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ABSTRACT

B lymphocytes need two signals in order to differentiate into antibody-producing
cells, one delivered by the B cell antigen receptor (BCR) and a second delivered by
CD40. In the absence of the CD40 signal, B cells that receive only the BCR signal are
rendered non-responsive or undergo apoptosis The ability of CD40 to rescue B cells
from BCR-induced apoptosis can be demonstrated using the WEHI-231 B lymphoma
cell line. | have used this cell line to investigate the role of mitogen-activated protein
(MAP) kinases in integrating BCR and CD40 signaling. The three types of MAP
kinases, the ERKs, the c-Jun N-terminal kinases (JNKs), and p38, each phosphorylate
a distinct set of transcription factors. Thus, activating different combinations of MAP
kinases could lead to distinct biological responses. | found that BCR engagement in
WEHI-231 cells strongly activates ERK2 and weakly activates ERK1, JNK and p38.
CD40 engagement did not activate either of these kinases, nor did it affect BCR-
induced ERK activation. In contrast, CD40 engagement markedly stimulates J}NK and
p38 as well as MAPKAP kinase-2, a downstream target of p38. The BCR weakly
activates JNK and p38 by itself, however, it potentiates CD40-induced JNK activation.
Thus, actil/ation of ERK2 alone correlates with apoptosis in WEHI-231 cells, whereas
full activation of all three MAP kinase pathways correlates with cell survival. The role
of MAP kinases‘ in regulating the'se’responses remains to be tésted. |

To identify signaling motifs in the CD40 cytoplasmic domain that are
responsible for activation of the JNK and p38 MAP kinases, | created a set of 12
chimeric receptors consisting of the extracellular and transmembrane domains of CD8
fused to portions of the murine CD40 cytoplasmic domain. These chimeric receptors
were expressed in WEHI-231 B lymphoma cells. | found that amino acids 35-45 of the

CD40 cytoplasmic domain constitute an independent signaling motif that is sufficient

for activation of the JNK and p38 MAP kinase pathways, as well as for induction of




IkBa phosphorylation and degradation. Amino acids 35-45 were also sufficient to
protect WEHI-231 cells from anti-IgM-induced growth arrest. This is the same region of
CD40 required for binding to the TRAF2, TRAF3 and TRAF5 adapter proteins. These
data support the idea that one or more of these TRAF proteins couple CD40 to the
kinase cascades that activate NF-xB, JNK and p38.

Another aim of this thesis was to test the hypothesis that ATAR, a recently
discovered tumor necrosis factor (TNF) superfamily receptor, can mimic the effects of
CD40 on B cells. Like CD40, ATAR is expressed on B cells and interacts with ligands
expressed by activated T cells. To study ATAR signaling, two chimeric receptors
consisting of the extracellular and transmembrane domains of CD8 fused to portions of
the ATAR cytoplasmic domain were constructed and expressed in WEHI-231 cells.
We found that the cytoplasmic tail of ATAR mediated phosphorylation of JNK and p38,
phosphorylation and degradation of IkBa, as well as protection of WEHI-231 cells fror‘n
anti-lgM-induced growth arrest. The C-terminal portion of the ATAR tail containing the
TRAF-interaction domain was sufficient to mediate these signaling events. Our results
support a model in which TRAF2 and/or TRAF5 link ATAR to the activation of JNK, p38
and NF-xB, as well as to B cell survival. The ability of ATAR to mimic some of the
effects of CD40 on B cells suggests that this novel TNFR superfamily member may
provide an alternative second signal to B cells.

'In addition to B lymphocytes, CD40 is highly éxpreSsed on dendritic cells (DC).
Both CD40 and lipopolysaccharide (LPS) have been shown to activate these antigen
presenting cells. The final aim of this thesis was to determine whether the MAP
kinases might be involved in CD40 or LPS-induced activation of DCs. | tested whether
ERK, JNK or p38 are activated by CD40 and LPS in the murine D1 DC line. | found
that both CD40 and LPS strongly activated ERK2 in D1 cells. In contrast, little or no

activation of JNK and MAPKAP kinase-2 was induced by either of these stimuli. Our




collaborators extended these findings by showing that ERK activation is essential for

the ability of LPS to protect DCs from growth factor withdrawal-induced apoptosis.
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CHAPTER 1
INTRODUCTION

1.1 Overview of T-dependent immune responses

The main function of B lymphocytes in the immune system is to produce
antibodies (Abs) against invading microorganisms such as bacteria and viruses. Abs
can prevent diseases caused by pathogens in several ways. First, Abs bind to
pathogens and thereby block their access to cells. Abs also help to destroy
pathogenic organisms by activating the complement cascade. Finally, Abs facilitate
the removal of foreign antigens (Ags) by the process of opsonization (reviewed in (1)).
Given the importance of Abs in fighting infectio.n, it is not surprising that the immune
system has developed a sophisticated method to regulate Ag-dependent B cell
activation. |

In the resting state, mature B lymphocytes circulate between the blood and
secondary lymphoid organs such as the spleen and lymph nodes. In the secondary
lymphoid organs, B cells check for the presence of trapped antigens that their antigen
receptors recognize. The binding of antigen to the B cell antigen receptor initiates B
cell activation, a process that culminates in clonal expansion and antibody secretion.
However, most antigens are monovalent and do not cause the extensive BCR
aggregation that is required to initiate BCR signaling. These antigens are termed T-
dependent, since in addition to a signal through the B cell antigen receptor (BCR), the
B cell must receive costimulatory signals from CD4* T cells in order to become
activated by these antigens. However, before a T cell can provide costimulatory

signals to B cells, the T cell must first be activated by processed antigen bound to MHC

on the surface of specialized antigen presenting cells (APCs) termed dendritic cells



- (DCs). Thus, for the generation of primary Ab responses to T-dependent Ags three

types of cells must interact, the dendritic cell, the CD4+ T cell and the B cell (reviewed
in (1,2)). |

Dendritic cells are antigen presenting cells that act as the initiators of primary, T-
dependent Ab responses. When a foreign antigen enters the body, dendritic cells
such as Langerhans cells in the skin capture and process the antigen. DCs then
migrate into the T-cell rich areas of the secondary lymphoid organs where they are
termed interdigitating DCs (IDCs). IDCs present processed antigen in the context of
MHC to naive T cells and induce an Ag-specific primary T cell response (reviewed in
(3,4)). Once primed by DCs, T cells promote B cell activation both by secreting T-cell
derived cytokines such as IL-2, IL-4 and IL-5, and by direct cell to cell contact
(reviewed in (2)).

Of the signals involved in T-dependent B cell activation, the interaction between
CD40 on B lymphocytes and its ligand (CD40L) expressed on activated CD4+ T cells
delivers the most important activating signal to B cells. In mice, blocking this
interaction with either a soluble CD40L fusion protein (5) or anti-CD40L mAbs (6), or
by targeted disruption of the CD40 (7) or CD40L genes (8), leads to severe
deficiencies in the generation of Ab responses to T-dependent Ags. Such studies
have demonstrated that the CD40-CD40L interaction is essential for germinal center
formation, for the.induction of immunoglobulin (lg) class switching and for the
generation of B cell memory in response to T-dependent Ags. The finding that loss-of-
function mutations in CD40L are responsible for X-linked hyper-IgM syndrome, a
severe immunodeficiency disease in humans, further underscores the importance of
CD40-CD40L interactions in T-dependent immune responses (9-11). Given the key
role of CD40-CD40L interactions for the development of humoral immunity, the main

goal of this thesis was to study CD40 signaling in B Iymphocyteé.



1.2 CD40L and CD40
1.2.1 CD40L
a). CD40L expression pattern, induction

CD40 signaling is initiated by the binding of CD40 to its ligand. The CD40
ligand (CD40L, gp39, CD154) is a type |l transmembrane glycoprotein of
approximately 39 kDa that is expressed by activated CD4+ T cells, basophils, mast
cells and eosinophils (reviewed in (12,13)). In vitro, activation of T cells through CD3
only weakly upregulates CD40L expression. However, high expression of CD40L is
induced within hours of T cell activation by phorbol esters plus calcium ionophore (14).
The natural activation signal that induces CD40L expression on T cellé in vivo is not
known, but is likely to be through the T cell Ag receptor plus a second signal such as
CD28 interacting with B7 on the APC (15). Thus, a pre-requisite for B cell activation by
T-dependent Ags is that an Ag-specific T cell be activated first.

Several members of the tumor necrosis factor (TNF) family including CD40L,
TNFa and Fas ligand occur in both soluble and transmembrane forms (16-18). In
response to T cell activation, CD40L is cleaved inside microsomes to create the
soluble, secreted form of CD40 (sCD40L) (19). Both the soluble and membrane-
bound forms of CD40L are biologically active (19). Thus, cleavage of CD40L to create
sCD40L might not simply represent a mechanism to down-regulate CD40L

expression.

b). CD40L structure

Structurally, CD40L belongs to the TNF superfamily of ligands. Members of this
family are characterized by sequence homology in their C-terminal, extracellular
receptor binding domains (reviewed in (20)). This sequence conservation appears to

be responsible for the tendency of members of the TNF superfamily to trimerize.

3
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CD40L, TNFa and lymphotoxin-a each exist as trimers (19,21). Signaling by CD40
appears to require aggregation of CD40 monomers which is presumably induced
upon binding of CD40 to its trimeric ligand (reviewed in (20)). In support of this idea,
anti-CD40 Abs can serve as a surrogate CD40L in vitro by clustering CD40. The
aggregation of CD40 cytoplasmic domains may create composite sites that initiate
CD40 signaling either by attracting signal transducing proteins or by activating

constitutively-associated signal transducing proteins (161,165,166).

1.2.2 CD40
a). CD40 discovery

The CD40 Ag was independently identified in 1985 and 1986 as the target of
rﬁAbs that react with B lymphocytes (24) and which have costimulatory effects on B
cells (25). At the 1989 International Workshop on leukocyte Ags, this Ag was
designated as CD40. Prior to 1989, CD40 was denoted as p50, Bp50 or CDw40.
Since its discovetry, it has become clear that CD40 and its ligand play a central role iﬁ
the regulation of immune responses (reviewed in (12,26,27)). The function of CD40
has been most extensively studied on mature B lymphocytes where it regulates B cell
activation, proliferation, Ig class switching, survival, and memory formation (reviewed
in (12,26,27)). However, more recent studies have exanﬁined the function of CD40 on
other cell types inCIuding endothelial cells, fibroblasts,v,monocytes/macrophages’ and
dendritic cells. Such studies have revealed that in addition to its well recognized role
in regulating B cell functions, CD40-CD40L interactions influence many aspects of T-

cell mediated inflammatory responses.

b). CD40 structure
CD40 is a 48-kDa type | transmembrane glycoprotein belonging to the TNF

receptor (TNFR) superfamily (reviewed in (12,20)). Members of this superfamily are



characterized by the presence of 2 to 6 repeats of a cysteine-rich motif in their
extracellular domains. In addition to CD40, the TNFR superfamily .currently includes
CD30, the nerve growt'h factor receptor (NGFR), TNFR1, TNFR2, the poxvirus proteins
PV-T2 and PV-A53R, 4-1BB, OX-40, Fas, CD27 and a predicted family member, TNFR-
RP (Fig. 1.1). Recent additions to the superfamily include death receptor-3 (DR-3), the
receptor for Iymphotdxin-B and another tumor necrosis factor-associated receptor
(ATAR).

Human and murine CD40 share 62% identity in their extracellular domains,
including 22 cysteines that help forrh the Iigand binding site. These cysteines are
dispersed over four homologous extracellular domains (Fig. 1.2). Human CD40 is 277
amino acids long while murine CD40 is 289 amino acids. The cytoplasmic domains of
the two proteins share 68% identity and contain a "homology box" region with 98%
amino acid identity (Fig. 1.2) that mediates many CD40 signaling events (see below).
The murine CD40 cytoplasmic domain continues an additional 12 amino acids,
resulting in a cytoplasmic tail of 74 amino acids instead of 62 amino acids as found in
human CD40 (Fig. 1.2). This unique murine cytoplasmic tail region appears to be
dispensable for CD40 signaling since human CD40 can substitute for murine CD40

(28).

c). Cells ‘expressing CD40

In murine bone marfow, CD40 is expressed at low levels on about 25% of pre-B
cells, at intermediate levels on about 75% of immature B cells and at relatively high
levels on essentially all mature B cells (29). CD40 is also expressed on mature B cells
in the follicles of peripheral lymphoid organs such as the spleen, tonsils and lymph
nodes, (12,24,25). Thus, CD40 is expressed relatively late during B cell differentiation.

The level of CD40 expression remains essentially constant on naive mature B cells,

activated germinal center B cells and memory B cells (12).




Figure 1.1: The TNF Receptor Superfamily

Homologous extracellular domains are depicted as open ovals and cysteine residues
by horizontal lines. Stippled boxes in the cytoplasmic regions represent death
domains. Adapted from (20).
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Figure 1.2: Schematic diagram of the human and murine CD40
proteins

Human CD40 is 277 amino acids long while murine CD40 is 289 amino acids. The
cysteine-rich extracellular domains are indicated. The cytoplasmic domain of human
CD40 is 62 amino acids long, whereas the cytoplasmic domain of murine CD40 is 74
amino acids. Human and murine CD40 share a homology box region with 98% amino
acid identity. This region of CD40 mediates many CD40 signaling events.
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Although initially thought of as a B cell-specific receptor, CD40 is now known to
be widely expressed. In addition to B cells, CD40 is expressed on epithelial cells
(30,31), endothelial cells (27), fibroblasts (27), keratinocytes (27), T lymphocytes (32),
monocytes (33), macrophages (34), dendritic cells (35), follicular dendritic cells (27),
and some carcinomas (36,37). This expression pattern indicates that in addition to
being a key regulator of humoral immunity, CD40 regulates various aspects of cell-

mediated immunity.

1.3 Effects of CD4b-CD40L interaction on B lymphocytes
1.3.1 Activation and proliferation of B lymphocytes

CD40 regulates multiple steps in B cell differentiation and activation. Anti-CD40
mADbs, acting as surrogate CD40L, induce homotypic aggregation (38,39), and an
increase in cell size (39). Anti-CD40 mAbs also induce the expression of B7.1 (CD80)
and B7.2 (CD86) on B cells (29). B7.1 and B7.2 bind to CD28 on T cells and deliver
the secon.d signal that prevents T cell anergy and promotes T cell proliferation (2).
Thus, CD40 enhances the ability of B cells to act as APCs for T cells.

Anti-CD40 mAbs produce a stimulatory signal that synergizes ‘with signals
delivered by Abs to the BCR or to CD20 or by exposure of B cells to the cytokine IL-4
12). T'h,e‘se signals synergize to.promote B cell activation. and pfolifere;iiOn (40-43).
Anti-CD40 mAbs induce Ig class switching, leading to the production of various Ig
isotypes in the presence of different cytokines (44-46).

CD40L is a 39 kDa TNF-related protein expressed on activated CD4+ T cells
which plays an essential role in T cell-dependent B cell activation (47,48). Soluble
CD40-Ig fusion proteins block the ability of CD4+ T cells to activate resting B cells (47).
Consistent with an essential role for CD40L in B cell activation, soluble recombinant

CD40L (sCD40L) synergizes with known B cell stimuli such as anti-CD20 Abs and the
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phorbol ester PMA to induce B cell proliferation and Ab production (49,50). By itself,
sCD40L stimulates only a modest degree of B cell proliferation (45,50).

1.3.2 CD40 protects B cells from BCR-induced anergy or cell death

In addition to its roles in B cell activation and proliferation, CD40 also generates
survival signals for B lymphocytes. In a properly functioning immune system, only B
cells specific for foreign Ag are activated while self-reactive B cells are rendered
anergic or deleted. For this to occur, B cells are subjected to a series of positive and
negative selection events during their development, activation and differentiation into
plasma cells (51-54). These selection events are primarily conveyed by signals
transduced through the BCR and CD40. For most types of Ags, BCR signaling alone
induces anergy or deletion, rather than activation, unless the B cell receives a second
signal through CD40 (28,55,56). This two signal requirement may be a mechanism by
which self-reactive B cells are deleted due to thé absence of Ag-specific activated T
cells expressing CD40L. For example, CD40 ligation rescues both immature (WEHI-
231) and mature (Ramos) B cell lines from anti-IgM induced apoptosis (28,56). CD40
also prevents germinal center B cells from undergoing spontaneous apoptosis during
the process of affinity maturation (57-59). This rescue of germinal center B celis from

apoptosis is essential for the generation of memory B cells (7) that are capable of

producing high avidity Abs.

Although CD40 is often thought of as a viability factor for B cells, engagement of
CD40 on primary B cells induces Fas expression and sensitizes them to Fas-
dependent apoptosis (60,61). Fas ligation has been shown to inhibit the later stages
of CD40-dependent B cell proliferation and eventually induce apoptosis of CD40-
activated B cells (60,61). The delayed response to Fas after CD40 engagement may
represent a mechanism to control the expansion of antigen-specific B cell clones (61).

Fas-dependent apoptosis is averted if B cells are stimulated by both CD40L and anti-
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IgM (60). This two signal requirement for B cell survival may provide a mechanism to
eliminate bystander B cells that are activated by CD40L-expressing T cells while

ensuring the survival of antigen-selected B cells that have bound antigen (60).

1.3.3 The WEHI-231 B cell lymphoma as a model system for studying CD40

The WEHI-231 immature B cell line (62) provides a model system for studying
CD40 signaling in B cells. Engagement of the BCR on these cells with anti-IgM Abs
results in growth arrest followed by apoptosis (63-65). The BCR-induced growth arrest
and apoptosis can be abrogated by anti-CD40 Abs, by transfected fibroblasts
expressing the CD40L, or by a soluble form of CD40L (28,66,67). BCR-induced
apoptosis of WEHI-231 cells is often thought of as a model for central tolerance that
would occur in the bone marrow. Similar to WEHI-231 cells, the immature B
lymphoma CH31 and CH33 cell lines are also susceptible to BCR-induced growth
arrest (68,69). In this thesis | have used WEHI-231 cells to identify signaling pathways
activated by CD40 and to identify signaling motifs in the CD40 cytoplasmic tail.

1.4 Effects of CD40-CD40L interactions on other cell types

The importance of CD40-CD40L interactions for non B cells was first indicated
by the finding thét, in addition to defective humoral immunity, X-linked Hyper IgM
syndrome patients display an increased susceptibility to infections that would normalily
be controlled by the cell-mediated branch of the immune system. Consistent With this.
finding, recent studies have demonstrated that CD40 is expressed on a variety of cells

where it regulates various aspects of cell-mediated immunity. | will summarize these

briefly in the following sections.
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1.4.1 Endothelial cells, epithelial cells and fibroblasts |

CD40 is expressed on several types  of nonhematopoietic cells including
endothelial cells, basal and thymic epithelial cells as well as fibroblasts (12,27).
Engagement of CD40 on these cells induces a variety of responses, most of which
contribuie to inflammation. For example, engagement of CD40 on vascular
endothelial cells induces expression of selectins and adhesion molecules such as
CD54 (intercellular adhesion molecule [ICAM]-1), CD62E (E-selectin), and CD106
(vascular cell adhesion molecule [VCAM]-1) (34). These molecules promote leukocyte
extravasation at sites of inflamed tissue (2). CD40 triggering on kidney epithelial cells
induces secretion of IL-8, macrophage chemoattractant protein-1 (MCP-1) and
RANTES (27). These chemotaxins work to attract extravasated granulocytes,
monocytes and lymphocytes to sites of tissue injury (2). Finally ligation of CD40 on
fibroblasts induces proliferation (27) and IL-6 production (70). Once produced, IL-6

acts together with TNFa to perpetuate an inflammatory response (71).

1.4.2 Monocytes/macrophages

Peripheral blood monocytes express high levels of CD40 following exposure to
cytokines such as IFNy, IL-3, and granulocyte-macrophage colony-stimulating factor
'(GM-CSF) (33,72). CD40 ligation induces monocytes to secrete the cytokines TNFa,
iL-1q, IL-1B, IL-8, and MIP-1o (72,73). TNFo and IL-1 contribute to vasodilation, a key
feature of inflammation, whereas IL-8 and MIP-1a attract leukocytes to sites g)f tissue
injury (2,34). CD40 cross-linking also prevents the apoptosis of circulating monocytes
(74). Thus, in addition to augmenting inflammatory responses by inducing monocytes
to secrete cytokines, CD40 could prolong inflammation by contributing to monocyte

survival at sites of inflammation.

Following recruitment to a site-of inflammation, monocytes can become tissue

macrophages. Interactions between CD40L on activated T cells and CD40 on




macrophages are important for the induction of macrophage effector functions. For
example, CD40 induces macrophéges to secrete metalloproteinases (75). These
collagenases are thought to be importantA for the restructuring of damaged tissue and
may also cause joint degradation in rheumatoid arthritis. CD40 ligation also induces
antigen-presenting macrophages to secrete IL-12 (76), a cytokine that promotes
maturation of Th1 cells and the development of cell-mediated immﬁnity rather than
Th2-mediated humoral immunity (77). Finally, studies with CD40L-deficient mice have
shown that T cells require CD40L in order to induce macrophages to generate the

antimicrobial agent nitric oxide (78,79).

1.4.3 Dendritic cells

Dendritic cells (DCs) play a central role in the initiation of primary immune
responses as they are the major APCs that activate naive T cells (80). CD40 is
expressed at high levels on peripheral blood DCs, on follicular DCs and on
interdigitating DCs in the T cell rich areas of secondary Iymphoid‘ organs (12).
Interaction between CD40 on the DC and CD40L on the T cell induces the expression
of T cell costimulatory molecules such as B7.1 (CD80) and B7.2 (CD86) on the DC
(73,80). CD40 also upregulates the expression of the adhesion molecules CD54
(ICAM-1) and CD58 (lymphocyte function-associated antigen [LFA]-3) on the DC

(27,74). These costimulatory and adhesion molecules make DCs better .antigen:

* +
o

présenting cells for T cells.
Stimulation via CD40 has a number of other important effects on DCs. CD40
prevents DCs from undergoing apoptosis in response to growth factor withdrawal (18).

CD40 engagement also induces DCs to secrete cytokines such as IL-12 and TNFa« as

well as chemokines such as IL-8, MIP-1a and MIP-18 (reviewed in (73)).




1.5 CD40-CD40L interactions: role in infection and immunity
Numerous recent studies indicate that blocking CD40-CD40L interactions
would have serious consequences on human health. These findings are briefly

summarized below.

1.5.1 Immunodeficiency disease

The first evidence that CD40-CD40L interactions are critical for B function in
vivo came from the discovery that hyper-IgM syndrome, an X-linked immunodeficiency
disease, is due to genetic defects in CD40L (15,81). These mutations either prevent
CD40L expression or prevent its binding to CD40 (10,11,81). Hyper-IlgM syndrome is
characterized by defective B cell responses including an inability of B cells to undergo
Ig clasé switching and to generate memory cells in responsé to T-dependent Ags. B
cells from these patients are capable of producing normal antibody responses in vitro
when cultured with CD4+ T cells from normal individuals, indicating that the hyper-IgM
syndromé defect is due to the inability of the patient's T cells to activate their B cells
(13). Presumably, mutations in the CD40 gene that affect its ability to bind CD40L or
its ability to signal would cause similar immunodeficiencies as seen in patients with

hyper-lgM syndrome.

1.5.2 Adtoimmunity -

Anti-CD4OL Abs block the development of autoimmune symptoms in several'
murine models including those for human rheumatoid arthritis (82), systemic lupus
erythematosus (83) and multiple sclerosis (84). In addition, CD40L-deficient mice
barrying a transgene for a myelin basic protein-specific T cell receptor fail to develop
experimental allergic encephalomyelitis (34). It remains to be determined whether

these reduced T cell-mediated inflammatory responses are due to decreased

induction of inflammatory cytokines, decreased leukocyte extravasation and/or




decreased T cell activation. However, these findings demonstrate that CD40-CD40L
interactions are important for the establishment of several T cell-mediated autoimmune

diseases.

1.5.3 Transplantation tolerénce

Several studies indicate that CD40-CD40L interactions are important for the
rejection of transplanted cells and organs. For example, anti-CD40L Abs block the
onset of graft-versus-host disease during allogeneic bone marrow transplants (85,86).

Anti-CD40L Abs also promote long-term survival of skin and cardiac allografts (87,88).

1.5.4 Infection

Given that CD40 is involved in regulating many types of cells in the immune
system, it is not surprising that blocking CD40 signaling decreases the ability of the
immune system to fight off pathogens. Patients with X-linked hyper-IgM syndrome are
prone to Histoplasma, Cryptococcus and Pneumocystis infections (34). Similarly,
CD40-deficient mice display an increased susceptibility to Leishmania infections (89)

as well as impaired antiviral Ab responses (34).

1.6 CD40 signaling

Understarjding how CD40 signals is important becausé mutations that block
CD40 signaling could cause immunodeficiency diseases. Moreover, mutationsv that
mimic continuaI'CD4O signaling could cause excessive B cell activ.ation and lead to
leukemia or autoimmune diseases .such as rheumatoid arthritis, as discuésed above.
By elucidating the signal transduction pathways used by CD40 in various cell types,
pharmacological agents could be developed that block or augment intracellular
signaling pathways activated by CD40. These agents might be useful in treating

diseases that are due to deregulated CD40 signaling.
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At the start of this thesis, almost nothing was known about CD40 signaling.
However, over the last five years several CD40 signaling pathways have been
identified. Most of these studies were performed with B lymphocytes and it is possible
that CD40 may activate different signaling pathways in other cell tybés. Presented

below is a brief summary on CD40 signaling in B cells.

1.6.1 Tyrosine kinase-based signaling by CD40
a). Tyrosine phosphorylation and protein tyrosine kinase (PTK) activation

Phosphorylation of proteins on tyrosine residues is an important mechanism
used by many grthh factor receptors to transmit signals into cells (reviewed in (1)).
The tyrosine phosphorylation state of proteins in the cell is controlled by the action of
protein tyrosine kinases (PTKs) and protein tyrosine phosphatases (PTPs). Tyrosine
phosphorylation can regulate the function of proteins by initiating protein-protein
interactions that are 'important for signal transduction. For example, many signaling
proteins contain structural domains known as Src homology 2 (SH2) domains that
bind phosphotyrosine-containing regions of proteins with high affinity. In addition,
several key signaling enzymes such as the Src family kinases, are regulated by
phosphorylation of critical tyrosine residues (1).

At the start of this thesis, several observations suggested that PTK activation
may play an important-role in mediating the biologicali -effects of'CD40. For examhle,
tyrosine phosphorylation of various signaling proteins, including phospholipase C-y2
(PLC-y2) and the 85-kDa regulatory subunit of phosphatidylinositol 3-kinase (PI3K),
was shown by one group to be induced within minutes of CD40 engagement on Daudi
B cells (90). However, this data has not been reproduced by other groups. Other
studies showed that PTK inhibitors blocked CD40-mediated B cell aggregation (91), Ig
class switching (92) and rescue of germinal center B cells from spontaneous apoptosis

(59). However, they did not demonstrate that these inhibitors blocked CD40-induced
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protein tyrosine phosphorylation. Finally, engagement of CD45, a transmembrane
PTP, appears to inhibit.CD40-me_diated B cell proliferation (93). Thus, there is
circumstantial evidence that CD40 may signal, at least in pan, through PTKs.

If PTK activation plays a role in CD40 signaling, it remains to be determined
how CD40 might activate PTKs. The CD40 cytoplasmic region does not contain a
kinase domain (36), indicating that CD40-mediated tyrosine phosphorylation is
mediated by a separate tyrosine kinase. During the course of this Study, there have
been several reports that members of several diffefent PTK families are activated in
response to CD40 engagement. For example, Ren et al. (90) and Faris et al. (94)
showed that CD40 induces tyrosine phosphorylation and activation of thé Src family
PTK, Lyn in the Daudi and Raji B cell lines. In addition, one group has found that
engagement of CD40 on the BJAB human B cell line and on tonsillar B cells induces
tyrosine phosphorylation and activation of the Janus kinase 3 (Jak3) tyrdsine kinase
(95). Once activated by CD40, JAK3 Was found to phosphorylate and activate the
signal transducer and activator of transcription factor-3 (STAT3). Jak3 binding to
CD40 was found to require a proline-rich sequence in the membrane?proximal region
of human CD40 (95). These results suggest that JAK3 activation may play an
important role in mediating CD40 functions. However, CD40 activation of B cells was
recently found to be normal in JAK3-deficient mice (unpublished data, 1998 MidWinter
‘éoﬁferénbe of Immunologists).

It remains to be determined whether CD40 activates members of other PTK
families such as Zap70 or Btk. In preliminary studies, we did not detect significant
activation of Btk by CD40 in the WEHI-231 B cell line (C. Sutherland and T. Roth,
unpublished observations). In summary, more work needs to be done to evaluate the
importance of PTKs in CD40 signaling. The observation that CD40 engagement fails

to induce tyrosine phosphorylation in B cell lines such as WEHI-231 which respond
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vigorously to CD40 engagement, indicates that PTK activation may not be a major

mode of CD40 signaling.

b). Phospholipase C (PLC)

There has been some suggestion that CD40 éctivates PLC-y2 (90), an enzyme
that breaks down the plasma membrane lipid phosphatidylinositol 4,5-bisphosphate to
produce the second messengers diacylglycerol and inositol 1,4,5-trisphosphate.
These second messengers activate members of the protein kinase C (PKC) family of
serine/threonine kinases and elevate intracellular Ca2+ concentration, respectively (1).
Activation of PLC-y2 and the associated increase in intracellular Ca2+ by CD40 would
be consistent with reports that CD40 activates NF-AT (96), a transcription factor that is
induced to translocate from the cytosol to the nucleus in response to increased

intracellular Ca2+ (97).

c). The phosphatidylinositol 3-kinase (PI3K) pathway

CD40 engagement on the Daudi human B cell line has been shown to activate
phosphatidylinositol 3-kinase (PI3K) (90). PI3K catalyzes the phosphorylation of
inositol phospholipids on the 3' position of the inositol ring, generating lipid second
messengers that activate several serine/threonine protein kinases (1). Among the
targets of these second messengérs is PKB/Akt, a serine/threonine kinase that
mediates a survival signal from various cell surface receptors (98). PKB
phosphorylates the prd-apoptotic factor Bad, resulting in the dissociation of Bad from
Bel-x(. Once released, Bcl-x_ suppresses apoptotic cell death pathways involving
cytochrome ¢ and the caspase protease cascade. It remains to be determined
whether CD40 activates PKB and whether the PISK/PKB pathway plays a role in
CD40-mediated protection of WEHI-231 cells from anti-lgM-induced apoptosis.
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1.6.2 CD40 signaling via cAMP

Many receptors, primarily seven transmembrane G protein-coupled receptors,
use the éAMP pathway as a mechanism of signal transduction. These receptors
activate the enzyme adenylate cyclase which produces the second messenger cAMP.
cAMP, in turn activates the cAMP-dependent protein kinase (PKA). PKA
phosphorylates and activates the CREB transcription factor (99,100). There is some
suggestion that the cAMP pathway may be involved in CD40-induced B cell
proliferation. Treatment of splenic B cells with CD40L expressed on activated T cell
membranes induces increases in intracellular cAMP levels (101). This increase in
cAMP levels is blocked by soluble CD40-Fc fusion protein. Furthermore, a PKA
inhibitor, H-89, suppressed the B cell proliferation induced by these membranes (101).
However, it has not been directly demonstrated whether CD40 enga>gement activates

adenylate cyclase in B cells.

1.6.3 Mitogen-activated protein (MAP) kinase activation

In addit_ion to tyrosine phosphorylation, there was some suggestioh at the start
of this study tiwat CD40 uses serine/threonine phosphorylation as a signal transduction
mechanism. |In particular, engagement of CD40 on various human B cell lines and on
tonsillar B cells was shown by in-gel kinase assays to activate several
serine/’threvonirje protein kinases of 120 kDa, 93 kDa, 76 kDa, 55 kDa and 48 ‘KDa
(102). However, the identity of these kinases was not known. |

MAP kinases are serine/threonine kinases that are activated by many receptors
and have been implicated in both mitogenic and apoptotic responses to receptor
signaling (103-106). For example, multiple hematopoietic growth factors had been
shown to stimulate activation of ERK MAP kinase family members (104). Our lab had
previously shown that BCR-induced apoptosis in murine B lymphoma lines correlates |

with activation of ERK2 (107). In addition, genetic and biochemical studies have
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demonstrated that the JNK signaling péthway regulates cellular proliferation and
apoptosis (reviewed in (108)). Moreover, as d:;scribed below, activated MAP kinases
can m~igrate to the nucleus where they phosphorylate and activate transcription
factors. Given the key role of MAP kinases in signaling by many receptors, | tested the
hypothesis that CD40 activates MAP kinases.

At the onset of this work, three MAP kinase families had been identified, tHe
extracellular signal-regulated kinases (ERKSs), the c-Jun N-terminal kinases (JNKs),
and the p38 kinases (Fig. 1.3). The MAP kinases are activated by dual-specificity
kinases called MAP kinase kinases (MKKs) which phosphorylate both the threonine
residue and the tyrbsine residue in a threonine-X-tyrosine activation hotif (109,110).
This phosphorylétion has recently been shown to promote MAP kinase
homodimerization and subsequent nuclear translocation (111). As discussed below,
the ERK, JNK, and p38 kinases have different threonine-X-tyrosine motifs and are
regulated by different MKKs (109,110), aIIowihg for their independent regulation
(Fig. 1.3). Although MAP kinases have numerous substrates, many of their effects on
growth regulation are likely due to their ability to phosphorylate and activate nuclear

transcription factors (110,112).

a). The ERK MAP kinase cascade ,

The best characterized MAP kinase farnily consists of the ERK1 and ERK2
kinases (reviewed in (113,114)). These kinases are most strongly acti\/ated by
tyrosine kinase-linked growth factor receptors. ERK1 and ERK2 are activated by the
MKKs, MEK1 and MEK2. MEK1 and MEK2 are, in turn, activated through
phosphorylation by one of three different MKK kinases (MKKKs); Raf, MEKK1 or c-Mos
(Fig. 1.3). The small G protein, Ras has been shown to link growth factor receptors to

Raf by recruiting Raf to the plasma membrane (115). Transcription factors targeted by

21



Stimulus: G hf Environmental stresses, LPS,
timulus: rowth factor receptors proinflammatory cytokines
protein tyrosine kinases ¢
G protein: Ras Rac, Rho, Cdc42 ?
¢ PAKs

MKKK: Raf, MEKK1, c-Mos MEKK1,2,3 ? TAK1 ?
MKK: MEK1, 2 MKK7, 4 MKKS3, 6
MAP kinase: ERK1, 2 JNK p38
Transcription factor: Elk-1 c-Jun ATF2

Sap1 ATF2 CHOP

Ets JunD MEF2C

Elk-1

Figure 1.3: The mitogen activated protein kinase pathways in mammalian

cells (see text for details).
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the ERKs include Ets domain-containing transcription factors such as Elk-1 (116),

Sap1 (117) and Ets-1 (114) (Fig. 1.3).

b). The JNK MAP kinase cascade

The JNKs are activated by environmental stresses such as ultraviolet light, as
wél| as by inflammatory cytokines and LPS (reviewed in (108)). Ten members of this
family have been identified in humans by molecular cloning. These kinases
correspond to alfernatively spliced isoforms that are derived from three different genes:
Jnk1, jnk2 and jnk3. All three of these genes are expressed as 46 kDa and 54 kDa
forms due to alternative splicing of the 3' coding region of the gene transcripts.
Functional differences caused by this form of alternative splicing of the mRNA
tr;anscripts have not been reported. However, a second form of alternative splicing that
involves the mutually exclusive utilization of two exons within the kinase domain of
transcripts of the jnk1 and jnk2 genes does have functional consequences. The
resulting forms of JNK1 and JNK2, termed JNK1a1 (p46 JNK1a), JNK1B1 (p46 JNK1B),
JNK102 (p54 JNK1a), JNK1B82 (p54 JNK1B), JNK2a1, JNK2B1, JNK202, JNK2B2, differ
in their substrate binding abilities in vitro (118). Thus, individual members of the JNK
family may selectively activate specific transcription factors in vivo. JNK1, JNK2 and
JNK3 are homologous to three protein kinases that were independently identified in
tat ells ‘and-were called“the. stress-activated: protein kinases .v.(S:APKs)"'d(-‘1.19}\.' Thus,
JNK1 is the human homologue of rat SAPKy, JNK2 is the homologue of SAPKa and
JNKS3 is the homologue of SAPKS.

The UNKs are phosphorylated and activated by several MKKs including MKK4
and MKK7 (Fig. 1.3). MKK4, in turn, is phosphorylated and activated by the MKKK,
MEKK1. Although there is currently much confusion concerning the upstream
elements of the JNK signaling pathway that lead from receptors to the activation of

MKKKs, small G proteins seem to be involved. Unlike the ERKs, however, activated
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Ras only weakly ,activ.ates JNK (120)~. Rather3 the small GTP-binding proteins, Rac,
Rho and Cdc42 appear to be more effective activators of JNK (Fig. 1'.3) (121-123).'
The JNKs were initially characterized by their ability to phosphorylate ahd
activate the transcription factor c-dun (124), a component of the AP-1 transcription
factor. However, several other transcription factors including ATF2, JunD and Elk-1

are now known to be phosphorylated by the JNKs (Fig. 1.3) (reviewed in (113)).

c). The p38 MAP kinase cascade

p38 MAP kinase was identified as a protein kinase that regulates the produbtion
of inflammatory cytokines such as IL-1 and TNFa in monocytes stimulated with.LPS
(125). In addition to the original isoform of p38, now referred to as p38«, three
additional members of the mammalian p38 family (p38p (126), p38s (127), and bBSY)
(128) have been cloned. These four p38 MAP kinases are encoded by separate
genes but display significant sequence homology to each other.

Many stimuli including environmental stresses, inflammatory cyfokines and LPS
activate both JNK and p38. This similarity in the regulation of JNK and p38 activities is
not surprising given that MKK4 is a direct activator of both JNK and p38 (Fig. 1.3)
(113). However, a few stimuli that activate p38 but not JNK have been reported
(129,130). Consistent with these findings, MKK3 and MKK6 activate p38 but not JNK
(131). A candidate MKKK for p38 is TAK1 (132), which -activates ‘both MKK3-and ™
MKK6 (133). By analogy to the JNK cascade, MKKKs that activate p38 are likely to be
regulated by a GTPase such as Racil (134) or Cdc42 (122). A group of
serine/threonine kinases called PAKs (p21-activated kinases) are direct targets of
Rac1 and Cdc42 (135,136) and appear to link the small G proteins to the p38 and JNK
MAP kinase cascades (134,135) (Fig. 1.3).

p38 phosphoryl_étes and activates the transcription factors ATF2 (105,137)

CHOP (138) and Sap1 (139). p38 also activates MAPKAP kinase-2 (140), a




serine/threonine kinase that phosphorylates the small heat shock protein Hsp25 and

the transcription factor CREB (141).

d). MAP kinase activation by CD40

'As‘ mentioned previously, it was known at the start of this thesis that signals
transmitted through CD40 and the BCR are involved in regulating B cell survival,
proliferation, Ab production and apoptosis. Given the implicated roles of MAP kinases
in cell survival, proliferation and apoptosis, in this thesis | examined whether the ERK,
JNK and p38 MAP kinases are activated in response to CD40 or BCR engagement on
B cells. Since integration of CD40 and BCR signals has unique effects on B cells, |
also investigated whether there was any dual regulation of these kinases by CD40
and the BCR.

| found that BCR engagement in the WEHI-231 cells strongly activated ERK2
and weakly activated ERK1. CD40 did not activate either of these kinas-es, nor did it
affect BCR-induced ERK activation. In contrast, CD40 engagement strongly activated
- JNK. BCR ligation cause a small increase in JNK activity by itself and also potentiated
CD40-induced JNK activation. Finally, CD40 caused strong activation of p38, as well
MAPKAP kinase-2, a downstream target of p38. BCR ligation induced only a modest
activation of the p38 pathway. The significance of these findings are discussed in

Chapter 3.

1.7 Activation of transcription factors by CD40

Several transcription factors are activated in response to CD40 engagement on
B cells. Treatment of splenic B cells with sCD40L induces activation of the NF-AT, AP-
1, NF-xB and STAT®6 transcription factors (96,142). In addition, treatment of the BJAB
human B cell line with anti-CD40 mAb activates the STAT3 transcription factor (95).

Each of these transcription factors has been implicated in the expression of several




genes, some of which presumably are important for CD40 effects on B cells. Although
the importance of NF-AT in CD40 signaling hag yet to be determined, recent work has
shown fhat NF-AT mediates anti-lgM induction of CD5 expression in splenic B cells
(143). AP-1, a family of dimeric transcription factors composed of Jun, Fos or ATF
subunits, regulates the expression of genes containing an AP-1 bindiﬁg site in their 5'
regulatory regions (144).' Although the target genes for different AP-1 complexes have
yet to be identified, AP-1 factors appear to be involved in regulating cell proliferation
and survival (144). Finally, STAT6 and STAT3 are thought to mediate CD40-induced
expression of interferon regulatory factor-1 (/RF-1) (95), a gene whose product has

been implicated in the regulation of cellular proliferation and differentiation (145).

1.7.1 NF-«B

By far the transcription factor that has received the most attention lately with
regard to its role in CD40 signaling is NF-kB. NF-xB has been shown to mediate
CD40 protection from BCR-induced apoptosis in the WEHI-231 B cell line (146).
CD40 engagement on these cells was found to prevent the decrease in the level of
nuclear NF-xB/Rel complexes that occurs following BCR engagement. CD40-induced
maintenance of NF-KB activity was, in turn, shown to prevent the catastrophic drop in c-
Myc levels that follows BCR engagement and which is responsible for these cells
undergoing growth arrest and apoptos,js (146-149). |

In most cell types, NF-xB is preéent as a heterodimer of p50 and p65 subunits
that is sequestered in the cytoplasm by the IxB inhibitor proteins, IxBa and kBB
(150,151). IxB proteins mask the nuclear localization signal of NF-«B, thereby
preventing its nuclear translocation. A wide variety of stimuli including viruses, LPS
and UV light activate NF-xB by stimulating phosphorylation of IkB proteins on specific
serine residues. The kinases that phosphorylate 1xB have recently been identified

(152) and are discussed further in Section 4.8.4. This phosphorylation targets IxB
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proteins for ubiquitination and subsequent proteasome-mediated degradation, thereby
freeing NF-xB to translocate to the nucleus (reviewed in (153)). In this thesis | have
shown that CD40 also induces phosphorylation and degradation of‘th p'roteins.

NF-«B regulates the expression of a large number of genes including those that
encode cytokines, cytokine receptors, leukocyte adhesion molecules and other
regulatory molecules that are involved in immune responses (154). In addition to c-
myec, several other genes that are activated by CD40 such as A20, IL-6 and ICAM-1
(155) have NF-xB consensus site_s in their 5' regulatory regions. Thus, it is likely that
NF-xB also mediates CD40 induction of these genes.

At the onset of this study, it was not known how CD40 activated NF-xB. To gain
insights into this process, in this theéis I sought to identify signaling motif(s) in the
CD40 cytoplasmic region that activated NF-«B. Once this region(s) was identifiéd, I
determined whether it was the same region that mediated the biological effects of

CD40 on B cells.

1.8 Activation of signaling pathways by CD40: The role of TRAF
proteins

Like other members of the TNFR superfamily, the cytoplas.mic domain of CD40
has no kinase domain and no tyrosine residues with which to recruit SH2-domgin
containing signaling proteins. Flirthermore, CD40 has no ‘known ‘consensus
sequence for binding kinases. Rather, during the course of this study, it waé
discovered that members of the TRAF (TNFR-associated factors) family of adapter
proteins bind to the cytoplasmic domains of CD40 and other TNFR superfamily
members and link these receptors to signaling pathways.

To date, the TRAF family includes TRAF1, TRAF2, TRAF3 (also known as
CRAF1, CD40bp or LAP-1), TRAF4, TRAF5 and TRAF6. The TRAF molecules share

homology in their C-terminal TRAF domains, which are responsible for receptor
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binding (15‘6) and for homo- or heterodimeriz&tion (156). Using the yeast two-hybrid
system,'TRAFZ (157), TRAF3 (158), TRAF5 (159) and TRAF6 (160) have‘ been shown
to directly associate with the cytoplasmic domain of CD40. Aggregatioh of CD40 by
the trimeric CD40L initiates CD40 signaling, presumably by recruitment of these TRAF
proteins to the CD40 cytoplasmic domain (161).

Several recent studies indicate that the TRAF proteins may link CD40 to the
MAP kinase pathways as well as to the transcription factor NF-xB. For example,
TRAF2, TRAF5 and TRAF6 can activate JNK and NF-kB, when overexpressed in the
293 cell line (157,159,160,162). Furthermore, amino-terminally truncated forms of
these TRAFs act as dominant negatives by blocking CD40-mediated activation of NF-
kB (157,159,160). TRAF6 also mediates activation of ERK when overexpressed in 293
cells, and amino-terminally truncated TRAF6 suppresses ERK activation by CD40
(163). Finally, TRAF3 may mediate CD40-induced activation of p38 since dominant
negative TRAF3 suppresses p38 activation by CD40 (164).. Thus, TRAF2, TRAF3,
TRAF5 and TRAF6 are likely to be key adapter molecules that couple CD40 to

important signaling pathways.

1.9 Signaling motifs in the cytoplasmic domain of CD40

Although it was known at the start of this project that CD40 plays a critical role in
. regulating B cell function, the. mechanism by which CD40 activates signaling pathways
was complétely unknown. The TRAF adapter proteins had not been identified and
JAK3 had not been shown to bind to human CD40. Although the sequence of the
extracellular domain of CD40 had led to its classification as a member of the TNFR
superfamily, the cytoplasmic domain of CD40 bears little homology to other known
proteins. Thus, few clues were available at the start of this project as to how CD40 is
linked to its signaling pathway(s) and whether these pathways were independent of

each other. To better understand CD40 proximal signaling events, one goal of this
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thesis was to perform a structure/function analysis on the cytoplasmic domain of CD40.
My hypothesis was that there would be shért linear amino a_cid sequence(s) or
"signaling motif(s)" that mediate CD40 signaling. |

The cytoplasmic domain of human CD40 is 62 amino acids long while that of
murine CD40 is 74 amino acids. During the course of this thesis investigation, data
from other groups suggested that the cytoplasmic domain of CD40 contains at least
two potential signaling regions. Two CD40 cytoplasmic regions that are important for
binding the TRAF proteins have been identified by coprecipitation experiments in
which glutathione S-transferase (GST)-CD40 fusion proteins containing the entire
cytoplasmic tail of CD40 or various deletion mutants were incubated with cell extracts
from fibroblast cell lines overexpressing TRAF2, TRAF3, TRAF5 or TRAF6. These
studies have showed that TRAF2 and TRAF3 can bind to peptides corresponding to
amino acids 31-50 of human CD40 or amino acids 36-52 of murine CD40 (165,166).
These regions aré completely conserved between human and murine CD40 (167).
TRAF5 may bind to an identical or overlapping site since residues 15-54 of murine
CD40 are required for TRAF5 binding (159).

In addition to the TRAF binding sites, reports published during the course of this
study indicated that the membrane-proximal region of CD40 may also contain

signaling motifs. Deletion analysis showed that a membrane-proximal proline-rich

. region corresponding to amino acids.‘-f"é14=‘of»the cytoplashic -défﬁain 'fof human CD4O

is required for the association of the JAK3 tyrosine kinase with human CD40 (95). In

addition, residues 15-30 of murine CD40 are required for TRAF6 binding (160).

1.10 The role of phosphorylation in CD40 signaling
Iin human B cells CD40 has been shown to be constitutively phosphorylated.
(168-170). Furthermore, treatment with interleukin 6 increases CD40 phosphorylation

within minutes (170). Presumably this phosphorylation is on serine/threonine residues
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since human CD40 contains no tyrosines. | It i’sAnot known whether phos_phorylatioh of
CDA40 contributes to its signaling funqtion. At the onset of this thesis, it was known that
the threonine at position 39, a potential site of phosphorylation, was important for
CD40 signaling since mutation of this residue to an alanine disrupts the growth
inhibitory effects of CD40 on M12. cells whereas mutation of the other threonine
residues in the human CD40 cytoplasmic tail had no effect (168). In this thesis, |
further examined the importance of this threonine residue in CD40 signaling. While
our structure function analysis on the CD40 cytoplasmic tail was underway, it was
shown that mutating this threonine in human CD40, or the ‘corresponding threonine at
position 40 in murine CD40, to an alanine disrupts the ability of CD40 to associate with

TRAF2 (95,160), TRAF3 (95,158) and TRAF5 (159).

1.11 Activation of B cells by Another TRAF-Associated Receptor

(ATAR)

Since other TNFR superfamily members bind TRAFs, it is expected that these
receptors are coupled to many of the same signaling pathways as CD40. We
hypothesized that other TNFRs expressed in B cells could activate the same signaling
pathways as CD40 and, thus, mimic CD40. These receptors may substitute for CD40
and activate B cells under some circumstances. Another TRAF-associated receptor
\.(A‘TAR’)V is_a; recently discovere’d member of the TNFR superfamily (171)5**%Hf_u._rn:eihifA‘-TA‘R
shares over 99% sequence identity with the Herpes virus entry mediator (HVEM) fhat
is expressed on human T cells (172) and is probably the same protein. ATAR/HVEM
has recently been shown to be expressed on human B cells and, similar to T cells,
mediate Herpes simplex virus (HSV) entry into B cells (172). The consequences of B
cell infectionA in the etiology of Herpes virus infection remains to be determined.

In addition to the HSV envelope glycoprotein (gD), ATAR binds two cellular
ligands, LTo and LIGHT, a new member of the TNF family (173). Similar to CD40L,
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both LTa and LIGHT are produced by activateq T cells (173,174). Thus, ATAR could
participa{e in T cell-dependent B ceil activation like CD40.

Vefy little is known about the signal transduction pathways utiliied by this new
TNFR superfamily member. An initial study in which ATAR and the TRAF protein were
coexpressed in 293 cells indicates that, like CD40, ATAR initiates signaling events by
binding the TRAF2 and TRAF5 adapter proteins (171). 'In addition, ATAR activates NF-
kB, a target of CD40 signaling, in transiently transfected 293 cells (171). It remains to
be determined, however, whether ATAR is capable of activating these pathways in B
cells and under physiological conditions. In this thesis, we tested whether ATAR can
activate B lymphocytes. We also tested the hypothesis that signaling by ATAR can

induce many of the same responses in B cells as signaling by CDA40.

1.12 Summary of objectives

B lymphocytes need two signals in order to differentiate into antibody-producing
cells, one delivered by the B cell antigen receptor (BCR) and a second delivered by
CD40. In the absence of the CD40 signal, B cells that receive only the BCR signal
undergo apoptosis. In this thesis, the WEHI-231 B lymphoma cell line was used as a
model system to stvudy BCR and CD40 signaling and in particular to investiga‘te how
signals from these two receptors are integrated. ,

The first aim of this researchwas to test the hypothesis that CD40 and the BCR
activate MAP kinases.‘ These serine/threonine kinases have been implicated in both
apoptotic and mitogenic responses to receptor signaling. Each of tHe three types of
MAP kinases, the extracellular signal-regulated kinases (ERKs), the c-Jun N-terminal
kinases (JNKs), and p38, phosphorylates a distinct set of transcription factors. Thus,
activating different combinations of MAP kinaseAs could lead to distinct biological

outcomes.
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A second aim of this research was to test the hypothesis that the BCR and CD40
signals are integrated by mitogen activated protein (MAP) kinases. | tested whether
any of the MAP kinases are subject to dual regulation by both the BCR and CD40
since, in T ceIIs,. INK is involved in signal integration during costirﬁulation of T
lymphocytes through the TCR and CD28 (175). In T cells, the TCR and CD28 are often
thought of as an analogous receptor pair to the BCR and CD40 in B cells‘.r

The third aim of this thesis was to identify signaling motif(s) in the CD40
cytoplasmic domain that mediate MAP kinase activation. Identification of these motifs
would imbrove our understanding ‘of how CD40 is linked up to the MAP kinase
pathways. To identify these motifs, eleven chimeric receptors consristing of the
extracellular and transmembrane domains of human CD8o fused to progressively
smaller portions of the CD40 cytoplasmic domain were constructed. T'he chimeric
receptors, as well as the parental CD8a molecule which contains only the extracellular
and transmembrane portioris of CD8o, were stably expressed in WEHI-231 cells. After
identifying the regions in the CD40 tail that mediate MAP kinase activation, |
determined if they were the same residues that confer protection from BCR-induced
apoptosis, as well as activation of NF-xB, a transcription factor es_sentiél for CD40-
mediated rescue of WEHI-231 cells from BCR-induced death. By mapping the region
in the CD40 cytoplasmic tail that is responsible for activating these signaling
pathways, |-have’ determined- which, CD40-associated"-adapter 'pro.teiﬁs~;- might be
relevant for CD40-induced activation of MAP kinase, NF-xB and survival pathWays in B
cells.

The fourth aim of this thesis was to test the hypothesis that ATAR/HVEM a
recently discovered tumor necrosis factor (TNF) superfamily receptor, can mimic the
effects of CD40 on B cells. Although the functions of ATAR are completely unknown, it
is expressed on B cells. Furthermore, initial studies suggest that ATAR uses similar

mechanisms as CD40 to initiate intracellular signaling. Since the ligand for ATAR is
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unknown and antibodies to ATAR are unavailable, we produced chimeric receptors
containing the ATAR cytoplasmic domain to study ATAR signaling. Two chimeric
receptors consisting of the extracellular and transmembrane domains of CD8o fused
to portions of the ATAR cytoplasmic domain were constructed and expressed in WEHI-
231 cells. We tested whether the cytoplasmic region of ATAR could mediate activation
of the MAP kinases and NF-xB, as well és confer protection of WEHI-231 cells from
anti-lgM-induced growth arrest.

In addition to B lymphocytes, CD40 is highly expressed on dendritic cells (DC).
Both CD40 and lipopolysaccharide (LPS) have been shown to activate these
professional antigen presenting cells. However, DCs have traditionally been difficult
to study due to the absence of immortalized DC lines. Ricciardi-Castagnoli and
colleagues have recently established the murine D1 DC line (176,177). To evaluate
whether MAP kinases might be involved in CD40 or LPS-induced activation of DCs,
the final aim of this thesis was to test which MAP kinases are activated by CD40 and
LPS in D1 cells. Our collaborators, M. Rescigno and M. Martino, under the direction of
Dr. P. Ricciardi-Castagnoli (Milano, ltaly) extended these findings by testing the role of

LPS-induced ERK activation in DC survival and maturation.
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CHAPTER 2
MATERIALS AND METHODS

Materials
2.1 Antibodies )

Goat anti-mouse IgM (u-chain specific) and goat anti-mouse IgG-FITC were
obtained from Bio-Can (Mississauga, ON, Canada). The rat hybridoma producing the
1C10 anti-murine CD40 mAb (178) was obtained from Dr. M. Howard (DNAX
Research Institute, Palo Alto, CA). The 1C10 mAb was purified using a protein G-
Sepharose column. The murine hybridoma cell line producing‘. the 4G10 anti-
phosphotyrosine mAb was obtained from Dr. D. Morrison (Natidnal Cancer Inst.,
Frederick, MD), while the murine hybridoma cell lines producing the OKT8 and 51.1
anti-human CD8o mAbs were obtained from the American Type Culture Collection
(ATCC). All 3 of these mAbs were purified from tissue culture supernatant using
protein A-Sepharose columns. Agarose-conjugated rabbit anti-ERK2 (Ab C-14) and
rabbit anti-ERK1 (Ab C-16) were from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA), as were rabbit Abs against JNK1 (Ab C-17), Crk Il and IkBa (Ab FL). The rabbit
. anti-p38 Ab, provided by Dr. P. Young (SmithKIine Beecham Pharmaceuticals, King of
Prussia, PA), was raised against full length CSBP2 (human p38a) (125,179). The
rabbit anti-p38 Ab used for Western immunoblotting was from Santa Cruz (Ab C-20).
The sheep anti-MAPKAP kinase-2 Ab was from Upstate Biotechn‘ology Inc. (Lake
Placid, NY). Abs specific for phosphorylated IxBa (Ser-32) were from New England
Biolabs Inc. (Beverly, MA). Horseradish peroxidase (HRP)-conjugated protein A and
HRP-conjugated sheep anti-mouse 1gG were from Amersham Corporation (Oakville,

Ontario, Canada). Goat anti-rabbit IgG-HRP was purchased from BioRad

(Mississauga, ON, Canada).




2.2 Other reagents

Cells producing sCD40L (50) were provided by Dr. P. Lane (Basel Institute for
Immunology). Tissue culture sopernatants containing sCD40L were coocentrated 10-
fold using a Centricon 30 concentrator (Amicon Inc., Beverly, MA) and then diluted to
the original volume with fresh tissue culture medium. LPS (Escherichia coli serotype
026:B6) was purchased from Sigma Chemical Corp. The p38 inhibitor, SB 203580,
was obtained from Dr. P. Young (SmithKline Beecham Pharmaceuticals, King of
Prussia, PA). The MEK1/MEK2 inhibitor PD98059 was from BioMol (Plymouth
Meeting, PA).

Protein A-Sepharose, protein G-Sepharose, glutathione-Sepharose, avidin and
myelin basic protein (MBP) were purchased from Sigma (St. Louis, MO).' Glutathione
S-transferase (GST) fusion proteins containing either amino acids 1-79 or 1-169 of c-
Jun were expressed in Escherichia coli and purified by glutathione-Sepharose affinity
chromatography. Bacteria containing the plasmid encoding GST-c-Jun (1-79) were a
gift from Dr. J. Hambleton (University of California, San Francisco). Bacteria
containing. the plasmid encoding GST-c-Jun (1-169) were obtained from Dr. S. Pelech
(University of British Columbia, Canada). The GST-ATF2 (1-96) fusion. protein was
purchased from Santa Cruz Biotechnology. Recombinant murine Hsp25 was obtained
from StressGen Biotechnologies Corp. (Victoria, BC, Canada). The enhanced
c—hemilum‘i_.pesoence (ECL;) deteotjon system was from Amersham r(_‘joroo_:ra_ti'on

(Oakville, ON, Canada).

Methods
2.3 Affinity purification of monoclonal Abs

The 1C10, 4G10, OKT8 and 51.1 mAbs were affinity purified from tissue culture
supernatants. Briefly, the hybridomas that produce these mAbs were grown in

complete RPMI 1640 medium (see Section 2.6.1). When the cell concentration
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reached approximately 0.8 X 108/mL, the'med“iwum was supplemented with glucose to
a final concentration of 1%. In addition, 1/20th'volume of 1 M sodium HEPES, pH 7.2
was added to neutralize the pH. When all of the cells had died (approximately one
month from the onset of culture) they were removed by centrifugation at 3,000 rpm for
10 min. The pH of the tissue culture supernatant was adjusted to 8.0 by adding 1/10th
volume of 1 M Tris HCI, pH 8.0 and sodium azide was added to 0.02%.

The 1C10 mAb was purified from the tissue culture supernatant using a protein
G Sepharose column (Sigma), whereas the 4G10, 51.1 and OKT8 mAbs were purified
using a Protein A-Sepharose column (Sigma). Column washes were performed with
borate buffer, pH 8 (25 mM boric acid, 11.4 mM sodium borate, 0.5 M NaCl, 2.5 mM
EDTA). The mAbs were eluted from the columns with 0.1 M glycine HCI, pH 2.5. FOhe
mL fractions were collected and each fraction was neutralized by the addition of 37.5
uL of saturated Tris base. Fractions containing significant amounts of Ab (as
determined by ODo2gp) were pooled and dialyzed at 4°C over 2 days against 4 to 5
changes of phosphate-buffered saline (PBS). The final Ab concentration was then
determined using an' extinction coefficient of 1.46 for a 1 mg/mL solution of IgG and the

solution was filter sterilized. Purified mAbs were stored in aliquots at -20°C.

2.4 Antibody biotinylation

The 51.1 .anti-huhan CD8& mAb was biotinylated with Stilfo-NHS-Biotin
(Pierce, Rockford, IL) according to the manufacturer's instructions. Briefly, 4 mg of Ab
dissolved in 2 mL of 50 mM sodium bicarbonate buffer, pH 8.5, was mixed in a glass
test tube with 80 ug of Sulfo-NHS-Biotin. The reaction was incubated for 30 min at
room temperature in the dark. To remove unreacted biotin, the sample was
centrifuged for 30 min at 3,000 rpm using a Centricon-30 Microconcentrator (Amicon).
After centrifuging, the sample was diluted to 1.8 mL with 0.1 M sodium phosphate, pH-

7.0. The sample was concentrated and then diluted with 0.1 M sodium phosphate, pH
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7.0, a total of four times. The Ab solution was concentrated one more time and then
diluted to 6 mL with phosphate buffered saline (PBS; 150 mM NaCl, 1.86 mM
NaH2PO4-H20, 8.39 mM NasHPO4-7H20). The final concentration of the biotinylated
51.1 was determined by measuring its absorbance at 280 nm. Biotinylation was
verified by performing a streptavidin-HRP Western blot on 0.5 ug df Ab. Biotinylated

51.1 was stored as sterile-filtered aliquots at -20°C.

2.5 Molecular biology methods
2.5.1 Cloning of the truncated CD8a cDNA into the pLXSN retroviral expression
vector

The puc12/CD8 plasmid containing cDNA encoding human CD8« in which a
Bgl Il site had been inserted after the fourth codon of the cytoplasmic domain (180)
was a gift from Dr. A. Weiss (Univ. of California, San Francisco). The CD8 cDNA was
excised from the pUC12/CD8 plasmid by digesting with Xbal and BamH1. The ends of
the CD8-containing cDNA fragment were then blunt-ended with Klenow. To subclone
the CD8 fragment into the pLXSN retroviral expression vector (181), the vector was
linearized with BamH1 and blunt-ended with Klenow. The blunt-ended CD8 fragment
was then ligated into the linearized pLXSN vector (Fig. 2.1). Insertion of the CD8

fragment into the pLXSN vector was performed with Danielle Krebs.

2.5.2 mRNA purification
mRNA was purified from WEHI-231 cells using oligo dT cellulose as described

below. All solutions were made with RNase-free sterile milli-Q double distilled H>O

(ddH20).

a) Cell lysis: 1 X 108 WEHI-231 cells were centrifuged at 1,500 rpm in a Beckman

GS-6R centrifuge for 5 min. Following centrifugation, the medium was aspirated and
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the cell pellet was resuspended in 30‘mL of ice-cold PBS and centrifuged again. The
cells were washed a second time with I588 and then resuspended in 1 mL of 0.1 M
NaCl, 10 mM Tris-HCI, pH 7.4, 10 mM EDTA containing 2 mg of proteinase K. The
cells were'lysed by adding 4 mL of 0.1 M NaCl, 10 mM Tris-HCI, pH 7.4, 1 mM EDTA,
0.5% SDS to the cell suspension. The DNA was then sheared by passing the cell
lysate 7 to 8 times each through an 18 gauge needle followed by a 22 gauge needle.

Following this, ihe lysate was incubated for 1 h at 37°C.

b) mRNA ‘binding: 1 mL of Type 7 oligo(dT)-cellulose beads (Pharmacia) was treated
for 5 min with 0.1 N NaOH to destroy RNAses. The beads were then washed 2 times
with 5 mL of binding buffer (0.5 M NaCl, 10 mM Tris pH 7.4, 1 mM EDTA and 0.1%
SDS) and then resuspended in 4 mL of binding buffer plus 1 mL of 2.5 M NaCl. The
cell lysate was added to the bead suspension and the mixture was rocked overnight at

room temperature.

c) mANA elution: The beads were poured into an autoclaved Poly-Prep column
(BioRad) and then washed once with binding buffer and 3 times with wash buffer (0.1
M NaCl, 10 mM Tris, pH 7.4, 1 mM EDTA, 0.1% SDS). The mRNA Was eluted from the
oligo(dT) beads with 2 mL of 10 mM Tris HCI, pH 7.4. The mRNA was ethanol
precipitated by ad"dihg sodium acetats, pH 5.2, to a final dohcé“‘?’t'ratién of 'O.B.M,,.:,_‘g‘md
then adding 2 volumes of ice-cold 100% ethanol. After incubation for 30 min at -20°C,
the precipitated mRNA was recovered by centrifugation in an Eppendorf microfuge at
12,000 rpm for 20 min at 4°C. The precipitated mRNA was dissolved in 100 uL sterile
ddH>0 with 0.3 U/mL RNAsin (Promega Corporation) and then quantitated by

measuring its absorbance at 260 nm using a conversion of 1 OD unit = 40 ug/mL. The

mRBNA was stored at -80°C.
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2.5.3 ¢cDNA synthesis

First strand cDNA was synthesized using the Promega reverse transcription
system (.Promega Corporation, Madison, WI). A 20 uL reaction mixture containing 5
mM MgClz, 1X reverse transcription buffer (10 mM Tris-HCI, pH 8.8, 50 mM KCI, 0.1%
Triton X-100), 1 mM of each dNTP, 20 units RNAsin, 15 units AMV reverse
transcriptase (Promega Corporation, 0.5 ng oligo(dT)¢5 primer, and 0.1 ung mRNA was
incubated at 42°C for 15 min. The reaction was terminated by boiling for 5 min and

then stored at -20°C.

2.5.4 n-Butanol purification of PCR primers

Oligonucleotide primers were synthesized by the Nucleic Acid and Protein
Service (NAPS) Unit (University of British Columbia) and purified by the n-butanol
method. Primers were dissolved in 100 uL of 30% ammonium hydroxide (NH4OH)
and 1 mL of n-butanol (Fisher Scientific). After vigorous vortexing, the sample was
centrifuged at 12,000 rpm for 3 min in an Eppendorf microfuge. The liquid was
aspirated and the oligonucleotide pellet was suspended in 100 uL of ddH>O plus 1 mL
of n-butanol and then centrifuged again. The pellet was dried under vacuum and
resuspended in 500 puL of ddH2O. The ratio of absorbancies at 260, 280, and 320 nm
was used to calculate the concentration of primer recovered using the following
equation:

pmol/mL of primer = (OD 260 nm/280 nm/320 nm ratio)/(10X length of primer)

2.5.5 Polymerase chain reaction (PCR)
The first strand WEHI-231 cDNA was used as a template in the PCR reactions to
generate double stranded cDNA molecules encoding (1) the full length murine CD40

cytoplasmic domain (amino acids 1-74; where the amino acid residues are numbered

starting at the beginning of the CD40 cytoplasmic domain), (2) the homology box




region of CD40 (amino acids 26-63) or (3) a ttﬁruncated version of the homology box
region of CD40 (amino acids 26'53)? The prirr;érs used in these PCR reactions (Table
4.1) added a Bgl/ Il site at the 5" end of the amplified cDNAs and a stop codon followed
by a Bgl Il site at the 3’ end.

PCR reactions were performed using 1 uL of a 1:5 dilution of WEHI-231 cDNA, 5
uL of 10X ThermoPol reaction buffer (New England Biolabs), 2 uL of 10 mM dNTPs
(Pharmacia Biotech Inc., Piscataway, NJ), 50 pmol of each primer and 1 unit of Vent
DNA polymerase (New England Biolabs) in a final volume of 50 uL. The PCR
reactions were carried out in a PTC-100 Programmable Thermal Cycler (MJ Research,
Inc., Watertown, Mass). Following an initial 2 min incubation at 94°C, sémples were
cycled 30 times with a denaturation step of 1 min at 94°C, an annealing step of 2 min
at 550C, and an extension time of 2 min at 72°C.

PCR products were analyzed on 2% agarose gels. A 100 bp DNA ladder
(Gibco BRL, Burlington, ON) was used to determine the sizes of the PCR products.
PCR products of thé expected sizes for the full length CD40 tail DNA, the homology
box DNA or the truncated homology box DNA were cut from the gel with a scalpel and
purified using the QIAEX Il Extraction Kit (Qiagen Inc., Chatsworth, CA) according to

the manufacturer's protocol.

256 ‘O/igonuc/eot‘id_és encoding CD40 and ATAR cytoplasmic domain *f(ag/ﬁénts_
Oligonucleotides were synthesized by the NAPS Unit at the University of British
Columbia. The sequences of the oligonucleotides used to generate the murine CD40
tail segments are listed in Table 4.2. The sequences of the oligonucleotides used to
generate the murine ATAR tail segments are listed in Table 5.1. Complementary
synthetic oligonucleotides were annealed together to generate cDNAs encoding

amino acid residues 1-25, 15-30, 35-53, 35-53 T40-A, 26-44, 35-45, 45-63 and 43-53
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of the murine CD40 cytoplasmic domain and the C-terminal half of the murine ATAR

cytoplasmic domain (amino acid residues 27-46).

2.5.7 Annealing of oligonucleotides encoding CD40 cytoplasmic tail or ATAR inserts

~ Each oligonucleotide (40 nanomoles) was dissolved in 1OQ uL of TE, pH 8.0 (10
mM Tris-HCI, 1 mM EDTA). Complimentary oligonucleotides were mixed together and
annealed by boiling for 5 min in a H2O bath and allowing them to sloW|y cool to room
temperature. Once formed, the double stranded CD40 and ATARl cDNA fragments
were cut with Bg/ /] and ligated into the Bgl I/ site of CD8 in pLXSN (Fig. 2.2).

2.5.8 Restriction endonuclease reactions

Restriction endonucleases were purchased from New England Biolabs or Gibco
BRL. To digest plasmid DNA with restriction endonucleases, 5 ug of the DNA were
mixed with 2 uL of the appropriate 10X restriction enzyme digestion buffer. - The
reaction volume was brought up to 18 uL with autoclaved dH>O and then 2 uL of the
appropriate restriction enzyme was added. The reaction was allowed to proceed for 2

to 4 h at 37°C.

2.5.9 Filling in 5° DNA overhangs with Klenow

To create blunt ends on DNA containing a 5’ overhang after restriction enzyme
~ digestion, the reaction mixture was first heated at 75°C for 10 min to dénature the
restriction‘enzyme. After cooling the reaction mixture, 5 units of Klenow DNA
polymerase (New England Biolabs) were added and dNTPs were added to a final
concentration of 33 uM. The reaction was allowed to proceed at 25°C for 15 min.

Finally, the Klenow was denatured by heating at 75°C for 10 min.
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Figure 2.2: Cloning of CD40 and ATAR cytoplasmic tail inserts into
pLXSN/CD8

The 6.6 kb pLXSN-CD8 plasmid (see Materials and Methods) and the CD40
or ATAR cytoplasmic tail inserts (see Materials and Methods) were digested
overnight with Bgl /. After phosphatase treating pLXSN-CD8, the vector and
inserts were purified by Geneclean. The CD40 and ATAR inserts were then
ligated into the Byl Il site of pLXSN-CD8 which is located 4 codons into the
CD8 cytoplasmic domain.
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2.5.10 Phosphatase treatment of vectors

To prevent religation of linearized ﬁlasmid vectors, 5' phosphates were
removed by treatihg the DNA with calf intestinal alkaline phosphatase (CIP, New
England Biolabs). Dephosphorylation reactions were carried out by adding 0.5 units
of CIP per pmol of DNA ends directly to a completed restriction enzyme digest and
incubating the tube at 37°C for 60 min. The phosphatase reaction was terminated by
adding EDTA to 5 mM and heating at 75°C for 10 min. Before use in ligation
reactions, phosphatase-treated DNA was purified using the Geneclean Kit and then

dissolved in dH»0.

2.5.11 Agarose gel electrophoresis

DNA samples were checked for correct size and purity on 0.8% or 1.5% (w/v)
agarose gels. Gels were prepared by dissolving the agarose (Gibco BRL) in Tris-
Borate-EDTA buffer (TBE) (0.045 M Tris-borate, 0.001 M EDTA) as described in (182).
Agarose gels were run in TBE containing 0.1 ug/mL ethidium bromide (Sigma) at 100

V for 1 h. DNA in the agarose gels was visualized by illumination with ultraviolet light.

2.5.12 Purification of DNA

DNA was separated from various contaminants after reactions involving
4 _restriction endonucleases, alkaline phosphatase or Klenow polymerase. To purify
DNA from an agarose gel, the DNA fragment of interest was first cut from the gel using
a scalpel. DNA fragments less than 400 bp in size were purified uéing the QIAEX |I
Gel Extraction Kit (Qiagen Inc., Mississauga, ON). Larger DNA fragments were
purified using the Geneclean Kit (Bio 101 Inc., La Jolla, CA). All fragments were

purified according to the manufacturer's protocols.
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2.5.13 Ligation reactions

One hundred ng of Bg/ lI-digested, phosphatase-treated vector was mixed with
Bgl II-digested CD40 tail or ATAR tail inserts at a 1:3 molar ratio. Theili'gation reaction
contained vector and insert DNA, 2 uL of 10X ligase buffer (50 mM Tris-HCI, pH 78 10
mM MgCI’g 10 MM DTT, 1 mM ATP, 50 ug/mL BSA) and 400 U of T4 DNA ligase (New
Engla_nd Biolabs) in a final volume of 20 ulL. Ligation reactions were allowed to

proceed for 1 h or overnight at 16°C.

2.5.14 Preparation of competent bacteria for transformation

HB101 Escherichia coli (Gibco BRL) were rendered competent for
transformation by pelleting 500 mL of a log phase culture (ODs59 = 0.4) and
resuspen'ding the bacteria in 200 mL of 30 mM potassium acetate, 100 mM RbClI, 10
mM CaClz, 50 mM MnClz, 15% glycerol, pH 5.8. The cell suspension was incubated
for 5 min on ice. The bacteria were then pelleted by centrifuging at 8000 rpm for 10
min at 4°C, resuspended in 20 mL of 10 mM MOPS, 75 mM calcium chloride, 10 mM
rubidium chloride, 15% glycerol pH 6.5, and incubated on ice for 15 min. Small
aliquots of the cells were made and frozen on dry ice. The competent bacteria were

stored at -8050 until use.

2.5, 15 Ifansformation of bacteria _

T~o transform HB101 bécteria, 40 ng of plasmid DNA or 8 uL of a ligation
reaction were added to 100 plL of competent HB101 bacteria and incubated on ice for
30 min. The cells were heat shocked for 45 sec at 42°C and then placed on ice for 2
min. At this point, 0.7 mL of SOC medium (2 g bactotryptone, 0.5 g yeast extract, 10
mM NaCl, 2.5 mM KCI, 20 mM MgClz, 20 mM glucose in a final volume of 100 mL)

were added and the culture was incubated at 180 rpm, 37°C for 1 h. Either 50 uL or
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250 uL of the transformed bacteria were then plated onto LB plates containing 50
i

ng/mL ampicillin and incubated overnight at 37°C.

2.5.16 Plasmid DNA preparations

Small quantities of purified plasmid DNA (minipreps) were prépared using the
alkaline lysis method (182). Briefly, a single isolated colony was tranéferred to 3 mL of
Luria-Bertani (LB) medium containing 50 ng/mL ampicillin and incubated overnight at
379C,180 rpm. Approximately 1.5 mL of the culture were centrifuged and the pellet
was resuspended in 100 pL of ice-cold Solution | (50 mM glucose, 25 mM Tris-HCI pH
8, 10 mM EDTA pH 8). At this point, 200 pL of freshly-prepared Solution I (0.2 N
NaOH, 1% SDS) were added, the tube was mixed by inversion, and incubated on ice
for 5 min.k Following this, 150 uL of ice-cold Solution Ill (5 M potassium acetate, 11.5%
glacial acetic acid) was added. The mixture was vortexed for 10 sec and then placed
on ice for 5 min to allow precipitation of bacterial chromosomal DNA. After
centrifugation at 12,000 rpm for 5 min at 4°C, the supernatant was transferred to a
fresh tube and extracted with an equal volume of (1:1) phenol:chlorofbrm to remove
excess protein. The upper aqueous phase was recovered and the plasmid DNA was
precipitated by adding 2 volumes of ethanol. The solution was then mixed by
vortexing and incubated for 5 min at room temperature. The plasmid DNA was
be’llétéd by centrifggation at 1é,0'00 rpm for 5 iiin. The pellet was \ryashéd once W|th
70% ethanol and dried briefly in a Speed Vac (Savant Instruments Inc., Farmingdale;
NY). After drying, the pellet was redissolved in 20 uL of dH20 containing 5 ug of
RNAse (Sigma). Plasmids were analyzed by digesting 10 uL of miniprep DNA with the
appropriate restriction enzymes. Plasmid DNA was stored at -20°C.

To obtain large amounts of pure DNA for sequencing and subsequent
transfection into eukaryotic cells, Nucleobond AX 100 column preps (Clontéch, Palo

Alto, CA) were performed according to the manufacturer's instructions.
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2.5.17 Preparation of frozen stocks of bacteria
To prepare frozen stocks of bacteria, 3 mL of an overnight culture of bacteria
were mixed with 1 mL of sterile glycerol. One mL aliquots of this mixture were stored

at -80°C.

2.5.18 DNA sequencing _

The sequence of each CD8a/CD40 and CD8a/ATAR chimeric cDNA was
confirmed by DNA sequencing. Sequencing was carried out using the Sequenase
Version 2.0 Kit (Amersham) according to the manufacturer's instructions. Alternatively,
sequencing was performed by the NAPS Unit at the University of British Columbia.
The primer uéed for sequencing was synthesized by the NAPS unit. This primer
corresponds to codons 177-183 of the CD8 sense strand and consists of the following

sequence: 5' CTG GAC TTC GCC TGT GAT ATC 3.

2.6. Cell culture
2.6.1 Culturing WEHI-231 cells

The WEHI-231 murine B lymphoma cell line (183) was grown in RPMI-1640
supplemented with 10% heat-inactivated fetal calf serum (FCS) , 2 mM L-glutamine, 1
mM sodium pyruvéte and 50 uM 2-mercaptoethanol. FCS was heat-inactivated by
~incubation at 56°C for 30 min. WEHI=231, clones.expressing CD8{CD40-'Dr CD8/ATAR
chimeric receptofs were maintained for up to 3 months in complete medium

supplemented with 1.8 mg/mL geneticin (G418, Gibco, BRL).

2.6.2 Culturing BOSC 23 cells
The BOSC 23 cells were a gift from Dr. W. Pear (Massachusetts Institute of
Technology, Cambridge, MA). BOSC 23 cells were grown in DMEM supplemented

with 10% heat-inactivated FCS, 2 mM L-glutamine, 1 mM sodium pyruvate and 50 uM
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2-ME. To split these adherent cells, they were first washed with PBS and then
removed from the tissue culture dishes by a 5 fnin treatment with 0.25% Atrypsin/1 mM
EDTA. The cells were then pelleted by centrifugation at 1500 rprh for 5 min and
resuspended in complete DMEM medium. Selection and maintenance of BOSC 23
cells was performed by Danielle Krebs and has been described previously (184).
Briefly, BOSC 23 cells were grown in gpt selection medium (DMEM supplerﬁented
with '10% dialyzed FCS, 0.25 rﬁg/mL xanthine, 14 ug/mL hypoxanthine, 25 pg/mL
mycophenolic acid, 10 ug/mL th'ymidine and 20 ug/mL aminopterin) for two weeks.
This selection ensured that the BOSC 23' cells expressed all of the préteins required
for virus assembly. Multiple frozen aliquots were made. Each aliquot could then be
thawed and grown without selection for up to two months, after which production of

viral packaging proteins declined.

2.6.3 Culturing D1 dendritic cells (DCs)

The D1 cells were derivedb from murine splenic DCs and maintained in vitro as
growth factor-dependent immature DCs (177,185). D1 cells were grown by M.
Rescigno and M. Martino in IMD'M (Sigma Chemical Corp., St. Louis, MO) con{aining
10% heat-inactivated fetal bovine serum (Hyclone, Logan, Utah) 2 mM L-glutarﬁine, 50
gM 2-ME, 30% NIH/3T3 fibroblast supernatant and 10 ng/mL mousé.recombinant GM-
CSF (ngzyme, Cambridg‘e,.M@)‘. Clusters of. adher_e'ht cells. wijh-.DCaﬁgorp}]ology
were detached using PBS/3mM EDTA as described in (177). S

2.6.4 Long term storage of eukaryotic cells

For long term storage, eukaryotic cells were frozen in 90% FCS/10% DMSO.

After 2 days at -80°C, the cells were moved to liquid nitrogen for storage.

48




2.7 Retrovirus infection of WEHI-231 cells
2.7.1 Generation of retroviruses using the BOSC 23 packaging cell line:

The protocol used to produce retroviruses using the BOSC 23 cell line has
been described previously (184). Briefly, on the day prior to transfection, BOSC 23
cells were plated in 6-well dishes at 2.0 X 108 cells per well. The cells were
approximately 85% confluent when transfected. Immediately before tfansfection, the
medium was aspirated from the cells and 1 mL of fresh medium containing 25 uM
chloroquine was added. For each well, a transfection cocktail was prepared by adding
2 ug plasmid DNA to 0.2 mL of 250 mM CaCls in a 12 X 75 mm polystyrene tube and
then adding 0.2 mL HEPES-buffered saline (50 mM sodium HEPES, pH 7.05, 10 mM
KCI, 12 mM dextrose, 280 mM NaCl, 1.5 mM NasHPQ4) dropwise over 5 sec while
vortexing at mode'rate speed. The mixture was vortexed for an additional 10 sec and
the transfection cocktail was added to the BOSC 23 cells. At 10 h and 36 h post-
transfection, the medium was aspirated from the cells and replaced with 2 mL of fresh
medium. At 42-44 h post-transfection, the medium containing the retroviruses was
collected and used for infection of WEHI-231 cells. In general, virus-containing cell
supernatants were fﬁiltered and used immediately. Occasionally, the supernatants were

frozen at -80°C. However, freeze-thawing was found to decrease the viral titer.

272 /nfection of WEHI-231 cells:

On the day of infection, 5 X 105 WEHI-231 cells in 0.5 mL medium were added
to each well of a 6-well dish. - The virus-containing supernatant from one well of a 6-
well dish of BOSC 23 cells (2 mL) Was passed through a 0.22 uM filter (Millipore) into a
tube containing 2.5 uL of 10 mg/mL polybrene (hexadimethrine bromide, Sigma). The

filtered supernatant was then added to the cells. Twelve to 18 h post-infection, the

cells were pelleted and resuspended in fresh medium without polybrene.




2.7.3 Obtaining drug-resistant clones:

Drug-resistant WEHI-231 clohes were selected by culturing the cells in medium
containing 1.8 mg/mL G418 (Gibco) starting 44 h post-infection. To obtain isolated
clones, cells were diluted to 5 X 103/mL and plated by serial dilution into 96-well
plates. Twenty-four serial 0.25-fold dilutions were performed by successively
trahsfer'ring 150 uL of cells into wells containing 50 uL of media. Approximately two
weeks later isolated clones were tested for CD8a éxpression by flow cytometric

analysis.

2.8 Flow cytometry

To test G418-resistant WEHI-231 cell clones for expression of CD8 chimeric
recéptors, éells’ were stained with the OKT8 anti-human CD8 mAb according to the
following protocol. All steps were done in the cold. Briefly, 2 X 105 cells were placed
in one well of a'U-bottom non-sterile 96 well plate. The plate was centrifuged at 2,000
rpm at 4°C in a GS-6R centrifuge (Beckman) to pellet the cells. The supernatant was
removed by blotting the inverted plate onto paper towels. The cells were washed by
first resuspending the cell pellet in 200 uL of flow cytometry sorter buffer (FSB; PBS,
1% FCS, 0.1% sodium azide) and then repelieting the cells by centrifuging the plate
as described above. After removing the supernatant, the cell pellet was resuspended
in 50 uL of FSB containing i 5 ng of the OKT8 :anti-hurnan -CD8a mAb and, in’c‘:ub’étéd
for 20 min. The cells were washed and incubated for an additional 20 mi.n in 50 pL
FSB containing 1.5 ug of goat anti-mouse IgG-FITC Ab. After a final wash step, the

cells were resuspended in FSB and analyzed for CD8 expression using a Becton

Dickinson FACSCAN. Data analysis was performed using Lysis Il software.




2.9 WEHI-231 ceII stimulation and preparation of cell lysates

For S|gna||ng experiments, transfected WEHI-231 clones were expanded in
complete medium without G418. Cells were pelleted, washed once with modified
HEPES-buffered saline (HBS; 25 mM sodium HEPES, pH 7.2, 125 mM NaCl, 5 mM
KCI, 1 mM CaCla, 1 mM NasHPOy4, 0.5 mM MgSO4, 1 mg/mL glucose, 2 mM
glutamine, 1 mM sodium pyruvate, 50 uM 2-ME) and then resuspended to 5 x 106 per
mL in HBS. The cells were warmed to 37°C and stimulated with various
concentrations of either anti-lgM Abs, the 1C10 anti-CD40 mAb, sCD4OL, LPS or with
biotinylated 51.1‘anti-human CD8a‘ mAb (51.1-biotin) and avidin for various times.
Where indicated, the cells were préjtreated with 50 uM SB 203580 (p38 inhibitor) for
30 mir; at 37°C prior to being stirhulated with 1C10. Reactions were stopped by
adding ice-cold PBS containing 1 mM NazVO4 and then centrifuging the cells for 3
min at 3,000 rpm in the cold. Cell pellets were washed once with ice-cold
PBS/NazV0O4 and then solubilized in. one of the following buffers: buffer A (20 mM Tris,
pH 8, 137 mM NaCl, 10% glycerol, 2 mM EDTA, 1% Triton X-100, 1 mM PMSF, 1 mM
NaszVOy4, 10 ug/mL leupeptin, 1 ug/mL aprotinin); buffer B (50 mM Tris-HCI, pH 7.5,
150 mM NaCl, 5 mM EDTA, 1% NP-40, 1 mM MoQy4, 0.2 mM NazgVOy4, 1 mM DTT, 10
ug/mL aprotinin, 2 ug/mL Ieupepfin, 0.7 ug/mL pepstatin, 40 ug/mL PMSF, 10 pé/mL
'soybean trypsin inhibitor); buffer C (20 mM Tris-HCI', pH 8, 137 mM NaCI, 5 mM EDTA,
_1?@,% @i’ycerol, 1% ‘TIZritéh X-100, T%I\‘?I-«ﬁ’MSF, 20 ug/mL aprofinin,"ébﬁg/ﬁq‘L ie’iipeptjh‘; b
mM NazVOg4, 1 mM EGTA, 10 mM NaF, 1 mM NagP207, 10 mM B-glycerop‘hosphate);
buffer D (25 mM sodium HEPES, pH 7.5, 300 mM NaCl, 1.5 mM MgCl», 0.2 mM EDTA,
0.1% Triton X-100, 0.5 mM DTT, 20 mM B-glycerophosphate, 1 mM NazVOQOy, 20 ug/mL
leupeptin, 20 ug/mL aprotinin, 1 mM PMSF); buffer E (20 mM Tris-HCI, pH 7.4, 1%
Triton-X 100, 10% glycerol, 137 mM NaCl, 2 mM EDTA, 25 mM B-glycerophosphate, 1
mM NazVOy4, 2 mM NagP207, 1 mM PMSF, 10 pg/mL leupeptin). After 10 min on ice

(unless otherwise indicated), detergent-insoluble material was removed by
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centrifugation. Protein concentrations were determined using the bicinchoninic acid

assay (Pierce, Rockford, IL).

2.10 Df dendritic cell stimulation and pfeparation of cell lysates

. Five million D1 cells were resuspended in HBS and stimulated with 10 ug/mL of
LPS for various times. Where indicated, the cells were pre-treated with 50 or 100 uM
MEK inhibitor PD98059 for 30 min at 37°C prior to being stimulated with LPS.
Reactions were terminated with ice-cold PBS. The cells were pelleted by
centrifugation and lysed in buffer B as described in section 2.9. After removing
detergent-insoluble material by centrifugation, ERK activity in the lysates was
measured by ERK in vitro kinase assay. D1 cell lysates were prepared by our

collaborator, M. Rescigno.

2.11 SDS-PAGE and Western immunoblot analysis
Protein samples were prepared for electrophoresis by adding SDS-PAGE
sample buffer to a final concentration of 62.5 mM Tris, pH 6.8, 2.3% SDS, 100 mM

| DTT, 10% glycerol and boiling for 5 min. Samples were separated by SDS-PAGE on

1.5 mM thick (unless indicated otherwise) mini-gels according to ‘standard protocols
(186). After electrophoresis, gels Were stained with Coomassie blue to visualize the
proteins and th,eh dried using a- gel dryer (BioRiad,' ‘model 583), or were
electrophoretically transferred (75 min at 75 V) to nitrocellulose (BA85, Sbhleicher ar}d'
Schuell, Keene, NH). Transferred proteins were visualized by Ponceau S (Sigma)
staining.

For immunoblot analysis, filters were blocked overnight at 4°C with either 5%
bovine serum albumin (BSA; ICN Biomedicals Inc., Aurora, OH), 0.02% sodium azide
in TBS (10 mM Tris-HCI, pH 7.5, 150 mM NaCl) or With 5% (w/v) nonfat dry milk

(Carnation), 0.02% sodium azide in TBS. Primary antibodies were diluted in TBS and
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incubated with the filter for 3 h or overnight e}t 40C. After washing for 15 min with
several changes of TBS/0.05% Tween 20 (TBST), filters were incubated with_ either
horseradiéh-peroxidase-(HRP) conjugated goat anti-rabbit 1gG (1:20,000 in TBST),
HRP conjugated sheep anti-mouse I1gG (1:10,000 in TBST) or protein A-HRP (1:10,000
in TBST) for 1 h. Filters were then washed for 2 h with several chahges of TBST
followed by a final 5 min wash in TBS. Immunoreactive bands were visualized by
enhanced chemiluminescence detection (ECL, Amersham).

To re-probe filters with other Abs, the filters were first stripped of bound Ab by
incubating in TBS, pH 2 for 15 min. Stripped filters were washed twice in TBS,

reblocked and then probed as described above.

2.12 p38 tyrosine phosphorylation

Cell lysates (300 pg protein in buffer A) were precleared by mixing with 15 pL of
protein A-Sepharose for 1 h at 4°C. p38 was immunoprecipitated by incubating the
precleared lysate overnight at 4°C with 5 ug of rabbit-anti-p38 Ab (P. Young). Immune
complexes were collected by mixing the lysate with 15 uL of protein A-sepharose for 1
h at 4°C. After washing the beads 3 times in buffer A, the beads were boiled 5 min in
1X SDS-PAGE sample buffer. Samples were separated on 11% polyacrylamide gels
and transferred to nitrocellulose. Filters were blocked with BSA as described above. |

T?r‘bs!ihé phosphorylation of p38 was. detected by probing the filtér wnth the
4G10 anti-phosphotyrosine mAb, followed by sheep anti-mouse IgG-HRP' as a
secondary Ab. Immunoreactive bands were visualized by ECL. To ensure equal
recovery of p38 protein in each lane, the filter was stripped and then re-probed for 1 h
with a 1:5000 dilution of rabbit anti-p38 Ab (Santa Cruz, C-20), followed by goat anti-
rabbit IgG-HRP. | |
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2.13 ERK bandshift assays

To detect p42. and p44 ERK bandshifts which are indicative of ph'osphorylation
and correlate with ERK activation, immunoblots using an Ab that recognizes both
ERK1 and-ERK2 were performed. Samples (1.5 pg of cell lysate in buffer A) were
electrophoresed on 12.5% low bis gels (‘12.36% acrylamide, 0.14% bis-acrylamide,
final concentrations) and transferred to nitrocellulose. The filters were: blocked with
BSA and incubated for 2 h with a 1:1000 dilution of rabbit anti-MAP kinase (Ab Sc-94,
Santa Cruz Biotech). Bound Ab was detected with goat anti-rabbit IgG HRP and the

p42 and p44 ERK bands were visualized using the ECL detection systenﬁ.

2.14 In vitro kina‘se assays
2.14.1 ERK in vitro kinase assays

Cell lysates (150-250 pg protein in buffer B) were incubated with 15 pL of
agarose-conjugated anti-ERK1 or anti-ERK2. After mixing in the cold for 1 h, the
beads were washed three times with buffer B and once with kinase assay buffer (20
mM sodium HEPES, pH 7.2, 5 mM MgCly, 1 mM EGTA, 5 mM 2-ME, 2 mM NagVQyq4, 10
ug/mL aprotinin, 1 mM PMSF). Reactions were initiated by adding 30 ul of kinase
assay buffer containing 1 mg/mL myelin basic protein (MBP) and 5 uCi 32P-y-ATI5.
After 15 min at 30°C, reactions were terminated by adding 30 yL 2X SDS-PAGE
sarhple buffer. - Samples were loaded onto .15%-mini-.ger~s and transferred to
nitrocellulose. The MBP bands were detected by Ponceau S staining. After
autoradiography, the MBP bands were excised and 32P incorporation was determined

by liquid scintillation counting.

2.14.2 JNK in vitro kinase assays
Following stimulation, 107 cells were lysed in 350 pL buffer C. Cell lysates were

precleared for 1 h at 4°C with 10 puL of protein A-Sepharose, then mixed with 0.5 ug of
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rabbit anti-JNK1 Ab for 14 h at 4°C. Imm'une complexes were collected by adding 10
uL of protein A-Sepharose and mixing for an additional hour. The beads were washed
twice with buffer C and once with kinase assay buffer (25 mM HEPES, pH 7.6, 20 mM
MgCly, 20 mM g-glycerophosphate, 1 mM NazgVOg4, 2 mM DTT). Kinase reactions were
initiated by adding 30 pL kinase assay buffer containing 2 pg GST-c-Jun (1-79), 20 uM
ATP and 10 uCi 32P-y-ATP. After 15 min at 30°C, reactions were terminated by adding
12 uL 5X SDS-PAGE sample buffer. Samples were separated on 12% SDS-PAGE
gels and transferred to nitrocellulose. The Ponceau S-stained GST-c-Jun (1-79) band
was excised and 32P incorporation determined by liquid scintillation counting.

In vitfo kinase assays on JNK that was precipitated with immobilized GST-c-Jun
were performed as described by Coso et al. (187) with slight modifications. Following
stimulation, 107 cells were solubilized in 350 uL buffer D for 30 min in the cold with
rocking. - The cell lysates were mixed with 10 yL of GST-c-Jun (1-169) bound to
glutathione-Sepharose beads (provided by Dr. S. Pele‘ch, University of British
Columbia) for 3 h at 4°C. The beads were washed three times with PBS, 1% NP-40, 2
mM NazVOy, once with 0.1 MlTris-HCI, pH 7.5/0.5 M LiCl, and once with kinase assay
buffer (12.5 mM MOPS, pH 7.5, 12.5 mM B-glycerophosphate, 7.5 mM MgClo, 0.5 mM
EGTA, 0.5 mM NaF, 0.5 mM NazVOg4). Reactions were initiated b{/ adding 30 pL of
kinase asséy buffer containing 20 uM ATP and 10 uCi 32P-y-ATP. After 20 min at
' 30°C, reactions were terminated by washing the beads with 1 mL of ¢dld 20-mM
HEPES, pH 8, 2.5 mM MgClo, 0.1 mM EDTA, 50 mM NaCl, 0.05% Triton X-100.
Proteins were eluted from the beads With 40 pL SDS-PAGE sample buffer, separated
on 11% SDS-PAGE gels, and transferred to nitrocellulose. The Ponceau S-stained
GST-c-Jun (1-169) bands were excised and 32P incorporation determined by liquid

scintillation counting.
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2.14.3 JNK in-gel kinase assay

Cell lysates (1.5 mg protein in buffer C) were pre-clearedv with protein A-
Sepharose for 1 h, then immunoprecipitated with 1 pg anti-JNK1 Ab as described
above. Immunoprecipitated preteins were separated on a 0.75 mm-thick 10% SDS-
PAGE gel in which 1 mg of GST-c-Jun (1-79) was co-polymerized. The gel was then
Subjected to a denaturation/renaturation procedure (188). The gel was washed in 50
mM Tris-HCI, pH 8, 20% isopropanol (2 x 30 min, 20°C) and then in 50 mM Tris-HCI,
pH 8, 5 mM 2-ME (2 x 30 min, 20°C). Proteins were denatured by washing the gel in
50 mM Tris-HCI, pH 8, 5 mM 2-ME/6 M guanidine HCI (1 h, 20°C) and renatured by
washing the gel in 50 mM Tris-HCI, pH 8, 5 mM 2-ME, 0.05% Tween 20 (2 x 30 min, 1
x 14 h, 2 x 30 min, eII at 4°C). The gel was then washed for 30 min in kinase assay
buffer (40 mM sodium HEPES, pH 7.4, 2 mM DTT, 15 mM MgClo, 1 mM MnCly, 0.3 mM
NazVOy4, 0.1 mM EGTA) at room temperature. Kinase reactions were performed by
incubating the gel with 16 mL of kinase assay buffer containing 25 uM ATP and 120
uCi 32P-y-ATP for 1 h at room temperature. Free 32P-y-ATP was removed by washing
the gel with 5% tricHIoroacetic acid, 1% NasPO7 (12 x 15 min, 20°C). The gel was

then dried and exposed to film.

2.14.4 p38 in vitro kinase assay

- Cell lysates (500 pg protem in, buffer E) were precleared for 1 h at 4OC W|th 10
ul proteln A- Sepharose then mlxed wnth 5 pg anti-CSBP2 Ab for 2 to 14 h at 40C
Immune complexes were collected on 10 L protem A-Sepharose for 1 h and the
beads were then washed twice with‘buffer E and once with kinase assay buffer (25
mM sodium HEPES, pH 7.4, 25 mM B-glycerophosphate, 25 mM MgClp, 2 mM DTT,
0.1 mM Nas3VOy4). Reactions were i.nitiated by adding 30 pL kinase assay buffer
containing 1 ug GST-ATF2, 50 uM ATP and 10 uCi 32P-y-ATP. After 30 min at 30°C,
reections were terminated by adding 12 uL 5X SDS-PAGE sample buffer. Proteins
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were resolved on 12% SDS-PAGE gels and visualized by Coomassie blue staining.
After drying the gels, 32P incorpofation into GST-ATF2 was quantitated using a

phosphorimager (Molecular Dynamics, Sunnyvale, CA)..

2.14.5 MAPKAP kinase-2 in vitro kinase assay

Cell lysates (500 ug protein in buffer E) were precleared for 1 h at 4°C with 10
uL protein G-Sepharose, then mixed with 2 yg anti-MAPKAP kinase-2 Ab for 90 min at
40C. Immune complexes were collected on 10 pL protein G-Sepharose for 1 h and
washed as described for the p38 in vitro kinase assay. Reactions were initiated by
adding 30 pL of kinase assay buffer (25 mM sodium HEPES, pH 7.4, 25 mM -
glycerophosphate, 25 mM MgClo, 2 mM DTT, 0.1 mM Na3zVO4) containing 1 pg Hsp25,
50 uM ATP and 10 puCi 32P-y-ATP. After 30 min at 30°C, reactions were-terminated by
adding 12 uL 5X SDS-PAGE sample buffer. Proteins were resolved on 12% SDS-
PAGE gels and 32P incorporation into Hsp25 was quantitated using a

phosphorimager.

2.15 IkBo phosphorylation and degrédation ,

Cell lysates (40 ug of protein) in buffer A were separated on 12% low-bis
acrylamide (12% acrylamide, 0.1% bis-acrylamide, final concentrations) SDS-PAGE
gels and ‘transferred ‘to nitrocellulose::membranes. The membranes were blocked
overnight with 5% (w/v) nonfat dry milk, washed with TBST and then ihcubated
overnight with anti-phospho-lxBo Ab (1:1000). After washing the filters for 10 min with
TBST, the anti-phospho-IxBa Ab was detected by incubating the filters with protein A-
HRP (1:5000) for 1 h. The membranes were washed extensively with TBST and
immunoreactive bands were visuélized by ECL detection. To reprobe the blots, bound

Abs were eluted by incubating the blots for 15 min with TBS, pH 2. The membranes
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were blocked as described above and then incubated with the IxBo Ab (1:1000) for 3

h. Immunoreactive bands were visualized as described for the phospho—IKBa Ab.

2.16 Proliferation assays

WEHI-231 cells (1 X 104 cells/well) were cultured in 96 well plates in a final
volume of 200 ul. complete RPMI-1640 medium containing various stimuli. Three to
six replicate cultures were set up for each experimental point. After 40 h at 37°C, 1 uCi
of [3H]thymidine (Amersham) was added to each well. The cells were harvested 4 h
later using a Multiple Automated Sample Harvester (Cambridge, Technologies,
Cambridge, MA). The incorporation of [3H]thymidine into DNA was determined by

liquid scintillation counting.
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CHAPTER 3

Differential Activation of the ERK, JNK, and p38
Mitogen-Activated Protein Kinases by CD40 and
the B Cell Antigen Receptor (BCR)

3.1 Introduction |

Two key receptors that regulate B cell development and activation are the B cell
Ag receptor (BCR) and CD40. The BCR and pre-B cell receptor regulate multiple
steps in B cell differentiation. First, the survival and further. differentiation of pre-B cells
requires signals from the pre-B cell feceptor (189,190). ‘Sécond, Ag binding by the
BCR on naive B cells can result in either activation, anergy, or apoptosis depending on
the nature of the Ag and whether or not the B cell receivés a T cell-derived co-
stimulatory signal (1). Finally, sig_nals from the BCR are required for the survival of
germinal center B cells that have undergone somatic hypermutation (57).

CD40 also delivers key input at various stages in B cell activation and
differentiation. The CD40 ligand (CD40L) is expressed on activated T cells (47) and
can deliver the co-stimulatory signal that prevents BCR-induced apoptosis or anergy
(55). CD40 signaling synergizes with the BCR to promote th'e proliferation and
diff'erenfiation of activaiedBl cells, tk!le,: survival of germinal center ?-celi's, and ig
secretion (12,29,50,57,191-193). CD40 engagement also promotes Ig class switching
(191,192,194).

of particular interest is how CD40 engégement determines whether BCR
signaling leads to activation, anergy, or apoptosis. One model is that BCR signaling
causes abortive activation in that it induces responses that promote both activation
and apoptosis. In this model, CD40 signaling overcomes the death signal and

synergizes with BCR signaling to promote B cell activation and proliferation. Thus, the
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interactions between CD40- and BCR-induced signaling pathways are likely to be.
complex. "As co-stimulatory receptors, BCR signaling and CD40 signaling may
converge at a single critical signaling componeni that requires two inputs for
activation. - Alternatively, BCR- and CD40-stimulated signaling pathways may regulate
different sets of transcription factors, both of which are required for cell activation.
Inhibitioﬁ of BCR-induced apoptosis by CD40 may involve down-regulation of BCR-
induced signaling events and/or transcriptional activation of genes that prevent the
apoptosis program from being carried out.

The WEHI-231 B lymphoma cell line provides a model system for investigating
how BCRAsignaIing and CDA40 signaling are integrated. Cross-linking the vBCR on
these cells results in growth arrest in the Gy phase of the cell cyclevfollowed by
apoptosis (63-65). The BCR-induced growth arrest and apoptosis can be prevented
by anti-CD40 Abs, transfected fibroblasts expressing CD40L, or a soluble form of
CD40L (sCD40L) (28,66,67,178,195). The mechanism by which CD40 protects WEHI-
231 cells from BCR-induced apoptosis was not known at the onset of this thesis.
There wés some suggestion that CD4O may protect WEHI-231 cells from BCR-induced
apoptosis by inducing the expression bf bel-x; (67,195,196). Constitutive expression
of this bc/-2 family member blocks BCR-induced apoptosis in WEHI-231- célls (195-
197). However, the mechanism by Which CD40 signaling induces bcl-x expression
was not known. Moreover, it was not known whether CD40 also inhibits BCR;-i(n'duced,
signaling events that promote apoptosis. |

In this repont, | investigated whether BCR and CD40 signaling are integrated by
mitogen-activated protein (MAP) kinases. The MAP kinases are serine/threonine
protein kinases that are activated by many receptors and have been implicated in both
mitogenic and apoptotic responses (103-106). There a're’th‘ree known MAP kinase

families, the extracellular signal-regulated kinases (ERKs), the c-Jun N-terminal

kinases (JNKs), and the p38 kinases (Fig. 1.3). The MAP kinases are activated by
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dual-specificity kinarses' called MAP kinase kinases (MKKs) which phosphorylate both
the threonine residue and the tyrosine residue in a threonine-X-tyrosine activation
motif (109,110). Thé ERKs, JNKs, and p38 kinases are regulated by different MKKs
(109,110), allowing for their ihdependent regulation. Although MAP kinases have
numerous substrates, their effects on growth regulation are likely due tb_ their ability to
phosphorylate and activate nuclear transcription factors (110,112). The ERK, JNK,
and p38 kinases phosphorylate different sets of transcription factors and individual
members of each family may alsé differ in their substrate specificities. Thus, activating
different MAP kinases would allow the BCR and CD40 to have distinct effects on B cell
activation and diffe}rentiation. Moreover, the MAP kinases may provide a mechanism
for integréting BCR and CD40 signaling, either by dual regulation of a single MAP
kinase family member or by the combinatorial effect of different MAP kinases being
activated by the two réceptors.

The first MAP kinases to be identified were the ERKs, of which p44 ERK1 and
p42 ERK2 are the best characterized. Tyrosine kinase-linked receptors activate ERK1
and ERK2 via the Ras pathway (109,198). Activated Ras promotes the activation of the
Raf kinase (199,200). Raf in turn activates MEK1 and MEK2 (201), the MKKs that
phosphorylate and activate the ERKs (198). Substrates of the ERKs include the Ets
domain-containing transcription factors Elk-1 (116) and Sap1 (117) (Fig. 1.3).

JUNK and p38 are ‘elated MAP kinases that are activated by environmental.
stresses such as uItravibIet light (105,119,202) and hyperosmotic shock (203). These
kinases are also activated by inflammatory lcytokines such as TNFa and IL-1
(105,140,204,205), as well as by LPS (105,206). Although these stimuli activate both
JNK and p38, these kinases are regulated by differént MKKs, and p38 can be turned
on independently of JNK (137,207). For example, p38, but not JNK, is activated in

human endothelial cells that have been treated with vascular endothelial growth factor




(137). Unlike the ERKs, JNK and p38 are poorly activated by tyrosine kinase-linked
receptors (1 i9,206) (Fig. 1.3). |

Ten JNK protein kinases, (also known as stress-activated protein kinases or
SAPKs) have been identified. As described in the Introduction (Chapter 1) these
kinases are derived by alternative splicing of the transcripts encoded by three different
genes (108). The JNK1 (124) and JNK2 (208) members of the JNK family have been
studied in detail. JNK2 can bind to c-Jun and phosphorylate it on serine-63 and
serine-73 (208). Phosphorylation at these sites greatly increases the transcriptional
activity of c-dun (209). JNK1 can also bind ¢c-Jun and phosphorylate these sites, but its
ability to bind c-Jun is 10 to 25 times lower than that of JNK2 (204,208). Thus, in vivo
JNK1 may primarily phosphorylate other substrates. The JNKs aléo bind to and
activate the ATF2 transcription factor (210). Although not kn'bwn at the time of this
study, components of the kinase cascade that lead to activation of JNK have recently
been identified and include MKK4 (aléo termed SEK1 or JNKK) and MKK7 (131,139)
(Fig. 1.3). In addition, the small GTP-binding proteins Rac, Rho and Cd§42 appear to
be upstream elements of the JINK signaling pathway that lead from re'oeptors to the
activation of MKKS (Fi'g. 1.3) (121-123). |

Four members of the mammalian p38 family have been identified (p38a, p38B,
p38s and p38y) (125-128). Each of these p38 kinases is encoded by a separate gene.
Lee et al. (125) clohed cDNAS encoding tivo alteratively spiiced forms ‘of the 386
gene which they termed CSBP1 and CSBP2, both of which are related to the HOG1
kinase from Saccharomyces cerevisiae. The mammalian p38 kinases phosphorylate
ATF2 at the same activation sites as JNK, but they do not phosphorylafe c-Jun (105).
In addition to ATF2, the p38 kinases phosphorylate and activate the transcription
factors CHOP (138) and MEF2C (211). Another distinction between the p38 kinases
and the JNKs is that the p38 kinases can phosphorylate and activate MAPKAP kinase-
2 (140,141), MAPKAP kinase-3 (212) and the p38-regulated/activated protein kinase
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(PRAK) (324). These serine/ threonine kinasqs phosphorylate a heat shock protein
called Hsp25 in murine cells and Hsp27 in human cells (140,141). Hsp25/Hsp27
appears to play a role in regulating actin filament dynamics since overexpression of
Hsp27 in mouse cells stabilizes microfilament organizations (213). In addition to
Hsp25/Hsp27, MAPKAP kinase-2 also phosphorylates and activateé the transcription
factor CREB (214). |

In this repont, | have determined which MAP kinases are activated by the BCR
and CD40. In addition, | have investigated whether any of the MAP kinases are

subject to dual regulation by both the BCR and CD40.

3.2 CD40 does not activate ERKs nor does it influence BCR-induced
ERK activation |

CD40 may prevent BCR-induced apoptosis in WEHI-231 cells by inhibiting or
altering some BCR-induced signaling event. Since the BCR activates ERK2 in WEHI-
231 cells (107), | asked whether CD40 inhibited, potentiated, or prolonged BCR-
induced ERK2 activation.

| first compared the ability of the BCR and CD40 to activate ERK2. Anti-'IgM Abs
were used to stimulate BCR signaling while the 1C10 anti-CD40 mAb was used to
initiate CD40 signaling. The 1C10 mAb can prevent BCR-induced apoptosis in WEHI-
2.3}1:» cells (178) 'to~thexsame-ext‘entéas sCD40L (data not shown):. After stimiulating the
cells for 4 min with these Abs, ERK2 was immunoprecipitated and its activify rﬁeasured
in vitro using MBP as a substrate. BCR cross-linking caused a dose-dependent
increase in ERK2 activity with maximal (15- to 20-fold) activation at 20 ug/mL (Fig.
3.1A, B). In contrast, ligation of CD40 caused very little activation of ERK2 either at 4
min (Fig. 3.1A, B) or at later times (Fig. 3.1C). The relative ERK2 activity in 1C10-

stimulated cells compared to unstimulated cells (= 1.0) was 1.36 + 0.30 at 4 min, 1.75
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+ 0.15 at 20 min, and 1.06 + 0.02 at 60 min (mean + SEM, n=3). Thus, ERK2 was
activated to a significant extent by the BCR but hot by CD40.

To determine if CD40 ligation either inhibited or prolonged BCR-induced ERK2
activation, WEHI-231 cells were treated simultaneously with anti-CD40 and anti-IgM
Abs for various times. To maximize thAe possibility of seeing CD40 effects on anti-IgM-
induced ERK2 activation, | used a dose of anti-IgM (10 pg/mL) that caused half-
maximal ERK2 activation. | found that CD40 ligation did not significantly affect anti-lg-
induced ERK2 activation (Fig. 3.1C) at 4 min, 20 min, or 60 min. The ratio of ERK2
activity in cells treated with both anti-IgM and anti-CD40 to the ERK2 activity in cells
treated with anti-igM alone was 1.05 + 0.04 at 4 min, 0.93 + 0.13 at 20 min, and 1.06 +
0.13 at 60 min (mean + SEM, n=3). Thus, BCR-induced ERK2 activation w:as' not
affected by CD40 engagement.

Our lab has shown previously that BCR cross-linking causes very little activation
of ERK1 (107). Therefore, it was possible that CD40 activated ERK1 ‘or tﬁét it
synergized with the BCR to activate ERK1. To test these models, | immunoprecipitated
ERK1 from lysates of anti-lgM- and anti-CD40-stimulated cells and performed in vitro
kinase assays. Control experiments showed that the anti-ERK1 Ab | used prec'ipita,ted
ERK1 but not ERK2 (data not shown). | found that incubating WEHI-231 cells w.ith anti-
IgM Abs for 4 min caused a modest (2- to 3-fold) increase in ERK1 activity (Fig. 3.2).
Ligation of CD40 did not activats ER_Ki at either 4 min of 20 mln and did not potentiate -
or inhibit BCR-induced ERK1 activation (Fig. 3.2). Thus, ERK1 and ERK? are not
involved in CD40 signaling in WEHI-231 cells and do not rebresent a site at which

CD40 modulates BCR signaling.
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Figure 3.2: ERK1 is activated by anti-lgM but not by anti-CD40.

WEHI-231 cells were stimulated with 10 ug/ml anti-CD40, 10 ug/ml anti-lgM, or both
Abs for 4 min or 20 min. Cell lysates were immunoprecipitated with anti-ERK1 Abs
and in vitro kinase assays were performed using MBP as a substrate. The relative
ERK1 activity (cpm from stimulated sample/cpm from unstimulated samples) for each
sample is indicated. The ERK1 activity for the unstimulated samples in this
experiment was 15,744 + 311 cpm, n=2.
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3.3 CD40 activates JNK _

C_D4O is structurally homologous to the TNFo and nerve growth factor (NGF)
receptors (12). Since TNFa and NGF both activate JNK (119,204,215), | inveétigated
whether CD40 also activates JNK. WEHI-231 cells were stimulated with either anti-
CD40 or anti-IgM Abs and then JNK was immunoprecipitated from cell Iysates. The
anti-JNK Ab used was raised against JNK1, but also recognizes JNK2 to some extent.
The activity of the immunoprecipitated JNK was measured in an in vitro kinase assay
using a GST fusion protein containing the N-terminal 79 amino acids of c-Jun as
substrate. JNK phosphorylates c-Jun on serine-63 and serine-73 (208).

Both the 1C10 anti-CD40 mAb and the sCD40L caused a substantial increase
in JNK activity in WEHI-231 cells (Fig. 3.3). Maximal stimulation of JNK activity was
observed at 15 min (see below, Fig. 3.6A). At this time point, 5 ug/mL 1C10
reproducibly caused a 50- to 70-fold increase in JNK activity. The sCD40L also
activated JNK in a dose-dependent manner. A 1:4 dilution of tissue culture
supernatant containing the sCD40L caused a 25- to 30-fold increase in' JNK' activity
(Fig. 3.3B). ‘The ability to stimulate JNK activity with both an anti-CD40 mAb and the
sCD40L argues strongly that CD40 activates JNK.

BCR engagement also increased JNK activity, but much less thén CD40
stimulation did. Maximal BCR-induced JNK activation (4; to 8-fold) was achieved by
stimulating WEHI-231 cells with 20 to, 50 ug/mL anti-IgM for 15 to 30 mir‘i‘,‘-(i‘i:,,ig,; 3.3A).
The maximal anti-lgM-induced JNK activation was always less than 15% of that
caused by the 1C10 anti-CD40 mAb in the same experiment. The BCR-induced JNK
activation observed in these in vitro kinase assays was not due to precipitation of small
amounts of ERK2. The anti-JNK Ab used did not precipitate detectable amounts of
ERK2, as judged by immunoblotting (data not shown). Moreover, GST-c-Jun (1-79)
does not contain the site at which ERK2 phosphorylates c-Jun (216) and control

- experiments showed that ERK2 immunoprecipitated from anti-IlgM-stimulated cells did
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Figure 3.3: Anti-CD40 mAb and sCD40L activate JNK.

A, WEHI-231 cells were stimulated for 15 min with the indicated concentrations of
anti-CD40 or anti-IgM Abs. Cell lysates were immunoprecipitated with rabbit anti-
JNK1 Abs and then in vitro kinase assays were performed using GST-c-Jun (1-79) as
a substrate. The relative JNK activity (cpm from stimulated sample/cpm from
unstimulated samples) for each sample is indicated. The JNK activity for the
unstimulated samples in this experiment was 604 + 54 cpm (average + range, n=2;
note that only one unstimulated sample is shown). A control rabbit Ab did not
precipitate any JNK activity (data not shown). B, WEHI-231 cells were stimulated for
15 min with dilutions of sCD40L-containing tissue culture supernatant. Cell lysates
were immunoprecipitated with rabbit anti-JNK1 and then in vitro kinase assays were
performed as in A. Relative JNK activity for each sample is indicated. The JNK
activity for the unstimulated samples in this experiment was 9713 + 345 cpm
(average + range, n=2). Molecular weight standards in kDa are indicated on the left.
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not phosphorylate GST-c-Jun (1-79) (data not shown). Thus, the BCR can cause

modest activation of JNK..

3.4 CD40 activates both p46 and p54 isoforms of JNK

At the time of this study it was known that p46 and p54 isoforms of both JNK1
and JNK2 existed, however, it was not known whether the p46 and p54 isoforms have
different _s.ubstrate specificities and, therefore, different functions (113,204,208). | used
an in-gel kinase assay to determine whether CD40 activates both.p46 and p54
isoforms of JNK. GST-C-Jun (1-79) was co-polymerized with the acrylémide in a gel
on which anti-JNK1 immunoprecipitates were separated. After renaturing the proteins
in the gel, the gel was incubated with 32P-ATP. The renatured enzy'mes could then
phosphorylate the immobilized GST-c-Jun in their immediate vicinity, revealing their
molecular masses.

CD40 stimulation of WEHI-231 cells caused the appearance of -two bands of 46
kDa .and 54 kDa in this in-gel kinase assay (Fig. 3.4). These molecular masses are
consistent with those of p46 JNK and p54 JNK. CD40 caused very strong activation of
p46 JNK. The p54 JNK isoform was also activated by CD40. Activation of both JNK
isoforms was evident after 5 min, was maximal at 15 min, and then declined betwéé‘n
15 and 30 min, consistent with the time course of JNK activation seen in standard in
vitrokinase assays’(see:Fig. 3.6A). L"’(p‘hgé‘r“a'utoradiographic'e)gpc;;surés revealed that
anti-IlgM treatment of WEHI-231 cells weakly activated both p46 JNK and p54 JNK
(data not shown).

The in-gel kinase assay indicated that p46 JNK is the major CD40-activated
JNK isoform. However, | cannot rule out the possibility that the precipitating Ab reacts
more strongly with p46 JNK than with p54 JNK. Since the immunoprecipitating Ab
used was raised against JNK1, presumably the p46 and p54 bands correspond to

isoforms of JNK1. However, this Ab weakly cross-reacts with JNK2 and, given
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Figure 3.4: Anti-CD40 activates two isoforms of JNK1.

WEHI-231 cells were stimulated with 10 ug/ml anti-CD40 or with 20 ug/ml anti-lgM
Abs for the indicated times. Cell lysates were immunoprecipitated with rabbit anti-
JNK1 Abs or with a control rabbit Ab (anti-Crk Il). Immunoprecipitates were
separated on a 10% SDS-PAGE gel which was co-polymerized with GST-c-Jun (1-
79) and an in-gel kinase assay was performed as described in the Materials and
Methods. The location of immunoprecipitated kinases capable of phosphorylating
immobilized GST-c-Jun (1-79) was visualized by autoradiography. Molecular mass
standards in kDa are indicated to the left.
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sequence similarities between JNK1 and a more recent addition to the JNK family,

JNKB, this Ab may also cross-react with the p46 and p54 isoforms of JNK3.

3.5 CD40 activates JNK2

Since JNK1 and JNK2 appear to have‘ different substrate specificities and
tHerefore perhaps different functions (204,208), | asked whether CD40 activates both
JNK1 and JNK2. To address this question, | used a GST-c-Jun (1-169) fusion protein
bound to glutathione-Sepharose beads to precipitate primarily JNK2. JNK2 binds to c-
Jun with 10- to 25-fold greater affinity than JNK1 (204,208). In vitro kinase assays
were then performed in which the immobilized .GST-C-Jun (1-169) also acted as the
substrate. In this assay, CD40 ligation caused a 4- to 7-fold increase in the activity of
kinases that bind to GST-c-dun (1-169) (Fig. 3.5). This is in contrast to the 50- to 70-
fold increases in JNK activity observed in assays in which the anti-JNK1 Ab was used.
The sirﬁplest interpretation of these data are that the anti-JNK1 Ab preferentiélly
precipitated JNK1, the GST-c-Jun (1-169) preferentially precipitated JNK2, and CD40
activated JNK1 to a greater extent than JNK2. The BCR also activated JNK1 to a
greater extent than JNK2. While anti-IgM caused a 4- to 8-fold increase in the activity
of JNK isoforms that bound to the anti-JNK1 Ab, it caused very little (“I.5- to 2-fold)
a'ctivatidn of JNK isoforms that bound to the GST-c-Jun (1-169) fusion protein. Thus, if'
‘the;,a'ssays used to'measure JNK1 and JNK2 ;,activities are com_'p‘arable, both CD,4Q‘

and the BCR appear to activate JNK1 to a greater degree than JNK2.

3.6 Anti-lgM potentiates CD40-induced JNK activation

In T cells, significant activation of JNK requires that both the TCR and CD28 be
engaged (175). Since CD40 is a co-stimulatory receptor for B cells, analogous to
CD28 in T cells, | asked whether BCR signaling could potentiate or prolong CD40-

induced JNK activation. To facilitate this ahalysis, | first determined the kinetics of
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Figure 3.5: Anti-CD40 activates Jun kinases that bind to GST-c-Jun
(1-169).

WEHI-231 cells were stimulated for the indicated times with 10 ug/ml anti-CD40 or
with 20 pg/ml anti-IgM Abs. Cell lysates were incubated with a GST-c-Jun (1-169)
fusion protein immobilized on glutathione-Sepharose beads. In vitro kinase assays
were then performed in which the GST-c-Jun (1-169) also acted as the substrate.
The relative JNK activity for each sample is indicated. Molecular mass standards in
kDa are indicated to the left.
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CD40-induced JNK activation (Fig. 3.6A). JNK activity increased 10- to 25-fold within
5 min of adding 5 ng/mL anti-CD40 to the cells, reached péak levels (50- to 70-fold
activation) at 15 min, and declined sharply by 30-60 min. | then analyzed JNK
activation when CD40 and the BCR were engaged simultaneously. The combined
effects of anti-CD40 and anti-IgM were somewhat more than additive. The JNK activity
in cells treated with both anti-IgM and anti-CD40 for 15 min was 40-60% greater than
the arithmetic sum of the JNK activity in cells treated with anti-lgM alone and with anti-
CDA40 alone. Thus, BCR engagement in some way potentiates CD40-induced JNK
activation. While anti-IgM increased the magnitude of CD40-induced JNK activation, it
did not prolong the activation of JNK by CD40.

In Fig. 3.6A, the cells were stimulated with a concentration of the 1C10 anti-
CD40 mAb that caused maximal JNK activation. It was possible that potentiation of
CD40-induced JNK activation by anti-lgM would be greater at sub-optimal
concentrations of 1C10. In Fig. 3.68, WEHI-231 cells were stimulated for 15 min with
varying concentrations of 1C10 in the presence or absence of 20 pg/mL anti-igM. The
effect of anti-IgM on CD40-induced JNK activation was somewhat more than additive
(40-80% greater than the arithmetic sum of the effects caused by anti-CD40 alone and
anti-lgM alone) at all concentrations of anti-CD40 tested, but was slightly more

pronouhced at suboptimal concentrations (e.g. 1 ug/mL).

3.7 CD40 activates p38

The p38 MAP kinase family appears to have a distinct function in the cell, as its
substrate specificity differs from members of the ERK and JNK MAP kinase families.
Therefore, | asked whether CD40 activates p38. Since tyrosine phosphorylation is
required for activation of all MAP kinases (110), | immunoprecipitated p38 with a rabbit
Ab that was raised against the CSBP2 isoform of p38a and then performed anti-

phosphotyrosine blots. | found that CD40 ligation stimulated p38 tyrosine
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- Figure 3.6: Anti-IgM - potentiates- CD40-stimulated JNK activation.

A, WEHI-231 cells were stimulated with 5 ug/ml anti-CD40, 20 ug/ml anti-lgM, or both
Abs for 5, 15, 30 or 60 min. Cell lysates were immunoprecipitated with rabbit anti-
JNK1 and in vitro kinase assays were performed as in Fig. 3.3. Relative JNK activity
for each sample is indicated. The JNK activity for the unstimulated samples in this
experiment was 903 + 186 cpm (average + range, n=2). B, WEHI-231 cells were
stimulated for 15 min with the indicated concentrations of the 1C10 anti-CD40 mAb in
the presence or absence of 20 pg/ml anti-IgM. Cell lysates were immuno-
precipitated with rabbit anti-UNK1 and in vitro kinase assays were performed.
Relative JNK activity for each sample is indicated. The JNK activity for the
unstimulated samples in this experiment was 13,899 + 974 cpm (average + range,
n=2). The open circles represent the sum of the increases in JNK activity caused by
anti-CD40 alone and by anti-IgM alone.
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phosphorylatio'n with maximal phosphorylation at 5 to 15 min (Fig. 3.7). BCR ligation
also stimulated p38 tyrosine phosphorylation, but not as much as CD40 engagement
did (Fig. 3.7).

To directly test whether CD40 and the BCR activated p38, in vitro kinase assays
were performed on anti-p38 immunoprecipitates using a GST fusion protein
containing the N-terminal 96 amino acids of ATF2 (GST-ATF2) as a substrate. GST-
ATF2 coﬁtains the two residues (threonine-69 and threonine-71) phosphorylated by
p38 (105). CDA40 cross-linking caused a dose-dependent increase in p38 activity with
maximal (4- to 8-fold) activation induced by 1-5 ng/mL anti-CD40 (Fig. 3.8A, D). p38
activity increased 2-fold within 2 min of adding 5 ug/mL anti-CD40 to the cells, was
maximal at 15 min, and then declined (Fig. 3.8C). BCR ligation caused a modest (2- to
3-fold) activaﬁon of p38 which was maximal when WEHI-231 cells were stimulated
with 20 ng/mL anti-IgM for 15 min (Fig. 3.8 B,C). A higher concentration of anti-IgM (50
ng/mL) did not cause significantly greater activation of p38. The maximum anti-IlgM-
induced p38 activation was always less than 25% of that induced by anti-CD40 in the
same experiment. Thus, p38 was activated by CD40, and to a lesser extent by the
BCR. |

To determine if CD40 and the BCR caused synergistic activation 6f p38, WEHI-
231 cells were stimulated with varying concentrations of the 1C10 anti-CD40 mAb in
‘the presende“or absence 'of;‘QOz,p,g‘/mL anti-IgM. | found -that the snmultaneous
engagement of CD40 and the BCR had a roughly additive effect at 15 min (Fig. 3..8D),
when p38 activation was maximal, and at 30 min when the response was declining

(data not shown). Thus, BCR signaling did not inhibit, potentiate or prolong CD40-

induced p38 activation.
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Figure 3.7: Anti-CD40 mAb induces tyrosine phosphorylation of p38.

WEHI-231 cells were stimulated with with 10 ug/ml anti-CD40 or 20 ug/m! anti-igM for
the indicated times. Cell lysates were immunoprecipitated with anti-p38 Abs or with
a control rabbit Ab (anti-Crk ). Immunoprecipitates were separated on a 11% SDS-
PAGE gel and then transferred to nitrocellulose. Anti-phosphotyrosine blots (top
panel) were performed to detect tyrosine phosphorylated p38 as described in the
Materials and Methods. The blots were reprobed with anti-p38 mAb (lower panel) to
ensure that similar amounts of p38 were present in each lane. Molecular mass
standards in kDa are indicated to the left of each panel. IgH and IgL to the right of
each panel refer to the heavy and light chains, respectively, of the

immunoprecipitating Ab. This is a representative experiment of three similar
independent experiments.
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Figufe 3.8 A-C: Activation of p38 by anti-CD40 and anti-lgM.

A and B, WEHI-231 cells were stimulated for 15 min with the indicated
concentrations of anti-CD40 (A) or anti-IgM (B) Abs. Cell lysates were
immunoprecipitated with anti-p38 Abs or with a control rabbit Ab (anti-Crk II) and then
in vitro kinase assays were performed using GST-ATF-2 as a substrate.
Phosphorylation of GST-ATF-2 was quantitated with a phosphorimager. The relative
p38 activity for each sample is indicated. Note that A and B represent independent
experiments. Molecular mass standards in kDa are indicated to the left of each
panel. C, WEHI-231 cells were stimulated with 10 ug/ml anti-CD40 or 20 ug/ml anti-
IgM for the indicated times. In vitro kinase assays were performed on anti-p38
immunoprecipitates as in A.
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Figure 3.8 D: Activation of p38 by anti-CD40 and anti-IgM.

D, WEHI-231 cells were stimulated for 15 min with the indicated concentrations of the
1C10 anti-CD40 mAb in the presence or absence of 20 ug/ml anti-IgM. - Anti-p38 in
vitro kinase assays were performed as in A. The open circles represent the sum of
the increases in p38 activity caused by anti-CD40 alone and by anti-IlgM alone.
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3.8 CD40 activates MAPKAP kinase-2

To extend my findings on the p38 péthway, | asked whether CD40 also
activatedl MAPKAP kinase-2, a downstream target of p38. MAPKAP kinase-2 was
immunoprecipitated from cell lysates and in vitro kinase assays were performed using
recombinant Hsp25 as a substrate. | found that CD40 caused a 10- to 15-fold increase
in MAPKAP kinase-2 activity, with maximal activation at 15 min (Fig. 3.9). Thus, the
time course of CD40-induced MAPKAP kinase-2 activation was similar to that for
activation of p38 by CD40. In contrast to CD40, 20 ug/mL anti-IlgM caused only a 2- to
3-fold increase in MAPKAP kinase-2 activity, consistent with the weak activation of p38
by the BCR. While 50 ug/mL anti-IgM caused a slightly larger increase in MAPKAP
kinase 2-activity in some experiments (e.g. Fig. 3.9A), this increase was always less
than 20% of that caused by CD40 in the same experiment. Finally, the efféot of
simultaneously engaging CD40 and the BCR on MAPKAP kinase-2 activity was only
slightly more ‘than additive (Fig.'3b.9A). This is consistent with my observation that

CD40 and the BCR did not cause synergistic activation of p38 (Fig. 3.8D).

3.9 CD40-induced activation of MAPKAP kinase-2 is dependent on p38

p38 activity has been shown to be required for the activation of MAPKAP
kinase-2 in response to IL-1, cellular stresses and bacterial endotoxin (140). To
determine whether CD40-induced- activation of-MAPKAP kinase-2. is”entirely
dependent on p38 MAP kinase activity, | determined whether a specific inhibitor of p38
MAPA kinase, SB 203580 (140), blocked the ability of CD40 to activate MAPKAP
kinase-2 in WEHI-231 cells. | found that pretreatment of WEHI-231 cells with SB
203580 completely blocked the ability of CD40 to activate MAPKA'P kinase-2 (Fig. 3.10
A) but had no effect on the ability of CD40 to activate JNK (Fig. 3.10 B). These results
demonstrate that CD40-induced activation of MAPKAP kinase-2 is entirely dependent
on p38 MAP kinase activity.
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Figure 3.9: CD40 activates MAPKAPFP kinase-2.

A, WEHI-231 cells were stimulated for 15 min with 20 or 50 pg/ml anti-IgM, 5 png/ml of
the 1C10 anti-CD40 mAb, or the combination of 20 pg/ml anti-IgM and 5 ug/ml 1C10.
Cell lysates were immunoprecipitated with the anti-MAPKAP kinase-2 Ab and in vitro
kinase assays were performed using Hsp25 as a substrate. Phosphorylation of
Hsp25 was quantitated with a phosphorimager. The relative MAPKAP kinase-2
activity for each sample is indicated. Molecular mass standards in kDa are indicated
to the left. B, WEHI-231 cells were stimulated for the indicated times with 20 pug/mi
anti-lgM or 5 pug/ml of the 1C10 anti-CD40 mAb. Anti-MAPKAP kinase-2 in vitro

kinase assays were performed as in A. One of three similar independent
experiments is shown.
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Fig. 3.10: CD40-induced activation of MAPKAP kinase-2 is dependent
on p38.

WEHI-231 cells were pretreated with 50 uM SB 203580 (p38 inhibitor) for 30 min and
then stimulated with 5 ng/mL &anti-CD40 Ab for 15 -min. A, Cell lysates ‘were
immunoprecipitated with anti-MAPKAP kinase-2 Ab, and in vitro kinase assays were
performed using Hsp25 as a substrate. Phosphorylation of Hsp25 was quantitated
with a Phosphorlmager. The relative MAPKAP kinase-2 activity for each sample is
indicated. B, Cell lysates were immunoprecipitated with rabbit anti-JNK1, and in
vitro kinase assays were performed as described in Figure 3.3. The relative JNK
activity for each sample is indicated.
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3.10 Discussion 4
3.10.1 MAP kinase activafion by the BE‘:R and CD40

| have investigated the regulation of MAP kinases by the BCR and CD40 in
WEHI-231 cells. | found that the BCR strongly activated ERK2 and weakly stimulated
ERK1, JNK, and p38. In confrast, CD40 did not activate ERK1 or ERK2 but caused a
very large increase in JNK activity as well as an increase in p38 activity. By activating
different MAP kinases, the BCR and CD40 can direct the phosphorylation of different
substrates and regulate the actwnty of different transcription factors.

Although ERK1 and ERK2 are both expressed at high levels in WEHI-231 cells,
only ERKQ was strongly activated by the BCR. The basis for this selective activation is
not known. The MKK that phosphorylates and activates the ERKs is regulated by the
Raf kinase (Fig. 3.11). Activation of Raf by the BCR is mediated by activation of both
Ras and PKC (107,217-219).

" In contrast to the ERKs, l'found that CD40 strongly activated JNK and p38 as
well as MAPKAP kinase-2, a downstream target of p38 (140,141) that may regulate
actin filament dynamics (220). During the progress of this study, Sakata et al. (221)
and Berberich et al. (222) reported that CD40 activates JNK. However, this was the
first réport that CD40 activates p38 and MAPKAP kinase-2. My data suggest that
CDA40 activates JNK1 very strongly and JNK2 to a lesser degree. JNK2 binds to c-Jun
with. 10 to 25 times higher affinity than JNK1-(204,208) and may-bé:the. majof c-Jun
kinase in vivo. Consistent with this idea, overexpressing JNK2,Fbut not JNK1,
increases transcription of a C-Jun-depéndent reporter gene in Hela cells (208). JNK1
may be more similar in function to p38 since a hog1 deletion in yeast can be
complemented by JNK1 but not JNK2 (204).

The mammalian p38 kinases include p38a (CSBP1 and CSBP2 isoforms)
(125), p38p (126), p38s (127) and p38y (128). The p38 kinases differ in their substrate

specificities and thus likely have different functions. All four p38 homologues are
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Figure 3.11: Proposed scheme for the regulation of MAP kinases by
the BCR and CD40. See the discussion for details.

82




capable of phosphorylating ATF2, however, only p38a and p38p induce significant
phosphorylation of MAPKAP kinase-2 and MAPKAP kinase-3 (223). Ih addition, only
p38a and p38p are sensitive to the p38 inhibitor, SB 203580 (223,224). Although the
anti-p38 Ab used in this study was raised against CSBP2, | cannot rule out the
poSsibility that this polyclonal Ab cross-reacts with the other p38 kinases. Thus, |
cannot be sure which p38 kinase was responsible for phosphorylating ATF2, and
whether it was p38c or p38p that activated MAPKAP kinase-2. Homologue-specific
Abs are needed to determine which p38 kinases are activated by CD40.

I foﬁnd that BCR ligation in WEHI-231 cells caused a 4- to ‘8-fold increase in
JNK activity and a émall increase in p38 activity. This is the first report of BCR-induced
activation of JNK. In contrast to my results in WEHI-231 cells, Sakata et al. (221)
reported that BCR cross-linking does not activate JNK in the Ramos human B cell line
or in human tonsillar B cells. This could reflect differences in the activation state or
differentiation stage of the cells. Alternatively, it may reflect the type of JNK in vitro
kinase assay used. Sakata et al. (221) immunoprecipitated ¢c-Jun kinases with GST-c-
Jun which preferentially binds JNK2. Using this assay, | also found thaf the BCR
caused very little activation of JNK2. However, when | used the anti-JNK1 Ab, | was
able to detect significant JNK1 activation by the BCR. Thus, the BCR may be able to
increase the transcriptional activity of c-Jun and ATF-2 to a small extent. HoWever, the
muich higher levels ‘of JNK and p38 activation caused by. CD40 may be [r,e;*.‘qmz‘éd to
induce significant changes in the activity of these transcription factors. The ability of
the BCR and CD40 to phosphorylate and thus activate c-Jun and ATF2 could be .tested
by immunoblotting with phospho-JNK and phospho-ATF2-specific Abs that have
recently become commercially available.

In contrast to my findings in WEHI-231 cells, Li et al. (225) and Purkerson et al.
(226) reported that CD40 ligation results in activation of ERK as well as JNK in resting

murine splenic B cells. This discrepancy on the ability of CD40 to activate ERK could
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reflect differences in the activation state or diffgrent_iation stage of the cells. Both Ras-
dependent and PKC-dependent pathways cor:tribute to the activation of ERK by the
BCR (1). The mechanism by which CD40 activates ERK in splenic B cells remains to
be determined but is likely mediated by Ras and not PKC. This hypothesis is based on
the finding that Ras is activated in response to CD40 engagement on- Daudi B cells
(227). Furthermore, PKC inhibitors have no effect on CD40-mediated activation of

ERK in resting murine splenic B cells (225).

3.10.2‘ Signaling pathways that link the BCR and CD40 to JNK and p38

The signaling pathways that link CD40 and the BCR to activation of JNK and
p38 are only partly understood (Fig. 3.11). The dual specificity kinase MKK4
phosbphorylates and activates JNK, and to a lesser extent, p38 (207,228,229). In
contrast, MKK7 selectively activates JNK (230), whereas MKK3 and MKK®6 selectively
activate p38 (137,207). While this indicates that JNK and p38 can be regulated
independently, most stimuli that activate p38 also activate JNK. - The MKKs are
phosphorylated and activated by serine/threonine kinases called MEKKs. Monomeric
G proteins are upstream of MEKKs (231) and appear to be responsible for the ability of
the BCR to activate JNK. A recent study demonstrated that a dominant negative form
of Ract (Rac1N17) markedly inhibits both JNK and p38 activation after BCR-
crosslinkinig on DT40 chicken cells,- whereas: expression 'Of-Réijﬁ’{ ‘had no effect
(219). These results indicate that, at least in DT40 cells, Rac1 but not Ras is requwi}ed
for activation of JNK and p38 by the BCR. The finding that BCR-induced activation of
JNK and p38 is also abolished in phospholipase C-y2 (PLC-y2)-deficient DT40 cells
indicates that in addition to Rac1, a PLC-2 signal appears to be required for activation
of JNK and p38 by the BCR (219).

It remains to be determined whether in WEHI-231 cells CD40 stimulates MEKK-
1 or activates JNK via a different MEKK isoform such as MEKK2 or MEKKS3 (Fig. 3.11).
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In either cas;e, a monomeric G protein is likely to link CD40 to the MEKKs. Stimulation
of Daudi B cells with anti-CD40 Ab induces é;:tivation of both Ras and Rac1 (227).
Furthermore, the TNFa receptor, a member of the same superfamily as CD40, appears
to be linked to JNK by the Rac and Cdc42 G proteins. Dominant negative versions of
Rac and Cdc42 block JNK activation by TNFa (121,122,232). Future work could
investigate whether dominant negative versions of Rac b‘Iock CD40-stimulated JNK
activation.

Rac and Cdc42 do not activate MEKK directly, but via‘ serine/thrednine kinases
called p21-PAKs which bind to activated Rac or Cdc42 (122,134). Pombo et al. (233)
Have identified two p21-activated kinases (PAKs) that are highly expressed in B cells.
Interestingly, one of them, GCK, mediates TNFR1-induced activation of JNK but not
p38 (233,234). It remains to be determined whether CD40 activates JNK via GCK and
p38 via another PAK.

3.10.3 Dual regulation of the MAP kinases by the BCR and CD40

In addition to determining which MAP kinases were activated by the BCR and
CDA40, | investigated whether any of these enzymes were ‘regulated by both recepfors.
Dual regulation of a single MAP kinése by two receptors is seen in'T cells where the
TCR and CD28 each cause very little JNK activation by themselves but togethef cause
a very large increase in JNK activity (175). While BCR -signaling potentiated CD40-
induced JNK activation in WEHI-231 cells, this may not be biologicalfy significant sihce
CDA40 causes a very large increase in JNK activity by itself. Future work could test
whether JNK activation in resting B ceI[s from mouse spleen shows'greater synergy
between CD40 and the BCR. It is possible that activation of JNK by CD40 requires
that cells be primed in some way and that this priming signal is always present in a
proliferating cell line like WEHI-231. Consistent with this notion, Berberich et al. (222)

found that CDA40 ligation failed to stimulate JNK activity in tonsillar B cells from some
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individuals unless the cells were first treated wi?h phorbol esters, IL-4, or anti-IgM Abs.
In contrast to JNK, the effect of simultaneouslylengaging the BCR and CD40 in WEHI-
231 célls was simply additive for p38 activation. Moreover, CD40 ligation had no
effect on BCR-induced ERK2 activation. Thus, it is likely that signals from the BCR and
CD40 are integrated. at the level of transcription factors as opposed to-dual regulation
of a single MAP kinase. | ‘

Activating different MAP kinases allows the BCR and CD40 to control the activity
of different transcription factors and thereby exert different effects on B cell activation
and differentiation. ERK2 activation by the BCR should result in phosphorylation of
Elk-1 (112) (Fig. 3.10). Phosphorylation of Elk-1 that is complexed with serum
response factor stimulates transcription of genes such as c-fos whose promoter
contains a serum response element (SRE) (235,236). BCR engagement has been
shown to induce c-fos transcription in WEHI-231 cells and in murine splenic B cells
(237) (Fig. 3.12). CD40, which does not activate ERKs, does not upregulate c-fos
expression or promote transcription of SRE-dependent reporter genés (222). Instead,
activation of JNK and p38 by CD40 should lead to phosphorylation and activation of c-
Jun and ATF2 (112,238) (Fig. 3.12). c¢-Jun/ATF2 heterodimers bind to the c-jun
promoter. Phosphorylation of both members of this complex stimulates c-jun
transcription (112). The activation of different MAP kinases by the BCR and CD40 not
on:.Iy..ﬁaH_ows these two receptors to: 'regulate.-rdif'fereht transcript-ionflfact"c')'rs,fb'ijt also
provides a mechanism by which the combination of BCR and CD40 signaling can
have unique synergistic effects by promoting the formation of active AP-1 complexes
(Fig. 3.12). CD40-induced c-Jun synthesis, coupled with .BCR-induced c-Fos
production, would result in increased formation of c-Fos/c-Jun AP-1 complexes which
strongly activate the transcription of a number of genes (239). Moreover, CD40-

mediated phosphorylation of c-Jun would further increase AP-1 activity (240).
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Fig. 3.12 MAP kinases can integrate BCR and CD40 signaling.
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3.10.4 Possible roles of the MAP kinases in BCR-induced apoptosis and
CD40-mediated . survival | |

In WEHI-231 cells, BCR signaling causes programmed cell death which can be
overcome by CDA40 ligation. Thus, activation of ERK2 correlates with apoptosis
whereas strong activation c.>f‘all three MAP kinases correlates with survival and
continued proliferation. While there is no direct evidence that MAP kinases regulate
apoptosis in WEHI-231 cells, it should be possible to test this hypothesis by
manipulating the upstream activators of the MAP kinases and selectively activating or
inhibiting either ERK, JNK, or p38. It is possible that other signaling events are
responsible either wholly or in part for the regulation of apoptosis in WEHI-231 cells.

.While ERK activation correlates with apoptosis and JNK/p38 activation
correlates with survival in WEHI-231 cells, the reverse is true in PC-12 cells.
Apoptosis of PC-12 cells caused by NGF withdrawal correlates with activation of JNK
and p38 (106). Moreover, activating JNK or p38 by overexpressing upstream
activators of these kinases causes apoptosis. In contrast, apoptosis due to NGF
withdrawal can be prevented by expressing a constitutively-active form of the MKK that
activates ERKs. Thus, in PC-12 cells, ERK activation promotes survival whereas
JNK/p38 activation causes époptosis. This supports the idea that MAP kinases
reg'ulate both cell proliferation and apoptosis, but suggests that the relative roles of
ERK JNK and ‘p38 differ depe;{diné on the celltypé.

In summary, | have shown that CD40 strongly activates JNK and p38 whéreas
the BCR activates primarily ERK2. By phosphorylating different substrates and
regulating different transcription factors, ERK, JNK, and p38 may account for the
distinct effects of BCR and CD40 signaling on B cells and may also provide a means
by which the two receptors synergistically regulate B cell activation and differentiation.
However, the role of MAP kinases in regulating BCR-induced apoptosis and CD40-

mediated protection from BCR-induced apoptosis remains to be determined.
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CHAPTER 4
An 11 Amino Acid Sequence in the Cytoplasmic Domain of CD40
is Sufficient for Activation .of JNK and MAPKAP kinase-2,
Phosphorylation of 1kBo, and Protection of WEHI-231 Cells from
BCR-Induced Growth Arrest

4.1 Introduction

CD40 is a receptor on B cells that regulates proliferation, survival, Ig class
switchi'ng, and memory cell formation (92). The ligand for CD40 (CD40L) is expressed
on activated CD4+ T cells (48). The essential role of the CD40/CD40L interaction in
the development of humoral immunity is exemplified by X-linked hyper-lgM syndrome.
B lymphocytes from patients with this immunodeficiency disease fail to undergo Ig
class switching and do not form germinal centers (241,242). Similarly, mice lacking
CD40 or CD40L are unable to generate secondary humoral immune responses to T
cell-dependent Ags (243,244).

Engagement of CD40 by CD40L or énti-CD4O Abs activates muﬁiple signaling
pathways including the kinase cascade that activates NF-xB, the. JAK3/STAT3
pathway, the phosphatidylinositol 3-kinase pathway, and the kinase cascades that
lead to activation of the ERK, JNK, ‘ahAdjp38'v'rnitogen4acfivated protein {MAP) kinases -
(95,96,221,222,24h5,'246). The roles of individual signaling pathways in mediating the
effects of CD40 on B cells for the most part remain to be elucidated.

MAP' kinases are key signaling intermediates that have been implicated in both
mitogenic and apoptotic responses to receptor signaling (208). Upon activation, MAP
kinases translocate to the nucleus where they phosphorylate and activate transcription
factors. The three families of MAP kinases, the ERK, JNK, and p38 MAP kinases each

phosphorylate and activate a different set of transcription factors. The ERKs
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phosphorylate ETS domain-containing transcription faciors such as Elk-1; JNK
phosphorylates c-Jun and ATF2; and p38 MAP kinase phosphorylates ATF2, MEF2C,
and CHOP (138,208,210,211). p38 MAP kinase also phosphorylates and activates
MAPKAP kinase-2 (140,141), a serine/threonine kinase whose targets include the
Hsp25 heat shock protein and the CREB transcription factor (214).

| have previously shown thét CDA40 activates the JNK and p38 MAP kinases as
well as MAPKAP kinase-2 in WEHI-231 B lymphoma cells (245). The mechanism by
which CD40 activates these kinases is not completely understood. JNK and p38 are
activated by dual specificity kinases called MAP kinase kinases (MKKs), which
phosphorylate both the t.hreonine and tyrosine residue in a conserved threbnine-X-
tyrosine activation motif (109). The MKKs that phosphorylate JNK and p38 are
activated by upstream kinases which are regulated by the Rac and Cdc42 GTPases
(122,232). Several MKKs can phosphorylate both JNK and p38 and many stimuli
activate both of these MAP kinases (105), indicating that activation of JNK and p38
reflects the bifurcation of a single pathway. However, some MKKs preferentially
activate only JNK (247,248) or only p38 (137) and cértai'n stimuli can activate p38
without the concomitant activation of JNK (129,130). This raises the possibility that
CD40 could iqse distinct pathways to activate JNK and p38. |

CD40 is a member of the tumor necrosis factor receptor (TNFR) superfamily and
‘has no intrinsicrenzymatic activity.- This suggests that CD40 interacts with. adapter -
proteins that couple it to signaling pathways. Indeed, four members of the TNFR
associated factor (TRAF) family of adapter proteins, TRAF2, TRAFS3, TRAFS and
TRAF®6, can bind to the cytoplasmic domain of CD40 (157-160). When overéxpreséed
in fibroblasts, TRAF2, TRAF5 and TRAF6 can activate both JNK and NF-xB
(157,159,160,162,249-251). The ability of these TRAF proteins to activate the
p38/MAPKAP kinase-2 pathway has not been examined. In addition to the TRAF

proteins, two other proteins that associate with CD40 may also link CD40 to signaling
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pathways. A novel 23-kDa transmembrane protein associates with the extracellular
domain of CD40 (252) while the JAKS tyrosine kinase has been reported to bind to the
cytopllasmic domain of human CD40 (95). |

To determine which of these CD40-associated proteins might mediate
activation of JNK and p38, as well as activation of NF-xB and pro-survival pathways in
B cells, my approach was to map the regions of the CD40 cytoplasmic domain that are
responsible for activating these signaling pathways. The cytoplasmic domain of
murine CD40 contains 74 amino acids while that of human CD40 éontains 62 amino
acids. Amino acids 31-62 (numbering from the inside of the plasma‘membran'e) of the
murine and human CD40 cytoplasmic tails are completely identical (167,253). In vitro
studies have shown that amino acids 35-51 of the CD40 cytoplasmic domain"cont‘ain
sequences required for binding TRAF2 and TRAF3 (165,166,254). TRAF5 appears to
bind to the same site (159). In contrast, TRAF6, which can also activate NF-xB, JNK
and perhaps ERK, binds to residues 15-23 of the human CD40 cytoplasmic domain
(160,163,254) which is homologous to amino acids 19-28 of the murine CD40
cytoplasrhic domain. Like TRAF6, JAK3 has been reported to bind to the membrane
proximal region of the human CD40 cytoplasmic domain. While the JAK3 binding site
has been mapped to amino acids 5-14 of the human CD40 cytoplasmic domain (95), it
has not been shown that JAK3 binds to murine CD40. . o

i héve used;a’.’gain-of-futnc'tion approach tolvidentify the. min.in’w.é-i reéiéﬁs of the
CD40 cytoplasmic domain that can activate the JNK, p38, NF-xB, and pro-survival
pathways in B cells. | expressed in WEHI-231 cells chimeric receptors consisting of
the extracellular and transmembrane domains of CD8 fused to progressively smaller
portions of the murine CD40 cytoplasmic domain. | found that an 11 amino acid linear
sequence corresponding to amino acids 35-45 of the murine CD40 cytoplasmic tail
was sufficient for maximal activation of the JNK and the p38/MAPKAP kinase-2

pathways. Amino acids 35-45 of the CD40 cytoplasmic tail were also sufficient for
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activation of NF-xB and for protection of WEHI-231 cells from anti-IlgM-induced growth
arrest. These results suggest that amino acids 35-45 of the CD40 cytoplasmic domain
constitute a minimal TRAF2/3/5-binding motif and are consistent with the idea that
TRAF2, ‘TRAFS, or TRAF5 couple CD40 to the JNK and p38 MAP kinase pathways, to

NF-xB activation, and to pro-survival pathways.

4.2 Construction of CD80/CD40 chimeric receptors

A plasmid containing cDNA encoding human CD8a in which a Bg/ I/ site had
been inserted after the fourth codon of the cytoplasmic domain (180) was a gift from
Dr. A. Weiss (Univ. of California, San Francisco). The CD8 cDNA was excised from
this vector and subcloned into the pLXSN retroviral expression vector (181) as
described in the Materials and Methods (Chapter 2). cDNAs encodin.g the full length
cytoplasmic domain of murine CD40 (amino acids 1-74), a region corresponding to
amino acids 26-63, and a region corresponding to amino acids 26-53 were produced
by RT-PCR using WEHI-231 B cell mRNA as a template.. The primers used added a
Bgl Il site at the 5' end of the amplified bDNAs and a stop codon followed by a Bg/ I/
site at the 3' end (Table 4.1). The smaller CD40 segments were created by annealing
together synthetic oligonucleotides that contained the relevant CD40 sequences as
well as a Bgl I site at the 5' end and a stop codon followed by a Bgl // site at the 3' end
(Table 4.2). The“CD40 cDNA fragm‘er{f_s_'?\iVere digested with‘Bgl /! and-ligated into -
pLXSN-CD8a at the Bgl Il site (Fig. 2.2). Plasmids were digested with Bgl/ Il to screen
for the presence of inserts corresponding to the CD40 cytoplasmic tail. The sequence
of each CD8¢/CD40 chimeric CDNA was confirmed by DNA sequencing, as described

in the Materials and Methods (Chapter 2), using a primer corrésponding to codons

177-183 of the CD8 senée strand.




cytoplasmic domain.

The Bgl Il sites used for cloning the PCR product into pLXSN-CD8a are underlined.
The stop codons are italicized.

aThe resulting PCR product encoded amino acids 1-74 of the CD40 cytoplasmic
domain (i.e. the complete CD40 cytoplasmic domain) as well as the endogenous stop
codon from the CD40 mRNA and 54 bases of 3' untranslated sequence. Thus, the

, Table 4.1: Primers used for PCR amplification of portions of the CD40
|
1
} antisense primer did not contain an additional stop codon in this case.

|

|
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Table 4.2: Oligonucleotides used to generate murine CD40 cytoplasmic
domain fragments.

The corresponding sense and antisense oligonucleotides were annealed, cleaved
with Bg/ Il and cloned into pLXSN-CD8a that had been digested with Bg/ /. The Bgl /]
sites are underlined and the stop codons are italicized. The base changes used to
create the 35-53 T40A mutation are in bold.
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4.3 Expression of chimeric CD8x/CD40 receptors in WEHI-231 cells

To identify signaling motifs in the CD40 cytoplasmic domain, | constructed a set
of chimeric CD8c/CD40 receptors in which segments of the murine CD40'0ytoplasmic
domain were fused onto the C-terminus of a truncated human CD8a protein consisting
of thé‘extracellular domain, transmembrane region, and first four cytoplasmic amino
acids of CD8a (Fig. 4.1). Chimeric réceptors were constructed containing the full
length CD40 cytoplasmic domain (amino acids 1-74 of the mﬁrine CD40, counting
from the inside face of the plasma membrane), the membrane-proximal portion of the
CD40 cytoplasmic domain (amino acids 1-25), or amino acids 26-63 which is the
"homology box" region that is nearly identical in the murine and human CD40 proteins.
The homology box region of the CD40 cytoplasmic domain was also subdivided into

smaller regions in chimeric receptors that contained amino acids 26-53, 35-53, 26-44,

'35-45, 45-63, or 43-53 of the CD40 cytoplasmic domain. Finally, | constructed a

chimeric receptor containing residues 35-53 of the CD40 tail in which the threonine
residue at position 40 was changed to an alanine. | was interested in determining
whether this threonine was required for CD40-induced survival as well as activation of
JNK, MAPKAP kinase-2 and NF-xB, since changing this threonine residue to an
alanine in human CD40 abrogates several responses to CD40 engagement.inéluding
upregulation of CD23, B7.1 and Fas (168,255-257). These ten chimeric receptors
were stably 'éx'pre'ssed in WEHI-231 cells,-as was the truncated-CD8a protein (CD8/).
For each receptor expressed, clones were screened for CD8a expression and clones

with similar levels of expressioh were selected for further study (Fig. 4.2).

4.4 Mapping the portion of the CD40 cytoplasmic domain required for
activating JNK and MAPKAP kinase-2

| have previously shown that in WEHI-231 cells CD40 strongly activates the JNK
and p38 MAP kinases, as well as MAPKAP kinase-2, a dowhstream target of p38
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Figure 4.1: Schematic representation of the CD8x/CD40 chimeric
receptors. :

The CD8/ protein contains the extracellular and transmembrane domains of human
CD8a as well as the first four amino acids of the CD8 cytoplasmic domain. For the
chimeric receptors, various portions of the murine CD40 cytoplasmic domain were
fused to the C-terminus of CD8/. The amino acid sequence of the CD40 cytoplasmic
domain is shown and the residues are numbered starting at the inner face of the
membrane. The numbers in brackets indicate which portions of the CD40 cytoplasmic
domain have been fused to CD8a for each chimeric receptor. In the CD8/(35-53
T40A) chimeric receptor, the threonine residue at position 40 was changed to an
alanine.

98



- cDs/

1 25 35
KKVVKKPKDNEMLPPAARRQDPQEMEDYPGHNTAAPVQETLHGCQPVTQEDGKESRISVQERQVTDSIALRPPG

40 45 63 74

26 63 74

- CD8/(1-74)

CD8/(1-25)

CD8/(26-63)

T e
35 53
N co-cs
35T 53

CD8/(35-53 T40A)

A
26 44
I cos (254
35 45 |
_ CD8/(35-45)
45 63
B coc s
43 53

CD8/(43-53)

99



Figure 4.2: Expression of CD8a/CD40 chimeric receptor proteins in
WEHI-231 cells. '

Untransfected parental WEHI-231 cells (solid lines) and two stable clones expressing
each CD8/CD40 chimeric receptor (dotted lines) were stained with the anti-human
CD8a-specific OKT8 mAb followed by anti-mouse IgG-FITC. The numbers in brackets
denote which amino acids of the CD40 cytoplasmic domain were present in each
chimeric receptor. Note that the CD8/(35-53 T40A) chimeric receptor is referred to as
CD8/(35-53 T-A) in this figure.
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~ (Chapter 3 and (245)). In order to identify proteins that may link CD40 to activation of

these kinase signaling pathways, | uséd the chimeric CD80/CD40 receptors to map
the portion of the CD40 cytoplasmic domain responsible for activating the JNK and
p38/MAPKAP kinase-2 pathways. | chose to use MAPKAP kinase-2 activation as an
indirect measure of p38 activation since MAPKAP kinase-2 is usually activated to a
greater extent than p38 (245). This gave me a larger range with which to quantitate
the relative abilities of different regions of CD40 to activate the p38/MAPKAP kinase-2
pathway. In WEHI-231 cells, CD40-stimulated activation of MAPKAP kinase-2 is
entirely dependent on p38 activity. Fig. 3.10 (Chapter 3) shows that a specific inhibitor
of p38, SB 203580 (140), completely blocked the ability of CD40 to activate MAPKAP
kinase-2 while having no effect on activation of JNK by CD40.

| first determined whether a chimeric receptor containing the entire cytoplasmic
domain of CD40 (amino acids 1-74) could activate JNK and MAPKAP kinase-2 when
expressed in WEHI-231 B lymphoma cells. | found that clustering this CD8/(1-74)
chimeric receptor with a biotinylated anti-CD8 mAb (51.1-biotin) and avidin routinely
caused a 15-fold increase in JNK activity (Fig. 4.3) and a 10-fold increase in MAPKAP
kinase-2 activity (Fig. 4.4). This is similar to the magnitude of JNK activation and
MAPKAP kinase-2 activation by treating parental WEHI-231 cells with the 1C10 anti-
CD40 mAb or with soluble CD40 ligand ((245) and data not shown). Thus,
interactions mediated. by the CD40 cytoplasmic domain arg”sufficient to fully _acv:ti.va,_t'e“'
JNK and MAPKAP kinase-2 in the absence of any interactions mediated by the
extracellular or transmembrane domains of CD40.

My next goal was to map the portion of the CD40 cytoplasmic domain
responsible for activating JNK and MAPKAP kinase-2. Amino acids 26-63 of the
cytoplaslmic domains of murine and human CD40 are 92% identical whereas the
membrane-proximal region of CD40 diverges considerably between mouse and

human (167,253). This indicated that the homology box region (amino acids 26-63)
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Figure 4.3: Amino acids 35-45 of the CD40 cytoplasmic domain
constitute a signaling motif that is sufficient for the activation of JNK.

WEHI-231 clones expressing the indicated CD8«/CD40 chimeric receptors were
stimulated with 10 ug/mL biotinylated 51.1 (anti-CD8 mAb) and 10 ug/mL avidin for 15
min. Cell lysates were immunoprecipitated with the anti-JNK1 Ab and in vitro kinase
assays were performed using GST-c-Jun(1-79) as a substrate. The JNK activity
induced by engaging CD8/(1-74), the chimeric receptor containing the full length
CD40 cytoplasmic domain, was assigned a value of 100%. The dashed line indicates
the JNK activity from CD8/(1-74)-expressing cells which were not stimulated. The
average value for this basal JNK activity was 7% of the JNK activity induced by
engaging the CD8/(1-74) chimeric receptor, i.e. engaging CD8/(1-74) caused a 15-fold
increase in JNK activity. The basal levels of JNK activity in clones expressing other
chimeric receptors were very similar. Activation of JNK caused by engaging the other
chimeric receptors is expressed as a percent of the JNK activation caused by
engaging CD8/(1-74). The data represent the mean and standard deviation from a
total of three or more independent experiments using two different clones expressing
that particular chimeric receptor. Avidin alone did.not stimulate JNK activity (data not
shown). _ : ’
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Figure 4.4: Amino acids 35-45 of the CD40 cytoplasmic domain
constitute a signaling motif that is sufficient for the activation of MAPKAP
kinase-2.

WEHI-231 clones expressing the indicated CD80/CD40 chimeric receptors were
stimulated with 10 pg/mL biotinylated 51.1 (anti-CD8 mAb) and 10 pg/mL avidin for 15
min. - Cell lysates were immunoprecipitated with the anti-MAPKAP kinase-2 Ab and in
vitro kinase assays were performed using Hsp25 as a substrate. The MAPKAP kinase-
2 activity induced by engaging CD8/(1-74), the chimeric receptor containing the full
length CD40 cytoplasmic domain, was assigned a value of 100%. The dashed line
indicates the MAPKAP kinase-2 activity from cells expressing CD8/(1-74) which were
not stimulated. The average value for this basal MAPKAP kinase-2 activity was 9.6%
of the activity induced by engaging the CD8/(1-74) chimeric receptor, i.e. engaging
CD8/(1-74) caused about a 10-fold increase in MAPKAP kinase-2 activity. The basal
levels of MAPKAP kinase-2 activity in clones expressing other chimeric receptors were
very similar. Activation of MAPKAP kinase-2 caused by engaging the other chimeric
receptors is expressed as a percent of the MAPKAP kinase-2 activation caused by
engaging CD8/(1-74). The data represent the mean and standard deviation from a
total of three or more independent experiments using two different clones expressing
that particular chimeric receptor. Avidin alone did not stimulate MAPKAP kinase-2
activity (data not shown).
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might contain the important CD40'signaIing( motifs. Consistent with this idea, a
chimeric receptor containing the merhbrane-proximal 25 residues of the CD40
cytoplaémic domain (CD8/(1-25)) did not activate JNK (Fig. 4.3) or MAPKAP kinase-2
(Fig. 4.4). In contrast, CD8/(26-63), a chimeric receptor containing the homology box
region activated both JNK (Fig. 4.3) and MAPKAP kinase-2 (Fig. 4.4) to a similar extent
as the chimeric réceptor containing the full length CD40 cytoplasmic tail. These
results show that residues 64-74 of the murine CD40 tail are not required for activation
of the JNK and p38 pathways. Human CD40 terminates after residue 62, consistent
with the idea that this C-terminal extension in murine CD40 is unlikely to carry out
important signaling functions. When expressed in murine cells, human CD40 can
mediate the same responses as the endogenous murine CD4O (28,255,256,258).

‘To further delineate the region of CD40 responsible for activation of JNK and
MAPKAP kinase-2, | constructed chimeric receptors containing progressively smaller
portions of this CD40 homology box. | first tested whether the last 10 residues of the
homology box were required for activating these kinases. | found that the CD8/(26-53)
chimeric receptor activated JNK and MAPKAP kinase-2 to similar extents as CD8/(26-
63) (Figs. 4.3, 4.4). Thus, the last 10 residues of the homology box (residues 54-63)
are not needed for activating the JNK and p38 MAP kinase signaling pathways.

My results thus far had indicated that the JNK and p38 activation motifs were
contained within residues 26-53 of the;C,D40~cytopIasmic domain. ‘ln.-«vitro,vstudi_‘es wit‘hﬁ
fusion proteins have shown that TRAF2 can bind to peptides corresponding to amino
acids 35-51 of murine CD40 (165,166). TRAF3 and TRAF5 appears to associate with
an identical or overlapping region of CD40 (159,254). When overexpressed in
fibroblasts, TRAF2 and TRAF5 can activate JNK while TRAF3 overexpression does not
(162). Although the ability of TRAF proteins to activate the p38/MAPKAP kinase-2
pathway has not been examined, expressing a dominant negative form of TRAF3 in

the RAMOS human B cell line has been shown to completely block CD40-induced
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activation of p38 but only partially block activation of JNK (164). Thus, TRAF2 or
TRAF5 may couple CD40 to JNK while TRAF3 appears to preferentially couple CD40
to p38. To determine if the proposed TRAF2/3/5 binding region of C.D4O corresponds
to the région capablé of activating JNK and MAPKAP kinase-2, I.made a chimeric
receptor containing residues 35-53 of the CD40 cytoplasmic domain. | found that
CD8/(35-53) strongly activated JNK (Fig. 4.3) and MAPKAP kinase-2 (Fig. 4.4),
consistent with the idea that TRAF2, TRAF3, or TRAF5 might couple CD40 to activation
of JNK and p38 in B cells.

To further refine the CD40 signaling motif required for activation of JNK and
MAPKAP kinase-2, | first used chimeric receptors containing either the N- or C-terminal
portions of the region spanning amino acids 35-53 of the CD40 cytoplasmic domain. |
found that CD8/(26-44), a chimeric receptor containing the N-terminal half of this
region could activate JNK and MAPKAP kinase-2 (Figs. 4.3, 4.4) while two chimeric
receptors contaihing the C-terminal half of this region, CD8/(45-63) and CD8/(43-53),
were incapable of activating JNK and MAPKAP kinase-2 (Figs. 4.3, 4.4). Since only
CDB8/(26-44) and CDB8/(35-53) out of this set of chimeric receptors could activate JNK
and MAPKAP kinase-2, it indicated that residues other than 35-44 in the CD40
cytoplasmic domain are dispensable for CD40-induced activation of the JNK and
p38/MAPKAP kinase-2 pathways. To determine if this region was sufficient for
activation of these kinases, i constructéd a chimeric receptor containing only residues
35-45 of the CD40 cytoplasmic domain. CD8/(35-45) was able to activate these
kinases to the same extent as the chimeric receptor containing the full length CD40 tail

(Fig. 4.3, 4.4). Thus, residues 35-45 of murine CD40 constitute a JNK/p38 MAP kinase

activation motif and may be the minimal TRAF2/3/5 binding site.




4.5 Residues 35-45 of the murine CD40 cytoplasmic domain mediate
activation of the NF-xB pathway and Mprotection from anti-IgM-induced
growth arrest

CD40 engagement activates the NF-xB transcription factor (96). NF-«xB is
retained in the cytosol in an inactive state, bound to the inhibitory IxB proteins (150).
NF-xB activation occurs via phosphorylation of 1xBa at serines 32 and 36 (259). This
targets IkBa for degradation and allows NF-kB to translocate to the nucleus
(150,259,260). When overexpressed in fibroblasts, TRAF2, TRAF5, and TRAF6 can all
acﬁvate NF-xB (157,159,160,162,261). However, it is not clear whether all of these
TRAF proteins can link CD40 to NF-«B activation in B cells. TRAF2 and TRAF5 bind to
amino acids 35-51 of CD40 (159,166) while TRAF6 binds to the membrane proximal
region of CD40 (160). To determine which regions of CD40 activate NF-«B in B cells, |
tested the ability of my chimeric receptors to induce phosphorylation and degradation
of IBe. |

Cross-linking the CD8/(1-74) chimeric receptor caused a time-dependent
increase in IxBa phosphorylation which was readily detectable after 1 min an-d
maximal by 2 min after receptor engagement (Fig. 4.5). Consistent with the
phosphorylation kinetics, IkBoa degradation was apparent within 2 min of CD8/(1-74)
engagément and complete within 5 min. Similar results were observed when the
1C10 anti-CD40 mAb was used to engage the endogenous CD40 in parental WEHI- -
231 cells although the kinetics of IkBa phosphorylation and degradation were slightly
slower (Fig. 4.5). In contrast, ligation of CD8/(1-25) did not cause IkBua
phosphorylation or degradation after 1 to 10 min (Fig. 4.5) or at 40 min (data not
shown). Thus, my data indicates that the membrane-proximal region of the CD40
cytoplasmic tail is incapable by itself of causing significant activation of NF-«B in WEHI
-231 cells. The CD8/(26-63), CD8/(26-53), CD8/(35-53) and CD8/(26-44) chimeric

receptors all induced marked phosphorylation of 1xBa within 1 to 2 min of engagement
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Figure 4.5: Residues 35-45 of the murine CD40 cytoplasmic domain are

sufficient to induce IkBo phosphorylation and degradation.

WEHI-231 cell clones expressing the indicated CD8a/CD40 chimeric receptors were
stimulated with 10 ug/mL biotinylated 51.1 (anti-CD8 mAb) and 10 pg/mL avidin for 1 to
10 min. The parental WEHI-231 cells (lower right panel) were stimulated with 10
ug/mL of the 1C10 anti-CD40 mAb. In the upper panel of each pair, cell lysates were
analyzed by immunoblotting with an Ab specific for the phosphorylated form of IxBa (P-
IkBa). The filters were then stripped and reprobed with an anti-IkBa Ab (lower panels)
to assess IxBa degradation. Two different WEHI-231 clones expressing each chimeric
receptor were analyzed in at least three independent experiments. Representative
results are shown.
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and this was followed by degradation of IxBa (Fig. 4.5), indicating that the minimal NF-
kB activation motif was contained within residues 35-44 of the CD40 cytoplasmic
domain. Consistent with this idea, the CD8/(35-45) chimeric receptor Was capable of
inducing IxBa phosphorylation and degradation. Since residues 35-45 of the CD40
cytoplasmic domain participate in the binding of TRAF2 and TRAF5 (254), my data
indicate that TRAF2 and/or TRAF5 mediate CD40 activation of NF-xB in WEHI-231
cells.

While amino acids 35-45 of the CD40 cytoplasmic domain were sufficient to
inducé'IKBa phosphorylation and degradation, additional sequences appear to be
required for maximal activation of NF-xB by CD40. Fig. 4.5 shows that the IxBa
phosphorylation caused by CD8/(1-74), the chimeric receptor containing the full length
CDA40 cytoplasmic domain, was significantly stronger than that caused by the CD8/(35-
45) chimeric receptor. CDB8/(1-74)-induced IxBa phosphorylation was also more rapid
than that caused by CD8/(35-45). CD8/(1-74) caused near maximal phosphorylation
of IkBa after 1 min while CD8/(35-45) did not induce significant IxBa phosphorylation
until 2 min. Comparing the magnitude and kinetics of IxBa phosphorylatibn induced
by the other chimeric receptors allowed me to determine which CD40 sequences were
required for maximal IkBa phosphorylation. | found that the CD8/(26-53) chimeric
’receptor could induce IkBo phosphorylation to the same extent and with the same
rapid kinetics as CD8(1-74). Thus, residues 26-34 and/or 46-53 of the CD40
cytoplasmic domain contribute to the ability of CD40 to induce |xBa phdsphorylation
and degradation. Both of these flanking sequences may be required for maximal kB
phosphorylation and degradation since CD8/(26-53) induced significantly stronger
and more rapid lkBa phosphorylation than either CD8/(26-44) or CD8/(35-53), both of
which induced the slower and less robust response characteristic of CD8/(35-45).
Moreover the CD8/(45-63) and CD8/(43-53) chimeric receptors were unable to

activate NF-xB, suggesting that if the C-terminal flanking regions contribute to NF-«xB
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activation, they do so by cooperating with residues 35-45 as opposed to
independently binding activators of NF-xB.

Recent work by Sonenshein and colleagues has shown that activation of NF-«B
is essential for CD40 to prevent BCR-induced growth arrest and apoptosis in WEHI-
231 cells (146). | found that engaging the CD8/(35-45) chimeric receptor with anti-
CD8 Abs could completely protect WEHI-231 cells from anti-iIgM-induced growth arrest
(Fig. 4.6). This indicates that the CD8/(35-45) chimeric receptor can activate NF-xB to
a biologically significant extent even though it does not induce IkBa phosphorylation to
the same extent as the chimeric receptor containing the full length CD40 cytoplasmic

domain.

4.6 Threonine-40 is essential for CD40 signaling

The threonine residue at position 40 of the human CD40 cytoplasmic region
has previously been shown to be important for CD40 signaling (168,255-257). | asked
whether changing this residue in murine CD40 would affect its ability to signal. | found
that this threonine to alanine mutation completely abolished the ability of the murine
CD40 cytoplasmic domain to activate JNK and MAPKAP kinase-2. The CD8(35-53)
chimeric receptor was fully active whereas the CD8/(35-53 T40A) chimeric receptor in
which residue 40 was changed to an alanine did not activate JNK (Fig. 4.3) or
MAPKAP kinase-2 (Fig. 4.4). The CD8/(35-53 T40A) chimeric receptor la'?f) ~.did not
induce IxBa phosphorylation or degradation (Fig. 4.5). Thus, threonine-40 is essential
for murine CD40 to activate the JNK, p38/MAPKAP kinase-2 and NF-«xB signaling
pathways. Presumably this residue interacts with proteins that link CD40 to these
signaling pathways. This threonine residue has recently been shown to be important
for CD40 to bind TRAF2, TRAF3, and TRAF5 (158,159,254), again consistent with the
idea that these TRAF proteins link CD40 to activation of JNK, p38, and NF-«B.
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Figure 4.6: Residues 35-45 of the CD40 cytoplasmic tail are sufficient to
protect WEHI 231 cells from anti-lgM-induced growth arrest.

A WEHI-231 clone expressing the CD8/(35-45) chimeric receptor were cultured with or
without 3 ng/mL anti-IgM Ab in the presence of medium alone, 10 ug/mL of the 1C10
anti-CD40 mAb, or 10 ug/mL each of biotinylated 51.1 (anti-CD8 mAb) and avidin.
[BH]thymidine was added after 40 h and 4 h later the incorporation of [3H]thymidine
into DNA was determined by liquid scintillation counting. All determinations were
carried out in triplicate and the mean and standard deviation for each data point are
shown. This is one of three similar experiments performed with two different clones
expressing CD8/(35-45).
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4.7 The isolated TRAF6 binding site of CD40 is not sufficient for
signaling in WEHI-231 cells

My results show that amino acids 35-45 of the CD40 cytoplasmic domain
contain a signaling motif that can mediate the activation of JNK and MAPKAP kinase-2
and induce the phosphorylation and degradation of IkBo. In contrast, chimeric
recepto.rs containing other regions of CD40 were unable to induce these signaling
events. Most notably, both the CD8/(1-25) and CD8/(45-63) chimeric receptors were
incapable of activating JNK and MAPKAP kinase-2 or inducing the phosphorylation
and degradation of IkBa (Figs. 4.3-4.5). The inability of the CD8/(1-25) chimeric
receptor to signal was surprising since it appeared to contain the minimal binding site
for TRAF6 and TRAF6 has been shown to activate JNK and NF-xB when
overexpressed in fibroblasts (160). However, more detailed mapping studies by
Pullen et al. (254) have recently shown that the optimal TRAF6 binding site
corresponds to amino acids 19-28 of the murine CD40 cytoplasmic domain. Since my
CD8/(1-25) chimeric was missing key residues of the TRAF6 binding site, | constructed
a new chimeric receptor that contained amino acids 15-30 of the murine CD40
cytoplasmic domain and expressed this chimeric receptor in WEHI-231 cells.

FACS analysis showed that the cell surface expression of the: CD8/(15-30)
chimeric receptor was lower than that of the other CD8 chimeric receptors | had
expressed. Twelve WEHI-231 clones expressing the CD8/(15-30)' chimeric receptor
were .analyzed by staining with anti-CD8 Abs. For the two clones expressing the
highest levels of the CD8/(15-30) chimeric receptor, the mean fluorescence intensity of
anti-CD8 staining was 38% and 52%, respectively, of that for a CD8/(1-74)-expressing
WEHI-231 clone that | had used in my previous experiments (Fig. 4.7). However,
WEHI-231 clones expressing similar levels of the CD8/(35-53) chimeric receptor (i.e.
40-50% that of the CD8/(1-74) clone) showed strong activation of JNK, MAPKAP

kinase-2, and NF-xB in response to anti-CD8 Abs (data not shown). Thus, the level of
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Figure 4.7: Expression of the CD8/(15-30) chimeric receptor in WEHI-
231 cells. '

Two stable WEHI-231 clones expressing the CD8/(15-30) chimeric receptor as well as
a CD8/(1-74)-expressing clone used in previous figures were stained with the human
CD8a-specific OKT8 mAb followed by anti-mouse IgG-FITC. Of the 12 CD8/(15-30)-
expressing clones analyzed, the two shown in this figure had the highest expression.
The level of CD8/(15-30) expression on the surface of these two clones (mean
fluorescence intensity) was 38% (clone 1) and 52% (clone 2) of the surface expression
of CD8(1-74) on the WEHI-231 CD8/(1-74) clone shown in this figure.
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cell surface expression of the CD8/(15-30) chimeric receptor should not be a limiting
factor in its ability to initiate signals.

The CD8/(15-30) chimeric receptor contains the TRAF6 binding site but not the
TRAF2/3/5 binding site. In Fig. 4.8 | analyzed the ability of this receptor to activate JNK
and MAPKAP kinase-2 and to induce the phosphorylation and degradation of IxBa.
Although overexpression of TRAF6 has been reported to activate JNK and NF-«B in
fibroblasts (160,162), | found that the CD8/(15-30) chimeric receptor caused little or no
activation of JNK or MAPKAP kinase-2 in WEHI-231 cells (Fig. 4.8A) and did not
induce IkBoa phosphorylation or degradation (Fig. 4.8B). Although | cannot rule out the
possibility that the cytoplasmic domain of the CD8/(15-30) chimeric receptor was
improperly folded and unable to interact with TRAFS6, the simplest interpretation of this
data is that the TRAF6 binding motif of murine CD40 is not sufficient by itself to mediate

these responses, at least in WEHI-231 cells.

4.8 Discussion
4.8.1 Identification of a major signaling motif in the cytoplasmic domain
of CD40

In this study, | have used chimeric receptors containing different portions of the
CD40 cytoplasmic domain to identify a region in the CD40 cytoplasmic domain that is
responsible for (i) activating JNK, (ii) activating the p38/MAPKAP kinase-2 pathway,
and (iii) and inducing the phosphorylation and degradation of IxBa. | found that amino
acids 35-45 of the CD40 cytoplasmic tail constitute a signaling motif that is sufficient for
activation of these signaling pathways in B cells. Other regions of the CD40
cytoplasmic domain were unable to mediate activation of JNK, MAPKAP kinase-2, or
NF-xB. | also showed that the same 11 amino acid region of the CD40 cytoplasmic
domain is sufficient to fully protect WEHI-231 cells from anti-lgM-induced growth arrest.

My findings demonstrate that oligomerization of CD40 is sufficient to initiate these
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Figure 4.8A: The CD8/(15-30) chimeric receptor causes littie or no
activation of JNK or MAPKAP kinase-2.

Two different WEHI-231 clones expressing CD8/(15-30) as well as WEHI-231 clones
expressing either the truncated CD8a (CD8/) or the CD8/(1-74) chimeric receptor
containing the full length CD40 cytoplasmic domain were stimulated with 10 pg/mL
biotinylated 51.1 (anti-CD8 mAb) and 10 pg/mL avidin for 15 min. Cell lysates were
immunoprecipitated with the anti-UNK Ab (upper panel) or the anti-MAPKAP kinase-2
Ab (lower panel) and in vitro kinase assays were performed using GST-c-Jun as a
substrate for JNK and Hsp25 as a substrate for MAPKAP kinase-2. The JNK or
MAPKAP kinase-2 activity induced by engaging CD8/(1-74) was assigned a value of
100%. The data represent the mean and standard deviation from three independent
experiments.
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Figure 4.8B: The CD8/(15-30) chimeric receptor does not induce
activation of NF-«B.

The two WEHI-231 clones expressing CD8/(15-30) were stimulated with 10 ug/mL
biotinylated 51.1 (anti-CD8 mAb) and 10 ug/mL avidin for 1 to 10 min. In the upper
panel of each pair, cell lysates were analyzed by immunoblotting with an Ab specific
for the phosphorylated form of IkBa (P-1xBa). The filters were then stripped and
reprobed with an anti-lkBa Ab (lower panels) to assess IxBa degradation. Lysates of
CD8/(1-74)-expressing cells were used as a positive control for IxBa phosphorylation.
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CD40 responses and that interactions mediated by the extracellular or transmembrane
domains of CD40 are not required for these events.

This is the first report directly identifying the region of CD40 that activates the
JNK and p38/MAPKAP kinase-2 pathways. | have also shown that this same region,
amino acids 35-45 of the CD40 cytoplasmic domain, is sufficient for CD40 to induce
the phosphorylation and degradation of IxBa. Studies by other groups have shown
that amino acids 36-52 of the CD40 cytoplasmic domain are sufficient to activate NF-
xB in 293 cells (165) and that amino acids 32-41 are necessary for CD40 to activate
NF-xB in B cells (150). Taken together, these results indicate that amino acids 36-41
of CD40 (PVQETL) are critical for CD40 to activate NF-xB. This is consistent with
recent findings that a PVQET motif is essential for the CD40-related Epstein-Barr virus

LMP1 protein to activate NF-«B (262).

4.8.2 Threonine-40 is essential for CD40 signaling

The threonine residue at position 40 of the CD40 cytoplasmic domain appears
to be particularly important for CD40 signaling. | found that changing this threonine
residue to an alanine abolished the ability of the CD8/(35-53) chimeric receptor to
activate NF-xB, JNK and MAPKAP kinase-2. Although further mutational analysis is
required to determine whether the PVQET motif is essential for CD40 to activate JNK
and MAPKAP kinase-2, ‘the threonine residue is ‘essential for most of the responses
initiated by CD40 engagement. Changing this residue to an alanine 'abrogates the
ability of CD40 to activate NF-xB (257), and to induce homotypic aggregation, Ab
secretion, and upregulation of B7.1, Fas, and CD23 (255,256). Thus, either the
PVQET motif or another overlapping signaling motif containing threonine-40 is
responsible for the majority of CD40-induced signaling events including, as | have
shown, activation of the JNK and the p38/MAPKAP kinase-2 pathways. An important

question that remains to be determined is whether threonine-40 is phosphorylated and
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whether phosphorylation of this residue affects the ability of CD40 to bind to adapter

proteins and to signal.

4.8.3 TRAF proteins may bind to residues 35-45 of the CD40 cytoplasmic
tail and mediate CD40 signaling

My results indicate that the activation of JNK, p38, and NF-xB by CD40, as well
as protection of WEHI-231 cells from anti-IgM-induced growth arrest, is mediated by
proteins that bind to residues 35-45 of the CD40 cytoplasmic domain. TRAF2, TRAF3,
TRAF5 and TRAF6 can bind directly to the cytoplasmic region of CD40 via their highly-
related C-terminal TRAF domains (157-160). In vitro binding assays have shown that
TRAF2 and TRAF3 can bind to fusion proteins or peptides corresponding to amino
acids 36-52 of murine CD40 (165,166,254) while TRAF5 binds to an identical or
overlapping region of CD40 (159). The CD40 signaling motif | have identified,
residues 35-45 of the CD40 cytoplasmic domain, may therefore contain the essential
elements for binding TRAF2, TRAF3, and TRAF5. My findings are consistent with the -
idea that TRAF2, TRAF3 or TRAF5 mediate the ability of CD40 to activate NF-xB, JNK,
and the p38/MAPKAP kinase-2 pathway as well as the ability of CD40 to protect WEHI-
231 cells from anti-IgM-induced growth arrest. Several Iihes of evidence support this
conclusion. First, overexpression of TRAF2 or TRAF5 in fibroblasts results in activation
of both NF-kB-and JNK (157,'159,162;249-251,261). Second, .expressing'_:a;jtruhcat,ed'
(i.e. dominant-negative) form of TRAF2 in B cells blocks the ability of CD40 to activate
JNK (263), implicating the portion of CD40 that binds TRAF2, TRAF3, and TRAF5 in
this response. Similarly, it has recently been shown that expressing a dominant-
negative form of TRAF3 in B cells blocks activation of p38 by CD40 (164). Finally,
changing the threonine residue in the PVQET motif of human CD40 to an alanine not
only prevents CD40 signaling but also abolishes the ability of CD40 to bind TRAF2,
TRAF3 and TRAF5 (158,159,165). Although | cannot rule out the involvement of other
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proteins that bind to residues 35-45 of the CD40 cytoplasmic domain, these data ali
support th‘e idea that residues 35-45 of CD40 constitute a minimal TRAF-binding motif
and that TRAF2, TRAF3 or TRAFS5 couple CD40 to activation of JNK, p38 and NF-«B.

4.8.4 Signaling components that connect the TRAF proteins to NF-«B,
JNK and p38

TRAF2 and TRAF5 can activate both NF-xB and JNK when overexpressed in
fibroblasts (159,162,261), whereas a dominant negative TRAF3 fully blocks activation
of p38 and partially blocks activation of JNK in CD40-stimulated human B cells (164).
These studies suggest that TRAF2, TRAF3 and/or TRAF5 mediate activation of NF-«B,
JNK and p38. My finding that the TRAF2/TRAF3/TRAF5 binding site of CD40 is
sufficient for activation of NF-xB, JNK and p38 is consistent with these studies. TRAF2
binds NIK (162,264), a kinase that binds to and presumably activates the IxB kinase
(IKK) complex (154) which is responsible for phosphorylating I«Ba. The link between
TRAF proteins and JNK/p38 activation is not as well understood but involves a family
of kinases (MEKK1-4, MLK, and GCK) that phosphorylate and activate the MKKs which
activate JNK and p38. It is not known how TRAF proteins are coupled to the MKK
kinases but they are thought to be activated by upstream kinases called PAKs which in

turn are regulated by GTPases such as Rac and Cdc42 (see Fig. 3.11) (121,122,232).

4.8.5 The TRAF6 binding site of CD40 is not sufficient for CD40
signaling in WEHI-231 cells

Unlike the other TRAFs, TRAF6 binds to a membrane-proximal region of CD40,
residues 14-23 of human CD40 or residues 19-28 of murine CD40 (160,254).
Although TRAF6 can activate NF-xB and JNK when overexpressed in fibroblasts
(160,162), | found that the CD8/(15-30) chimeric receptor, which contains the TRAF6

binding site, was unable to activate NF-xB, JNK, or MAPKAP kinase-2 when

126




expressed in WEHI-231 cells (Fig. 4.8). This suggests that TRAF6 does not make a
major contribu'tion to these responses, at least in WEHI-231 celis. Although'WEHI-231
cells express TRAF6 mRNA (160), they may not express sufficient amounts of the |
TRAF6 protein to allow this region of CD40 to activate these sign'aling pathways.
Alternatively, the CD8/(15-30) chimeric receptor may not be able to interact efficiently
with TRAF6 either because it is misfolded or because additional sequences are
required. While | cannot rule out that the cytoplasmic domain of CD8/(15-30) is
misfolded, Pullen et al. showed that a peptide containing only residues 18-28 of CD40
can bind TRAF6 with high affinity in vitro (254). Thus if folded properly, the CD8/(15-
30) chimeric receptor should be able to bind TRAF6. Further work is required to
determine the relative contribution of TRAFG to the ability of CD40 to activate NF-kB,
JNK, and p38 in B cells.

4.8.6 Residues 35-45 of the CD40 tail mediate protection of WEHI-231
cells from lanti-IgM-induced growth arrest

In addition to activating JNK, p38 and NF-xB, we found that signaling mediated
by amino acids 35-45 of the CD40 cytoplasmic domain was sufficient to completely
protect WEHI-231 cells from anti-IgM-induced growth arrest. The f‘inding that the same
region of CD40 initiates both NF-xB activation and an anti-apoptotic signal is
consistent ‘with’ work showing that CD40'prevents apoptosis’in{WEHl-.231 .cells via a,n"'
NF-«xB-dependent pathway that prevents catastrophic decreases in the level of c-Myc
(146). Moreover, our finding that the TRAF2/TRAF3/TRAF5 binding site of CD40 is
sufficient to protect B cells from apoptosis is consistent with the role of TRAF2 in
activating NF-«xB. Reports showing that thymocytes from TRAF2-deficient mice are
hypersensitive to pro-apoptotic stimuli (265) further support the role of TRAF2 in

coupling receptors to survival pathways.
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4.8.7 Summary

In sumrﬁary, | have used a gain-of-function approach to define a major signaling
motif in the cytoplasmic domain of -CD40 that is sufficient for activation of JNK and
MAPKAP kinase-2, phosphorylation and degradation of 1kBa, and for protection of
WEHI-231 cells from anti-IlgM-induced growth arrest. This is the first report in which
the CD40 JNK activation motif and p38 activation motif have been mapped. | found
that all of these functions mapped to the same region of CD40 that bind TRAF2,
TRAF3, and TRAF5. My results are consistent with a model in which. TRAF2, TRAF3
and/or TRAF5 link CD40 to two distinct signaling pathways; a series of kinases that
activate NF-«xB by phosphorylating its inhibitor, 1kB, and a kinase cascade that
activates the JNK and p38/MAPKAP kinase-2 pathways (Fig. 4.9). While other studies
using loss-of-function approaches such as expression of truncated CD40 proteins or
CD40 with poin't mutations have shown that amino acids 35-45 of the CD40
cytoplasmic domain are important for some CD40 functions, they could .not rule out
that other regions of CD40 were also required. My results show that amino acids 35-
45 of the CD40 cytoplasmic domain are both necessary and sufficient for these
responses whereas the membrane proximal region of CD40 which binds TRAFG is
incapable of initiating these responses. Moreover, any interactions mediated by the
extracellular or transmembrane domains of CD40 are not necessary for activation of

- JNK, MAPKAP kinase-2 or NF-xB-mediated protection of WEHI-231 cells from anti-

IgM-induced growth arrest.

128




Figure 4.9: Model for CD40-induced activation of JNK, p38/MAPKAP
kinase-2 and NF-«xB, as well as protection of WEHI-231 cells from BCR-
induced growth arrest.

Upon crosslinking of CD40 by its trimeric ligand, the TRAF2, TRAF3 and/or TRAF5
adapter proteins are recruited to the receptor complex. Residues 35-45 of the CD40
cytoplasmic tail are sufficient to mediate this recruitment. TRAF2, TRAF3 and/or TRAF5
link CD40 to two distinct signaling pathways; a series of kinases that activate NF-xB by
phosphorylating its inhibitor, IxB, and a kinase cascade that activates the JNK and
p38/MAPKAP kinase-2 pathways.
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CHAPTER 5

Signaling by Another TRAF-Associated Receptor
(ATAR) in B Cells

5.1 Introduction .

Members of the tumor necrosis factor receptor (TNFR) superfamily play
important roles in regulating lymphocyte development and function (20,155). For
example, CD40 regulates Ig class switching, cytokine production and survival in B
cells (26), TNFR2 stimulates the proliferation of thymocytes (266), and Fas triggers
apoptosis of activated lymphocytes (60,267). TNFR superfamily members are
characterized by an extracellular domain‘ containing multiple repeats of a cysteine-rich
motif (20). However, the cytoplasmic regions of these receptors share limited
sequence homology with the exception of the "death domain" found in TNFR1, Fas
and DR3 (22,268-270).

TNFR superfamily members associate with two main classes of adapter proteins
that couple these réceptors to signaling pathways. The "death domain"-containing
adapter proteins TRADD, RIP and FADD associate with the death domain of TNFR1
and Fas. FADD, in turn, recruits Caspase-8 (Flice), an ICE-like cysteine protease. The
recruitment of Caspése;S initiates a protease cascade that results. m apoptosis (271-
273). THe seéond cIaAss of adapter proteins, the TNFR-associated factors (TRAFs),
bind directly to TNFR2, CD40, CD30 and the lymphotoxin-p receptor (156,274-276).
The cytoplasmic domains of these TRAF-associated receptors share a few conserved
amino acids that mediate TRAF binding. The TRAF proteins connectATNFR
superfamily members to activation of the NF-xB transcription factor and to JNK
(159,160,162,261), a kinase that contributes to activation of the AP-1 transcription

factor (112,239). Both NF-xB and AP-1 induce the expression of many lymphocyte
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éctivétion-associated genes including ones encoding cytokines, cytokine receptors
and cell adhesion molecules (150,155).

Recently, another TRAF-associated receptor (ATAR) was identified as a novel
member of the TNFR superfamily (171). Human ATAR is over 99% homologous to the
Herpes virus entry mediator (HVEM) that is expressed on human B and T cells
(172,173) and is believed to be the same protein. ATAR/HVEM has recently been
shown to bind the Herpes simplex virus (HSV) gD protein and mediate entry of (HSV)
type-1 into human T and B cells (172,173). Other ligands for ATAR/HVEM include
LIGHT, a new member of the TNF superfamily that is expressed on the surface of
activated T cells, as well as lymphotoxin-a (LTa), a cytokine secreted by activated T
cells.

Since ATAR binds ligands made by activated T cells., ATAR may play arolein T
cell-dependent activation of B cells, sirﬁilar to CD40. In this thesis we tested the
hypothesis that signaling by ATAR-induces many of the same responses in B cells as
signaling by CD40, a TNFR superfamily. member that is a key regulator of B cell
activation and function. A study in which ATAR and the TRAF proteins were
coexpressed in 293 fibroblasts demonstrated that, like CD40, ATAR initiates signaling
events by binding TRAF2 and TRAF5 '(171). Moreover, ATAR also activates NF-«B, a
target of CD40 signaling, in transiently transfected 293 cells (171). However, it is not
known whether ATAR can activate these" signaling pathways' under p_hysi,ologic‘a“’lf'
conditions or in B cells. It also remafned to be tested whether ATAR mediates
activation of the JNK and p38 MAP kinases in B cells or protects B cells from antigen
receptor-induced époptosis as does CD40.

We have used the approach of making chimeric receptors to induce ATAR
signaling since antibodies to ATAR are unavailable. Furthermore, the use of natural
ligands to study ATAR signaling may be difficult given the promiscuity of members of

the TNF superfamily. For example, LTa binds TNFR1 (277,278), TNFR2 (279) and
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HVEM (173), while LIGHT binds HVEM and the LTB receptor (173). These complex
receptor-binding patterns exhibited.by TNF superfamily members make it difficult to
use natural ligands to study the signaling events that result from engaging a single
TNFR superfamily member. The use of chimeric receptors to study ATAR signaling
avoids such difficulties. |

This work was performed in collaboration with Kirsten Mattison, an
undergraduate student who worked in our laboratory under my direction. We chose to
work with the murine form of ATAR since we have a successful, retroviral-mediated
transfection system for expressing proteins in murine B cell lines. The murine and
human forms of ATAR share 51% and 25% identity within their extracellular and
intracellular domains, respectively (171). Chimeric receptors consisting of the
extracellular and transmembrane domains of human CD8a fused to all or part of the
murine ATAR cytoplasmic domain were expressed in WEHI-231 B lymphoma cells.
Two CD8/ATAR chimeric receptors were generated. The first contained the entire 46
amino acid residue ATAR cytoplasmic tail. A second chimeric receptor containing only
the C-terminal 20 amino acids of ATAR was generated to determine which ATAR-
induced signaling events were mediated by the TRAF2 and TRAF5 adapter proteins.
This C-terminal portion of ATAR Contaihs the TRAF2 and TRAF5 interaction domain of
ATAR (171). |

~Anti-CD8 mAbs were used.to selectively induce signaling by the CD8/ATAR
chimeric receptors. We found that the cytoplasmic tail of ATAR could activate NF-«B,
JNK and p38, as well as prevent BCR-induced apoptosis in WEHI-231 cells. In
addition, we found that the C-terminal portion of the ATAR tail was sufficient for
inducing these signaling events in B cells. These results suggest that TRAF2 and/or
TRAF5 may link ATAR to NF«B activation, to MAP kinase activation, and to protection

of B cells from BCR-induced apoptosis. Thus, ATAR is capable of signaling in B cells




and, at least for the signaling events tested, ATAR appears to signal in a similar

manner to CD40.

5.2 Construction of CD8/ATAR chimeric receptors

To evaluate ATAR signaling in B. éells, two chimeric CD8a/ATAR receptors
consisting of the extracellular and transmembrane domains of CD8a fused to
fragments of the murine ATAR Cytoplaémic domain were constructed. The ATAR
fragments included the full length ATAR cytoplasmic domain (amino acids 1-46;
numbering from the start of the ATAR cytoplasmic domain) and the C-terminal 20
amino acids of the ATAR cytoplasmic domain (amino acids 27-46) (Fig. 5.1). We were
interested in determining whether this C-terminal portion of ATAR, which, contains the
TRAF2/TRAF5 binding site (171), was sufficient for ATAR signaling. The sequences of
the complementary oligonucleotides used to construct the ATAR tail segments are
listed in Table 5.1. Four oligonucleotides were used to construct the full length ATAR
cytoplasmic tail.  These four oligonucleotides were annealed together to create two
overlapping sets of complementary oligonucleotides. These overlapping fragments
were then ligated to each other in equimolar ratios to construct the full length ATAR
cytoplasmic tail. Once formed, the double-stranded ATAR cDNA fragments were cut
with Bg/ Il and ligated into the Bg/ /I site of CD8 in the pLXSN/CD8 retroviral
‘expression vector (see Chapter 2 for details). Plasmids were cut with Bgl Il to screen
for tHe pfesence of _inserts corresponding to the ATAR cytoplasmic domain. The
sequence of each CD8/ATAR chimeric cDNA was confirmed by DNA sequencing as

described in Chapter 2.

5.3 Expression of CD8/ATAR chimeric receptors in WEHI-231 B cells
After infecting WEHI-231 murine B cells with retroviral particles carrying pLXSN-
CD8/ATAR (1-46) or pLXSN-CD8/ATAR (27-46), G418-resistant clones were screened
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Figure 5.1: Schematic representation of the CD8/ATAR chimeric
receptors.

The CD8/ protein contains the extracellular and transmembrane domains of human
CD8a as well as the first four amino acids of the CD8a cytoplasmic domain. The solid
black box represents the cytoplasmic domain of the truncated CD8a. For the chimeric
receptors, either the entire 46 amino acid murine ATAR cytoplasmic domain or the C-
terminal 20 amino acids of the ATAR cytoplasmic domain were fused to the C-terminus
of CD8/. The amino acid sequence of the ATAR cytoplasmic domain is shown and the
residues are numbered starting at the inner face of the plasma membrane. The
numbers in brackets indicate which portions of the ATAR cytoplasmic domain have
been fused to CD8a for each chimeric receptor.
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for- CD8/ATAR expression by flow cytometry. WEHI-231 clones expressing the
parental CD8a molecule which contains only the extracellular and transmembrane
domains of CD8u (CD8/), were also generated. For each receptor expressed; clones

with similar levels of expression were chosen for further study (Fig. 5.2).

5.4 ATAR can activate JNK and p38 in B cells

MAP kinases are serine/threonine protein kinases which appear to be involved
in both mitogenic and apoptotic responses to receptor signaling (106,131). These
kinases are activated by dual phosphorylation of threonine and tyrosine residues in a
threonine-X-tyrosine activation motif (109,110). Three families of MAP kinases have
been identified and include the c-Jun amino terminal kinases (JNKs), the p38 kinases
and‘t'he extracellular signal-regulated kinases (ERKs). When activated, these kinases
translocate.to the nucleus where they phosphorylate and activate different sets of
transcription factors (110,112). | have previously shown that CD40 strongly activates
the JNK and p38 MAP kinases in WEHI-231 cells (245). In addition, HYEM/ATAR has
been shown to activate JNK when transiently transfected into 293 cells (280). We
asked whether, similar to CD40, the cytoplasmic domain of ATAR could activate the
JNK and p38 MAP kinases in WEHI-231 B cells.

We first determined whether the chimera containing the full length ATAR tail,
CDB/ATAR (1-46), was capable of activating JNK and p38 in vyEH|’1f23';1 cells.
Biotinylated anti-CD8 mAb pIUs avidin was used to stimulate signaling by the
CDB8/ATAR chimeric receptors. After stimulating the cells for various times, cellllglsates
were immunoblotted with antibodies specific for either phospho-JNK or phospho-p38.
These antibodies detect the dually phosphorylated threonine-X-tyrosine activation
motif in JNK or p38, respectively. The appearance of these dually phosphorylated
forms of JNK and p38 indicates that these kinases have been activated since

phosphorylation is essential for MAP kinase activity (109,110). We found that
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Figure 5.2: Expression of CD8/ATAR chimeric receptors in WEHI-231
cells.

Untransfected parental WEHI-231 cells (peak on the left hand side of each histogram)
as well as a stable clone expressing either the CD8/ATAR (1-46) or CD8/ATAR (27-46)
chimeric receptor were stained with the anti-human CD8 mAb, OKT8, followed by anti-
mouse IgG-FITC. The numbers in brackets denote which amino acids of the ATAR
cytoplasmic domain were present in each chimeric receptor.
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clustering the full length ATAR cytoplasmic tail.: stimulated phosphorylation of both the
p46 _a'n_d p54 isoforms of JNK (Fig. 5.3), as well as p38 (Fig. 5.4). Maximal
phosphorylation of the JNK and p38 MAP kinases occurred within 5 to 10 min of
receptor engagement (Fig. 5.3 and 5.4). These results suggest that transcription
factors targeted by JNK and/or p38, such as c-Jun (112), AP-1 (112), ATF2 (210),
CHOP (138), and CREB (214) may be activated by ATAR and mediate functional
responses in B cells.

CD8/ATAR (27-46) also induced phosphorylation of p38 (Fig. 5.4), although
with slower kinetics than CD8/ATAR (1-46). Thus, the TRAF binding site of ATAR is
sufficient to mediate ATAR-induced acﬁvation of p38. This finding nggests that TRAF
proteins mediate ATAR-induced activation of p38. However, we éannot rule out the
possibility that another, unidentified molecule associates with this region of ATAR and
mediates activation of p38. Our finding that it takes several minutes longer for
CDB8/ATAR (27-46) to induce phosphorylation of p38 compared to CD8/ATAR (1-46)
suggests that the adapter molecule(s) that mediate activation of p38 may bind better to
CD8/ATAR (1-46) compared to CD8/ATAR (27-46). It remains to be determined
whether the C-terminal 20 amino acids of ATAR are sufficient for mediating activation

of JNK.

5.5 The cytoplasmic domain-of ATAR can mediate activatfibh‘..-of‘*NF-;cB..in
B cells |

When overexpressed in fibroblasts, ATAR activates the transcription factor NF-
kB (171). This activation appears to be mediated by the TRAF proteins, since}a
mutated ATAR that cannot bind TRAF2 or TRAF5 fails to activate NF-xB (171).
However, it is not known whether ATAR can activate NF-xB under physiological
conditions or in B cells. To address these questions, we tested the ability of our

CD8/ATAR chimeric receptors to induce phosphorylation and subsequent degradation
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Figure 5.3: The cytoplasmic domain of ATAR mediates phosphorylation
of the p46 and p54 isoforms of JNK1.

A WEHI-231 cell clone expressing the CD8/ATAR (1-46) chimeric receptor was
stimulated with 10 ug/mL biotinylated 51.1 (anti-CD8 mAb) and 10 ug/mL avidin for 15
min. Cell lysates were analyzed for JNK activation by immunoblotting with an Ab
specific for the phosphorylated form of JNK1 (phospho-JNK). The 46 kDa and 54 kDa
forms of JNK1 are indicated by the arrows. Molecular weight standards are indicated
on the right.
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Figure 5.4 The cytoplasmic domain of ATAR mediates phosphorylation of
p38.

WEHI-231 clones expressing CD8/, CD8/ATAR (1-46) or CD8/ATAR (27-46) were
stimulated with 10 pg/mL biotinylated 51.1 (anti-CD8 mAb) and 10 ug/mL avidin for 15
min. Cell lysates were analyzed by immunoblotting with an Ab specific for the
phosphorylated form of p38 (phospho-p38).
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of IxBa, an inhibitor of NF-xB. In its normal, unphosphorylated state, IxBa inhibits NF-
kB activity by sequestering NF-«xB in the cytéplasm (150). Phosphorylation of IxBa
targets the inhibitor for degradation, thQs freeing NF-xB to translocate to the nucleus
(150,259). Biotinylated anti-CD8 mAb plus avidin was used to stimulate ATAR
signaling. After stimulating the cells for various times, cell lysates were immunoblotted
with antibodies specific for either phospho-IxBo or IkBa. As expected, CD8/ failed to
induce |kBo phosphorylation or degradation (Fig. 5.5). However, cross-linking the
chimera containing the full length ATAR cytoplasmic tail, CD8/ATAR (1-46), induced
marked phosphorylation of IkBa within 2 min of receptor engagement (Fig. 5.5).
Degradation of phosphorylated IkBa was evident 5 min after CD8/ATAR (1-46)
engagemént (Fig. 5.5). This indicates that NF-xB was free to translocate to the nucleus
and activate transcription (152). Our results demonstrate that the cytoplasmic tail of
ATAR mediates activation of NF-xB under physiological conditions and that this
activation can occur in B cells.

CD8/ATAR (27-46) also mediated phosphorylation and degradation of IxBa
(Fig. 5.5). However, CD8/ATAR (27-46)-induced IxBa phosphorylation and
degradation occurred more slowly and was less marked than that induced by
CD8/ATAR (1-46) (Fig. 5.5). These results demonstrate that the last 20 amino acids of
ATAR, which contain the TRAF interaction domain, are sufficient to rﬁediate activation
of NF-xB. However, the N-terminal portion of the ATAR cytoplasmic tail ‘appears to
enhance the binding of adapter proteins to the last 20 amino acids of ATAR. Our
results are consistent with the idea that the TRAF2 and/or TRAF5 adapter proteins
couple ATAR to activation of NF-«B (171).

5.6 ATAR can prevent BCR-induced growth arrest in WEHI-231 cells
Antigen binding to the BCR on naive B cells can result in activation, anergy or

apoptosis depending on whether the cell receives a second, costimulatory signal
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Figure 5.5: The cytoplasmic domain of ATAR mediates phosphorylation
and degradation of IkBa.

CD8/ATAR chimeric receptor-expressing WEHI-231 clones were stimulated with 10
ng/mL biotinylated 51.1 (anti-CD8 mAb) and 10 ug/mL avidin for the indicated times. In
the upper panels for each chimera, cell lysates were analyzed by immunoblotting with
an Ab specific for the phosphorylated form of IxBa (phospho-1xBa). The membranes
were then stripped and reprobed with an anti-lxBa Ab (lower panels) to detect
degradation of IxBea.
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through CD40 (1). Engagement of the BCR‘.on WEHI-231 B cells induces growth
arrest followed by apoptosis (63-65). However, if these cells receive a éecond signal
through CD40, the BCR-induced growth arrest/apoptosis is abrogated (28,66,67,195).
CD40 protects B cells from BCR-induced apoptosis through NF-xB dependent
transcription of the c-myc gene (146,147). Since we have shown that ATAR is capable
of activafing NF-xB in WEHI-231 cells, we asked whether ATAR can substitute for
CD40 and protect these cells from anti-lgM-induced growth arrest. To test this
hypothesis, WEHI-231 clones expressing CD8/ATAR chimeric receptors were cultured
with various stimuli, and 48 hours later the ability to incorporate [3H]-thymidine was
evaluated (Fig. 5.6). We found that signaling through CD8/ATAR (1-46) abrogated
anti-lgM-induced growth arrest to a similar extent as signaling through endogenous
CD40 (Fig. 5.6). Similar results were found with CD8/ATAR (27-46) (Fig. 5.6). As
expected, CD8/ failed to confer protection from anti-lgM treatment (Fig. 5.6). These
results demonstrate that ATAR could substitute for CD40 in providing a costimulatory

signal to B cells.

5.7 Discussion

We constructed CD8/ATAR chimeric receptors and expressed these receptors

in WEHI-231 cells in order to study ATAR signaling. We found that the ATAR

cytoplasmic domain activated the JNK and p38 MAP kinases, and induced
phosphorylation and degradation of IkBa. We also showed that signaling mediated by
the ATAR cytoplasmic domain could protect WEHI-231 cells from anti-lgM-induced
growth arrest to a similar extent as CD40 (Fig. 5.6). Finally, the C-terminal 20 amino
acids of ATAR, which contain the TRAF2/TRAF5 binding site (171), was sufficient for
activation of p38, phosphorylation and degradation of IxBa, and protection of WEHI-
231 cells from anti-lgM-induced growth arrest. Our results demonstrate that clustering

of the ATAR cytoplasmic tail initiates these ATAR signaling events, that the
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Figure 5.6: The cytoplasmic domain of ATAR mediates protection of
WEHI-231 cells from anti-lgM-induced growth arrest.

WEHI-231 cell clones expressing the CD8/ATAR (1-46) chimeric receptor or the
CD8/ATAR (27-46) chimeric receptor were cultured in medium containing 3 ug/mL
anti-IgM Ab, 10 pg/mL of biotinylated 51.1 (anti-CD8 mAb) and 10 pg/mL avidin, 3
pg/mL anti-lgM and 10 pg/mL each of 51.1-biotin and avidin, or 5 ug/mL 1C10 (anti-
CD40 mAb) for 40 h. The incorporation of [3H] thymidine into DNA was determined by
liquid scintillation counting. All determinations were carried out in triplicate. Error bars
represent the mean + the standard error of replicate samples.
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extracellular and transmembrane regions of ATAR are not required for these events,
and that ATAR can induce these events in B lymphocytes. |

Our finding that ATAR is capable of activating the MAP kinase JNK is consistent
with a report that transient transfection of HVEM/ATAR into 293 cells induces activation
of JNK (280). Similar to CD40 (245), ATAR induces activation of both the p46 and p54
isoforms of JNK1. This is the first report that ATAR/HVEM activates p38, the other MAP
kinase activated by CD40 in WEHI-231 cells (245). Since JNK and p38 activate a
variety of transcription factors, including c-Jun, ATF2, CHOP and CREB
(112,138,210,214), activation of JNK and p38 should enable ATAR/HVEM to regulate
the expression of a number of genes. We predict that transcription of some of these
 genes may contribute to B cell activation. Although highly expressed in WEHI-231
cells, ERK1 and ERK2, members of the third MAP kinase family, are not activated by
CD40 in these cells. Future work could test whether ATAR induces activation of ERK.

ATAR is likely linked to activation of JNK and p38 through its association with
the TRAF2 and TRAFS5 adapter proteins (171). This notion is supported by the finding
that TRAF2 and TRAF5 can activate JNK when overexpressed in fibroblasts (159,162).
Furthermore, we found that the C-terminal 20 amino acids of ATAR, which contain the
TRAF2/TRAF5 interaction domain, are sfoicient to mediate activation of p38.
However, we cannot rule out the possibility that other, unidentified, molecules bind to
- this C-terminaftregion of ATAR and are:resgonsible f‘or‘“rﬁé’diatihg p38 activation. It
remains to be tested whether the C-terminal 20 amino acids of ATAR are sufficient for
ATAR-induced activation of JNK. Our finding that the region of ATAR that binds the
TRAF proteins is sufficient to mediate ATAR-induced activation of p38'is not surprising
given that the TRAF proteins appear to mediate activation of JNK and p38 by several
other TNFR superfamily members, including CD40 (164). TRAF proteins are thought
to be coupled to JNK and p38, through monomeric GTPases (121,122,232) which in

turn activate a group of serine/threonine kinases known as p21-associated kinases
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(PAKs) (122,134). The PAKs appear to be upstream of another group of kinases
(ASK-1 and MEKK1-4) that activate the MAP kinase kinases (MKKs) which in turn
activate JNK and p38 (131,281). Future work could test whethér our CD8/ATAR
chiméric receptors induce activation of Ask-1, MEKKs and MKKs in WEHI-231 cells.

In addition to activating JNK and p38, we found that ATAR induces
phosphorylation and degradation of IxBa. Moreover, the C-terminal 20 amino acids of
ATAR which contain the TRAF2/TRAF5 binding site were sufficient to mediate these
events. These findings are consistent with a report that overexpression of ATAR in
fibroblasts activates NF-«xB (171) and that coexpression of ATAR with TRAF5 results in
synergistic activation of NF-xB (171). The TRAF proteins appear to be linked to 1B
by binding NIK (162,264), a kinase that associates with and is thought to activate the
IkB kinase (IKK) complex (154). IKK, in turn, phosphorylates IxBa, thereby targeting
IxBo for ubiquitin-mediated degradétion by proteasomes (154). Whether TRAF2
and/or TRAF5 links ATAR to IkBo inactivation by this pathway remains to be
determined.

The finding that ATAR induces activation of NFxB and mediates protection of
WEHI-231 cells from BCR-induced growth arrest is consistent with reports that NF«xB
induées transcription of a gene, or a group of genes, that prevent cells from
undergoing apoptosis in respoh‘se to. a variety of signals (282). Indeed, CD40 protects
WE_‘Hi-231 cells from BCR-induced apoptosis via NF-.kB-dependent induction of ¢-myc
(146). It will be interesting to determine whether ATAR rescues WEHI-231 cells from
BCR-induced apoptosis by a similar mechanism as CD40, or whether it activates an
entirely different survival pathway.

Although CD8/ATAR (27-46) mediated phosphorylation of p38 and IxBe, as well
as degradation of IkBoa, these events were induced with slightly slower kinetics
compared to CD8/ATAR (1-46). Since these two chimeric receptors were expressed at

similar levels (Fig. 5.2), the C-terminal 20 amino acid portion of the ATAR tail appears
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to signal less efficiently than the full length ATAR tail. It is possible that the N-terminal
portion of the ATAR tail stabilizes the ATAR/'I%RAF interaction. Alterhatively, maximal
activation of these signaling pathways may depend on concomitant binding of TRAF to
the C-terminal portien of the ATAR tail and binding of another, unknown molecule to
the N-terminal portion. A third possibility to explain the slower signaling kinetics of
CDB8/ATAR (27-46) compared to CD8/ATAR (1-46), is that in this trunceted receptor the
TRAF binding site is too close to the plasma membrane to allow efficient TRAF binding.

At least for the signaling events tested, ATAR appears to signal in B cells in
much the same way as CD40 does. Both of these receptors associate with TRAF2 and
TRAFS, activate JNK and p38, induce phosphorylation and degradation of IxBa, and
pfetect WEHI-231 cells from anti-IgM-indchd growth arrest. Our results suggest that
ATAR could regulate B cell activation and survival in a similar manner as CD40. ATAR
may provide an alternative way for B cells to obtain the second signal that promotes B
cell activation as opposed to anergy or apoptosis. Future work will assess whether
ATAR and CD40 are redundant in function or whether they have unique functions.
Differences in signaling functions may exist, given that ATAR, unlike CD40, does not
a'ppear to bind the TRAF3 adapter protein (171). TRAF3 appears to play a role in
CDA40-induced activation of p38 (164). However, we have shown that ATAR can

activate p38 in the apparent absence of TRAF3 binding. This indicates that other

- TRAF proteins may substitute for TRAF3:signaling function(s).

The results presented in this,study improve our understanding of ATAR
signaling. Furthermore, the use of CD8/ATAR chimeric receptors provides a valuable
tool for mepping the amino acid residues that mediate different ATAR signaling events.
However, to determine whether ATAR actually plays a role in B cell activation and
function, we need to confirm that endogenous ATAR can induce the same signaling
events as our CD8/ATAR chimeras and that these events are not an artifact of chimera

overexpression. Antibodies to ATAR are needed to evaluate signaling by endogenous
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ATAR. Antibodies to ATAR can be‘ produced by immunizing rats with a peptide,
correspondihg to a portion of the extracellular domain of murine ATAR, linked to the
carrief, KLH. In addition to being used to study ATAR signaling, these antibodies
could be used to analyze the pattern of ATAR expression on B cells at different stages
of development.

The role of HSV infection of B and T lymphocytes in the etiology of Herpes virus
disease remains to be determined. HSV-1 and HSV-2 infect a variety of cell types in
culture. In the natural host, infection is characterized by lesions in the epidermis of
mucosal surfaces. The virus then spreads to the peripheral nervous system where it
establishes latent infecﬁons in neurons (172,173). Binding of HSV-1 or HSV-2 to cells
is mediated primarily by interaction of virion glycoprotein C (gC) with heparan sulfate
on cell surface proteoglycans. Subsequenf fusion between the viral envelope and the
cell membrane requires the glycoproteins gB, gD, gH and gL (reviewed in (283)). By
binding to gD, HVEM/ATAR (recently designated as HveA (284)) is the'principal
receptor for entry of HSV into B and T lymphocytes but not into other cell types (172). It
remains to be determined whether the gD/ATAR interaction simply represents a
mechanism for the entry of HSV into lymphocytes or whether cell-associated gD
causes immune modulation of B or T cells. For exémple by binding ATAR, gD could
prevent the'bi‘nding of ATAR's natural ligands such as LTa and LIGHT and thereby
down modulate the.immune response. Our finding that AFARcan protect" WEHI-231
cells from BCR-induced growth arrest suggests that if gD can induce ATAR signaling
this may be a benefit for viral replication. Alternatively, like CD40, ATAR may induce
Fas expression and thereby allow infected B cells to be killed by activated T cells.

" n conclusion, we have found that ATAR induces activation of the JNK and p38
MAP kinases as well as phosphorylation and degradation of IxBa. ATAR also protects
WEHI-231 cells from anti-lgM-induced growth arrest. These events may be mediated

by the TRAF2 and/or TRAF5 adapter proteins since the C-terminal portion of the ATAR
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cytoplasmic tail which contains the TRAF-interaction domain was found to be sufficient
to mediate these responses. These results suggest that ATAR could mimic some of
the effects of CD40 on B cells and thereby regulate B cell activation and function. The

results presented here provide a framework on which to further explore the role of

HVEM/ATAR in B cell development and activation.
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CHAPTER 6

Mitdgen-Activated Protein Kinase Activation by CD40 and LPS

in Murine Dendritic Cells

6.1 Introduction

Dendritic cells (DCs) are unique antigen presenting cells (APCs) that are
essential for the initiation of T-cell dependent immune responses (reviewed in (3,4)).
The special ability of mature DCs to activate naive CD4+ and CD8* T cells is not
completely understood but is probably reléted to their relatively high expression
(compared to other APCs) of major histocompatibility (MHC) molecules, adhesion
molecules such as ICAM-1 and costimulatory molecules such as B7.1 and B7.2 once
they are activated by inflammatory stimuli (285,286). DCs also produce IL-18 and IL-
12 which activate T cells and influence Th1 versus Th2 differentiation (287-289). In
addition to activating naive T cells, DCs also have major effects on extrafollicular B cell
growth and differentiation (290).

DCs originate from a CD34* bone marrow precursor that, depending on the
cyfokine conditioné, also gives rise to granulocytes and macrophages (3,80). During
their life cycle, DCs undergo phenotypic and functional changes that are reflective of
their maturation ‘state. In the tissues, DCs are present in an immature state~in'}Whi¢h‘.
they are very efficient at capturing and processing antigens as well as forming MHC-
peptide complexes but are poor activators of T cells (3,4). In response to a variety of -
inflammatory signals including the Gram negative bacterial cell wall component
lipopolysaccharide (LPS), DCs undergo an initial maturation stage. During this stage,
DCs become efficient T cell activators by upregulating surface expression of MHC
class Il antigens and the costimulatory molecules B7.1 (CD80) and B7.2 (CD86) and
by secreting cytokines such as IL-18 and TNFa (80,177,291). LPS also induces DCs
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to migrate from the tissues to the T cell-rich areas of lymphoid organs (3,177,292).
Terminal maturation of DCs is completed upon interaction with T cells and is
characterized by loss of phagocytic ability as well as increased'expression of
costimulatory molecules and production of cytokines (80,177,287,293). This T-cell
dependent maturation of DCs is‘mediated by T cell-derived cytokines such as
interferon-y, and by CD40 (293) which binds CD40L expressed on activated T cells. In
addition to maintaining high level expression of MHC class Il, B7.1 and B7.2
molecules on DCs (73), CD40 engagement increases the surface expression of
CD40L and CD25 on DCs (73). Expression of CD25, the IL-2Ra chain, is

characteristic of mature, interdigitating DCs found in secondary lymphoid organs (73).

CD40 also induces DCs to secrete TNFo and IL-12 as well as the chemokines IL-8,

macrbphage inflammatory protein (MIP)-1a and MIP-1B (73). In light of these findings,
a two-step model of DC maturation and activation has been proposed. Signals from
the environment, such as LPS, initiate the maturation of DCs while signals from T cells,
such as CD40L, are required to complete DC maturation and activation (80). |
While stimuli such as LPS and CD40 play important roles in regulating DC
maturation and activation, the signaling events triggered by these stimuli have not
been characterized. A major limitation in analyzing the signaling events that mediate
transition from the immature to mature state has been the low numbers of DCs found in
normal tissues andthe absence of long-term DC lines. Recently; Ricciardi-Castagnoli
and colieagues have .generated a murine DC line (D1 cells) by using a retroviral
vector to transduce an env-myc fusion gene into splenic DCs from newborn mice
(176). D1 cells can be propagated in a growth factor-dependent immature state by
supplementing the growth medium with a conditioned medium (CM) consisting of
fibroblast-derived growth factors and GM-CSF (177). In the absence of these growth
factors, D1 cells undergo apoptotic cell death (294). However, in addition to inducing

DC maturation, LPS can protect D1 cells from growth factor withdrawal-induced
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apoptoéis (294). Thus; D1 cells provide a system for analyzing the signaling events
that mediate DC activation, maturation and survival.

In this study, we have used the D1 DC system to determine whether the mitogen
activafed protein kinases (MAP kinases) are activated by LPS and CD40 in D1 cells.
These serine/threonine kinases are activated by many receptors, as well as by
environmental stresses, and have been shown to mediate cell proliferation,
differentiation and survival (131,295). Three families of MAP kinases are involved in
signal transduction, the extracellular signal-regulated kinases (ERKs), the c-Jun N-
terminal kinases (JNKs), and the p38 kinases. The MAP kinases are activated by MAP
kinase kinases (MKKs) which phosphorylate threonine and tyrosine residues in the
threonine-X-tyrosine activation motif (103,110). Upon activation, the ERK, JNK and
p38 translocate to the nucleus where they phosphorylate and activate different sets of
transcription factors, and thereby regulate gene éxpression (103,110). Here, we have
determined whether the ERK, JNK and p38 MAP kinase pathways are activated by
LPS and CD40 in D1 cells. Our collaborators, M. Rescigno and M. Martino, under the
direction of Dr. P. Ricciardi-Castagnoli (University of Milano, Italy) have extended
these findings by eva'luating the role of ERK in mediating LPS-induced D1 cell

maturation and survival.

6.2 LPS activates' ERK in D1 DCs o |
Since LPS has been shown to activate the ERK, JNK, and p38 MAP kinases in
murine macrophages (206,296), we investigated whether LPS activates ERK, JNK and
MAPKAP kinase-2, a downstream target of p38 (140,141), in the D1 DC line. D1 cells
were incubated with LPS and in vitro kinase assays were performed to measure ERK,
JNK, and MAPKAP kinase-2 activities as described .in Materials in Methods (Chapter
2). We found that treating D1 cells with LPS for 15 min resulted in a 5-fold increase in

ERK activity (Fig. 6.1). ERK activity began to decline after 30 minutes of LPS treatment
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Figure 6.1: LPS and CD40 both activate ERK in D1 DCs

D1 cells were incubated with or without 10 ug/mL LPS or 10 ug/mL anti-CD40 mAb for
15 min. [In vitro kinase assays were performed on anti-ERK immunoprecipitates using
myelin basic protein (MBP) as a substrate. (A) ERK activity relative to that in
unstimulated D1 cells (which is defined as 1.0). The data represent the average and
range of the relative ERK activities from two independent experiments. (B) A
representative autoradiograph showing the phosphorylation of MBP by
immunoprecipitated ERK.
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(data not shown). The Ab used to immunoprecipitate ERK from D1 cell lysates (Ab C-
14) was raised against ERK2 but also weakly cross-reacts with ERK1. Thus, it remains
to be determined whether the ERK1 or ERK2 isoform is the main transducer of LPS
signaling in D1 cells. In contrast to ERK, LPS did not cause significant activation of
JNK (Fig. 6.2) and, depending on the experiment, caused either little or no activation of

MAPKAP kinase-2 (Fig. 6.3).

6.3 CD40 activates ERK in D1 DCs

| have previously shown that CD40 activates the JNK and p38 MAP kinases, ‘as
well as MAPKAP kinase-2, a.downstream target of p38 in the WEHI-231 murine
immature B’ cell line (Chapter 3) (245). To determine whether CD40 induces MAP
kinase activity in immature DCs, D1 cells were treated with the rat FGK 45.5 anti-
murine CD40 mAb for various times. After stimulating the cells with this anti-CD40
mAb, the cells were lysed and ERK, JNK and MAPKAP kinase-2 in vitro kinase assays
Were performed as described in Materials and Methods (Chapter 2). We found that
incubating D1 cells with anti-CD40 mAb caused a 4-fold increase in ERK activity at 5
min and a 7-fold increase in ERK activity 15 min (Fig. 6.1). No increase in ERK éctivity
was observed in D1 bells treated for 15 min with an isotype-matched control rat mAb
(data not shown). This finding indicates that the increased ERK activity in response to
anti-CD40 mAb-is-a-specific effect of CD40 engagement. -In" contrast to WEHI'-231 '
cells, CD40 triggering did not induce significant activation of JNK (Fig. 6.2) or MAPKAP
kinase-2 (Fig. 6.3) in D1 cells. Thus, CD40 appears to strongly activate ERK in D1
DCs but causes very little or no activation of the JNK and p38 MAP kinase pathways.

These findings indicate that CD40 activates a different spectrum of MAP kinases in

DCs than in WEHI-231 B cells.




Figure 6.2: LPS and CD40 do not significantly activate JNK in D1 DCs

D1 cells were incubated with or without 10 ug/mL LPS or 10 ug/mL anti-CD40 mAb for
15 min. As a positive control for activation of JNK, D1 cells were exposed to high
osmolarity conditions by treating them with 0.6 M sorbitol for 15 min. (A) In vitro
kinase assays were performed on anti-JNK immunoprecipitates using GST-c-Jun (1-
96) as a substrate JNK activity relative to that in unstimulated D1 cells (which is
defined as 1.0). The data represent the average and range of the relative JNK
activities from two independent experiments. (B) A representative autoradiograph
showing the phosphorylation of GST-c-dJun (1-96) by immunoprecipitated JNK.
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Figure 6.3: LPS and CD40 do not markedly activate MAPKAP
kinase-2 in D1 DCs

D1 cells were incubated with or without 10 ug/mL LPS or 10 ug/mL anti-CD40 mAb for
15 min. As a positive control for activation of MAPKAP kinase-2, D1 cells were
exposed to high osmolarity conditions by treating them with 0.6 M sorbitol for 15 min.
(A) In vitro kinase assays were performed on anti-MAPKAP kinase-2
immunoprecipitates using Hsp25 as a substrate MAPKAP kinase-2 activity relative to
that in unstimulated D1 cells (which is defined as 1.0). The data represent the average
and range of the relative MAPKAP kinase-2 activities from two independent
experiments. (B) A representative autoradiograph showing the phosphorylation of
Hsp25 by immunoprecipitated MAPKAP kinase-2.

165




- “]Hspzs

T T kH

0&0
%
%
)
>
NN N y
/H/H.{ &.\\6
/.../\.,. Q\v
T T T T

T
(=4
-—

(=] © ~ 0w \n

Auanoe g-aseury dvMdVIN 2AnelaY

166




6.4 The role of ERK in LPS-induced DC maturation and survival

To evaluate the role of ERK in both DC survival and maturation, our
collaborators have investigated the effect of a highly selective inhibitor of the ERK
pathway on D1 cells. PD98059 (297) is a specific inhibitor of MEK, the kinase that
phosphorylates and activates ERK1 and ERK2. DC maturation correlates with the
upregulation Qf a variety of cell surface markers including MHC class |l antigens and
costimulatory molecules (80). Using FACS analysis, our collaborators found that pre-
treating D1 cells with the MEK inhibitor PD98059 had no effect on the ability of LPS to
increase the surface expression of MHC class Il and the B7.2 costimulatory molecule
(294). Thus, ERK activation is not required for DC maturation.

In contrast, it was found that MEK activity was essential for LPS-mediated DC
survival following. CM (fibroblast-derived conditioned medium) withdrawal. Using
annexin V-FITC staining to detect the appearance of the early apoptotic marker
phosphatidylse_rine on the cell surface, our collaborators found that the ability of LPS
to prevent apoptosis of D1 cells was markedly reduced when the cells were pretreated
with the MEK inhibitor PD98059 (294). While PD98059 blocked the ability of LPS to
prevent apoptosis of D1 cells, it did not block the ability of CM to prevent apoptosis..
This result shows that the MEK inhibitor is not toxic to D1 cells and that its ability to
block LPS-induced survival of D1 cells is a specific effect. Thus, activation of the
MEK/ERK pathway is required for LPS, but not CM, to prevent apoptosis of D1 cells
due to growth factor_withdrawal. Our collaborators also found that PD98059 blocked
the ability of LPS to induce TNFa production by D1 cells (294). Since TNFa has been
shown fo maintain the viability of Langerhans cells in culture (298), TNFa production
may also promote DC viability and may be the basis for the ability of LPS to prevent
apoptosis in D1 cells. From these results a model can be proposed in which LPS
blocks D1 cell death from growth factor withdrawal by inducing TNFa production via an

ERK-dependent pathway.
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6.5  Discussion

LPS and CD40 both induce ‘maturation of immature DCs (v3) while LPS also
promotes DC survival in the absence of growth factors (294). However, the signaling
events involved in these processes remain largely unknown. In this chapter, we have
investigated the regulation of MAP kinases by LPS and CD40 in the D1 immature DC
line. We found that LPS treatment or CD40 ligation in D1 cells caused significant
increases in ERK activity. This is the first report of LPS or CD40-induced activation of
ERK in DCs. In contrast to ERK, JNK or MAPKAP kinase-2, a downstream target of
p38 (140,141), were not activated to appreciable extents by LPS or CD40 in D1 cells.

CD4O induces its effects on DCs by binding to the CD40 ligand expressed on
activated CD4+ T cells (73,293). However, the mechanism by which DCs respond to
LPS is less clear. Previous studies have shown that DCs do not expresé CD14, a cell
surface protein that binds LPS (299) and which mediates LPS-induced activation of
monocytes and heutrophils (300,301). Consistent with these reports, our collaborators
did not detect any CD14 expression on the surface of D1 cells by FACS analysis (data
not shown). However, in addition to being expressed as a glycosyl-
phosphatidylinositol-anchored membrane protein (mCD14), CD14 also exists as a
soluble protein (sCD14) in plasma that forms complexes with LPS and the‘ serum
protein LPS-binding protein (LBP). These trimolecular complexes have been shown
to mediate the .effects of LPS..on .CD14-negative cells such as epithelial .g_elis and
endothelial cells (302-304). Human peripheral blood DCs, and hence pres}umably D1
cells, also appear to respond to LPS via a sCD14-dependent pathway (365). The
mechanism by which CD14-negative cells recognize these LPS/LBP/sCD14
complexes presumably involves other receptors. Recent work has indicated that Toll-
like receptor 2 (TLR2) binds LPS/LBP/mCD14 complexes and mediates LPS-induced
cellular signaling (306). However, it remains to be determined whether TLR2 also

binds sCD14-containing trimolecular complexes.
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The signaling pathways by which CD40 and LPS activate ERK are only partly
resolved. The CD40 cytoplasmic tail interacts with several members of the tumor
necrosis factor recepfor-associated factor (TRAF) family of adapter proteins, including
TRAF2 (157), TRAF3 (158), TRAF5 (159) and TRAF6 (160). Studies in 293 cells
suggest thaf CD40.activates ERK by both a Ras-dependent pathway and a Ras-
independent pathway in which TRAF6 could be involved (163). CD40 ligation has
also been found to induce phosphorylation of the Ras guanine nucleotide exchange
féctor, Son of sevenless (Sos) in murine splenic B cells (225). However, it remains to
be determined whether this phosphorylation activates Sos, or alternatively, inhibits the
interaction of Sos with Grb2, an adapter protein that recruits Sos to the plasma
membrane. Many different receptors including the BCR, activate Ras which in turn
controls a protein kinAase cascade that leads to activation of ERK (Fig. 1.3). In this
cascade, Ras activates the serine/threonine kinase Raf-1 (200) Which in turn
phosphorylates and activates MEK (201), the kinase that activates ERK (307).
However, studies in splenic B cells have shown that CD40 uses an unidentified
protein kinase A-insensitive MEK kinase, rather than Raf-1, to regulate ERK activity
(226). Whether CD40 uses a similar pathway to activate ERK in D1 Cells remains to be
determined. The pathway by which LPS activates ERK is largely unknown. However,
in human astrocytes LPS has been shown to strongly activate both Raf-1 and ERK2
© (308). - This finding suggests that LPS-induced activation of ERK m"ay.f‘b-e. mediated by
the traditional Ras/Raf-1 pathway.

Our observation that CD40 strongly activates ERK in D1 cells is in contrast to
our findings in WEHI-231 murine B cells where CD40 activates JNK and p38 but not
the ERKs (245). We have also found that LPS strongly activates JNK in WEHI-231
cells (data not shown) but has little effect on JNK activity in D1 cells. Our findings that

LPS does not significantly activate the JNK and p38 pathways in D1 cells also differ

from reports in macrophages that LPS induces activation of all three MAP kinase




pathways (206,296). Thus, C_Dv4O and LPS appear to activate different MAP kinases
and, therefore, presumably elicit different résponses, depending on the cell type
and/or maturation stage. The basis for the activation of different MAP kinases in
different cell types remains to be determined but may involve differential expression or
regulation of signaling molecules that connect CD40 to activation of this kinases.

' Aftef we identified which MAP kinases are activated by LPS and CD40 in D1
cells, our collaborators evaluated the role of ERK in both LPS-induced DC maturation
and survival by investigating the effect of PD98059, a specific inhibitor of the ERK
pathway (297), oh D1 cells. Rescigno et al. found that blocking LPS-.induced
activation of ERK with PD98059 had no apparent effect on DC maturation. However,
the ERK pathway was found to be essential for LP-S to prevent apoptosis of D1 ce"s
due to growth factor withdrawal (294). The role of ERK in promoting the survival of D1
cells is consistent with the finding that activation of ERK is also essential for preventing
apoptosis of PC-12 neuronal cells from growth factor withdrawal (106). The
mechanism by which ERK promotes cell survival in the absence of growth‘factors is
unknown but presumably involves activation of transcription factors that mediate
induction of anti-apoptotic genes. Upon activation, ERK translocates to the nucleus
(113), where it can phosphorylate and activate several different transcription factors.
For example, ERK phosphorylates the ternary complex factor, Elk-1/p62TCF, which in
turn stimulates transcription of génés such as c-fos (235,236,309). ERK also,
phosphorylates NF-IL6, which induces expression of several genes including IL-6 and
IL-8 (310,311). Whether ERK mediates survival from growth factor withdrawal through
activation of these transcription factors or others is a question for further investigation.

The role of ERK in CD40 signaling in D1 cells remains to be determined.
Similar studies as those using the MEK inhibitor to investigate the role of ERK in LPS-

signaling could be done to investigate the role of ERK in CD40-stimulated responses
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such as increased surface expression of CD40L and CD25 molecules, and secretion

of the cytokines TNFo and IL-12 as well as the chemokines IL-8, MIP-1a and MIP-1 B.
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CHAPTER 7
Final Discussion/Future Studies

Several questions and suggestions for future work on CD40 have evolved from
the fihdings presented in this thesis as well as from recent findings from other groups.

These areas of interest are briefly discussed below.

7.1 How is CD40 signaling initiated?
7.1.1 Aggregation of CD40 proteins is a critical initiating step for CD40
signaling

It is unclear at this stage whether before ligand binding CD40 molecules are
present as monomers or as oligomers such as dimers or trimers on the cell surface.
Biochemical studies have shown that CD40 from normal B cells or from the Burkitt
lymphoma line Raji can be found as disulfide-linked homodimers on the cell surface
(312). However, it is possible that the structure of CD40 may differ depending on the
cell type.

By analogy with the crystal strucfure of the human TNFR1/TNFB complex, where
each complex contains three receptors bound to one ligand trimer (21), it is expected
that ligand-dependent activation of TNFR superfamily members: involves- receptor
trimerizétion. A recent study has shown that native sCD40L is a biblogically active
trimer (19). This indicates that the binding of CD40L trimers to CD40 .is sufficient to
effectively aggregate CD40 molecules and induce CD40 signaling‘events (26).
Several studies indicate that multimerization of CD40 molecules on the cell surface is
an essential step for the initiation of CD40 signaling. For example, monovalent (Fab)
anti-CD40 Ab fragments fail to induce proliferation of TPA-treated tonsillar B cells or

peripheral blood B cells whereas F(ab')2 fragments can induce B cell proliferation to a
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similar degree as intact antibody (169). Although the minimal CD40 stimulatory
aggregate is still unknown, anti-CD40 mAbs presumably initiate CD40 signaljng by
aggregating CD40 molecules together in chains.

"~ The CD8/CD40 chimeric receptors constructed in this thesié should have been
present as disulfide-linked homodimers, given that CD8u typically forms homodimers
through disulfide bonding in its extracellular domain (313,314). My finding that the
CD8/CD40 chimeric receptors were not constitutively active and needed to be cross-
linked with anti-CD8 Abs in order to signal suggests that dimerization of CD40
cytoplasmic tails is not sufficient to initiate CD40 signaling. Rather, more extensive
aggregation of CD40 molecules appears to be required for significant CD40 signaling.
Consistent with this idea, | found that my CD8/CD40 chimeric receptors signaled more
strongly when the cells were incubated with biotinylated anti-CD8 mAb and avidin
than with biotinylated anti-CD8 mAb only. Since each avidin molecule binds four
biotin molecules, the addition of avidin would have caused more extensive

aggregation of the CD8/CD40 chimeras.

7.1.2 Assembly and regulation of the CD40 receptor complex

Members of the TRAF family of adapter proteins including TRAF2, TRAF3,
TRAF5 and TRAF6 bind to CD40 and mediate CD40 signaling events (26,254).
Presently, it i$ hot clear whether:these proteins associate cofistitutively with GD40! or
whether they are recruited to the receptor upon stimulation with CD40L. As discussed
above,. signaling by CD40 appears to require aggregation of CD40 molecules which is
presumably induced upon binding of CD40 to its trimeric ligand. The aggregation of
CDA40 cytoplasmic domains may serve to generate composite sites or to induce

conformational changes that initiate CD40 signaling either by activating constitutively-

associated TRAF proteins or by recruiting TRAF proteins to the receptor complex.




The model that postulates that CD40 associates constitutively with the TRAF
proteins is supported by findings from in vitro binding studies. For example, no known
modifications are required for the binding of a GST fusion protein containing the
murine CD40 cytoplasmic tail to TRAF2 or TRAF3 proteins obtained ffom lysates of
293 cells engineered to overexpress these TRAF proteins (165). In addition, TRAF2,
TRAF3, TRAF5 and TRAF6 bind in vitro to peptides corresponding to different regions
of the human CD40 cytoplasmic domain (254). Although these in vitro binding studies
suggest that modifications are not required for association of CD40 with TRAF
proteins, it is possible that the CD40 tail regions were so highly overexpressed that
they aggfegated s‘pontaneously, in the absence of CD40 stimulation. In support of the
TRAF recruitment model, binding of sCD40L to CD40 on DND39 human B cells
induces the recruitment of both TRAF2 and TRAF3 to CD40, whereas
immunoprecipitation of CD40 from unstimulated DND39 cells does not reveal
constitutively-associated TRAF2 or TRAF3 (161). Future work should clarify whether
CD40-associated adapter proteins such as the TRAFs are constitutively associated
with CD40, are recruited to CD40 upon CD40 engagement or whether a combination
of these events o.ccurs. This question has been difficult to address because TRAF

proteins are expressed at low levels in cells.

7.2 Pathways that link CD40 to JNK, p38 and NF-<B

In this thesis | found that CD40 strongly activates the JNK and p38 MAP kinases
as well as the NF-xB pathway in WEHI-231 B cells. As discussed in Chapter 4,
members of the TRAF family of adapter proteins associate with the CD40 cytoplasmic
domain and are believed to mediate CD40-induced activation of JNK, p38 and NF-«B.
TRAF2 binds NIK (162,264), a kinase that binds to and presumably activates the kB
kinase (IKK) complex (154) which is responsible for phosphorylating IxBa (Fig. 7.1).
The TRAF proteins are upstream of kinases called MKKs which phosphorylate and
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Fig. 7.1: Proposed scheme for CD40-induced activation of JNK, p38 and NF-«xB.
(based on recent findings with TNFR1).
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activate JNK and p38. MKK4 activates both JNKIand p38 (108) whereas MKK7 is
specific for JNK (247,248), and MKK3 and MKK6 are specific for p38 (131). Until
recently the link between TRAF proteins and the MKKs was not well understood.

A recent study showed that in TNFR1 signaling, germinal center kinase (GCK)
interacts with TRAF2 and couples TRAF2 to MEKK1, a kinase that is upsfream of MKK7
and JNK (Fig. 7.1) (234). In addition to GCK, a second serine/threonine kinase called
receptor interacting protein (RIP) was shown to bind TRAF2 and couple TNFR1 to JNK
and p38 (234). Interestingly, RIP was found to be required for TRAF2 activation of p38
but not JNK. RIP was shown to be constitutively associated with an MEKK that is
upstream of MKK6 and p38 (Fig. 7.1). Thus, TRAF2 mediates activation of JNK and
p38 by binding to GCK and RIP. It remains to be determined whether CD40 is linked
to JNK and p38 by the same pathways that are used for TNFR1 signaling. Given that
TNFR1 and CD40 are both members of the TNFR superfamily, similar signaling
mechanisms likely exist. Future work could determine whether dominant negative
forms of GCK and RIP affect CD40-induced activation of JNK and p38 in WEHI-231 B
cells.

It is not yet known how GCK and RIP are regulated. GCK bélongs to the PAK
family of serine/threonine kinases. Members of the PAK family are regulated by
GTPases such as Rac and Cdc42 (122,232). Dominant negative versions of Rac and
Cdc4<2"bldck JNK activation by TNFa (122,232), whereas the 'small«-,GTPaseff'Buhié’.has‘
been irﬁplicated in p38 activation (157). Whether GCK and RIP are régulated by small
G proteins in B cells and whether this regulation affects the JNK and p38 pathways
remains to be determined.

One of the goals of my thesis was to‘ map the regions in the CD40 cytoplasmic
domain responsible for activating the JNK and p38 pathways. My finding that the
same 11 amino acid'sequence' in CD40 activates both JNK and p38 is consistent with

the idea that the JNK and p38 pathways share the same proximal signaling events.

176




These new findings ’that the JNK and p38 pathways diverge at the point of GCK and
RIP may explain how these two kinases can bg independently regulated even though
they share the same proximal Asignaling events.

It remains to be détermined whether additional members of the TRAF family,
TRAF3, TRAF5 and TRAF6 which have been implicated in JNK and p38 activation are
required for CD40 signaling to JNK and p38 and whether they also associate with
GCK and RIP or whether they activate JNK and p38 by other mechanisms. The
apoptosis signal-regulating kinase (ASK1) has recently been shown to interapt with
TRAF2, TRAF5 and TRAF6 and to be activated by overexpression of these TRAF
proteins in 293 cells (281). ASK1 is essential for TNF-induced activation of JNK by
TRAF2 and constitutes a GCK and MEKK1-independent signaling\ pathway to JNK
activation (281,315)'. However, the role of ASK-1 in TRAF5 and TRAF6-mediated

activation of JNK remains to be determined.

7.3 - Mechanisms of CD40-mediated protection from BCR-induced
apoptosis

Although genetic and biochemical studies indicate that JNK and p38 regulate
cellular proliferation or apoptosis in some situations (106,108), recent sfudies indicaté
that JNK and p38 are either not involved in or at least do not play a major role in BCR-
induced apoptosis or CD40-mediated survival. For example, Salmon et al. (316)
fouhd that inhibiting p38 MAP kinase activity in WEHI-231 cells with the p38 inhibitor
SB 203580 had no effect on either BCR-induced apoptosis or anti-CD40-mediated
suppression of apoptosis. Rather, the major player in CD40-mediated rescue of
WEHI;231 cells from BCR-induced apoptosis appears to be the transcription factor NF-
xB (146). CD40 engagement was found to prevent the decrease in the level of nuclear
NF-xB complexes that occurs in response to BCR cross-linking. CD40-mediated

maintenance of NF-xB activity was, in turn, shown to prevent the drop in c-Myc levels
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that follows BCR cross-linking and which is responsible for these cells undergoing
apoptosié (146-149). Similar to the finding that NF-«B protects B cells from anti-IgM-
induced apoptosis, Karin et al. (317) found that NF-xB protects human breast
carcinoma cells from TNFa-induced apoptosis. Furthermore, aIthoAugh TNFa also
activates JNK, JNK activation is not involved in TNFo-induced apoptosis of these cells
317).

In addition to activating NF-xB, it appears that CD40-induced cooperation
between the Bcl-x, cdk4 and cdk6 proteins may play a key role in CD40-mediated
protection of WEHI-231 cells from anti-IgM induced apoptosis‘(258)._ CD40 signaling
was found to prevent the decreases in Bcl-x, cdk4 and cdk6 protein levels that occur
following BCR cross-linking. However, while constitutive expression of Bcl-xi blocked
anti-lgM induced apoptosis of G1 arrested cells, it failed to prevent arrest of these cells
in the G1/S phase (258). One of the CD40 signaling events required for entering S
phase could be linked to the maintenance of cdk4 and cdk6 protein levels, which are
suppressed by BCR signaling (258). It remains to be determined whether constitutive
expression of cdk4 and cdké in WEHI-231 cells would be sufficient to block anti-IgM-
induced growth arrest and subsequent apoptosis. It also remains to be determined
whether Bcl-xi_-mediated protection of WEHI-231 cells is linked to c-Myc expression or

whether it represents an NF-xB-independent survival pathway.

7.4 Identification of genes regulated by CD40 signaling

Our lab'is now doing subtractive cDNA hybridization studies in WEHI-231 cells
to identify genes that are upregulated in response to CD40 engagement. Over 100
cDNA clones representing genes whose expression may be regulated by CD40
signaling have been obtained. Northern blot analysis is currently being performed to
determine which of these genes are in fact regulated by CD40. These potential CD40-

regulated genes include ones encoding the chemokine receptor CXCR4, the kinase
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sgk, and an mRNA splicing factor 9G8. A future goal of the lab will be to determine the
role of these gene products in CD40 effects on B cells. Since | have determined that
CD40 strongly activates the JNK and p38 MAP kinases in WEHI-231 cells and since
MAP kinases provide a direct link to gene regulation through activation of specific
transcription factors, an extension of this goal will be to determine the effects of p38-

specific and JNK-specific inhibitors on CD40-induced gene expression.

7.5 Role of ERK in BCR-induced apoptosis _

A role for ERK in BCR-induced apoptosis has yet to be confirmed. | have shown
that ERK2 activation correlates with anti-lgM-induced apoptosis in WEHI-231 cells.
Consistent with the idea that ERK2 plays a role.in mediating anti-lgM-induced
apoptosis of WEHI-231 cells, Lee et al. (318) found that overexpression of mitogen-
activated protein kinase phosphatase-1 (MKP-1), a protein that dephosphorylates and
subsequently reduces ERK2 activity (319), in WEHI-231 cells abrogated anti-IgM-
inducedvapoptosis. Whether ERK represents another pathway to apoptosis or is
involved in mediating the anti-lgM-induced drop in c-Myc levels is not known. It should
be pdssible to directly determine whether ERK activation is involved in BCR-induced
apoptosis of WEHI-231 cells by testing the effects of constitutively active and dominant
negative forms of upstream activators of ERK on anti-lgM-induced apoptosis.
Alternatively, the role of ERK could be tested by detefmining 'v&h‘ethér a specific
inhibitor of the ERK pathway, PD98059 (BIOMOL, Plymouth Meeting, PA), blocks anti-
IgM-induced apoptosis in WEHI-231 cells.

Since the onset of this thesis, knowledge in the apoptosis field has increased
dramatically. It is now known that apoptosis induced by several receptors including
Fas, TNFR1 and TNFR2 is mediated by the activation of intracellular proteases, of
which the caspase family of cysteine proteases is the best characterized (reviewed in

(320,321)). A recent study presented by Dr. J. Monroe at the 1998 Midwinter
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Conference of Immunologists in Asilomar, CA showed that engagement of the BCR on
WEH!{-231 celis induces activation of caspase-3. However, it remains to be
determined whether caspase-3 activation is involved in anti-lgM-induced apoptosis.
Given the kinetics of caspase activation and the drop in c-Myc levels, preéumably anti-
IgM-ihduced activation of caspases in WEHI-231 cells is a secondary event to.the anti-

IgM-induced drop in c-Myc levels.

7.6 Does the BCR or CD40 activate other MAP kinase pathways?

In addition to the ERK, JNK and p38 families, a fourth MAP kinase family, ERK5
(also termed BMK1) has recently been identified (322,323). Like JNK and p38, ERK5
is activated in response to environmental stresses (322,323). ERKS5 interacts with
MEKS5 (323). This interaction suggests that MEK5 may activate ERK5.  However, little
else is known.about the ERKS signaling pathway. Furthermore, it is not known
whether ERK5 phosphorylates and activates transcription factors. Future work could

address whether ERKS5 is activated by the BCR in B cells or by CD40 in B cells,

dendritic cells and macrophages.

7.7 Is threonine-40 in the CD40 tail phosphorylated?

The threonine residue at position 40 in the murine CD40 cytoplasmic regipn,
which correspornids. to threonine at: position 39 in human .CD40, is essential <f6§iC_~D4;d”
signaling. | found that changing threonine-40 to an alanine abolished the ability of the
CD8/(35-53) cHimeric receptor to activate NF-«B, JNK, and MAPKAP kinase-2.
Substituting this threonine residue with an alanine also abrogates the ability of CD40
to induce homotypic aggregation, Ab secretion, and upregulation of B7.1, Fas, and
CD23 (255,256). The recent finding that changing this threonine residue to an alanine
in human CD40 not only prevents CD40 signaling but also destroys the ability of CD40
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to bind TRAF2, TRAF3 and TRAF5 (158,159,165) suggests that the threonine-39 CD40
mutant fails to signal because it is no longer able to bind TRAF proteins.

 Two possible reasons could explain the importance of the threonine at position
40 for the ability of CD40 to signal. First, it is possible that the presence of a threonine
residue at this position is critical for the proper folding of the CD40 cytopiasmic region.
If this region of CD40 is improperly folded then perhaps the TRAF proteins are unable
to bind to CD40. A second possibility is that threonine-40 becomes phosphorylated
upon CD40 engagement and phosphorylation of this residue affects the ability of -
CD40 to bind to adapter proteins such as the TRAFs and to signal.

It remains to be determined whether threonine-40 is phosphorylated and
whether phosphorylation of this residue affects the ability of CD40 to bind to adapter
proteins and to signal. Initial studies indicate that human CD40 from tonsillar B cells
and from human CD40-transfected murine M12 B cells is constitutively
phosphorylated, however the phosphorylation site(s) is not known (168,170).
Although it remains to be determined whether CD40 engagefnent causes increased
phosphorylation of CD40, both IL-6 and PMA have been found to increase the
phosphorylation state of human CD40 expressed in the B lymphoblastoid cell line
CESS (170). Presumably phosphorylation of CD40 occurs on serine and threonine
residues such as threonine-40, as human CD40 has no tyrosines in its cytoplasmic'
domain.

Five phosphorylatable residues including thrée threonines and two serines are
conserved.between murine and human CD40 (167). These five residues are located in
the homology box region of the CD40 cytoplasmic domain (Figure 4.1). A study in
which the B lymphoma cell line M12 was transfected with mutant human CD40s in
which an alanine had been substituted in turn for each of the serine and threonine
residues in the CD40 tail found that only threonine-39 in human CD40 was essential

for CD40-mediated growth inhibition of these cells (168). Thus, together with my
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findings and those of others it appears that, at least for the signaling events tested, only
the thfeonine at position 40 in murine CD‘ZO appears to be essential for CD40
signaling. Although it remains to be tested, | hypothesize that phosphorylation of
threonine-40 is not important for CD40 signaling. This prediction is based on in vitro
binding studies where it was fouhd that peptides corresponding to regions of the CD40
tail could bind to recombinant TRAF proteins in the absence of any apparent covalent
modification (254). It should be possible to determine whether threonine-40 is
phosphorylated by labeling WEHI-231 cell clones expressing the CD8/(35-45) chimeric
receptor with [32PJorthophosphate and then immunoprecipitating the chimera with anti-
CD8 Abs. Threonine-40 is the only phosphorylatable residue within this 11 amino acid
signaling motif. In addition to determining whether threonine-40 is constitutively
phosphorylated, it should be possible to determine whether engagement of-CD8/(35-
45) with anti-CD8 Abs induces increased phosphorylation of threonine-40.

7.8 Identification of a second signaling motif in the CD40 cytoplasmic
domain

~ My studies show that residues 35-45 of the CD40 cytoplasmic domain contain a
major signaling motif that is able to mediate full activation of JNK and p38 MAP kinase
as well as substantial activation of NF-kB. Work by Hostager et al. (256), together with
recent éxperi'ments We have performed; indicate that there is-a second signaling motif
in the CDA40 cytoplasmic domain which partially overlaps the NF-KB/JNK/p38 |
activation motif contained within residues 35-45 of the CD40 cytoplasmic domain.
Hostager et al. showed that residues 41-62 of the CD40 cytoplasmic domain as well
as the threonine at position 40 are required for CD40 to induce expression of the cell
surface markers CD23, Fas, and B7.1 in the M12.4.1 murine B cell line (256). B

Using my chimeric receptors, Yvonne Yang in our lab has shown that the

CD8/(1-74) chimeric receptor could induce expression of CD23 in M12.4.1 cells but
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that the CD8/(35-45) and CD8/(43-53) chimeric receptors could not (data not shown).
This indicates that induction of CD23 expression is mediated by a CD40 signaiing
motif that is not entirely contained within residues 35-45 of the CD40 cytoplasmic
domain.  Thus, the CD40 cytoplasmic domain appears to contain tWo overlapping but
distinct signaling motifs. The first motif, which | have defined in this thesis, is contained
within residues 35-45 and mediates activation of NF-«B, - JNK and p38. The second
signaling motif requires the threonine at position 40 as well as other amino acids
contained within residues 41-62 and is responsible for upregulation of CD23 and
other .c.ell surface markers. The definition of this second CD40 signaling motif, as well
as the identification of adapter proteiﬁs that bind differentially to the two motifs, are the

next steps in elucidating the molecular basis of CD40 signaling.

7.9 Role of HVEM/ATAR in B cell development .

As discussed in Chapter 5, we found that the cytoplasmic dbmain of ATAR
activates the JNK, p38 and NF-«xB pathways in WEHI-23i cells. ATAR was also shown
to protect WEHI-231 cells from anti-lgM-induced growth arrest. Our results indicate
that ATAR could mimic some of the effects of CD40 on B cells and thereby regulate B
cell activation and function. A future goal of the lab will be to further explore the role of
ATAR in B cell development and activation. Given that ATAR specifically rﬁediates
entvryfpf;.HS'V-,1 and HSV=2 into B arid T cells, it will be interesting to determinegt{be role

of lymphocyte infection in the etiology of HSV disease.

7.10 CD40 signaling in dendritic cells

As discussed in Chapter 6, LPS.and CD40 both regulate key steps in DC
maturation and activation, however, little is known about the signaling events triggered
by these stimuli. In this thesis, | found that LPS and CD40 both strongly activate ERK2

in D1 DCs but have little effect on JNK and p38. Our collaborators, M. Rescigno and
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M. Martino extended these findings by evaluating the role of ERK in mediating LPS-
induced D1 DC maturation and survival. They found that blocking ERK activation with
PD98059, a specific inhibitor of the kinases that phosphorylate and éctivate ERK
(297), blocked the ability of LPS to protect D1 DCs from growth factor withdrawal-
induced apoptosis, but had no effect on LPS-induced DC maturation. Future work
could address the role of ERK in mediating CD40 effects on DCs. In particﬁlar, similar
experiments as were dohe with LPS could be performed by pretreating D1 DCs with
PD98059 and determining whether CD40-mediated events are affected. Such events
include CD40-mediated \upregulation of the cell surface proteins CD40L and CD25, as
well as secretion of the TNFa and IL-12 cytokines and the chemokines IL-8, MIP-1q
and MIP-1g.

In addition to evaluating the role of ERK in CD40 signaling, future studies could
detefmine which regions of the CD40 cytoplasmic tail mediate various CD40 signaling
events in DCs. These studies could be performed by expressing the CD8/CD40
chimeric receptors that | have constructed in D1 cells using retroviral-mediated gene
transfer. Once clones of D1 cells expressing the various chimeras aré generated, one
could determine which region(s) of the CD4O cytoplasmic domain mediate CD40-
induced signaling events in DCs. Identifying the region(s) of the CD40 tail that
mediate CD40 signaling events in DCs will provide clues as to which adap'@er proteins
link CD4’O to these pathways.- It will be interesting to deter’miné whetherf.._the same 11
amino acid motif in CD40 that | found to be responsible for mediatihg CDA40 signaling

events in WEHI-231 cells also mediates CD40 signaling events in DCs.

7.11 CD40 signaling in macrophages
CD40 has recently been shown to be expressed on monocytes and
macrophages following exposure to cytokines such as IFN-y, IL-3 and GM-CSF

(33,72). CD40 engagement induces monocytes to secrete proinflammatory cytokines
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such as IL-1, and TNFa (72,73). CD40 engagement also induces macrophages to
secrete matrix metalloproteinases (75), enzymes which are believed to cause joint
degrédation in rheumatoid arthritis. Given the role of CD40 in monocyte/macrophage
effector functions and its important clinical ramifications, a future aim of the lab should
be to understand the molecular basis of CD40 signaling in macrophages. One
approach to improving our understanding of CD40 signaling in macrophages is to
express my CD8/CD40 chimeric receptors in macrophage cell lines in order to map
the régions of CD40 that mediate CD40 responses in macrophages. Elucidating the
molecular mechanism by which CD40 signals in these cells as well as other cell types
may permit the development of tools to screen for autoimmune diseases or
immunodeficiency diseases or the development of therapeutic reagents to combat

such diseases.
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