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Abstract
The immune system must be able to mount a response against pathogens and
transformed cells while remaining tolerant to healthy host tissue. A key process
for ensuring this self-tolerance is the negative selection of self-reactive
thymocytes. Expression of Programmed Death-1 (PD-1), a co-inhibitory member
of the CD28 family associated with dampened peripheral immune responses,
was found to be upregulated in 20-40% of thymocytes undergoing negative
selection in the HYcd4model of thymic development. Although analysis of gene
and protein expression directly ex vivo indicates that PD-1- and PD-1+
thymocytes are equally apoptotic, PD-1+ thymocytes appear to be protected from
apoptosis in an in vitro stimulation assay. Analysis of HYcd4PD-1-/- mice
indicates that thymocytes receive a higher intensity signal in the absence of PD1. Future work utilizing HYcd4PD-1-/- mice will increase our understanding of the
role of PD-1 in thymic negative selection.
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Chapter 1: Introduction

The human body must constantly fight off pathogens such as bacteria and viruses,
as well as cancer. A robust immune system is essential for protection against these
threats to health. The importance of a functioning immune system is illustrated by
the frequency and severity of disease that occurs in individuals with either a
genetic immunodeficiency, such as severe combined immunodeficiency (SCID),
or acquired immunodeficiency, such as acquired immunodeficiency syndrome
(AIDS) (1, 2). Co-operation is important in the immune system. The mammalian
immune system can be broadly divided into an innate arm and an adaptive arm.
The innate immune system reacts first to an infection; within the first few days it
works to control the pathogen while alerting cells involved in the adaptive
immune response (3). The innate system consists of physical and chemical
barriers to infection and also has a cellular component. Phagocytes such as
neutrophils, macrophages, and dendritic cells (DCs) are adept at engulfing foreign
material and presenting it to adaptive immune cells (3), while Natural Killer (NK)
cells target self-cells with decreased expression of Major Histocompatibility
Complex (MHC) Class I resulting from viral infection, or altered-self cells
expressing molecules induced by stress of transformation (4). The adaptive
branch of the immune system is different from the innate branch in that it is
specific and exhibits memory (3). The adaptive immune system involves B and T
lymphocytes (also known as B and T cells) that recognize antigen via their clonal
antigen receptors, the B cell receptor (BCR) or T cell receptor (TCR), respectively
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(3). T cells recognize this antigen in the context of MHC on antigen presenting
cells (APCs), and with additional co-stimulation from cell surface proteins, are
activated and proceed to fight the infection (3).

Progenitors of both B cells and T cells originate in the bone marrow (BM) (3). B
cell maturation continues in the bone marrow while T cell progenitors migrate to
the thymus where T cell maturation takes place (3). It is essential that T cells
recognize antigen in the context of MHC and can distinguish between healthy
host cells and pathogen infected or transformed cells. These important
characteristics are accomplished through positive and negative selection during T
cell development in the thymus.

Early T cell development

Entering the thymus
The thymus continually produces T cells throughout life but does not contain a
resident stem cell population (5). Therefore, thymocyte progenitors must be
recruited from the blood. T cell progenitors migrate from the BM through the
blood to the thymus. The thymus consists of an inner medulla and an outer cortex
and the area between the medulla and cortex is known as the cortical-medullary
junction (CMJ) (Fig 1-1). By injecting carboxyfluorescein diacetate succinimidyl
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ester (CFSE) labeled, lineage negative bone marrow cells into non-irradiated
recipients, it was established that thymocytes progenitors enter the CMJ (6).
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Figure 1-1: Movement of thymocytes within the thymus. T cell progenitors
enter the thymus at the cortical-medullary junction (CMJ). They then migrate
towards the capsule as they mature from (double negative) (DN)1 to DN4. At the
DN4 stage the thymocytes move back through the cortex and enter the medulla.
Both positive selection, which is mediated by radioresistant cortical thymic
epitheial cells (cTECs), and negative selection, which may be mediated by
cTECs, medullary thymic epithelial cells (mTECs), or dendritic cells, can occur at
the DP stage. Following positive selection the thymocyte commitments to either
the CD4 helper lineage or the CD8 cytotoxic lineage, and the single positive (SP)
thymocyte follows a sphingosine-1-phosphate (S1P) gradient out of the thymus.
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The exact progenitor cell type settling the thymus is controversial. All blood cell
lines are derived from self-renewing hematopoietic stem cells (HSCs), which
develop into multipotent progenitors (MPPs) (7). These MPPs can give rise to all
blood cell lines but lack the ability to self-renew (Table 1-1). Early lymphoid
progenitors (ELPs) develop from MPPs and can develop into common lymphoid
progenitors (CLPs) and the further differentiated CLP-2 (7). To determine the
progenitor cell type that seeds the thymus, progenitor cells at different stages of
development were injected into nonirrradiated mice. Using this type of protocol it
was found that CLPs and a subset of cells classified as MPPs (that were later
reclassified as ELPs) can enter the thymus whereas HSCs cannot (8). Although
previous studies (9, 10) using irradiated recipients showed that HSCs can seed the
thymus, this recruitment was likely not physiological as side effects of irradiation
include vascular damage and increased expression of cytokines and chemokines
(11). Thus, it is currently thought that ELPs, CLPs, and CLP-2s are the cell types
that can home to the thymus.
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Table 1-1: Phenotypes of progenitor cells at different stages of
differentiation.

Cell type

Phenotype

Hematopoietic stem cell
(HSC)

Flt3-Lin-Sca-1+Kit+

Ability to seed
thymus?
No

Multipotent progenitor
(MPP)

Flt3lowLin-Sca-1+Kit+

No

Early lymphoid
progenitor (ELP)

Flt3hiLin-Sca-1+Kit+

Yes

Flt3+Lin-IL7RhiSca-1lowKitlow

Yes

Common lymphoid
progenitor (CLP) and
CLP-2
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The molecules and signals involved in progenitor recruitment from the blood are
still being elucidated although many potential factors have been identified
including selectins, integrins, chemokines, and CD44. Selectins are C-type lectins
that bind glycoporoteins and glycolipids, and it is thought that progenitors utilize
selectin-mediated interactions to enter the thymus similar to what is observed with
T cells entering other tissues (12). In support of this hypothesis,
immunofluoresence staining has revealed that P-selectin is expressed by
endothelial and perivascular cells in the thymus, while flow cytometry staining
with a P-selectin immunoglobulin fusion protein showed that its ligand, P-selectin
glycoprotein-1 (PSGL-1), is found on thymic progenitors (13). Additionally, in
mice deficient in either P-selectin or PSGL-1, or following the administration of
anti-P-selectin blocking antibodies, a decrease thymic homing is observed (13,
14). Integrins have also been reported to be involved in thymic entry. Anti-α4,
anti-α6, and anti-β2 blocking antibodies decrease homing to the thymus (14, 15).
In addition, α4β1/β7 ligands, including VCAM-1, as well as the ligand for αLβ2,
ICAM-1, are found on endothelial cells and antibodies blocking these ligands
decreases progenitor homing to the thymus (14, 16). Many chemokine receptors
have been implicated in homing. The cells that first enter the thymus after sublethal irradiation have increased expression of CXCR4 and CCR5, and it has been
shown that CXCR4 and CCR5 deficiency results in decreased homing (17). A
blocking anti-CCL25 antibody also decreases homing, indicating that
CCR9/CCL25 interactions are important for recruitment (14). Although CCR9
deficiency alone does not appear to affect thymic homing, a defect was observed
7

when CCR9-/- BM was compared to wildtype BM in a mixed BM chimera
experiment (18). It has also been shown that CCR7-/-CCR9-/- mice exhibit severe
defects in homing, indicating that CCR7 and CCR9 can compensate for each
other (19, 20). Since integrins are activated by Gαi protein coupled receptor
(GPCR) signaling, and chemokine receptors are GPCRs, it is unclear if the role of
chemokines is to allow integrin binding or if they are directly involved in
recruitment from the blood (21). Finally, it has been demonstrated that anti-CD44
blocking antibodies decrease homing to thymus (22). Therefore, there appears to
be a number of different cell surface receptors and ligands that are important for
progenitor entry into the thymus, but it is unclear whether they all operate at the
same time or under certain experimental conditions.

Progressing through DN1-DN4: across the thymus and back
Thymus-settling progenitors lack both the CD4 and CD8 co-receptors and are
therefore referred to as double negative (DN) thymocytes. DN thymocytes can be
further divided into four development stages based on cell surface markers and
their location in the thymus: DN1 (CD44+CD25-), DN2 (CD44+CD25+), DN3
(CD44-CD25+), and DN4 (CD44-CD25-) (23). In general, thymocytes begin their
development at the CMJ, move out towards the capsule and then back towards the
medulla. Both interactions with stromal cells and chemokine gradients are
important for directing migration. Interestingly, while mutations in chemokines or
their receptors lead to changes in localization within the thymus, thymic
development appears to occur normally. This may be due to

8

chemokine/chemokine receptor redundancy, as sometimes defects become
apparent through competition experiments (18, 24, 25). Alternatively, a recent
study examining gene expression of thymic stromal cells did not find distinct
expression profiles of chemokines (or any other genes) in the central cortex,
suggesting that the central cortex may not provide specific signals to developing
thymocytes (26).

DN1
DN1 thymocytes proliferate, further commit to the T lineage, and migrate towards
the capsule. The DN1 stage is an extremely heterogenous cell population and can
be further divided into five sub-stages (DN1a – DN1e) based on expression of
CD117 (c-kit) and CD24 (27). The true early thymic progenitors (ETPs) are
considered to be the DN1a cells, which are CD117+ and CD24- (27). DN1 cells
undergo proliferation before being asynchronically released from the
perimedullary cortex (PMC) region to continue their development (28). It is
currently unclear which molecules are important for DN1 proliferation, however,
stem cell factor and other cytokines are likely important. Mice deficient in both
stem cell factor and the common cytokine receptor gamma chain have
significantly decreased DN1 thymocyte numbers (29).

While DN1 thymocytes continue their commitment to the T cell lineage, they still
retain the ability to differentiate into non-T lineage cells, including B cells, DCs,
and NK cells. Notch signaling throughout the DN stage is required to restrict
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lineage potential and ensure T cell lineage commitment (30). Notch1 expressed on
DN thymocytes interacts with Delta-like 4 (Dll4) on thymic stromal cells. When
Dll4 is absent T cell development is impaired and an increased presence of B cells
in the thymus is observed (31, 32).

It has been estimated that DN1s reside in the PMC for approximately ten days
(28). Chemokines have been shown to be important molecules for the trafficking
of DN1 thymocytes from the PMC towards the capsule. Two
chemokine/chemokine receptor pairs implicated in this migration include CCL19
and its receptor CCR7 and CXCL12 and its receptor CXCR4. CCL19 is
expressed on stromal cells in the CMJ, cortex, and medulla, while CXCL12 is
only expressed on cortical stromal cells. CCR7 is expressed in late DN1 stage and
CXCR4 is expressed on DN1-DN4 and on DP thymocytes (25, 33). Mutations in
CXCR4 or CCR7 (or their ligands), results in a DN1 developmental block and the
accumulation of DN1 thymocytes in the PMC (24, 25, 33). Collectively, these
data provide strong support for the role of CCR7 and CXCR4 in directing
migration of DN1 towards the capsule.

DN2
DN1 cells become DN2 cells (CD24+CD25+CD44+CD117+) as they enter the
inner cortex. DN2 cells continue to proliferate with the help of interleukin (IL)-7
and stem cell factor (SCF). The DN2 stage is relatively transient and has been
shown to last for about two days (28). Expression of recombination-activating
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gene (RAG) -1 and RAG-2 is upregulated at the DN2 stage (34). RAG-1 and
RAG-2 are part of the variable (diversity) joining (V(D)J) recombinase, the
enzyme complex which mediates recombination of TCR α, β, γ, and δ loci.
Recombination of the TCRγ, TCRδ, and TCRβ loci begins at the DN2 stage and
is completed at the DN3 stage (35, 36). It has been demonstrated that IL-7
signaling allows the access to the TCRγ gene locus (37). Although DN2 cells still
have the potential to develop into other lineages, such as NK and DC, continued
signaling through Notch inhibits B cell potential and promotes progenitor survival
(30). DN2 cells continue to migrate towards the capsule across VCAM-1+ cortical
epithelial cells. It has been shown that DN2 and DN3 thymocytes utilize α4β1
integrin binding to VCAM-1 in a co-incubation assay (38). Therefore, while a
transient stage of development, the DN2 stage is important since this is when
rearrangement of the TCR loci begins and continued T-lineage restriction occurs.

DN3
DN3 thymocytes (CD24+CD25+CD27loCD44loCD117lo) are located in the outer
cortex and reside there for about two days (28). During this time, the cells
continue to migrate along VCAM1+ stromal cells towards the capsule, proliferate,
complete TCRβ gene rearrangement, and irreversibly commit to the T cell
lineage, either αβ or γδ. Although the signals that direct DN3 cells to continue to
migrate towards the capsule are not clear, it is thought that CCL25/CCR9 and
CXCL12/CXCR4 interactions may be important (25, 39). At the DN3 stage, αβcommitted thymocytes must pass their first major developmental checkpoint - β11

selection. β-selection is mediated by the pre-TCR which consists of a TCRβ chain
and an invariant pTCRα chain. preTCRα signaling does not require ligand
engagement but rather appears to result from homodimerization (40, 41).
Successful β-selection leads to thymocyte survival, extensive proliferation, allelic
exclusion at the TCRβ locus, initiation of rearrangement at the TCRα chain locus,
and induction of CD4 and CD8 expression. Mechanisms underlying αβ versus γδ
commitment are still unclear although it appears that γδ T cell lineage
commitment is associated with stronger TCR signals. It was shown that TCRγδ+
DN3 cells can develop into both αβ and γδ T cells, but that they only develop into
γδ T cells if a strong signaling is received through the TCR (42).

DN4
DN4 thymocytes (CD4loCD8loCD25-CD44lo) reside in the subcapsular zone
(SCZ) for about one day or less and then rapidly transit to the CD4+CD8+ DP
stage (28). The thymocytes now begin to migrate back through the cortex towards
the medulla.

DP
At this stage, which lasts 1 to 2 days, the cell leaves the cell cycle, TCRα chain
recombination continues, and the thymocytes continue to migrate inward towards
the medulla (43). Following successful rearrangement of the TCRα chain, DP
thymocytes express a mature, functional αβ TCR. There are three possible
outcomes for a DP thymocyte: death by neglect, positive selection, or negative
12

selection. The fate of the DP has been demonstrated to be determined by the
strength of the interaction of the TCR on the thymocyte with self-MHC/peptide
(44). If the DP thymocyte does not express a functional TCR or if the TCR has no
affinity for self-MHC/peptide, the DP will die due to a lack of TCR signaling.
This is known as death by neglect and it is the fate of the majority of DP
thymocytes (45). If there is a low affinity interaction between TCR and selfMHC/peptide, the thymocyte will undergo positive selection. Approximately 510% of thymocytes successfully undergo positive selection (46). Positive
selection is associated with TCR signaling mediated cell survival as well as
induction of CCR7. TCR signaling in positive selection results in upregulation of
the Egr-2 transcription factor and then upregulation of Bcl-2 (47). CCR7
expression directs the thymocytes to the medulla where there is an abundance of
CCR7 ligands (48, 49). Thus, positive selection prevents the export of thymocytes
that do not express a functional TCR or cannot interact with self-MHC. If there is
a high affinity interaction between the TCR and self-MHC/peptide, the thymocyte
will be negatively selected, preventing the release of self-reactive T cells into the
periphery, where they could attack host tissues. It has been estimated that 5-10%
thymocytes undergo negative selection (46).

Differential MAPK signaling in positive and negative selection
One of the long-standing questions that remains unanswered in the field of
thymocyte development is how a DP thymocyte discriminates between positive
and negative selecting ligands. While affinity appears to be important, the
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differential signal transduction induced by the different ligands is unclear.
However, the mitogen-activated protein kinase (MAPK) pathway appears to play
a central role in this binary fate decision. Positive selection is associated with
mild, but sustained extracellular signal-regulated kinase (ERK) activation, while
negative selection is associated with a burst of ERK activation, as well as
activation of Jun N-terminal kinase (JNK) and p38. Treatment with U0126, an
inhibitor of ERK signaling, causes defects in positive selection, while negative
selection appears unaffected (50). Conversely, treatment with SB203580, an
inhibitor of p38, leads to a defect in negative selection but positive selection
appears unaffected (51). In addition, thymocytes expressing a dominant negative
JNK1 and thymocytes deficient in JNK2 exhibit defects in negative selection (52,
53).

Positive selection
Positive selection is mediated by peptide/MHC expressed on cortical thymic
epithelial cells (cTECs). It was first discovered that positive selection conferred
MHC restriction by examining BM chimeras in which the host and donor had
different MHC haplotypes. It was shown that T cells recognized antigen only
when presented with the MHC of the same haplotype of the radioresistent thymic
epithelial cells (54). The thymic epithelial cells that were mediating positive
selection were determined to be the cTECs since positive selection was prevented
when MHC Class II was absent on cTECs, but expressed on mTECs, DCs, and B
cells (55, 56). Also, cathepsin L, an endosomal protease important in generating
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peptides for positive selection of MHC Class II restricted thymocytes (57), is
expressed in cTECs but not in DCs (58). In addition, a proteasome subunit unique
to cTECs was recently identified and it was found that its presence is necessary to
produce optimal numbers of CD8+ T cells (59, 60), further supporting cTECs as
the predominant cell type inducing positive selection.

CD4/CD8 commitment decision
Following positive selection thymocytes are instructed to adopt the CD4 or CD8
lineage based on the specificity of the TCR for MHC Class I or MHC Class II.
Different models have been developed to explain the process of lineage
commitment (61). The classical models of lineage decision all predict that
positive selection and lineage commitment happen simultaneously and by the
same TCR signals. One of the earlier models, the stochastic selection model,
states that during positive selection transcription of either the CD4 or CD8 coreceptor is randomly stopped (61). However, experiments showed that lineage
commitment efficiency was far above what would be predicted based on random
choice (62). Another model is the strength-of-signal instructional model. This
model is based upon the finding that more of the src family kinase Lck associates
with CD4 than CD8 (63). In this model, DP thymocytes receive stronger signals
through TCR and CD4 ligation of MHC Class II and weaker signals through TCR
and CD8 ligation of MHC Class I, and it is the strength of signal that determines
lineage commitment (64). The duration of signal instructional model is an updated
version of the strength of signal model. This model hypothesizes that a short-lived

15

signal produces CD8+ T cells, while a long-lived signals produces CD4+ T cells
(65).

The newest model, the kinetic signaling model, in combination with
transcriptional regulation, differs from the classical models described above in
that positive selection and lineage commitment do not occur simultaneously (61)
(Fig 1-2). In this model positive selection happens first, then lineage choice
follows. As in the duration of signal instructional model, lineage choice is
determined by TCR signal duration. However, in the kinetic signaling model,
members of the common cytokine receptor gamma-chain family, such as IL-7,
evaluate the signal (66). Transcription of CD4 occurs unless a silencer element
stops transcription (67, 68). In contrast, CD8 transcription requires enhancer
elements such as E8III, which is active in DPs (69), and E8I, which is active in
CD8SPs (70). E8III is suppressed by TCR signals during positive selection
resulting in down-regulation of CD8 and transition to the CD4+CD8lo phenotype
(71). At the CD4+CD8lo intermediate stage, continued TCR signaling will
promote expression of transcription factors necessary for CD4 commitment.
However, according to this model, if TCR signaling is diminished, there is
increased IL-7 signaling. E8I is activated in response to IL-7 signaling through
STAT5, which leads to a phenomenon called co-receptor reversal in which CD4
gene expression is terminated and CD8 gene expression is initiated, and this leads
to the generation of CD8SPs (66, 72). Thus, according to this model CD8
differentiation is IL-7 dependent, while CD4 differentiation is IL-7 independent.
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However, TCR signaling generally increases responsiveness to IL-7 (73). In
addition, IL-7R knockout mice, do not exhibit gross defects in lineage
commitment (74).
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Figure 1-2: The kinetic signaling model of CD4/CD8 lineage commitment.
Signaling through the TCR during positive selection stops CD8 gene
transcription, resulting in a thymocyte that is now CD4+CD8lo. If this thymocyte
is MHC Class II restricted, TCR signaling will continue and the thymocyte will
develop into a CD4SP. However, if this thymocyte is MHC Class I restricted,
TCR signaling decreases, co-receptor reversal is induced, and the thymocyte will
develop into a CD8SP.
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Despite these issues, a number of molecular details that support the kinetic signal
model of lineage commitment have recently been elucidated. Three proteins
appear to be critical for lineage commitment: GATA-binding protein 3 (GATA3), T-helper inducing POZ/Kruppel-like factor (ThPOK), and runt-related
transcription factor 3 (Runx3). GATA-3 is a zinc finger protein that is expressed
following TCR signaling at the DP stage (75). It has been shown that GATA-3
binds to ThPOK to increase ThPOK expression (76). In the absence of GATA-3,
CD4 T cell differentiation is blocked allowing some MHC Class II-restricted
thymocytes to develop into CD8+ cells (76), and overexpression of GATA-3
blocks CD8 development (77). ThPOK is a zinc finger protein that is only
expressed in CD4+ cells (78, 79). A mutation in the ThPOK gene results in mice
that lack T helper cells and, in addition, when ThPOK is over-expressed, mostly
CD4 cells are produced (78, 79). Runx3 is a transcription factor that is expressed
by CD8SPs (80). Runx3 binds to the CD4 silencer element (80) as well as binding
to the E8I enhancer element (81). It also binds to the gene that encodes ThPOK to
repress ThPOK expression (82). Runx deficiency results in increased CD4SPs,
while overexpression results in increased CD8SPs (83, 84). Thus, collectively,
lineage commitment appears to be determined by the mutually antagonist actions
of ThPOK and Runx3.

CD4SP and CD8SP
Following positive selection and lineage commitment, mature CD4SP and CD8SP
thymocytes are generated. CD4SP and CD8SP cells are CD24+CD62loCD69+Qa2-
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and are found in the outer medulla. In addition to occurring at the DP stage,
negative selection of self-reactive thymocytes may also occur at the SP stage in
the medulla. SP cells upregulate CCR7 after positive selection, which directs
migration from the cortex to the medulla (49). TCR signaling increases expression
of CCR7 on SP cells through the ERK pathway (85). CCL19 and CCL21, the
ligands for CCR7 are found on mTECs and induce migration of SP cells to the
medulla (49). CCR7 deficient thymocytes do not enter the medulla although SP
thymocytes still develop somewhat normally in the cortex, indicating that the
medulla is not necessary for DP to SP development (48). Interestingly, these SP
cells that cannot traffic to the medulla are not tolerant to self (48), suggesting that
the medulla is necessary for negative selection.

Exiting the thymus
Following a relative short residence time in the medulla (4-5 days), thymocytes
emigrate from the thymus and populate the peripheral lymphoid organs (86).
Recent thymic emigrants (RTE) display an heat shock antigen (HSA)loCD69CD62LhiQa-2hi phenotype (87). Sphingosine-1-phosphate receptor 1 (S1P1), a Gprotein coupled receptor, has been found to regulate T cell emigration from the
thymus as well as other lymphoid organs and lymph nodes (LNs) (88). The
current model suggests that mature thymocytes expressing S1P1 migrate along a
S1P concentration gradient that is created by the action of S1Plyase (89). SIP
concentrations are high in the blood, but low in tissue, resulting in the movement
of mature SP thymocytes from the thymus to the blood. Interestingly, CD69
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expression inhibits S1P1 expression; therefore thymocytes can respond better to
S1P if they are CD69- (90). Furthermore, it has been shown that transgenic mice
that overexpress CD69 have decreased egress (91). Expression of S1P1 is directly
regulated by Kruppel-like factor 2 (KLF2), a zinc-finger transcription factor (92).
There is a KLF2-binding site upstream of the transcription start site of the S1PR1
gene and chromatin immunoprecipitation assays have shown that KLF2 binds in
this region (92). Taken together, thymocytes emigration appears to be controlled
at multiple levels and includes both cell intrinsic and extrinsic factors.

Negative selection

Negative selection is the process by which potentially self-reactive thymocytes
are either removed from the T cell repertoire or are altered so that they are no
longer self-reactive. Negative selection occurs when T cells react to self-peptide
MHC in a high affinity manner (44). There are three main mechanisms of thymic
negative selection: clonal deletion, anergy, and receptor editing. Clonal deletion is
the apoptosis of self-reactive thymocytes and is thought to be the most common
mechanism of negative selection. The first experiment to demonstrate clonal
deletion utilized an antibody specific for TCR Vβ17a, which binds the MHC
Class II protein IE. It was discovered that in mice that express IE, there are almost
no Vβ17a+ peripheral T cells or mature thymocytes, while immature thymocytes
with this TCR are present (93). While the molecular mechanisms underlying
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clonal deletion are not clear, it was recently determined that clonal deletion does
not require the extrinsic apoptosis pathway since apoptosis was unaffected when a
dominant negative form of Fas/APO-1-associated death domain (FADD)/
mediator of receptor-induced toxicity-1 (MORT1) was transgenically expressed in
thymocytes (94). However, the pro-apoptotic protein Bim, which induces
apoptosis through interaction with other Bcl-2 family members at the
mitochondria, was shown to be important for clonal deletion (95) (Fig 1-3).
Additionally, the orphan nuclear steroid receptor Nur77 is induced after TCR
stimulation and has also been identified as an important mediator of clonal
deletion. A dominant negative form of Nur77 inhibits negative selection and
overexpression of Nur77 leads to increased thymocyte apoptosis (94). It is
currently unclear if Nur77 mediates clonal deletion as a transcription factor or by
translocating to the mitochondria and interacting with Bcl-2 (96-98). Therefore,
Bim and Nur77 appear to be two of the key molecules involved in clonal deletion.
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Figure 1-3: Bim and Nur77 are mediators of clonal deletion. Bim and Nur77
have been demonstrated to be important for clonal deletion of self-reactive
thymocytes. Bim mediates clonal deletion through interaction with Bcl-2 family
members. It has been suggested that Nur77 induces apoptosis by acting as a
transcription factor and/or associating with Bcl-2.
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As mentioned above, there are also non-apoptotic mechanisms of negative
selection. For example, receptor editing, or the additional rearrangement at the
TCRα locus to create an αβ-TCR that is no longer self-reactive, has been
demonstrated to occur the OT-1 model of negative selection (99). Anergy, a state
of non-responsiveness to antigen has also been described (100, 101). We recently
showed that although apoptosis is impaired in HYcd4Bim-/- mice, negative
selection remains intact as there is no increase in the numbers of SP8 cells (102),
further suggesting the existence of non-apoptotic negative selection mechanisms.

The roles of different thymic APCs in negative selection

mTECs
It is generally accepted that the medulla is an important site of negative selection
in the thymus. For example, it has been shown that to become tolerant, it is
necessary for thymocytes to enter the medulla as CCR7 deficient mice develop
autoimmune disease (48). The medulla is home to a large number of DCs as well
as mTECs, both being cell types capable of inducing negative selection. mTECs
are able to express tissue-restricted antigens (TRAs) due to expression of the
autoimmune regulator (AIRE), a transcription factor which allows for ectopic
expression of tissue specific antigens (103). AIRE-deficient mice and humans
with AIRE mutations develop autoimmunity to various organs (103, 104).
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cTECs
While cortical thymic epithelial cells are essential for positive selection, some
experiments have shown that cTECs are not capable of mediating negative
selection. For example, when MHC Class I expression was restricted to cTECs,
normal positive selection of CD8+ T cells occurred, but mature T cells from these
mice lysed syngeneic targets as efficiently as they lysed allogeneic targets (105).
In contrast, it has also been shown that in numerous situations cTECs can mediate
negative selection (106-111). Interestingly, Mayerova and Hogquist found that
when high affinity self antigen is only expressed on cTECS the mechanism of
negative selection is clonal deletion in the 2C and HY models, but receptor
editing in the OT-1 model (108). In addition, McCaughtry et al found that
although cTECs are inefficient at inducing apoptosis, they do prevent an increase
in SPs, indicating that negative selection is still occurring (112). However, it is
important to note that whether or not cTECs can induce negative selection, in
part, depends on whether they express the negatively selecting ligand that the
thymocyte recognizes (107).

DCs
DCs are the professional APCs in the thymus. DCs have long been recognized as
being inducers of negative selection, including the classical BM chimera
experiments where T cells from recipient mice were found to be tolerant of cells
derived from the BM donor (113). They express high levels of MHC Class I and
II as well as the co-stimulatory molecules B7-1 and B7-2. DCs are generally
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thought to be the most important APC for inducing clonal deletion, by both
presenting antigen directly to developing thymocytes, and by presenting TRA
expressed by mTECs to thymocytes through cross-presentation (114). It is
important to note that there are three different populations of DCs in the thymus:
plasmacytoid DCs, myeloid DCs, and lymphoid DCs (115). Lymphoid DCs
(CD11c+signal regulatory protein alpha (Sirpα)-CD11b-CD8αhi) develop from a
common T cell/DC precursor, are the most abundant type of DC in the thymus,
and are thought to be the most important type of thymic DC for mediating
negative selection (115). Both plasmacytoid (CD11c+SirpαlowB220+CD8α-/low),
and myeloid (CD11c+Sirpα+CD11b+CD8α-/low) DCs migrate from the blood to the
thymus, and it has been suggested that they may be involved in inducing tolerance
to TRAs (116).

Although the medulla contains a greater density of DCs, there are DCs present in
the cortex as well (117). It has been shown that in the HYcd4M mouse, apoptotic
thymocytes are found only in the cortex, near DCs (112). In addition, clonal
deletion was intact in HYcd4CCR7-/- mice, indicating that it is not necessary for
thymocytes to migrate to the medulla to be deleted in this model (112). This is not
actually in conflict with reports of the medulla being important for clonal deletion
(48), because in this case the majority of T cells are specific for male antigen,
which is expressed ubiquitously and therefore will be expressed in the cortex. In
contrast, wildtype mice or TCR transgenics specific for a TRA may need to traffic
to the medulla to be exposed to TRAs. Taken together, it appears that a paradigm
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is emerging where the important factor determining whether a cell type can
induce negative selection is its expression of the high affinity antigen, and not
necessary lineage or location.

Models of Negative Selection
There are many systems available to study negative selection, each with its
advantages and disadvantages. One of the earliest models of negative selection
was in vitro stimulation of isolated thymocytes with anti-CD3 or peptide (118,
119). In vitro stimulation is a relatively inexpensive system, and it allows control
over the amount of stimulation delivered and the timing of stimulation. However,
this is an artificial system, and thymocytes are stressed when removed from the
thymic environment, which could result in changes in gene expression.
Additionally, the APCs used are not usually thymically derived. In vivo injection
of peptide may have increased physiological relevance, although it also has
drawbacks. It has been shown that much of the deletion that occurs at the DP
stage following in vivo injection is a side effect of the activation of peripheral T
cells (120, 121).

TCR transgenic mice that express a cognate antigen, either endogenously or
transgenically, are often used as models of negative selection as they allow for a
significant population of T cells that will respond to self-antigen and also are easy
to identify. However, unlike in wildtype mice where the TCRβ chain is expressed
with the preTCRα chain at DN3 and the TCRα chain is not expressed on the
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surface until the DP stage, many TCR transgenic mice express both the TCRα
and TCRβ chains at the DN2 stage (122) (Fig 1-4). This effectively enables the
DN2 cells of the transgenic mouse to recognize antigen in the same manner as DP
cells. DN and DP cells are different in many aspects including gene expression
(123) and proliferation capacity (124). Therefore, studying selection events,
particularly negative selection, in TCR transgenic mice has been suggested to
result in selection artifacts. The importance of these differences between DN and
DP cells is apparent in the altered T cell repertoire of TCR transgenic mice. For
example, in the HY mouse model, there is an increased percentage of thymic and
peripheral DN cells and many of these cells have a mature phenotype and behave
like mature γδ T cells (122). In addition, αβTCR DN cells have decreased
expression of CD5, are resistant to cyclosporine A treatment, and express CD8αα
following TCR stimulation (125). Additionally, deletion occurs at the DN to DP
transition in the traditional HY male mouse, while deletion likely occurs at the DP
to SP transition in wildtype mice (126). To overcome these artifacts resulting
from premature TCR expression, a more physiological mouse model system,
called HYcd4 was developed (122).
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Figure 1-4: Many TCR-transgenic mice express an inappropriately timed
TCRα chain. Wildype mice express a pre-TCR at the DN3 stage and a full αβTCR at the DP stage. TCR-transgenic mice that express a full αβ-TCR at the DN2
stage instead of at the DP stage result in a non-physiological model of negative
selection. From Hogquist, K. A. et al. 2005. Nature Reviews Immunology 5, 772782.
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The HYcd4 mouse was created using a system where the HY TCRα chain is under
the control of the CD4 promoter-enhancer (Fig 1-5). A transcriptional and
translational STOP cassette flanked by loxP sites was inserted upstream of the HY
TCRα chain cDNA to create a conditional HY TCRα expressing mouse. When
this conditional HY TCRα mouse is crossed with a CD4-Cre mouse, which
initiates Cre expression at the DP stage of development, this STOP cassette is
removed through recombination allowing transcription of the HY TCRα chain
cDNA at the DP stage. Finally, introduction of the HY TCRβ chain results in the
triple transgenic HYcd4 mouse. The HY TCR consists of Vα17 and Vβ8.2 and is
specific for male antigen (smcy 738-764: KCSRNRQYL) in the context of H-2Db.
The HY TCR expressing cells can be identified using the monoclonal antibody
T3.70 which recognizes Vα17. Thus the HYcd4Db-/- mouse is a model of nonselection as it lacks Db, which is the restriction element for the HY TCR. The
HYcd4 female (F) mouse is a model of positive selection because the high affinity
HY antigen is not present but an unidentified low affinity peptide capable of
inducing positive selection is present. The HYcd4 male (M) mouse is a model of
negative selection because the high affinity HY antigen is present. In HYcd4 male
mice, deletion occurs at the DP to SP transition (122).
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Figure 1-5: Generation of the HYcd4 model. HY TCRα chain cDNA was placed
under the control of the CD4 promoter-enhancer. A STOP cassette flanked by
loxP sites upstream of the HY TCRα cDNA places transcription of HY TCRα
chain dependent on Cre-mediated recombination. When this conditional HY
TCRα chain expressing mouse is crossed with a CD4-Cre mouse, transcription of
HY TCRα chain cDNA is initiated at the DP stage of thymocyte development. A
third cross with an HY TCRβ transgenic mouse results the HYcd4 mouse.
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To identify genes induced in negative selection, a gene array was performed using
the HYcd4 model (127). Both Bim and Nur77 were found to be upregulated in
negative selection over positive selection, as expected given their roles in clonal
deletion. Another gene identified as being specifically induced in negative
selection was programmed death -1 (PD-1). Other microarray studies have also
identified PD-1 as being upregulated in negative selection (128, 129).

Programmed Death-1 (PD-1)

Programmed Death-1 (PD-1) is an inhibitory member of the CD28 family of coreceptors and is expressed on thymocytes and T cells, B cells, and myeloid cells
(130-132). The role of PD-1 in the thymus is currently unclear. PD-1 interactions
are known to be involved in anergy and T cell exhaustion in the periphery (133).
PD-1 deficient mice develop spontaneous autoimmunity disease. Interestingly, the
type of autoimmunity is strain-specific. For example C57BL/6 mice develop
arthritis glomerulonephritis (134), while BALB/c mice develop dilated
cardiomyopathy (135). It has also been shown that a single nucleotide
polymorphism (SNP) in pdcd1, the gene that encodes PD-1, is associated with
autoimmune diseases in humans such as systemic lupus erythematosus (136),
rheumatoid arthritis (137), and type 1 diabetes (138). This SNP is a guanine to
adenine substitution in the fourth intron of pdcd1. This substitution inhibits
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binding of runt-related transcription factor 1 (RUNX1) to an enhancer, which
likely results in decreased transcription of pdcd1 (136).

PD-1 has been shown to bind two ligands: PD-L1 (B7-H1) and PD-L2 (B7-DC).
Interestingly, there is differential expression of these ligands. PD-L1 is expressed
on T cells, B cells, macrophages, and DCs, while PD-L2 is found on activated
macrophages and DCs (131, 139, 140). PD-L1 is also expressed by endothelial
cells in the heart, β cells in the pancreas, and the placenta (131). This suggests
that PD-L1 may be important in peripheral tolerance. It has been shown that PDL1, but not PD-L2, is important for peripheral tolerance (141). Both PD-L1 and
PD-L2 are found in the thymus. Interestingly, the ligands are spatially segregated
with PD-L1 in the cortex and the medulla and PD-L2 in the medulla (131).

It is not clear how PD-1 signals but PD-1 does have an immunorecptor tyrosine
based inhibitory motif (ITIM) and an immunoreceptor tyrosine based switch motif
(ITSM) in its cytoplasmic domain (132) (Fig 1-6). The ITIM has the consensus
sequence I/VxYxxL/V, while the ITSM has the consensus sequence TxYxxI/V
(142). The ITSM was first identified in signaling lymphocyte activating molecule
(SLAM) (143). In SLAM, Src homology 2-domain containing molecule 1A
(SH2D1A) can bind to the ITSM and its presence determines which phosphatases
can then bind (143). Interestingly, the ITSM has been shown to transduce both
activating and inhibitory signals in SLAM (142). Less is known about the role of
the ITSM in PD-1 although it appears to be important for signal transduction.
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Signaling through PD-1 has been examined by creating chimeric molecules with
the cytoplasmic domain of PD-1 and the extracellular domain of FcγRIIB (144) or
CD28 (145). Signaling was examined in murine B cells (144) and human CD4+ T
cells (145). Both groups found that SHP-2, a protein tyrosine phosphatase, was
recruited (144, 145), and one of the groups found that SHP-1 was also recruited
(145). Both SHP-2 and SHP-1 dephosphorylate downstream signaling molecules.
Mutating the ITIM motif had no observable effect while the ITSM was necessary
for inhibition of signaling (144, 145).
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Figure 1-6: PD-1 is an inhibitor receptor containing an ITIM and an ITSM
in its cytoplasmic tail. Signaling through PD-1 recruits SHP-2 to its ITSM. SHP2 dephosphorylates downstream signaling molecules. Modified from Sharpe,
A.H., and G. J. Freeman. 2002. Nature Reviews Immunology 2: 116-126.
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PD-1 has been implicated in thymic selection events but its role in positive and/or
negative selection is unclear. Keir and colleagues transgenically overexpressed
PD-1 on DP thymocytes and found that when PD-1 was stimulated with an
agonistic antibody there were decreased levels of ERK activation and Bcl-2,
indicating that PD-1 interactions inhibit positive selection (146). However, PD-1
was found to be upregulated in a gene array using the OT-1 model of positive
selection, implying that it is associated with positive selection events (147),
although it is important to note that the OT-1 TCR interacts with antigen at a
relatively high affinity for positive selection (148). In addition, PD-1-/- mice in a
2C model of positive selection have decreased DP numbers indicating that PD-1
deficiency inhibits positive selection (149), while no change was observed in
negative selection in 2C PD-1 -/- mice (134).

Part of the conflicting observations about the role of PD-1 in positive and
negative selection may be due to the use different transgenic models that may not
exhibit appropriately timed expression of the TCRα chain. Given the role of PD-1
as a negative regulator of T cell activation in the periphery, the association of PD1 deficiency or mutation with autoimmune disease, the presence of PD-L1 and
PD-L2 in the thymus, and that PD-1 was found to be upregulated in the HYcd4M
mouse, we hypothesize that it is involved in negative selection, possibly in an
anergic or non-apoptotic mechanism. The objective of this study is to use the
physiologically relevant HYcd4 model to determine the role of PD-1 in thymocyte
development.
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Chapter 2: Materials and Methods

Mice
C57BL/6 (B6) mice were obtained from the National Cancer Institute, Jackson
Laboratories, or Taconic. HYcd4 mice have been previously described (122).
HYcd4PD-1-/- mice were generated by breeding HYcd4 mice with PD-1-/- mice
(150), supplied by Dr. Tasuku Honjo (Kyoto University). All mice were bred and
maintained in our colony at the University of Alberta, treated in accordance with
protocols approved by the University of Alberta Animal Care and Use Committee
and used between 4 and 12 weeks of age for experiments.

Flow cytometry

Cell surface staining
Thymus, lymph node (LN), and spleen were harvested from euthanized mice and
a single cell suspension was created by gentle grinding through a wire mesh
screen into Hank’s Balanced Salt Solution (HBSS) (Thermo Scientific). LN and
spleen cells were incubated with Fc block (supernatant from 24G.2 hybridoma) at
1/100 for 10 min and then washed once with FACS buffer (phosphate buffered
saline (PBS), 1% fetal bovine serum (FBS), 0.02% sodium azide (pH 7.2)) prior
to staining. All antibody staining was performed at 1/200 dilution in FACS buffer
except for anti-MHC Class II (1/500 dilution) and anti-Bcl-2 (staining was
performed as per manufacture’s instructions). Antibodies were added to cells
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resuspended in FACS buffer and the cells were incubated on ice for 30 min then
washed twice with FACS buffer. The following antibodies were purchased from
ebioscience: CD4 (RM4-5), CD8 (53-6.7), TCRb (H57-597), HY-TCR (T3.70),
CD2 (RM2-5), CD5 (53-7.3), CD69 (H1.2F3), PD-1 (J43), PD-L1 (M1H5), PDL2 (TY25), CD24 (M1/69), MHC Class I (34-1-25), MHC Class II
(M5/114.15.2), CD80 (16-10A1), CD86 (GL1), CD40 (HM40-3), CD44 (IM7),
CD62L (MEL-14), CD172a/Sirp α (P84), CD11c (N418), CD11b (M1/70), and
CD19 (eBio1D3). Anti-mouse polyclonal and streptavidin-conjugated antibodies
were also purchased from ebioscience. Cell events were collected using a FACS
Canto II™ (BD Biosciences) and FlowJo software was used for data analysis.

Intracellular staining
Cell-surface staining was completed prior to intracellular staining except when
staining for Bim. For cleaved caspase-3, Bim, Bcl-2, and Cbl-b staining, cells
were fixed with the BD Cytofix/Cytoperm™ Fixation/Permeabilization Kit and
then stained with the appropriate antibodies. Anti-cleaved caspase 3 (D175) was
purchased from Cell Signaling Technology. Anti-BimS/EL/L (10B12) was
purchased from Alexis Biochemicals. Bcl-2 was detected using the PE Hamster
Anti-Mouse Bcl-2 Set from BD Pharmingen. Cbl-b (C-20) and normal goat IgG
was purchased from Santa Cruz Biotechnology. Anti-goat, rat, mouse, and rabbit
IgG was purchased from invitrogen. Nur77 (12.14) was purchased from
ebioscience and staining was performed using the ebioscience Foxp3 Staining
Buffer Set as per manufacture’s instructions. Cell events were collected using a
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FACS Canto II™ (BD Biosciences) and FlowJo software was used for data
analysis.

Cell Sorting
Cells were stained for cell surface antigens at 2 X 107 cells/mL in FACS buffer.
HYcd4Db-/- T3.70+CD4+CD8+CD69-, HYcd4F T3.70+CD4+CD8+CD69+, HYcd4F
T3.70+CD8+CD69+, HYcd4M T3.70+CD4+CD8+CD69+, HYcd4M
T3.70+CD4+CD8+ PD-1+, and HYcd4M T3.70+CD4+CD8+ PD-1-thymocytes were
purified on the FACS Aria.

pERK staining
T3.70+CD4+CD8+PD-1- and T3.70+CD4+CD8+PD-1+ thymocytes were purified
using the FACS Aria. Sorted cells were washed in RP10 (RPMI + 10% FBS +
5mM HEPES + 50U(mg)/mL penicillin/streptomycin + 2mM L-glutamine +
50µM 2-mercaptoethanol + 50µg/mL gentamicin sulfate) and rested at 37 °C for
approximately 1.5h. DCs were pulsed with1µM smcy peptide for 30 min at 37 °C.
Thymocytes and DCs were mixed at a 1:1 ratio in a 96 well plate. 50ng/mL (PMA
phorbol 12-myristate 13-acetate) and 1µM ionomycin were added to some wells
as a positive control for stimulation. The plate was spun down at 1,000 RPM for 1
min and incubated at 37 °C for 20 min. Cells were harvested, fixed in BD
Fix/Lyse Buffer at 37 °C for 10 min, washed with PBS, permeabilized with 80%
methanol, incubated on ice for 30 min and washed with FACS buffer. Cells were
incubated with Fc block, then phospho-specific anti-ERK1/2 (BD Biosciences) or
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isotype IgG (BD Biosciences) for 30 min, then washed and incubated with biotinanti-mouse for 30 min, then washed and incubated with SA PE Cy7 for 30 min.
Cell events were collected using a FACS Canto II™ (BD Biosciences) and
FlowJo software was used for data analysis.

Quantitative reverse-transcriptase PCR
Total RNA was isolated using the Qiagen RNeasy Mini kit and cDNA was
synthesized using the SuperScript III first-strand cDNA synthesis kit (Invitrogen).
Quantitative RT-PCR was performed using the Power SYBR Green kit (Applied
Biosystems) and the 7900 HT Fast real-time PCR system (Applied Biosystems).
Relative gene expression levels were determined via the ΔΔ cycle threshold (CT)
method with HYcd4Db-/- CD4+CD8+CD69- as the reference population and β-actin
as the reference gene. The following primer sequences were used. β-actin:
forward: 5’CTAAGGCCAACCGTGAA AAG-3’, reverse: 5’-ACCAGAGGCAT
ACAGGGACA-3’, Bim: forward: 5’-CGGTCCT CCAGTGGGTATTT-3,
reverse: 5’-AGGACTTGGGGTTTGTGTTG-3’, Nur77: forward: 5’-GGCATGG
TGAAGGAAGTTGT-3’, reverse: 5’-TGAGGGAAGTGAGAA GATTGGT-3’,
Gadd45β: forward: 5’-GAGACCTGCACTGCCTCCT-3’, reverse: 5’-CATTGG
TTATTGCCT CTGCTC-3’, Zfp52: forward: 5’ – GGAATGCCTGGACTCTGC
TC – 3’, reverse: 5’ – TCCTTTTCAGTCCTCACAGGTT – 3’, 2610019F03Rik:
forward: 5’- AAGTCTCAGAGGTTGGAAAGAAG -3’, reverse: 5’ – CAGCTC
TTCTCTTAGTCGTTGGT – 3’, Runx3: forward: 5’-ACCGTGTTCACCAACC
CTAC-3’, reverse: 5’-GCCTTGGTCTGGTCTTCTA TCT-3’, CCR7: forward: 5’
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– CAGGGAAACCCAGGAAAAAC – 3’, reverse: 5’ – CCTCATCTTGGCAGA
AGCAC – 3’, KLF2: forward: 5’ – CGTGTTGGACT TCAT CCTCTC – 3’,
reverse: 5’ – CGGCTCCGGGTAGTAGAAG – 3’, Cbl-b: forward: 5’-TCTCAT
TCAGAAAGGCATCGT-3’, reverse: 5’- CGGGAGTGGT TTGTCTTGTT-3’,
Egr-2: forward: 5’-TTGACCAGATGAACGGAGTG-3’, reverse: 5’- TGGAGA
ATTTGCCCATGTAAG-3’, Dgka: forward: 5’-CATATCCTGCCTCCGTGTTC
-3’, reverse: 5’-ACTAGAAGGGGGTGGGTGTT-3’.

Western Blot
Purified T3.70+CD4+CD8+ PD-1+ and T3.70+CD4+CD8+ PD-1- thymocytes were
lysed in 1% Triton X-100 in PBS, and 15µg of protein of each was loaded into an
8% resolving SDS-PAGE gel. The gel ran at 150V and was then transferred to an
Immobilon P membrane overnight at 30V. The membrane was blocked for 8h in
5% skim milk. The membrane was blotted with anti-Cbl-b antibody (C-20, Santa
Cruz Biotechnology) diluted 1:1 000 in 5% skim milk overnight at 4 °C. The blot
was washed 5 times for 5min each in TBS-T (TBS + 0.1% Tween 20) and then
blotted with horseradish peroxidase (HRP)-conjugated bovine-anti-goat antibody
(Jackson ImmunoResearch) diluted 1:5 000 in 5% skim milk for 2h at room
temperature. The blot was washed 5 times for 5 min each in TBS-T then
developed using SuperSignal® West Pico Chemiluminescent Substrate
(ThermoScientific) and a Kodak M35A X-OMAT Processor. The membrane was
incubated in a 55 °C water bath with stripping buffer (0.1M β-mercaptoethanol,
Tris pH 6.8, 2% SDS) for 30 min and then re-probed as described above with
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anti-ERK2 antibody (C14, Santa Cruz Biotechnology) at 1:2000 and HRPconjugated goat-anti-rabbit antibody (Jackson ImmunoResearch) at 1:10 000.

Generation of BM-derived DCs
BM-derived DCs were generated as previously described (151) with some
modifications. Briefly, the tibia, femur, and humerus were harvested and cleaned
of tissue and muscle. The ends of the bones were cut off and the marrow was
flushed out with sterile Easy–Sep Media (PBS, 2% FBS, 2mM EDTA). Cells
were filtered through a 70µM BD Falcon™ cell strainer, were spun down at 1600
RPM for 10 min, resuspended at 1 X 106 cells/mL in RP10 with 10ng/mL
granulocyte-macrophage colony-stimulating factor (GM-CSF) and cultured in 24
well plates. 1mL RP10 + 10ng/mL GM-CSF was added at day 2 and 1mL of
media was changed on day 4, 6, and 8, if applicable. Cells were used between day
6 and day 9. Cells were harvested by washing in cold Versene (0.5mM EDTA in
PBS). In some instances DCs were stimulated overnight with 10µg/mL anti CD40
(ebioscience).

In vitro stimulation assay
B6 female splenocytes or BM-derived DCs were used as APCs. 4 X 105 B6
female splenocytes or BM-derived DCs in RP10 (ThermoScientific) were added
to a 96 well plate. Serial dilutions of smcy (PROIMMUNE) were added to each of
the wells (0nM, 1nM, 10nM, 100nM, 1µM, and 10µM). Functional grade purified
PD-L1 blocking antibody was added in some experiments at a final concentration
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of 10µg/mL or 30µg/mL. The plate was then incubated at 37 °C for 10 min. Then
1.6 X 106 thymocytes were added to each well. As a positive control, 50ng/mL
PMA and 1µM ionomycin were added to one well of thymocytes. Cells were
incubated for 3h at 37 °C, harvested, and examined by flow cytometry.

Bone marrow chimeras

T cell depletion
The EasySep FITC Selection Kit was used. BM was harvested from tibia, femur,
and humerus, and resuspended at 1.0 X 108 cells/mL. The cells were then
incubated with Fc block for 5 min at room temperature (RT), followed by FITCconjugated anti-Thy1.2 (ebioscience) for 15 min at RT and washed once in Easy
Sep media. The cells were incubated with the FITC selection cocktail for 15 min
at RT, incubated with magnetic nanoparticles for 10 min at RT, and finally placed
in the magnet for 10 min. After 10 min, the non-adherent cells were collected and
resuspended at a concentration of 5 X 107/mL.

HYcd4PD-1-/- mixed BM chimeras
T cell depleted HYcd4PD-1-/- female bone marrow (BM) was mixed with either B6
female or male T cell depleted BM at a 1:50 ratio and 1 X107 total BM cells was
injected into lethally irradiated (1000 Gy) female or male B6 mice, respectively.
Mice were given water with 15µg/mL polymixin B sulfate and 40µg/mL
neomycin sulfate until used.
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Restriction of high affinity antigen-presentation to thymic epithelial cells
1 X 107 cells of T cell depleted HYcd4F Db-/- BM was injected into lethally
irradiated (1500Gy) B6 male recipient mice. Days one and two before irradiation
the recipients were injected with 200µg anti-NK1.1 antibody. Mice were given
water with 15µg/mL polymixin B sulfate and 40µg/mL neomycin sulfate for one
month after reconstitution.

Restriction of antigen-presentation to hematopoietically derived cells
1 X 107 cells of T cell depleted HYcd4M BM was injected into lethally irradiated
(1500Gy) B6 female recipient mice. The first and second days after
reconstitution, 2µg of anti-CD8 antibody was injected into each recipient. Mice
were given water with 15µg/mL polymixin B sulfate and 40µg/mL neomycin
sulfate for one month after reconstitution.

Statistical analysis
Prism (GraphPad Software) was used to determine mean, standard deviation, and
p values. A two-tailed unpaired t test with a 95% confidence interval was used to
calculate p values.
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Chapter 3: Results

Characterization of the HYcd4 model of thymic selection

Thymus
In a wildtype, non-TCR transgenic mouse, all four populations of thymocytes are
present: CD4-CD8- (DN), CD4+CD8+ (DP), CD4+CD8- (SP4), and CD4-CD8+
(CD8). The majority of the cells are DP, there is a slightly higher proportion of
SP4 thymocytes compared SP8 thymocytes and there are few DN cells (Fig 31A). The CD4/CD8 plot of the T3.70+ thymocytes from HYcd4Db-/- mice shows an
increased proportion of DP thymocytes and a decreased proportion of SP4 and
SP8 thymocytes compared to wildtype (B6) mice, indicating that DP thymocytes
are prevented from being positively selected and developing into SP cells (Fig 31A). There are few SP4 cells because the HY-TCR is MHC Class I restricted. The
lower number of SP8 cells is because the mice lack Db, which is the restriction
element for the HY-TCR. The SP8 cells that are present are likely being
positively selected on an endogenous TCRα chain as the model does not involve
features to prevent selection on endogenous TCRα chains, such as RAG-/- or
TCRα-/-. In fact, SP cells selected on endogenous TCRα chains are a possibility
for all HYcd4 mice in all experiments. The CD4+CD8- cells express higher levels
of CD8 than the CD4+CD8- cells in the B6 mouse and are likely not true CD4SPs.
Although they could be selected on MHC Class II, based on the kinetic signalling
model, it is possible that many of these cells have temporarily downregulated
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CD8 in the process of becoming CD4-CD8+(66). This can be said of all the
CD4+CD8- cells in this MHC Class I directed model. Of the T3.70+ thymocytes in
HYcd4F mice, there are a lower percentage of DP cells and an increased
percentage of SP8 cells compared to both wildtype and HYcd4Db-/- mice. This
suggests that the DPs are being positively selected and developing into SP8s (Fig
3-1A). The thymic profile of the T3.70+ thymocytes of HYcd4M mice have an
increased proportion of DP compared to both wildtype and HYcd4F mice, and a
lower proportion of SP8 compared to HYcd4F mice, indicating that that negative
selection is preventing the development of DPs to SP8s (Fig 3-1A). When
absolute numbers of antigen-specific thymocytes are calculated there are
significantly more male-specific DP thymocytes in the female over the male
(p=0.0002), confirming that negative selection occurs at the DP to SP8 transition
in the HYcd4 model (Fig 3-1B). In addition, the female has a higher number of
male-specific SP8 thymocytes than both the Db-/- and male due to non-selection
and negative selection, respectively (p=0.0075 and p<0.0001, respectively) (Fig
3-1B).

Surface expression of CD69 is an indicator of antigen encounter. Comparison of
CD69 expression on T3.70+ DP thymocytes confirms that the HYcd4Db-/-, HYcd4F,
and HYcd4M mice illustrate non-selection, positive selection, and negative
selection, respectively (Fig 3-1C,D). B6 DPs and T3.70+ HYcd4Db-/- DPs exhibit
the lowest levels of CD69 expression, T3.70+ HYcd4F DPs express slightly higher
levels of CD69, and T3.70+ HYcd4M DPs express the highest levels of CD69.
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These CD69 profiles indicate that T3.70+ HYcd4Db-/- DPs are receiving little
signal, T3.70+ HYcd4F DPs are receiving a low affinity signal, while T3.70+
HYcd4M DPs are receiving a high affinity signal, which is consistent with nonselection, positive selection and negative selection, respectively (Fig 3-1C,D).
Negative selection in T3.70+ HYcd4M DP thymocytes was further confirmed by
examining levels of activated (cleaved) caspase 3, a downstream indicator of
apoptosis. An increased percentage of T3.70+HYcd4M DPs contain cleaved
caspase 3 compared to B6 DPs and T3.70+HYcd4F DPs, indicating that a higher
proportion is undergoing apoptosis (Fig 3-1E). Intriguingly, there appears to be
an additional population of very low levels of cleaved caspase 3 in the
T3.70+HYcd4F DPs (Fig 3-1E). Collectively, these data confirm published data
(122) demonstrating that the HYcd4Db-/- is a model of non-selection, the HYcd4F is
a model of positive selection, and the HYcd4M is a model of negative selection.
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Figure 3-1: The HYcd4 model of thymic selection: thymus. A) CD4/CD8
thymic profiles of total thymocytes (B6) or T3.70+ thymocytes for indicated
mouse. B) Absolute numbers of total (B6) or T3.70+ DP (top), * indicates
p=0.0002, and CD8SP (bottom), * indicates p=0.0001 thymocytes. n=8 for B6,
n=5 for HYcd4Db-/, n=15 for HYcd4F, n=20 for HYcd4M. C) CD69 surface
expression on total DP (B6) or T3.70+DP for indicated mouse. B6 = shaded,
HYcd4Db-/- = short dashed line, HYcd4F = long dashed line, HYcd4M = solid black
line. D) Compilation of MFI of CD69 surface expression relative to B6. *
indicates p=0.0034, n=5 for all mice. E) Representative levels of cleaved caspase
3 in total DP (B6) or T3.70+ DP for indicated mouse.

49

Spleen
The B6 spleen contains CD4+ and CD8+ T cells, as well as CD4-CD8- cells, which
likely includes B cells, macrophages, and DCs to name but a few. As expected,
the majority of T3.70+ cells in the female are CD8+ T cells (Fig 3-2B).
Unexpectedly, there is a large population of T3.70+ CD8+ T cells in the male;
however, it should be noted that these cells have decreased expression of CD8
(Fig 3-2A,B). A compilation of absolute numbers reveals that the there are a
greater number of T3.70+ CD8+ T cells in the male compared to the female
(p=0.0042) (Fig 3-2C). The large number of T3.70+ T cells in the male may be
derived from a few T cells that escaped negative selection. T3.70+ T cells that
enter the periphery in the male will be bombarded by their high-affinity antigen
and may undergo extensive proliferation. A similar population is found in the
periphery of the traditional HY male mice (152), and these cells have been shown
to proliferate in response to IL-2 and IL-15, and to produce pro-inflammatory
cytokines (153, 154). However, it is important to note that it is not known if these
cells are functional in the HYcd4M mice. HYcd4M mice do not display overt
autoimmune disease and so an alternative explanation is that these CD8+T cells
may be anergic. The paucity of T3.70+ CD8+ splenocytes in HYcd4F mice is
somewhat surprising. Since the ligand that the HY-TCR recognizes in female
mice is not yet known, it is possible that the expression of this ligand in the
periphery is minimal. As antigen encounter is important for homeostatic
proliferation, this could account for the low numbers of T3.70+ CD8+ T cells in
the female (155, 156). In addition, examination of CD5 expression levels has
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shown that the HY-TCR has low affinity for its unknown ligand in the HYcd4F,
making it less likely to undergo homeostatic proliferation (148).
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Figure 3-2: The HYcd4 model of thymic selection: spleen. A) Percent of T3.70+
splenocytes for the indicated mouse. B) CD4/CD8 profiles of total splenocytes
(B6) or T3.70+splenoctytes for the indicated mouse. C) Absolute numbers of total
CD8+ (B6) or T3.70+ CD8+ splenocytes. * indicates p=0.0042, n=3 for B6, n=6
for HYcd4F, n=6 for HYcd4M.
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Expression of CD44 and CD62L can be used to identify naïve and memory T
cells. CD44 is upregulated in response to high affinity and CD62L expression
facilitates entry into the lymph nodes. Naïve cells are CD44-CD62L+, effector
memory cells are CD44+CD62L-, and central memory cells are CD44+CD62L+
(157). Representative flow cytometry plots and calculations of absolute cell
numbers show that, as expected, the majority of CD8+ T cells in B6 mice, as well
as the T3.70+ CD8+T cells in HYcd4F mice are naïve (Fig 3-3). The CD8+ T cells
in wildtype mice are composed of a polyclonal repertoire, consisting of T cells
with many different specificities. Thus, it would be expected that a large number
of T cells would not have seen their specific antigen. As discussed above, CD44
expression is induced by high affinity antigen, in this case male antigen, which is
absent in the female. The majority of T3.70+ CD8+ T cells in HYcd4M mice have
an activated phenotype as indicated by CD44 surface expression, and a high
proportion of these cells are central memory T cells. This is expected as the
T3.70+ CD8+T cells in the male are a monoclonal population and their antigen is
abundant. Thus, in HYcd4F, the cells are mainly naïve, while in HYcd4M they are
activated. It is unclear why there is a large population of T3.70+ cells in the male,
but it is likely due to the escape of some T3.70+ thymocytes from negative
selection in the thymus.
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Figure 3-3: Relative proportions of naïve, effector memory, and central
memory splenic T cells in the HYcd4 model: A) CD62L by CD44 plots of total
CD8+ splenocytes (B6) or T3.70+ CD8+ splenocytes for indicated mouse. B)
Proportion of naïve (CD44-CD62L+), effector memory (CD44+CD62L-), and
central memory (CD44+CD62L+) CD8+ T cells (B6) or T3.70+ CD8+ T cells
(HYcd4M). n=5 for B6, n=4 for HYcd4M.
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Programmed Death 1 (PD-1) is upregulated in the HYcd4M model of negative
selection

A gene array was previously performed on HYcd4Db-/-, HYcd4F, and HYcd4M mice
to identify genes that are differentially regulated in positive and negative selection
(127). One of the genes found to be upregulated in negative selection but not in
positive or non-selection was Programmed Death 1 (PD-1). PD-1 is a coinhibitory member of the CD28 family and is associated with anergy in the
periphery (130, 158). Flow cytometry was performed on T3.70+ HYcd4Db-/-,
HYcd4F, and HYcd4M DP thymocytes, as well as on B6 DP thymocytes, to confirm
that PD-1 is upregulated in negative selection, but not positive selection or nonselection, at the protein level. PD-1 expression was only observed in T3.70+
HYcd4M thymocytes, confirming the microarray results (Fig 3-4A). The
percentage of T3.70+ HYcd4M DP thymocytes expressing PD-1 varies from
between 20-40% (Fig 3-4B). Interestingly, the vast majority of T3.70+PD-1+ DP
thymocytes from HYcd4M mice are also CD69+, indicating that PD-1 expression is
restricted to those cells that have encountered high affinity antigen (Fig 3-4C).
Additionally, PD-L1 is expressed on T3.70+ HYcd4M DPs (Fig 3-4D).
Interestingly, PD-L1 expression has been reported on DN and SP thymocytes but
not DP thymocytes (139). PD-L2 is not expressed on any of the DP thymocyte
populations (Fig 3-4D), which is consistent with published data (139). PD-1 is not
expressed on peripheral CD8+ T cells in any of the mice (Fig 3-4E). This was
somewhat surprising as PD-1 expression on peripheral T cells has been previously
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reported (159), and as well, PD-1 is expressed on DP thymocytes in HYcd4M mice
(Fig 3-4A).
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Figure 3-4: PD-1 expression in HYcd4 F and M thymocytes. A) PD-1
expression on total thymocytes (B6) or T3.70+ thymocytes for the indicated
mouse. B) Compilation of percent PD-1+ of total (B6) or T3.70+ DP thymocytes,
n=6 for all mice. C) PD-1 and CD69 expression on T3.70+ HYcd4M DPs. D) PDL1 and PD-L2 expression on total thymocytes (B6) or T3.70+ thymocytes for
indicated mouse. E) CD69 and PD-1 expression on total CD8+ splenocytes (B6)
or T3.70+ CD8+ splenocytes for indicated mouse. B6 = shaded, HYcd4Db-/- = short
dashed line, HYcd4F = long dashed line, HYcd4M = solid black line (for A) D) and
E)).
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Comparison of gene expression profiles of PD-1+ and PD-1- thymocytes
examined directly ex vivo

Based on the expression of PD-1 on HYcd4M DP thymocytes, the presence of PDL1 and PD-L2 in the thymus, the involvement of PD-1 interactions in anergy in
the periphery, and the discovery that PD-1+ cells can survive 72h after high
affinity antigen encounter (112), it was hypothesized that PD-1 expression on DP
thymocytes induces anergy as a mechanism of negative selection instead of clonal
deletion.

To determine if PD-1- and PD-1+ thymocytes have different abilities to undergo
apoptosis, quantitative real time PCR (qRT-PCR) was performed on different cell
populations to evaluate the relative expression of various genes associated with
clonal deletion. The following populations were sorted to a high level of purity
and RNA was extracted. T3.70+ CD69- HYcd4Db-/- DP (Fig 3-5A, 95.2% pure),
T3.70+ CD69+ HYcd4F DP (Fig 3-5B, 85.0% pure), T3.70+ CD69+ HYcd4F SP8
(Fig 3-5B, 85.6% pure), T3.70+ CD69+ HYcd4M DP (Fig 3-5C, 97.8% pure),
T3.70+HYcd4M DP PD-1- (Fig 3-5D, 89.4% pure), and T3.70+HYcd4M DP PD-1+
(Fig 3-5D, 87.5% pure). Quantitative RT-PCR was performed to compare the
mRNA expression of genes of interest between the populations. Relative
expression was calculated based on the ΔΔCt method with T3.70+ CD69HYcd4Db-/- DP as the baseline population and β-actin as the reference gene. All

59

qRT-PCR and flow cytometry results are compared with the previously
mentioned microarray results (127), when applicable.
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Figure 3-5: Cell sorting prior to RNA extraction. A) T3.70+CD69- HYcd4Db-/DP (95.2% pure). B) T3.70+CD69+ HYcd4F DP (85.0% pure), and T3.70+CD69+
HYcd4F SP8 (85.6% pure). C) T3.70+CD69+ HYcd4M DP (97.8% pure). D)
T3.70+HYcd4M DP PD-1- (89.4% pure), and T3.70+HYcd4M DP PD-1+ (87.5%
pure).
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Bim (bcl2l11) is a pro-apoptotic member of the Bcl2 family and is essential for
clonal deletion (95). Bim was found to be upregulated 5.57 fold in negative
selection over non-selection and 3.92 fold in negative selection over positive
selection in the microarray. As expected, Bim expression is not increased in the
T3.70+ CD69+HYcd4F DP population, while it is highly upregulated in the T3.70+
CD69+ HYcd4M DP population (p=0.0135) (Fig 3-6A). Bim is expressed almost
equally between the T3.70+HYcd4M DP PD-1- and T3.70+HYcd4M DP PD-1+
populations, with slightly higher (but non-significant) expression in
T3.70+HYcd4M DP PD-1+ thymocytes (p=0.7410). Bim is not induced in the
T3.70+ CD69+ HYcd4F SP8 population, indicating that Bim upregulation is
specific to negative selection. A similar trend was observed with Nur77 (Nr4a1), a
steroid orphan nuclear receptor that is associated with clonal deletion (160).
Nur77 was upregulated 16.06 fold in negative selection over non-selection and
11.29 fold in negative selection over positive selection in the microarray. As with
Bim, the RT-PCR data recapitulated the microarray results: Nur77 expression is
induced to higher levels in the T3.70+ CD69+ HYcd4M DP population than the
T3.70+CD69+HYcd4F DP population (p=0.0045) and the T3.70+CD69+HYcd4F SP8
population, while its levels are similar between T3.70+HYcd4M DP PD-1- and
T3.70+HYcd4M DP PD-1+ thymocytes (p=0.4719) (Fig 3-6B). Growth arrest and
DNA damage (Gadd) 45β has been associated with negative selection in
previously published gene arrays (128, 161), although it just barely missed the
cut-off in the microarray mentioned above (127). Gadd45β is highly upregulated
in T3.70+CD69+ HYcd4M DP thymocytes over T3.70+CD69+HYcd4F DP
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thymocytes (p<0.0001) and is not induced in the T3.70+CD69+HYcd4F SP8
thymocytes (Fig 3-6C). The expression of Gadd45β is similar between
T3.70+HYcd4M DP PD-1- and T3.70+HYcd4M DP PD-1+ thymocytes, with it being
slightly higher in the T3.70+HYcd4M DP PD-1- population (p=0.4789). Another
gene found to be upregulated in negative selection by the microarray was zinc
finger protein (zfp) 52. Expression of zfp52 was 7.8 fold higher in negative
selection over positive selection and 6.7 fold higher in negative selection over
non-selection. As with the genes described above, expression of zfp52 is
upregulated in the T3.70+CD69+ HYcd4M DP population over the
T3.70+CD69+HYcd4F DP population (p=0.0045) and the T3.70+CD69+HYcd4F SP8
population, but is expressed at similar levels between the T3.70+HYcd4M DP PD1- and T3.70+HYcd4M DP PD-1+ populations (p=0.3804) (Fig 3-6D).
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Figure 3-6: Comparison of Bim, Nur77, Gadd45β, and zfp52 gene expression
between T3.70+CD69- HYcd4Db-/- DP, T3.70+CD69+ HYcd4F DP, T3.70+CD69+
HYcd4M DP, T3.70+HYcd4M DP PD-1-,T3.70+HYcd4M DP PD-1+, and
T3.70+CD69+ HYcd4F SP8 populations. The ΔΔCt method was used to calculate
fold change with β-actin as the reference gene and T3.70+CD69- HYcd4Db-/- DP as
the reference population. A) Bim, * indicates p=0.0135, n=7 for T3.70+CD69HYcd4Db-/- DP, T3.70+CD69+ HYcd4F DP, and T3.70+CD69+ HYcd4M DP, n=9 for
T3.70+HYcd4M DP PD-1-,n=8 for T3.70+HYcd4M DP PD-1+, n=6 for
T3.70+CD69+ HYcd4F SP8. B) Nur77, * indicates p=0.0045, n=6 for T3.70+CD69HYcd4Db-/- DP, T3.70+CD69+ HYcd4F DP, and T3.70+CD69+ HYcd4M DP, n=8 for
T3.70+HYcd4M DP PD-1- and T3.70+HYcd4M DP PD-1+, n=4 for T3.70+CD69+
HYcd4F SP8. C) Gadd45β, * indicates p<0.0001, n=3 for all populations. D)
zfp52, * indicates p=0.0045, n=3 for all populations. At least two biological
replicates were used for the T3.70+HYcd4M DP PD-1- and T3.70+HYcd4M DP PD1+ populations. n.s.= not statistically significant.
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To determine whether PD-1 expression was altering the fate of HYcd4M DP
thymocytes (ie. allowing them to become positively selected), the expression of
genes associated with positive selection were examined. The expression of
2610019F03Rik, a relatively unknown gene that was upregulated in positive
selection over negative selection in the microarray, and expression of Runx3, a
factor important in lineage commitment to the CD8+ cytotoxic T cell line (whose
expression was unchanged in the microarray in DP thymocytes undergoing
positive or negative selection) were analysed in HYcd4M PD-1+ and PD-1- DP
thymocytes. In the microarray, 2610019F03Rik was upregulated 11.8 fold and 4.1
fold in positive selection over negative and non-selection, respectively.
2610019F03Rik was found to be upregulated in both T3.70+CD69+ HYcd4F DP
thymocytes and T3.70+CD69+ HYcd4F SP8 thymocytes over T3.70+CD69HYcd4Db-/- DP thymocytes, with higher expression in the T3.70+CD69+ HYcd4F
SP8 population (p=0.0144), as expected (Fig 3-7A). 2610019F03Rik is
downregulated in T3.70+CD69+ HYcd4M DP thymocytes compared to
T3.70+CD69- HYcd4Db-/- DP thymocytes, and interestingly, 2610019F03Rik is not
downregulated as extensively in the T3.70+HYcd4M DP PD-1- population
compared to the T3.70+HYcd4M DP PD-1+ population (p=0.0188). Runx3
facilitates CD8 commitment by antagonizing ThPOK and repressing CD4 genes
(81, 82). Although Runx3 was not upregulated in positive selection over negative
and non-selection in the microarray, as expected, Runx3 expression was increased
in the T3.70+CD69+ HYcd4F SP8 population over both the T3.70+CD69+ HYcd4F
DP population (p=0.0096) and the T3.70+CD69+ HYcd4M DP population (Fig 3-
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7B). Neither the T3.70+CD69+ HYcd4F DP population nor the T3.70+CD69+
HYcd4M DP population has increased expression of Runx3 compared to the
T3.70+ CD69- HYcd4Db-/- DP population. However, as with the above genes,
expression of Runx3 is similar between T3.70+HYcd4M DP PD-1- and
T3.70+HYcd4M DP PD-1+ thymocytes (p=0.1720).

CCR7, a chemokine receptor important in thymocyte migration from the cortex to
the medulla (49), has increased expression in the T3.70+CD69+ HYcd4F SP8
population over the T3.70+CD69+ HYcd4F DP population (p=0.0063), as expected
(Fig 3-7C). CCR7 is only slightly upregulated in T3.70+CD69+ HYcd4F DP
thymocytes over T3.70+CD69- HYcd4Db-/- DP thymocytes and its expression is
slightly downregulated in T3.70+CD69+HYcd4M DP thymocytes. CCR7
expression levels are similar between T3.70+HYcd4M DP PD-1- and
T3.70+HYcd4M DP PD-1+thymocytes (p=0.4386), indicating that PD-1- and PD-1+
thymocytes have the same ability to migrate to the medulla following positive
selection. Kruppel-like factor 2 (KLF2) is a transcription factor that is important
for thymic egress (92). There was no significant increase in expression of KLF2
in the T3.70+CD69+ HYcd4F SP8 population over the T3.70+CD69+ HYcd4F DP
population (p=0.3305) (Fig 3-7D). This could be because KLF2 may be expressed
transiently, just as the thymocytes exit the thymus. As with many of the other
genes examined, there was no difference in KLF2 expression between the
T3.70+HYcd4M DP PD-1- and T3.70+HYcd4M DP PD-1+populations.
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Figure 3-7: Comparison of 2610019F03Rik, Runx3, CCR7, and KLF2 gene
expression between T3.70+CD69- HYcd4Db-/- DP, T3.70+CD69+ HYcd4F DP,
T3.70+CD69+ HYcd4M DP, T3.70+HYcd4M DP PD-1-, T3.70+HYcd4M DP PD1+, and T3.70+CD69+ HYcd4F SP8 populations. The ΔΔCt method was used to
calculate fold change with β-actin as the reference gene and T3.70+CD69HYcd4Db-/- DP as the reference population. A) 2610019F03Rik, * indicates
p=0.0144, ** indicates p=0.0188,n=6 for all populations, B) Runx3, * indicates
p=0.0096, n=3 for T3.70+CD69- HYcd4Db-/- DP, T3.70+CD69+ HYcd4F DP, and
T3.70+CD69+ HYcd4M DP, n=4 for T3.70+HYcd4M DP PD-1- and T3.70+HYcd4M
DP PD-1+, n=2 for T3.70+CD69+ HYcd4F SP8. C) CCR7, * indicates p=0.0063,
n=3 for all populations except T3.70+CD69+ HYcd4F SP8, where n=2. D) KFL2,
n=4 for all populations. At least two biological replicates were used for the
T3.70+HYcd4M DP PD-1- and T3.70+HYcd4M DP PD-1+ populations. n.s.= not
statistically significant.
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Taken together, the gene expression profiles described above indicate that
expression of apoptotic genes associated with negative selection are upregulated
in T3.70+CD69+HYcd4M DP thymocytes over T3.70+CD69+HYcd4F DP
thymocytes, T3.70+CD69+HYcd4F SP8 thymocytes and T3.70+CD69- HYcd4Db-/DP thymocytes. The expression level of these genes in T3.70+HYcd4M DP PD-1and T3.70+HYcd4M DP PD-1+ thymocytes are not different indicating that PD-1
expression does not affect expression of genes associated with clonal deletion. In
addition, Runx3 expression levels indicate that lineage commitment to the CD8+
T cell lineage is not different in HYcd4M PD-1+ or PD-1- DP thymocytes. The
expression profile of 2610019F03Rik indicates that this gene may be involved in
positive selection. However, while the increased downregulation of
2610019F03Rik in PD-1+ thymocytes over PD-1- thymocytes is interesting,
further characterization of this gene is necessary before conclusions can be make
about the significance of its expression pattern during negative selection. In
addition, the RT-PCR results also indicate that T3.70+CD69+HYcd4F SP8
thymocytes have increased ability to enter the medulla, and that PD-1- and PD-1+
thymocytes have similar expression of motility and thymic egress genes.
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Expression of proteins associated with apoptosis in PD-1+ and PD-1thymocytes examined directly ex vivo

Flow cytometry was performed on a selection of the genes examined by RT-PCR
to confirm their expression at the protein level. Similar to the RT-PCR results,
both Bim and Nur77 expression was significantly increased in T3.70+HYcd4M DP
thymocytes over T3.70+HYcd4F DP thymocytes (p=0.0041 and p=0.0115,
respectively) (Fig 3-8A,B). Also, similar to the RT-PCR results, T3.70+HYcd4M
DP PD-1- and T3.70+HYcd4M DP PD-1+ thymocytes expressed similar amounts of
Bim and Nur77 (p=0.0692 and p=0.1501). Interestingly, expression of Bcl-2, an
anti-apoptotic protein, was found to be upregulated in the in T3.70+HYcd4M DP
thymocytes over T3.70+HYcd4F DP thymocytes (p=0.0303) (Fig 3-8C). This was
also seen in the microarray: Bcl-2 was upregulated 2.98 fold in negative selection
over non-selection and 3.56 fold in negative selection over positive selection
(127). Furthermore, Bcl-2 is upregulated in T3.70+HYcd4M DP PD-1+ thymocytes
over T3.70+HYcd4M DP PD-1- thymocytes (p=0.0095). Taken together, it appears
as though PD-1- and PD-1+ thymocytes have a similar expression profile of proapoptotic genes while PD-1+ thymocytes have increased levels of Bcl-2. Since a
comparison of gene expression is not a specific indicator of clonal deletion, the
levels of cleaved caspase 3 were compared between PD-1- and PD-1+ thymocytes
as a more downstream and direct indicator of apoptosis. As previously published,
levels of cleaved caspase 3 are similar between B6 DPs and T3.70+HYcd4F DPs,
while they are increased in T3.70+HYcd4M DPs (p=0.0021) (102) (Fig 3-9A,B).
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While there is a modest increased in the percentage of PD-1- cells expressing
cleaved caspase 3 compared to PD-1+ cells, the difference is not statistically
significant (p=0.5552). Therefore, it appears that T3.70+HYcd4M DP PD-1- and
T3.70+HYcd4M DP PD-1+ thymocytes undergo similar amounts of apoptosis.
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Figure 3-8: Expression of Bim, Nur77, and Bcl-2. Expression of Bim (A),
Nur77 (B), and Bcl-2 (C) in total thymocytes (B6) or T3.70+ thymocytes for the
indicated mouse (top) as determined by flow cytometry. Compilations of Bim
(A), Nur77 (B), and Bcl-2 (C) MFIs of total (B6) or T3.70+ DP thymocytes for
indicated mouse (bottom). B6 = shaded, HYcd4F= short dashed line, HYcd4M PD1- = long dashed line, HYcd4M PD-1+ = solid black line.
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Figure 3-9: Levels of cleaved caspase 3. A) Levels of cleaved caspase 3 in total
DP (B6) or T3.70+ DP (HYcd4F, HYcd4M, HYcd4M PD-1-, and HYcd4M PD-1+), as
indicated, as determined by flow cytometry. B) Compilation of levels of cleaved
caspase 3 in populations described in (A), * indicates p=0.0021, n=7 for B6, n=9
for HYcd4F, HYcd4M, HYcd4M PD-1-, and HYcd4M PD-1+.
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In vitro stimulation of PD-1- and PD-1+ thymocytes

Examination of thymocytes directly ex vivo can be problematic for many reasons.
It is difficult to control the timing of exposure to antigen-presenting cells (APCs)
or the type of APC encountered by the thymocyte. Thus, we developed an in vitro
stimulation assay where the ratio of thymocytes to antigen-presenting cells, the
concentration of male peptide, and the time of exposure can be controlled to
further study the fate of PD-1- versus PD-1+ thymocytes after high-affinity
antigen encounter.

HYcd4M and HYcd4F thymocytes were incubated with smcy-pulsed B6
splenocytes for 3h, after which, levels of cleaved caspase 3, relative to the levels
of cleaved caspase 3 with no smcy, were examined. Prior to conducting the
stimulation experiments, we examined the phenotype of the B6 splenocytes to
determine the dominant type of APC(s), as well as the expression of PD-1
ligands, PD-L1 and PD-L2. A representative analysis of the composition of B6
splenocytes is depicted in Fig 3-10. After gating on the TCRβ- population, the
splenocytes consisted of approximately 47.2% B cells as indicated by CD19
expression, 10.9% DCs as indicated by CD11c expression, and 2% macrophages
as indicated by absence of CD11c and expression of CD11b (Fig 3-10). The B
cells, DCs, and macrophages all expressed PD-L1 but expressed very little PDL2.
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Figure 3-10: Phenotyping of B6 splenocytes. Percentage of splenocytes that are
B cells (TCRβ-CD19+), DCs (TCRβ-CD11c+), and macrophages (TCRβ-CD11cCD11b+). Below, histograms showing PD-L1 and PD-L2 expression for each cell
type.
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There were increases in CD69-expressing cells with increasing concentrations of
male antigen with both HYcd4F and HYcd4M T3.70+ DP thymocytes (Fig 3-11A).
This indicates that the thymocytes became increasingly activated with higher
concentrations of male antigen. In addition, the percentage of PD-1+ cells in the
T3.70+ HYcd4M DP population increased with increasing concentration of antigen
(Fig 3-11B). As expected, after 3h, the T3.70+HYcd4F DP thymocytes showed
increasing amounts of cleaved caspase 3, and therefore apoptosis, with increasing
concentrations of male antigen (Fig 3-11C). Surprisingly, levels of apoptosis in
the bulk T3.70+HYcd4M DP thymocytes decreased slightly with increasing
concentration of antigen (Fig 3-11C). When T3.70+HYcd4M DP PD-1- and
T3.70+HYcd4M DP PD-1+ thymocytes were examined separately, it was revealed
that the T3.70+HYcd4M DP PD-1- thymocytes undergo increasing apoptosis with
increasing amount of antigen, while, unexpectedly, the T3.70+HYcd4M DP PD-1+
thymocytes undergo decreasing amounts of apoptosis, relative to the level of
apoptosis at zero antigen (Fig 3-11C). Anti-PD-L1 blocking antibody at
concentrations of 10µg/mL or 30µg/mL was added to the culture to block PD1/PD-L1 interactions. Little effect was observed indicating that either PD-1 itself
is not mediating the protection from apoptosis or that the antibody does not
efficiently block PD-1/PD-L1 interactions in vitro (Fig 3-11D).
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Figure 3-11: In vitro simulation of HYcd4M and HYcd4F thymocytes with B6
splenocytes pulsed at indicated concentrations of smcy. A) Percent of T3.70+
DP thymocytes expressing CD69. B) Percent of T3.70+ DP thymocytes
expressing PD-1. C) Percent activated caspase 3, relative to percent activated
caspase 3 at 0nM smcy, in T3.70+ DP thymocytes. D) Percent activated caspase 3,
relative to percent activated caspase 3 at 0nM smcy, in T3.70+ DP thymocytes
with or without addition of blocking anti-PD-L1 antibodies to the stimulation
assay. T3.70+ HYcd4F DP is in green (n=1), T3.70+ HYcd4M bulk DP is in purple
(n=4), T3.70+ HYcd4M DP PD-1- is in blue (n=4), T3.70+ HYcd4M DP PD-1+ is in
red (n=4), T3.70+ HYcd4M DP PD-1+ with 10µg/mL anti-PD-L1 is in brown
(n=3), T3.70+ HYcd4M DP PD-1+ with 30µg/mL anti-PD-L1 is in dashed brown
line (n=1).
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However, it is important to note that only about 11% of the B6 splenocytes were
DCs. This is significant because interaction with cortical dendritic cells (cDCs)
has been shown to be important for inducing apoptosis of self-reactive
thymocytes (112). Therefore, to establish a culture system that utilized APCs
shown to be important for inducing apoptosis, DCs were cultured from B6 BM for
use as APCs. The phenotype of the BM-derived DCs were
CD11c+CD11b+Sirpα+CD8-, and therefore thought to be of the myeloid lineage
(115) (Fig 3-12). Recent work has indicated that myeloid DCs found in the
thymus are of extrathymic origin. They travel from the blood to the thymus where
they then proliferate and increase in number, and are thought to contribute to
tolerance to tissue-restricted antigens (116). The in vitro-generated BM-derived
DCs expressed high levels of PD-L1 and a subset (73.3%) expressed a high level
of PD-L2 (Fig 3-12). CD80 was highly expressed, while only 20.8% of DCs
expressed high levels of CD86 (Fig 3-13). As expected, all the DCs expressed
MHC Class I and 83.4% expressed high levels of MHC Class II (Fig 3-13). Only
about 37.8% expressed CD40, a marker of DC activation (Fig 3-13). Anti-CD40
was added to the cell culture to activate the DCs. The phenotype of activated DCs
was very similar to that of unstimulated DCs. There was no change in expression
of Sirpα or CD8 (Fig 3-12). There was a slight increase in PD-L1, MHC Class I,
and MHC Class II expression (Fig 3-12, 3-13). Anti-CD40 stimulation resulted in
a slightly larger population with higher expression of PD-L2 (Fig 3-12), and a
small population was induced to express increased levels of CD80 and CD86 (Fig
3-13). Surprisingly, there was only a slight increased in CD40 expression (Fig 384

13). It was expected that most of the DCs would upregulate CD40 after activation,
however it is possible that the anti-CD40 antibody used to activate the cells is
blocking CD40.
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Figure 3-12: DCs generated from BM are of myeloid lineage and express PDL1 and PD-L2. DCs were cultured from BM isolated from B6 mice and
expression of CD11c, CD11b, Sirpα, CD8, PD-L1, and PD-L2 was examined,
with and without overnight stimulation with anti-CD40. Unstimulated DCs =
solid line, anti-CD40 stimulated DCs = dotted line. Numbers refer to percent of
unstimulated DCs in gate.
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Figure 3-13: Phenotyping of BM-derived DCs. DCs were cultured from BM
isolated from B6 mice and expression of CD80, CD86, CD40, MHC Class I, and
MHC Class II was determined, with and without overnight stimulation with antiCD40. Unstimulated DCs = solid line, anti-CD40 stimulated DCs = dotted line.
Numbers refer to percent of unstimulated DCs in gate.
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When the in vitro generated BM-derived DCs were used as APCs, T3.70+HYcd4F
DP thymocytes and T3.70+HYcd4M DP PD-1- thymocytes displayed an increase in
caspase 3 activation with increasing concentration of smcy (Fig 3-14C). Increases
in CD69 and PD-1 expression were also observed, as was seen with the
stimulation assay using bulk splenocytes (Fig 3-11A,B, Fig 3-14A,B). The
T3.70+HYcd4M DP PD-1+ thymocytes, as they did after stimulation with bulk B6
splenocytes, seem to be protected from apoptosis, although magnitude of
protection appears smaller (Fig 3-14C). These data suggest that PD-1 expressing
thymocytes are protected from undergoing apoptosis when stimulated in vitro
with high affinity antigen. Whether PD-1 itself mediates their protection is
currently unclear.
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Figure 3-14: In vitro simulation of HYcd4M and HYcd4F thymocytes with BMderived DCs at indicated concentrations of smcy. A) Percent of T3.70+ DP
thymocytes expressing CD69. B) Percent of T3.70+ DP thymocytes expressing
PD-1. C) Percent activated caspase 3, relative to percent activated caspase 3 at
0nM smcy, in T3.70+ DP thymocytes. T3.70+ HYcd4F DP is in green, T3.70+
HYcd4M bulk DP is in purple, T3.70+ HYcd4M DP PD-1- is in blue, and T3.70+
HYcd4M DP PD-1+ is in red. n=5 for all populations.
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Evaluation of factors that may protect PD-1+ thymocytes from apoptosis

As discussed above, it was unclear whether PD-1 was involved in mediating
survival after encounter with high affinity antigen in the in vitro stimulation
assay, or if PD-1 was simply a molecular marker of cells undergoing negative
selection by a non-apoptotic mechanism. Therefore, the data generated by the
previously discussed microarray (127) was re-examined to identify possible
anergy factors that could contribute to this protection from apoptosis. Anergy
factors were chosen because PD-1 is associated with anergy in the periphery
(158), and as PD-1+ thymocytes are not responding to antigen, they could be
anergic. Three genes with reported roles in anergy induction were selected for
further study: Casitas B cell lymphoma-b (Cbl-b), early growth response gene
(Egr)-2, and diacylglycerol kinase (Dgk)α.

Cbl-b
Cbl-b is a member of the Cbl family of RING-finger domain –containing E3
ubiquitin ligases and has been associated with the dampening of peripheral T cell
responses (162). Cbl-b was upregulated 2.1 fold in negative selection over
positive and non-selection in the microarray data mentioned above (127). To
validate the gene array data, expression of Cbl-b was compared by RT-PCR using
the isolated populations previously described (Fig 3-5). Cbl-b expression is
similar between the T3.70+CD69+ HYcd4F DP and T3.70+CD69+HYcd4M DP
populations (Fig 3-15A). Interestingly, there is increased expression of Cbl-b in
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the T3.70+HYcd4M DP PD-1+ population over the T3.70+HYcd4M DP PD-1population (p=0.0070) (Fig 3-15A). However, when Cbl-b was examined at the
protein level using flow cytometry, there was no significant difference between
the two populations (p=0.5545) (Fig 3-15B). To confirm the flow cytometry data,
PD-1- and PD-1+ T3.70+ DP thymocytes were purified, lysed, and a Western blot
for Cbl-b was performed. There appears to be no difference in the level of Cbl-b
protein between PD-1- and PD-1+ thymocytes (Fig 3-15C).
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Figure 3-15: No difference in Cbl-b expression between PD-1- and PD-1+
thymocytes. A) The ΔΔCt method was used to calculate fold change with β-actin
as the reference gene and T3.70+CD69- HYcd4Db-/- DP as the reference population.
* indicates p=0.007, n=5 for T3.70+CD69- HYcd4Db-/- DP, T3.70+CD69+ HYcd4F
DP, and T3.70+CD69+ HYcd4M DP. n=7 for T3.70+HYcd4M DP PD-1- and
T3.70+HYcd4M DP PD-1+ populations, and n=4 for T3.70+CD69+ HYcd4F SP8. At
least two biological replicates were used for the T3.70+HYcd4M DP PD-1- and
T3.70+HYcd4M DP PD-1+ populations. B) Compilation of MFI of Cbl-b
expression as determined by intracellular flow cytometry. n.s.= not statistically
significant. C) Lysates prepared from isolated T3.70+HYcd4M DP PD-1- and
T3.70+HYcd4M DP PD-1+ populations were blotting for Cbl-b and Erk2 for a
loading control.
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Egr-2
Egr-2 is a zinc finger transcription factor that has been identified as being
important in anergy induction of peripheral T cells (163). In the microarray, Egr-2
was induced 5 fold in positive selection over non-selection and 15 fold in negative
selection over non-selection (127). Examination of Egr-2 expression was
examined by RT-PCR using the same populations as with Cbl-b. Expression
levels were variable between replicates, but it appears that all populations
upregulate Egr-2 over the T3.70+ HYcd4Db-/- population, and that expression of
Egr-2 is not significantly different between T3.70+ HYcd4M DP PD-1- and PD-1+
thymocytes (Fig 3-16A).

Dgkα
Another gene examined was Dgkα. Although there was little change in its
expression in the above mentioned microarray, it is associated with anergy
through its inhibition of Ras (164). Relative expression levels of Dgkα between
different thymocytes populations were examined as described above for Cbl-b and
Egr-2. Dgkα appears to be downregulated in T3.70+ HYcd4F DP and T3.70+
HYcd4M DP populations compared to the T3.70+ HYcd4Db-/- population (Fig 316B). There is no significant difference in Dgkα expression between the T3.70+
HYcd4M DP PD-1- and PD-1+ populations (Fig 3-16B). Expression of Dgkα was
variable between the two replicates. Taken together, these data indicate that Cblb, Egr-2, or Dgkα are not mediating the protection from apoptosis observed with
PD-1+ thymocytes in the in vitro stimulation assay.
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Figure 3-16: No difference in Egr-2 or Dgkα expression between PD-1- and
PD-1+ thymocytes. The ΔΔCt method was used to calculate fold change with βactin as the reference gene and T3.70+CD69- HYcd4Db-/- DP as the reference
population for Egr-2 (A) and Dgkα (B). n=3 for T3.70+CD69- HYcd4Db-/- DP,
T3.70+CD69+ HYcd4F DP, and T3.70+CD69+ HYcd4M DP, n=4 for T3.70+HYcd4M
DP PD-1- and T3.70+HYcd4M DP PD-1+ populations, and n=2 for T3.70+CD69+
HYcd4F SP8. At least two biological replicates were used for the T3.70+HYcd4M
DP PD-1- and T3.70+HYcd4M DP PD-1+ populations. n.s.= not statistically
significant.
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pERK
ERK is a serine/threonine mitogen activated protein kinase (MAPK) and its
activation is important in signaling through the TCR (165). Recently, using an
induced tolerance model, it was shown that PD-1/PD-L1 interactions in the
periphery are associated with decreased levels of pERK resulting in an
impairment of T cell conjugation with APCs (166). Based on this data, we
predicted that T3.70+HYcd4M DP PD-1-thymocytes would exhibit increased levels
of pERK over T3.70+HYcd4M DP PD-1+ thymocytes. T3.70+HYcd4M DP PD-1and T3.70+HYcd4M DP PD-1+ populations were isolated by cell sorting as
described previously (Fig 3-4). The thymocytes were then stimulated in vitro with
smcy-pulsed BM-derived DCs and levels of ERK activation were measured. The
results indicated that there was no difference in pERK levels between the two
populations (Fig 3-17). Taken together, the above data suggest that the protection
of PD-1+ thymocytes from apoptosis in the in vitro stimulation assay is not
mediated by increased levels of Cbl-b, Egr-2, Dgkα, or pERK.
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Figure 3-17: No difference in pERK expression between PD-1- and PD-1+
thymocytes. Representative histogram (left) and complication of percent high
pERK (right) for T3.70+ HYcd4M DP PD-1- and PD-1+ thymocytes as determined
by flow cytometry. PD-1- in blue, PD-1+ in red. Numbers in histogram are MFI of
the indicated population. T3.70+ HYcd4M DP PD-1- and PD-1+ thymocytes were
isolated, cultured with smcy-pulsed DCs, and then stained for pERK.
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Characterization of HYcd4 PD-1 deficient mice

Thymus
To determine whether PD-1 expression functions to directly modulate negative
selection, we crossed HYcd4 mice to mice deficient in PD-1. These HYcd4PD-1-/mice allow us to specifically determine the role of PD-1 in thymic selection. The
CD4/CD8 plots of T3.70+ HYcd4F PD-1-/- thymocytes and T3.70+ HYcd4M PD-1-/thymocytes were very similar to the HYcd4 PD-1 sufficient mice (Fig 3-18A), as
were the absolute numbers of DP and SP8 thymocytes (Fig 3-18B), indicating
that positive and negative selection still occurs in the absence of PD-1. Expression
of CD24 was examined to determine the level of maturity of the T3.70+ DP
thymocytes. HYcd4F, HYcd4F PD-1-/-, HYcd4M, and HYcd4M PD-1-/- had increased
expression of CD24 compared to B6 DP thymocytes, indicating that they may be
less mature (Fig 3-19A). HYcd4F PD-1-/- mice had slightly decreased levels of
CD24 than HYcd4F, suggesting that, in a model of positive selection, PD-1
deficiency results in increased maturity at the DP stage (Fig 3-19A). However, in
the HYcd4M, PD-1 sufficient and deficient T3.70+ DP thymocytes appeared to
express similar levels of CD24 (Fig 3-19A). Expression of CD2, CD5, and CD69
early activation markers was also examined. B6 DP thymocytes displayed the
lowest expression of CD2, CD5, and CD69, and all MFI values are displayed
relative the MFI for B6 DP thymocytes (Fig 3-19B,C,D). As expected, T3.70+
HYcd4F DP thymocytes had increased expression of CD2, CD5, and CD69
compared to B6 DP thymocytes, indicating that the thymocytes receive increased
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signal through their TCR during positive selection (Fig 3-19B,C,D). Expression
levels of CD2 and CD5 were similar between T3.70+ HYcd4F DP thymocytes and
T3.70+ HYcd4F PD-1-/- DP thymocytes (Fig 3-19B,C), while slightly higher levels
of CD69 were observed in the PD-1 deficient thymocytes over the PD-1 sufficient
thymocytes (Fig 3-19D), suggesting that the thymocytes may receive more signal
in the absence of PD-1. Expression of CD2, CD5, and CD69 was higher in the
T3.70+ HYcd4M DP thymocytes than in the T3.70+ HYcd4F DP thymocytes,
confirming that a stronger signal is received during negative selection than
positive selection (Fig 3-19B,C,D). There was slightly higher expression of CD2,
CD5, and CD69 in the T3.70+ HYcd4M PD-1-/- DP thymocytes than in the T3.70+
HYcd4M DP thymocytes, again indicating that increased signal is received in the
absence of PD-1 (Fig 3-19B,C,D). Additionally, comparison of PD-1 levels
between the mice revealed that T3.70+ HYcd4M PD-1-/-, T3.70+ HYcd4F PD-1-/-,
and T3.70+ HYcd4F DP thymocytes expressed practically no PD-1, B6 DP
thymocytes expressed a low amount of PD-1, and that T3.70+ HYcd4M DP
thymocytes have two populations of cells expressing different levels of PD-1 (Fig
3-20). Importantly, the population previously identified as PD-1- still expresses
low levels of PD-1 when compared to the PD-1-/-.
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Figure 3-18: PD-1 deficiency does not impair negative selection. (A)
Representative CD4 by CD8 profiles of T3.70+ thymocytes from HYcd4F,
HYcd4M, HYcd4F PD-1-/-, and HYcd4M PD-1-/- mice. (B) Absolute numbers of
T3.70+ of DP and SP8 thymocytes. n=15 for HYcd4F, n=3 for HYcd4F PD-1-/-,
n=20 for HYcd4M, and n=6 for HYcd4M PD-1-/-.
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Figure 3-19: T3.70+ HYcd4M DP thymocytes express slightly higher levels of
activation markers. Representative histograms (left) and compilations of MFI
relative to B6 DP (right) for CD24 (A), CD2 (B), CD5 (C), and CD69 (D). B6 DP
= shaded, T3.70+ HYcd4F DP= short dashed line, T3.70+ HYcd4F DP PD-1-/- = long
dashed grey line, T3.70+ HYcd4M DP = solid black line, T3.70+ HYcd4M DP PD-1/-

= long dashed line.
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Figure 3-20: T3.70+ HYcd4M DP PD-1- thymocytes still express low levels of
PD-1. Representative histogram (top) and compilation of MFI relative to B6 DP
(bottom) for PD-1 expression, as determined by flow cytometry. B6 DP = shaded,
T3.70+ HYcd4F DP= short dashed line, T3.70+ HYcd4F DP PD-1-/- = long dashed
grey line, T3.70+ HYcd4M DP = solid black line, T3.70+ HYcd4M DP PD-1-/- =
long dashed line.
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The expression of proteins important in regulating apoptosis was also compared
between the PD-1 deficient and PD-1 sufficient DP thymocytes. As expected,
T3.70+ HYcd4F DP thymocytes expressed the lowest amount of Bim (Fig 3-21A).
T3.70+ HYcd4F PD-1-/- DP thymocytes displayed variable expression of Bim (Fig
3-21A). As expected, T3.70+ HYcd4M DP thymocytes expressed higher levels of
Bim compared to the B6 DP thymocytes and T3.70+ HYcd4F DP thymocytes (Fig
3-21A). T3.70+ HYcd4M PD-1-/- DP thymocytes exhibited higher levels of Bim
than their PD-1 sufficient counterparts (Fig 3-21A), suggesting that there are
increased levels of Bim in the absence of PD-1. B6 DP thymocytes contained the
lowest amount of Nur77, T3.70+ HYcd4F PD-1 sufficient and deficient DP
thymocytes contained intermediate levels of Nur77, and T3.70+ HYcd4M DP
thymocytes, along with T3.70+ HYcd4M PD-1-/- DP thymocytes contained the
highest level of Nur77 (Fig 3-21B). B6 DP and T3.70+ HYcd4F DP thymocytes
expressed the lowest levels of Bcl-2, T3.70+ HYcd4F PD-1-/- DP thymocytes
expressed variable levels of Bcl-2, and T3.70+ HYcd4M PD-1 sufficient and
deficient thymocytes expressed higher, although variable, levels of Bcl-2 (Fig 321C). Levels of cleaved caspase 3 were also compared, as it is a more direct
measure of apoptosis. As previously shown, B6 DP thymocytes and T3.70+
HYcd4F DP thymocytes exhibited low levels of cleaved caspase 3, while T3.70+
HYcd4M DP thymocytes contained high levels of cleaved caspase 3 (Fig 3-1,322). T3.70+ HYcd4F PD-1-/- DP thymocytes had lower levels of cleaved caspase 3
than B6 DP thymocytes and T3.70+ HYcd4F DP thymocytes, and T3.70+ HYcd4M
PD-1-/- DP thymocytes contained lower levels of cleaved caspase 3 than their PD-

105

1 sufficient counterparts (Fig 3-22). Although these results suggest that PD-1
deficiency is associated with decreased apoptosis, none of the differences between
the PD-1 sufficient and PD-1 deficient populations were statistically significant.
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Figure 3-21: Similar levels of pro-apoptotic proteins in PD-1 sufficient and
PD-1 deficient DP thymocytes. Representative histograms (top) and compilation
of MFI relative to B6 DP (bottom) for Bim (A), Nur77 (B), and Bcl-2 (C), as
determined by flow cytometry. B6 DP = shaded, T3.70+ HYcd4F DP= short dashed
line, T3.70+ HYcd4F DP PD-1-/- = long dashed grey line, T3.70+ HYcd4M DP =
solid black line, T3.70+ HYcd4M DP PD-1-/- = long dashed line. n.s.=not
significant.
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Figure 3-22: Similar levels of cleaved caspase 3 in PD-1 sufficient and PD-1
deficient DP thymocytes. Compilation of percent cleaved caspase 3 in B6 DP
and T3.70+ HYcd4F, HYcd4F DP PD-1-/-, HYcd4M, and HYcd4M DP PD-1-/- DP, as
determined by flow cytometry. n.s.=not significant.
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Spleen
T3.70+ cells in the spleen of PD-1 deficient and sufficient mice were examined to
determine if PD-1 deficiency affected peripheral T cell numbers. T3.70+ cells
from HYcd4F and HYcd4F PD-1-/-, and T3.70+ cells from HYcd4M and HYcd4M PD1-/- spleens exhibited similar CD4 by CD8 profiles (Fig 3-23A). However, there
were increased numbers of T3.70+ CD8+ T cells in the HYcd4F PD-1-/- spleen over
the HYcd4F spleen (p=0.0053) (Fig 3-23B). There appeared to be slightly less
T3.70+ CD8+ T cells in the male PD-1 deficient spleens compared to the male PD1 sufficient spleens, but this difference was not significantly significant
(p=0.0808) (Fig 3-23B). B6 CD8+ cells and T3.70+ CD8+ cells from male and
female PD-1 sufficient and deficient mice did not express either CD69 or PD-1
(Fig 3-23C). There were also similar proportions of naïve, effector memory, and
central memory T3.70+ CD8+ T cells in the spleen of HYcd4M and HYcd4M PD-1-/mice (Fig 3-24). Taken together, these results indicate that negative selection is
not inhibited by the absence of PD-1.
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Figure 3-23: Similar numbers of T3.70+ CD8+ T cells in spleens of PD-1
deficient and sufficient mice. A) CD4/CD8 profiles of T3.70+splenoctytes for
indicated mouse. B) Absolute numbers of T3.70+ CD8+ splenocytes, * indicates
p=0.0053, n.s.= not significant. n=6 for HYcd4F, HYcd4M, and HYcd4M PD-1-/-,
n=4 HYcd4F PD-1-/-. C) Expression of CD69 and PD-1 on DP thymocytes (B6) or
T3.70+ DP thymocytes. B6 DP = shaded, T3.70+ HYcd4F DP= short dashed line,
T3.70+ HYcd4F DP PD-1-/- = long dashed grey line, T3.70+ HYcd4M DP = solid
black line, T3.70+ HYcd4M DP PD-1-/- = long dashed line.
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B

Figure 3-24: Similar proportions of naïve, effector memory, and central
memory T3.70+ CD8+ T cells in HYcd4M and HYcd4M PD-1-/- spleens. A)
CD62L by CD44 plots of total CD8+ splenocytes (B6) or T3.70+ CD8+
splenocytes for indicated mouse). B) Proportion of naïve (CD44-CD62L+),
effector memory (CD44+CD62L-), and central memory (CD44+CD62L+) CD8+ T
cells (B6) or T3.70+ CD8+ T cells (HYcd4M). n=5 for B6, n=4 for HYcd4M, n=6
for HYcd4M PD-1-/-.
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In vitro stimulation of thymocytes from PD-1 deficient mice

The protection of PD-1+ thymocytes from apoptosis in the in vitro stimulation
assay was not abolished when anti-PD-L1 antibody was added (Fig 3-11D). This
does not, however, indicate that PD-1 is not important in mediating this
protection, as it is possibly that the antibody does not block effectively in vitro.
The in vitro stimulation assay was therefore repeated with HYcd4 PD-1-/- mice to
examine levels of apoptosis after high-affinity antigen encounter in the absence of
PD-1. As expected, T3.70+ HYcd4F, T3.70+ HYcd4M, T3.70+ HYcd4F PD-1-/-, and
T3.70+ HYcd4M PD-1-/- DP thymocytes all exhibited increases in the percentage of
CD69+ cells with increasing concentration of male antigen (Fig 3-25A).
Interestingly, T3.70+ HYcd4M PD-1-/- DP thymocytes exhibited higher levels of
cleaved caspase 3 than T3.70+ HYcd4M PD-1+ DP thymocytes (Fig 3-25B).
Although the trend is not a smoothly rising curve, and the levels of cleaved
caspase 3 were below that of T3.70+ HYcd4M PD-1- DP thymocytes, these results
may indicate that PD-1 is somehow involved in the protection of PD-1+
thymocytes from apoptosis.
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A

B

Figure 3-25: In vitro simulation of thymocytes from PD-1 sufficient and
deficient mice with BM-derived DCs at indicated concentrations of smcy. A)
Percent of T3.70+ DP thymocytes expressing CD69. T3.70+ HYcd4F DP is in
green, T3.70+ HYcd4M DP is in red, T3.70+ HYcd4F PD-1-/- DP is in blue, and
T3.70+ HYcd4M PD-1-/- DP is in purple. B) Percent activated caspase 3, relative to
percent activated caspase 3 at 0nM smcy, in T3.70+ DP thymocytes. T3.70+
HYcd4F DP is in green, T3.70+ HYcd4M DP PD-1- is in blue, T3.70+ HYcd4M DP
PD-1+ is in red, and T3.70+ HYcd4M PD-1-/- DP is in purple. n= 5 for HYcd4F and
HYcd4M, n=2 for T3.70+ HYcd4F PD-1-/-, and n= 3 for HYcd4M PD-1-/- DP.
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HYcd4 PD-1-/- mixed BM chimeras

In order to examine PD-1 deficiency in a more physiological manner, low
frequency HYcd4F PD-1-/- BM chimeras were generated. T cell depleted HYcd4F
PD-1-/- BM was mixed with B6 F BM at 1:50 and injected into a lethally
irradiated B6 F to examine the role of PD-1 in positive selection. Additionally, T
cell depleted HYcd4F PD-1-/- BM was mixed with B6 M BM at 1:50 and injected
into a lethally irradiated B6 M to create a situation where PD-1 deficient cells
encounter their high affinity antigen. Thymocytes from the (HYcd4F PD-1-/- + B6
F) → B6 F chimeras were 5.2% T3.70+ (Fig 3-26, left). The T3.70+ thymocytes
exhibited a CD4 by CD8 profile consistent with thymocytes undergoing positive
selection. As expected, practically none of these thymocytes expressed PD-1 and
they expressed very low levels of cleaved caspase 3. Thymocytes from the
(HYcd4F PD-1-/- + B6 M) → B6 M chimeras were 0.9% T3.70+ (Fig 3-26, right).
The T3.70+ thymocytes exhibited a CD4 by CD8 profile consistent with
thymocytes undergoing negative selection. As with the (HYcd4F PD-1-/- + B6 F)
→ B6 F chimeras, a low proportion of T3.70+ cells expressed PD-1. Additionally,
as expected, T3.70+ thymocytes from the (HYcd4F PD-1-/- + B6 M) → B6 M
chimeras expressed about 10 fold more cleaved caspase 3 than the T3.70+
thymocytes from the (HYcd4F PD-1-/- + B6 F) → B6 F chimeras, confirming that
they are undergoing apoptosis. Thus, taken together, it can be concluded that both
positive selection and negative selection continue to occur in the absence of PD-1.

116

(HYcd4F PD-1-/+ B6F) → B6F

(HYcd4F PD-1-/+ B6M) → B6M

5.2

SSC

0.9

HY-TCR
0.5

1.7
67.7

CD4

0

30.5

94.6

0.4

1.1

CD8

98.5

1.8

97

3.5

SSC
PD-1

0.1

1.1

SSC
Cleaved Caspase 3

117

Figure 3-26: Low frequency HYcd4 PD-1-/- mixed BM chimeras. T cell depleted
HYcd4F PD-1-/- BM was mixed with either B6 F BM at 1:50 and injected into a
lethally irradiated B6 F (left), or B6 M BM at 1:50 and injected into a lethally
irradiated B6 M (right). Frequency of T3.70+ thymocytes, CD4 by CD8 thymic
profiles, expression of PD-1, and levels of cleaved caspase 3 of the T3.70+
thymocytes were examined by flow cytometry.
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Characterization of chimeras in which high-affinity antigen presentation is
restricted to either hematopoietically derived cells or TECs

It has recently been shown that the type of APC encountered in the thymus during
negative selection influences the fate of thymocytes. Thymocytes that encounter
high-affinity antigen presented by hematopoietically derived cells, such as DCs,
undergo immediate apoptosis, while high-affinity antigen presented by thymic
epithelial cells (TECs) induce low levels of caspase 3 activation and upregulate
PD-1 (112). We attempted to replicate these results by creating chimeras in which
presentation of male antigen was restricted to either TECs or hematopoietically
derived cells. To restrict presentation to TECs, HYcd4F Db-/- BM was injected into
lethally irradiated B6 M mice (Fig 3-27A, left). Presentation of male antigen was
restricted to hematopoietically derived cells by injecting HYcd4M BM into lethally
irradiated B6 F mice (Fig 3-27A, right). The results were unexpected, as they
contradicted what had been previously published. T3.70+ DP thymocytes that
encountered male antigen presented by TECs expressed lower levels of PD-1 and
higher levels of cleaved caspase 3 than those thymocytes that encountered high
affinity antigen expressed on hematopoietically derived cells (Fig 3-27A).
However, it is important to note that the chimeras were very ill due to high doses
of radiation, and this may account for the conflicting results. Both sets of
chimeras contained T3.70+ cells in the spleen (Fig 3-27B). Interestingly, T3.70+
cells that developed in thymi in which male antigen was restricted to
hematopoietically derived cells had lower expression of CD8 and an increased
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proportion of CD4-CD8- cells compared to those T3.70+ cells that were presented
male antigen by TECs (Fig 3-27B). This significance of these results are not yet
clear, and, as mentioned above, may not represent a physiologically situation.
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Figure 3-27: Restriction of male antigen presentation to thymic epithelial
cells or to hematopoietically derived cells. T cell depleted HYcd4F Db-/- BM was
injected into a lethally irradiated B6 M to create an environment where male
antigen is only presented by TECs (left). Additionally, T cell depleted HYcd4M
BM was injected into a lethally irradiated B6 F to create an environment where
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male antigen is only presented by hematopoietically derived cells (right). A) CD4
by CD8 thymic profiles, expression of PD-1, and levels of cleaved caspase 3 of
T3.70+ thymocytes were examined by flow cytometry. B) Proportion of T3.70+
cells in the spleen and CD4 by CD8 thymic profiles, were determined using flow
cytometry.
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Chapter 4: Discussion

Peripheral T3.70+ T cells in the HYcd4 male and female mouse
The above experiments characterized the role of PD-1 in negative selection using
the HYcd4 mouse model of thymic development. The HYcd4 model is more
physiologically relevant than other TCR transgenic mice models because of the
appropriate timing of the HY-TCRα chain and use of endogenous self-antigen as
the cognate antigen (122). As the CD4/CD8 thymic profiles and levels of cleaved
caspase 3 indicate that negative selection is occurring in the thymus of HYcd4
male mice (Fig 3-1), it was surprising to observe a considerable population of
T3.70+ CD8+ T cells in the spleen (Fig 3-2). Intriguingly, these T cells exhibit
decreased expression of CD8 (Fig 3-2). The same phenomenon is observed in the
traditional in the HY male as well (152). It is possible that these T cells are
derived from a few self-reactive thymocytes that escape clonal deletion by having
decreased expression of CD8, thereby decreasing the amount of signal. These
cells can proliferate extensively once they enter the periphery due to the
abundance of their cognate antigen. A large proportion of the T3.70+ CD8 T cells
in the male are CD44+ (Fig 3-3), and this suggests that they have encountered
antigen. An alternative explanation for the decreased CD8 expression of male
T3.70+ T cells is a negative feedback mechanism known as co-receptor tuning.
Co-receptor tuning occurs when a strong signal through the TCR results in
decreased IL-7R expression and IL-7 signaling, which leads to decreased
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expression of the CD8 co-receptor (72). Co-receptor tuning is thought to be
involved in preventing auto-reactivity in self-reactive peripheral T cells.

PD-1 expression is upregulated in peripheral T cells in response to continued
exposure to antigen (158). As T3.70+ peripheral T cells in the male will be
constantly encountering their cognate antigen, it is puzzling that they do not
express PD-1 (Fig 3-4); particularly since 20-40% of DP thymocytes in the
HYcd4M express PD-1 (Fig 3-4). One possibility is that PD-1+ thymocytes are not
exiting the thymus. However, this is somewhat unlikely, as both PD-1- and PD-1+
thymocytes have similar expression of KLF2 (Fig 3-7D), a transcription factor
important in thymic egress (92). Ontogeny studies or RTE tracking could confirm
that both PD-1+ and PD-1- are entering the periphery.

Conversely, the relatively low numbers of T3.70+ CD8+ T cells in the HYcd4
female spleen (Fig 3-2) were also somewhat unexpected. We speculate that the
numbers are low because the T3.70+ cells are poor homeostatic competitors for a
variety of reasons. Since the ligand that the HY-TCR recognizes in female mice
for positive selection is unknown, and it is possible that the expression of this
ligand is minimal. It has been shown that interaction with positively selecting
ligands is important for homeostatic proliferation in the periphery (155, 156). In
addition, based on CD5 expression levels, the HY-TCR has low affinity for this
unknown ligand, making it less likely to undergo homeostatic proliferation (148).
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It is important to note that it is not known if the T3.70+ peripheral T cells in the
male are functional. Although overt autoimmune disease has not been observed in
the HYcd4 male, these mice have not been examined for the presence of
autoantibodies, nor has tissue histology been performed to look for lymphocyte
infiltration. In addition, these mice are generally euthanized within 6 months,
before the development of late-onset autoimmunity would be apparent. Further
work should determine if the T3.70+ T cells in the HYcd4 male periphery are
functional. If PD-1 expressing cells do exit the thymus, it is possible that PD-1
could be downregulated upon entry into peripheral lymphoid organs. This could
be determined through ontogeny studies or RTE tracking. In this case,
autoimmune disease could be prevented by upregulation of other co-inhibitory
molecules such as cytotoxic T lymphocyte antigen 4 (CTLA-4) (167). It would be
interesting to examine expression levels of CTLA-4 in PD-1 sufficient and
deficient HYcd4M mice.

While the HYcd4 mouse model is an excellent tool with which to study thymic
selection events, there are many features of the peripheral immune system that are
perplexing and we do not understand at this moment. Specifically, it would be of
significant interest to determine if the T3.70+ T cells in HYcd4 male mice are
functional. This information could aid our understanding of the mechanisms of
peripheral tolerance.
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Gene expression profiles of PD-1- and PD-1+ thymocytes
Bim and Nur77, known mediators of clonal deletion, were expressed at similar
levels between PD-1- and PD-1+ thymocytes, with slightly increased expression in
the PD-1+ thymocytes. This was found at both the mRNA level (Fig 3-6A,B) and
protein level (Fig 3-8A,B). However, Bcl-2 expression was significantly
increased in PD-1+ thymocytes over PD-1- thymocytes (Fig 3-8C). Thymocyte
apoptosis versus survival is thought to be controlled by pro- and anti-apoptotic
members of the Bcl-2 family (168), and increased levels of Bcl-2 may account for
the longer survival of PD-1+ thymocytes compared to PD-1- thymocytes in a
BrdU time course assay (112). Interestingly, although Bcl-2 is generally
considered an anti-apoptotic protein, it has also been demonstrated that Nur77
converts Bcl-2 to a pro-apoptotic form. Winoto and Thompson found that TCR
stimulation of thymocytes leads to the association of Nur77 with Bcl-2, as well as
a conformational change in Bcl-2, exposing the pro-apoptotic Bcl-2 homology-3
(BH3) domain (98). The results of this study do not support this scenario as there
is increased expression of both Nur77 and Bcl-2 in the PD-1+ thymocytes, but
they are similarly apoptotic compared to PD-1- thymocytes (Fig 3-6B, Fig 38B,C, Fig 3-9). However, it would be interesting to compare Bcl-2 -BH3
exposure in PD-1- versus PD-1+ thymocytes.

Similar expression patterns of Gadd45β in PD-1- and PD-1+ thymocytes were also
observed (Fig 3-6C). Gadd45β has been found to be upregulated in microarray
analysis using various models of negative selection (128, 161), and Gadd45β
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deficiency increases susceptibility to autoimmune disease (169). The role of
Gadd45β in negative selection is unclear but it may be involved in regulating
MAPK signaling (170). Work is currently in progress to examine the role of
Gadd45β in thymocytes selection in the HYcd4 model.

Expression of 2610019F03Rik, a newly identified gene that was identified as
being associated with positive selection in microarray analysis (127), was found
to be downregulated in negative selection, but was less downregulated in PD-1thymocytes compared to PD-1+ thymocytes (Fig 3-7A). This could be due to the
fact that PD-1+ cells see signal longer than PD-1- cells, as shown by the longer
survival of PD-1+ cells in a 5-bromo-2-deoxyuridine (BrdU) assay (112), and
therefore they have more time to downregulate 2610019F03Rik. The role of
2610019F03Rik in T cell biology, let alone thymocyte selection, is completely
unknown at this point, but based on gene expression patterns could be involved in
positive selection. Expression of CCR7, which is induced after positive selection
and mediates migration from the cortex to the medulla (49), was expressed
similarly between PD-1- and PD-1+ thymocytes (Fig 3-7C), implying that both
have the same capability to move into the medulla.

Collectively, it appears that PD-1- and PD-1+ thymocytes have similar abilities to
undergo apoptosis, migrate from the cortex to the medulla, and enter the
periphery. However, comparison of PD-1 expression in HYcd4PD-1-/- mice and
HYcd4PD-1+/+ mice revealed that “PD-1-” thymocytes in HYcd4PD-1+/+ mice
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actually express low levels of PD-1 (Fig 3-20). RT-PCR should be re-performed
using the HYcd4PD-1-/- populations that are truly PD-1 deficient to compare gene
expression between thymocytes sufficient and deficient in PD-1. For example,
KLF2 is downregulated slightly less in PD-1low thymocytes than in PD-1+
thymocytes (Fig 3-7D). It would be interesting to see if this difference in
expression level is more significant when comparing PD-1+ thymocytes to
thymocytes that are truly PD-1-.

Mechanism of negative selection of PD-1+ thymocytes
HYcd4M PD-1+ DP thymocytes underwent decreasing apoptosis with increased
concentration of antigen in the in vitro stimulation assay (Fig 3-11, 3-14). The
increased expression of CD69 and PD-1 indicates that these cells are recognizing
antigen and becoming activated, so why are they not undergoing apoptosis? When
peripheral T cells get activated they undergo proliferation and increase cytokine
production. Anergy is functional non-responsiveness, a lack of proliferation and
decreased production of cytokines (171). DP thymocytes do not proliferate or
release cytokines when they are activated with their cognate antigen, instead they
undergo apoptosis. As the PD-1+ thymocytes are not undergoing apoptosis it is
possible that they are anergic.

The factors important in anergy are still being elucidated, but it is thought that
signaling through nuclear factor of activated T cells (NFAT) is important. It has
been shown that cyclosporine A, which inhibits NFAT signaling, can prevent
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anergy induction (172) and that T cells deficient in NFAT-1 cannot be induced to
undergo anergy (173). Interestingly, some of the downstream targets of NFAT
signaling are early growth response gene (Egr)2, Egr3, diacylglycerol kinase
(DGK)α, and Casitas B-cell lymphoma-b (Cbl-b) (164, 173-175) (Fig 4-1). Egr2
and Egr3 are zinc finger transcription factors that may regulate DGKα expression
(171). DGKα, inhibits Ras activation, which inhibits activation of ERK and JNK
(164). In addition, overexpression of Egr2 and Egr3 leads to increased expression
of Cbl-b (176). Another target of NFAT is PD-1. Inhibiting NFAT signaling
through cyclosporine A or mutating the consensus binding site of NFAT abolishes
PD-1 expression (177). Interestingly, Fife et al found that PD-1/PD-L1
interactions in the periphery are associated with decreased levels of ERK
activation (166).

Expression levels of Egr2, DGKα, Cbl-b, and pERK were found to be similar
between PD-1- and PD-1+ thymocytes (Fig 3-15, 3-16, 3-17), although as
mentioned above, expression of these genes could be re-examined using
thymocytes from HYcd4PD-1-/- mice to compare expression levels between PD-1+
thymocytes and thymocytes that are truly PD-1 deficient.
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Figure 4-1: NFAT signaling is associated with anergy induction. Some of the
factors identified to be downstream of NFAT signaling are early growth response
gene (Egr)2, Egr3, diacylglycerol kinase (DGK)α, Casitas B-cell lymphoma-b
(Cbl-b), and Programmed death-1 (PD-1). Modified from Zheng, Y. et al. 2008.
EMBO reports 9, 50-55.
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Given the limited changes in gene expression of anergy factors, there are at least
two possibilities for how PD-1 expression regulates negative selection. PD-1
either has an active role in negative selection or is just a marker of cells
undergoing negative selection by a different mechanism. PD-1 has been shown to
inhibit phosphorylation of CD3ζ, zeta-chain-associated protein kinase 70 (ZAP70), and protein kinase C theta (PKCθ), likely through recruitment of SHP1/SHP-2 (178). Differences in phophorylation of these membrane–proximal
signaling molecules should be compared between PD-1- and PD-1+ thymocytes.

HYcd4PD-1 deficient mice
There is slightly higher expression of activation markers on the HYcd4PD-1-/- DP
thymocytes than on the HYcd4PD-1+/+ DP thymocytes indicating that thymocytes
are receiving a higher intensity signal in the absence of PD-1 (Fig 3-19). This is
consistent with the role of PD-1 as a co-inhibitory molecule. It is possible that
negative selection could be more efficient in the absence of PD-1 as a result of
increased signal through the TCR. To determine this, chimeras with mixed PD-1
deficient and PD-1 sufficient BM could be generated and a BrdU pusle-chase
assay could be performed to track the lifespan of PD-1- and PD-1+ thymocytes.

In support of the possibility of increased efficiency of negative selection in PD-1
deficient mice, increased levels of cleaved caspase 3 were detected in the mixed
BM chimeras where PD-1- thymocytes were present at a low precursor frequency
(Fig 3-26). An alternative explanation for increased efficiency of negative
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selection with a decreased precursor frequency is decreased competition for
negatively selecting ligands, as happens with positive selection (179). Further
experiments are required to distinguish between these possibilities.

Collectively, by generating HYcd4PD-1-/- mice, we now have a tool to be able to
directly assess the role of PD-1 in negative selection. Differences in negative
selection between PD-1+ and PD-1- thymocytes would support the idea the PD-1
plays an active role in regulating negative selection, while no difference would
suggest that PD-1 is simply upregulated on older thymocytes that received a high
affinity signal.

Antigen-presentation restricted chimeras
Based on previously published results we predicted that the chimeras in which
male-antigen presentation was restricted to the hematopoietically-derived cells
would exhibit low PD-1 expression and high levels of cleaved caspase 3, and that
chimeras in which male-antigen presentation was restricted to epithelial cells
would have high expression of PD-1 but low levels of cleaved caspase 3 (112).
However, the results were not as expected. In fact, they were opposite: there was
higher expression of PD-1 and lower levels of cleaved caspase 3 when maleantigen was presented only by hematopoietically-derived cells, and lower levels
of PD-1 and higher levels of cleaved caspase 3 when male antigen was only
presented by epithelial cells (Fig 3-27). These unexpected results could be a side
effect of an overdose of radiation. Alternatively, it could also be due to an
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increased precursor frequency as McCaughtry et al used mixed BM chimeras.
This experiment will be repeated with a lower dose of radiation and mixed BM
chimeras with a low precursor frequency.

In conclusion, these experiments indicate PD-1 is upregulated in the HYcd4 model
of negative selection. PD-1+ and PD-1- thymocytes appear to be capable of
undergoing apoptosis to the same extent, however PD-1+ thymocytes are
protected from apoptosis when stimulated with male antigen in vitro. The
mechanism and physiological relevance of this protection is unknown and future
work comparing membrane-proximal signaling following TCR stimulation
between PD-1- and PD-1+ thymocytes, as well as examination of PD-1 deficient
thymocytes should contribute to our understanding of the role of PD-1 in thymic
development.
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Appendix I: shRNA knock-down of Bim isoforms

Introduction

Bcl-2 interacting mediator of cell death (Bim (Bcl2l11)) is a proapoptotic member
of the Bcl-2 family. It is essential for clonal deletion of self-reactive thymocytes
in negative selection (1). Alternative splicing creates different isoforms. The 3
main isoforms are Bim extra long (BimEL), Bim long (BimL), and Bim short
(BimS) (2). BimEL, the most abundant of the isoforms, is the least potent and can
be phosphorylated post-translationally by the MAPKs ERK and JNK (3). BimL is
more abundant and potent than BimEL and can be regulated by JNK
phosphorylation (3). BimS is the least abundant and most potent isoform and is
not thought to be subject to post-translational regulation (3). The relative proapoptotic potency of the different isoforms is thought to be due to
phosphorylation. The importance of the individual isoforms in clonal deletion is
unknown, and the objective of this project is to determine the relevance of each
isoform by using shRNAs to knock-down individual isoforms. Three different
types of shRNAs are needed. One to knock-down all the isoforms of Bim
(Bimpan), one to knock down BimEL, allowing expression of only the BimL and
BimS isoforms, and one to knock-down BimEL and BimL, allowing expression of
the BimS isoform only. These shRNAs will be expressed via a lentivirus vector.
Lentiviral-transduced HYcd4M BM will be injected into an irradiated recipient and
clonal deletion in the absence of the various isoforms will be examined.
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Materials and Methods

shRNA design and cloning
The shRNAs were constructed using the cloning strategy found on the Tronolab
website (http://tronolab.epfl.ch/webdav/site/tron olab/shared/protocols/cloning
_strategies.html) (Fig 1A) to target specific isoforms of Bim (Fig 2). The
sequences of the shRNAs are listed in Table 1. The shRNAs were cloned into the
pLVTHM plasmid downstream of the H1 polymerase III promoter, between the
MluI and ClaI restriction enzyme sites (Fig 1B). pLVTHM containing shRNAs
were cloned into Escherichia coli DH5α and screened for the presence of
recombinant plasmid. The presence of the shRNA was confirmed by sequencing.
See Table 2 for shRNAs not yet tested.
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Figure 1: A) General cloning strategy for designing shRNAs. From:
http://tronolab.epfl.ch/webdav/site/tronolab/shared/protocols/cloning_strategies.ht
ml
B) shRNAs were cloned into pLVTHM downstream of the H1 polymerase
III promoter, between the MluI and ClaI restriction enzyme sites. Adapted
from: http://www.addgene.org/pgvec1?f=c&plasmidid=12247&cmd=showmap.
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Figure 2: Alternative splicing of the Bcl2l11 gene produces BimEL, BimL, and
BimS isoforms. shRNAs used (see Table 1) are indicated. Pan Bim shRNA
targets all three isoforms, BimEL/L shRNA targets BimEL and BimL isoforms, and
BimEL shRNA targets the BimEL isoform only. Numbers refer to base pairs within
the genomic sequence.
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Table 1: Sequences of shRNAs used. MluI and ClaI restriction enzyme sites
indicated in red and purple, respectively, hairpin loop indicated in green,
transcription termination signal indicated in blue. Target refers to base pairs
within genomic sequence (see Fig 2).
Name

Sequence (5’ to 3’)

Target

MluI-panBim-ClaI-A

CGCGTCCCCGGATCGGAGACGAGTTCAACGTTCAA
GAGACGTTGAACTCGTCTCCGATCCTTTTTGGAAAT

18, 52418, 545

MluI-panBim-ClaI-B

CGATTTCCAAAAAGGATCGGAGACGAGTTCAACGT
CTCTTGAACGTTGAACTCGTCTCCGATCCGGGGA

18, 52418, 545

MluI-BimEL1-ClaI-A

CGCGTCCCCGGTATTTCTCTTTTGACACAGTTCAAGAG
ACTGTGTCAAAAGAGAAATACCTTTTTGGAAAT

272-292

(4)

MluI-BimEL1-ClaI-B

CGATTTCCAAAAAGGTATTTCTCTTTTGACACAGTCTC
TTGAACTGTGTCAAAAGAGAAATACCGGGGA

272-292

(4)

MluI-BimEL/L-ClaI-A

CGCGTCCCCCAGCACCCATGAGTTGTGATTCAAGAG
ATCACAACTCATGGGTGCTGTTTTTGGAAAT

303-320

(5)

MluI-BimEL/L-ClaI-B

CGATTTCCAAAAACAGCACCCATGAGTTGTGATCTC
TTGAATCACAACTCATGGGTGCTGGGGGA

303-320

(5)
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Reference

Table 2: Sequences of shRNAs to be tested. MluI and ClaI restriction enzyme
sites indicated in red and purple, respectively, hairpin loop indicated in green,
transcription termination signal indicated in blue. Target refers to base pairs
within genomic sequence (see Fig 2).
Name

Sequence (5’ to 3’)

Target

MluI-panBim_2-ClaI-A

CGCGTCCCCTGACAGAGAAGGTGGACAATTCAAGAG
ATTGTCCACCTTCTCTGTCATTTTTGGAAAT

36-54

MluI-panBim_2-ClaI-B

CGATTTCCAAAAATGACAGAGAAGGTGGACAATCTC
TTGAATTGTCCACCTTCTCTGTCAGGGGA

36-54

MluI-panBim_3-ClaI-A

CGCGTCCCCGGAGACGAGTTCAACGAAATTCAAGAG
ATTTCGTTGAACTCGTCTCCTTTTTGGAAAT

18, 529-18,
549

MluI-panBim_3-ClaI-B

CGATTTCCAAAAAGGAGACGAGTTCAACGAAATCTC
TTGAATTT CGTTGAACTCGTCTCCGGGGA

18, 529-18,
549

MluI-panBim_4-ClaI-A

CGCGTCCCCCAAGGAGGGTGTTTGCAAATTCAAGAG
ATTTGCAAACACCCTCCTTGTTTTTGGAAAT

18, 554-18,
562, 29, 59829, 609

MluI-panBim_4-ClaI-B

CGATTTCCAAAAACAAGGAGGGTGTTTGCAAATCTCT
TGAATTTGCAAACACCCTCCTTGGGGGA

18, 554-18,
562, 29, 59829, 609

MluI-EL/L_2-ClaI-A

CGCGTCCCCGCACCCATGAGTTGTGACATTCAAGAGA
TGTCACAACTCATGGGTGCTTTTTGGAAAT

304-323

MluI-EL/L_2-ClaI-B

CGATTTCCAAAAAGCACCCATGAGTTGTGACATCTCT
TGAATGTCACAACTCATGGGTGCGGGGA

304-323

MluI-EL_3-ClaI-A

CGCGTCCCCAGGTAATCCCGACGGCGAATTCAAGAG
ATTCGCCGTCGGGATTACCTTTTTTGGAAAT

123-141

MluI-EL_3-ClaI-B

CGATTTCCAAAAAAGGTAATCCCGACGGCGAATCTCT
TGAATTCGCCGTCGGGATTACCTGGGGA

123-141

MluI-EL_4-ClaI-A

CGCGTCCCCGGGTATTTCTCTTTTGACATTCAAGAGA
TGTCAAAAGAGAAATACCCTTTTTGGAAAT

271-289

MluI-EL_4-ClaI-B

CGATTTCCAAAAAGGGTATTTCTCTTTTGACATCTCTT
GAATGTCAAAAGAGAAATACCCGGGGA

271-289
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Lentivirus production
Lentiviral vectors were generated in 293T cells as per the following protocol. 2.5
X 106 293T cells were cultured per 100mm plate, with 2 plates for each construct.
The following day, the cells were transfected by using calcium-phosphate
precipitation. 20µg of the transfer vector (pLVTHM with shRNA cloned in),
15µg of psPax2 (the packaging plasmid), 6µg of pMD2.G (the envelope plasmid)
were mixed together. Water was added to 0.5mL, then 0.5mL of 2X HBS (280
mM NaCl, 10.2 mM KCl, 1.4 mM Na2HPO4, 42 mM Hepes, and 11.1 mM
glucose), and 20µL of 2.5M CaCl2 was added. The solution was then incubated at
room temperature for 25 min and then added to the 293T cells. Media was
changed to serum-free opti-MEM 7h later. Two days later the media was
collected, spun down at 3,000 rpm for 5 min at room temperature and filtered
through a 0.22µm filter. The lentiviral constructs were then titrated as described
by the Tronolab protocol
(http://tronolab.epfl.ch/webdav/site/tronolab/shared/protocols/protocols_LVtitrati
on.html) except that 50,000 cells were plated out and cells were transduced with
lentivirus by 1:6 serial dilutions. Lentiviral concentrations were determined by
examining the serial dilutions for GFP expression and calculated using dilutions
where 1-10% of the cells are GFP+.

Cell culture
293T cells were obtained from Dr. Tom Hobman (University of Alberta) and
were cultured in DM10 (DMEM + 10% FCS + 5mM HEPES + 50U(mg)/mL
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penicillin/streptomycin + 2mM L-glutamine + 50mM 2-mercaptoenthanol +
50mg/mL gentamicin sulfate). EL4 hCAR cells were obtained from Dr. James
DeGregori (University of Colarado) and were cultured in RP10 (RPMI + 10%
FCS + 5mM HEPES + 50U(mg)/mL penicillin/streptomycin + 2mM L-glutamine
+ 50mM 2-mercaptoenthanol + 50mg/mL gentamicin sulfate). NIH 3T3 were
obtained from Dr. Hanne Ostergaard (University of Alberta) and were cultured in
RP10.

Flow cytometry
EL4, 293T, and NIH 3T3 cells infected with lentivirus expressing pLVTHM +
shRNAs were harvested, resuspended in FACS buffer (PBS, 1% FBS, 0.02%
sodium azide (pH 7.2)) and cell events collected with a FACS Calibur or FACS
Canto to determine GFP expression. For Bim staining, cells were fixed with the
BD Cytofix/Cytoperm™ Fixation/Permeabilization Kit, stained at 1:200 with
anti-BimS/EL/L (10B12, Alexis Biochemicals), washed twice with FACS buffer,
and stained at 1:200 with anti-rat antibody (Invitrogen). Cell events were
collected using FACS Canto and FlowJo software was used for data analysis.

RT-PCR
The following primers were used: Bim_Pan_JP-F1 (CGAGTTCAACGAAACTT
ACACAA), Bim_Pan_JP-R2 (TCAATGCCTTCTCCATACCA),
Baldwin/BimEL-F1(CGGTCCTCCAGTGGGTATTT), Baldwin/BimEL-R1
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(AGGACTTGGGGTTTGTGTTG), Baldwin/BimL-F1 (ACAGAACCGCAAGA
CAGGAG), Baldwin/BimL-R1 (GCACTG AGATAGTGGTTGAAGG),
Baldwin/BimS-F1 (CCTTCTGATGTAAGTTCTGAGTG TG), Baldwin/BimSR1 (ATGGAAGCTTGCGGTTCTGTC), Baldwin/Nur77-L1 (GGCATGGTGAA
GGAAGTTGT), and Baldwin/Nur77-R1 (TGAGGGAAGTGAGAAGATTGGT).

RNA was extracted from 293T and NIH 3T3 cells transfected with pLVTHM +
shRNAs using the Qiagen RNeasy Mini kit and cDNA was synthesized using the
SuperScript III first-strand cDNA synthesis kit (Invitrogen). Quantitative RT-PCR
was performed using the Power SYBR Green kit (Applied Biosystems) and the
7900 HT Fast real-time PCR system (Applied Biosystems) or the Eppendorf
Mastercycler® ep realplex2 S. Relative gene expression levels were determined via
the ΔΔ cycle threshold (CT) method with uninfected NIH 3T3 cells as the
reference population and β-actin as the reference gene.

Western Blot
Cells were lysed in 1% Triton X-100 in PBS, and 1 X 106 cell equivalents were
loaded into a 12% resolving SDS-PAGE gel. The gel ran at 150V and was then
transferred to an Immobilon P membrane overnight at 30V. The membrane was
blocked for 8h in 5% skim milk. The membrane was blotted with Bim/BOD
polyclonal antibody (Assay Designs) diluted 1:4,000 in 5% skim milk overnight
at 4 °C. The blot was washed 5 times for 5min each in TBS-T and then blotted
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with HRP-conjugated goat-anti-rabbit (Jackson ImmunoResearch) diluted 1:10,
000 in 5% skin milk for 3h at room temperature. The blot was again washed, then
developed using SuperSignal® West Pico Chemiluminescent Substrate
(ThermoScientific) and a KODAK M35A X-OMAT Processor. The membrane
was incubated in a 55 °C water bath with stripping buffer (0.1M βmercaptoethanol, Tris pH 6.8, 2% SDS) for 30 min and then re-probed as
described above with anti-calnexin (Cell Signaling) at 1:4,000 or 1:10,000
overnight, and HRP-conjugated goat-anti-rabbit (Jackson ImmunoResearch) at
1:10 000 for 2h.
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Results

Infection efficiency of EL4, 293T, and NIH 3T3 cells
EL4 cells were infected with the lentiviral constructs at multiplicities of infection
(m.o.i.s) of 1, 5 and 15. Five days later, flow cytometry was performed to
examine infection by GFP expression and cell lysates were prepared for western
blot. There were very few GFP+ cells, even at a m.o.i. of 15, indicating that EL4
cells were not being readily infected (Fig 3). Next, we tested infection of 293T
cells. Again, five days following infection with lentivirus a low percentage of
GFP+ cells were observed. Therefore, we doubly infected 293T cells by infecting
at a m.o.i. of 15 on day one and a m.o.i. of 11 the following day. Four days later,
80.7% of the cells infected with lentivirus expressing Pan Bim shRNA were
GFP+, 77.2% of the cells infected with lentivirus expressing BimEL/L shRNA were
GFP+, and 81.9% of the cells infected with lentivirus expressing BimEL shRNA
were GFP+ (Fig 4). GFP+ cells were purified by FACS and put back into culture.
One week later, cells infected with lentivirus expressing Pan Bim shRNA were
77.5% GFP+, cells infected with lentivirus expressing BimEL/L shRNA were
79.9% GFP+, and cells infected with lentivirus expressing BimEL shRNA were
83.7% GFP+. Five days later cells infected with lentivirus expressing Pan Bim
shRNA were 77% GFP+, cells infected with lentivirus expressing BimEL/L shRNA
were 83% GFP+, and cells infected with lentivirus expressing BimEL shRNA were
85.5% GFP+. Cell lysates from these stably expressing cell lines were utilized for
western blot and RNA was extracted for RT-PCR. Since the lentivirus is
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replication defective, the infected cells were stably transduced and did not appear
to be at a competitive disadvantage with respect to survival or proliferation.

Although 293T cells can be infected with the lentivirus, they are a human cell line
and the shRNAs target murine Bim. Therefore, NIH 3T3 cells, a mouse fibroblast
cell line, were infected. NIH 3T3 cells were infected with lentivirus expressing
Pan Bim shRNA and BimEL shRNA at a m.o.i. of 15 two days in a row. One week
later, cells infected with lentivirus expressing Pan Bim shRNA were 67.9% GFP+,
and cells infected with lentivirus expressing BimEL shRNA were 80.2% GFP+.
After two weeks, cells were 65.4% GFP+ and 78.1% GFP+, respectively. After
three weeks, GFP+ cells were purified by FACS and RNA was extracted for RTPCR.
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Figure 3: The lentivirus does not infect EL4 cells. A) uninfected. B) lentivirus
expressing Pan Bim shRNA C) lentivirus expressing BimEL/L shRNA, D)
lentivirus expressing BimEL shRNA. Multiplicity of infection (m.o.i.) is 15 for all
infections. Expression of shRNAs is indicated by GFP expression.
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Figure 4: Double infections of 293T cells. A) uninfected. B) lentivirus
expressing Pan Bim shRNA C) lentivirus expressing BimEL/L shRNA, D)
lentivirus expressing BimEL shRNA. Multiplicity of infection (m.o.i.) is 15 for
first injection, m.o.i.= 11 for second infection. Cells harvested and stained after 4
days in culture Expression of shRNAs is indicated by GFP expression.
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Evaluation of knock-down by intracellular staining
Knock-down of Bim in infected NIH 3T3 cells was examined by intracellular
staining for Bim using an antibody that recognizes all Bim isoforms. In one
experiment, cells infected with lentivirus expressing the Pan Bim shRNA
expressed 29% less Bim than the uninfected cells, while cells infected with
lentivirus expressing the BimEL shRNA expressed more Bim than the uninfected
cells (Fig 5A). However, a later experiment showed 14.5% and 7.8% knock-down
in cells expressing Pan Bim shRNA and BimEL shRNA, respectively (Fig 5B).
Thus, it appears that Pan Bim shRNA may be able to reduce Bim expression, and
BimEL shRNA may be knocking-down BimEL. However, using this strategy, it is
impossible to know which Bim isoform is being knocked down in this
experiment, and consistent results were not obtained.

In both experiments, 97-99% of the cells were GFP+. This demonstrates that a
high percentage of GFP+ cells does not correlate with a large amount of knockdown. This could be because shRNAs provide variably efficiency of knock-down.
It could also be because expression of GFP does not necessarily equal expression
of the shRNAs.
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Figure 5: Bim knock-down in infected NIH 3T3 cells. Red = uninfected, blue =
infected with lentivirus expressing Pan Bim shRNA, green = infected with
lentivirus expressing BimEL shRNA. A) and B) are from two separate
experiments.
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Evaluation of knock-down by Western Blot
BimEL is only isoform that can be visualized by western blot in 293T cells (Fig 6).
In one experiment it appeared that Pan Bim shRNA was knocking down BimEL
but that BimEL/L shRNA and BimEL shRNA are not knocking down BimEL (Fig
6A). However, a subsequent western blot showed no Bim knock-down for any of
the shRNAs tested (Fig 6B).
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Figure 6: Western Blot of Bim knock-down in 293T infected cells. A) Top:
Primary antibody = anti-Bim at 1:4000 overnight. Secondary antibody = goat
anti-rabbit at 1:10 000 for 3h. Exposed for 10s. Bottom: Primary antibody = anticalnexin at 1:4000 overnight. Secondary antibody = goat anti-rabbit at 1:10 000
for 2h. Exposed for 3s. B) Top: Same as in (A). Bottom: Primary antibody = anticalnexin at 1:10 000 overnight. Secondary antibody = goat anti-rabbit at 10 000
for 2h. Exposed for 5s.
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Evaluation of knock-down by RT-PCR
To examine the amount of Bim transcript in the knock-down cell lines, RT-PCR
was performed on cDNA generated from RNA isolated from NIH 3T3 cells
infected with lentivirus expressing Pan Bim and BimEL shRNAs. Gene expression
is displayed relative to expression in uninfected NIH 3T3 cells. Expression of Pan
Bim shRNA and BimEL shRNA both decreased total expression of the Bim
isoforms, with more decreased expression observed with Pan Bim shRNA (Fig
7A). This indicates that both Pan Bim and BimEL shRNAs are knocking-down
Bim to some extent. A similar trend is observed when expression of the BimEL
isoform is specifically examined (Fig 7B). As expected, Pan Bim shRNA appears
to knock-down BimEL, BimL, and BimS (Fig 7 B,C,D). However, expression of
BimEL shRNA also decreases expression of the BimL isoform in one experiment,
indicating that the BimEL shRNA may not be specifically targeting BimEL (Fig
7C).
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B
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D

E

Figure 7: Nonspecific knock-down by Bim shRNAs. RNA was extracted from
uninfected NIH 3T3 cells and NIH 3T3 cells infected with lentivirus expressing
BimEL and Pan Bim shRNA. Knock-down of A) all isoforms of Bim, B) BimEL,
C) BimL, D) BimS, and E) Nur77 relative to uninfected cells.
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Discussion

The shRNAs appear to be knocking down Bim isoforms non-specifically. This is
puzzling, as the shRNAs should be isoform specific (Fig 2). However, although
some of the shRNAs were designed from published siRNA sequences, the same
sequence may not knock-down when expressed as part of a hairpin. Often many
shRNAs are tested before successful knock-down is obtained and many more
shRNAs will be tested (Table 2). The ability to knock-down individual isoforms
of Bim will be very useful in determining the role of Bim in negative selection.
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Appendix II: Id3, Runx3, and CCR7 gene expression in HYcd4M and HYcd4F
Bim sufficient and deficient thymocytes1

Materials and Methods

Cell Sorting
Cells were stained for cell surface antigens at 20 X 106 cells/mL in FACS buffer.
HYcd4F T3.70+CD4+CD8+CD69+, HYcd4F T3.70+CD8+CD69+, HYcd4M
T3.70+CD4+CD8+CD69+, HYcd4F Bim-/- T3.70+CD4+CD8+CD69+, and HYcd4M
Bim-/- T3.70+CD4+CD8+CD69+ thymocytes were purified on the FACS Aria.

Quantitative reverse-transcriptase PCR
Total RNA was isolated using the Qiagen RNeasy Mini kit and cDNA was
synthesized using the SuperScript III first-strand cDNA synthesis kit (Invitrogen).
Quantitative RT-PCR was performed using the Power SYBR Green kit (Applied
Biosystems) and the 7900 HT Fast real-time PCR system (Applied Biosystems).
Gene expression is given as a percentage of β-actin expression. The following
primer sequences were used. β-actin: forward: 5’CTAAGGCCAACCGTGAA
AAG-3’, reverse: 5’-ACCAGAGGCATACAGGGACA-3’, Id3: forward: 5’-TGT

1

A version of this chapter has been published. Hu, Q., A. Sader, J. C. Parkman,

and T. A. Baldwin. 2009. Bim-mediated apoptosis is not necessary for thymic
negative selection to ubiquitous self-antigens. J Immunol 183:7761-7767.
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CATAGACTACATCCTCGACCTT-3’, reverse: 5’-GCAAAAGCTCCTCTTGT
CCTT-3’, Runx3: forward: 5’-ACCGTGTTCACCAACCCTAC-3’, reverse: 5’GCCTT GGTCTGGTCTTCTATCT-3’, CCR7: forward: 5’ – CAGGGAAACCCA
GGAAAAAC – 3’, reverse: 5’ – CCTCATCTTGGCAGA AGCAC – 3’.

187

Figure 1: Expression of Id3, Runx3, and CCR7 in Bim sufficient and
deficient thymocytes. Expression of Id3 (A), Runx3 (B), and CCR7 (C) in
HYcd4F DP, HYcd4M DP, HYcd4F Bim-/- DP, HYcd4M Bim-/- DP, and HYcd4F
CD8SP thymocytes populations, as determined by RT-PCR. Expression is given
as a percentage of β-actin expression. n=4 for all populations.
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