Dual specificity phosphatase (DUSP1)ifipalty inactivates the kinase activity of
JNK1 (MAPKS), which regulates the transcriptionttacactivity of AP-1 (164). Interestingly,
DUSP1 shared similar expression patterns with FQBJ&N. Protein encoded by BATF (purple

colored in Appendix A10)
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Figure 5.2. Expression profiles of genes associatedath the Gene Ontology term

‘response to stimulus'’.

Color denotes degree of differential expressiotu(a#ed red = 3-fold up-regulation, saturated
green = 3-fold down-regulation, black = unchanggdy = no data available). Expression data
shown are averages from three independent biollogkpeeriments. The first column is the ratios
of stressed samples vs. the control samples; tandecolumn is the ratios of timepoints vs. O
hour in control samples; the third column is thgosaof timepoints vs. 0 hour in stressed

samples.
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ShortName ShortName
L2 IFIT1
CCL20 OAS1
TNFSF4 ZAK
ANGPTL4 MX1
GEM PRKR
TCEA3 IFI44
M35730 NCF2
HLA-DQB1 MAPK9
134102 NPY2R
RAD54B DPP4
GZMA OAS3
F2R SORD
SPON2 ANXAL
ILBRB HSPE1
FOS SFPQ
DUSP1 TIMMBB
IL26 SH2D1A
ILIBRAP MAP4K5
PRF1 IL13
KLRD1 DHCR24
KLRC2 IL3
KLRC1 NOD2/
AIM2 FBXO18
NFIL3 ECGF1
IL22 TNFSF11
EGR2 PITPN
IL23A CD160
GNLY ccL1
KLRB1 FCGRI1A
CTLA4 NR4A2
ILIR2 BTLA
ILIRN CCNH
ILIRAP REVIL
IL17F MAP4K4
csT7 ARL6IP2
IL5 INDO
XCL1 TMPRSS3
ILZRA KCNMB4
ccLa KCNIP1
CSF2 BNIP3L
XCL2 PAX6
IFNG KIAA1115
cCL3 ALK
CXCL9 IL6ST
PGLYRP2 MTL5
CD1E PRRT2
CIAS1 DDIT3
STAT3 WBSCRb
BCL6 HSPB2
GADDA45A CYR61
BCL2 TLR4
IFNGR2 LILRB2
GBP2 TLR3
CD6Y RERG
OGT RGS9
PDEGA S100A8
CTNNAL1 HSPA6
GPR65 HSPALL
C1QL1 CYP1B1
NFKBIA CHEK2
EIF2AK3 LYz
HERPUD1 ARHGDIB
PRNP CFI
SLAMF1 CAMP
CXCL10 FGF7
GBP4 APOL3
UBD SCAP1
IRF8 ITGB2
GBP1 HMGB2
CXCL11 FOSB
STAT1 EPHX2
RIPK2 AIF1
RAD18 NALP1
HRMT1L2 HLA-DMB
ABCF2 TMC6
CSF3 HLA-DPB1
IRF1 HLA-DRB3
TNF SIGIRR
TOR1B ITGAL
MAPREZ SIT
SLK LSP1
MAPKS KLRG1
ICOS CFP
NPAT POLI
EBIZ ZAP 10
SLC19A2 CAT
HSPY0AB1 TP53AP1
NCBP1 IRF3
CTPS FYB
AHR LCK
CD40LG TCF/
CRY1 CRIP1
TNFSF6 PHYH
IL411 MAP2K6
BATF FGR
S0D2 PSTPIP1
SNFT TRPV2
TNFRSF6 TCIRG1
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AP1 TransBinding Actvity ~ Figure 5.3. Transient Induction of AP-1 transcription binding

3.5
5 | —+—control ---=--25uM | activity in T-cell activation was decreased by bD, stress.
5 25 _ |
g CD3+ T cells were selected, incubated withu®5H,0, for
3
ke \I\ : . . .
215 %1‘ * \E\}E 10mins, or let alone as control, stimulated (byi-&m3/anti-
! CD28 antibodies), cultured separately and harvestedhe
0.5 T T T
0 4 . 48 72 96 indicated timepoints of culture to analyze the $a@iption
timepoints

binding activity. Data from three independent expents were averaged.

is a negative regulator of AP-1 transcription facativity, forming inhibitory DNA binding
heterodimers with JUN proteins (208). The traqsimnal pattern of BAFT was the opposite to
that of FOS and JUN, upregulated in T-cell actmatand this upregulation was attenuated by
H,0, stress. It is possible that this upregulation AFB in cooperation with the downregulation
of FOS and JUN are involved in the downregulatiémrAB-1 activity at 4-96 hours in T-cell
activation. SNFT (also called BATF3, purple colore@d Appendix A10) shared similar
transcription pattern with BATF. Little known is @it the functions of SNFT. It is possible that
it functions similarly as BAFT. TCF7, transcriptidactor 7 (T-cell specific) has been reported to
effectively limit Antigen-driven T-cell proliferatin, cytokine production, and changes in surface
receptor expression (209). Consistently, our micegadata show that the transcription of TCF7
is continuously downregulated in T-cell activatemmd this downregulation of TCF7 is attenuated
by H,O, stress. HSPO90OAB1 and AHR (blue colored in Apperlld) shared similar expression

pattern that the strong upregulation in T-cell ation was suppressed by,® stress. The
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cytosolic AHR complex exists as a transcriptionatlyptic complex, consisting of the
HSP90AB1 and AHR (210). The similar transcriptiattprns of HSP90AB1 and AHR suggest
that the AHR complex is activated in T-cell actisatwhile the HO, stress abates its activation.

Numerous genes encoding cytokines and cytokingterewere significantly regulated.
ILLIR2, ILIRN, and IL1RAP (orange colored in Appex@i10) are interacting proteins, forming
a decoy receptor for interleukin 1 (IL1) (211, 21R)1R2, IL1IRN, and IL1RAP shared similar
expression patterns. They were significantly uplagd in T-cell activation at 48-96 hours and
this upregulation was suppressed byOH stress. This suggests that IL1 blocking receptor
activity might be upregulated in T-cell activatiomhile H,O, stress attenuates this upregulation.
Of note, no significant gene regulation of compdseof IL1-Type-l-activating receptor was
observed. This indicates that IL1-Type-ll-blockiregeptor activity might be activated in T-cell
activation rather than IL1-Type-I-activating recapéctivity. SIGIRR is a negative regulator of
IL1 and lipopolysaccharide (LPS) signaling (213)GERR was downregulated in T-cell
activation immediately, while it was only downregtdd at 48-96 hours in,B, stressed sample.
This suggests that as a negative regulator of oyoknediating signaling pathways (213),
SIGIRR is involved in HO, stress delayed T-cell activation. A number of rife®n related
genes were regulated in T-cell activation and bpHstress. IFNGR2 (interferon gamma
receptor 2), GBP2 (guanylate binding protein 2),R@aBGBP4, IRF8 (interferon regulatory
factor 8) and IRF1 (yellow colored in Appendix Al§hared similar expression patterns. They
were upregulated at 4-10 hours in T-cell activaaod this upregulation was attenuated b@H
stress. Interferon induced genes, IFIT1, MX1, PRRRS1, OAS3 and IFI44 (pink color coded

in Appendix A10), shared similar transcription patis. They were consistently downregulated
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in T-cell activation and this downregulation waseatated by LD, stress. All these
interferon-induced genes, except for IFIT1, havernbeeported to be involved in the antiviral
action. OAS1 and OAS3 can activate latent RNase the OAS/RNase L system of innate viral
resistance (214) and PRKR is a dsRNA-dependengiprkinase with a key antiviral role against
hepatitis C virus (215). The orchestrated transiompregulation suggests that those interferon-
induced genes related anti-virus actions might betactive in T-cell activation, however the
interferon related signal pathways in T-cell adiwa could be regulated by oxidative stress.

Interestingly HSPA6 and HSPALL (blue color coded in Appendix AlM@ye

upregulated in T-cell activation and this upregolatvas enhanced by.B, stress, especially at
10 hours. It has been reported that they coulshtbeced in response to unfolded protein (216,
217). This unique transcription upregulation indibg HO, stress suggests that they may play
important roles in T-cell response to oxidativess: HLA-DQB1, HLA-DRB3, HLA-DPB1,
and HLA-DMB are the components of major histoconiplaty complex Il. The transcription of
these genes was consistently induced @itstressed samples at 4-10 hours, which suggests the

regulation of MHC Il molecules by 4@, stress.

5.3.3 Ontological analysis identifies significantregulation of apoptosis’ genes in T-cell

response to HO, stress

Ontological analysis of MeV module identified sealegene groups related to the
negative regulation of cellul@rocess, such as ‘negative regulation of cellutacgss’ (Fisher
score: 4.12E-06), ‘negative regulation of cellyaysiological process’ (Fisher score: 2.15E-05),

‘apoptosis’ (Fisher score: 8.01E-04), and ‘regolatf apoptosis’ (Fisher score: 8.26E-05). The
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genes associated with the aforementioned groups ezgnbined and their transcription
profile is shown as Figure 5.4.

Transcriptional expression of several B-cell CLbilyhoma genes, including BBC3,
BCL2A1, MCL1, BCL3, BCL2 and BCL6 (blue color codetvere suppressed byEh.
BCL2ALl is a direct transcription target of NdB-(218), and its encoding protein has a
cytoprotective function essential for lymphocyté\ation as well as cell survival (219). The
protein expression kinetics of BCL2A1 measuredlby fcytometry assays supported its
transcription pattern demonstrated by our micrgagliata. In T-cell activation, protein
expression of BCL2A1 was upregulated, buOkistress delayed this T-cell activation induced
protein expression upregulation of BCL2A1 (Figurg)5BBC3 (also called PUMA) is known as
a pro-apoptosis gene. Our microarray data reveatBthamic transcription pattern of BBC3 in
T-cell activation. It was significantly upregulatati4 hours, and then downregulated at 48 hours,
and upregulated again at 96 hours. This transongtiregulation of BBC3 in T-cell activation
was suppressed by, stress, especially at 4 and 96 hours. The pretginession kinetics of
BBC3 measured by flow cytometry assays supporgetianscription pattern demonstrated by
our microarray data. While inJ, stressed samples, there was similar regulatioatdess
extent (Figure 5.6). CDC2L1 has been reported tmbaved in regulation of cell growth and
apoptosis (220). However, in control samples, CDLC®2fas not significantly regulated.
Transcription of CDC2L1 was induced by®4 stress at 10 hours. This indicates that CDC2L1
is H,O, stress inducible, but not actively involved in @lt@ctivation.

Protein encoded by R9AP, RGS2, ARHGDIB, RGS10, MI,.3%AP2K6, SIPAL, EVL,

VILL and BIN1 (yellow color coded in Appendix A1@ye GTP-binding/actin cytoskeleton
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related. They were downregulated in T-cell actimatiand relatively upregulated by®

stress, indicating the change of GTP/GDP balandecal cytoskeleton in T-cell activation and

response to D, stress.
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Figure 5.4. Expression profiles of significant gerse

associated with negative regulation of cellulaprocess.

Color denotes degree of differential expressiotu(ased
red = 3-fold up-regulation, saturated green = 8-fol
down-regulation, black = unchanged, gray = no data
available). Expression data shown are averages from
three independent biological. The first columnhis t
ratios of stressed samples vs. the control samipies;
second column is the ratios of timepoints vs. Orhiou
control samples; the third column is the ratios of
timepoints vs. 0 hour in stressed samples. The gene

names are color coded for the convenience of review
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BCL2A1 expression

25 . . . .
= E4 control Figure 5.5. Induction of protein expression of
20 —a— E5 control . ) o
- ...m.. E4 stressed BCL2AL1 in T-cell activation was decreased by kD,
§15 ---a--- Eb stressed
S / stress.
n
310 - - . -
2 / ..:2 Intracellular protein expression profiles of BCL2Althe

control and stressed sampels. CD3+ T cells weeetgsl,

24 48 7 96 Incubated with 2pM H,O,for 10mins, or let alone as
timepoint (hours?)

control, stimulated (by anti-CD3/anti-CD28 antibes)i, separately and harvested at the indicated

timepoints of culture to analyze the protein expi@s by flow cytometric assays. Data from two

independent experiments, E4 and E5, are shown.

BBC3 expression

4
—=a— E4 control
—— E5 control
5 | % E4stressed ¢ Figure 5.6. Induction of protein expression of BBC3n T-
| E5 stressed
o . .
S cell activation was decreased by $D, stress.
<n'2 )
= RSN .
2 Intracellular protein expression profiles of BBG@3the
H—l B
control and stressed sampels. CD3+ T cells weeetss,
O T T T

24 48 7 96 Incubated with 2uM H,O, for 10mins, or let alone as

timepoint (hours%
control, stimulated (by anti-CD3/anti-CD28 antibes), cultured separately and harvested at the
indicated timepoints of culture to analyze the @iexpression via flow cytometric assays. Data

from two independent experiments, E4 and E5, ave/sh

Several genes encoding TNF and TNF related proteans significantly regulated by
H,0, stress. TNF has been reported to be involvedamdgulation of a wide spectrum of

biological processes including cell proliferatiaiifferentiation, and apoptosis (221).
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Transcription of TNF was strongly upregulated icdll activation, and this upregulation
was attenuated byJ8, stress, indicating that the transcription of TNRinder influence of
H,0, stress, negatively. TRAF1 and TRAF2 can form &toelimeric complex, which is
required for TNF-mediated activation of MAPK8/JNKdBNF«B complex (222). TRAF1
shared similar transcription patterns with TNF,gesgjing the involvement of MAPK8/JNK and
NF-kB complex in T-cell activation and-B, response. TRAF3 and TNFRSF18 shared similar
expression patterns with TRAF1. Protein encode@MyRSF18 can bind protein TRAF1 and
TRAF3, and induce the activation of NdB-complex (223). It has also been reported that
receptor encoded by TNFRSF18 is involved in thellagn of TCR-driven T-cell activation
(224) and programmed T-cell death (225). Transompdf TNFRSF18 was upregulated in T-
cell activation while the upregulation was abatgdHbO, stress, indicating its positive role in T-
cell activation and negative role in apoptosis. itsinito TNFRSF18, TNFRSF12A are binding
proteins of TRAF1 and TRAF3 (226). Our data revedhat the transcription upregulation of
TNFRSF12A in T-cell activation was cancelled bydH stress, supporting that TRAF1 and
TRAF3 and their downstream events are involved-oell response to #D, stress.
Additionally, it has been reported that TRAF1 arRIAF2 cooperate in CD40 signaling (227).
The similar expression patterns shared by TRAFJAHRand CD40LG suggest that this

CD40LG signaling is involved in T-cell activationésuppressed by.B, stress.
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5.3.4 Ontological analysis identifies significantcytokine’ and ‘chemokine’ genes in

T-cell response to HO, stress

Ontological analysis of MeV module identified sifigantly regulated genes associated
with ‘cytokine activity’ (Fisher score: 9.99E-05)d ‘chemokine activity’ (Fisher score: 2.11E-
03) (Figure 5.7). Most of the genes were upregdlater-cell activation, but bD, stress
attenuated this upregulation, indicating that takay of T-cell activation by pD- stress
suppresses the secretion of cytokines and chenmkine

CCL20 shared similar transcription patterns witR,lsuggesting that it might have a
positive role in T-cell activation like IL2. Repedly, CCL20 is mainly secreted by epithelial
cells and macrophages (69). The transcription upa¢ign of both CCL20 and IL2 was
significantly abated by $D, stress, which was supported by secreted supetr@@r?0 assay
(Figure 5.8). TNFSF4 along with CD70 has been reoto provide CD28-independent
costimulatory signals to T cells (228). TNFSF4 waen more upregulated in&, stressed
sample. This indicates that TNFSF4 may play an mapd role in response to,8, stress
besides its function as a costimulatory signal.if 8 potent growth promoting cytokine (229). It

was significantly upregulated in T-cell activatian10-48 hours, while #D, stress abated this

average 25/00 average 00 average 25
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cell proliferation.

Figure 5.7. Expression profiles of significant gerse
associated with the Gene Ontology term ‘cytokine

activity’ and chemokine activity’.
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Color denotes degree of differential expressiotu(ased red = 3-fold up-regulation,
saturated green = 3-fold down-regulation, blackhshanged, gray = no data available).
Expression data shown are averages from threeendent biological. The first column is the
ratios of stressed samples vs. the control samiilesecond column is the ratios of timepoints
vs. 0 hour in control samples; the third columthes ratios of timepoints vs. O hour in stressed
samples.

Supernatant CCL20 expression

500 = 00uM 25w - Figure 5.8. Induction of secretion of CCL20 in T-

600

cell activation was decreased by $D, stress.

CD3+ T cells were selected, incubated witlp5

H,O, for 10mins, or let alone as control, stimulated

concentration (pg/r
N oW S
o o o
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(by anti-CD3/anti-CD28 antibodies), cultured

separately. Supernatants were harvested at the
4H 10H 24H 48H 96H

Timepoints - : . .
P indicated timepoints of culture to analyze the @it

expression via ELISA assay. Data from three

independent experiments were averaged.

5.3.5 Other significant genes identified by Ontolagal analysis in T-cell response to

H,0, stress

Ontological analysis identified several genes assed with ‘MAPKKK cascade’ (Fisher
score: 1.43E-03) significantly regulated in resgotisHO; stress (Figure 5.9). MAPK3 and

MAPKS8 have been reported to play key roles in T-pmliferation, apoptosis and differentiation
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(146, 147). Transcription of MAPK3 and MAPKS8 shasgahilar patterns; they were
upregulated in T-cell activation and this upregolatvas attenuated by.B, stress (Figure 5.9).
Additionally, MAP2K4 shared similar expression patis with MAPKS8, which is consistent
with its known function as a direct activator of Ainases such as MAPK8/JNK1 and
MAPK14/p38 (230). The MAPKAPK2 kinase can be phasplated by p38 (231), and both of
them are known to be involved in many cellular gsses including stress and inflammatory
responses. Protein encoded by MAP2K6 can phosgterghd activate p38 MAP kinase in
response to inflammatory cytokines or environmesitass (232). GADD45A is a pro-apoptotic
protein, responding to environmental stresses jiatiag activation of the p38/JNK pathway
via MTK1/MEKK4 kinase (233). The transcription o AGD45A was upregulated in T-cell
activation, and the ¥D, stress strongly attenuated this upregulation dtd6s. Both
phosphorylated protein p38 and phosphorylated pr&BK1 were upregulated upon T-cell
activation, and this upregulation was suppressed,s stressed (Figure 5.10). Together, we
hypothesize that MAPK3/ERK1 and MAPK14/p38 not oplgty important roles in T-cell

activation, especially in proliferation, but are@involved in T-cell response ta®h stress.

average 25/00  average 00 average 25 Figure 5.9. Expression profiles of
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expression (saturated red = 3-fold up-
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regulation, saturated green = 3-fold down-regubgtidack = unchanged, gray = no data
available). Expression data shown are averagestiioge independent biological experiments.
The first column is the ratios of stressed samy$eshe control samples; the second column is
the ratios of timepoints vs. O hour in control séespthe third column is the ratios of timepoints

vs. 0 hour in stressed samples.

Ap\)hospho ylated p38 expression Figure 5.10. Induction of phosphorylated protein egression of
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Ontological analysis identified seven significantbgulated genes associated with
‘Regulation of caspase activity’ (Fisher score:7E{3) (Figure 5.11). HSPE1 has been reported
to induce the activation of pro-caspase 3 (115n3cription of HSPE1 was upregulated in T-

cell activation, and this upregulation was incredsg HO, stress at 96 hours. Flow cytometry
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assays revealed that active caspase 3 proteinpvagulated in T-cell activation, but not
affected by HO, stress (Figure 5.12). CASP1, PYCARD and COP1 shsirattar transcription
patterns, consistently downregulated in T-cellhatton, while relatively upregulated by:E&,
stress. Both PYCARD and COPL1 are activating adaptdrinhibitor of CASP1, respectively
(234, 235). A simultaneous downregulation of PYCARIDP1 and CASP1 were observed in T-
cell activation. Taken together, our data suggegtat CAPSP1 may not be active in T-cell

activation, but play a role in response tgistress.
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Figure 5.11. Expression profiles of
ShortName
STAT1
HSPE1
CASP3
DHCR24
F2R
NALP1

LCK activity’.
PYCARD

COP1
CASP1 B Color denotes degree of differential

significant genes associated with the Gene

Ontology term ‘Regulation of caspase

expression (saturated red = 3-fold up-regulatiatyrated green = 3-fold down-regulation, black
= unchanged, gray = no data available). Expressatda shown are averages from three
independent biological experiments. The first catumthe ratios of stressed samples vs. the
control samples; the second column is the ratigsrapoints vs. 0 hour in control samples; the

third column is the ratios of timepoints vs. 0 houstressed samples.



141

active caspse3 expression Figure 5.12. Induction of protein expression of acte form
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2 imepant oy 8 CD28 antibodies), cultured separately and harvestéue
indicated timepoints of culture to analyze the @iexpression via flow cytometric assays. Data

from two independent experiments, E4 and E5, avevsh
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Figure 5.13. Expression profiles of significant
ShortName
IL8RB
IL28RA
IL12RB2
IL2RA
IL6ST
ILIR2
ILIRAP

genes associated with the Gene Ontology term

‘Interleukin receptor activity’.

Color denotes degree of differential expression
(saturated red = 3-fold up-regulation, saturatesigr= 3-fold down-regulation, black =
unchanged, gray = no data available). Expressitamsteown are averages from three
independent biological experiments. The first catumthe ratios of stressed samples vs. the
control samples; the second column is the ratigsyapoints vs. 0 hour in control samples; the

third column is the ratios of timepoints vs. 0 houstressed samples.
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Ontological analysis identified several signifidgmegulated genes associated with
‘Interleukin receptor activity(Figure 5.13) (Fisher score: 3.94E-03). ILBRB an@3SI were
relatively upregulated by #, stress. Transcription of ILBRB, receptor bindingchemokine
(C-X-C motif) ligand 1 (CXCL1/MGSA) (236) and IL287), was downregulated in T-cell
activation, while HO, stress abated this downregulation. IL2RA (CD253 waregulated by T-
cell activation and kD, suppressed this upregulation as well (Figure 5.1I0PRB2 shared
similar transcription pattern with IL2RA. This swegs that IL12, similar to IL2, might be a pro-
activation Interleukin and its receptor, IL12RBZght be another surface maker of T-cell
activation.

Ontological analysis identified several signifidgnmegulated genes associated with
‘Positive regulation of I-kappaB kinase/NdB- cascade’ (Fisher score: 1.10E-QRigure 5.14).
This suggests that the NdB cascade is involved in T-cell response t@kstress. The NkB

complex has been of study focus and its activigoisplex and cell type dependent (132).
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control samples; the second column is the ratiasrepoints vs. 0 hour in control samples;

the third column is the ratios of timepoints vddur in stressed samples.

RIPK2 has been reported as a potent activator ekBIFEL34). Transcription of RIPK2 was
upregulated in T-cell activation, while this upré&gion was abated by, stress. Similarly,
Transcription of NFKBIA was upregulated upon T-aadtivation and this upregulation was
attenuated by $D, stress. We therefore measured the protein leveho$phorylated RELA
(p65), which is the major component of XB-complex. In control primary T cells, protein léve
of phosphorylated p65 increased in T-cell activatiwhile HO, stress suppressed this increase
(Figure 5.15).

Ontological analysis identified several signifidgmegulated genes associated with
‘Oxygen and reactive oxygen species metabol{$isher score: 1.57E-0%figure 5.16).

Protein encoded by SOD2 catalyzes the reactiorctivaterts superoxide to hydrogen peroxide

phosphorylated p65 expression  Figure 5.15. Induction of protein expression of
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0 24

timepoint (hourss % CD28 antibodies), cultured separately and harvestéae

indicated timepoints of culture to analyze the @ioexpression via flow cytometric assays. Data

from two independent experiments, E4 and E5, avevsh
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and diatomic oxygen (202~ + 28t H,O, +02) (201). Transcription of SOD2 was
upregulated in T-cell activation. Interestinglyistiipregulation was attenuated by stress,
probably because of the abundance of intracelld@r,, no need for the SOD2. IL411 catalyzes
the reaction: L-amino acid +J8 + O, = a 2-oxo acid + NI+ H,O,, producing iROS (238).
IL411 was upregulated in T-cell activation, butatefely downregulated by JD, stress. Catalase
(CAT) catalyzes the decomposition of hydrogen pel@xproducing HO and Q (239).
Transcription of CAT was downregulated in T-celliaation, which could be one of the reasons
leading to IROS accumulation in T-cell activati@4Q). HO, stress caused more iIROS, which
explains CAT was upregulated in®} stressed sample compared to control. SORD catalyze
the reaction: L-iditol + NAD= L-sorbose + NADH, providing more NADH as subsésator
oxidase (241). NCF2 is p67phox, cytosolic subuhNADPH oxidase complex (242).
Transcription of NCF2 was significantly downregeldin T-cell activation, while the
upregulated by bO, stress. S100A8/S100A9 dimmer has been reportagasitive mediator of
activation of phagocyte NADPH oxidase complex (243anscription of S100A8 and S100A9
was downregulted in T-cell activation, while relaly upregulated by ¥D, stress at either 4 or
10 hours. HBPhas been suggested to contribute to the regulafibBlADPH oxidase-dependent
superoxide production through transcriptional repi@n of the p47phox gene (244). Taken
together, our data suggests that NADPH oxidase®tat enzymes involved in iROS

average 25/00 average 00 average 25

regulation play important roles in T-cell activatiand

04h/0Oh
10h/0h
48h/0h
96h/0h
04h/0Oh
10h/0h
48h/0h
96h/0h

ShortName

'SLS'SZ T-cell response to D, stress.
PRNP
SORD
DHCR24
D21S2056
SIAH2
DUSP1
EPHX2
CAT
DDAH2
MTL5
CTBP2
NCF2
S100A8
S100A9
PHYH
INDO
HBP1



145
Figure 5.16. Expression profiles of significant gezs associated with the Gene Ontology

term ‘Oxygen and reactive oxygen species metabolism

Color denotes degree of differential expressiotu(a#ed red = 3-fold up-regulation, saturated
green = 3-fold down-regulation, black = unchanggdy = no data available). Expression data
shown are averages from three independent biollogkpeeriments. The first column is the ratios
of stressed samples vs. the control samples; tandecolumn is the ratios of timepoints vs. O
hour in control samples; the third column is thgosaof timepoints vs. 0 hour in stressed

samples.
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CHAPTER 6: CONCLUDING REMARKS AND

RECOMMENDATIONS

The immune system defends the host against pate@gehinfectious diseases. When
the immune system malfunctions, it can cause adraage of severe disorders and diseases,
including allergy, autoimmune disease, immune cexpliseases, AIDS and leukemia.
Understanding T-cell biology is fundamental to anderstanding of immune system and
therapeutic research targeting immune system diseiahd diseases. Furthermore, a complete
understanding of T-cell activation will provide iglts in optimizing ex vivo T-cell expansion in
application of immunotherapy, which has become madespread and receives more attention
in science and industry. Thus, the goal of thiglgtuas to investigate T-cell activation and T-
cell response to oxidative stress, on a globalemgar level by genome-scale transcriptional
analysis and moreover, use this information agqiatas future research leads in immune
system disorder and disease studies, as well aswagxpansion protocols.

We employed a Gene-Ontology-driven transcripti@rallysis coupled with protein
abundance assays in order to identify novel Tailvation genes and cell-type-specific genes
involved in ‘immune response’. We identified potahgenes involved in the communication
between the two subsets (including IL23A, NR4A2,83DPSMB2, -8, MIF, IFI16, TNFAIP1,
POU2AF1, and OTUB1) and would-be effector-functgpecific genes (XCL2, SLAMF7,
TNFSF4, -5, -9, CSF3, CD48 and CD244). Chemokindaded during T-cell activation but not
previously identified in T cells include CCL20, CX€, -10, -11 (in all three populations), and

XCL2 (preferentially in CD8+ T cells). Increasedpeassion of other unexpected cytokines
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(GPI, OSM and MIF) suggests their involvement igéll-activation with their functions yet
to be examined. Differential expression of manyepgars, not previously reported in the context
of T-cell activation, includes CCR5, CCR7, ILIRR1RAP, IL6R, TNFRSF25 and
TNFRSF1A, thus suggesting their role in this immpnacess. Several receptors involved in
TCR activation (CD3D, CD3G, TRAT1, ITGAL, ITGB1, GB2, CD8A and B (CD8+ T-cell
specific) along with LCK, ZAP-70 and TYROBP weraskironously downregulated. Members
of cell-surface receptors (HLA-Ds and KLRs), nomevously identified in the context of T-cell
activation, were also downregulated. This compagagenome-scale, transcriptional analysis of
T-cell activation in the CD4+ and CD8+ subsets tredmixed CD3+ populations made possible
the identification of many immune-response genegpreviously identified in the context of T-
cell activation. Significantly, it made possibeitlentify the temporal patterns of many
previously known T-cell activation genes, and atlmtify genes implicated in effector
functions of and communication between CD4+ and €D&ells.

The equivalence (the quantity and expression pafef anti-apoptotic and pro-
apoptotic genes suggests a balance between thapmmiotic and pro-apoptotic signalings in T-
cell activation. We identified significantly regtea apoptotic genes in key protein families and
detailed their transcriptional kinetics, validatadprotein expression patterns of selected genes
(BCL2A1, BBC3 and CASP3). The simultaneous uprdguieof NF«B and kB family genes
(REL, RELA, and RELB, NFKBIA, NFKBIE and NFKB1) &i8-96 hours, supported by the
increase of phosphorylated RELA (p65) at 48-96 hpsuggests an active involvement of the
NF-kB complex during this time period in our experingem close examination of significant

regulated genes revealed an increase of p38 and ERKalings at 48-96 hours, which was



148
explored using phosphorylation assays for p38 (MAPKand ERK1 (MAPKS3). A quickly
acquired, transient activity of AP-1 measured byAnding activity assay suggests an
immediate and transient activation of p38 and/dk MAP kinase cascades in T-cell activation.
Ontology analysis also identified significantly végted genes associated with ‘cell cycle’ and
‘mitochondria’. A group of genes sharing the simtl@anscriptions pattern (significantly
upregulated at 48-96 hours, but not at 4 or 103)owith crucial cell cycle genes were identified
by the self-organizing tree algorithm (SOTA) anady8Ve hypothesize that this cluster of gene
are cell cycle signature genes in T-cell activatishich provides a valuable platform for
immune system disorder and malignancies.

T cells face oxidative stress, executed by inthalee reactive oxygen species (iROS) in
aging, infections and certain disease conditions.0dserved that T-cell activation was delayed
in a dose dependent manner when exposed to 2BM#5,0,, the estimated iROS level in the
physiological microenvironment of an inflammatiatesOntology analysis identified
significantly regulated genes by®; stress including genes associated with ‘respanse t
stimulus’, ‘regulation of apoptosis’, ‘cytokinetaaty’, ‘chemokine activity’, ‘MAPKKK
cascade’, ‘Positive regulation of I-kappaB kinage# cascade’, and ‘Oxygen and reactive
oxygen species metabolism’.

In summary, DNA microarray technology was succdblsépplied to monitor and
characterize ex vivo T-cell activation, expansiod d-cell response toJ9, stress.
Comprehensively integrating previous knowledges g@nome scale transcriptional study in

conjunction with complementary methodologies img®wur understanding of T-cell activation
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and suggests substantial future research leadgdres of immune system disorder, immune

suppression in transplants, and ex vivo T-cellvatitbon and expansion.
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04wm10h;ghEigh;0h 96h0h Appendix Al. Chapter 2 Reproducibility of

expression profiles of the T-cell activation in

CD3+ cells.

Hierarchical clustering (using the Euclidian
distance metric) of the 3793 significant genes in
T-cell activation of CD3+ cells in three
independent biological experiments, E1-E3,
(timepoints at 4, 10, 48 and 96 hours)
demonstrated high reproducibility. Color denotes
degree of differential expression compared to 0
hour (saturated red = 3-fold upregulation,
saturated green = 3-fold down-regulation, black

= unchanged, gray = no data available).
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Appendix A2. Chapter 2
Reproducibility of expression
profiles of the T-cell activation

in CD4+ cells.

Hierarchical clustering (using
the Euclidian distance metric) of
the 1463 significant genes in T-
cell activation of CD4+ cells in
three independent biological
experiments, E7-E9, (timepoints
at 12, 24, 48 and 72 hours in one
experiment; and timepoints at 6,
12, 24, 48 and 72 hours in the
other two experiments)
demonstrated high
reproducibility. Color denotes
degree of differential expression
compared to O hour (saturated
red = 3-fold upregulation,

saturated green = 3-fold down-
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regulation, black = unchanged, gray = no data alhs).

E7 ES E9 Appendix A3. Chapter 2
12h/0n 24h/0h 48h/0R 72h/0h 06h/0h 12h/0h 24h/0h 48h/0h 72h/0h 06h/0h 12h/0h 24h/0h 48h/0h 72h/0h

Reproducibility of expression
profiles of the T-cell activation in

CD8+ cells.

Hierarchical clustering (using the
Euclidian distance metric) of the
1258 significant genes in T-cell
activation of CD8+ cells in three
independent biological experiments,
E7-E9, (timepoints at 12, 24, 48 and
72 hours in one experiment; and
timepoints at 6, 12, 24, 48 and 72
hours in the other two experiments)
demonstrated high reproducibility.
Color denotes degree of differential
expression compared to 0 hour
(saturated red = 3-fold

upregulation, saturated green = 3-

fold down-regulation, black =
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unchanged, gray = no data available).
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CD3+ CD4+ CD8+ Appendix A4. Chapter 2 The three
04n/0N 10h/Ch 480N 96NOh  0BH/OR 1200h 24h/0h 480K T200h  06RYOR 12h/0h 24h/0h 48h/0h 72hi0h

populations, CD3+, CD4+ and
CD8+ T cells, shared largely
conserved expression patterns for

the significant genes.

Demonstrated by the hierarchical
clustering (using the Euclidian
distance metric) of the combined
4167 significant genes upon T-cell
activation in CD3+, CD4+ and
CD8+ populations (average of three
biological-replicate experiments for
each population). Color denotes
degree of differential expression
comparing to 0 hour (saturated red =
3-fold upregulation, saturated green
= 3-fold down-regulation, black =

unchanged, gray = no data

available).
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Appendix A5. Chapter 2 Q-RT-PCR
validation of microarray results across

multiple culture samples.

Q-RT-PCR validation of microarray
results across multiple culture samples.
(A) Q-RT-PCR versus microarray log
expression ratios (timepoint vs. 0 hour)
from CD3+ T-cell activation experiments,
E1-E3, (for all 12 (= 3x4) timepoints: 4,
10, 48 and 96 hours of 3 experiments) for
each of the 8 selected gerfE®S, MYB,
JUN, CAT, MAPK6, SORD, SOD2, and
STAT1). B) Q-RT-PCR versus

microarray log expression ratios

(timepoint vs. 0 hour) from CD4+ and CD8+ T-celtieation experiments, E8 and E9, (for all

20 (= 2x2x5) timepoints: 6, 12, 24, 48 and 72 hair® experiments) for each of the 7 selected

genedEGR1, EGR2, EGR3, FASL, GZMA, GZMB, and MYB).
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Appendix A6. Chapter 4 Signature T-cell

activation cell cycle genes.

The MeV self-organizing tree algorithm (SOTA)
module identified a cluster of potential signature
T-cell activation cell cycle genes base on their
transcription kinetics: significantly upregulated a
48-96 hours, but not at 4 or 10 hours. Color
denotes degree of differential expression
compared to 0 hour (saturated red = 3-fold up-
regulation, saturated green = 3-fold down-
regulation, black = unchanged, gray = no data
available). Expression data shown are averages
from three independent biological experiments
for each T-cell population. Genes have been
associated with cell cycle (per corresponding
gene pages in NCBI
http://www.ncbi.nlm.nih.gov/ and references

therein) are highlighted blue.
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Appendix A6. Chapter 4 Signature T-cell activationcell cycle genes continued.
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Appendix A7. Chapter 4 The centroid graph of the gjnature T-cell activation cell cycle

genes produced by the MeV self-organizing tree algthm (SOTA) module.

Based on the expression averages from three indepehiological experiments for each T-cell

population.
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associated with

‘mitochondion’.

Expression patterns of genes that
were differentially expressed
temporally in T-cell activation of
the three (CD3+, CD4+ and
CD8+) populations, based on
hierarchical clustering using the
Euclidian distance metric. Color
denotes degree of differential
expression compared to 0 hour
(saturated red = 3-fold up-
regulation, saturated green = 3-
fold down-regulation, black =
unchanged, gray = no data
available). Expression data
shown are averages from three
independent biological

experiments for each T-cell
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File Term List Hits]List Size |Pop. Hits|Pop. Size|Fisher's exact
biological_process [response to biotic stimulus 127 762 835 10721 2.28E-17
biological_process |immune response 110 762 694 10721 2.29E-16
biological_process |defense response 117 762 791 10721 4.26E-15
biological_process [response to stress 120 762 829 10721 9.05E-15
biological_process [response to pest, pathogen or parasite 77 762 444 10721 9.99E-14
biological_process [response to stimulus 194 762 1712 10721 1.84E-12
biological_process [response to wounding 46 762 262 10721 7.77E-09
biological_process [response to external stimulus 57 762 365 10721 1.09E-08
biological_process  [negative regulation of cellular process 77 762 648 10721 4.12E-06
biological_process [cellular defense response 17 762 75 10721 1.50E-05
biological_process [inflammatory response 29 762 177 10721 1.86E-05
biological_process |negative regulation of cellular physiological process 69 762 589 10721 2.15E-05
biological_process |negative regulation of biological process 79 762 702 10721 2.30E-05
biological_process |negative regulation of physiological process 69 762 612 10721 7.34E-05
biological_process  [regulation of apoptosis 42 762 321 10721 8.26E-05
biological_process [regulation of programmed cell death 42 762 323 10721 9.52E-05
molecular_function |[cytokine activity 30 824 206 11771 9.99E-05
biological_process |antimicrobial humoral response 16 762 79 10721 1.13E-04
biological_process |anti-apoptosis 19 762 105 10721 1.32E-04
biological_process |negative regulation of apoptosis 21 762 124 10721 1.60E-04
biological_process  [negative regulation of programmed cell death 21 762 125 10721 1.80E-04
biological_process |detection of stimulus 9 762 33 10721 3.60E-04
biological_process [response to abiotic stimulus 41 762 334 10721 3.97E-04
biological_process |death 37 762 292 10721 4.09E-04
biological_process [cell death 37 762 292 10721 4.09E-04
biological_process [response to chemical stimulus 37 762 294 10721 4.67E-04
biological_process  [programmed cell death 33 762 260 10721 8.01E-04
biological_process |apoptosis 33 762 260 10721 8.01E-04
biological_process |MAPKKK cascade 8 762 32 10721 1.43E-03
biological_process  |[rRNA metabolism 13 762 72 10721 1.51E-03
biological_process  [regulation of caspase activity 7 762 26 10721 1.77E-03
molecular_function |chemokine receptor binding 9 824 42 11771 2.11E-03
molecular_function [chemokine activity 9 824 42 11771 2.11E-03
molecular_function |oxygen transporter activity 5 824 15 11771 2.76E-03
molecular_function |interleukin receptor activity 7 824 30 11771 3.94E-03
molecular_function |MHC class Il receptor activity 4 824 11 11771 5.28E-03
biological_process [positive regulation of caspase activity 6 762 24 10721 5.62E-03
molecular_function |SH3/SH2 adaptor activity 8 824 42 11771 7.82E-03
molecular_function |hematopoietin/interferon-class (D200-domain) cytokine re 8 824 42 11771 7.82E-03
molecular_function [NF-kappaB binding 3 824 7 11771 9.66E-03
biological_process [positive regulation of I-kappaB kinase/NF-kappaB cascadd 11 762 71 10721 1.10E-02
biological_process  |oxygen and reactive oxygen species metabolism 10 762 65 10721 1.57E-02

Appendix A9. Chapter 5 Gene ontology analysis ofgnificantly regulated genes in T-cell

response to HO, stress.

Ontological analysis of MeV module associated digantly regulated genes with Gene
Ontology terminologies. Statistic significance loé tGene Ontology terminologies was

demonstrated by p-value based Fisher’s score.
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Appendix A10. Chapter 5 Expression profiles of
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samples. The gene names are color coded for theeommce of review.
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