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CHAPTER I

Review

Lymphocyte Calcium Signaling from Membrane to Nucleus

Gallo, E. M., K. Canté-Barrett, and G. R. Crabtree. 2006. Lymphocyte calcium
signaling from membrane to nucleus. Nat Immunol 7:25-32.
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ABSTRACT

Ca2+ signals control a variety of lymphocyte responses, ranging from short-term

cytoskeletal modifications to longterm changes in gene expression. The identification

of molecules and channels that modulate Ca2+ entry into T and B lymphocytes has

both provided details of the molecular events leading to immune responses and raised

controversy. Here we review studies of the pathways that allow Ca2+ entry, the

function of Ca2+ in the regulation of cell polarity and motility and the principles by

which Ca2+-dependent transcription regulates lymphocyte function.
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INTRODUCTION

In resting cells, the concentration of free intracellular Ca2+ ([Ca2+]i) is kept low

and constant. Ligation of lymphocyte antigen receptors initiates a cascade of signaling

events that eventually leads to the entry of extracellular Ca2+ into the cell. Both resting

[Ca2+]i and the entry of extracellular Ca2+ are tightly regulated by a variety of

mechanisms. These include channels involved in control of membrane potential, the

plasma membrane Ca2+ ATPase1,2 and the sarco-endoplasmic reticulum Ca2+ ATPase

pumps. Mitochondria also participate in both Ca2+ buffering and in the maintenance of

a sustained Ca2+ influx3–5. Because of space limitations and because these mechanisms

have been the topic of other reviews6–9, we will not address them in detail here.

Instead we will focus on the signaling events connecting the lymphocyte antigen

receptor to Ca2+ entry and the transcriptional and nontranscriptional modifications

induced by Ca2+ in the cell. In the last part of the review we will also address the

issues of how signal specificity can be attained in response to a ubiquitous second

messenger such as Ca2+ and how the nucleus can be insulated from transient increases

in [Ca2+]i.

Antigen receptor signaling and the regulation of Ca2+ entry

Engagement of the T cell receptor (TCR) or B cell receptor (BCR) results in

the recruitment of adaptor molecules and kinases, ultimately resulting in tyrosine

phosphorylation of phospholipase C-γ (PLC-γ) and an increase in [Ca2+]i (ref. 10).

The key step in triggering Ca2+ flux is the activation of PLC-γ, which hydrolyzes

phosphatidylinositol-4,5- bisphosphate to diacylglycerol and inositol-1,4,5-

trisphosphate (IP3). IP3 binds to IP3 receptors (IP3Rs) in the endoplasmic reticulum

and induces the release of Ca2+ into the cytoplasm. The depletion of Ca2+ from

intracellular stores triggers entry of Ca2+ across channels in the plasma membrane.

These channels, which are responsive to depletion of Ca2+ intracellular stores, have

not been identified molecularly but are commonly referred to as calcium

release–activated Ca2+ (CRAC) channels or store-operated channels (Fig. 1).

The pivotal function of PLC-γ in regulating Ca2+ signaling goes beyond the

generation of IP3. Mutation analysis has shown that PLC-γ could regulate Ca2+ influx

by a lipase-independent mechanism11. A molecular description of a lipase-
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independent effect of PLC-γ on the influx of Ca2+ has been provided12. PLC-γ1

regulates cell membrane localization of the TRPC3 channel (a member of the

transient receptor potential family of channels; discussed below) in a lipase-

independent way. PLC-γ1 induces TRPC3 membrane localization by an

‘intermolecular pleckstrin homology domain’ wherein the PLC-γ1 C-terminal

pleckstrin homology domain interacts with a partial N-terminal pleckstrin homology

domain in TRPC3. A gain-of-function mutation in the gene encoding PLC-γ2, which

results in enhanced membrane localization of this enzyme and increased Ca2+ influx,

has also been identified13. This mutation causes inflammation and autoimmunity in

mice and attests to the physiological relevance of Ca2+ signaling in the regulation of

these processes. The PLC-γ2 mutation does not increase the in vitro lipase activity of

PLC-γ2 or in vivo Ca2+ release from intracellular stores, but instead causes increased

entry of Ca2+ from the extracellular space. It is possible that the mutant PLC-γ2 may

promote Ca2+ entry by targeting Ca2+-permeable channels to the cell membrane.

Figure 1. Regulation of Ca2+ flux in lymphocytes
Engagement of the TCR results in recruitment of adaptor and effector molecules, eventually leading
to activation of PLC-γ. The generation of IP3 by PLC-γ leads to the opening of IP3R channels in the
endoplasmic reticulum (ER) and the release of Ca2+ into the cytoplasm. STIM1 senses the decrease in
[Ca2+] in the endoplasmic reticulum through its Ca2+-binding domain and signals this event to CRAC
channels in the plasma membrane, leading to their activation. Formation of an ‘intermolecular
pleckstrin homology domain’ between TRPC3 and PLC-γ causes relocalization of TRPC3 to the cell
membrane. TRPM4 depolarizes T cells by reducing the electrochemical gradient driving Ca2+ entry
into the cell. The sarco-endoplasmic reticulum Ca2+-ATPase (SERCA) actively transports Ca2+ back
into the endoplasmic reticulum.
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New participants in the regulation of Ca2+ entry in B cells

The basic steps of TCR and BCR signal transduction proceed in a fairly

parallel way. Nevertheless, these signaling pathways also involve molecules with

nonhomologous functions. The linker for activation of B cells (LAB; also known as

non–T cell activation linker), the adaptor molecule grb2 (ref. 14) and reactive oxygen

species (ROS)15 have been linked to the regulation of Ca2+ signaling in B cells.

LAB was cloned as a functional homolog of the T cell adaptor molecule LAT

in myeloid lineage cell types and B cells16,17. However, data suggest that LAB is not a

functional LAT homolog18–20. Although it does not directly bind PLC-γ or B cell

linker protein (also known as SLP- 65)17,21,22, LAB positively affects Ca2+ flux. In the

chicken pre–B cell line DT40, LAB modulates Ca2+ flux by relieving an unanticipated

inhibitory activity of grb2, possibly by relocalizing grb2 to lipid rafts14. It will be

useful to determine how grb2 inhibits Ca2+ flux, how LAB prevents this effect and

how this controls B cell responses in vivo.

ROS have been linked to the regulation of Ca2+ influx in the B cell line A20

(ref. 15). The production of ROS seems to be necessary for BCR-dependent

phosphorylation of the kinase Lyn and subsequent induction of Ca2+ entry. In that

same study15, dual oxidase 1 was newly identified as a NADPH oxidase involved in

BCR-dependent generation of ROS. [Ca2+]i also affects ROS production in a positive

feedback loop by an unknown mechanism. It remains to be shown whether [Ca2+]i is

able to regulate dual oxidase 1 or other BCR-activated NADPH oxidases. Thus, the

molecular mechanism by which [Ca2+]i positively affects the production of ROS after

BCR activation and the biological consequences in vivo remain unclear.

Actin cytoskeleton rearrangements and Ca2+ influx

Rearrangement of the actin cytoskeleton and formation of the ‘immunological

synapse’ have been proposed to be involved in TCR signaling and in the maintenance

of sustained Ca2+ influx during T cell activation23–25. However, early studies and

subsequent work26 have made it clear that TCR signaling temporally precedes the

formation of the ‘mature synapse’ and that prolonged signaling is required for

maintenance of the synapse, not vice versa27. In contrast to early reports28,29,

subsequent studies have suggested that rearrangement of the actin cytoskeleton (as

determined using actin polymerization inhibitors) may inhibit transcription activation
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by the TCR30,31. The duration- and concentration-dependent effect of actin-

polymerization inhibitors32 may explain the contradictory results obtained in those

studies28–30. Even so, actin rearrangements and formation of the synapse consistently

correlate with T cell activation. Moreover, patients and mice deficient in proteins such

as the Rho family guanine nucleotide–exchange factor Vav and Wiskott-Aldrich

syndrome protein, which regulate actin rearrangements and synapse formation, have

severe immune deficiencies33–39. Whether the signaling and transcriptional effects

mediated by Vav and Wiskott-Aldrich syndrome protein are dependent on their

function in actin rearrangement remains a matter of controversy40–43.

Vav is important in both B and T cell activation33,44. This molecule is

necessary for Ca2+ flux and activation of extracellular signal–regulated kinase (ERK)

as well as for rearrangement of the actin cytoskeleton in response to receptor

ligation33,45–48. The fact that activation of Vav is required for synapse formation28,29 is

consistent with the idea that the synapse is a ‘downstream effect’ of TCR signaling.

Vav triggers actin rearrangements by activating the Rho family GTPase

Cdc42, which in turn activates its effector protein, Wiskott-Aldrich syndrome

protein49,50. This effector protein subsequently activates the Arp2-3 complex, which

initiates reorganization of the actin cytoskeleton49,50. At present, it is not clear whether

the requirement for Vav in Ca2+ influx depends on synapse formation or requires other

intermediates that are independent of the function of Vav in actin polymerization.

Early results28 indicated that Vav was not necessary for translocation to the nucleus of

the Ca2+-activated transcription factor NFATc1 (discussed below). However, work in

our laboratory (unpublished results) has indicated that Vav is essential for the

translocation of both NFATc1 and NFATc2 into the nuclei of mouse T cells and for

activation of NFAT-dependent transcription.

Dynamin 2 has been proposed to be involved in cytoskeletal rearrangement51.

Data from RNA interference experiments have indicated that this molecule is required

for efficient Ca2+ mobilization, actin polarization at the T cell–antigen-presenting cell

interface and activation of an interleukin 2 (IL-2)–luciferase reporter51. Notably,

dynamin 2 is necessary for the phosphorylation of PLC-γ and the kinase Jnk but not

for the activation of TCR-proximal signaling. Interaction of dynamin 2 with Vav is

required for the function of dynamin 2. However, it remains to be elucidated how
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exactly dynamin 2 works in concert with Vav and other signaling molecules to

regulate actin rearrangements and Ca2+ flux.

Ca2+ signaling by CRAC, L-type Ca2+ and TRP channels

The depletion of intracellular stores in response to interaction of IP3 with the

IP3Rs results in Ca2+ influx across the cell membrane through CRAC channels. The

current produced by this channel is referred to as ‘ICRAC’52–55. Although the

mechanisms that regulate this essential event are still poorly understood and CRAC

channels remain uncharacterized at the molecular level, data from somatic cell

mutants as well as patients have shown that ICRAC is essential for T cell activation and

immune responses56–58.

Many different somatic Jurkat cell mutants defective in ICRAC have been

recovered from a screen for cells defective in NFAT-dependent transcription57.

Despite many attempts, it has not been possible to complement these mutants with

cDNA libraries from wild-type cells. Although caution must be used when

extrapolating results obtained in cell lines to primary cells, that finding suggests that

the channel gene is very large, that the channel is encoded by more than one gene or

that each of the 17 mutant cell lines identified is a dominant negative mutant or

contains mutations in more than one gene. RNA interference screens have been used

to identify genes responsible for or regulating ICRAC and have identified STIM1 and

STIM2 (refs. 59,60). These genes encode phosphoproteins that have a single

membrane-spanning domain and reside in the endoplasmic reticulum. The

endoplasmic reticulum side of the protein has a putative Ca2+-binding domain and

may serve as a sensor. After depletion of Ca2+ stores, STIM1 rapidly redistributes into

puncta near the cytoplasmic membrane. Suppression of STIM1 mRNA also blocks

NFAT-activated transcription in T cells59,60.

Those studies have provided understanding of a mechanism for sensing Ca2+

store depletion and perhaps for communicating it to CRAC channels in the cell

membrane. A third study has also shown translocation and membrane insertion of

endogenous STIM1 in Jurkat cells61. The mechanism by which STIM1 and STIM2

communicate with channels carrying ICRAC is still uncertain. The use of conditional

null mutations, which avoids many of the drawbacks of RNA interference, will be
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essential to verify the function of STIM1 and STIM2, but the fact that two groups

have isolated identical clones indicates involvement of these proteins in regulating the

channels that give rise to ICRAC.

Voltage-gated L-type Ca2+ channels

Voltage-gated Ca2+ channels are composed of a pore-forming α1 unit and

accessory subunits β, α2δ and sometimes γ. The α1 subunit confers voltage

dependence, whereas the accessory subunits modulate biophysical properties as well

as expression and trafficking of the channel. The pore-forming α1 subunit defines the

nature of the four L-type Ca2+ channels: α1S, α1C, α1D and α1F, encoded by Cacna1s,

Cacna1c, Cacna1d and Cacna1f, respectively62. In excitable cells, voltage-gated Ca2+

channels open after depolarization to allow Ca2+ influx. In neurons, this

depolarization-dependent influx of Ca2+ rapidly activates NFATc4 translocation and

gene expression63,64. Membrane depolarization does not initiate lymphocyte activation

and in fact seems to have a detrimental effect65,66. Consequently, the function of

voltage-gated Ca2+ channels in lymphocytes has been unclear.

Several classes of Ca2+ channel antagonists, including dihydropyridine

derivatives, have been used to indicate the existence of channels with L-type Ca2+

channel properties in lymphocytes67. However, some of these compounds, such as

verapamil, dilitazem and nifedipine68, can also inhibit membrane repolarization by

acting on voltage-gated K+ channels and hence have an indirect detrimental effect on

Ca2+ entry69. In B cells, nicardipine and calciseptine block the Ca2+ influx induced by

antibody to immunoglobulin D (IgD) or to IgM, whereas the dihydropyridine agonist

Bay K 8644 prolongs the increase in [Ca2+]i induced by antibody to

immunoglobulin70,71. BCR activation induced by antibody to IgD can cause an

additional Ca2+ influx in cells whose Ca2+ intracellular stores have been depleted by

thapsigargin treatment70. That result suggests that independently of CRAC channels,

an additional mechanism is involved in IgD-induced Ca2+ influx across the cell

membrane. However, similar experiments done with crosslinking by antibody to IgM

have not reproduced this effect71. Thus, it remains to be determined whether CRAC

channels and L-type Ca2+ channels function in the same or in parallel pathways during

physiological B cell activation. Similar experiments with inhibitors of L-type Ca2+



Thesis 2007 Kirsten Canté-Barrett

13

channels have been done in T cells72–74. However, in those experiments, Ca2+ influx

was only partially inhibited.

Despite partial inhibition of Ca2+ influx, the L-type Ca2+ channel antagonist

nifedipine has substantial ‘downstream’ effects, including decreased phosphorylation

of extracellular signal–regulated kinase, decreased NFAT-dependent transcription and

decreased IL-2 production in human T cells72. Truncated α1C and α1D, as well as the

full-length β1 and β3 subunits, have been detected in human T cells, confirming the

existence of partial L-type Ca2+ channels in lymphocytes74. The identification of two

previously unknown α1F splice variants in human T cells missing the voltage-sensor

domain or containing an altered voltage-sensor domain73 supports the belief that

altered L-type Ca2+ channels are expressed and possibly activated by some process

independent of membrane depolarization in nonexcitable cells. Nevertheless, the

physiological function of these channels in T cell and B cell activation remains highly

controversial.

Transient receptor potential channels

The 21 genes encoding the mammalian TRP family of channels (named after

the homologous drosophila transient receptor potential channel) comprise three

subfamilies based on sequence homology: TRPC, TRPV and TRPM75. TRP channels

are not ion specific and they allow the flow of cations in general, including Ca2+. It

has been suggested that these channels might be involved in activation-induced Ca2+

influx in lymphocytes, but it is not clear whether they respond to depletion of stores

or to other second messengers. Thus, whether TRP channels are the molecularly

unidentified CRAC channels remains controversial (Fig. 1).

In the TRPC family, TRPC1, TRPC3 and TRPC6 are expressed and functional

in Jurkat T cells as well as in human T lymphocytes76,77. Various endogenous TRPC

molecules have been shown to assemble and form heteromultimeric channels78–80,

suggesting that combinatorial assembly of TRP proteins may give rise to channels

with different properties. As TRPC channels are activated ‘downstream’ of PLC-γ, it

was initially thought that they also depended on intracellular store depletion, thereby

making TRP channels (part of) CRAC channels. However, these channels may be

activated by lipid products of PLC-γ such as diacylglycerol76,80– 83 or by direct binding

to PLC-γ12.
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Because TRPV6 (also known as CaT1) shares some of the biophysical

properties of CRAC channels and was found to be activated by depletion of

intracellular Ca2+ stores, it was proposed to form all or part of the CRAC channel84.

However, that idea has been challenged by other studies showing important

differences between the two channels in a direct comparison85. In that later study,

TRPV6 gating was voltage dependent and was inhibited by Ca2+ depletion from

intracellular stores, in contrast to CRAC channel gating properties85.

The human and mouse TRPM4 channels have been characterized86–88. Unlike

other TRP channels, TRPM4 is a voltage-gated and Ca2+- activated nonselective

channel that is not permeable to Ca2+ (refs. 87,89). TRPM4 can depolarize Jurkat T

cells at the peak of Ca2+ flux after activation90. This depolarization, caused by influx

of Na+, reduces the electrochemical gradient driving Ca2+ entry in nonexcitable cells

and thus modulates Ca2+ oscillations. Further characterization of this channel has

shown that the Ca2+ sensitivity of TRPM4 is regulated by cytosolic ATP, protein

kinase C–dependent phosphorylation and calmodulin91. A dominant negative mutant

of TRPM4, closely resembling the naturally occurring splice variant TRPM4a,

converts receptor-mediated Ca2+ oscillation into a long-lasting sustained increase in

[Ca2+]i and results in increased IL-2 production90. Whether regulated expression of

TRPM4 isoforms is involved in the physiological regulation of Ca2+ entry in primary

T cell activation remains to be shown.

Regulation of lymphocyte responses by Ca2+ signals

Because of the plethora of Ca2+-regulated enzymes, an increase in [Ca2+]i can

lead to a variety of cellular responses. In lymphocytes, a localized and transient

increase in [Ca2+]i is not sufficient to activate transcription56,92, which requires a more

sustained Ca2+ influx across the plasma membrane through CRAC channels (Fig. 2).

Ca2+ responses can therefore be generally subdivided into short-term, rapid responses

that do not involve transcriptional changes and long-term modifications of cellular

identity that require changes in gene transcription8. Ca2+- regulated changes in the

gene expression profile are critical in orchestrating complex cellular responses that

govern lymphocyte development as well as immune activation in the periphery.
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Short-term modifications in T cell motility and polarity

The interaction between antigen-presenting cells and T cells is quickly

followed by an increase in [Ca2+]i and within minutes by a change in T cell shape,

interruption of T cell crawling and movement of the cortical actin cytoskeleton93–95.

Figure 2. Insulating the nucleus from transient Ca2+ fluxes
Activation-induced Ca2+ influx occurs through CRAC channels; however, the molecular identity of
these channels is still unknown. Ca2+-bound calmodulin (CaM) binds and activates the calcineurin
phosphatase complex, which dephosphorylates NFATc and causes its import into the nucleus.
Phosphorylation of NFATc by its nuclear kinases, such as GSK3, causes its export from the nucleus.
This strictly ties NFATc-dependent transcription to a sustained increase in [Ca2+]i. NFATc and its
nuclear partner, NFATn, cooperatively bind to DNA. NFAT complexes (NFATc plus NFATn) act as
‘coincidence detectors’ and allow the integration of multiple signaling pathways at the level of DNA
binding. Inhibitors of calcineurin include pharmacological agents such as FK506 and cyclosporine
A, cellular proteins such as Cabin (also known as Cain)163,164 and Down syndrome critical region 1
(DSCR1)165 and pathogen-derived molecules such as the African swine fever virus A238L protein141

and the Helicobacter pylori vacuolating cytotoxin (VacA)142. Ca2+-bound calmodulin also activates
CaMK. Phosphorylation of CREB by CaMK allows it to bind to its transcriptional coactivators CBP
and p300. CaMK also phosphorylates histone deacetylase 5 (HDAC), causing its export from the
nucleus. Relief of histone deacetylase inhibition activates MEF-dependent transcription. CaMK
autophosphorylation makes its activity Ca2+ independent and results in prolonged activity even after
[Ca2+]i has returned to basal concentrations.
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Reorientation of the cortical actin cytoskeleton toward the T cell–antigen-presenting

cell interface involves the interaction of costimulatory molecules CD28-B7 and

leukocyte function antigen 1–intercellular adhesion molecule 1 and is dependent on

myosin motor proteins95. Pharmacological inhibition of the class IIA nonmuscle

myosin MyH9 interferes with T cell motility but not with synapse formation96. During

crawling, MyH9 is present in the uropod, but after TCR triggering it translocates to

the immune synapse96. In vitro, Ca2+ is both necessary and sufficient for MyH9

phosphorylation after TCR engagement96. The authors of that study96 suggest that

MyH9 relocation to the immune synapse and its phosphorylation may be involved in

the abrogation of T cell movement after interaction with antigen-presenting cells, but

a direct link between these events has not been established. Patients with mutations in

MyH9 have a variety of phenotypes affecting kidneys, platelets and leukocytes97,

whereas mice deficient in MyH9 die in utero because of severe defects in cell

adhesion and tissue organization98,99. Thus, an approach involving a conditional allele

or RNA interference will be needed to assess the function of MyH9 in lymphocytes in

vivo. An increase in [Ca2+]i has also been shown to decrease mobility of

thymocytes100. In a positively selecting environment, an increase in [Ca2+]i is both

sufficient and necessary to cause thymocytes to stop moving, possibly by enhancing

the interaction with antigen-presenting cells presenting positively selecting

peptides100.

In addition to regulating cell motility, Ca2+ regulates cell polarity, which might

be required for directional cell killing. Perforin-mediated cytotoxic lymphocyte

killing by exocytosis of cytotoxic agents requires Ca2+ (refs. 101,102). This increase

in [Ca2+]i is required for the reorientation of the microtubule-organizing center toward

the contact zone with the target cell103–105, a process involved in the polarized secretion

of cytotoxic granules106. Although reorientation of the microtubule-organizing center

is Ca2+ dependent, it does not depend on the activity of calcineurin or Ca2+-

calmodulin–dependent kinase (CaMK)107. An increase in [Ca2+]i to about 500 nM is

both sufficient and necessary for granule exocytosis108. That observation is consistent

with the findings that a stable immune synapse and maximal Ca2+ flux are not

required for T cell–mediated cytotoxicity and that the initial Ca2+ spike that occurs

after TCR engagement is sufficient to induce perforin and granule exocytosis109,110.
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As has been discussed111, Ca2+ is also involved to some extent in the migration

of leukocytes to chemokines. Although Ca2+ is dispensable for chemotaxis112 and

transendothelial migration113, chemokine receptors can activate PLC-β114, leading to

an increase in [Ca2+]i. Ca2+ is necessary for uropod retraction and detachment from

fibronectin coated substrates115, possibly by a mechanism involving the

phosphorylation of myosin II (ref. 116). The function of [Ca2+]i in regulating protein

kinase C and the function of these kinases in lymphocyte motility and function have

been reviewed117 and will not be addressed here.

Ca2+ signals and biological specificity

One of the mysteries that has emerged from the past 20 years of signaling

research is the observation that only about a dozen signaling pathways connecting the

membrane to the nucleus seem to be sufficient for all of vertebrate and invertebrate

development. That paradox is most clear in Ca2+ signaling, in which ubiquitous

signals produce notably specific outcomes. ‘Receptor swap’ experiments, in which

the TCR is replaced by an unrelated receptor normally expressed in other cell types,

have indicated that once a cell reaches a certain point in development, the signals

necessary to progress to the next stage are fairly general. In T cells, replacement of

the T cell receptor with the acetylcholine receptor allows activation of the gene

encoding IL-2 in response to Ca2+ influx triggered by acetylcholine118. Those types of

experiments have focused attention on the function of cellular context in determining

the outcome of signaling. Cellular context is probably defined by the transcription

factors, signaling molecules and, perhaps most importantly, by chromatin

accessibility of the loci encoding the molecules essential for specific responses.

However, even in a population of cells that are apparently equivalent, different

cellular responses can be activated by the influx of Ca2+ (refs. 119,120). In that

scenario, intrinsic molecular properties of a transcriptional control module could

determine whether it will be activated in response to a Ca2+ flux with certain

characteristics121. For example, Ca2+ regulates activation of the transcription factors

CREB and MEF by modulating the activity of CaMK family members122,123. CaMKs

activate CREB by direct phosphorylation, which is necessary for its binding to

‘transcriptional cointegrators’ CBP and p300 (ref. 123). CaMKs also activate MEF-



Thesis 2007 Kirsten Canté-Barrett

18

dependent transcription by relieving the inhibition of histone deacetylases124 (Fig. 2)

and that of the MEF transcriptional repressor Cabin 1 (refs. 125,126).

Because autophosphorylation renders CaMK activity independent of Ca2+-

calmodulin127,128, this enzyme is able to maintain ‘molecular memory’ of a transient

increase in [Ca2+]i by continuously phosphorylating itself. Although prolonged Ca2+-

independent CaMK activity is prevented by CaMK phosphatases129–132, transcription

factors that are activated by CaMK can be activated by CaMK even after [Ca2+]i has

returned to basal concentration. In contrast, certain signaling molecules and

transcription factor pairs, such as calcineurin-NFAT, require a sustained increase in

[Ca2+]i to activate transcription (discussed below).

Calcineurin and NFAT signaling

The critical function of the calcineurin phosphatase complex became clear in

the late 1980s and early 1990s, when it was discovered that the common target of the

two most effective immunosuppressants, FK506 and cyclosporine A, is calcineurin133

and calcineurin-NFAT-dependent transcription134–136. In that pathway, an increase in

[Ca2+]i results in binding of Ca2+-calmodulin to the calcineurin complex and activation

of its phosphatase activity. Dephosphorylation of the cytoplasmatic subunits (NFATc)

of NFAT transcription complexes by calcineurin unmasks the nuclear localization

sequence and results in their import into the nucleus137,138. Conversely, NFATc nuclear

kinases, such as glycogen synthase kinase 3 (GSK3; ref. 139) and protein kinase A140

regulate the export of NFATc from the nucleus by rephosphorylation. This

bidirectional allosteric switch, controlled by calcineurin on one hand and GSK3 and

protein kinase A on the other, results in shuttling of NFATc in and out the

nucleus135,137,138. In addition to FK506 and cyclosporine A, many pathogens produce

molecules that neutralize the immune response by targeting calcineurin or

calcineurin-NFAT signaling141,142 (Fig. 2).

In contrast to the ‘molecular memory’ of CaMKs, the intrinsic properties of

the Ca2+-calcineurin-NFAT pathway make NFAT-driven transcription dependent on

continuous signaling. The rapid and regulated export of NFATc proteins from the

nucleus prevents transcription in response to transient increases in [Ca2+]i and thus

enhances the specificity of gene regulation by these transcription factors. That
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insulator mechanism allows separation of short-term Ca2+-dependent responses from

the activation of transcription137. In cardiac muscle, skeletal muscle, neurons and other

cell types that use periodic increases in Ca2+ to regulate essential activities, the rapid

export of NFATc proteins from the nucleus is probably critical for maintaining stable

patterns of gene expression yet reserving the potential for rapid responses to specific

stimuli. We will not discuss here the many functions of calcineurin-NFAT in

regulating lymphocyte development and function as there are reviews specifically

dedicated to that topic143–146.

Specificity by integration with other pathways

Ca2+ responses are integrated in the cell with other signaling pathways, such as

the protein kinase C or mitogen-activated protein kinase pathway, by several

mechanisms. Integration can be obtained at the level of the binding of transcription

factor to DNA response elements that receive signals from the TCR and other

receptors147. NFATc alone binds to DNA with relatively low affinity. The formation

of NFAT transcriptional complexes between NFATc and NFAT nuclear partners

(NFATn) increases the affinity of NFATc for DNA. Because NFATn are activated by

different signaling pathways, assembly of NFAT transcriptional complexes functions

as a molecular ‘AND’ gate and hence improves the specificity of multiple pathways147

(Fig. 2).

Another mechanism of integrating Ca2+ signaling has been demonstrated in

studies of costimulation in human peripheral T cells148. In those studies, CD28

stimulation enhances the activation of the same set of genes activated by TCR

signaling. Those data indicate that CD28 has a quantitative function, rather than a

qualitative function as previously thought. They also indicate that CD28 is unlikely to

activate a specific signaling pathway. The finding that cyclosporine A and FK506

reverse the effects of CD28 stimulation suggests that CD28 exerts its effects on TCR-

dependent transcription by reinforcing NFAT-dependent transcription regulation.

Substantial evidence has indicated that CD28 acts through phosphatidylinositol-3-OH

kinase and the serine-threonine kinase Akt149–152. Activation of Akt by

phosphatidylinositol-3-OH kinase results in the phosphorylation of GSK3 on serine

residues. That phosphorylation inhibits the effect of GSK3 on NFATc proteins and

prevents the export of NFATc proteins from the nucleus. Thus, it seems that CD28
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stimulation enhances gene expression in response to the TCR by blocking the export

of NFATc proteins from the nucleus148. Those findings are consistent with studies

showing that molecules that interfere with the costimulation pathway, such as

cytotoxic lymphocyte antigen 4, act by preventing accumulation of NFATc in the

nucleus153,154. Additional support for the idea that phosphatidylinositol-3-OH kinase is

critical in regulating the export of NFATc1 comes from studies of mice with

mutations in the gene encoding neurofibromatosis type 1. In the developing heart,

mutations in this gene lead to hyperactivation of the adaptor protein Ras and

phosphatidylinositol- 3-OH kinase, resulting in excessive nuclear localization of

NFATc1 and lethal heart valve defects155.

Alternative models to account for the function of costimulation in T cell

activation have also been suggested. Integration of TCR and CD28 signaling has been

proposed to occur by synergistic activation of NFATc and adaptor protein 1 (AP-1), a

transcriptional complex formed by c-Jun and c-Fos156. According to that model, TCR

signaling in the absence of costimulation leads to activation of NFATc but not AP-1.

NFATc transcriptional activity in the absence of its transcriptional partner AP-1

would then cause a Ca2+-induced unresponsiveness status in T cells156. Those results

are consistent with the early finding that administration of ionomycin or activation of

T cells in the absence of costimulation leads to anergy induction, which can be

prevented by the calcineurin inhibitor cyclosporine A157,158. A subsequent study by

that same group has also proposed that one of the mechanisms by which calcineurin-

NFATc can induce a state of unresponsiveness in T cells is by induction of E3

ubiquitin ligases, which in turn causes selective degradation of crucial signaling

molecules such as protein kinase C-θ and PLC-γ159. Genetic studies in mice will be

needed to determine whether this mechanism is relevant for T cell anergy in vivo.

An additional way of achieving specificity by integrating Ca2+ signals with

other pathways has been suggested by studies of Notch signaling160. In keratinocytes

(and possibly T cells), Notch signaling is a potent suppressor of transcription of Down

syndrome critical region 1 (also called MCIP1 or calcipressin)160. This gene was

discovered originally as being in the Down syndrome critical region on human

chromosome 21 (ref. 160) and later was identified independently as a gene encoding a

calcineurin inhibitor in yeast and mammalian cells161,162. The Down syndrome critical

region 1 product blocks calcineurin activity and prevents translocation of NFATc
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proteins into the nucleus (Fig. 2). Thus, it could be predicted that Notch signaling

should enhance calcineurin activity, translocation of NFATc and the formation of

NFAT transcription complexes.

Conclusions and future perspectives

Ongoing studies in many laboratories have shown that Ca2+ is essential to

nearly every aspect of vertebrate organogenesis from axonal guidance to cardiac

morphogenesis to shaping immune responses. Because of the knowledge gained in

many years of immunological research and the ease of isolation and manipulation of

lymphocytes, the immune system may be the most accessible system in vertebrates to

understand the details of how specific cellular responses are regulated by Ca2+ signals.
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THESIS OUTLINE

T cells develop in the thymus before they seed peripheral lymphoid organs. A

functional, diverse and self-tolerant T cell repertoire is the result of strict ‘screening’

in the thymus. There are millions of thymocytes with each a unique T cell receptor

due to random rearrangement and assembly of the gene segments encoding the TCR,

creating immense diversity. Thymocytes with a malfunctioning TCR (not transducing

any signal) are eliminated by a process termed ‘death by neglect’. Thymocytes with a

TCR able to correctly recognize MHC on antigen-presenting cells in the thymus

respond to signals from the TCR by selective gene transcription necessary for survival

and differentiation. This process is called positive selection. On the other hand,

thymocytes with a TCR that strongly responds to a self-peptide presented on MHC

have to be eliminated to avoid the development of auto-reactive T cells and

autoimmune disorders. These thymocytes with high affinity/avidity TCR-MHC

interactions undergo apoptosis termed negative selection. Thus, based on TCR signal

‘strength’, strict selection takes place in the thymus leaving a narrow window for

positive selection of those thymocytes that receive just the right signal.

In this thesis I study the signal transduction pathways and proteins involved in

the development and selection of thymocytes. Since both positive and negative

selection signals initiate at the TCR, but result in the opposing cell fates of survival

versus death, the pathway must diverge at some point. Longstanding questions in the

field of immunology are not only where the pathway diverges, but more importantly:

how do developing thymocytes interpret this gradient of signals based on ‘strength’

and then commit to one of the two opposing cell fates?

In Chapter II, I analyze positive selection in the absence of the transcription

factor NFATc3. For this purpose, a conditional knock-out mouse was generated. Ca2+-

dependent calcineurin signaling is required for positive selection, but the selective

role of each of the downstream NFATc proteins remains controversial. I found that

lack of NFATc3 causes a partial block in positive selection, and that NFATc1 and

NFATc3 likely have redundant roles in positive selection and pre-TCR induced

development of thymocytes.

In Chapter III, I analyze the signals leading to negative selection. Because the

proapoptotic protein Bim is required for negative selection, I investigated how Bim is

regulated and reveal that it is transcriptionally induced. Furthermore, both
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transcriptional induction of bim and negative selection require Ca2+ and the results

indicate these processes are mediated through protein kinase C. Since Ca2+ is required

for both positive and negative selection, but calcineurin-NFAT (positive selection)

and Bim (negative selection) are specific for only one cell fate, I speculate that the

duration and/or frequency of the Ca2+ influx could be the discriminating factor and

determine one specific outcome.

In Chapter IV, I try to identify the transcription factor (complex) driving bim

transcription during negative selection of thymocytes. I used bioinformatics to align

and compare bim genes from multiple species to define the minimal required genetic

regulatory region. To validate this region, I created a transgenic mouse that serves as

a ‘negative selection indicator mouse’. Additionally, I attempted to elucidate the

negative selection signal transduction pathway from another angle. Since I identified

PKC as a possible player in the pathway (Chapter III), I asked whether PKCα knock-

out mice have a defect in Bim induction and negative selection. The results suggest

PKCα plays at least a partial role and may share redundancy with other PKC isoforms

to contribute to Bim induction and negative selection.
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CHAPTER II

Selective Role of NFATc3 in Positive Selection of Thymocytes

Canté-Barrett, K., M. M. Winslow, and G. R. Crabtree. 2007. Selective role of
NFATc3 in positive selection of thymocytes. J Immunol 179:103-110.
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ABSTRACT

The four Ca2+-dependent NFATc proteins are both signal transducers and

transcription factors that reside in the cytoplasm until dephosphorylation by

calcineurin. Dephosphorylation exposes nuclear import sequences and sends NFATc

proteins into the nucleus where they assemble with nuclear partners into NFAT

transcription complexes. Recent genetic studies have indicated that calcineurin-NFAT

signaling is a major determinant of vertebrate morphogenesis and development. Mice

lacking calcineurin activity show a complete block in positive selection of CD4 and

CD8 double positive (DP) thymocytes, yet the role of the NFATc proteins in T cell

development has been controversial. In this study, we address the requirement for

NFATc3 in T cell development by generating NFATc3 conditional knock-out mice.

We show that specific deletion of NFATc3 in thymocytes causes a partial block at the

double negative stage 3 and also a partial block in positive selection. Furthermore, the

defect does not become more pronounced when NFATc2 is also absent, consistent

with the fact that NFATc2 null mice do not have a T cell developmental defect.

Expression of a nuclear (and constitutively active) NFATc1 even at subphysiological

levels can rescue the transition of DN to DP thymocytes in RAG-null mice, but is

unable to rescue development of CD4 and CD8 single positive cells. In addition to

NFATc3, this suggests a role for NFATc1 in T cell development. Our studies indicate

that the signals that direct positive selection likely use both NFATc1 and NFATc3

downstream of calcineurin.
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INTRODUCTION

NFAT (nuclear factor of activated T cells) transcriptional complexes play

crucial roles in many developmental processes specific to vertebrates. The Ca2+-

dependent phosphatase calcineurin dephosphorylates cytoplasmic NFATc family

members, which then translocate into the nucleus and regulate transcription in a

complex with nuclear partners (1). Calcineurin-NFAT signaling was initially

discovered in T cells (2-4) but recent genetic studies have demonstrated its crucial

role in the development of the immune (5, 6), musculoskeletal (7, 8), cardiovascular

(9, 10), neural (11), pulmonary (12), cutaneous (13) and endocrine (14) systems.

During development, calcineurin-NFAT signaling often controls the expression of

extracellular ligands (cytokines, chemokines, growth factors, wnts, and

neurotrophins) or cell-cell interaction proteins (CD40L, FasL, Il-2 receptor, Frizzled

and others). Thus, this pathway in general is thought to choreograph the social lives of

cells allowing them to function together during vertebrate organogenesis and

morphogenesis.

In the immune system, T cell development begins when a common lymphoid

precursor enters the thymus. There it proceeds through at least two discernable CD4

and CD8 double negative (DN) stages before the rag genes are activated and T cell

receptor (TCR) recombination begins, providing commitment to the T cell lineage.

After rearrangement and surface expression of TCRβ in the DN3 stage, thymocytes

express the mature αβ-TCR and become CD4 and CD8 double positive (DP). At the

DP stage, positive or negative selection occurs upon TCR triggering, distinguished

based on TCR-MHC affinity/avidity and subsequent signal ‘strength’ (15). Negative

selection deletes self-reactive thymocytes while positive selection allows progression

from the DP to either the CD4 or CD8 single positive (SP) stage. Ultimately, these SP

thymocytes populate peripheral lymphoid organs as mature T cells. The role of

calcineurin-NFAT signaling in T cell development, as well as in peripheral T cell

activation, has been intensely studied. However, because neither NFATc homologues

nor an adaptive immune system exists in invertebrates, it was not until the generation

of knock-out mice that specific NFATc functions could be dissected. Despite the

creation of several NFATc knock-out mice, only a minor defect in T cell development

has been revealed in the absence of NFATc1 (16, 17). NFATc2 knock-out mice (18,

19) have not had detectable defects in T cell development and the reduction of CD4
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and CD8 SP thymocytes in the absence of NFATc3 was attributed to increased

apoptosis (20). NFATc4 appears to be largely restricted to the CNS and NFATc4 null

mice have not shown immune defects. In contrast, specific deletion of the calcineurin

regulatory B1 subunit from developing thymocytes results in a complete block in

positive selection (5). The apparent discrepancy is likely caused by redundancy

among NFATc family members or by some other calcineurin substrate. Therefore, the

contribution of NFATc1, NFATc2 and NFATc3 to thymocyte development is still

unclear.

To better understand the role of NFATc proteins in thymocyte development,

we created an NFATc3 conditional knock-out mouse. Our studies suggest that

NFATc1 and NFATc3 have redundant roles during pre-TCR induced differentiation

and during positive selection.

MATERIALS AND METHODS

Generation of NFATc3 conditional knock-out mice
A clone from a 129/SvEv ES cell genomic library was used to generate the

NFATc3 targeting vector. Three loxP sites flank exon 3 of NFATc3, which includes
the core residues of the DNA binding domain. After transfection, ES cells positive for
homologous recombination of the targeting vector were selected for injection into
C57BL/6 blastocysts or for a secondary transfection with a plasmid expressing Cre
recombinase (pMC-CreN, a gift from Dr. Frederick Alt, Harvard Medical School,
Boston, MA) to remove the neomycin resistance cassette. Chimeric mice were
outcrossed and backcrossed to MeuCre40 mice (21), which express Cre recombinase
in a mosaic, early embryonic and ubiquitous manner. This created an allele lacking
the neomycin cassette (NFATc3f) and one with complete deletion of exon 3
(NFATc3∆). The null allele creates a frame-shift in the transcript resulting in an early
stop codon in exon 4. ES cell recombination and germline transmission were analyzed
by PCR using the following oligos (arrows in Fig. 1A): 5’-CTGGTGATGGTAGTGTAC-
3’, 5’-GCAAGAACAGCAAGTGTAC-3’, and 5’-TTGACCTCAACATTCTGGAG-3’.

Mice
MeuCre40 mice (21) were a gift from Dr. Martin Holzenberger (Hôpital Saint-

Antoine, Paris, France), Lck-Cre mice (22) were a gift from Dr. Christopher Wilson
(University of Washington, Seattle, WA), Lck-Bcl-xL mice (23) were a gift from Dr.
Stanley Korsmeyer (Dana-Farber Cancer Institute and Harvard Medical School,
Boston, MA) and RAG2 null mice (Taconic), NFATc2 null mice (19), Bim null mice
((24), The Jackson Laboratory) and NFATc1nuc mice (8) have been described. All
mice were maintained in the animal facility of Stanford University in accordance with
federal and institutional guidelines. In all experiments, sets of littermates were used
between 4 and 12 weeks of age.
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Flow cytometry
Thymocytes, splenocytes and lymph node cells were obtained by

disaggregating the whole organ through a 70-µm nylon cell strainer. Antibodies for
surface markers and flow cytometry analysis were obtained from BD Biosciences and
staining was performed according to manufacturer’s recommendations. For
intracellular staining, cells were fixed at room temperature with 4% formaldehyde in
PBS. All subsequent steps were performed on ice and in 0.3% (permeabilization step)
or 0.1% saponin (wash and incubation steps), 5% FBS, and 10 mM HEPES (pH 7.4)
in PBS. Cells were permeabilized for 30 min followed by an incubation of 1 h with
anti-Bim (StressGen Biotechnologies), anti-Bcl-xL (Transduction Laboratories), anti-
Mcl-1 (Chemicon) and FITC-conjugated anti-Bcl-2 (eBioscience) respectively, and a
secondary incubation (except for Bcl-2) of 30 min with PE-conjugated anti-rabbit IgG
(The Jackson Laboratory).

Western blotting
Total cell lysates were prepared on ice in RIPA buffer and loaded on 4-12%

Bis-Tris NuPage gels (Invitrogen). The antibodies used were: mouse anti-NFATc1
(7A6), rabbit anti-NFATc3 (both generated in our laboratory), mouse anti-NFATc2
(Santa Cruz) and rabbit anti-actin (Sigma-Aldrich). Signal was detected with ECL
followed by exposure to autoradiograph film.

RT PCR
After reverse transcription of total RNA, the following oligos were used for

PCR: 5’-TGTGCAGCTACACGGTTACTTGGA-3’ and 5’-
AGTTATGGCCAGACAGCACCATCT-3’ (NFATc1, 482 bp product), 5’-
ACAACATGAGAGCCACCATCGACT-3’ and 5’-CTGTAGTCTTCTCCATGAACACAACC-3’
(NFATc2, 330 bp product), 5’-ACCTCATTGGGAGGCTGAAGGAAA-3’ and 5’-
TATGCTGGCTGCACTTGACAAAGC-3’ (NFATc3, 342 bp product), 5’-
GAAGCTACCCTCCGGTACAGAG-3’ and 5’-GCTTCATAGCTGGCTGTAGCC-3’ (NFATc4,
441 bp product).

RESULTS

Creation of NFATc3 conditional knock-out mice

To selectively delete NFATc3 in developing thymocytes, we generated

conditional knock-out mice in which exon 3 is flanked by loxP sites (Fig. 1A). Exon 3

contains the core DNA binding domain and was deleted in the germline by Meu-

Cre40 and in developing thymocytes by Lck-Cre. Wild type (NFATc3+), ‘tri-lox’

(NFATc3tri-lox), floxed (NFATc3f) and null (NFATc3Δ) alleles are indicated. Correct

recombination and genotypes were verified by Southern blot and PCR (Fig. 1, B and

C). Total thymocytes from NFATc3+/+, NFATc3 ∆/+, NFATc3∆/∆, NFATc3f/f and

NFATc3f/f; Lck-Cre+ mice were analyzed for NFATc3 protein expression. First, the

genomic deletion in NFATc3∆/∆ mice results in complete absence of NFATc3 protein

from the thymus and all other organs (Fig. 1D and data not shown). Notably,
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heterozygous mice have less NFATc3 protein than wild type mice, suggesting haploid

insufficiency. Second, the conditional allele is functional because NFATc3 protein is

specifically absent in thymocytes from NFATc3f/f; Lck-Cre+ mice (Fig. 1, D and E).

We next analyzed the expression of other NFATc proteins and found that NFATc1

and NFATc2 protein levels are comparable between NFATc3f/f and NFATc3f/f; Lck-

Cre+ thymocytes (Fig. 1E). Furthermore, NFATc1 and NFATc2 expression in

thymocytes is low relative to NFATc3 expression (25). It is therefore unlikely that

increased protein expression of either NFATc1 or NFATc2 compensates in the

Figure 1. Creation of NFATc3 conditional knock-out mice
(A) Schematic representation of the wild type NFATc3 allele (NFATc3+), targeting vector, targeted
‘tri-lox’ allele (NFATc3tri-lox) and alleles after Cre mediated deletion of the neomycin cassette
(NFATc3f) and complete deletion of exon 3 (NFATc3∆). Arrows indicate location of primers used for
genotyping by PCR. (B) Southern blots with the external, 5’ probe (left) and internal, 3’ probe (right)
showing correctly targeted allele. (C) PCR analysis on tail DNA from six mice with different
genotypes. (D) Western blot analysis of NFATc3 protein levels in thymocyte lystates from NFATc3
wild-type, heterozygote and null mice, as well as from NFATc3f/f mice expressing the lck-Cre
transgene. Actin was detected to show equal loading (D and E). (E) Western blot analysis of
NFATc1, NFATc2 and NFATc3 protein levels in thymocyte lystates from NFATc3f/f mice with and
without the lck-Cre transgene. (F) RT PCR analysis using total RNA from mouse thymus and lungs
(control) to determine the presence of NFATc1, NFATc2, NFATc3 and NFATc4 mRNA.
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absence of NFATc3. The fourth NFATc family member, NFATc4, is not expressed in

the thymus (Fig. 1F).

Since NFATc3 null mice have been previously generated and analyzed (20),

we focused on characterizing NFATc3f/f mice in the presence or absence of the Lck-

Cre transgene. It is noteworthy though, that consistent with the previously reported

germline deletion of NFATc3 (20),  NFATc3∆/∆ mice are born at less than the

expected Mendelian ratio of 25% from heterozygous parents. From 15 litters with 78

pups, 12 were NFATc3∆/∆ (15%), 43 NFATc3 ∆/+ (55%), and 23 NFATc3+/+ (30%).

Knock-out animals are viable, fertile and have no obvious abnormalities, although

their litter size is generally smaller with an average of 5 pups per litter. In contrast,

NFATc3f/f animals are indistinguishable from wild type and breed well with normal

litter sizes.

A partial block in positive selection of NFATc3f/f; Lck-Cre+ thymocytes

Initial characterization of the lymphoid organs in NFATc3f/f; Lck-Cre+ mice

showed reduced thymus and lymph node cellularity when compared to NFATc3f/f

littermates (Fig. 2A). Thymocytes from sets of littermates (NFATc3f/f; Lck-Cre+ and

NFATc3f/f control) between 4 and 12 weeks of age were counted (n=21). NFATc3

deficient thymi have approximately half the number of total thymocytes of littermate

controls. Similar results were obtained for total cell numbers of both inguinal lymph

nodes (n=11). Several NFATc3∆/∆ mice were analyzed and although lymph node

numbers were lower, thymocyte numbers were not different when compared to

control littermates (Fig. 2A), indicating that acute deletion of NFATc3 from

thymocytes has a more severe effect on total thymocyte numbers.

When we analyzed thymocyte development in NFATc3f/f; Lck-Cre+ mice, we

first noticed a consistent decrease in CD4 SP (6.6% vs. 10.6% in control) and CD8 SP

(1.08% vs. 2.06% in control) thymocyte populations, with the DP subset unchanged

(Fig. 2B, left panels). In addition, NFATc3 deficient thymocytes have reduced

TCRβhi DP cells (3.3% vs. 5.1% in control) and CD69hi DP cells (5.7% vs. 10.9% in

control, Fig. 2B, right histograms). These data indicate a T cell intrinsic defect in

positive selection.
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Figure 2. A partial block at stage DN3 and in positive selection in NFATc3f/f; Lck-Cre+ mice
results in decreased numbers of peripheral T cells
(A) Ratios of total thymus and inguinal lymph nodes (LN) cell numbers expressed as an average
percentage ± SEM from sets of littermates 4-12 weeks of age. Ratios are: NFATc3f/f; Lck-Cre+ to
NFATc3f/f thymocytes (n=21), lymph nodes (n=11) and NFATc3∆/∆ to NFATc3f/f thymocytes (n=4),
lymph nodes (n=3). (B) Flow cytometry analysis of NFATc3f/f and NFATc3f/f; Lck-Cre+ thymocytes
(left) and DP thymocytes (right, histograms). (C) Flow cytometry analysis of NFATc3f/f and
NFATc3f/f; Lck-Cre+ lineage negative (CD4-, CD8-, B220-, Ly-6G-, CD11b- and TER119-) thymocytes.
Development of double negative thymocytes progresses as follows: CD44+ CD25- (DN1), CD44+

CD25+ (DN2), CD44- CD25+ (DN3), CD44- CD25- (DN4) (top plots) and from intracellular (ic)
TCRβ- CD25+ to icTCRβ+ CD25+ to icTCRβ+ CD25- expression (bottom plots). (D) Flow cytometry
analysis of NFATc3f/f and NFATc3f/f; Lck-Cre+ lymph node cells (top) and splenocytes (bottom).
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A partial block at stage DN3 of NFATc3f/f; Lck-Cre+ thymocytes

In addition to the defect in positive selection, we observed higher DN

thymocyte percentages in NFATc3f/f; Lck-Cre+ mice (Fig. 2B, left panels). Therefore,

we examined DN cells in more detail and found that NFATc3 deficient thymocytes

have a partial, but consistent DN development defect (Fig. 2C). DN thymocytes

(CD4-, CD8-, B220-, Ly-6G-, CD11b-, TER119-) were analyzed for CD44 and CD25

expression (Fig. 2C, top plots). In addition, these DN thymocytes were fixed and

analyzed for intracellular (ic) TCRβ (Fig. 2C, bottom plots). Development of DN

thymocytes progresses as follows: CD44+ CD25- (DN1), CD44+ CD25+ (DN2), CD44-

CD25+ (DN3), CD44- CD25- (DN4) (top plots) and from icTCRβ- CD25+ to icTCRβ+

CD25+ to icTCRβ+ CD25- expression (bottom plots). CD44 and CD25 analysis

reveals an increased percentage of CD44- CD25+ DN thymocytes (termed DN3, lower

right quadrant) in NFATc3f/f; Lck-Cre+ mice (63.2% versus 51.8% in control).

Correspondingly, the icTCRβ- CD25+ population is increased (43.3% vs. 31.7% for

control) and the icTCRβ+ CD25- population decreased (34.4% vs. 49.7% for control,

Fig. 2C, bottom plots). Because DN thymocytes accumulate at stage DN3 where they

receive pre-TCR signals, we conclude that NFATc3 deficient thymocytes do not

properly develop after pre-TCR signaling, resulting in a relatively smaller DN4

population and reduced total thymic cellularity.

Consistent with the requirement for NFATc3 in proper DN development and

positive selection, NFATc3f/f; Lck-Cre+ mice have lower total cell numbers in lymph

nodes (Fig. 2A) and decreased percentages of CD4 and CD8 T cells in lymph nodes

(Fig. 2D, top panels) as well as spleen (bottom panels) compared to control mice.
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Figure 3. NFATc3f/f; Lck-Cre+ DP thymocytes have increased cell death but normal Bim, Bcl-xL,
Mcl-1 and Bcl-2 levels
(A) Annexin-V flow cytometry analysis of NFATc3f/f and NFATc3f/f; Lck-Cre+ DP thymocytes. (B)
Time course of NFATc3f/f (circles) and NFATc3f/f; Lck-Cre+ (triangles) DP thymocyte viability,
without (solid symbols) and with (open symbols) anti-CD3+anti-CD28 activation-induced cell death
to mimic negative selection. Viability is measured by flow cytometry and expressed as the Annexin V
negative percentage of DP gated thymocytes. The experiment was done in quadruplicate and
presented as mean ± SD. (C) Intracellular staining of Bim, Bcl-xL, Mcl-1 and Bcl-2 and flow
cytometry analysis of NFATc3f/f and NFATc3f/f; Lck-Cre+ DP thymocytes. Each plot shows a
histogram in light grey as a control for staining.
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NFATc3f/f; Lck-Cre+ DP thymocytes have increased cell death but normal Bim,

Bcl-xL, Mcl-1 and Bcl-2 levels

In addition to the partial blocks in DN development and positive selection,

reduced viability of NFATc3 deficient thymocytes could also contribute to the

reduction of total thymocyte numbers. Therefore, we analyzed thymocyte viability

and found that NFATc3f/f; Lck-Cre+ mice have more DP thymocytes undergoing

apoptosis in vivo as detected by Annexin V (Fig. 3A). Although NFATc3 deficient

DP thymocytes have more cell death at time = 0, the rate of viability loss in culture

over time is comparable to control cells (Fig. 3B, solid symbols). The fact that the rate

of cell death in culture (in the absence of positive selection) is similar between

NFATc3 deficient and control thymocytes indicates that NFATc3 plays a role

specifically in the survival of thymocytes in vivo, which is not recapitulated in vitro.

Next, we stimulated thymocytes with plate-bound anti-CD3 and anti-CD28 to

mimic negative selection. Both NFATc3 deficient and control DP thymocytes die

under negative selection conditions in vitro, as shown by an increase in cell death

during the first 4 hours in culture (Fig. 3B, open symbols). Furthermore, the level of

the pro-apoptotic protein Bim, which is necessary for negative selection (26), is

comparable in NFATc3f/f; Lck-Cre+  and NFATc3f/f control thymocytes (Fig. 3C, top

left) and increased but comparable between NFATc3 deficient and control

thymocytes under anti-CD3/anti-CD28 stimulated conditions (data not shown).

Therefore, we conclude that negative selection is unaffected in the absence of

NFATc3. In contrast to what has been reported for mice with germ-line deletion of

NFATc3 (20), we found no change in Bcl-2 levels between NFATc3 deficient and

control DP or SP thymocytes (Fig. 3C, bottom right and data not shown). Pro-survival

Bcl-2 family members Bcl-xL and Mcl-1 are also unaffected by NFATc3 deficiency

(Fig. 3C, top right and bottom left histograms). Thus, we conclude that the increased

apoptosis observed in NFATc3 deficient thymocytes is at least in part due to

increased ‘death by neglect’ as a result of the defect in positive selection and defect in

TCR signaling and that the expression of Bcl-2 family members does not contribute

to this cell death phenotype. Together, these data are consistent with the fact that the

calcineurin-NFAT signaling pathway is necessary for positive selection, but is not

involved in negative selection (5, 27).
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NFATc2 deficiency does not enhance the block in positive selection or the block

at DN3

Because the defect in positive selection is complete in the absence of

calcineurin B1 (5), but incomplete in the absence of NFATc3 (Fig. 2B), other NFAT

family members must also play a role unless calcineurin has other, unknown targets.

Two lines of NFATc2 null mice have been generated and it has been shown that

NFATc2 is dispensable for thymocyte development (18, 19). However, it is possible

that NFATc2 contributes to the signaling required for pre-TCR induced DN

developmental progression and positive selection. We therefore bred NFATc2-/- mice

Figure 4. NFATc2 deficiency does not enhance the block in positive selection or the block at DN3
(A) Flow cytometry analysis of NFATc3f/f and NFATc3f/f; Lck-Cre+ thymocytes in the presence or
absence of NFATc2 protein (top row). Bottom row: Annexin V analysis of DP thymocytes from mice
with genotypes as in the top row. (B) Flow cytometry analysis as in (A) of lineage negative (CD4-,
CD8-, B220-, Ly-6G-, CD11b- and TER119-) thymocytes. Development of double negative thymocytes
progresses as follows: CD44+ CD25- (DN1), CD44+ CD25+ (DN2), CD44- CD25+ (DN3), CD44-

CD25- (DN4).
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(19) with our NFATc3f/f mice, again in the presence or absence of the Lck-Cre

transgene. We did not observe any defect in thymocyte development in NFATc2-/-

mice (Fig. 4, A and B, third plot). When both NFATc2 and NFATc3 are absent from

thymocytes, the defect in positive selection is not more pronounced than in NFATc3

deficient thymocytes as shown by CD4 and CD8 SP percentages (Fig. 4A, top row,

second and fourth plots), TCRβhi and CD69hi DP percentages (data not shown) and

Annexin V+ DP percentages (Fig. 4A, bottom row). While NFATc2 knock-out

thymocytes do not exhibit initial decreased viability at t=0, the rate of viability loss in

culture of NFATc2 deficient and NFATc2/c3 double deficient thymocytes is slightly

increased compared to NFATc3 deficient or control thymocytes (Fig. 4A, bottom row

and data not shown). This indicates that in contrast to NFATc3, NFATc2 contributes

to thymocyte survival in culture.

Similar to the positive selection defect, the partial block at DN3 does not

become more severe in NFATc2/c3 double deficient thymocytes (Fig. 4B). However,

double deficient thymocytes have increased DN1 and subsequently more severely

decreased DN4 populations that are not observed in either NFATc2 or NFATc3

Figure 5. Active NFATc1 drives the development of DN to DP thymocytes in the absence of pre-
TCR signaling
(A) Flow cytometry analysis of thymocytes from Rag2-/-, Rag2-/-;NFATc1nuc, and Rag2-/-;NFATc1nuc

Doxycycline (DOX) suppressed mice. (B) CD5 histograms of DN and DP thymocytes from mice in
(A).
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deficient thymocytes. Therefore, NFATc2 plays a redundant role in DN thymocyte

development that only comes to light when both NFATc2 and NFATc3 are absent,

but NFATc2 does not contribute to positive selection. This is illustrated not only by

the fact that NFATc2 null mice do not have a positive selection defect, but also by the

fact that NFATc2 does not compensate for the lack of NFATc3 since the observed

defect in positive selection is not more severe in double deficient thymocytes than in

NFATc3 deficient thymocytes.

Active NFATc1 drives the development of DN to DP thymocytes in the absence

of pre-TCR signaling

Because positive selection neither requires NFATc2 ((18, 19) and Fig. 4) nor

NFATc4 due to its absence in thymocytes (Fig. 1F), we next focused on NFATc1.

Even though NFATc1-/- Rag2-/- chimeric mice (in which the lymphoid compartment

completely consists of NFATc1 deficient cells) have no defect in positive selection,

delayed lymphoid reconstitution and consequently lower numbers of thymocytes were

observed (16, 17). Therefore, it is still unclear whether DN thymocyte development is

affected in NFATc1 deficient thymocytes. In either case, NFATc1 and NFATc3

double deficient thymocytes could very well cause the complete block in positive

selection seen in calcineurin deficient thymocytes (5). However, NFATc1 null mice

are embryonic lethal due to cardiac valve defects (28, 29) and conditional alleles are

not yet available. Instead, we made use of mice expressing a constitutively active,

nuclear NFATc1 under the control of the tetracycline-responsive operator (tetO) that

were bred to Eµ-tTA mice. The tetO-driven expression of active NFATc1 can be

suppressed with doxycycline. These mice have been described and are referred to as

NFATc1nuc mice (8). Surprisingly, when NFATc1nuc mice were bred onto the Rag2-/-

background, in which no TCR rearrangement, no TCR signaling, and consequently no

thymocyte development takes place, approximately 4-30% DP thymocytes appeared

(Fig. 5A, middle panel). These DP thymocytes express CD5 (Fig. 5B, middle panel)

and CD90, but lack TCRβ (data not shown). The development of these cells is

suppressed when the mice are treated with doxycycline to turn off NFATc1nuc

expression (Fig. 5, A and B, third plot). The results suggest that active NFATc1

bypasses the need for pre-TCR signaling and rescues, albeit to a limited extent, the

DN to DP thymocyte transition. The fact that nuclear NFATc1 is (at least partly)
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sufficient for the DN-to-DP transition points to the possibility of NFATc1 responding

to (pre-)TCR signaling and contributing to DN development and potentially positive

selection in the absence of NFATc3, thus explaining the incomplete thymocyte

development block in NFATc3f/f; Lck-Cre+ mice.

DISCUSSION

We have examined the role of the transcription factor NFATc3 in thymocyte

development by specific deletion of NFATc3 from thymocytes. Given that the

phosphatase calcineurin regulates NFATc nuclear translocation and is necessary for

positive selection (5), it is likely that one or more NFATc transcription factors

regulate thymocyte positive selection. Of the four Ca2+/calcineurin dependent NFATc

family members, three (NFATc1, NFATc2 and NFATc3) are expressed in the

immune system ((30) and Fig. 1F). Because NFATc3 deficient thymocytes only

exhibit a partial defect in positive selection, we hypothesized that other NFATc

family members play redundant roles and may compensate for the lack of NFATc3.

Genetic deletion of NFATc2 does not cause a defect in thymocyte development (18,

19) and does not enhance the defect in NFATc3 deficient thymocytes (Fig. 4). This

indicates that among NFAT family members a variety of functional differences exist,

even within the lymphoid lineage. For example, while NFATc2 is not involved in

thymocyte development, it controls, together with NFATc1, immune responses in

peripheral T and B cells (31). In contrast, NFATc3 is expressed at its highest level in

DP thymocytes (20, 25) where it is involved in positive selection ((20) and Fig. 2).

Analysis of previously generated NFATc2/c3 double knock-out mice revealed, among

many other things, massive lymphadenopathy and splenomegaly (32), not observed in

our NFATc3f/f; Lck-Cre+ ; NFATc2-/- mice. The difference can be explained by the fact

that in our mice, NFATc3 is absent only from the T cell lineage and implicates

important roles for NFATc3 in other organs as well.

NFATc1 null mice have a modest defect in the transition from DN to DP

thymocytes (16, 17) and therefore NFATc1 could be involved in a redundant manner

with NFATc3. Our data show that a constitutively active form of NFATc1 can drive

DN thymocyte development to the DP stage in the absence of pre-TCR signaling (Fig.

5). Additionally, pre-TCR signaling has been correlated with a rise in cytosolic Ca2+

concentration and NFAT activation (33). This suggests that NFATc1, together with



Thesis 2007 Kirsten Canté-Barrett

46

NFATc3, regulates thymocyte development. Thymocyte specific deletion of both

NFATc1 and NFATc3 would decisively answer the question of whether positive

selection is blocked as efficiently in NFATc1/c3 double deficient thymocytes as in

calcineurin deficient thymocytes (5).

Our work shows that freshly isolated NFATc3 deficient thymocytes initially

exhibit more apoptosis (Fig. 3, A and B, at 0 h), but we find that the rate of cell death

in culture is the same between NFATc3-deficient and control DP thymocytes (Fig.

3B). This discrepancy can at least partly be explained by the fact that in vivo, DP

thymocytes with a TCR signaling defect fail to undergo positive selection and die by

“death by neglect”. In vitro however, no positive selection takes place and all

thymocytes undergo death by neglect at the same rate. If NFATc3 were a general

survival factor, the NFATc3 deficient thymocytes would show an increased rate of

cell death in culture. Interestingly, NFATc2 deficient thymocytes have a slightly

increased rate of cell death in culture, but do not have increased cell death at t=0 (Fig.

4A and data not shown). These observations indicate that NFATc2 plays a role in

thymocyte survival in culture and are consistent with the fact that NFATc2 is not

involved in positive selection.

Additionally, none of the Bcl-2 family members involved in general cell

death/survival that were analyzed are differentially expressed between NFATc3

deficient and control DP thymocytes (Fig. 3C). In essence, thymocytes lacking

NFATc3 are equivalent to cells without effective TCR gene recombination or

effective TCR expression and hence do not receive an effective positive selection

signal. We therefore conclude that decreased thymocyte viability in the absence of

NFATc3 is a result of the defect in positive selection, and not vice versa.
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CHAPTER III

Thymocyte Negative Selection Is Mediated by PKC- and Ca2+-

Dependent Transcriptional Induction of Bim

Canté-Barrett, K., E. M. Gallo, M. M. Winslow, and G. R. Crabtree. 2006.
Thymocyte negative selection is mediated by protein kinase C- and Ca2+-dependent
transcriptional induction of bim. J Immunol 176:2299-2306.
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ABSTRACT

The processes of positive and negative selection in the thymus both determine the

population of T cells that will enter the peripheral immune system and eliminate self-

reactive T cells by apoptosis. Substantial evidence indicates that T cell receptor signal

intensity mediates this cell fate choice: low-intensity signals lead to survival and

differentiation, whereas high-intensity signals generated by self-antigen lead to cell

death. The molecular mechanism by which these graded signals are converted to

discrete outcomes is not understood. Positive selection requires the Ca2+-dependent

phosphatase calcineurin, whereas negative selection requires the pro-apoptotic Bcl-2

family member Bim. Here we investigated the regulation of Bim expression and the

role of Ca2+ in mediating negative selection. Our results show that transcription is

necessary for both negative selection and Bim induction. Surprisingly, we also found

that Ca2+ is necessary for Bim induction. Induction of bim transcription appears to

involve PKC, but not calcineurin, JNK, p38 MAPK or MEK. These results localize

the decision point in positive versus negative selection to a step downstream of Ca2+

signaling and suggest that negative selection signals induce Ca2+-dependent bim

transcription through PKC.
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INTRODUCTION

Developmental cell fate decisions are often made on the basis of signal

intensity, yet relatively little is known about how these graded signals are converted

to non-overlapping cell fates. For example, this analog-to-digital conversion is seen in

sonic hedgehog and bone morphogenetic protein signaling, where genetic studies

indicate that all components of these signaling pathways are required for all fates and

that the mechanisms converting graded signals to discreet outcomes involves cross

regulation between transcription factors downstream of the pathway (1, 2). In

contrast, our current understanding of T lymphocyte development is that the pathways

for positive and negative selection appear to diverge, with a Bim-dependent pathway

leading to negative selection and calcineurin- and ERK-dependent pathways leading

to positive selection. While other proteins are critical for negative selection, present

data indicate that Bim is a final common mediator of cell death in these pathways and

is both necessary and sufficient for cell death (3-6).

Substantial evidence now supports the notion that self antigens induce a strong

T cell receptor signal, leading to death of self-reactive thymocytes, whereas weaker

signals produced by the binding of self-MHC lead to cell survival, differentiation and

entry into the peripheral immune system (reviewed in (7)). Thus, the currently

accepted view is that the affinity and avidity between MHC/peptide and TCR

determines the ultimate fate of the developing T lymphocyte.

One approach to understanding how signals of different intensity can produce

radically different fates would be to identify the proteins critical for both positive and

negative selection versus those needed for one cell fate but not the other. Signal

transduction through the TCR involves a number of proteins common to both the

positive and negative selection pathways, including the tyrosine kinases lck and ZAP-

70, Tec kinases, the adaptor proteins SLP-76 and LAT, and the guanine nucleotide

exchange factor Vav (8-13). Bouillet and colleagues (3) showed that Bim (Bcl-2-

interacting mediator of cell death) is required for negative selection of immature

CD4/CD8 double positive (DP) thymocytes, but does not play a role in positive

selection. In contrast, thymocytes lacking calcineurin b1 have a complete block in

positive selection but exhibit normal negative selection (14). Moreover, thymocytes

lacking ERK or SAP-1 function have a reduction in positive selection (15-20). Thus,

the current view is that low-intensity signals lead to positive selection via calcineurin
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and ERK, whereas high-intensity signals trigger the dominant negative selection

pathway via the pro-apoptotic proteins Bim and Bak/Bax (3, 21).

During negative selection, DP thymocytes undergo apoptosis. The Bcl-2

family of proteins consists of both pro-survival and pro-apoptotic proteins and these

proteins are crucial in regulating apoptosis by controlling mitochondrial damage and

the subsequent activation of caspases. One subset of Bcl-2 family members contains

only the third Bcl-2 homology domain and all of these BH3-only proteins discovered

to date have a pro-apoptotic effect. Different apoptotic stimuli trigger apoptosis

through activation of different BH3-only proteins (reviewed in (22)). The pro-

apoptotic BH3-only protein Bim is essential for apoptosis after T and B cell antigen-

receptor crosslinking (23, 24), as well as for apoptosis after cytokine withdrawal in

several cell types (25, 26). Importantly, as little as a 2-fold increase in Bim appears to

be sufficient for cell death, while bim heterozygosity reduces cell death and negative

selection (4-6). Thus Bim appears to be a highly dosage-sensitive and genetically

dominant regulator of cell death, most likely acting downstream of other important

regulators.

Here, we explored the mechanism by which Bim is induced during negative

selection upon strong TCR activation. In contrast to previous studies indicating the

involvement of post-translational modifications (27, 28), we show that transcription

of bim is necessary for negative selection of DP thymocytes. Consistent with the

requirement of Ca2+ in negative selection (29, 30), we show that Ca2+ also plays a

critical role in Bim induction. This provides evidence that the decision for positive or

negative selection is made at or downstream of Ca2+. Finally, we present evidence that

the Ca2+-activated kinase PKC plays a role in regulating Bim expression and

mediating negative selection. Based on these data, we present a model for cell-fate

determination of DP thymocytes, in which Ca2+ plays a central role in both pathways

and leads to induction of bim transcription in negative selection.

MATERIALS AND METHODS

Mice
C57BL/6 mice between 6 and 10 weeks of age were used in all experiments,

unless otherwise noted. Mice were maintained in the animal facility of Stanford
University in accordance with federal and institutional guidelines. The conditional
calcineurin b1 (Cnb1) mice have been described (14). OT-I transgenic mice (31) on
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the TAP0 background were a generous gift from K.A. Hogquist (University of
Minnesota, Minneapolis, MN).

Cells and reagents
Thymocytes were obtained by straining the whole thymus through a 70-µm

nylon cell strainer. In all experiments, cells were incubated at 37°C/5% CO2 in RPMI
containing 10% FBS supplemented with penicillin, streptomycin, L-glutamine,
sodium pyruvate, non-essential amino acids, β-mercaptoethanol and HEPES (pH 7.4).
For peptide stimulation, EIINFEKL and SIINFEKL peptides (Anaspec) were
incubated at 2 µM with CH27-H2Kb cells (CH27 cell line transfected with H-2Kb

(32), provided by M.M. Davis, Stanford University, Stanford, CA) for 2 hours. Cells
were then washed and fixed with 0.1% gluteraldehyde. The OT-I/TAP0 thymocytes
were added in a 2:1 ratio to the fixed APCs. In vivo stimulation was done by
intraperitoneally injecting 50 µg anti-CD3ε antibody (145-2C11; BD Biosciences), 24
and 44 hours before thymocytes were harvested. For in vitro antibody stimulation,
tissue culture plates were coated with 10 µg/ml anti-CD3ε (145-2C11; BD
Biosciences) and 50 µg/ml of anti-CD28 (37.51; BD Biosciences) in PBS overnight at
4°C. The antibody solution was removed prior to the addition of thymocytes.
Incubations with PMA (25 or 50 ng/ml), ionomycin (0.5 µM) and thapsigargin (5-50
nM) (Calbiochem) were done for 3 hours. Calcium chelators EGTA (4 mM) and
BAPTA-AM (100 µM; Molecular Probes) and 5,6-Dichlorobenzimidazole Riboside
(DRB), Gö 6976 (up to 1 µM), Gö 6850 (1 µM), Gö 6983 (1 µM), JNK inhibitor I (20
µM), p38 MAPK inhibitor III (7.6 µM) and the MEK inhibitor U0126 (1.4 µM) (all
from Calbiochem) were added to the cells in pre-warmed medium. EGTA and the
inhibitors were present for 20 minutes prior to and throughout the experiment, unless
otherwise noted. DRB was removed at indicated time points by replacing the medium
on the cells. BAPTA-AM was washed out after the pre-incubation time of 20 minutes.

Flow cytometry
Antibodies used for flow cytometry analysis were anti-CD4 (H129.19; BD

Biosciences) and anti-CD8a (53-6.7; BD Biosciences). All flow cytometry data are
presented as all-points histograms of CD4/CD8 double-positive (DP) thymocytes.
Annexin V (BD Biosciences) and CMX-Rosamine (Molecular Probes) were used to
quantify dying and viable cells respectively. CMX-Rosamine stains mitochondria of
live cells and thus CMX positive cells indicate the viable population, measured as a
percentage of the viability at 0 hours. Staining was done according to standard
procedures following the manufacturer’s recommendations. For intracellular Bim
staining, cells were first stained for CD4 and CD8, then fixed at RT with 4%
formaldehyde in PBS. All subsequent steps were performed on ice and in 0.3%
(permeabilization step) or 0.1% saponin (wash and incubation steps), 5% FBS and 10
mM HEPES (pH 7.4) in PBS. Cells were permeabilized for 30 minutes followed by
an incubation of 1 hour with anti-Bim (1:200; Stressgen) and a secondary incubation
of 30 minutes with (1:100) PE-conjugated anti-rabbit IgG (Jackson).

Western blotting
Total cell lysates from 1–5x106 thymocytes were prepared in RIPA buffer,

typically after 3 or 4 hours of stimulation and/or treatment in culture. For the
experiment shown in Fig. 1D, CD4/CD8 double-positive thymocytes were sorted
before lysates were prepared. For the experiment shown in Fig. 4A, thymocytes were
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enriched using CD8 MACS beads (Miltenyi Biotec) before lysates were prepared.
Lysates were resolved on 4–12% gradient Bis-Tris NuPage gels (Invitrogen) and
transferred to PVDF. The antibodies used were: rabbit anti-Bim (1:1000, Stressgen),
rabbit anti-Egr1 (1:200, Santa Cruz Biotechnologies), rabbit anti-phospho-ERK1/2
(1:1000, Cell Signaling), goat anti-calcineurin b1 (1:1000, Santa Cruz
Biotechnologies), rabbit anti-actin (1:2500, Sigma) and mouse anti-Hsp90 (1:2500,
BD Biosciences). Signal was detected with enhanced chemiluminescence followed by
exposure to autoradiograph film. For all Western blots, a longer exposure was
necessary to visualize BimS. In Fig. 3, a separate exposure for BimL, as well as for
BimS, is shown.

Ribonuclease protection assay
Total RNA from non-stimulated and stimulated thymocytes was purified with

an RNA isolation kit (Roche). One microgram of total RNA per sample was
hybridized with bim and L32 probes, using the RPA III kit (Ambion). A 246
nucleotide bim probe, which spans exons 5 and 6, and a 94 nucleotide L32 probe
against the large ribosomal subunit were synthesized using [α-32P]UTP (Amersham)
in a transcription reaction using an RNA labeling kit (Roche). After the assay,
samples were run on a 5.5% acrylamide/ bisacrylamide (19:1)/7 M urea gel. After
drying, the gel was exposed overnight to a PhosphorImager screen (Molecular
Dynamics). Quantitative analysis of band intensities was performed with the
ImageQuant software and the bim/L32 mRNA ratio was normalized to the 0-hour
time point. The protected bim fragment of 210 nucleotides (exons 5 and 6) is common
to the three main bim splice variants bimEL, bimL and bimS, and was used to calculate
the bim/L32 ratio. The other bim fragment (111 nt) represents bim splice variants that
contain exon 5, but lack exon 6 (33, 34).

RESULTS

Both negative selection and Bim induction require transcription

Since Bim is both necessary and sufficient for negative selection of CD4/CD8

double positive (DP) thymocytes (3), we tested whether transcription is required for

negative selection, using the rapid and reversible transcription inhibitor 5,6-

Dichlorobenzimidazole Riboside (DRB). To mimic negative selection, DP

thymocytes were stimulated with plate-bound anti-CD3/anti-CD28, and DRB was

applied to block transcription; apoptosis was measured by Annexin V staining 3 hours

after stimulation (Fig. 1A). Stimulation of DP thymocytes increased apoptosis (10.4%

compared to 4.1% for unstimulated cells), and this increase was completely blocked

by treatment with DRB (4.5%). As a positive control, glucocorticoid-mediated

apoptosis was induced with dexamethasone (35); dexamethasone increased apoptosis

(19.5%), and this increase was completely blocked by DRB (4.5%).
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We also tested the ability of DRB to maintain cell viability following antibody

stimulation, using the mitochondrial dye CMX-Rosamine (Fig. 1B). Consistent with

Figure 1. Both negative
selection and Bim induction
require transcription
(A) Flow cytometric analysis of
CD4/CD8 double-positive (DP)
thymocytes with or without 3
hours of stimulation by plate-
bound anti-CD3/anti-CD28 or
100 nM dexamethasone, using
Annexin V staining as a marker
for apoptosis. Stimulation-
induced  apop tos i s  was
completely blocked by 125 µM
DRB. (B) Time course of viable
DP thymocytes, measured by
flow cytometry using the
mitochondrial  dye CMX-
Rosamine and expressed as a
percen tage .  Data  were
normalized to the 0-hour time
point, which was set as 100%
viabil i ty .  Solid symbols,
unstimulated; open symbols,
stimulation with plate-bound
anti-CD3/anti-CD28. Black
symbols, without DRB; gray
symbols, with DRB present
during the experiment as
indicated by the solid gray bar.
This experiment was done in
triplicate, and data are presented
as mean ± SD. (C) From the
same experiment as in A, total
thymocytes were lysed for
Western blot analysis. In this and
subsequent blots, actin was
probed as a loading control,
unless otherwise indicated. (D)
Western blot analysis of DP
thymocyte lysates of mice that
were intraperitoneally injected
24 and 44 hours earlier with
anti-CD3. Hsp90 shows equal
loading.
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increased percentages of Annexin V positive cells, three hours after stimulation DP

thymocyte viability was reduced (Fig. 1B, black open circles). DRB (gray lines)

protected thymocytes from apoptosis, and this effect was reversed after DRB removal

(right panel in Fig. 1B), providing further evidence that transcription is necessary for

negative selection.

Having shown that transcription is required for negative selection in DP

thymocytes, we examined whether Bim itself is induced upon stimulation. Samples

from the experiment in Fig. 1A were used for Western-blot analysis (Fig. 1C). Both

plate-bound antibody stimulation and dexamethasone treatment caused increased

levels of BimL and BimS, two Bim isoforms with the strongest apoptotic activity (4).

Consistent with the in vitro induction of Bim, injecting anti-CD3 antibody as an in

vivo model of negative selection also caused increased Bim levels ((3) and Fig. 1D).

In contrast with what was reported recently (36), we found that Bim levels in DP

thymocytes increased 24 and 44 hours after intraperitoneal injection of anti-CD3

antibody (Fig. 1D). As with apoptosis and cell viability, DRB completely blocked

Bim induction following both antibody stimulation and dexamethasone treatment in

vitro, suggesting that transcription of bim is necessary for apoptosis, and therefore

negative selection. It is interesting to note that DRB also maintained the viability of

unstimulated thymocytes (Fig. 1B) and reduced Bim levels compared to unstimulated

cells in the absence of DRB (Fig. 1C), presumably because thymocytes in a

suboptimal in vitro environment undergo apoptosis through transcriptional induction

of Bim.

bim mRNA levels increase following plate-bound antibody stimulation

For other cell types, post-translation modifications or protein-protein

interactions are believed to regulate Bim activity (27, 37). However, our results with

DRB suggest that, in thymocytes, stimulation increases bim transcription. Therefore,

increased bim message should be detectable following antibody stimulation. We used

an RNase protection assay to measure bim message levels 1, 3 and 6 hours following

stimulation (Fig. 2). At all time-points stimulated thymocytes had higher levels of bim

mRNA compared to unstimulated cells. As an internal control, L32 mRNA was also

measured, and used to normalize bim message levels (Fig. 2B). At 1 hour, the bim

mRNA level in stimulated thymocytes was about 2.5-fold that of unstimulated
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thymocytes, consistent with the increased Bim protein we observed at 3 hours (Fig.

1C). A similar increase in bim message was seen when measured by real time PCR

(our unpublished data). We also observed increased bim mRNA in unstimulated

thymocytes after 1 hour in culture (Fig. 2), consistent with increased cell death in the

absence of stimulation (Fig. 1A,B).

Our results with DRB suggest that the increased bim mRNA in stimulated

thymocytes is likely the result of increased bim transcription, and not simply

increased stability of bim mRNA. This was confirmed by inhibiting transcription in

unstimulated thymocytes and measuring bim mRNA at time points ranging from 15

Figure 2. bim mRNA levels increase following plate-bound anti-CD3/anti-CD28 stimulation
(A) RNase protection assay of bim mRNA using a 246 nucleotide (nt) probe which protects two
fragments (210 and 111 nt; see Methods). The upper bim band (210 nt) represents the protected
fragment common to the three main bim splice variants bimEL, bimL and bimS. The lower bim band
(111 nt) represents other bim splice variants. A 94 nt probe which protects as 78 nt fragment of the
large ribosomal subunit L32 was used as a loading control. Negative and positive controls included
yeast RNA treated with or without RNase after the hybridization step, respectively. –, unstimulated;
+, anti-CD3/anti-CD28 stimulation for the times indicated. (B) The ratio of 210 nt protected bim
bands to their respective protected L32 bands in (A) was determined, and normalized to the 0-hour
time point.
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minutes to 3 hours. We found that under these conditions, bim mRNA levels were

unchanged (our unpublished data). From this we conclude that increased bim mRNA

(and thus protein) in stimulated thymocytes is not the result of bim mRNA

stabilization, but represents an increase in bim transcription. Although the increases in

bim mRNA and protein levels are modest (ranging from 2–3 fold), it is likely

sufficient to account for cell death since previous studies have shown that cells are

highly sensitive to Bim levels and that a 2-fold change can dramatically affect cell

death (4, 5).

Calcium is necessary for Bim induction in DP thymocytes

In developing thymocytes, Ca2+ influx and calcineurin activation are necessary

for positive selection, whereas calcineurin is not required for negative selection (14).

To determine the role of Ca2+ in negative selection, we tested the effect of Ca2+

chelators on Bim induction following antibody stimulation. Bim levels were

measured by both Western blot analysis and intracellular Bim staining followed by

flow cytometry. The chelators EGTA (4 mM) and BAPTA-AM (100 µM) were used

to capture extra- and intracellular Ca2+, respectively. Treatment with either EGTA or

BAPTA-AM alone partially blocked Bim induction, while co-treatment with EGTA

and BAPTA-AM completely blocked Bim induction (Fig. 3A,B). Moreover, chelating

Ca2+ reduced Bim levels in unstimulated cells after 3 hours in culture. These results

implicate both intracellular and extracellular Ca2+ in Bim expression. Consistent with

this notion, real time PCR analysis revealed decreased bim mRNA levels in

stimulated thymocytes treated with EGTA and BAPTA-AM for 1 hour (our

unpublished data). We therefore conclude that, in addition to playing a critical role in

positive selection, Ca2+ is also necessary for inducing bim in thymocytes during

negative selection.

We next asked whether increased intracellular Ca2+ is sufficient to induce Bim,

using the endoplasmic Ca2+-ATPase inhibitor thapsigargin to induce increased

cytosolic [Ca2+]. Even at 50 nM, well above its IC50, thapsigargin failed to increase

Bim levels after 3 hours (Fig. 3C). Thus, simply raising cytosolic [Ca2+] does not

appear to be sufficient to induce Bim.
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Calcineurin is not required for Bim induction

As mentioned above, calcineurin does not play a role in negative selection.

Thus, calcineurin should not be necessary for Bim induction following antibody

stimulation of DP thymocytes. To test this, we used a conditional knock-out mouse in

which the Calcineurin b1 subunit is specifically deleted in the thymus upon lck-cre

expression (14). Control (Cnb1f/f; lck-cre-) and Cnb1 deficient (Cnb1f/f; lck-cre+)

thymocytes showed a similar increase in Bim level 4 hours after plate-bound antibody

Figure 3. Calcium is necessary for Bim induction in DP thymocytes
(A) Western blot analysis of unstimulated and stimulated thymocytes treated with or without the Ca2+

chelators EGTA and BAPTA-AM. (B) Flow cytometric analysis of DP thymocytes treated with
calcium chelators as in (A). Cells were fixed after staining for CD4/CD8, then stained for
intracellular Bim. (C) Flow cytometric analysis of DP thymocytes stained for intracellular Bim. Left
panel: Cells were either unstimulated or stimulated for 3 hours with plate-bound antibodies. Right
panel: Unstimulated cells were treated with various concentrations of thapsigargin as indicated for
three hours to increase cytosolic [Ca2+]. In this and subsequent figures, cells were stained for
intracellular Bim, and Bim staining was measured in DP thymocytes.
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stimulation (Fig. 4A,B). Unstimulated Cnb1 deficient thymocytes had slightly

increased Bim levels compared to unstimulated control thymocytes, consistent with

the moderate decrease in viability of these thymocytes in culture (14). Consistent with

Figure 4. Calcineurin is not required for Bim induction and a negative-, but not positive-selecting
ligand induces Bim
(A) Western blot analysis of CD8-enriched Cnb1f/f thymocytes. Cnb1f/f; lck-cre- (expressing
functional calcineurin) and Cnb1f/f; lck-cre+ (calcineurin deficient) thymocytes have comparable Bim
induction after anti-CD3/anti-CD28 stimulation for 4 hours. (B) Flow cytometric analysis of DP
thymocytes from the same experiment as in (A). (C) Western blot analysis of OT-I/TAP0 thymocytes
after incubating 4 hours with APCs presenting no peptide (no selection), SIINFEKL (negative
selection) or EIINFEKL (positive selection). Bim is induced only when SIINFEKL is presented. Egr-
1 induction is shown as a positive control for both peptides.
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the fact that calcineurin does not play a role in negative selection these results show

that calcineurin is not required for Bim induction.

Bim is induced by a negative-, but not positive-selecting ligand in OT-1

thymocytes

If transcription of bim is critical in the differentiation between positive and

negative selection then we would predict that positively selecting stimuli would not

induce Bim, whereas negatively selecting stimuli would. To test this we used

Figure 5. PMA and ionomycin induce Bim in thymocytes
(A) Western blot analysis of total thymocytes treated with PMA (25 ng/ml) and/or ionomycin (0.5
µM). Co-treatment with PMA and ionomycin strongly induces Bim. Egr-1 and pERK1/2 are shown
as positive controls, and Hsp90 is shown as a loading control. (B) Flow cytometric analysis of DP
thymocytes stimulated with plate-bound antibodies or treated with PMA (50 ng/ml) and/or
ionomycin (0.5 µM).
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transgenic mice carrying the OT-I TCR (31) on a TAP0 background. Thymocytes in

these mice express the OT-1 TCR but are not positively or negatively selected in vivo

due to TAP deficiency. Thus, isolated thymocytes can be driven to either positive or

negative selection by presentation of peptides on class I MHC molecules: presentation

of the agonist peptide SIINFEKL induces negative selection of these thymocytes,

while a synthetic variant with the sequence EIINFEKL induces a weak signal and

mimics positive selection (31). When co-cultured for 4 hours with antigen-presenting

cells expressing H-2Kb MHC (32), OT-I/TAP0 thymocytes presented with SIINFEKL

had increased Bim levels compared with no peptide, while presentation with

EIINFEKL did not induce Bim (Fig. 4C). As expected for positive selection,

EIINFEKL presentation led to Egr-1 induction (Fig. 4C) and ERK phosphorylation

(38-40), as well as CD69 induction (our unpublished data). From these data, we

conclude that Bim induction is specific for the negative selection pathway of

thymocyte development.

PKC inhibitors block anti-CD3/anti-CD28–dependent Bim induction and

apoptosis

Since our thapsigargin experiments suggested that increased cytosolic [Ca2+] is

not sufficient to induce Bim, some other factor(s) might be necessary for inducing

Bim and negative selection. The phorbol ester PMA is commonly used in

combination with the Ca2+ ionophore ionomycin to activate T cells (41). As with T

cells, Egr-1 and pERK1/2 were induced in thymocytes after treatment with PMA and

ionomycin (Fig. 5A). We therefore hypothesized that co-treatment with PMA and

ionomycin would mimic negative selection and induce Bim in thymocytes. PMA

treatment alone caused moderate Bim induction, while ionomycin only slightly

induced Bim (Fig. 5A,B). However, treatment with both PMA and ionomycin

increased Bim to a comparable or even greater level than stimulation with anti-

CD3/anti-CD28 (Fig. 5B), suggesting that PMA and ionomycin treatment is sufficient

to induce negative selection.

PMA is a diacylglycerol analog commonly used to activate protein kinase C

(PKC), and thus the ability of PMA to induce Bim in thymocytes implicates PKC in

the negative selection pathway. Therefore, we tested the effect of three selective PKC

inhibitors (42-44) on Bim induction and apoptosis during plate-bound antibody
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stimulation. The inhibitor Gö 6976 blocked Bim induction in a dose-dependent

manner, with 1 µM sufficient for a complete block (Fig. 6A,B). Similar results were

obtained with 1 µM Gö 6850 and Gö 6983. In contrast, Egr-1 induction was not fully

Figure 6. PKC inhibitors
b l o c k  a n t i - C D 3 / a n t i -
CD28–induced Bim
(A) Western blot analysis of
thymocytes shows that Bim
induction by plate-bound anti-
CD3/anti-CD28 is blocked in
the presence of increasing
amounts of the PKC inhibitor
Gö 6976. In contrast, Egr-1
induction is not fully blocked
by Gö 6976. (B) Top row: flow
cytometric analysis of DP
thymocytes from the same
experiment as in (A). In
d i f f e r e n t  e x p e r i m e n t s ,
additional kinase inhibitors
were tested for their effect on
Bim induction. Middle row:
PKC inhibitors Gö 6976, Gö
6850 and Gö 6983 (each at 1
µM) all blocked Bim induction.
Bottom row: JNK inhibitor I
(20 µM), p38 MAPK inhibitor
III (7.6 µM) and the MEK
inhibitor U0126 (1.4 µM) did
not inhibit Bim induction. (C)
Flow cytometric analysis of
unstimulated (top row) and
p l a t e - b o u n d  a n t i b o d y
stimulated (middle row) DP
thymocytes. PKC inhibitors Gö
6976, Gö 6850 and Gö 6983
(each at 1 µM) all blocked
plate-bound antibody induced
apoptosis, as measured by
Annexin V staining. The MEK
inhibitor U0126 (1.4 µM) had
no effect on apoptosis.
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blocked by these inhibitors, consistent with its selective role in positive selection. To

examine the role of other kinases in Bim induction, we tested inhibitors of JNK, p38

MAPK and MEK, and found that blocking each of these kinases had no effect on Bim

induction following antibody stimulation (Fig. 6B). Consistent with the block in Bim

induction, all three PKC inhibitors also blocked thymocyte apoptosis after plate-

bound antibody stimulation, whereas JNK, p38 MAPK and MEK inhibitors had no

effect on cell death (Fig. 6C and not shown).

It was shown previously that activation of the ERK1/2 pathway

phosphorylates and degrades BimEL (45, 46). Indeed, we found that BimEL was

phosphorylated upon stimulation (see Figs. 4A,C, 5A and 6A). This phosphorylation

was blocked by the MEK inhibitor U0126 (our unpublished data), while Bim

induction was unaffected by this inhibitor (Fig. 6B). This suggests that while

phosphorylation of BimEL through the ERK1/2 pathway does occur in thymocytes

upon stimulation, it does not affect Bim levels.

DISCUSSION

The currently accepted view of positive and negative selection is that weak

TCR signals lead to positive selection and cell survival, while strong signals lead to

negative selection by apoptosis. In the present study we investigated the mechanism

of negative selection, focusing on the regulation of the pro-apoptotic protein Bim. Our

data are consistent with a model in which strong TCR activation triggers a Ca2+-

dependent pathway involving PKC activation and subsequent transcriptional

induction of Bim (Fig. 7). Surprisingly, we found that cells undergoing negative

selection have only a modest increase in Bim levels, approximately 2- to 3-fold.

However, this small increase in Bim protein appears to be sufficient to induce cell

death, suggesting that thymocytes are extremely sensitive to apoptotic signals. Two

previous observations support this conclusion. First, mice haploid for bim have

reduced negative selection (6), and secondly, overexpression studies have shown that

only a small increase in Bim protein levels induces cell death (4, 5). Therefore, we

conclude that, in DP thymocytes, transcriptional induction of bim is the primary

mechanism leading to increased levels of Bim.

Previous studies have reported protein-protein interactions or post-

translational modifications as a means of controlling Bim levels. Association of Bim
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with the dynein motor complex through binding the dynein light chain (LC8) has

been suggested (27); however we found no evidence of such an interaction in

thymocytes (our unpublished data). Additionally, several studies have called attention

to phosphorylation of BimEL by ERK1/2 after survival signals, which in turn results in

ubiquitination and proteosome degradation, thereby decreasing Bim protein levels and

protecting the cell from apoptosis (28, 37, 45, 46). Even though this mechanism keeps

Bim levels low in other cell types such as neurons, we have not observed proteolytic

regulation in thymocytes (our unpublished data). Thus, withdrawal of survival signals

leads to apoptosis by both transcriptional regulation of Bim, as well as Bim

accumulation due to reduced proteolysis. In thymocytes, however, negative selection

appears to use a different pathway induced by antigen-receptor crosslinking and

requires bim transcription. Our data are in agreement with microarray analysis in

NOD mice, which showed defective bim mRNA induction correlating with impaired

negative selection in these mice (47, 48).

What factor(s) might regulate bim transcription in thymocytes? One candidate

is the forkhead transcription factor FOXO3A, which responds to IL-3 or neurotrophin

Figure 7. Model for signal discrimination in negative versus positive selection, with Ca2+ as a key
player in both pathways
The two pathways diverge downstream of proximal signaling molecules required for both positive
and negative selection. A high-intensity signal through the TCR leads to negative selection of
thymocytes through Ca2+-dependent PKC activation and subsequent bim transcription. This pathway
is dominant over the calcineurin and ERK pathways for positive selection. PKC activation and
subsequent Bim induction may require higher Ca2+ levels than are necessary for calcineurin
activation. Alternatively, negative selection could induce PKC activation through a conformational
change at the TCR (faint dashed arrow). Our model allows for both possibilities. A putative
transcription factor X is believed to drive bim transcription upon negative selection. In addition to
Bim, MINK and Grb2 have been implicated in negative selection (63, 64).
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withdrawal (25, 26). However, our preliminary studies with the Bim promoter, which

contains one FOXO3A binding site and drives expression in HEK-293T cells (49),

suggest that it does not respond to negative selection stimuli in thymocytes (our

unpublished data). Therefore, in thymocytes, additional transcription factor(s) or

regulatory elements (which we call Factor X in Fig. 7) may be necessary to induce

bim transcription.

In addition to requiring transcription, we found that both Bim induction and

thymocyte apoptosis require PKC activity, as demonstrated by three different PKC

inhibitors. All three inhibitors (Gö 6976, Gö 6850 and Gö 6983) block at least PKCα

and βI, conventional isoforms that are activated by diacylglycerol and Ca2+. Previous

work has indicated that Gö 6850 and Gö 6976 (partially) inhibit thymocyte death

induced by anti-CD3 and anti-CD28 antibodies (50). Furthermore, experiments with

PKC knockout mice have ruled out PKCβ and PKCε in T cell development and

signaling (51, 52), leading us to propose that PKCα is the most likely isoform

involved in Bim induction. However, we cannot exclude the possibility that other

PKC isoforms, such as PKCθ (50, 53, 54), are involved in negative selection.

Consistent with the requirement for a Ca2+-dependent PKC isoform, we found

that Bim induction is Ca2+-dependent. Moreover, the Ca2+-dependent phosphatase

calcineurin, which is necessary for positive selection, is required neither for negative

selection (14) nor Bim induction. Thus, Ca2+ is common to both pathways and may

serve as the final decision point sorting signals to distinct cell fates.

Weak TCR signals activate calcineurin, leading to positive selection; strong

signals additionally induce Ca2+-dependent PKC activation, Bim and cell death, which

is dominant over positive selection. The PKC response in negative selection may be

the result of enhanced Ca2+ influx in terms of duration and/or frequency reported to

correlate with negatively selecting stimuli (55-57). If the levels of Ca2+ required to

activate PKC were higher than for calcineurin, this could be a mechanism for

discriminating the stronger negatively selecting stimuli from weaker positively

selecting signals. Alternatively, conformational changes in the TCR or associated

CD3 chains induced by negatively selecting peptides (58) might lead to PKC

activation by an unidentified mechanism; this is supported by the finding that

conformational changes in specific CD3 chains following interaction with Nck might

discriminate positive versus negative selection (59). However, the CD3ε-Nck
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interaction is not required for negative selection (60) and negatively selecting

peptides or strong agonists do not appear to induce specific conformational changes in

the TCR (61). In addition, the conformational changes induced by weak or strong

agonists are indistinguishable and not indicative of signal strength (62). Thus, we

favor a model in which the decision point in thymocyte selection is the differential

requirements for Ca2+-induced PKC activation versus calcineurin and ERK activation.
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CHAPTER IV

Defining the Genetic Regulatory Region Required for Bim

Transcription and the Contribution of PKCα to Negative

Selection in Thymocytes
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ABSTRACT

The elimination of auto-reactive thymocytes is necessary to ensure a self-tolerant

immune system and prevent autoimmune disorders. This process is called negative

selection and requires TCR signaling at the cell membrane and bim transcription in

the nucleus, but much of the signaling pathway in between remains unknown. We

have started elucidating this pathway ‘from the bottom’ by trying to identify the

transcription factor (complex) driving bim transcription during negative selection of

thymocytes. For this purpose, we aligned and compared bim genes from multiple

species to narrow down the required genetic regulatory region based on sequence

conservation. To validate this region, we created a Bim-EGFP transgenic mouse that

induces GFP in negatively selected thymocytes and thus serves as a ‘negative

selection indicator mouse’. Additionally, we attempted to uncover the negative

selection signal transduction pathway ‘from the top’ and followed up on our previous

results implicating PKC. We investigated whether PKCα knock-out mice have a

defect in Bim induction and negative selection, but the results suggest PKCα is not

solely required for either. Due to 80% identity between PKCα and PKCβ it is likely

that these kinases are redundant and that analysis of PKCα and PKCβ double knock-

out mice will reveal an impairment in Bim induction and negative selection.
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INTRODUCTION

The adaptive immune system has evolved to respond to a wide variety of

invading pathogens. Random rearrangement of gene segments results in T- and B cell

receptors with immense diversity, including those responsive to self-antigens. While

developing cells with a functional receptor need to differentiate and proliferate

(positive selection), auto-reactive cells need to be eliminated (negative selection). In

T lymphocyte development, the pathways for positive and negative selection both

require signaling through the TCR, but diverge downstream. Substantial evidence

supports the notion that thymocyte negative selection results from a TCR interacting

with high affinity and avidity to major histocompatibility complex (MHC) on antigen

presenting cells, whereas weaker interactions lead to positive selection and entry into

the peripheral immune system (reviewed in (1)). Studies using knock-out mice have

revealed that the pro-apoptotic protein Bim is necessary for negative selection (2),

while positive selection requires calcineurin and ERK (3, 4). Even though the Bim

and calcineurin/ERK pathways are each only required for one of two cell fates, both

are initiated at the TCR. Thus, TCR signals lead to the activation of a diverging

pathway that results in one of two opposing outcomes.

In a previous attempt to uncover the signaling pathway leading to negative

selection, we have shown that bim transcription is required for negative selection ((5),

Chapter III). Moreover, both Bim induction and negative selection require Ca2+ and

are blocked by PKC inhibitors, suggesting involvement of classical, Ca2+-dependent

PKC isoforms. Of these three conventional PKC isoforms, only PKCα and PKCβ are

expressed in the immune system (6, 7). PKCγ is restricted to the brain and spinal cord

(8). Although PKCβ plays a significant role in B cell development, proliferation and

survival (9), T cell development and signaling are unaffected in PKCβ knock-out

mice (10). Several studies have placed PKCα in the TCR signaling pathway (11, 12),

yet its role in T cell development remains elusive (13, 14).

In this study we follow up on our previous observations ((5), Chapter III).

First, we show that the bim promoter alone is not sufficient to drive reporter

transcription in transfected thymocytes after negative selection stimuli, even though it

is sufficient for reporter expression in a cell line (15). We subsequently find and

confirm an additional regulatory region in the bim gene with the purpose of ultimately

identifying transcription factor(s) driving bim transcription during negative selection
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of thymocytes. Second, we analyze negative selection and Bim induction in

thymocytes from PKCα deficient mice and find a partial defect in negative selection;

accordingly, Bim induction is also partially impaired. Due to the high level of identity

between PKCα and PKCβ, we predict that PKCβ can substitute for PKCα and

partially restore negative selection and Bim induction.

MATERIALS AND METHODS

Bioinformatics
Bim (gene name: Bcl2l11) gene alignment across multiple vertebrate species

was performed using the UCSC Genome Browser (http://genome.ucsc.edu/).

Mice
PKCα null mice (16) were a gift from Dr. Jeffery Molkentin (Cincinnati

Children’s Hospital Medical Center, Cincinnati, OH), HY-TCR transgenic mice ((17),
Taconic) and Bim null mice ((18), The Jackson Laboratory) have been described. In
all experiments, mice between 4 and 12 weeks of age were used. Mice were
maintained in the animal facility of Stanford University in accordance with federal
and institutional guidelines.

Cells and reagents
Thymocytes were obtained by straining the whole thymus through a 70-µm

nylon cell strainer. In all experiments, cells were incubated at 37°C/5% CO2 in RPMI
containing 10% FBS supplemented with penicillin, streptomycin, L-glutamine,
sodium pyruvate, non-essential amino acids, β-mercaptoethanol and HEPES (pH 7.4).
For in vitro antibody stimulation, tissue culture plates were coated with 10 µg/ml anti-
CD3ε (145-2C11; BD Biosciences) and 50 µg/ml of anti-CD28 (37.51; BD
Biosciences) in PBS overnight at 4°C. The antibody solution was removed prior to
the addition of thymocytes. Stimulation with plate-bound Ab or PMA (25 ng/ml) and
ionomycin (0.5 µM) was done for 3 hours. PKC inhibitors Gö 6850, Gö 6976 and Gö
6983 (each at 1 µM, Calbiochem) were present for 20 minutes prior to and throughout
the experiment.

Amaxa transfection of murine thymocytes
Thymocytes were transfected using the Mouse T Cell Nucleofector Kit

(Amaxa biosystems) according to manufacturer’s instructions. Typically, 1x107

thymocytes were transfected with a total of 4 µg DNA. An overall transfection
efficiency of ~50% of total viable thymocytes was achieved with up to 80%
efficiency in viable DP thymocytes. After ‘nucleofection’, thymocytes were incubated
for 30 min at 37°C to recover prior to the start of the experiment.

Luciferase assay
The bim promoter and extended sequences were cloned into the pGL3-Basic

luciferase reporter plasmid (Promega) using HindIII and NcoI restriction sites. From
construct #2, additional deletion constructs were made using restriction sites indicated
(Fig. 1B). 1x107 thymocytes were transfected with 4 µg of the luciferase construct and
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500 ng of the renilla luciferase plasmid as an internal control for transfection
efficiency. The dual luciferase reporter assay system (Promega) was used to measure
both luciferase and renilla luciferase activity in the same sample. As a positive
control, an NFAT-luciferase construct containing a trimerized human distal IL2
NFAT site inserted into the IL2 minimal promoter was included. After 3 hours in
culture with or without stimulation, cells were lysed in 20 µl lysis buffer. 10 µl of this
lysate was combined with 50 µl LARII substrate to measure luciferase activity, after
which 50 µl Stop&Glo buffer was added to measure renilla luciferase activity.
Luciferase values for each sample were normalized to renilla luciferase values, after
which they were normalized to the value for the unstimulated sample transfected with
pGL3-Basic (empty vector), which was set at 1.

Flow cytometry
Antibodies for surface markers and Annexin V used for flow cytometry

analysis were obtained from BD Biosciences and staining was performed according to
manufacturer’s recommendations.

Western blotting
Total thymocyte lysates were prepared on ice in RIPA buffer and loaded on 4-

12% Bis-Tris NuPage gels (Invitrogen). The antibodies used were: rabbit anti-Bim
(Stressgen) and rabbit anti-actin (Sigma-Aldrich). Signal was detected with ECL
followed by exposure to autoradiograph film.

RESULTS

Bim gene alignment reveals regions of high conservation across vertebrates

In order to identify the Bim transcription factor or factors that are required for

bim transcription during negative selection, we set out to uncover transcription factor

binding sites in or around the bim promoter using an unbiased approach. The mouse

bim gene was aligned with bim genes from other vertebrate species using the UCSC

Genome Browser. Highest conservation is generally centered around exons and 5’

and 3’ untranslated regions (Fig. 1A, top alignment). Because Bim translation starts at

the beginning of exon 2, we looked in more detail at the region starting upstream of

the bim promoter down to the start of exon 2 (Fig. 1A, bottom alignment). In addition

to the conservation of exons, there are several peaks of high conservation in both the

promoter (~800 bp, indicated by the white bar) and intron 1.

The continuous genetic region of the bim promoter, exon 1 and intron 1 is

sufficient to drive reporter expression in in vitro assays

We cloned the bim promoter into a luciferase reporter plasmid in a similar

manner as previously reported (15). In addition, 5 more constructs were cloned using
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indicated restriction sites (Fig. 1B). After 3 hours of thymocyte stimulation in vitro,

bim transcription and translation occur and Bim induction can be measured ((5),

Chapter III). Surprisingly, when the bim promoter construct (#1) was transfected into

thymocytes, no luciferase activity could be measured, even after 3 hours of

stimulation with PMA and ionomycin (Fig. 1C). When the same bim promoter

construct was transfected into the human embryonic kidney (HEK-293T) cell line,

robust luciferase activity was observed ((15) and data not shown). This indicates a

discrepancy in the way the bim promoter drives bim transcription in the cell line

where no negative selection exists, and in thymocytes that are instructed to undergo

apoptosis upon a specific signal, initiated at the TCR. Therefore, we hypothesized that

in thymocytes, at least one additional genetic regulatory region is required for bim

transcription and negative selection.

Additional sequence up to 4.1 kb upstream of the bim promoter (including the

bim promoter) also did not yield any luciferase activity from thymocyte lysates (data

not shown). However, the whole 3.35 kb sequence of bim promoter followed by exon

1 and intron 1 (construct #2) cloned into the luciferase reporter plasmid resulted in

robust luciferase activity after transfection in thymocytes (Fig. 1C). Similarly,

construct #6 and the NFAT-luciferase positive control, but not #3, 4 and 5 (Fig. 1B)

resulted in luciferase activity (Fig. 1C). Unlike NFAT-luciferase, none of the Bim-

luciferase transfected thymocytes had any additional activity after PMA and

ionomycin stimulation. We believe that this assay was not sufficient to distinguish

between unstimulated and stimulated thymocytes due to the enzymatic amplification

of the signal masking subtle differences in transcription activity.

To have a more accurate reflection of transcriptional activity, we sub-cloned

the constructs into a GFP reporter plasmid. Flow cytometry analysis revealed that

only thymocytes transfected with constructs #2 and #6 induce GFP (Fig. 1D, top

row), analogous to the luciferase results. Furthermore, increased induction of GFP

with these constructs was observed when thymocytes were stimulated with anti-

CD3/anti-CD28 or PMA/ionomycin (Fig. 1D, middle and bottom rows.) From these

in vitro screens we conclude that the bim promoter alone is not sufficient to drive bim

transcription during negative selection of thymocytes and that an additional region

between the promoter and exon 2 is required.
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Figure 1 (continued on the next page). The continuous genetic region of bim promoter, exon 1
and intron 1 is sufficient to drive reporter expression in in vitro assays
(A) Alignment of the complete (top) and part (bottom) of the bim gene across multiple vertebrate
species. Increased sequence conservation from bottom to top is indicated by conservation peaks and
correlates with increased darkness on a grayscale across the sequence of the bim gene for each
species. (B) The bim promoter and five other regions were cloned (using restriction sites indicated)
in front of luciferase and GFP reporters. Hatched constructs drive reporter expression; black
constructs have no reporter expression in thymocytes. (C) Relative luciferase activity in thymocyte
lysates, normalized to pGL3-Basic luciferase activity. Thymocytes were transfected with several of
the Bim-luciferase constructs outlined in (B) and incubated without (white) or with (black) PMA
and ionomycin stimulation for 3 hours. Transfection efficiency was controlled by co-transfecting
and normalizing to renilla luciferase activity in each sample. As a positive control, NFAT-luciferase
was included. The experiment was done in triplicate, and data are represented as mean ±SD. (D)
Flow cytometry analysis of GFP induction in transfected thymocytes after 3 hours of incubation
without stimulation (top row), plate-bound anti-CD3 and anti-CD28 stimulation (middle row) and
PMA and ionomycin stimulation (bottom row). All constructs were sub-cloned from luciferase into
EGFP reporter plasmids and thymocytes were transfected with the Bim-EGFP constructs as
outlined in (B).
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Figure 1 (continued from the previous page).
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Bim-EGFP transgenic mice induce GFP in DP thymocytes undergoing negative

selection

Although the in vitro transfection assay provides a good screening method, it

does not necessarily reflect accurately bim transcription during negative selection in

vivo. Furthermore, transfection by electroporation damages the fragile thymocytes

and results in substantial (20-40%) cell death (data not shown), possibly obscuring

GFP induction. We therefore created a Bim-EGFP transgenic mouse with the bim

promoter, exon 1 and intron 1 driving EGFP (Fig. 1B, construct #2). Even though the

analysis of transgenic thymocytes circumvented transfection-induced viability loss,

no substantial GFP induction was observed after in vitro stimulation (data not shown).

The difference in GFP expression in transgenic versus transfected thymocytes can

possibly be explained by a difference in copy number; i.e. low when inserted in the

genome versus high when a plasmid is transfected.

To truly test whether this Bim-EGFP transgene could drive GFP in

thymocytes undergoing negative selection in vivo, we crossed the transgenic mice

with HY-TCR transgenic (HY) mice (17). The HY-TCR on thymocytes from these

mice recognizes the male antigen HY. Therefore, all thymocytes in male mice will

undergo negative selection, while thymocytes in female mice undergo positive

selection. Male mice expressing both the Bim-EGFP and HY transgene (Bim-

EGFP/HY) have severely reduced total thymocyte numbers (data not shown) and an

abnormal CD4 x CD8 thymocyte profile in which virtually all DP thymocytes have

been deleted through negative selection ((17) and Fig. 2A, 3rd plot). Bim-EGFP/HY

female mice, as compared to Bim-EGFP mice lacking the HY transgene, have a

relatively normal CD4 x CD8 thymocyte profile (Fig. 2A, 1st and 2nd plots). Moreover,

the few male Bim-EGFP/HY DP thymocytes left have significantly increased GFP

expression when compared to DP thymocytes from female Bim-EGFP/HY mice and

Bim-EGFP mice lacking the HY transgene (Fig. 2B). Because the majority of Bim-

EGFP/HY DP thymocytes have been deleted through negative selection, it is possible

that higher GFP expression would be detectable in these cells had they not died.

When we analyzed these male Bim-EGFP/HY mice in the Bim null background,

more DP thymocytes are present due to the absence of negative selection (2), but the

percentage of GFP positive DP thymocytes is not greater than those from male Bim-

EGFP/HY mice in the Bim heterozygous or wild-type background (data not shown).
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Further analysis of the Bim-EGFP/HY DP thymocytes shows that the GFP

positive population is also positive for the early activation marker CD69, indicating

that the cells were stimulated (Fig. 2C, top row). In normal (HY-) mice, the very small

Figure 2. Bim-EGFP transgenic mice induce GFP in DP thymocytes undergoing negative
selection
(A) CD4 x CD8 flow cytometry analysis of Bim-EGFP mice expressing the HY-TCR (specific for
male antigen HY presented by MHC class I). The 1st plot shows CD4 x CD8 analysis from HY-

thymocytes for comparison. (B) Flow cytometry analysis of DP gated thymocytes from Bim-EGFP
mice. GFP histograms indicate percentage of DP, GFP positive thymocytes in HY- (1st plot, black
line), HY female (2nd plot, grey solid) and HY male (3rd plot, green line) mice. An overlay of these
histograms is shown in the 4th plot. (C) CD69 x GFP (top row) and Annexin V x GFP (bottom row)
flow cytometry analysis of DP thymocytes as in (B). Blue and red lines indicate CD69 and Annexin
V histograms of DP gated, HY male thymocytes, respectively (overlay-plots on the right).
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GFP+, CD69+ population corresponds with negative selected DP thymocytes that

have not been deleted yet, while the GFP-, CD69+ population corresponds with

positively selected DP thymocytes (Fig. 2C, 1st plot, top row). This shows that the

Bim-EGFP mice can be used as a tool to indicate negatively selected thymocytes.

Similar to the analysis with CD69, GFP+ DP thymocytes are also positive for

Annexin V, indicating this population is undergoing apoptosis (Fig. 2C, bottom row).

Taken together, we conclude that in these Bim-EGFP mice, GFP+ DP thymocytes are

stimulated, undergo apoptosis and are deleted by negative selection.

PKCα deficient thymocytes have a surface marker expression profile consistent

with decreased negative selection

Because our previous results implicated a role for PKCα in Bim induction and

negative selection ((5), Chapter III), we analyzed PKCα-/- mice (16). Interestingly,

PKCα-/- mice have increased percentages of CD4 and CD8 SP thymocyte subsets

corresponding with a lower DP percentage compared to control mice (Fig. 3A). A

similar increase in CD4 and CD8 SP thymocyte percentages is also observed in Bim-/-

mice where, in the absence of negative selection, increased numbers of cells undergo

positive selection (18). Additionally, PKCα deficient DP thymocytes have increased

CD69+, TCRβhi and CD5hi, TCRβhi populations indicative of increased positive

selection (Fig. 3B). Histograms of CD69, CD5 and TCRβ expression show an

increase of each of these markers on PKCα deficient DP thymocytes compared to wt

DP thymocytes (Fig. 3C). Because these markers are upregulated during positive

selection, one interpretation of these results is that PKCα deficient DP thymocytes

have increased positive selection due to impairment of negative selection.

In the absence of PKCα, DP thymocytes have increased apoptosis

While the initial results supported the model in which PKCα contributes to

negative selection, further analysis revealed contrasting results. In the absence of

PKCα, DP thymocytes have increased apoptosis as measured by Annexin V, whereas

DN, CD4 SP and CD8 SP thymocytes have a similar degree of apoptosis in the

presence or absence of PKCα (Fig. 3D). Consistent with this observation, total
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thymocyte numbers are significantly lower in PKCα-/- mice, solely due to a reduction

in DP thymocyte numbers (Fig. 3E). Moreover, absolute numbers of CD4 and CD8

SP thymocytes are similar between wt and PKCα-/- mice, suggesting normal positive

selection (Fig. 3E). While total thymocyte numbers are significantly lower in Bim-/-

mice as well (18), Annexin V staining indicated similar or slightly less apoptosis in

the absence than in the presence of Bim (data not shown). Unlike Bim deficient

thymocytes, PKCα deficient DP thymocytes have increased apoptosis and these

results suggest a role for PKCα in immature DP thymocyte survival as opposed to

negative selection.

In the majority of PKCα-/- mice, thymocytes have normal Bim induction after in

vitro stimulation

Since our previous studies with PKC inhibitors resulted in a complete block in

Bim induction ((5), Chapter III), we next asked whether Bim induction is blocked in

PKCα deficient thymocytes. Thymocytes from wt and PKCα-/- mice were left

unstimulated, were stimulated with anti-CD3/anti-CD28 for 3 hours, or stimulated in

the presence of PKC inhibitors. In 4 out of 13 experiments, we observed mild to

moderate impairment of Bim induction in PKCα deficient thymocytes, whereas

control thymocytes always induce Bim (Fig. 3F, example 1). However, in most cases

no defect was observed (Fig. 3F, example 2). We analyzed mice ranging in age from

3 to 12 weeks, but no correlation between the age of PKCα-/- mice and the ability to

induce Bim was found. PKC inhibitors completely block Bim induction and result in

Bim levels similar to those in unstimulated samples (5), even in PKCα deficient

thymocytes (Fig. 3F). From these results we conclude that in the absence of PKCα,

most thymocytes have no defect in Bim induction and that while in some cases Bim

induction is impaired, the block is incomplete. The fact that PKC inhibitors complete

this block in Bim induction in the absence of PKCα suggests redundancy among PKC

family members.
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Figure 3. PKCα deficient thymocytes have a surface marker expression profile consistent with
decreased negative selection but mostly normal Bim induction after in vitro stimulation
(A) CD4 x CD8 flow cytometry analysis of thymocytes from wild type and PKCα-/- mice. (B) Flow
cytometry analysis of TCRβ , CD69 and CD5 markers on DP gated wt and PKCα  deficient
thymocytes. (C) CD69, CD5 and TCRβ histograms of DP gated wt (grey solid) and PKCα deficient
(black line) thymocytes from plots in (B). (D) Annexin V flow cytometry analysis of DP (top row),
DN, CD4 SP and CD8 SP (bottom row) thymocyte subsets. (E) Absolute cell numbers (in millions)
of total thymocytes, DP, DN, CD4 SP and CD8 SP thymocyte subsets from wt (n=11, grey bars) and
PKCα-/- (n=15, white bars) mice. The data are represented as mean ±SEM. (F) Examples of western
blot analysis for Bim induction of wt and PKCα deficient thymocytes. Thymocytes were incubated
for 3 hours (1:) without stimulation, (2:) with anti-CD3/anti-CD28 stimulation, and (3:) with anti-
CD3/anti-CD28 stimulation in the presence of 3 PKC inhibitors (Gö 6850, Gö 6976 and Gö 6983).
Actin is shown as a control for equal loading.
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Preliminary results with PKCα-/- HY mice suggest a mild defect in negative

selection in vivo

Thus far, the results with regards to the PKCα-/- mice are circumstantial with

at best a partial block in negative selection in the absence of PKCα. Therefore, we

tested whether, in the absence of PKCα, thymocytes in male HY TCR transgenic

mice could undergo negative selection as efficiently as in control littermates. In this

case, mice heterozygous for PKCα were used as controls. PKCα-/- male HY mice

have a small increase in percentage of DP thymocytes when compared to control (Fig.

Figure 4. PKCα deficient HY male mice have
more DP thymocytes than PKCα+/- HY male
mice, indicating less deletion in the absence
of PKCα
(A) CD4 x CD8 flow cytometry analysis of
thymocytes from PKCα+/- and PKCα -/- male
(top) and female (bottom) mice expressing the
HY-TCR transgene. (B) HY-TCR expression on
total thymocytes from PKCα+/- and PKCα -/-

males (top) and CD4 x CD8 flow cytometry
analysis of (grey) HY-TCR+ gated population
(bottom).
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4A, top), whereas female mice with the same genotypes do not show a difference

(Fig. 4A, bottom). Consistent with the observation that PKCα-/- mice have a slight

reduction in the deletion of DP thymocytes, HY male mice lacking PKCα have more

total thymocytes remaining that express the HY-TCR on the surface (Fig. 4B, top).

When we gated on the HY-TCR positive population, PKCα deficient mice still

showed a modest increase in DP thymocyte percentage over control (Fig. 4B,

bottom). However, both PKCα+/- and PKCα-/- male HY mice had severely reduced

total thymocyte numbers (not shown), suggesting that most thymocytes had been

deleted efficiently. In these male HY mice, the increase in DP thymocyte percentages

in the absence of PKCα was not as large as in male HY mice lacking Bim and unlike

PKCα deficient mice, Bim deficiency resulted in substantially more total thymocytes

in male HY mice (2). Together, these data are consistent with a partial defect in

negative selection in PKCα deficient mice.

DISCUSSION

Even though it has been established that the affinity/avidity of the TCR-MHC

interaction is important for thymocyte selection, a major question in immunology still

is how thymocytes discriminate between signals of different intensities and how this

results in either positive or negative selection. We have generated Bim-EGFP

transgenic mice that respond to negative selection signals in vivo. In this system, DP

thymocytes receiving negative selection signals induce GFP expression, whereas

positively selected cells do not (Fig. 2B, C). In addition to our previous results ((5),

Chapter III), this provides evidence that negative selection depends on transcription of

bim. Furthermore, this transcription requires not only the bim promoter, but also an

additional region between the promoter and the start of translation at the beginning of

exon 2. Therefore, the Bim-EGFP mice can be valuable in investigating the signals

leading to negative selection and give clues as to what transcription factor(s) might be

involved.

Studies involving bim transcription in a B cell line after IL-3 withdrawal (19)

and in neurons after NGF withdrawal (20) suggest that the forkhead transcription

factor FOXO3a binds the bim promoter and drives bim transcription. Forkhead

transcription factors are inhibited through phosphorylation by Akt/PKB, a survival
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protein activated by PI3-kinase (21). Two conserved FOXO3a binding sites are

present at the 5’ end of the bim gene, one in the bim promoter and one on the exon 1/

intron 1 boundary (20). However, our studies with the bim promoter construct (#1)

and constructs #3, 4 and 5 (Fig. 1B), each containing one or both FOXO3a sites,

indicate that they do not respond to negative selection stimuli in thymocytes (Fig. 1C,

D). In addition, treatment of thymocytes with either of two specific PI3-kinase

inhibitors, Wortmannin or LY 294002, did not result in increased induction of Bim in

thymocytes (data not shown), unlike in the B cell line (19). Together, we conclude

that cell death induced by removal of cytokines or growth factors and TCR-induced

negative selection involve different pathways and transcription factors leading to bim

transcription and apoptosis.

In the present study we have shown that PKCα null mice have a mild defect in

negative selection (Fig. 4) and a partial defect in Bim induction, even though acute

inhibition of PKCα and PKCβ with inhibitors resulted in a block in Bim induction

(Fig. 3F and (5), Chapter III). The results suggest that PKCβ compensates in the

absence of PKCα, or that both kinases are required. Previous analysis of PKCβ

knock-out mice has revealed that PKCβ is required for B cell signaling, but not T cell

signaling (9, 10). In contrast to PKCβ, lack of PKCα revealed a selective impairment

in TCR-induced T cell proliferation, interferon-γ production and T cell dependent

IgG2a and IgG2b antibody production (11). Even though both T and B cell

development were unaffected in these PKCα knock-out mice as determined by

normal thymocyte and lymphocyte total and subset numbers (11), our data clearly

indicate reduced DP thymocyte numbers and abnormal SP/DP ratios in PKCα knock-

out mice (Fig. 3A, E). It should be noted that two independent lines of PKCα knock-

out mice were generated and that the study claiming no T cell development defect

(11) used different mice (22) than were used here (16), possibly explaining the

discrepancy.

Despite the limitations of ex vivo experiments, expression studies using fetal

thymic organ cultures have shown that PKCα is involved in pre-TCR development of

immature thymocytes (14) as well as in positive selection (13). If PKCα is required at

multiple steps during thymocyte development, a defect in negative selection in PKCα

deficient thymocytes may be difficult to dissect. For example, our data reveal that DP

thymocytes are less viable in the absence of PKCα (Fig. 3D), suggesting a role for
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PKCα in DP thymocyte survival. If PKCα deficiency reduces DP thymocyte survival,

the resulting increase in cell death could obscure a mild block in negative selection.

Most studies with knock-out mouse models have focused on the role of a

single PKC isoform. For example, PKCβ is expressed highly in B cells (6, 7) and

plays an important role in B cell development and proliferation (9). However, most

PKC isoforms are ubiquitously expressed and PKC isoforms α, δ, ε, and η are also

highly expressed in T cells, whereas PKCθ is primarily expressed in the T cell lineage

(6, 7). Thus far, non-overlapping roles only for PKCα (11) and PKCθ (23) have been

established in T cells. Taking into account the many isoforms expressed in T cells, it

is logical to conclude that PKC isoforms probably have overlapping functions only

revealed when two or more isoforms are absent. Additionally, overlapping functions

of multiple PKC isoforms in general is supported by the fact that all PKC knock-out

mice generated to date are viable with mild phenotypes. In conclusion, the mild

phenotype of PKCα deficient thymocytes seems to suggest that PKCα may have a

redundant role in TCR signaling and could be complemented by other members from

the PKC family.
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CHAPTER V

Conclusions and Discussion
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Positive and negative selection are processes specific to thymocytes and are crucial to

establish a diverse, yet self-tolerant T cell repertoire. Millions of thymocytes each

contain a unique T cell receptor (TCR) due to random rearrangement of TCR gene

segments, creating immense diversity. However, as part of this randomly created

diversity there will be thymocytes without a functioning TCR as well as thymocytes

that respond to self-antigen. Both of these groups need to be eliminated. Thymocytes

with a non-functional TCR do not transduce any signal and undergo apoptosis termed

‘death by neglect’. On the other hand, thymocytes with a TCR that results in a high

intensity signal based on a high affinity/avidity TCR-self MHC interaction also

undergo apoptosis. This TCR-induced cell death is called negative selection and is

necessary to avoid the development of auto-reactive T cells and autoimmune

disorders. Only thymocytes with a TCR able to correctly recognize MHC on antigen-

presenting cells in the thymus are positively selected. Thymocytes undergoing

positive selection respond to signals from the TCR by selective gene transcription

necessary for survival and differentiation. Thus, based on TCR signal ‘strength’, strict

selection takes place in the thymus leaving a narrow window for positive selection of

those thymocytes that receive just the right signal. Positively selected, CD4 or CD8

single positive thymocytes can then enter the peripheral immune system as mature

CD4 or CD8 T cells.

Despite the huge amount of research in the past several decades, selection in

the thymus has remained a topic of interest and controversy. Because positive and

negative selection only occur in vivo, it is often hard to interpret data obtained in

vitro. Thymocytes are, by nature, programmed to die unless specific signals are

received in the right context. Therefore, thymocytes can not be cultured for longer

than several hours and positive selection can not be recapitulated in vitro. Negative

selection can be mimicked by inducing a strong signal through the TCR with anti-

CD3ε or anti-TCR antibodies and by co-stimulating with anti-CD28. Even then, death

by neglect can complicate the analysis of antibody-induced cell death.

To properly study the pathways leading to positive and negative selection, the

use of various mouse models is unavoidable. In recent years, many transgenic and

(conditional) knock-out mice have been generated, several of which have been used
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in this thesis. Knock-out mice have confirmed the requirement for the majority of

proteins involved in proximal TCR signaling, because the elimination of each of these

proteins leads to a block in both positive and negative selection (1-5). Recently,

deletions of Bim (6, 7) and calcineurin (8) have lead to our theory of pathway

divergence, since these proteins are necessary for either negative or positive selection

(respectively), but not both. The currently accepted model of thymocyte selection

depending on TCR-MHC affinity/avidity or signal ‘strength’ leads to a schematic

graph depicting thymocyte survival as a function of signal strength (Fig. 1A). Without

a functional TCR, thymocytes do not receive a signal and undergo apoptosis termed

‘death by neglect’. In case of a strong TCR interaction with self-MHC, the resulting

signal induces apoptosis also; this signal-induced death is negative selection and

prevents the development of self-reactive T cells. Only when the TCR-MHC

interaction induces the correct signal (of weak/ intermediate intensity), the double

positive (DP) thymocytes survive and differentiate to become mature CD4 or CD8

single positive (SP) T cells. Therefore, one indicator of positive selection is the

development of mature CD4 or CD8 SP thymocytes from immature CD4 and CD8

DP thymocytes. The grey areas indicate cell death, whereas the narrow, uncolored

window in between represents positive selection when the received signal is just right

(Fig. 1A).

Calcineurin-NFAT signaling is important in many developing tissues and is

required for positive selection of developing T cells. In the absence of calcineurin

there are no positively-selected SP thymocytes and no peripheral T cells ((8), Fig.

1B). Even though the calcineurin-NFAT pathway is well established in many

different cell types, knock-out mice for the individual NFATc proteins have revealed

unimpaired or only mildly defective T cell development when compared to

conditional calcineurin knock-out mice (9-13). In Chapter II, I addressed the

contribution of NFATc3 to T cell development by generating a conditional NFATc3

knock-out mouse. In the absence of NFATc3, positive selection is only partially

blocked. Because calcineurin deficiency results in a complete block, it is reasonable

to assume that NFATc1 and/or NFATc2, in addition to NFATc3, also contribute to

positive selection. (The fourth family member NFATc4 is not present in the immune

system.)
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Figure 1. Model of positive and negative selection represented by thymocyte survival as a
function of signal strength
(A) Thymocytes are instructed to die either when no signal is received (death by neglect) or when a
‘strong’ TCR signal is received as a result of a high affinity/avidity interaction of TCR and MHC
(negative selection). Positive selection occurs when DP thymocytes receive just the right signal,
allowing them to survive and become CD4 or CD8 SP thymocytes. The CD4 x CD8 plots in this
figure (A, B and C) show the phenotypic thymocyte profile of mice with the indicated genotype. (B)
In the absence of calcineurin (Cn), positive selection does not occur, while negative selection is
unaffected. This results in a block at the DP stage and an absence of SP thymocytes. (C) In the
absence of Bim, negative selection is blocked while positive selection is unaffected, resulting in
increased numbers of positively selected CD4 SP and CD8 SP thymocytes. (D) When both
calcineurin and Bim are absent, we propose that positive selection can occur through negative
selection signals by overcoming the need for creating calcineurin-NFAT mediated ‘competence’ to
activate Erk.
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Surprisingly, NFATc2 does not contribute to positive selection, while the present data

suggest that NFATc1 does. I concluded that NFATc3, together with NFATc1,

regulates T cell development at several stages: pre-TCR development at the DN stage

and positive selection at the DP stage. Current research in our laboratory involves

verifying whether the absence of all three NFATc1, NFATc2 and NFATc3 proteins

from developing thymocytes results in the complete block in positive selection as is

the case in the calcineurin conditional knock-out mice. This is important because if it

turns out that the block is not complete, a novel target of calcineurin would have to be

identified.

In contrast to the uniform expression of calcineurin and NFATc proteins, Bim

is expressed at the highest level in immune cells (14). Bim is part of the pro-apoptotic

Bcl-2 family of proteins and is required for activation-induced cell death in T and B

cells as well as for negative selection (7, 15, 16). Before the generation of Bim knock-

out mice, the pathway leading to negative selection was completely unknown. In the

absence of Bim, negative selection is impaired, resulting in increased SP thymocyte

percentages, increased numbers of peripheral T cells and autoimmunity ((6, 7), Fig.

1C). In Chapters III and IV, I investigated the pathway leading to Bim induction and

negative selection. I found that Bim is induced transcriptionally and requires both

Ca2+ and one or more isoforms of the protein kinase C (PKC) family. Because Ca2+ is

also required for calcineurin activity and positive selection, I propose that the

discriminating factor that translates signals of different intensities into either positive

or negative selection is the Ca2+ influx in terms of duration or frequency. Calcineurin-

NFAT signaling requires a low, but continuous level of Ca2+ influx. If PKC requires a

higher level of Ca2+ influx, this could explain how negative selection and bim

transcription are induced only after a signal of strong intensity. However, despite

significant progress, the pathway leading to negative selection is only partially solved

and future research will reveal what proteins are required for bim transcription during

negative selection. My analysis of the bim promoter and transcriptional regulatory

regions will provide a useful framework for identifying the transcription factor(s)

involved. Solving the complete signal transduction pathway from TCR signal to the

induction of bim transcription will help confirm whether Ca2+ is the last common

factor, as I propose, in the diverging pathway leading to positive or negative selection.
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Ultimately, it will shed light on the mechanism in thymocytes that distinguishes

between positive and negative selecting signals based on intensity.

Positive selection requires calcineurin, which dephosphorylates cytoplasmic

NFATc proteins and causes its translocation into the nucleus. Nuclear NFATn then

partners with other transcription factors to initiate transcription. Contrary to our

knowledge about the requirement for bim transcription in negative selection, it is not

completely clear what transcription is driven by calcineurin-NFAT signaling and how

it results in positive selection. Previous results have established that positive selection

is blocked when Erk1 and Erk2 are absent (17). This seems to suggest that calcineurin

and Erk are in the same pathway, or that one pathway depends on the other. Results

from our laboratory are consistent with the latter. First, a defect in Erk

phosphorylation was observed in calcineurin deficient thymocytes. Second, this

defect was not observed when calcineurin was blocked acutely with the potent and

specific inhibitor cyclosporine A (8). Because only chronic absence of calcineurin

activity (by genetic deletion or long-term in vivo treatment with cyclosporine A)

resulted in the Erk defect, we concluded that NFAT-mediated transcription of an

unknown protein affects the MAPK signaling pathway and is necessary for sufficient

Erk activation during positive selection. Current work in our laboratory focuses on

calcineurin creating ‘cellular competence’ for thymocytes so they can respond to

positive selection (‘weak’) signals and have sufficient Erk activation (Gallo et al.,

manuscript in preparation). In the absence of calcineurin, thymocytes do not respond

to positive selection signals and can not activate Erk sufficiently, even though all the

components in the MAPK signaling pathway are present. This hypothesis also

suggests that a negative selection (‘strong’) signal does not require this cellular

competence and could result in positive selection, if it were not for negative selection

causing the thymocytes to die. Whether or not this is the case in the absence of both

calcineurin and Bim is currently under investigation (Fig. 1D).
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Samenvatting in het Nederlands

Vertebraten hebben naast het aspecifieke (innate) immuunsysteem ook een adaptief

immuunsysteem ontwikkeld. In tegenstelling tot aspecifieke afweer past het adaptieve

immuunsysteem zich aan het pathogeen (o.a. bacterie, virus) aan en voorziet het dus

in een specifieke, aangepaste immuniteit. Bovendien beschermt het adaptieve

immuunsysteem een individu tegen herhaalde infectie op lange termijn. Het adaptieve

immuunsysteem bestaat uit witte bloedcellen die zich ontwikkelen vanuit bloedcel

voorlopers (precursors), die weer uit bloed stamcellen voortkomen. De stamcellen

zijn in het beenmerg gelokaliseerd en de voorlopers van T cellen migreren naar de

thymus, waar deze cellen kunnen ontwikkelen tot volwassen T cellen. Nadat

onvolwassen T cellen (ookwel ‘thymocytes’) verscheidene stappen van ontwikkeling

en vermenigvuldiging hebben ondergaan, migreren de volwassen T cellen vanuit de

thymus naar onder andere de lympheklieren, verspreid in het lichaam.

T cellen hebben een T cel receptor (TCR) op het oppervlak en herkennen

hiermee delen van vreemde eiwitten die door antigen-presenterende cellen (APC’s)

worden verwerkt en vervolgens via het oppervlak molecuul ‘major histocompatibility

complex’ (MHC) worden gepresenteerd. Zodra een T cell zo’n vreemd eiwit herkent

komt er een immuunreactie op gang. T cellen vermenigvuldigen, zetten B cellen aan

tot het maken van antilichamen en doden geinfecteerde lichaamscellen. Er zijn twee

punten van cruciaal belang voor het totstandkomen van een goed T cel repertoire. Ten

eerste moeten T cellen een T cel receptor hebben dat in staat is een vreemd eiwit te

herkennen. Ten tweede moet deze TCR niet ook een eigen eiwit herkennen om

afbraak van eigen (gezonde) lichaamscellen te voorkomen.

Als deel van de ontwikkeling in de thymus maken onvolwassen T cellen een

TCR. Omdat het van te voren niet duidelijk is welke pathogenen later bestrijd moeten

gaan worden, is het van belang om een zo divers mogelijk T cel repertoire op te

zetten. Om dit doel te bereiken, vindt er willekeurige samenstelling van gedeeltes van

TCR genen plaats. Genen zijn die delen van DNA die vertaald worden in eiwitten en

veranderen normaal gesproken alleen bij de voortplanting als de genomen van vader

en moeder samenkomen en recombineren met als resultaat een nieuw, uniek individu.

Zo resulteert het willekeurige her-arrangeren van TCR gensegmenten in een divers

repertoire van miljoenen onvolwassen T cellen in de thymus met ieder een unieke

TCR. Omdat dit een willekeurig process is zullen er vele cellen zijn die geen
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functionerende TCR hebben. Ook zullen er cellen met een TCR zijn die eigen

eiwitten herkennen. Beide groepen onvolwassen T cellen moeten verhinderd worden

om door te ontwikkelen en in het lichaam verspreid te worden. Dit gebeurt in de

thymus waar selectie plaatsvindt.

Het proces van selectie in de thymus is gebaseerd op signalen die ontvangen

worden door de TCR. Een onvolwassen T cel zonder (functionerende) TCR krijgt

geen signaal en ondergaat apoptosis (zelf-geinstrueerde celdood). Het geaccepteerde

model is dat een TCR-MHC interactie met lage affiniteit en aviditeit zich

onderscheidt van een sterkere TCR-MHC interactie met hoge affiniteit/aviditeit. Een

onvolwassen T cel met een TCR dat een eigen eiwit herkent, heeft een sterke TCR-

MHC interactie en ondergaat apoptosis. Dit proces heet negatieve selectie en zorgt

ervoor dat er geen zelf-reagerende T cellen in het lichaam terecht komen die

autoimmuun ziektes kunnen veroorzaken. Onvolwassen T cellen met een TCR dat

geen eigen eiwit herkent, maar wel functionerend is, hebben een ‘zwakkere’ TCR-

MHC interactie en het resulterende signaal laat positieve selectie toe. Positieve

selectie betekent dat deze cellen door kunnen ontwikkelen tot volwassen T cellen en

zich door het lichaam kunnen verspreiden via het lymphevaten systeem. De meeste T

cellen zullen inactief in lympheklieren verblijven totdat ze geactiveerd worden na een

infectie.

De processen van positieve en negatieve selectie in de thymus resulteren in

tegenovergestelde uitkomsten: leven of dood voor de betreffende cel. Tegelijkertijd is

het TCR signaal waarop deze uitkomsten gebaseerd zijn niet zo zwart-wit. Het model

van intensiteit van TCR-MHC interactie leidt tot de vraag hoe cellen die intensiteit

onderscheiden en het TCR signaal interpreteren. Een TCR signaal en verscheidene

eiwitten in de signaal-transductie cascade zijn nodig voor zowel positieve als negative

selectie. Omdat dit signaal kan leiden tot twee uiteenlopende resultaten van leven of

dood, moet er een splitsing zijn in het TCR signaal transductie pad.

In dit proefschrift zijn zowel positieve als negatieve selectie nader onderzocht.

In hoofdstuk II is beschreven dat de transcriptie factor NFATc3 aan positieve selectie

bijdraagt. NFATc3 is één van vier calcium- en Calcineurin-afhankelijke NFATc

familieleden. Eerdere experimenten hebben aangetoond dat het eiwit Calcineurin

nodig is voor positieve, maar niet negatieve selectie. Andersom is aangetoond dat het

eiwit Bim nodig is voor negatieve, maar niet positieve selectie. Deze gegevens
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ondersteunen de signaal-splitsings hypothese en leiden tot de centrale vraagstelling:

waar divergeert het TCR signaal transductie pad? Hoofdstukken III en IV beschrijven

hoe Bim gereguleerd wordt tijdens negatieve selectie. Hoewel het TCR signaal

transductie pad tot het induceren van Bim nog gedeeltelijk onduidelijk is, laten de

resultaten zien dat het ion calcium nodig is voor zowel Bim inductie als negatieve

selectie. Omdat calcium ook nodig is voor de activiteit van Calcineurin en positieve

selectie, is dit ion tot nu toe de laatste gemeenschappelijke factor in de signaal

transductie cascade die daarna splitst in positieve of negatieve selectie. We speculeren

daarom dat de intensiteit van de calcium influx met betrekking tot duur of frequentie

de discriminerende factor is tussen positieve en negatieve selectie. Calcineurin-NFAT

signaal transductie vereist een laag, maar continu level van calcium influx. Mijn

resultaten geven aan dat calcium-afhankelijke leden van de protein kinase C (PKC)

familie een rol spelen in negatieve selectie. Als een calcium-afhankelijk eiwit zoals

PKC meer calcium vereist voor activatie tijdens negatieve selectie dan calcineurin

tijdens positieve selectie, kan dit het mechanisme zijn voor het onderscheiden van

signaal sterkte.
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