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Accessory activation molecules influence the outcorne of antigen recognition by the TCRICD3 

complex. CD4 is expressed on MHC class II restricted T cells, and plays critical roles in 

enhancing TCRKD3-mediated activation. This positive Iunction has been attributed to its 

adhesive properties to MHC chss II and its role in localization and activation of associated 

Lck. Results from this thesis demonstrate that the role of CD4 extends beyond these 

contributions. The study presented in chapter 2 involves the characterization of an interaction 

between CD4 and the PTP, CD45. The object of this study was to determine how CD45 is 

directed to substrates at the antigen receptor complex upon stimulation of resting T cells. 

Results from chapter 2 demonstrate that CD45 is physically associated with CD4 in resting, 

primary lymph node T cells, and that CD4-CD45 complexes are disrupted as a consequence of 

antign-mediated activation, suggesting a role for these complexes in the activation process. 

Moreover, CD45 precipitates with CD4 molecules which are associated with Lck, as well as 

with those which are not. Further, effects on CD4-associated membrane Lck are 

demonstrable. Since antigen presentation by MHC class II results in coaggregation of CD4 

and TCRKD3, the association described in this study provides a physical basis through 

which CD45 could be recmited to the antigen receptor complex upon T ce11 stimulation. While 

the characterization of CD4 function to date has focused predorninantly on its role in the 

initiation of T ce11 activation, the study presentrd in chapter 3 demonstrates that ligation of 

CD4 inhibits ongoing responses of pre-activated T cells. Specifically, delayed addition of 

CD4 specific mAb is shown to inhibit antigen, or mAb-induced, responses of both primary T 

tells and T ceIl clonal variants. The antigen responses of the latter are independent of the 

adhesion provided by CD4, thus the observed inhibition is not due to blocking CD4-MHC 

interactions. Further, analysis of the clonal variants demonstrates that CD4 associated Lck is 

not essentid for the inhibition observed. It is demonstrated that delayed addition of anti-CD4 

results in a rapid reduction in steady state levels of IL-2 rnRNA in both primary T cells and 
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Chapter 1 

Introduction 



1.1 Overview 

Lymphocytes are responsible for the specificity of immune responses. In particular, 

T lymphocytes are mediators of the celluIar a m  of immunity, which effects cytotoxic 

elimination of virally-infected cells and cancer celIs. as well as deiayed type 

hypersensitivity. They also îùnction in providing help for other cells of the immune system 

such as B lymphocytes, which serve in protecting the organisrn against soluble pathogens 

through their production of antigen-specific immunoglobulin. 

T and B Iymphocytes specifically recognize antigens, an event that directs cellular 

activation and function, and maintains the specificity of adaptive immune responses. Unlike 

B cells. which recognize antigens in their native form, T ceIls recognize peptides of 

processed antigens which are presented by products of' the major histocompatibility 

complex (-MHC), on the surfrice of antigen presenting cells. Antigen recognition is linked to 

cellular activation by intracellular biochemical mediators and signals. WhiIe not affecting 

the specificity of the response, a number of accessory activation molecules modify the 

outcome of T ce11 antigen recognition. 

This thesis will describe novel characteristics of one of these molecues. the CD4 

coreceptor, in T ce11 activation and homeostasis. The findings which paved the way for the 

present study will be described in the introduction of this thesis. As a chronological 

overview, 15 years ago, the importance of CD4 was dernonstrated by the ability to inhibit T 

ce11 activation with CD4-specific monoclonal antibodies (rnAb) (1-3). Initially, this was 

attributed to negative signals emanating from CD4 (4). Subsequent analysis of the 

contribution of CD4 to T ceIl biology revealed that it could function as an adhesion 

molecule to stabilize the interaction of T cells with antigen presenting cells (APC) (5-7). 

Further, CD4 was demonstrated to contribute to the generation of biochemical signais 

2 



which enhance T cell activation (8- 10). This positive function of CD4 has been attributed to 

its association with Lck, a Src-family protein tyrosine kinase (PTK) ( 1 1- 13). In this 

context, characterization of CD4 function in mature T cells, at the time work for this thesis 

began, centered mostly on the role of CD4Lck complexes in gencrating the initial 

biochemical signals predicating T ce11 activation. The results 1 present dispel the notion that 

Lck is the sole biochemical rnediator involved in CD4 signalling, and demonstrate that the 

contribution of CD4 to T ce11 physiology extends beyond the early rvents it supports in 

cel!ular activation. 

1.2 MHC restriction of T cell antigen recognition 

T cells recognize peptide antigens associated with products of the major 

histocompatibility complex (MHC) expressed on antigen presenting cells ( 14- 16). While 

other features of APCs contribute to the outcome of antigen recognition, as will be 

described in section 1.4.1 below, expression of MHC is central. Not only do these 

molecules bind and present peptide antigens ( 17), as will be described below, T cells 

recognize portions of MHC moIecules in addition to peptides, such that MHC expression 

restricts T ce11 antigen recognition ( 14). Thus, cytotoxic T lymphocytes (CTL) derived 

from virally infected mice were demonstrated to respond only to infected taset  cells that 

share the same MHC background as the infected mice ( 18, 19). MHC restriction was also 

observed for T helper ceIl activity, and is a generalized feature of T ceIl responses (14). 

MHC restriction occurs as a consequence of selection of T cell precursors during their 

maturation ( 14). 



The MHC is a multigene cluster located on chromosome 17 in mouse and on 

chromosome 6 in humans (20). Two major gene families of interest to T ce11 antigen 

recognition map to what is known as the H-2 locus in mouse and the HLA locus in 

humans. MHC class 1 genes encode the classical transplantation antigens, K, D, and L in 

mouse, and A, B, and C in humans, as well as the Qa and TL differentiation antigens (30). 

Class II genes encode what were initially refered to as the "Immune response genes". 

which are LA and 1-E in mouse. and DP, DR, and DQ in humans (20). 

1.2.1 BIHC class 1 

Classical MHC class I products are highly polymorphic (2 1 ). They are expressed as 

heterodimers on the surface of virtually al1 nucleated cells. A 44kDa a chain spans the 

membrane and associates non-covalently with a 12kDa light chain, P2 microglobulin (22, 

23). The extracellular portion of the heavy chain is divided into three domains, a [ .  uz and 

a3 (24). The membrane-proximal a3 domain and P2 microglobulin are relatively 

conserved, and rire related to imrnunoglobulin constant region domains ( 2  1,25). The 

polymorphic cc 1 and a2 domains show no significant sequence homology to 

immunoglobulin constant or variable domains, but have been reported to show weak 

sequence homology to each other (2 1 ,  24,25). X-ray crystallographic resoIution of the 

structure of soluble forms of MHC class 1 indicated that MHC class 1 consists of two pairs 

of structurally sirnilar domains (25, 26). The a3 domain of the heavy chain and P? 

microglobulin have the same tertiary fold, and are proximal to the membrane. The 

polymorphic al and oc? domains are nearly identical to each other in structure and together 

forrn the peptide binding "groove". This consists of a platform, or "floor", composed of P- 
pleated sheets, topped by a-helices, forming "walls" on either side of the platform (25). In 

addition, a series of "pockets" located between the "walls" and the "floor" of the "groove", 

have also been identified (26). The location, size, and shape of the groove provides a 
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binding site for processed antigens (25). The specificity of peptide interaction with MHC is 

detemiined by these "pockets" that have a fixed spacing from each other. These "pockets" 

have specificity for anchoring particular amino acid (a-a.) side chains of peptides (27-3 1 ). 

These interactions, together with the existence of multiple MHC class 1 loci, result in the 

generation of diverse peptide-MHC combinations that can be presented to T celis ( 17). 

Nascent MHC class I cc molecules are bound by a resident endoplasmic 

reticulum (ER) protein, calnexin. In murine cells. this molecular chaperone plays a role in 

promotin; assembly of P2 microglobulin with the a heavy chain, and retains the complex 

in the ER until release is stimulated by peptide binding (32). In hurnan cells, the assembIed 

class 1 complexes bind to another ER resident chaperone, calreticulin (33). For the most 

part. MHC class 1 rnolecules present peptides of endogenously synthesized, cytosolic 

proteins. While the ER is the site of class 1 assembly and peptide binding, proteins Iacking 

signals for conven tional access to the secretory compartment have been demonstrated to 

contribute peptide epitopes for presentation ( 15). A multicatalytic proteinase complex, 

known as a proteosome, generates the majority of peptides from cytosolic polypeptide 

precursors (34). These peptides are transported into the class 1 loading compartment. the 

endoplasmic reticulum, by an ATP-binding cassette transporter, the transporter associated 

with antigen processing (TAP) (34). Class 1 heavy chain-B2 microglobulin complexes, 

associated with calnexin/calreticulin, bind T.4P. This binding is thought to promote peptide 

capture by class I rnolecules (32). Following peptide binding, class 1 rnolecules dissociate 

from TAP as well as from calnexin and are free to proceed dong the secretory pathway to 

the ce11 surface via the Golgi (32). 

MHC class 1 molecules preferentially assemble with peptides of 8-10 a.a. in length 

(34). Importantly, TAP shows a marked preference for the length of peptides transported, 

which corresponds well to the peptide length preference of MHC class 1. Peptides less than 
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8 a.a. long are essentially ignored. AIthough the ability of peptides longer than 

approximately 1 1 a.a. to compete for transport is unpredictable, longer peptides, that 

rrquire TAP for their expression, have been isolated from human MHC class 1 molecules in 

ignificant proportions (34, 35). Thus TAP-dependent transport of long peptides into the 

ER occurs, and may result in  surface-expressed class 1 molecules loaded with longer 

peptides that either zig-zag or bulge out of the peptide binding groove, or alternatively have 

tennini hanging out of the groove (34). Recently, another ER glycoprotein, tapasin. was 

identified as part of the TAP complex (36). This protein has been demonstrated to play a 

role in bridging TAP to MHC class I complexes by facilitating peptide loading by class I 

molecules (36). 

1.2.2. MHC class II 

The distribution of MHC class II molecules is h r  more tissue-restricted than that of 

MHC class I products. The ce11 surface expression of class 11 proteins is limited primarily 

to monocytes, macrophages, B cells. dendritic cells. certain skin-associated cells, epithelial 

cells such as those in the thymus (37) ,  and on üctivated T lymphocytes in species other than 

the mouse (38, 39).  multiple types of epithelial cells and cells of mesenchymal origin can 

be induced to express MHC class II by the cytokine IFNy (39). MHC class II molecules 

are expressed on the surface of cells as heterodimers composed of two integral membrane 

glycoproteins (20). These are a P. or light chain, of approximately 27-29 kDa, and an a, or 

heavy chain, of approximately 33-35 kDa. The extracellular portions of each of these 

chains are divided into two domains, giving rise to ri structure sirnilar to that of MHC class 

I(20). The membrane-proximal a7 - and P2 domains show strong a.a. sequence homology 

to a3 domain of MHC class I and P2 microglobulin (20). Human class II P I  domains show 

strong homology wiih murine class II P i  domains. and deteciable homology with human 

class 1 al and a? domains (20). 



Like MHC class 1, class II exhibits a high degree of polymorphism which alters the 

profile of peptides able to bind, and as a consequence. complexes available for antigen 

recognition (10,4 1).  Nuçleotide sequence analysis revealed that most of this 

polymorphism resides in the membrane-distal cci and p l  domains of class II (42-44). 

Furthemore. these domains appear to be responsible for peptide binding and provide a 

ligand for -MHC-restricted antigen-specific T cells (44). X-ray crystallographic anatysis has 

demonstrated that the structure of MHC class II is very sirnilar to that of MHC class 1 (45). 

Class II or1 and a:, domains c m  be superimposed closely on the corresponding al domain 

of MHC clnss 1 and p1 microglobulin. Likewise, class II P 1 and P7 domains superimpose 

on rhe a, domain and. less closely, on the a3 domain, respectively, of MHC class 1 (45). 

Similar to that of MHC class 1, the peptide binding groove of MHC class II is composed of 

anti-parallel P sheets forming the "floor" and two helical regions forming the "walls" of the 

antigen binding groove. However. di fferences in these helical regions contri bute to opening 

the peptide binding site of MHC class II so longer peptides may be accornmodated (45). 

Further analysis revealed "pockets" in the MHC class II peptide binding groove (46) which 

determine the specificity of interaction with peptide, analogous to those found in the groove 

of MHC ciass 1 rnoIecules. 

Peptides presented by MHC class II molecules are, for the most part, derived froni 

exogenous proteins as well as some membrane-associated proteins (3 1) .  These proteins are 

internalized by pinocytosis. phagocytosis, or receptor-mediated endocytosis (47). Peptides 

are generated by proteolytic processing in the endocytic pathway, in late endosornes (47, 

48). 

In contrast to MHC class 1 molecules, which are assembled and loaded with 

peptides at early stages in the secretory pathway, the assembly and peptide loading of MHC 
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class II molecules occurs in 2 stages. Newly synthesized class II a and P chains rapidly 

associate with the invariant chain (Ii) in the ER. Three pairs of a and P chains associate 

with a preformed Ii trimer (32,49) to form a nonameric complex (32). Calnexin can be 

detected in association with the assembling apIi cornplex. The loss of calnexin coincides 

with egress of the complex from the ER (32). The invariant chain serves three criticd 

functions in MHC class II assembly. It functions as a rnolecular chaperone to promote 

assembly and egress of the newiy synthesized class 11 cx and P chains. as well as to target 

and/or retain class II moIecuIes in the endocytic pathway. From the Golgi network. Ii-class 

II complexes join the endosorna1 pathway in structures known as MHC class II 

compartrnents (MuCs) which correspond to late endosornes and early lysosomes. li also 

plays an important role in prevrnting peptides from binding to the peptide binding groove 

durin; export, until class II molecules reach the endocytic pathway (32,37). A portion of 

Ii, known as class II-associated Ii peptide (CLIP) interacts with the peptide-binding groove 

of MHC class II (47. 50). Upon arriva1 of the complexes in MIICs, Ii is rapidly degraded. 

leaving CLIP fragments transiently associated with the class II peptide binding groove. 

until they are exchanged for antigenic peptides (47, 5 1). This process is facilitated by the 

MHC-like molecule known as HLA-DM in humans, and H-2M in mice ( 5  1 ) .  MHC class II 

is thought to be delivered to the plasma membrane by f~~sion of multivesicular MnCs with 

the plasma membrane through a form of cxocytosis (47). 

1.2.3. T ce11 recognition of peptide-MHC 

Specific recognition of MHC-peptide antigen complexes is mediared by the T cell 

receptor (TCR), which is cornprised of eithrr an ap, or y6 heterodimer (52 ,53) .  Variable 

portions of the TCR apl heterodimer contact residues of the walls of the MHC peptide 

binding groove as well as residues of the bound peptide antigen (54). 

I In  ihis thesis. the discussion will be restricted to T cells expressing the ap form of ~ h e  TCR. 
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During the process of T ceIl maturation in the thymus, T ce11 precursors that do not 

recognize self MHC are eliminated, or die by neglect. The affinity/avidity mode1 of T ce11 

selection proposes that T cell precursors that have high avidity interactions with self MHC- 

peptide complexes in the thymus, die by negative selection. In contrast, those with low 

avidity interactions are positively selected to mature further (55).  Mature T cells segregate 

into two distinct subsets as a consequence of their TCR specificity, which correlates with 

expression of either CD4 or CD8 ( 1). The mutually exclusive expression of CD4 or CD8 is 

the result of thymic development and Iineage cornmitment of T ceIl precursors. These 

events. cind the role of CD4 and CD8 in these processes, will be reviewed in more detail in 

section 1.5. 

Mature T cells specific for antigen presented in the context of MHC class II express 

CD4, whereüs cells that recognize antigen presented in the context of MHC class 1 express 

CD8. This was demonstrated by antibody-rnediated inhibition of üntigen-induced growth. 

Thus. m.4b to CD4, not CD8 inhibits antigen-induced growth of MHC class II-restricted T 

cells, and the reverse characterizes the response of MHC class 1-restricted T cells (1-3, 56). 

Importantly. the ci3 domain of MHC class 1 contains a binding site for CD8 (57). 

Likewise, the P2 domain of MHC class II serves as a ligand for CD4 (5-7). Whiie CD4 and 

CDS do not affect T ce11 specificity, these molecules function as coreceptors, and, as will 

be discussed, they can profoundly affect the consequences of antigen recognition. Their 

role in T cell activation will be reviewed below in section 1.5.4. 



1.3. Antigen receptor-rnediated T ce11 activation 

T ceIl activation and growth can be divided into two phases: The first phase, 

involves transition from Go to the Gi  phase of the ce11 cycle, induction of secretion of the 

major T ce11 growth factor, interteukin-2 (IL-?), and upregulated expression of the high 

affinity, heterotrimeric form of its receptor, L 2 R .  The second phase involves G i -S phase 

progression and mitosis. and is controlled by LL-2/IL-2R interactions (58). 

Antigen recognition by T cells, and subsequent activation, invoives many receptor 

ligand interactions between the T ce11 and APC, in addition to the interaction of TCR with 

Ag-LMHC (59. 60). While not affecting the specificity of antigen recognition, T ce 

accessory molecules make critical contributions to the activation process, both by 

stabilizing the interaction between the T ce11 and APC, as well as directing intracel 

biochemical signals. MAbs specific for elements of the TCRICD3 are often used as 

sur-rogate antigen in T ceIl activation studies, to mimic Iigation or aggregation of TCR/CD3 

which occurs us a consequence of antigen presentation (6 1).  While mAb-rnediated 

stimulation may efficiently elicit signüls which result in T cell activation. it fails to 

reproduce the complex set of interactions between T cells and APC. (60). Thus, the 

contribution of interactions involving critical accessory molecules is not assessed by this 

fom of stimulation. Another important consideration is that the aftïniry of interaction 

between receptor-ligand pairs, as well as the degree of saturation of T ce11 ligands, 

influence resulting signals and the outcome of activation (60, 62). In this regard, mAb- 

mediated stimulation may not accurately reflect the balance of events occuring when T cells 

are activated with antigen in vivo. Nevertheless, mAbs have the capacity to activate T cells 



in some circumstances, and are a powerful tool for analysis of interactions among T cell 

membrane molecules, as well the biochemical signals associated with T ce11 activation. 

1.3.1. The antigen receptor cornplex 

Antigen-specific activation of mature T cells is initiated by ligation of the TCRCD3 

complex. The TCR is expressed on the ce11 sufiace as a clonotypic heterodimer? comprised 

of either ap or $5. The individual chains ranje in size from 40-60kDa, and are 

immunoglobulin-Iike in structure. The TCR proteins have a relatively large extracellular 

portion, a transmembrane domain, and short cytoplasmic tails of 5- 12 a.a. Elements of the 

CD3 complex as well as 6 chains couple antigen recognition by the TCR to the generation 

of downstream biochernical signals (6 1. 63).  These signals lead to de novo transcription 

and translation of various genes, including IL-2 and components of the IL-2R, as will be 

described below in sections 1.3.3 and 1.3.4. Together. these events result in autocrine T 

ceIl growth in response to IL-2 (58. 64-66). 

Polypeptide chains which comprise the invariant CD3 complex. including the 

farnily. are non-covalently associated with TCR. The y, 6 and e components are also 

transmembrane molecules ranging in size between 30-28 m a .  Relative to TCR, CD3 

components have long cytoplasmic tails of approximately 30 a.a. (67. 68). The proiein. 

and its splice variant q, have moIecular weights of 16 and 22 kDa respectively (69). They 

have shon extracellular domains, and long intracellular portions exceeding 100 a.a. (67). 

The current consensus is that the T ce11 antigen receptor complex is comprised of four 

dimers: the clonotypic, disulfide-linked hererodimer. two non-covalent CD3 dimers, and 

~8 and a disulfide-linked homodimer of 5 or a <q heterodimer (70,7 1 ). 



All components of the antigen receptor complex, with the exception of 5, are 

synthesized in excess. Initial studies with T cell lines indicated that excess TCR/CD3 

components are susceptible to degradation in the ERI unless assernbled with other chains. 

Further, these studies showed that only the fully assembled complex is efficiently 

transported to the celi surface, while incompletely assernbled complexes are targetted to 

lysosomes (72, 73). However, recent studies have shown that ER retention in murine 

primary T cells is incomplete. Thus' TCRaP complexes can exist on the plasma membrane 

independently of CD3 and 6 chains. Conversely, CD3 components, as well as 5, are 

expressrd on the plasma membrane independently of TCRaP, in murine primary T cells 

(74). In the following overview of events leading to T ceIl activation, TCR/CD3 refers to 

compiete complexes. However. the potential relevance of incomplete complexes will be 

considered in section 1.5.4, in the context of functional uncoupling of TCR and CD3. 

1.3.2. Coupling of antigen recognition to intracelMar signals 

Not only are the cornponents of the CD3 complex involved in the assembly and 

transport of the antigen receptor to the cell surface, elsrnrnts of the CD3 complex and < 
play a central role in coupling antigen recognition by the TCR to the generation of 

intracellular signals. Thus, rnAb-mediated aggregation of chimeric mo1ecules containing the 

cytoplasmic tail of < and the ectodomain of CD8 results in activation signals analogous to 

those induced through an intact TCWCD3 complex (75). These signalling properties are 

dependent on a critical motif, known as the immunoreceptor tyrosine-based activation motif 

(ITAM) (63,76). ITAMs contain a YXXLX(6-qYXXL consensus sequence. This motif is 

present in three copies in the ( chains and in single copy in each of the CD3 chains 

(illustrated in Figure 1 )  (63, 77). 



T Cell 

Figure 1. The T ce11 antigen receptor complex. 
Elements of the CD3 comples serve to couple antigen 
recognition by the TCR to the generation of downstrearn 
signals through the ITAMs (symbolized by +). Src- 
family PTKs Lck and Fyn have been implicated in the 
tyrosine phosphorylation of these motifs, which is 
required for ZAP-70 binding. See the text for detaiIs. 



1.3.3. Overview of T ceil activation signals and mediators 

An essential biochemical event occuring carly iollowing TCR aggregation is 

tyrosine phosphorylation of various substrates (78, 79), including ITAMs (63). 

Accurnulating evidence indicates that the non-receptor protein tyrosine kinases (PTK), 

p56lck and p59fyn, are likely candidates in mediating these early activation events (59: 77). 

These Src-family kinases exhibit conserved structural and functional domairis, as well as a 

unique domain at the ürnino terminus of each kinase, which contains a site for myristylation 

as well as sites for palmitylation (illustrated in Figure 3) .  The conserved domains include 

an SH3 domain. an SH2 domain, a catalytic domain, and a negative regulatory domain (80, 

8 1) .  The SH2 and SH3 domains have the ability to interact with tyrosine phosphorylated 

and proline-ricli peptides. respectively, and serve to link the kinases to other signalling 

mediators (82). The catalytic region contains sites for ATP binding, phosphotransfer and 

autophosphorylation (80). Regulation of the activity of these kinases will be discussed 

below in sections 1.4.2 and 1.5.4. 

In mature T cells. Lck is found associated with the coreceptors, CD4 and CDS ( 1 I .  

12). In C D P  T cells. up to 95% of total cellular Lck associates with CD4 whereas only 5- 

10% associates with the corecepor in  CD8+ T cells (53,  84). MAb-mediated aggregation of 

CD4, and CD8 upregulates the kinase activity of associated Lck, although to very different 

degrees (85, 86). The role of these coreceptors and their effects on associated Lck will be 

discussed in section 1 S.4 below. Considerable evidence has demonstrated that Lck plays a 

critical role in T ce11 activation. T cell Iines Iacking Lck fail to mount biochemical responses 

upon TCR aggregation. In these cases, re-expression of Lck rescues the signalling defects 

(87, 88). Furthemore, expression of a constitutively active forrn of Lck in T cell lines was 

s h o w  to enhance IL-? production in response to antigen (89). Lck is thought to mediate 

ITAM phosphorylation of elements of the CD3 complex and c, and can phosphorylate 
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Site of autophosphorylation: 
Y41 6 Src 

Negative regulatory tyrosine: Y527 Src 
Myristylation (G2) and Y505 Lck 
Palrnitylation sites Y528 Fyn 

Unique SH3 SH2 Kinase domain 1 
Regulatory 

domain 

Figure 2. Structural features of Src-family 
kinases. 
See text for details. 



lTAM motifs irz vitro (90). Moreover, in T cells from Lck-deficient mice, tyrosine 

phosphory lation of < in  response to TCR aggregation is reduced (9 1 ). 

Fyn can be found ~ s o c i a t e d ~  at low stoichiornetry, with elements of the CD3 

complex (93,93). A rapid, but transient increase in Fyn kinase activity follows mAb- 

mediated CD3 aggregation (94). Consistent with this result is the demvnstration that 

overexpression of an activated f o m  of Fyn in T ceIl lines enhances the induction of 

tyrosine phosphorylation following mAb-mediated CD3 aggregation (93). Importantly, 

expression of anti-sensefiri RNAs, inhibiting expression of Fyn, in an antigen-specitlc T 

ceIl line. prevented TCR-induced tyrosine phosphoryhtion (96). Fyn has also been 

reported to mediate phosphorylation of I T M  motifs (59, 97). 

It seems likely that Lck and Fyn have distinct and non-redundant roles in T celI 

signalling. Thus. despite expression of Fyn. Lck-detïcient cells exhibit signalling defects. 

The reverse is also true for Fyn-deficient ce11 lines (87. 88 ,9  1, 96). These studies suggest 

that the two kinases may be involved in distinct pathways. .4lternativzly, Lck and Fyn may 

be involved in TCR signalling at distinct stases of T ceIl development (80). In this context. 

studies with Fyn-deficient. animals have demonstrated that Fyn plays a predominant role in 

the activation of mature thymocytes. However, these animais have normal numbers of 

mature T cells in which signülling defects, if exhibited, are subtle (98, 99). In contrast, 

mature T cells from Lck-deficient animals exhibit profound signalling defects (9 1 ). Borh 

scenarios are consistent with the tinding that Lck and Fyn exhibit different abilities to 

phosphorylate the tyrosine residues in the various ITAMs (80, 88,9  1). 

A pivotal role for a third PTK, ZAP-70, in T cd1 activation h a  been described in 

the past few years (67, 77, 100, 10 1 ). ZAP-70 is a n~ember of the Syk-hmily of tyrosine 

kinases ( 10 1 ). The rnolecule consists of two SH2 domains and a kinase domain ( 10 1) .  
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Genetic alterations that cause loss of expression of ZAP-70 in humans, prevent antigen- 

mediated activation of CD4+ T cells and maturation of CD8+ T cells ( 1  02). The defeccs in 

ZAP-70-deficient mice are even more profound, resulting in an arrest of intrathymic T cell 

development (103). ZAP-70 is found associated with elements of the CD3 complex and 6 

chains. These interactions are mediüted by the tandem SH3 domains of the kinase with 

tyrosine phosphorylated ITAMs (77, 104). The binding of ZAP-70 to ITAMs requires 

phosphorylation of both tyrosines in the ITAM and the binding functions of both SH2 

domains of ZAP-70 ( 105, 106). Tyrosine phosphorylation of ITAMs in j, and association 

of ZAP-70 is induced irpon mAb-mediated TCR/CD3 aggregation (63,77, 101). Murine 

thymocytes and primary lymph node (LN) T cells exhibit basal tyrosine phosphorylation of 

ITAMs in 6 ,  as well as association with ZAP-70. However. tyrosine phosphorylation of 5 

and association with ZAP-70 is further increased as a consequence of TCWCD3 

aggregation ( 1 O7), as is tyrosine phosphorylation of ZAP-70 and upreguIation of its kinase 

activity (77, 107, 108). Lck is reported to associate with tyrosine phosphorylated ZAP-70. 

via its SH2 domain. (109). and has been denionstrated to mediate tyrosine phosphorylation 

of ZAP-70 (77, 108). 

Substrates of activated ZAP-70 link tyrosine phosphorylation to do wnstrerim 

effector pathways. Activated ZAP-70 can phosphorylate an adapter protein known as SLP- 

76, rendering i t  competent to associate with a nucleotide exchange factor. Vav, as will be 

discussed below ( 1  10). A prominent substrate of activated ZAP-70 is the adapter protein 

now known as LAT (linker for activation of T cells) ( 1 1 1 ). LAT is a 36-38 kDa integral 

membrane protein with multiple potential tyrosine phosphorylation sites. Upon T ceIl 

activation induced by mAb-mediated TCRKD3 aggregation, LAT is tyrosine 

phosphorylated by ZAP-70, which in turn leads to recruitment of multiple signalling 

mediators ( 1  11). Indeed, Grb2, PLCy, PI3K, Vav and SLP-76 are found associated with 

LAT in Iysates of T ce11 lines activated as described above ( 1 1 1). LAT contains consemus 
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motifs for binding by the SH2 domains of Grb2 and PLCy. PI3K may bind directly while 

SOS. SLP-76. Cbl and Vav are thought to be recruited to LAT indirectly through their 

binding to the SH3 domains of Grbî, or related Grap/Gads ( 1 1 1 ,  1 12) (illustrated in 

Fig~ire 3). The role of these associated molecules will be described below. Importantly, 

overexpression of a mutant form of LAT, in which critical tyrosine residues were mutated 

to phenylalanine residues, resulted in the inhibition of activation of transcription factors 

essential for the expression of IL-2 in T ceIl lines, induced by TCRICD3 aggregation ( 1 1 1 ). 

These results support the conclusion that LAT functions ro link TCRKD3-activated ETK to 

downstream signallin; pathways that reguiate transcription factors involved in the induction 

of cytokine gene expression (illustrated in Figure 4). 

As mentioned above, T ce11 activation resdts in recruitment of PLCy to the plasma 

membrane, presumably via LAT. as well as tyrosine phosphorylation of the enzyme. 

Phosphorylation of PLCy correlates with upregulation of its enzymatic activity and 

subscquent phosphatidylinositol hydrolysis ( 1  13, 1 14). This results in rhe generation of 

two important second rnessengers, inositol tris-phosphate (IP3) and diacylglycerol (DAG) 

( 1  15). IP3 stimulates release of calcium ions (Ca++) from intracelIular stores, producing an 

early increase in intracellular caicium concentration ( 1 15). Sustained Caf+ increases are 

necrssüry for inducing most T ce11 responses. including factors invoived in transcription of 

IL-?: as will be described below in section 1.3.4 and Chapter LE (59). These increases are 

likely maintained by capacitative Cau entry (59). The second messenger DAG is involved 

in the activation of the protein kinase C (PKC) family of serine/threonine kimses (59). 

Another effector molecule recruited to the plasma membrane upon TCEUCD3 

aggregation is Grb2. Like PLCy, its recruitment is also thought to occur via SH2 binding to 

phosphorylated LAT ( 1  1 1). Grb2 is an adapter molecule containing an SH2 domain 

flanked by two SH3 domains ( 1  16). T ce11 activation induces an interaction of Grb2 with 
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Figure 3. LAT functions to link PTK to downstream 
signafling mediators. 
The adapter protein LAT is a substrate for activated ZAP- 
70. Phosphorylated LAT recmits several signalling 
mediators. See text for details 
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Figure 4. PLCy 
PLCy -mediated phosphatidyI-inositol hydrolysis 
results in the generation of IP3 and DAG which 
leads to increases in Ca++ concentration and 
activation of PKC. See text for details. 



Sos,a guanine nucleotide exchange factor (GEF), via the SH3 domain of Grb2. SOS 

promotes GTP binding by Ras, Ieading to activation of the latter (58, 1 16), and subsequent 

activation of kinases of the mitogeii-activated protein kinase family (MAPK). MAPKs are 

activated by threonineltyrosine phosphorylation by a dual specific kinase, known as a 

M-4PK-kinase (MAPKK), which in turn is activated by serine phosphorylation by a third 

kinase, a MAPKK-kinase (MAPKKK). Raf is a serinelthreonine kinase which can act as a 

MAPKKK. It is activated following interaction with GTP-bound Ras. This results in 

recruitrnent of Raf to the plasma membrane, its autophosphorylation. and activation. In 

turn, activated Raf leads to activation of MEK 112 (IMAPKK) and ERK 1 /? (MAPK) 

(illustrated in Figure 5).  Activated MAPK can translocate to the nucleus and phosphorylate 

transcriptional regulatory proteins ( 1 17). 

Related MAPKs. the stress-activated protein kinases (SAPKs), also known as the 

Jun NH7-terminal kinases (JNKs) are also involved in the activation of transcription 

factors (59). These kinases are activated by various forms of stress, as well as T ce11 

activation in the presence of costimulation (59), which will be described in section 1.4.1. 

The pathway leading to SAPWJNK activation is thought to involve Vav and the Rac hmily 

of GTPases, which regulate the activation of a cascade involving MEKK (MAPKKK) and 

SEKl/MKK4 (a h4APKK) ( 1  18-122). 

The adaptor protein SLP-76 appears to link TCRED3-induced tyrosine 

phosphorylation to several biochemical pathways, including activation of the SAPWJNK 

( 1 10, 127,). SLP-76 undergoes rapid tyrosine phosphorylation in response to TCRICD3 

aggregation ( 1  î3) ,  and is a substrate of activated ZAP-70 ( 1  10). SLP-76 is an adaptor 

protein that contains an SH2 domain, a proline-rich region that binds the SH3 domain of 

Gads, a Grbî-related molecule, and a region with several tyrosine residues which, when 

phosphorylated, can bind to the SH2 domain of Vav (1 12, 123, 124). There is evidence 
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Figure 5. The ERK mitogen-activated protein kinase pathway 
See text for details. 



implicating SLP-76 as an important rnrdiator in T ce11 activation. Thus, overexpression of 

SLP-76 in T ceII lines was shown to greatly enhance TCRiCD3-induced IL-2 

transcriptional activity ( 123) 

SLP-76 associütes with Vav following TCRICD3 aggregation, through binding of 

the SH2 domains of Vav to tyrosine phosphorylated SLP-76 ( 123, lX).Vav is a GEF 

involved in the activation of Rho GTPases ( 122, 1 X), and contains a collection of protein 

interaction motifs including an SH2 domain and two SH3 domains (126, 127). It has been 

proposed that Vav is recniited to LAT through Grb2. This could be mediated either directly 

by Vav, or by SLP-76, both of which have been shown to interact with the SH3 domains 

of Grb2 (. 1 1 1 ,  128). Considerable evidence indicates that Vav plays a critical role in T ceIl 

activation. Vav-deficient mature T cells show profound defects in  proliferütion and cytokine 

production (129-13 1). Overexpression of Vav alone, leads to an increase in basal levels of 

transcription from the IL-? promoter, which is enhanced by mAb-mediated aggregation of 

TCR/CD3 (123. 132). Further. when both Vav and SLP-76 are overexpressed in T ceIl 

lines. a synergistic increase in basal. as well as TCRlCD3-induced LL-2 transcriptional 

activity is observed ( 123). 

The GEF activity of Vav is enhanced by tyrosine phosphorylation and 

phosphorylated lipid products of PI3K ( 1 18, 122, 125, 133). Importantly. Vav is tyrosine 

phosphorylated upon T cell activation ( 134, 135). Both Lck and Fyn have been reported to 

phosphorylate Vav in vitro ( 132, 133). There is also evidence irnplicating the TEC famiIy 

PTK, Itk, in Vav phosphorylation ( 136). In this context, Lck is reported to predicüte Itk 

activation ( 137, 138). As mentioned above, Vav is an activator of Rho-farnily GTPases 

( 1 18). These small GTPases have been irnplicated in activation of SAPWJNK. ce11 cycle 

progression and activation of transcription factors ( 1 19) (illustrated in Figure 6). 
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Figure 6. Vav and the SAPWJNK mitogen-activated protein kinase pathway 
See the text for details. 



It is important to note that in T cells from Vav-deficient animais induction of TL-2 

expression and ce11 cycle progression are defective in response to mAb-mediated TCR/CD3 

aggregation (129). However TCFUCD3-mediated activation of MAPK and SAPWJNK was 

unaffected in these circumstances ( L 29). Another molecule very similar to Vav, Vav2, is 

also expressed in lymphocytes (139) and rnay compensate for some Vav functions, such as 

activation of SAPWJNK, in Vav-deficient cells (1 18, 129). Recent studies indicate that the 

role of Vav in T ce11 activation extends beyond the induction of IL-2 transcription, and 

includes linking the actin cytoskeleton to activated antigen receptors (1 18, 129). Thus, 

while no defects in phosphoiylation of I; and ZAP-70, or in activation of JNK were 

detected in Vav-deficient T cells, these cells exhibit a si,pificant impairment in actin 

polymenzation (129). Moreover, Vav and SLP-76 have been reported to form a complex 

with proteins that participate in attachment of the cytoskeleton to the ce11 membrane ( 140, 

141). Thus, a central role for Vav may be to link T ce11 activation and signaihg events to 

cytoskeletal reorganization, which may be critical to achieve IL-? transcription and ce11 

cycle progression. 

MAb-mediated aggregation of TCR/CD3 results in the accumulation of products of 

P13K phosphory~ation, consistent with activation of PI3K ( 142). PI3K is a mernber of a 

farnily of lipid kinases that phosphory late the 3' hydroxyl group of phosphoinosi tides 

(143). The best charactet-ized PI3K consists of a p85 and p 1 10 hetsrodimer (144). The 

catalytic domain is contained in the p l  10 subunit. The p85 subunit consists of two SH? 

domains as well as an SH3 domain, and two proline-rich sequences ( 144). 4 region 

between the two SH2 domains, called the inter-SH2 region of p85, has been demonstrated 

to mediate binding to p 1 10 ( 145). There are two pools of PI3K activated upon mAb- 

mediated CD3 aggregation, one of which is CD3-associated and another which is 

associated with CD4-Lck complexes (146). The p85 subunit of PI3K is constitutively 

associated with the 6 chain, possibly via Fyn or LAT ( 1 1 1). Activation of associated p 1 10, 
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within this PI3K pool, is dependent upon both of TCRKD3 aggregation and Lck ( 147). 

The CD4-Lck-associated pool of PI3K c m  be activated following CD4 coaggregation with 

TCRICD3 (146). Another pool of PI3K is associated with CD28 and will be discussed 

below in section 1.4.1. As descnbed above, PI3K has been implicated in the activation of 

Rho GTPases through Vav activation ( 1 18). PI3K phosphorylated lipids bind to Vav 

through a domain in Vav known as a Pleckstrin-homology domain (PH). P13K 

phosphorylated iipids contribute to increasing the GEF activity of Vav towards Rho-family 

members and by facilitating Lck-mediated phosphorylation of Vav (1 18). Products of PI3K 

also medinte activation of protein kinase B, an important regulator of ce11 survival ( 148- 

15 1). 

1.3.4. Events regulating IL-2 expression 

Many of the biochemical pathways activated upon T ce11 stimulation converze and 

integrate to induce transcription of the major T ce11 growth factor, the cytokine, IL-2 

(illustrated in Figure 7). A region encompassing approximately 300 base pairs (bp) of the 

IL-2 prornoter, upstrearn of the transcriptionai start site. is sufficient for induction of IL-2 

expression in response to TCRICD3 aggregation ( 152- 154). This region of the IL-2 

promoter has been shown to contain binding sites for several transcription factors ( 154, 

155). There are multiple binding sites for nuclear factor of activated T cells (NFAT). four 

of which are part of composite elements that are also recognized by activating protein- 1 

(AP-1). Furthemore, NFAT binding at these sites is cooperatively dependent on AP-1 

(154). There are two sites for OCT 1 binding and one for NF-KB binding ( 154) (illustrated 

in Figure 8). Binding of al1 these factors, with the exception of OCT 1, is inducible ( 154, 

156). 
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Figure 7. Induction of IL-2 transcription by converging signalling pathways 
See the text for details. 
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Figure 8. Binding sites for transcription factors in the (murine) IL-2 promoter. 
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Al1 NFAT sites are critical for induction of the IL-2 promoter ( 154). NFAT is a 

farnily of regulatory transcription factors ( 155). The members of this farnily are highly 

conserved and have a domain related to the DNA binding domain of ReI. and NF-@ 

proteins (155). This domain is necessary and sufficient for DNA binding as well as 

cooperative interactions with components of AP- 1 ( 155). 

NFAT is present in the cytosol of cells, in a phosphorylated state, prior to T ce11 

activation ( 157). Upon T ceIl activation. NFAT is dephosphorylated by the phosphatase 

calcineurin. following which both proteins translocate to the nucleus. Dephosphorylated 

NFAT shows increased affïnity for DNA (158). Elevated levels of Ca++ induced by T ce11 

activation contribute to calcineurin activation, and subsequent NFAT dephosphorylation. 

via Ca++-dependent binding of cülmodulin to the calcineurin phosphatase ( 155, 158. 159). 

The immunosuppressive dmgs Cyclosporin A and FK506. inhibit T cell activation and IL- 

3 gene transcription through this pathway. Both these compounds are yeast metabolites that 

f o m  complexes with intracellular immunophilins. Specifically, Cyclosporin A and FK506 

bind to cyclophilin and FK506 binding protein respectively, which bind calcineurin in a 

Ca++-dependent fashion and inhibit its phosphatase activity ( 155, 158, 159). Sustained 

elevation of Ca++ levels, likely rnediated by capacitative calcium entry into cells, is required 

for T cells to maintain calcineurin and NFAT proteins in an activated state ( 155, 158). 

Therefore, if calcineurin activity is inhibited by removal of the calcium-mobilizing stimulus, 

NFAT revens to its original phosphorylated state, shows low affinity for DNA, and returns 

to the cytoplasm ( 1  55, 158). Importantly, glycogen synthase kinase-3 (GSK-3) has been 

dernonstrated to phosphorylate serine residues of NFAT. Further. overexpression of GSK- 

3 inhibirs calcium-calcineurin induced nuclear translocation of coexpressed NFAT in COS 

cells, and enhanced nuclear export of NFAT ( 1  60). 



An important aspect of transactivation by NFAT-family proteins is their cooperation 

wi th AP- 1 components in the nucleus ( 16 1 - 1 63) .  AP- 1 is a family of transcription factors 

consisting of homodimers and heterodimers of Jun and Fos (164). Fos and Jun are 

regulated both at the level of activation and transcription. Activated MAPK phosphorylates 

factors such as Elk, and the serum response factor (SRF) which induce Fos transcription 

( 1 1 7. 164). Transcription of Jun is also inducible. While the molecular mechanisms 

responsible for its induction have not been fully elucidated, SAPWJNK have been 

implicated in this process. SAPWJNK also play an important role in enhancin; the stability 

and transcriptional activity of Jun ( 164). 

Binding of NF-KB to the IL-2 promoter is also induced as a consequence of T ceIl 

activation. ( 156). NF-KB is a dimer and a member of the Re1 family ( 165). Activation of 

NF-KB is regulated by its cytoplasmic inhibitor, II&. IKB masks the nuclear localization 

signal of NF-KB, thus retaining it in the cytoplasm (165). Upon cellular activation, IKB is 

phosphoryIated and depaded, allowing NF-KB to translocate to the nucleus and bind to 

DNA ( 165). At present, it is no[ clear which biochemicül pathways involved in T ceIl 

activation stimulate NF-KB-mediated transcription. The recent cloning of IKB kinases, 

[KKa and IKKP, should help resolve signalling pathways leading to activation of NF-KB 

( 166- 168). There is evidence indicating the MAPKKK, MEKK 1 ,  as well as NIK, may 

phosphorylate IKK ( 169- 17 1 ). Ceramide, which is generated by the hydrolysis of 

sphingornyelin by sphingomyelinase, has also been impIicated in the regulation of NF-KB 

through a pathway that invoIves the degradation of IKB ( 172, 173). 



1.3.5. IL-2 Receptor 

The response to secreted IL-? results in differentiation and growth o f  T cells. These 

responses are mediated through interaction of IL-2 with its cognate receptor IL-ZR (65).  

The IL-2R is comprised of three distinct membrane subunits: the alpha, beta and gamma 

chains of the L-2R ( 174). IL-2Ry is a common subunit for multiple cytokine receptors 

( 175). and is constitutively expressed by both human and murine T cells ( 175, 176). Low 

levels of the p chah are expressed on resting T cells. Expression of IL-3Ra is not 

detectable on restinp T cells and is upregulated as a consequence of T ce11 activation, as is 

expression of IL-?RP, albeit to a lesser extent ( 175, 176). IL-2Ra of both mice and 

humans, and human IL-2Rp, can bind IL-2 while IL-2Ry has no measurable affinity for 

the cytokine (173. 176, 177)- Both IL-2RP and IL-2Ry are part of the hematopoietin 

receptor family and can associate to form an IL-2R with intermediate affinity for IL-2 

( I nM) on human. but not murinr T cells ( 174- 176). Moreover, the combination of L 2 R P  

and IL-2Ry is required for signal transduction ( 174, 176). However. reconstitution of the 

high aftïnity IL-2R ( IOpM) is dependent on the participation of al1 three chains of the IL- 

2R ( 174- 176). 

Formation of the high affinity IL-2R is thought to occur in a sequential manner 

( 176, 177). Plasmon resonance studies have demonstrated that IL-2Ra, but not IL-ZR./, 

can interact with IL-2RP to form a stable heterodimer in the absence of ligand ( 176, 177). 

It is thought thnt IL-2 rnay bind to complexes formed by IL-2Ra and IL-2RP heterodimers. 

which in turn could associate with IL-2Ry ( 176). The heterodimerization of the cytopIasrnic 

domains of L-2RP and IL-2Ry triggers downstream signal transduction cascades ( 178, 

179). 



The IL-2R complex does not exhibit intrinsic tyrosine kinase activity but is coupled 

to non-receptor PTKs. Specifically, the IL-2RP is reported to associate with Src-family 

PTKs Lck. Fyn and Lyn ( 180, 18 1). as well as with Syk, and a kinase of the Janus family, 

Jak 1 ( 182, 183). Other effector molecules such as PI3K and the adaptor molecule Shc have 

also been found associated with the L-2RP chain ( 184, 185 ). L 2 R y  is constitutively 

associated with Jak3 Janus kinase ( 182, 186). These signalling mediators trigger a cascade 

of events involving multiple pathways. Tyrosine phosphorylated LL-?RB recruits Shc 

through its SH2 domains which in turn recruits Grb2, thus linking to the Ras pathway and 

the MAPK cascade. PI3K is activated in response to IL-2 and may play an important role in 

cytoskeletal organization in addition to regulating the activities of SAPWJNK, rhrough its 

role in regulating Vav ( 120. 129). Heterodirnerization of the IL-2RP and IL-2Ry chains is 

thought to cause trans-phosphorylation and subsequent activation of Jak 1 and Jak3. 

constitutively associated with P and y IL-2R chains, respectively ( 176, 186, 187). Jak 

activation also leads to tyrosine phosphorylation of P and y chains of the IL-3R. Such 

phosphorylated tyrosines provide docking sites for SH2 domains of transcription factors 

residin; in the cytoplasm, known as STATs. or signal transducers and activators of 

transcription ( 175, 186). STATs are substrates for Jaks and, when phosphorylated. can 

dimerize and trandocate to the nucIeus, where they modulate expression of target genes 

( 1  86. 188. 189). IL-2R signalling activates Statja, StatSb, and Stat3 ( 186) (illustrated in 

Figure 9). Together, these signals contribute to induce ce11 proliferation and differentiation 

(175, 186). 



Transcriptional activation and cell proliferation 

Figure 9. The IL-2R B and y chains couple receptor occupancy to cellular 
responses 
The IL-ZR P chain associates with Src-family PTKs Lck, Fyn, and Lyn, as well 
as Syk, Shc, and PI3K (not shown). Jakl is found constitutively associated with 
IL-2RP while Jak3 constitutively associates wi th IL-2Ry. IL-2-mediated Jak 
activation leads to phosphorylation, dimerization, and nuclear translocation of 
STAT transcription factors. Other pathways activated include PI-3K, Ras, and the 
MAPK pathways. See the text for more details. 



1.3.6. The fate of activated T cells 

Successful T cell activation in response to antigenic encounter leads to proliferation 

and expansion of the antigen-specific T ce11 population. However, the absolute number of 

lymphocytes within the immune system remains relatively constant throughout the life of an 

organism. Thus. expanded lymphoid populations are eliminated once no longer needed, 

while a population of cells that can function in memory responses is generated and retained 

(190). Most T lymphocytes are elirninated through the induction of apoptotic ceII death. 

This occurs either as a resuIt of activation induced ce11 death (AICD) or cytokine 

withdrawal ( 190). 

AICD involves re-ligation of the TCR on activated T cells, and is thought to occur 

principally in foci containing large numbers of T cells in the presence of considerable 

quantities of antigen ( 190, 19 1 ). This death pathway requires interaction of Fas and its 

ligand. FasL ( 190, 192- 195). Neither Fas or FasL are expressed on resting, naive T cells, 

but their expression is upregulated upon TCWCD3-mediated T ce11 activation ( 193). The 

importance of these molecules in T ce11 homeostasis was highlighted by the demonstration 

that mice Iacking either F a  or FasL exhibit profound lymphoproliferative disorders (192. 

196- 198). T cells from such animals do not undergo AICD ( 199-20 1 ). 

T cell death by apoptosis c m  also resutt from cytokine deprivation, which is 

reported to play a role in eliminating activated T ce11 populations ( 193). Activated T cells 

require the continuous presence of IL-2 for clonai expansion and protection from apoptosis 

(192,303). These are two separate activites of IL-2 since the cytokine c m  prevent ce11 

death in circurnstances where proliferation is blocked ( 1  92, 203). IL-2 prevents apoptosis 

of activated cells by upregulating expression of anti-apoptotic proteins of the Bci-7 family, 

such as Bcl-2 and Bcl-XL (190, 204). Indeed, levels of Bcl-2 and Bcl-XL expression are 
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reduced in IL-2-deprived activated T cells ( 1  90, 204,205)- Moreover, forced expression of 

these anti-apoptotic proteins has been shown to prevent apoptosis following IL-2 

withdrawal ( 190,205, 206). Apoptosis induced by cytokine withdrawal could provide a 

rnechanism for elimination of activated lymphocytes at the end of an immune response 

when concentrations of antigen are low. and AICD is less Iikely to take place (190). 

Memory ceils are thought to be generated either from a precommitted subset of T 

cells or from activated effectors which are randomly retained to fonn a memory T ce11 

population ( 190, 207). Importantly, it has been demonstrated that certain stroma1 

microenvironments have properties which allow the activated cells to rest without dying. 

and thus may piay a role in memory induction ( 190). 

1.4. Accessory activation molecules 

A nurnber of molecules on the surface of T cells can affect the outcome of antigen 

recognition. While these accessory moiecules do  not affect antigen speci ficity, they 

contribute to modify signals elicited from the antigen receptor. These modifications c m  be 

extreme, resulting in ceIl growth, non-responsiveness or death. 

1.4.1. Costirnulation, CD28 and CTLA-4 

In 1970, Bretscher and Cohn hypothesized that two signals were required for 

lymphocyte activation, thus restricting the potential for stimulation, as a mechanism for the 

adaptive immune system to distiguish self antigens from foreign antigens (208). Twenty 

years later, this hypothesis was confirmed for T cells. Thus, productive T ce11 activation 
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requires costimulatory signals in addition to signals induced through TCNCD3. 

Specifically, treatment of APC with protein crosslinking agents abolished the capacity of 

APC to costimulate T cells without affecting presentation of antigen, demonstrating that 

antigen alone is insufficient for activation (209, 2 10). Signalling through TCR/CD3 did nor 

result in IL-2 production and proliferation, in these circurnstünces (2 10). Moreover, 

stimulation through TCWCD3 in the absence of costimulation rendered the cells 

unresponsive to subsequent stimulation with antigen presented by conventional APC (209, 

7 10). This state of non-responsiveness, also known as anergy, is characterized by certain 

signalling defects which will be further described below. Importantly, aneqic cells 

prolifernte in response to exogenous IL-2 (2  1 1 ) .  However, IL-2 did not prevent the 

induction of anergy when added at the initiation of the cuitures with fixed APC (209). 

Importantly, addition of a third party conventional APC rescued cells from induction of 

anergy (2 12). Thus, costimulation can be induced independently of signals emanating from 

TCRKD3. but must in tep te  clownstream. Further, the mode of costimulation for T cells 

ensures that activation occurs only if antigen is presented by a so-called "professional" 

APC, limiting the possibility of autoimmunity due to reactions against tissue-specific 

antigen expressed by cells which lack the capacity to support antigen specific T cell 

activation (2 13). 

CD28 has been characterized as the primary T cell costimulatory receptor. Indeed, 

CD28-specific mAb was demonstratrd to restore the response of T cells presented antigen 

by fixed APC (2 14). thus preventing the induction of anergy (2 15). These results 

sugzested that CD28 clustering is necessary and sufficient for costimulation activity. CD28 

shows significant similarity to proteins of the Ig superfamily of receptors. It has a 

molecular weight of approximately 44 kDa, and is expressed as a disulfide-linked 

homodimer on the surface of immature and mature T celIs (2 16). Immature thymocytes 

express low levels of CD28. Levels of CD28 expression on thymocytes Vary with different 
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deveiopmental stages. At the most immature stages, thymocytes express low levels of 

CD28. At an intermediate stage of development, thymocytes express high levels of CD28 

whereas mature thymocytes express intemediate levels of CD28. While al1 peripheral T 

celis in mice express CD28, in humans, approximately 95% of mature CD4+ T celis 

express CD28, whereas approximately 50% of mature CD8+ T celts are CD2Sf (2 17). 

CD28 levels are upreguhted as a consequence of TCRKD3 aggregation (78). 

Two ligands for CD28 have been described: B7- 1 (CD80) (2 18,2 19), and B7-2 

(CDS6) (220, 22 1). These molecules are expressed by so-called "professional APC", such 

as dendritic cells, macrophages and activated B cells (222). B7- 1 is also expressed in the 

thymic medulla (223). Both these molecules are effective at costimulating T celI responses 

(224). Activated T cells, and thymocytes express an alternative ligand for the B7 molecules: 

CTLA-4 (3 19,224, 235). CTLA-4 will be described in more detail in the context of its role 

in T ce11 activation, below. 

An alternate costirnuIatory pathway involves 4- 1 SB. a member of the tumour 

necrosis factor receptor family. 4- 1BB is expressed on activated CD4+ and CD8+ T ceils in 

hurnans and mice (226, 227). The ligand for 4- 1 BB is found on activated B cells, 

macrophages, and cultured dendritic cells (227-229). While these molecules have been 

dernonstrated to play an important role in costimulation of activated T cells (227, 229, 

230)' they are poor agonists for resting T cells (226), and will not be considered funher. 

Selection of T ce11 precursors is not oniy dependent on the affinity of the specific 

interaction of ihe TCR with its MHC-peptide ligand, but on the overall avidity of the 

interaction between the thymocytes and the "selecting cells" (23 1). Thus, the interactions 

between B7 molecuIes and their ligands could contribute to the process. Indeed, several 

studies have indicated that stimulation of CD28 on thymocytes promotes negative selection 
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(213.232-234). However. both positive and negative selection occur in niice deficient in 

CD28 expression, (235, 236), suggesting that interactions between CD28 and its ligands 

are not required for these processes. Likewise, CTLA-4 deficient mimals exhibit no 

detectable defects in thymic maturation and selection events (237). Nevertheless, since 

these interactions contribute to the overall adhesion of thymocytes to cells in the thymic 

medulla, the avidity threshold required for these events may be affected by costimulation. 

and thus costimulation may play a role in the selection of T ce11 repertoires. 

The role of CD28 in costimulation of T ce11 activation was first demonstrated using 

CD28-specific mAb. which dramatically enhanced prolifention of T celis stimulated with 

suboptirnal doses of various stimuli, including the mitogen phytohemagglutinin, and mAb- 

mediated aggregation of CD3 (238-343). Importantly, CD38 ligation ha been shown to 

enhance TCRKD3-induced production of IL-2, as well as other cytokines (2 1 O, 238, 240, 

243, 244). Also, CD28 ligation has been implicated in upregulating the expression of IL- 

2R a and P (245-247). It is important to note that activation of CD4+ T cells is more 

sensitive to CD28-mediated costimulation than is that of CD8+ T ceI1s. Thus, the 

enhancement of proliferation in response to CD3 aggregation, observed by CD28 ligation 

on CDS+ T cells is marginal compared to that observed on CD4+ T cells (748). While these 

results indicate that the responses of CDS+ T cdls may be independent of CD38 

costimulation, other costirnulatory molecules, such as 4- 1 BB, may be involved. CD23 

ligation leads to activation of a number of signalling mediators. These will be described in 

the context of the rote of CD38 in complementing the pathways activated by TCEUCD3 

stimulation. The cytoplasmic domain of CD28 is devoid of known motifs suggesting any 

intrinsic enzyrnatic activity. However, sequences in the cytoplasmic tail of CD28 are 

consistent with its capacity to couple to signalling proteins (249, 250). 



CD28 aggregation induces tyrosine phosphorylation of several intracellular 

proteins, including CD28 itself, Vav, and Itk ( 136, 25 1,252). Tyrosine phosphorylation 

of a YMNM motif in the cytoplasrnic tail of CD28, following rnAb-rnediated CD28 

aggregation. enabIes the binding of the p85 subunit of PI3K and Grb2 through their 

respective SH2 domains ( 144, 253, 254). Association of PI3K with tyrosine 

phosphorylated CD28 correlates with the induction of PI3K lipid kinase activity ( 144). 

The SH2-rnediated interaction of Grb:! with CD28 may be responsible for CD28-dependent 

Ras or Rac activation (254, 255). Nternatively, Grb2 cm associate, via its SH3 domain, to 

CD7-8, in an activation-dependent manner, thus providing a means through which to couple 

CD28 to tyrosine phosphorylated proteins, such as the adaptor protein Shc, via the SH2 

dornain of Grb2 (256). 

Itk is a member of the Tec farnily of protein tyrosine kinases chat inducibly 

associates with CD28 through proline-SH3 interactions (25 I , 257). Occupation of the SH3 

domain of Itk has been demonstrated to play a role in its activation (257). Lck bas also been 

demonstrated to play a role in the activation of Itk. Specifically, Lck has been shown to 

phosphorylate Itk within its activation loop. Further, CD28-mediated activation of Itk is 

decreased in ce11 lines lacking functional Lck ( 137, 138). Thus, a stepwise rnodel of CD28- 

mediated activation of Itk has been proposed whereby Itk binding to CD28 results in its 

partial activation, perhaps by unfolding the molecule and exposing the kinase domain. Such 

an open configuration may render Itk susceptible to activation mediared by Lck 

phosphorylation and subsequent autophosphorylation (257). Importantly, Tec-family 

kinases have been implicated in the activation of Vav and JNK pathways, and a domain of 

CD38 containing the Itk binding site has been demonstrüted to be linked to Vav 

phosphorylation ( 136, 255, 258). 



As described above, Vav is a GEF for Mo-family GTPases, such as Rac ( 124) 

which links to the activation of SAPWMK ( 1  18, 119). It is important to note that 

activation of SAPWJNK is dependent on signals emanating from both TCR/CD3 and 

CD28 (239). Moreover, integration of signals from TCR/CD3 and CD28 are required for 

AP- 1 -mediated transcription (260). As rnentioned above, SAPWJNK-mediated 

phosphorylation of the Jun component of AP- 1 enhances the stability and the 

transcriptional activity of Jun ( 164). 

CD28 plays an important role in enhancing steady state levels of IL-2 mRNA by 

upregulating transcription, as well as enhancing stability of IL-2 mRNA transcripts, as will 

be described below. In addition to its role in generating signals which integrate with those 

emanating from TCRKD3. leading to the induction of IL-2 transcription, CD28 also 

contributes to this process via a specific CD28 responsive element (CD28RE) adjacent to a 

non-consensus AP- 1 binding site. The main transcription factor to bind the CD28R.E is 

NF-KB-fimily rnember c-Rel (26 1 ) .  CD28 signaliing ülso regulates the stability of IL-? 

mRNA (262). MAb-mediated CD28 aggregation has been demonstrated to stübilize the 

m W A s  of IL-2, TNF-a, GM-CSF, and IFN-y, but not c-myc (262). Recently, this was 

shown to be mediated through elements in the 5' untranslated region (UTR) of the rnRNA, 

involving activation of SAPWINK (263). It is important to note that mRNAs of transiently 

expressed genes, such as IL-2, frequently contain A-U-rich sequences in the 3' UTR, 

which have been associated with instability of these transcripts (262, 264). Pertinent in this 

context it is also important to note that an RNase has been identified that preferentially 

degrades IL-2 mRNA (265). Further, preparations of a binding factor protect IL-2 mRNA 

from degradation by this RNase. This factor is reported to be a novel A-U binding factor 

which binds at or near an A-U rich site on IL-3 mRNA (266). 



As mentionrd above, TCR occupancy in the absence of appropriate costimulation 

results in the induction of a state of anergy. A number of biochemical characteristics 

correlate with the state of aneqy, and likely contribute to the dramatic decrease in IL-? 

trmscription (267). In the absence of costimulation, TCR/CD3-induced activation of Ras 

and the ERK MAPK cascade, as well as the SAPWJNK cascade is defective (268, 269). 

In some, but not all, anergy models the ITAMs of C D ~ E  and 6 have been shown to be 

hypophosphorylated (267,170). In such anergic cells, Fyn was found in association with 

chains, in contrast to Lck and ZAP-70 found associated with in responsive cells (270). 

Recent studies have identified a specific signalling pathway in anergic cells that 

inhibits TCRlCD3-induced IL-2 mRNA transcription. The proto-oncogene Cbl is found to 

be tyrosine phosphorylated in responsive and anergic cells following activation. However, 

in anergic cells. Cbl is also phosphorylated in the absence of stimulation. wirhout a 

significantly detectable increase in phosphorylation following TCRICD3 aggregation (270). 

Phosphorylated Cbl binds to the SH2 domain of the adaptor protein Crk (27 1-274), which 

binds the GEF C3G through its SH3 domains, analogous to the interaction between Grb2 

and SOS. C3G acts as a guanine exchange factor for the Ras-like srnall GTPase Rap 1 (275, 

276). Rap I has been shown to contribute to the anergic state, as forced expression of low 

amounts of Rapl-GTP in ceIl lines induced an anergic state, and inhibited transcription 

from the IL-2. promoter in response to a combination of anti-TCRKD3 and anti-CD28. 

Also, it is important to note in this context that Rap 1 was found to be activated in anergic 

cells, where Crk and C3G were found in a constitutive complex with Cbl. Moreover, in 

such cells, Raf was found constitutively associated with Rap 1 ,  which correlated with the 

absence of Ras-Raf complexes (270). These results are consistent with the block in MAPK 

activation described above, and suggest that the outcome of TCR occupancy may depend, 

at least in part, on the balance between activated Ras and Rap 1. Imponantly, anti-CD28 

treatrnent has been shown to inhibit the activation of Rap 1 through CD3 by preventing 
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constitutive phosphorylation of Cbl (277). Funher, negative regulatory elements of IL-? 

transcription have been reported, consistent with a hypothesis of active inhibition of IL-2 

transcription (267, 278, 279). 

There is evidence indicating that negative regulation also occurs in productively 

activated T cells. This rnay relate to a requirement for downregulation of T cell activation in 

T cell homeostasis. In this context. the main function of CTLA-4, the alternate receptor for 

£37, is to downregulate the immune response (280-284). Importantly, CTLA-4 binds both 

B7-1 and B7-2 with higher affinity than does CD28 (224,285). CTLA-4 has been reported 

to recruit the tyrosine phosphatase Shp2 which dephosphorylates Shc, 5. and other 

phosphoproteins associated with TCRICD3 signalling (284). Consistent with its role in 

downregulating immune responses, CTLA-4-deficient mice exhibit a dramatic 

lymphoproliferative disease (283). 

In addition to playing a central role in costimulation of T ce11 activation, and the 

prevention of anegy, CD28 plays a critical role in regulating apoptotic signals (222). Thus. 

cells stimulated with the combination of anti-CD3 and anti-CD38 were more resistant to ceil 

death than those activated with anti-CD3 alone, which correlated with the upregulated 

expression of the anti-apoptotic protein BcI-XL (286). In this context, CD28 costimulation 

bas been demonstrated to rescue activated T cells from AICD (287), and rnay play a central 

role in sustaining T ce11 activation through preventinp apoptosis. 

As mentioned above, Src-farnily PTK have been demonstrated to rnediate early and 

essential events in T ce11 activation. As will be described below, the activity of these 

kinases is regulated by phosphorylation and dephosphorylation of tyrosine residues. This 
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suggests a seminal role for tyrosine specific phosphatases in generating the most proximal 

signalling events emanating from the TCWCD3. Indeed, antigen receptor-mediated 

activation of both CD4+ and CD8+ T cells is dependent on expression of CD45, a protein 

tyrosine phosphatase (PTP). CD45 is a family of transmembrane PTPs, which has been 

implicated in the regulation of the kinase activity of both Lck and Fyn. It is expressed 

abundantly on the surface of al1 cells of hematopoietic origin, includin; T cells (288, 289). 

There exist multiple isoforms of CD45 that differ in their extracellular domain, and range 

between 180-220 kDa. These isoforms arise by alternative splicing of exons 4 ,5  and 6 

(classically refered to as A, B and C) encoding the extracel1ular domains. These isoforms 

are expressed in a tissue and activation state-dependent fashion (289). Thus, B 

lymphocytes primarily express the high molecular weight isoform CD45RABC. from early 

stages in development to mature B cells. Most immature thymocytes express the lowest 

moleculrir weight isoform, CD45RO. However. during maturation in the thymus, T ce11 

precursors shift to the expression of higher molecular weight isoforms of CD45, 

specifically CD45RA and CD45RB. These events correlate with positive and negative 

selection (289, 290). CD45RB is the predominant isoform expressed on mature, naive. 

CD4+ T cells whereas mature, naive CDS+ T cells express CD45RABC (B320) and 

CD45RB. Activation of CD4+ T celIs induces a decrease in surface expression of CD45RB 

and increased expression of CD35RO. Hence, naive CD4+ T celts can be differentiated 

from activated and "memory" T cells by their differential expession of CD45RB (29 1). 

The variable N-terminal extracellular domain is rich in sites for O-Iinked 

glycosylation and the cysteine-rich constant domain contains 15 potentid sites for N-linked 

glycosylation, which together contribute to make CD45 a highly glycosylated molecule 

(292). The cytoplrismic portion contains two tandem phosphatase domains, each related to 

that of PTP IB (288). The rnost conserved core of these domains contains cysteine residues 

critical for phosphatase activity (289, 293-295). Mutation of the critical cysteine residue in 
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the membrane-proximal PTP domain abolishes phosphatase activity, whereas mutation of 

the analogous residue in the second PTP dornain h a  little effect, suggesting that the second 

PTP domain may be inactive (293,294). Other studies (296) have demonstrated 

phosphatase activity from the second PTP domain, however, this issue remains largely 

unresolved. .Mutational analysis of CD45 demonstrated that expression of both phosphatase 

domains in tandem is required for activity (295). This study also demonstrated that 

mutation of the critical cysteine residue in domain 1 dramaticaIly reduced phosphatase 

activity whereas mutation of the analo=ous residue in the second domain resulted in a minor 

reduction of phosphatase activity. The authors of this study concluded that the second PTP 

domain plays a reglatory role and may exhibit phosphatase activity when removed from 

putative constraints placed on it by the PTP dornain 1 (295). Recent results have 

demonstrated an alternate role for the second phosphatase domain in substrate recruitment 

(297) 

Consistent with its essential role in TCRKD3-mediated activation of mature T cells. 

CD45 also plays a central role in T ce11 development. In CD45-deficient mice, the numbers 

of mature CD4+ and CD8+ T cells, as well as of mature thymocytes, are drarnatically 

reduced (298). The reduced numbers of mature thymocytes was shown to be due to a 

defect in positive selection (298-301). A detailed discussion of signalling lesions associated 

with thymocyte development in CD45- animals is beyond the scope of this thesis. 

However, they are thought to reflect accurately the prerequisite signals CD45 provides in 

TCR/CD3 signalling observed in mature T cells. Specifically, in CD45-deficient T ce11 

lines, neither early events, such as PI breakdown and Caf+ mobilization, nor late events, 

such as DNA synthesis, are induced by TCWCD3 aggregation. These activation events are 

restored by re-expression of CD45 (303-304). Further, similar signalling defects are 

observed by anti-CD45 treatment of primary CD4+, but not CDS+ T cells (305). 



The role for CD45 in antigen receptor signalling has been ascribed to the regulation 

of Src-family kinases Fyn and Lck. As emphasized above, both these kinases provide 

essential signals for TCRKD3-mediated T ce11 activation (87,96). The activity of Lck and 

Fyn is regulated, at least in part, by phosphorylation and dephosphorylation of regulatory 

tyrosine residues (80). While increased kinase activity correlates with dephosphorylation of 

Y-505 for Lck and Y-528 for Fyn, phosphorylation of these residues is associated with 

decreased kinase activity (306-3 10). Importantly, the cytoplasmic PTK Csk has been 

demonstrated to phosphorylate the carboxy-terminal tyrosines of Lck and Fyn, irz vitro. 

Overexpression of Csk inhibits tyrosine phosphorylation of cellular proteins induced by 

mAb-mediated CD3 aggregation. While Csk is most abundant in the cytoplasm, some is 

associated with cellular membranes. When Csk is expressed in  a form which targets to the 

plasma membrane, tyrosine phosphorylation of cellular proteins is ablated. These results 

suggest that membrane targetting of Src-family PTK, away from the major pool of Csk, 

may allow positive reguiation of Lck and Fyn through dephosphorylation of the negative 

regulatory tyrosine residue (80, 3 1 1-3 14). 

Studies in transfected fibroblasts led to the hypothesis that Src-family kinases foid 

into a "closed conformation" by intramolecular bindi~ig of the carboxy-terminal 

phosphorylated tyrosine by the SH2 domain of the kinases, rendering the kinase domain 

inaccessible ( 1  15, 3 15). While providing insight, at the molecular level, into mechanisms 

underlying the regulation of Src-family kinases, i t  is important to note, especially in regards 

to Lck that these studies were done in the absence of CD4. Given that the majority of 

cellular Lck associates with CD4, and that CD4 can affect the physiology of Lck, it wili be 

important to assess the conformation of Lck in these circumstances. Importantly, 

expression of mutant forms of Lck and Fyn which are not susceptible to phosphorylation 

due to substitution of carboxy-terminal tyrosines with phenylalanine, and thus could not  

support the above-mentioned "ciosed" confirmation, enhance responsiveness to antigen 
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receptor signalling (89,95). In contnst to effects of phosphorylation of the carboxy- 

terminal residues, phosphory lation of the tyrosine residues within the kinase domain 

correlates with upregulated kinase activity. Thus, during in vitro kinase assays, Lck is 

extensi vely phosphory lated on Y-394 (3 16). Mutation of this tyrosine to pheny [alanine 

abolishes the ability to activate Lck by CD4 aggregation and downregulates its basal kinase 

activity (8 1 ,  3 16, 3 17). 

Studies with CD45- T ce11 lines have demonstrated an important role for CD45 in 

regulating Src-family PTK. In such cells, the negative regulatory tyrosine residues of Lck 

and Fyn are hyperphosphorylated (309, 3 IO) ,  and their kinase activities are impaired (3 10). 

CD45 has been demonstrated to dephosphorylate Y-505 of Lck and Y-528 of Fyn iri vitro 

(79,3 18). CD45 has also been shown to specifically modulate binding of Lck to a 

phosphopeptide containing the negative regulatory tyrosine of Lck in CD4+ T ce11 Iines. 

Thus, in CD45-deficient cells, Lck is unable to bind a phosphopeptide with its SH2 

domain, consistent with a "closed" conformation in CD4+ T cells (3 19). Further, in C D 6  

deficient T ce11 Iines, pools of membrane-associated Fyn and Lck associated with 

TCR/CD3 and CD4, respectiveiy, üt the cell surface, are selectively impaired in their kinase 

activities (320). Together, these results support a role of CD45 in the positive regulation of 

Lck and Fyn kinase activity. 

However, there are reports demonstrating that Lck kinase activity is comparable in 

CD45 and CD45+ cell lines (321,322). Further observations suggest that CD45 may also 

function in nttenuating certain aspects of the activation cascade by dephosphorylating 

various tyrosine phosphorylated substrates. Specifically, CD45 has been shown to 

dephosphorylate Y-394 of Lck in vitro (3 17) as well as < (323, 324). A possible 

explanation for these discrepant results is that the role of CD45 in T ce11 activation, and 

regulation of Src-family PTKs, may Vary depending on the activation state of the cell, and 
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expression of differcnt isofoms, as will be considered in discussion, which may 

differentially regulate CD4.5, by mechanisms described below. 

To date, only isolated studies have characterized possible mechanisms regulating 

the phosphatase activity of CD45. These proposed mechanisms involve elevated Caf+ 

levels. tyrosine phosphorylation of CD45, or dimerization of CD45 (323-329). 

Importantly, the activity of CD45 toward its substrates is thought to be regulated, at least in 

part. by proximity (324. 330). Key observations are derived from coaggregation studies. 

In some circumstances, Wb-mediated coaggregation of CD45 and TCRKD3 results in 

depression rather than enhancement of antigen receptor signalling (33 1 ). However, when 

heterobifunctional anti bodies are used, the coaggregation enhances antigen receptor 

signalling (333). A hypothesis has been forwarded, suggesting that the stoichiometry of 

putative CD45-TCR/CD3 interactions may be critical (330). It is important to note that 

CD45 is expressed at the ce11 surface at a ratio of roughly 10: 1 compared to other molecules 

such as TCR, CD4, and CDS (330, 333, 333). Thus, mAb-mediated coaggregation of 

CD45 with TCRKD3 could result in the over representation of CD45 within these 

complexes, and thus, an imbalance of PTPase activity at these sites. In contrast, the 

"appropriate" stoichiornetry for T ce11 activation may be created by heterbifunctional mAbs. 

Given the obligate role of CD45 in positive regulation of TCWCD3 signalling, a 

mechanism must have evolved to support the delivery of CD35 function in physiological 

circumstances of T ce11 activation. This will be discussed further in Chapter 2. 

1.5. Coreceptors 

As ülluded to above, CD4 and CDS are markers of distinct T ce11 subsets which 

recognize antigen in the context of MHC class II or MHC class 1, respectively (1). As will 

be described in section 1.5.4, these molecules play important roles in contributing to 
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signalling in T ce11 activation. as well as providing adhesion to the T cell-APC interaction 

by binding to their respective MHC ligands (5 ,  7, 57). CD8 is comprised of two chains, a 

and p. forming a heterodimer (335). CD4 is composed of a single 55 kDa chain (335). 

Studies of the crystal structure of CD4 revealed that CD4 cm dimerize. However, this 

interaction is weak, and dynarnic light scattering measurements as well as chemical 

crosslinking results indicate that high local concentrations of CD4 are necessary for dimer 

formation (336). Since even distribution of CD4 does not achieve such high 

concentrations, CD4 is likely rxpressed as a rnonomer on resting ceils, but may be induced 

to dimerize as a result of certain activation events described in section 1-54 (335,336). 

Mutually exclusive expression of CD4 and CD8 by mature T ce11 subsets occurs as a 

consequence of lineage commitment of T ce11 precursors expressing both CD4 and CD8. in 

the thymus (337). Although the mechanisms responsible for lineage conimitment of T ce11 

precursors remain controversial, the coreceptor mo1ecules have been demonstrated to be 

critical to this process. 

1.5.1. Overview of T ce11 developrnent 

During thymic maturation, T ce11 precursors rearrange their TCR genes in attempts 

to express a functional T ce11 antigen receptor (338). Expression of CD4. CD8, and 

TCR/CD3 can be used to define stages in T ceIl development (339). T lymphocytes are 

generated from bone-marrow-derived precursor cells that migrate to the thymus (340). At 

this stage, the cells do not express significani levels of CD4 or CD8, and the TCR genes 

are in germline configuration (34 1). Thymocytes expressing very Iow levels of either CD4 

or CD8, in the absence of TCRICD3 expression, are thought to represent very early T ce11 

precursors (34 1). The TCR genes are rearranged in temporal order such that productively 

rear~anged TCRP is expressed before TCRa (342). Thus, CD4-8- cells (DN) express low 

levels of a pre-TCR. The pre-TCR is compnsed of TCR-P in association with a 3 3 D a  
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protein which does not require rearrangement, known as pre-TCR a, and components of 

the CD3 complex, such as CD% (343). Expression of the pre-TCR results in termination 

of p chain rearrangement, and allelic exclusion of the p locus. This is followed by 

rearrangement of TCR cc, giving rise to thymocytes CO-expressing CD4 and CD8, and low 

levels of TCWCD3 (343). The development of these CD4+8+ (DP) thymocytes has been 

sugges ted to occur via single positive intermediates (344, 345). 

DP thymocytes represent the most abundant population of cells in the thymus (346, 

347). Thymic reconstitution studies demonstrate thüt DP thymocytes, expressing low levels 

of CD3, can give rise to single positive (SP) thyrnocytes, expressing either CD4 or CD8, in 

conjunction with high levels of TCRCD3. SP thymocytes arise from DP intermediates 

expressing low levels of either one of the coreceptors (348). The majority of DP 

thymocytes die intrathymically by apoptosis (23 1). Considerable evidence from studies 

with TCR transgenic mice indicates that positive and negative selection occurs between the 

DP and SP stages of thymocyte development. Specifically, in a positively selecting 

environment. T ce11 precursors expressing a transgenic TCR specific for antigen in the 

context of MHC class II give rise to large numbers of SP CD4+ thymocytes expressing the 

transgenic TCR. On the other hand, T ce11 precursors expressing a transgenic TCR specific 

for antigen in the context of MHC clüss 1 give rise to large numbers of SP CD8+ 

thymocytes. As would be expected in a negatively selecting background, very few SP 

thymocytes expressing the transgenic TCR are detected. However, the numbers of DP T 

ce11 precursors expressing the transgenic TCR Vary depending on the TCR expressed. This 

variation is thought to relate to the artificially high levels of expression of the transgenic 

TCR at very early stages of development (349-352). Further evidence demonstrating a 

requirement for positive selection in T ce11 development and lineage cornmitment cornes 

from studies of mice deficient for MHC class 1 or MHC class II. Thus, mice deficient in 



MHC class 1 expression fail to develop mature CD8+ T cells (353-355). whereas mice 

lacking MHC class II expression have a defect in CD4+ T ce11 development (356, 357). 

1.5.2. Lineage cornmitment and the role of coreceptors 

There is strong evidence implicating the involvement of CD4 and CD8 coreceptors, 

and interaction with their respective ligands, in the processes of thymocyte maturation. 

Injection of anti-CD4 or anti-CD8 bIocks the development of SP CD4+ or CD8+ T cells, 

without affecting the DP subset (358). Further, mice deficient in CD4 expression exhibit a 

dramatic deficit of MHC class II-restricted T cells, although some mature T cells expressing 

neither CD4 nor CD8 can be detected (359, 360). These DN mature class II-restricted T 

cells exhibit functions characteristic of conventional CD4+ T cells (36 1 ,  362). Since CD4 

affords adhesion by virtue of its binding to MHC class II, and given selection events are 

dependent on the overall avidity of interaction of thymocytes with selecting cells, it seems 

likely chat the class II-restricted cells generated in CD4-de ficien t mice would express TCRs 

with a relatively high affinity for self MHC class II. 

Similar, although not identical, findings characterize mice deficient in CD8 

expression. Mice lacking CDSa exhibit a marked deficiency in  MHC cIass 1-restricted T 

cells. In contrast to results described above, no MHC class 1-restricted, mature DN 

population of cells, analogous to the mature DN population of MHC class II restricted T 

cells observed in CD4-deficient animals, was detected in CD8a-deficient mice. Further, 

these animals make very poor class 1-restricted T ce11 responses (363). These results 

support a critical role for CD8a in development of mature CD8+ T cells, and highlight 

distinct contributions of CD4 and CD8 to the development of MHC class II, and class II- 

restricted T ce11 lineages, respectively. There is evidence indicating that CD4 and CD8 play 

distinct roles in TCRKD3 signalling in mature T cells, as will be considered in section 
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1-54, which could account for these different contributions. Importantly, it has been 

demonstrated that CD8 must coaggregate with TCR to drive positive selection. Thus, in 

TCR transgenic mice! if the a3 binding site of CD8a is mutated in the selecting MHC, but 

not in the other class 1 MHC molecules expressed, both positive and negative selection 

processes are defective (364-366). While there is no evidence indicating that CD8P 

interacts with MHC class 1, studies with CD8P-dzficient animals indicates thar this 

molecuIe contributes to the development of CD8+ T cells. While some CD8+ T cells do 

develop in CDSP-deficicnt animals, their numbers are dramatically reduced compared to 

those observed in wildtype animals. (367. 368). These results highlight an important, 

although as yet uncharacterized, role for CD8P in the development of CD8+ T cells. 

Two models have been proposed for commitment to CD4 or CD8 T ce11 lineages. 

The "instructive" model posits that recognition of MHC class 1, by developing thymocytes, 

generates signals instructing cells to develop along a CD8 pathway, and thus to 

downregulate C D 4  Conversely, recognition of MHC cIass II would instmct cells to 

develop along a CD4 pathway. and downregulate expression of CD8. The 

"stochastic/selective" mode! proposes that downregulation of the expression of CD4 and 

CD8, is stochastic. However, only cells expressing the coreceptor which "matches" TCR 

specificity are able to receive signals that promote survival and further maturation (23 1 ) .  

The latter mode1 predicts the existence of so-calIed transitional cells in which coreceptor 

expression and TCR specificity is mismatched. 

InitiaIly , such transitional cells were not detected (369, 370). However, further 

studies demonstrated the presence of transitional cells having downregulated the 

inappropriate coreceptor. Thus, in class 1-deficient mice, some C D ~ I T D ~ ~ ~  thyrnocytes 

were detected (37 1-373). Likewise, CD4hiC~810 thymocytes could be detected in MHC 

class II-deficient mice (374, 375). Transitional subsets were detected in mice deficient in 
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expression of both MHC class 1 and class II (376). In contrast to the transitional subsets 

observed in mice deficient for either MHC class 1 or MHC class II, the transitional celis 

observed in mice deficient for both MHC class 1 and class II did not express high levels of 

TCR/CD3, or CD69, an activation rnarker (374, 376). These results indicate that while the 

initial downregulation of coreceptors and lineage commitment is stochastic. thyrnocytes 

need an interaction with MHC to support upregulation of TCRICD3 expression o n  

transitional cells. It is important to note that although transitional cells having 

downregulated the inappropriate coreceptor can be detected, these cells do not develop into 

mature T cells. Together, these results lead to a revised model in which initial lineage 

commitment is stochastic, and independent of thymocyte interactions with MHC, thus 

producing transitional cells in which the coreceptor is mismatched with the specificity of the 

TCR. An interaction of thymocytrs with MHC, independent of coreceptor engagement, is 

required to enhance the efficiency of th is developmental step and upregulate TCR/CD3 

expression. Finally, cells are "tested" for self-MHC interaction a second time to produce 

mature SP thymocytes. At this point, celIs expressing an inappropriate combination of TCR 

and coreceptor will die by nezlect. This model implies that T ce11 precursors need not 

receive a different signal fiom CD4 versus CD8 (23 1 ). 

However. recent studies indicate that distinct biochemical signals may play a roIe in 

commitment to the CD4 or CD8 lineage (55, 377). Although these signalling pathways 

await detailed characterization, ZAP 70, Lck, calcineurin, as well as Notch and MAPK 

signalling are involved (377-379). A detailed discussion of the contribution of these 

pathways is beyond the scope of this thesis. However, the role of Lck and its association 

with CD4 and CD8 will be considered. 



1.5.3. Contribution of coreceptor-Lck complexes in T ce11 development 

A central role for Lck in T ce11 development is demonstrated by a block in 

thymocyte development from the DN stage to the DP stage in rnice either deficient for Lck 

or overexpressing a dominant negative form of the kinase (380, 38 1).  This is likely due to 

the contribution of Lck to pre-TCR signalling in sensing productive rearrangement at the P 

chain locus to prornote further development (343). 

The role of Lck in later developmental events, such as positive selection, remains 

controversial. Studies involving reconstitution of coreceptor-deficient animals suggest that 

the association of Lck with the coreceptors may be dispensabte for positive selection. Thus. 

reconsititution of CD4-deficient mice with transgenic expression of a tmncated form of 

CD4, lacking the cytoplasmic domain and unable to associate with Lck, resulted in the 

rescue of CD4+ SP thymocytes and mature MHC class II-restricted T cells. However, the 

rescue was dependent on overexpression of the tmncated CD4, and was only partial when 

the mutant CD4 was expressed at levels comparable to those of endogenous CD4 (382). 

Similar experiments involving the reconsitution of CD8a-deficient animals with CD8a 

unable to associate with Lck, resulted in nomal development of CD8+ T cells, indicating 

that the Lck binding motif in the CD8a cytoplasmic tail was not required to promote 

positive selection (37 1 ). Together results indicate that coreceptor-associated Lck may be 

dispensable for development of both mature CD4+ and CDS+ T cells. However, 

reconstitution of CD8a-deficient animals with transgenic expression of a tmncated form of 

CD8a, lacking the cytoplasmic taii, was inefficient at driving positive selection, in striking 

contrast to results obtained by reconstitution of CD$-deficient animals with truncated CD4. 

While a requirement for coreceptor-associated Lck for development of mature MHC class I- 

restricted T cells may not be absolute, the cytoplasmic tail of CD8a is necessary in this 



process, sugaesting that interactions of CD8a with molecules other than Lck play an 

important role in positive selection (383). 

Other studies indicate that selection events are dependent on the association of CD4, 

and CD8 with Lck. Transgenic overexpression of wildtype CD4, but not a form of CD4 

unable to associate with Lck, dramatically inhibited both positive and negative selection of 

CD8+, MHC class 1-restricted thymocytes. This correlated with a decrease in the 

sroichiometry of association of CD8cc and Lck, suggesting that the effects observed on 

selection events could be due to partial sequestration of Lck by the overexpressed CD4, 

leading to a decrease in s i g n a h g  from CD8 (384). Interestingiy, expression of a hybrid 

protein consisting of the CD8 extracellular and transmembane portions of CD8 and the 

cytoplasmic domain of CD4 in thymocytes of transgenic mice leads to the development of 

large numbers of MHC class 1 specific, CD4f cells (385) .  These results suggest that the 

cytoplasmic domain of CD4 directs specific signals favouring development of thymocytes 

towards the CD4 lineage. Recent studies have suggested that development of CD4 lineage 

cells is favoured by increasing the Ievel of Lck recruitment to the TCR cornplex (385,  386). 

1.5.4. Role for coreceptors in T ce11 activation 

CD4 and CD8 can function as adhesion molecules, thereby enhancing the avidity of 

interaction between the T ce11 and APC, by virtue of their binding to MHC class II and 

class 1 respectively (5-7, 57). In addition to playing an important role in adhesion, the 

coreceptors also contribute to the seneration of biochemical signals leading to T ce11 

activation. The first demonstration of these properties came from mAb-mediated 

coaggegation studies. Thus, coaggregation of TCR/CD3 with its coreceptor, either CD4 or 

CD8, greatly enhances ce11 growth compared to that induced by aggregating TCR/CD3 

alone (8- 10). Importantiy, fluorescence microscopy studies have demonstrated that specific 

54 



antigen recognition results in the physical coaggregation of CD4 with TCRICD3 (387). In 

these circumstances, high local concentrations of CD4 may be achieved, resulting in CD4 

dimer formation (336). Evidence for coaggregation of CD8 with TCR/CD3 elements cornes 

tiom studies with APCs expressing antigenic MHC class 1 unable to bind CD8a, due to 

mutations in the a3 dornain. When target cells expressin; mutant MHC class I were used in 

cytotoxic lymphocyte killing assays, no killing was observed using a CD8-dependent 

cytotoxic lymphocyte clone. Moreover, forced expression of non-antigenic MHC class 1, 

capable of binding CD8a, did not rescue killing of the target cells, indicating that CD8 

must bind the same MHC ligand as TCR (57). 

The positive function of CD4 and CD8 has been attnbuted to their association with 

the Src-family PTK, Lck ( I l ,  12). In primary lymph node T cells and ciones, 7595% total 

cellular Lck associates with CD4 whereas only 5- 10% associates with CD8 (83, 84). The 

non-covalent binding of Lck is mediated by two sets of cysteine residues. Two critical 

cysteine residues are found in the cytoplasmic portion of both CD4 and CD8cc. Also? 

cysteine residues in the unique amino-terminai domain of Lck have also been shown to be 

critical in mediating the interaction of the kinase with the coreceptors (388). It is thought 

that these cysteines mediate the interaction of Lck with CD4 and CD8a through a heavy 

metal ion coordination complex (338-390). The importance of this association in antigen 

receptor-mediated T ce1 t activation was revealed by studies demonstrating that the CD4- 

dependent antigen response of a T ce11 line was rescued only by expression of CD4 

molecules able to interact with Lck, not by mutant forms of CD4, unable to bind Lck ( 13). 

In mature T cells, mAb-mediated aggregation of CD4 upregulates the kinase activity of 

associated Lck, and alters its phosphoryiation state (85). Also, such treatment results in 

dissociation of Lck from CD4 ( 1 1, 39 1). MAb-rnediated coaggregation of CD8 h a  less 

potent effects on associated Lck, resulting in marginal increases in Lck kinase activity, only 

slight alterations in levels of tyrosine phosphorylation, and no dissociation of Lck (86, 
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39 1 ). Thus, antigen-mediated coaggregation, minimally of CD4 with TCRICD3 would 

juxtapose activated Lck and elements of TCR/CD3, providing important activation signals 

through tyrosine phosphorylation. 

Coaggregation of CD4 and CD8 with TCRICD3 results in comparable enhancement 

of T ce11 activation in both CD4+ and CD8+ T ce11 lineages. However, given the low 

stoichiometry of CD8-Lck association, and the marginal effects of CD8 on the activity of 

associated Lck, it is unclear how CD8Lck complexes contribute to activation of CDS+ T 

cells. It is conceivable that the 5- 10% of cellular Lck associated with CD8 wouId be 

sufficient to mediate the enhancement of responses observed in CD8+ T cells. 

AItematively, CD8 may be associated with signalling elements other than Lck, which in 

some way "compensate" for the Iower stoichiometry of Lck interaction with CD8. 

However, it seems likely that coreceptors place different constraints on TCR signailing, 

and activation, in the two lineages. A series of studies with primary LN T cells supports 

this notion. Specifically, mAb-mediated aggregation of CD4 prevented anti-TCR-induced T 

ce11 proliferation, without perturbing earIy signalling events such as tyrosine 

phosphorylation of various substrates, and Ca++ rnobilization. It seems likely that the 

inhibition resul ted from the physical sequestration of CD4Lck complexes from TCR. In 

contrast, analogous treatrnent of CD8+ LN T cells using mAb specific for CD8a, or CDIP, 

had no effect. Given the low stoichiometry of Lck association with CD8, compared to chat 

of CD4/Lck complexes, these results suggest that the inhibition observed as a consequence 

of CD4 aggregation may be due to limiting availabiiity of Lck for TCRKD3 signalling 

(39 1). Pertinent in this regard is the obligate requirement for membrane expression of 

CD15 in TCRKD3-mediated activation of both CD4+ and CD8+ T cell lineages, as well as 

its involvement in the regulation of Lck. Importantly, it was demonstrated that CD45- 

specific mAb perturbs signals induced by mAb-mediated TCR aggregation in CD4+ but not 

CD8+ T cells. Specifically, pretreatment of CD4+, but not CD8+, LN T cells with CD45- 
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specific mAb inhibits TCR-induced tyrosine phosphorylation of PLCyl , and correlates 

with inhibition of subsequent Ca++ mobilization and DNA synthesis (305). It is important 

to note that the perturbations mediated by CD45-specific mAb were epitope specific, 

indicating that the mAb treatment may interfere with the delivery of CD15 function in CD4+ 

T cells, which will be considered in detail in Chapter 3. Since expression of CD45 is 

essential for T ce11 activation in both CD4f and CD8+ T cells, these results suggest that the 

orgrtnization of the delivery of CD45 function is different in the two T ce11 lineages. 

Further, these results support the hypothesis thüt the contributions of CD4 and CD8 to 

signalling through TCRKD3, are not functionally equivalent. 

An interesting result from the studies described above, is that while pretreatment of 

CD4+ T cells with CDCspecific mAb inhibited responses to TCRP-specific mAb, 

responses of cells to CD~E-specific rnAb was unaffected. These results indicated that 

activation through TCR@ and CD3e can be functionally uncoupled, and suggrsted a role 

for CD4Lck complexes in coupling TCRaP aggregation to the generation of downstream 

signüls. Support for this hypothesis came from analysis of ce11 lines lacking Lck. In these 

cells, TCR-induced Ca++ mobilization is ablated, while the response to CD3-mediated 

stimulation is 3040% of that observed in wildtype cells (87). Recent studies mentioned 

above, have provided a structural basis for the functionai uncoupling of TCR and CD3 

(74). Thus, expression of "incomplete" complexes of TCRKD3, cornprised either of 

TCRaB or elements of the CD3 complex have been observed on prirnary T cells of murine 

origin. 

Further studies from our Iaboratory, using CD4+ and CD4- variants of an IL-2- 

dzpendent, antigen-specific T ce11 clone demonstrated that a critical function of CD4 in T 

ceIl activation is to shuttle Lck to the activation complex (392). In this system, both CD4+ 

and CD4- variants respond comparably to antigen, indicating that the antigen response is 
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not dependent on the increased avidity supported by expression of CD4. Importantly, whik 

both varian ts also responded comparably to mAb-rnediated aggregation of CD3, only the 

CD4- variant responded to mAbs specific for TCRP (392). Haughn and collegues 

demonstrated that expression of wildtype CD4, but not CD4 unable to associate with Lck, 

in the CD4- variant, prohibits signalling throuph TCRaP, but importantly, not through 

C D ~ E .  These results indicated that CD4ILck is involved in coupling of TCRaP and the 

CD3 cornplex, and that either CD4/Lck complexes are not implicated in CD3-mediated 

signalling, or their involvement in this context is regulated differently than in TCR- 

mediated signalling. It was concluded that CD4 can sequester the rnajority of cellular Lck, 

and in the absence of antigen or mAb-mediated coaggregation with TCRaP, prevent the 

generation of critical signals derived from the interaction of Lck with components of 

TCR/CD3 or other signalling mediators recruited to the activation complex. In this context. 

it is important to note that the uncoupling of TCR@ and CD3 signalling observed in the T 

ce11 clones, described above, was observed in the absence of mAb-rnediated coaggregation 

of CD4, in conrrast to the phenomenon observed in primary cells. An important difference 

between these two systems is that the T ce11 clones were maintained in IL-?. Since Lck has 

been shown to be involved in IL-2R signalling (176), it was suggested that growth in IL-2 

may mediate a physical ancilor functional redistribution of cellular pools of Lck. A recent 

study demonstrated that this indeed is the case, and moreover, that growth in IL-2 is 

responsible for functionally uncoupling the T ce11 antigen receptor complex by altering 

critical signals provided by Lck (393). Whether or how this relates to the expression of 

incomplete TCRICD3 complexes remains to be determined. 

While CD4 appears to play a major role in directing the localization and activation of 

Lck, the role of CD8 in these processes cannot be functionally equivalent. Thus an 

important question remains. In light of functionally distinct contributions of CD4 and CD8 

to signalling through TCWCD3 in the two mature T ce11 lineages, how does coaggregation 
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of CD8 with TCRICD3 result in enhanced signalling and responsiveness? Important1 y, 

TCWCD3 stimulation can "prime" CD8+ T ce11 lines for signalling through CD8. Thus, 

mAb-mediated stimulation of TCR renders CD8f CTL lines competent in inducing 

upregulation of Lck kinase activity, PI hydrolysis, and degranulation upon interaction of 

CD8 with non-antigenic MHC class 1 (394-396). In marked contrast, TCR stimulation does 

not "prime" CD4+ T cells for interaction with non-antigenic MHC class II, supporting the 

hypothesis that coupling of signals emanating from CD4 and CD8 to TCRICD3 is distinct 

in the two T ceII lineages (397, 398). 



1.6. Thesis outline and preview 

Importantly, enhancement of IL-2 production can be observed in T ce11 lines by 

coasgregating TCR to CD4, independent of the capacity of the CD4 expressed to associate 

with Lck (399). In this context. increasing evidence suggests that the contribution of CD4 

and T ceIl activation is not limited to shuttling Lck to the activation complex. Rather the role 

of CD4 extends beyond its regulation of Lck activity and the delivery of its funcrion. These 

akernate roles are the focus of the present thesis. 

In Chapter 2, 1 characterize an interaction between CD4 and the PTP CD45, 

providing a mechanism whereby CD45 may be recruited to the activation complex, by 

virtue of antigen-mediated coaggregation of TCWCD3 with CD4. Given the over 

representation of CD45 at the ceIl surface relative to TCRKD3, and CD4, and the potential 

importance of the stiochiometry of CD45 function at the activation cornpiex, these results 

provide a mechanism to recruit CD45 in proximity to relevant substrates at the antigen 

receptor complex, with an appropriate stoichiometry to support cellular activation. Effects 

on CD4-associated Lck and the requirement for Lck in these complexes will be discussed. 

To date, roles for CD4 in T ce11 activation have only been described in the context 

of the initiation of T ce11 activation. In Chapter 3, I describe CD4-mediated inhibition of 

ongoing T ce11 responses. This inhibition involves downregulation of steady state levels of 

IL-2 mRNA. Importantly, these effects are not entirely dependent on association of CD4 

with Lck. 



i n  Chapter 4, a discussion follows a summary of my experimental results. These 

will be discussed in the context of current models of T ce11 activation while addressing 

implications of my findings. Finally, unresolved questions and potential directions for their 

study will be addressed. 
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Chapter 2 

Physical Association of CD4 and CD45 
in Primary Resting CD4+ T cells? 

2 The results in this chapter have been published in CelLdnr Irnmunology 175: 1- 1 1 ( 1997). 
Copyright Acadernic Press. I performed the experiments presented, with the exception of 
those for figure 1, and parts D and E of figure 2. 



2.1 Introduction 

As eluded to in the generai introduction, expression of CD45, a transmembrane 

protein tyrosine phosphatase, is essential for antigen receptor signalling in both CD4+ and 

CDS+ T-ce11 lineages (1-3). It is generally accepted that an important role for CD45 in T 

ce11 activation relates to the need for positive replation of Src-family kinases. In this 

context, the role for CD45 in the positive regulation of the PTK, Lck and Fyn, has been 

extensively documented (4-7). However, it remains unclear whether, or how. in resting T 

celis, CD45 may be recruited into proximity of the antigen receptor complex, and relevant 

substrates, to mediate positive regulation. 

As described above in introduction. attempts to recruit CD45 to TCRKD3 

artificially, using mAb ligands, have yielded conflicting results. In some circumstances, 

rnAb mediated aggregation of CD45 and TCEUCD3 results in depression rather than 

enhancement of antigen receptor signalling (8). However, when heterobifunctional 

antibodies are used, the coaggregation enhances antigen receptor signal ling (9). A recently 

forwarded hypothesis posits that the stoichiornetry of a putative CD45-TCR/CD3 

interaction may be critical ( IO) .  Given the relative imbalance in the number of CD45 and 

TCRKD3 molecules expressed at the ce11 surface, mAb mediated coaggregation could 

result in the over representation of CD45, and associated PTPase activity, within CD45- 

TCRKD3 complexes, In contrast, heterobifunctional antibodies may create a balance of 

CD45 and TCR/CD3 which supports activation. Given the obligate role for CD45 in T ceIl 

signalling, it seems likeIy that such a mechanism wodd have evolved in normal physiology 

to recruit CD45 into proximity of relevant substrates at the antigen receptor complex, with 

the appropriate stoichiornecry for activation. 



Previous studies from Our laboratory have demonstrated that pretreatment of 

primary CD4+T-cells with some CD45 specific mAbs results in an antigen receptor 

signalling phenotype reminiscent of that observed in CD45- lines (1 1). Specifically, 

couphg of TCRICD3 to the phosphatidylinositol pathway is virtually ablated. Given the 

potential epitope specificity of inhibitory CD45-specific mAbs, the lack of requirernent 

for aggregating the anti-CD45, and the observation that inhibition is observed in single 

ce11 assays, we suggested that anti-CD45 may prevent the interaction of CD45 with 

substrates on the membrane of the CD4+ T-ce11 itself ( 1 1). Further, since pretreatment of 

CDS+ T cells with anti-CD45 was without effect ( 1 l ) ,  it was temptinp to speculate that a 

ligand for CD45 is the CD4 molecule itself. 

Results in this chapter demonstrate that CD4 and CD45 are physically associated in 

primary, resting, CD4+ T-cells. Thus, in the absence of chemical crosslinkers, CD45 can 

be CO-precipitated with the four CD4-specific mAbs tested. Further, and in contrast to 

conclusions drawn in two recent reports, activation of these primary CD4+ T-cells. 

mediated by antigen in the present study, results in the loss of the majority of these 

complexes. This suggests a role for CD4-CD45 complexes in the activation process. 

Towards elucidating the putative role of these complexes, we analysed their cellular 

compartmentalization. In primary CD4+ T cells, membrane CD4 exists in two forms: that 

associated with Lck, which is in the majority, and that which is not associated with Lck. 

Quantitative precipitation analyses reveal that CD45 is associated with both companments 

of CD4. Consistent with this observation, we dernonstrate that membrane CD4-associated 

Lck exhibits a lower index of tyrosine phosphoryfation than does membrane Lck not 

associated with CD4. 

We suggest a novel function for CD4 in primary resting T-cells, involving its 

shuttling of CD15 into proximity of the TCR/CD3 cornplex. Since the relative number of 
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membrane CD4 and TCRKD3 molecules are comparable (12. 13), antigen/MHC class II 

mediated coaggregation of CD4-TCEUCD3 would provide a specific mechanism for the 

recruitrnent of CD45 to the activation complex at a stoichiometry which promotes T ce11 

activation. 



2.2 Materials and Methods 

BALB/c and C57B116 mice, at 6-8 weeks of age, were purchased from Charles 

River Canada Inc., Québec, Caiiada. Ovalbumin-specific TCR transgenic mice, kindly 

provided by Dr. D. Loh (Washington University, Sr. Louis, MO, USA), were housed 

and bred in Our animal facility. CD4-1- deficient mice were a kind gift of Dr. T. Mak 

(Amgen Institute, Toronto, Canada). 

2.2.2 Antibodies and Reagents 

Antibodies used for immunoprecipitations were purified on Sepharose conjugated 

wirh Mouse anti-Rat Ig, and include mAbs specific for: MHC class 1 (M 1.42, ref. 13a ), 

MHC class II (MS. 1 14, ( 14)), CD8a (53.6.7.2, ( 15)), CD8P (53.58, ( 16)), Thy 1 

(30H 12, ( 16)), and CD4 (GK1.5, ( 17), and H 129, ( 18)). Other antibodies were purified 

on Protein G-Sepharose, and include mAbs specific for: CD45 (M 1.89, (19)), and for 

CD4 (H 129 used in Figures IA, 2A, 2B, 2D, and 2E, as well as YT4.1, and YT4.3, 

(?O), a kind gift from Dr. Kim Bottomly. Yale University, New Haven, Conn, USA). 

MAbs specific for TCRp (H57.597, (2 1 ) )  and CD% (2C 1 1.145. (22)) were purified on 

Protein A-Sepharose. 

Purified mAb specific for phosphotyrosine, 4G 10 (23), was a kind gift from Dr. 

Brian Druker (Oregon Health Sciences University, Portland, Oregon, USA), and was 

used in Western biotting. Rabbit anti-Lck used in Western blotting was generated by 

imrnunization with an Lck peptide comprised of the N-terminal residues 39-64, coupled 

to KLH as carrier. 
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Antibodies used for irnmunofluorescence staining include mAb specific for OVA- 

specific transgenic TCR (KJ 1.26, (24)), MHC class 1 (M 1-42], CD4 (H 129 and 

GK 1 S), CD45 (M 1.89), CD45R.B (23G2, (25)) ,  TCRP (H57.597). PE-conjugated anti- 

CD4 (GK1.5) and anti-CD8 (53.6.7.2) were purchased from Becton Dickinson, and 

FITC conjugated polyclonal mouse anti-rat Ig was purchased from Jackson Laboratories. 

2.2.3 T-ce11 preparations 

Primary T-cells were isolated from lymph nodes of mice as previously described 

( 1  1) .  Briefly, Iymph node ce11 suspensions were incubated with either CD8-specific or 

CD4-specific anti-sera (Biotex Labora). Contaminating B cells and either CD4+ or CD8+ 

T-cells were depleted by negative selection by passing labelled cells over anti- 

immunoglobulin columns (Biotex Labora). The resulting populations were > 9 5 8  

positive for CD3, and CD4 or CD8, and 4% positive for membrane Ig, MHC class II, 

and either CD4 or CD8. 

2.2.4 Ce11 surface labeliing, imrnunoprecipitation and immunoblotting 

Indicated ce11 populations were surface iodinated using 1 mCi 1251 (Amersham) 

per 2.5 x 10' cells and one iodobead (Pierce), for 30 minutes at room temparature. 

Following five washes in PBS, cells were lysed at 5x 107 cells/ml in a hypotonie buffer 

containing 50mM Tris, 20mM EDTA, 1 % NP-40, ImM PMSF, 0.2 rnM Sodium 

Orthovanadate, 50mM Sodium Fluoride and IOpg/ml each of Aprotinin and Leupeptin. 

After a 30 minute incubation on ice, post-nuclear fractions were obtained by spinning 



lysates at 13000 x g for 15 minutes. Precipitütions were done as described below, and 

precipitates were resolved on 8% SDS-PAGE, gels were dried and exposed. 

Cells were surface biotinylated at 1071ml in 1 OmM Sodium Borate, l5OrnM 

Sodium Chloride, pH 8.8, containing 50pglml long chain biotin (Pierce). The reaction 

was carried out for 15 minutes at room temperature, and stopped by addition of lOpl/ml 

of 1M Ammonium Chloride. Following three washes in PBS containing lOmM Tris and 

1 M  EDTA, cells were lysed as described above. Precipitates were fractionated on 8% 

SDS-PAGE and transferred to a nitrocellulose filter. Filters were probed with Horse 

Radish Peroxidase (HRP)-labelled Streptavidin, and developed using Enhanced 

ChemiIurninescence (Amersham). 

Surface moIecules from lysates of labelled or unIabelIed cells were 

immunoprecipitated by incubating 106 ce11 equivalents with rnAbs covalently coupled to 

cyanogen bromide-activated Sepharose (Pharmacia). Alternatively (for Figures 1 and 

2A), lysates were incubated with protein G-Sepharose beads (Pharmacia) precoated with 

5pg of the indicated antibody. Lysates were incubated with Sepharose beads at 4°C for 

30 minutes. Following 5 washes in lysis buffer (without Aprotinin and Leupeptin), 

Sepharose beads were resuspended in sample buffer containing 2.310 SDS and 5% 2- 

mercaptoethanol, and boiled for 5 minutes prior to Ioading onto the gel. 

Lck was revealed in irnmunoblots by probing membranes with Rabbit anti-Lck, 

followed by HRP conjugated protein A (ICN). Phosphotyrosine was revealed by probing 

membranes with 4G 10 followed by HRP conjugated goat anti-mouse Ig (Sigma). Both 

types of irnmunoblots were developed using Enhanced Chemiluminescence (Amersham). 



2.2.5 Reprecipitation analysis 

Surface iodinated CD4+ T-cells were lysed at lo7/rnl in an isotonic buffer 

containing IOrnM Tris pH 7.4, 140rnM Sodium Chloride, 2% NP-40, ImM PMSF, 0.2 

mM Sodium Orthovanadate, 50mM Sodium Fluoride and 10pg/ml each of Aprotinin and 

Leupeptin. After a 30 minute incubation on ice, post-nuclear fractions were obtained by 

spinning lysates at 13000 x g for 15 minutes. Lysates of 10' ce11 equivalents were 

precleared with Protein G-Sepharose beads at 4°C for 30 minutes. CD4 and CD45 were 

precipitated from precleared lysates by sequential 30 minute incubations at 4'C with 50pg 

specific mAb, M 1.89, and H 129, respectively, followed by collection of complexes with 

Protein-G Sepharose beads. Following 5 washes in lysis buffer (without Aprotinin and 

Leupeptin). Sepharose beads were resuspended in  SDS sample buffer (without 2- 

Mercaptoethanol). and boiled for 5 minutes. The supernatant was diluted 1 : 1 O with lysis 

buffer, and moiecules were reprecipitated using mAbs specific for either CD45 or TCR 

covalently coupled to cyanogen bromide-activated Sepharose (Pharmacia), as described 

above. 



2.2.6 Peptide analysis 

CD45 was immunoprecipitated either with CDCspecific mAb, H 129. or with 

CD45-specific mAb, M 1.89, from lysates derived as for the reprecipitation analysis (5  x 

106 ceIl equivalents) of iodinated CD4f T-cells. Following 8 8  SDS-PAGE, unfixed 

dried gels were exposed, and CD45 bands were excised. The bands were rehydrated with 

sample buffer containing 30% glycerol in wells of a 5% acrylamide stacking gel. and 

digestrd with lyg VS protease per well. Proteins were run halfway through the stacking 

gel, the voltage was discontinued for a 15 minute incubation period, and then reapplied 

for a total of 700 Volt hours. Gels were dried, fixed and exposed. 

2.2.7 Antigen stimulation of OVA-specific TCR-transgenic T-cells 

LPS blasts, used as antigen presenting cells, were generated by stimulating 

splenocytes at 4 x 106/ml with 50pgh-d LPS, in 1 ml of serurn free culture medium the 

composition of which has been previously described (26). Low buoyant density LPS 

blasts were isolated using discontinuous Percoll gradients as previously described (27). 

Resting, primary CD4+ lymph node T-cells were isolated from OVA-specific TCR- 

transgenic mice, as described above. One x 106 T-cells and 2x 106 irradiated (2000 rads) 

syngeneic LPS blasts were cocuitured in the presence of 0.0 IpM of ovalbumin derived 

peptide, Ova3'3-339 (a kind gift of Dr. Patrice Hugo, ICRM, Montréal, Québec, Canada), 

in Iml of serurn free medium. At 40 hours, T-cell blasts were isolated using 

discontinuous Percoll gradients. 



2.2.8 Preparation of membrane and cytosolic fractions 

After washing in cold PBS, cells at 5x 107 cells/ml were incubated for 15 minutes 

on ice in buffer containing lOmM HEPES pH 7.4, IrnM EGTA, l0mM benzamidine and 

0.1 rnM Sodium Orthovanadate. Aft er 2 rounds of snap freezinp and thawing in a bath of 

Ethanol/dry ice, lysates were spun at 13000 x g for 8 minutes. Membranes, contained in 

the pellets of these spins, and cytosolic proteins contained in the supernatants, were 

solubilized in the hypotonic lysis buffer described above for 60 minutes at 4OC, and 

solubilized fractions were spun at 13000 x g for 2 minutes. Supernatants from this spin 

contained "membrane" and "cytosolic" fractions which were further subjected to 

precipitation (as described above) with the indicated mAbs. 

2.2.9 ImmunofIuorescence and FACS analysis 

One x 105cells were labelled with the indicated antibodies for I O  minutes in 100pl 

of PBS containing 5% FCS. Fluorescence analysis was performed on a Becton 

Dickinson FACScan. 



2.3 Results 

2.3.1 Coprecipitation of CD45 with anti-CD4 

Anti-CD4 precipitates frorn the postnuclear fraction of surface iodinated CD4+ T- 

cells revealed a group of proteins with an apparent molecular weipht of 200 kD. sirnilar to 

that observed in anti-CM5 precipitates (Figure IA). Of note is that a labelled band at 55 

kD, consistent with CD4, was not observed in CD4 precipitates (Figure 1 A). This is due 

to the inability to efficiently iodinate CD4 with the procedure used. As will be described 

below, CD4 waç subsequenrly visualized through biotinylation. In marked contrast, the 

quantity of high molecular weight material observed in either anti-CD8a. or anti-CD8p 

precipitates from pt-imary CD8+ T cells, is a fraction of that observed in anti-CD4 

precipitates frorn primary CD4+ T-cells. This is despite the comparable levels of 

expression of the respective coreceptors and CD45 on the two T-ce11 lineages (Figure 

1B). In this context, while primary T-cells of both lineages predominantly express two 

isoforms of CD45, p 175, and p 195, their relative proportions differ. In CD4+ T cells. 

they appear to be expressed at a ratio of 1: 1, whiie in CD8-T celts the ratio is skewed 

towards preferential expression of the p 195 isoform ( 1 1, 25, 28). This will be considered 

further in the discussion. 

None of the other antibodies tested, including those specific for TCRaP, C D ~ E ,  

Thy- 1, MHC class 1, MHC cIass II, or CDgcr, CO-precipitated this high molecular weight 

material from CD4+ T-cells (Figures 2A and 2B). Furthemore, this observation is not 

peculiar to the CD4-specific mAb H129, since three additional CD4-specific mAbs tested 

precipitate an analogous set of proteins (Figure 2B). To determine that anti-CD4 does not 



Figure 1. Anti-CD4 precipitates a family of high molecular weight proteins. 

A) CD4+ and CD8+ T-cells were iodinated and lysed in a hypotonic buffer, as described in 

Materials and Methods. CD45, TCRP, CD4, and CD8a were precipitated from lysates 

containing 5 x 106 ce11 equivalents using protein G-Sepharose beads precoated with mAbs: 

M 1.89, H57.597, H129, and 53.6.7.2, respectively. Immunoprecipitates were resolved on 

8% SDS-PAGE. Gels were dried and exposed for 18 hours. 

B) CD4" and CD8f T-cells were stained using rnAbs specific for CD45 (M 1.89), and 

either CD4 (GKl.5) or CD8a (53.6.7.2). Specific staining is indicated by the solid 

histograms, and background staining by the open histograms. 
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Figure 2. Specificity of the CD4-CD45 interaction. 

A) CD4f T-cells were prepared, Iabelled and lysed as described in che tegend to Figure 1. 

Surface molecules were precipitated from lysates (5  x 106 ce11 equivalents) using protein 

G-Sepharose beads precoated with mAbs specific for MHC class II (M5.114). MHC class 

I (M1.42). Thyl (30H12), TCR P (H57.597), CD3e (145.2CI 1), CD4 (H129). and CD45 

(M 1.89). Precipitates were resolved and revealed as described in the legend to Figure 1. 

B) CD4+ T-cells were prepared. Iabelled and lysed as described in the legend ta Figure 1. 

Lysates ( 1 x 106 ce11 equivalents) were subjected to immunoprecipitation with the indicated 

CW-specific rnAbs, or an isotype control for Hl29 (the CD8u specific mAb 53.6.7.2). al1 

of which were covalently coupled to cyanogen tirornide-activated Sepharose beads. 

C) CD8- TCRap+ cells from CD~-'- and CD4+f+ animals were labelled and lysed as 

described in the legend to Figure 1. and surface molecuies were precipitated from lysates ( 1 

x 105 ce11 equivalents). MAbs conjugates to cyanogen bromide-activated Sepharose beads 

used in precipitations include: mAb specific for CD45, M1 -89: MHC class 1, M 1.42, and 

C D 4  H 129. Precipitates were fractionated and revealed as described in the legend to 

Figure 1. 

D) CD4+ T-cells were iodinated and lysed in the isotonic buffer described in Materials and 

Methods. Surface molecules were precipitated from lysates (10' ce11 equivalents) using 

protein-G Sepharose beads precoated with mAbs specific for CD4 (H 129) and CD45 

(M 1.89). Molecules were reprecipitated using protein G-Sepharose beads precoated with 

mAbs specific for CD45 (M 1-89) or TCRP (H57.597). 

E) CD4+ T-cells were prepared. labelled and lysed as described in the legend to Figure 2D. 

High molecular weight material precipitated from lysates (5  x 106 ce11 equivalents) with 

either CD45-specific mAb M 1.89 or with CD4-specific rnAb H 129 was subjected to 

digestion with Staphylococcal V8 protease, fractionated on 12.58 SDS-PAGE and 

revealed by exposing dried gels for 48 hours. 
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directly interact with this set of high molecular weight proteins, anti-CD4 precipitates 

from CD8- TCRap' lymph node cells isolated from CD4-deficient animals were 

examined. Figure 2C shows that in these circumstances, anti-CD4 does not precipitate 

high molecular weight material, despite the expression of the same isoforms of CD45, 

expressed in roughly the same proportions in these two T-ceIl populations. 

Results from two experimental approaches confirrn that the material CO-precipitated 

with CD4specific mAbs is CD45. The high molecular weight material precipitated with 

anti-CD4 can be reprecipitated with anti-CD45, but not with anti-TCR (Figure 2D). 

Further, when subjected to partial proteolysis. the high molecular weight material 

precipitated with anti-CD4 and anti-CD45 exhibited analogous peptide profiles (Figure 

3E). Together, these results demonstrate a physical and specific association of CD4 and 

CD45. 

2.3.2 Effect of T ce11 activation on CD4-CD45 complexes 

Since CD4-CD45 complexes are observed in primary resting T-cells, the 

prediction follows that they may be involved in the process of TCRICD3 mediated 

cellular activation, and further, that they may be altered as a consequence of activation. 

To address this question, we chose a system which would first, enable the comparison of 

resting and activated cells, and importantly, one in which cellular activation is CD4 

dependent. The latter concern is important since we posit that the role of CD45 in cellular 

activation may be, in part, linked to that of CD4. 

Thus, use was made of a line of rnice transgenic for TCRaP specific for an 

ovalbumin derived peptide, O~a3'3-33~~ in the context of I A ~  (24). T-ce11 blasts were 

prepared as described, using a concentration of peptide at which the T-ceIl response 
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would have been inhibited in the presence of anti-CD4 (not shown). As shown in Figure 

3A, the amount of CD45 CO-precipitated with anti-CD4 from lysates of antigen-activated 

T-ce11 blasts was significantly reduced. Semi-quantitative densitometric analysis of the 

gels presented in Figure 3A revealed that the CD45 signal CO-precipitated with anti-CD4 

from üntigen-activated T-cells was roughly 30% of that observed in the primary, resting 

transgenic T-cells from which the blasts were derived. Of note is that while low buoyant 

density cells, from discontinuous Percoll gradients were isolated from the population of 

antigen activated T-cells, the forward scatter (FSC) distri bution of these ce1 1s (Figure 3B 1 

indicates that it is still a heterogeneous population, and importantly, contains some celIs 

which are within the size range of resting, pre-activated T-cells. Thus, the residuaI CD4- 

CD45 compIexes rescued from the antigen activated T-ce11 population (Figure 3A) may be 

due to these contaminating resting celis. 

The antigen activated T-ce11 blasts, and the resting T-cells from which they were 

derived, expressed comparable levels of CD4 and CD45 (Figure 3B). Further, the 

efficiency of anti-CD4 precipitation from activated T-cells was not compromised (not 

shown), however, and consistent with previous studies (25),  cellular activation was 

concomitant with a decreased expression of CD45 RB (Figure 3B). 

These results are consistent with the involvement of CD4-CD45 complexes in the 

initial signals ensuing antigen rnediated T-ce11 activation. Further, they suggest that once 

accomplished, a redistribution of cellular CD4 and CD45 occurs. Since the positive role 

of CD4 in the initial events associated with TCRICD3 signalling is at least in part 

attributed to Lck, the compartmentalization of CD4-CD45 complexes, and the associated 

effects on the physiology of Lck within these complexes, were assessed. 



Figure 3. Activation-induced dissociation of CD4 and CD45 

The presence of CD4-CD45 complexes was assessed in lysates of primary, resting CD4f 

OVA-specific transgenic lymph node T-cells. and antigen induced blasts derived from these 

cells . 

Aj Cells were labelled and lysed as described in the Iegend to Figure 1. Surface molecules 

were precipitated from lysates ( 1 x 106 ce11 equivalents) of iodinated resting and antigen- 

activated blasts. MAbs conjugated to cyanogen bromide-activated Sepharose beads used in 

precipitations include: rnAb specific for CD4 H 129: CD45 M 1.89; and MHC class 1, 

Ml -43. Precipitates were fractionated and revealed as described in the legend to Figure I .  

B) Irnrnunofluorescence staining of resting and antigen-activated blasts 

with antibodies to the indicated surface molecules. Specific staining is indicated 

by the solid histograms, and background staining by the open histograms. Monoclonai Abs 

used include: mAb specific for CD4, GK 1.5: MHC class 1. M 1.42; CD45 M 1.89; and 

CD45 RB, 2362. 
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2.3.3 Compartmentalization of CD4-CD45 complexes 

CD4 molecules expressed on the plasma membrane can be subdivided into two 

pools, that associated with Lck, and that which is not (29). Since proximity of CD45 to 

its substrates may be crucial, and since Lck can be a substrate for CD45 (6,  30), we 

assesseci which of these CD4 compartments interacts with CD45. An independent 

assessment of the presence of CD45 within these two pools of CD4 was achieved by 

sequential precipitation with anti-Lck, to deplete the lysate of Lck and associated CD4, 

foliowed by precipitation with anti-CD4. As illustrated in Figure 4, sequential 

precipitation with anti-Lck rescued a CD45 signal in conjunction with CD4 and Lck 

signals. The CD45 signal precipitated by the rabbit anti-Lck fell below the normal rabbit 

IgG control at the fifth sequential precipitation, with the concomitant loss of both the CD4 

and Lck signals. Subsequent precipitation with anti-CD4 from lysate cleared of Lck 

revealed both a CD45 and a CD4 signal, but as expected, no Lck signal (Figure 4). 

It is of note that no significant biotinylated CD4 signal is observed in CD45 

precipitates. There are at least two possible explanations. The first is that the anti-CD45 

used disrupts the complexes. We think that the more Iikely explanation relates to the 

disparate copy number of membrane CD45 and CD4 CD45 is estimated to be present at 

levels [en times greater than those of CD4 on the ce11 surface ( 10, 12, 13). Thus, the CD4 

signal expected from precipitation from a random pool of CD45 would be but a small 

fraction of that observed with the reverse precipitation scheme. 



Figure 4. CD45 associates with CD4 independently of Lck. 

CDJf T-cells were surface Iabelled either with L251-iodine (top panel), with biotin 

(rniddle panel), or not, and iysed as described in the Iegend to Figure 1. Surface 

molecules were precipitated from lysates ( 1 x 106 ce11 equivaients) using specific rnAbs 

conjugated to cyanogen bromide-activrited Sepharose beads. Antibodies used in 

precipitations include: mAb specific for CD45, Ml  .89; MHC class 1, M1.43: CD4, 

H 129; and IgG isolated from either normal rabbit serurn or rabbit anti-Lck serum. 

Precipitates were revealed either by exposing dried gels or by specific immunoblctting, as 

described in Materials and Methods. 
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These results demonstrate that CD45 complexes with that pool of CD4 which is 

not associated with Lck. Thus, Lck is not required for the CD4-CD45 interaction. The 

results are also consistent with the existence of a tri-molecular cornplex involving CD4, 

Lck, and CD45. However, they do not exclude the possibility that anti-Lck precipitates a 

mixture of CD4-Lck and CD45-Lck complexes, the latter having been reported in 

previous studies (3 1, 32). 

To address this issue, sequential precipitations were performed in the reverse order 

to those described above. Specifically, lysate was subjected to sequential precipitation 

initiated with anti-CD4, and followed with anti-Lck. If a tri-molecular complex involving 

CD45-CD4-Lck is present, one would predict that once CD4 is cleared from the lysate, 

anti-Lck should not CO-precipitate CD45 to the same extent. As illustrated in Figure 5A, 

clearance of CD4, as well as associated Lck and CD45, reduced the CD45 signal 

observed in subsequent anti-Lck precipitates to that observed in normal rabbit IgG 

precipitates. Taken together. these results indicate that CD45 does associate with CD4- 

Lck complexes. Thus, CD45-mediated effects on CD4-associated Lck should be 

demonstrable. Before proceeding to this issue, one additional point merits consideration. 

The existence of a tri-molecular complex comprised of CD45-CD4-Lck does not 

preclude the existence of CD45-Lck cornpIexes. A number of reports have documented 

that Lck CO-precipitates with CD45 from digitonin lysates of human periphernl T-cells and 

Jurkat ceils (3 1, 32). Further, and pertinent to the present discussion, CD45 was found 

to CO-precipitate with Lck to the same degree from lysates that had been cleared of CD4 or 

not (32). This is in marked contrat to the results reported here. 



Figure 5. Preclearance of CD4 results in the loss of anti-Lck precipitable 

CD45 

A) CD4+ T-ceils were surface labelled either with 12%-iodine (top panel), with biotin 

(middle panel), or not. Lysates were prepared as described in the legnd to Figure 1. 

Molecules were precipitated from lysates (1 x 106 ceIl equivalents) using mAbs conjugated 

to cyanogen bromide-activated Sepharose beads. Antibodies used in precipitations include: 

mAb specific for CD45, M 1.89; MHC class 1, M 1-42; CD4, H 129; and IgG isolated from 

either normal rabbit serum or rabbit anti-Lck semm. Precipitates were revealed either by 

exposing dried gels or by imrnunoblotting. as described in Materials and Methods. 

B) CD4f T-cells were lysed as described in Materials and Methods, either in the 

hypotonic lysis buffer described in Materials and Methods, or in an isotonic buffer 

containing 140 rnM Sodium chloride, lOmM Tris-HC1 pH 7.4, 1% NP-40, 400pM 

Sodium orthovanadate, 5OmM Sodium fluoride, 34pg/rnl PMSF and 10pghnl each of 

Aprotinin and Leupeptin. Molecules were precipitated from lysates ( 1 x 106 ce11 

equivaients) as described in the legend to Fisure 3. Precipitates were reveded by specific 

immunoblotting for Lck. 
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In pursuing the basis for this difference, we noted that lysis conditions used in the 

present study are different from those used in the Jurkat studies. Specifically, cells were 

Iysed in isotonic conditions in the latter study, while hypotonic conditions were used 

throug,hout the present study. Imponantly, these conditions do not significantly affect our 

ability to CO-precipitate CD45 with anti-CD4 (compare Figure 2A with 3D). A direct 

comparison of the stoichiometry of Lck-CD4 interaction in primary CD4+ T-cells was 

then assessed using the two lysis conditions, and were complemented by semi- 

quantitative densitometry. As illustrated in Figure 5B, in hypotonic conditions, the 

majority (80-95%) of cellular Lck is CO-precipitated with anti-CD4. In marked contrast, a 

minority (5-15%) of cellular Lck is rescued in anti-CD4 precipitates when lysates were 

generated in isotonic conditions. While this coprecipitation analysis was not done in a 

quantitative fashion, resuIts provide a basis for the differences observed in this and 

previous studies. Thus, it is not surprising that clearance of CD4 would not affect CD45 

signals rescued with anti-Lck in circumstances where only 5- 15% of cellular Lck is 

associated with CD4. 

2.3.4 Tyrosine phosphorylation state of CD4-associated and non- 

associated membrane Lck 

Since we are able to demonstrate the presence of a tri-rnolecular complex 

comprised of CD45-CD4-Lck, it follows that the status of Lck within this complex may 

be different from that of Lck which is not associated with CD4. Membrane expression of 

CD45 has been shown to affect the phosphotyrosyl content of Lck (4,5, 33), and 

further, the pool of Lck which is affected by CD45 is that which is associated with the 

inner leaflet of the plasma membrane (34). We therefore compared the phosphotyrosyl 

content of the two poois of Lck present in "membrane fractions", that which is associated 

with CD4, and that which is not. 



While membranes were prepared as described for the majority of the following 

experiments, in order to assess their purity, some preparaticins were derived from 

primary CD4+T cells which had been surface labelled with biotin prior to lysis and 

fract ionation. The object was to determine whether biotinylated CD4 could be precipitated 

from "membrane", but not "cytosolic" fractions. As illustrated in Figure GA, the 

efficiency with which labelled CD4 was precipitated from "membrane" and "cytosolic" 

fractions was > 1 O: 1, respectively . 

Thus, membrane Lck was partitioned into CD4-associated and non-associated 

pools by sequential precipitation with anti-CD4 followed by precipitation with anti-Lck to 

rescue the non-CD4 associated pool. As illustrated in Figure 6B, and assessed by semi- 

quantitative densitometric analysis, membrane Lck which is associated with CD4 has a 3- 

fold fower phosphotyrosyl content than does non-CD4 associated membrane Lck. While 

the phosphotyrosy1 residues in these two pools of Lck have not been mapped in the 

present study, previous analyses indicate that Lck in CD45- ce11 lines is 

hyperphosphorylated at Tyr-505 (4). Thus, that pool of non-CD4 associated membrane 

Lck in CD45+ primary T-cells may be in the same physiological state due to its cellular 

compartmentalization. Also of note in this context is that the cytosolic pooI of Lck, which 

represenu approximately 15% of cetlular Lck in primary CD4f T-cells, is also in this 

hyperphosp hory lated state (not sho wn). 



Figure 6. Tyrosine phosphorylation of CD4-associated and CD4-non- 

associated membrane Lck. 

A) CD4+ T-cells were surface labelled with biotin. Molecules were precipitated from 

solubilized "membrane" and "cytosolic" fractions ( 1 x 106 ce11 equivdents) using specific 

mAbs conjugated to cyanogen bromide-activated Sepharose beads. Antibodies used in 

precipitations include mAb specific for CD4, H129; and rabbit IgG anti-Lck. Precipitates 

were fractionated and revealed as described in the legend to Figure 4. 

B) Molecules were precipitated from solubilized membrane fractions containing 1 x 106 

ce11 equivalents as described above. Precipitates were revealed by specific 

immunoblotting for either Lck or phosphotyrosine. 
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2.4 Discussion 

In this study, we demonstrate that CD4 and CD45 are physically associated in 

resting, primary CD4+ T-cells. These results suggest a novel role for CD4 in shuttling 

CD45 into proximity of the antigen receptor complex as a consequence of antigen- 

mediated coaggregation of CD4 with elements of the TCRfCD3 complex. Given the 

comparable levels of CD4 and TCR/CD3 ce11 surface expression, this would provide a 

specific mechanism for recniitment of CD45 to the activation complex with appropriate 

stoichiornetry. 

Previous studies indicate that CD4 is not a unique ligand for CD45. Thus, CD22 

has been shown to interact with CD45 through sialic acid containing carbohydrates (35, 

36). Also, CD45 associates with the cytoskeletal components, fodrin and spectrin (37), 

as well as with CD 16 (38). Of note is that these previous studies were done in the 

absence of chemical crosslinkers. The latter technique has the advantage that associations 

between juxtaposed membrane molecules will be stabilized through covalent interactions. 

The difficulty, especially in the case of CD45, which is present at roughly IO-fold higher 

copy nurnber than the majority of other membrane molecules, is that the use of 

crosslinkers might be expected to rrveal associations with a large number of membrane 

proteins. Indeed this is the case. Over the last few years, studies employing chemicai 

crosslinking have demonstrated that CD45 can be CO-precipitated with Thy 1 (39), CD2 

(40), and TCR/CD3 (41). In the present study, we demonstrate that CD45 can be co- 

precipitated with the four CD4-specific mAbs tested, in the absence of chemical 

crosslinkers. The present analyses were performed in 1 %  NP-40, and thus results 

indicate that the stability of the CD4-CD45 interaction is comparable to or greater than that 

amongst elements of the antigen receptor complex (42). 



The reduction in the capacity of anti-CD4 to CO-precipitate CD45 in antigen 

activated T-cells supports the notion that CD4-CD45 complexes are involved in the 

activation process. However, two recent studies indicate that CD4-CD45 complexes 

occur as a result of T-ce11 activation, seemingly contradictiiig reauits described in the 

present study. 

CD45 has been shown to associate with both CD4and CD8 in human peripheral 

blood lymphocytes activated for three days with immobilized anti-CD3 or alloantipen 

(43). This association was revealed using fluorescence resonance energy transfer and, in 

some circumstances, chemical crosslinkers. The specificity of the interaction is assured in 

part by the observation that these associations were not observed in non-activated 

lymphocytes of either lineage. 

Another series of experiments have utilized cocapping analysis of CD4 and CD45 

in mitogen acrivated mouse T-cells. Specifically, subsequent to activation of primary T- 

cells by concanavalin A, these authors observed that CD4 and CD45 could be induced to 

cocap preferentially in T-cells expressing low levels of a high molecular weight isoform, 

CD45RB (20). Conceptually similar results were recently reported by the same group. 

Transfection of a CD45- thymoma ce11 line with cDNAs encoding CD4 and vanous 

isoforms of CD45 enabled an extension of the cocapping analyses described in earlier 

studies (44). They demonstrate that low molecular weight isoforms of CD45 cocap more 

efficiently with CD4 than do high molecular weight isoforms of CD45. Moreover, 

cocapping of these molecules need not involve the cytoplüsmic portion of CD45 

A number of points merit consideration in aid of reconciling results and 

conclusions of previous studies with those presented herein. The first is that cocapping of 

membrane molecules cannot be equated with the capacity to CO-precipitate molecuies from 

121 



lysates of detergent solubilized cells. However, it is also plausible that there occur 

interactions among membrane molecules which are not detergent stable, and require other 

approaches, such as cocapping, to be visualized. Thus, the capacity to CO-precipitate 

CD45 with anti-CD4 in resting but not activated cells, may reflect qualitative changes in 

the interaction of these two molecüles which preclude the rescue of complexes in 

detergent. not their capacity to interact per sr . Of note in this context is that we have been 

unable to CO-precipitate CD45 with anti-CD4 from T-ce11 clones which express a CD45 

isoform with an apparent rnolecular weight of p 180 (not shown). A further and related 

point is that the CO-precipitation analyses presented in this study demonstrate that p 175 

and p 195 isoforms of CD45 CO-precipitate with anti-CD4 with comparable efficiency. 

The p 195 isoform present in CO-precipitates is specifically recognized by mAb specific for 

CD45RB (data not shown). Thus, at least in resting primary T-cells, it is unlikely that 

the isoform of CD45 perse mediates its capacity to form detergent stable complexes with 

CD4. 

The results presented support the conclusion that trimolecular complexes 

comprised of CD45-CD4-Lck are present on the membranes of primary, resting CD4+ T- 

cells. Furthemore, these complexes are, at least in part, independent of CD45-Lck 

complexes. As mentioned above, a previous study concluded that CWS-Lck complexes 

were independent of CD4, since clearance of CD4 from lysates did not affect the capacity 

to precipitate Lck with anti-CD45 (32). A pertinent difference between this and the 

previous study was the tonicity of the lysis buffer used. We demonstrate that lysis in 

isotonic conditions results in a IO-fold lower stochiometry of CM-associated Lck. The 

difficult question which of course remains is which condition of lysis best reflects 

physiological circurnstances? 



Of note in this context is the demonstration that Lck is not required for the CD4- 

CD45 interaction. Thus, some of the 5- 15% membrane CD4 which is not associated with 

Lck is also found complexed with CD45 This is consistent with the observation from 

one of the studies discussed above, which demonstrate that the cytoplasmic portion of 

CD45 is not required for its interaction with CD4, as assessed by cocapping. Thus the 

interaction of CD4 and CD45 need not be mediated through interaction of phosphatase 

domains and Lck (44). 

It remains unclear whether, or how the compIexes described in this and previous 

reports involving CD4, CD45, and Lck, are related one to another. They may be 

independent, with specific and independent functions based on their respective rnoIecular 

components. These complexes of various composition may in tum be present in 

frequencies which reflect the physiologicai status of the cell. Altematively, the 

heterogeneity of these complexes may reflect part of a single biosynthetic and functional 

pathway. Specifically, it is not implausible that membrane associated CD45-Lck, CD4- 

Lck, CD4, CD45. and Lck are al1 derived from membrane complexes comprised of 

CD45-CD4-Lck. Since the trimolecular complex is shown here to exist in resting primary 

T-cells, the less than "complete" complexes may reflect physiological turnover. In this 

context we could conclude that cellular activation, which disrupts homeostatic processes 

in resting peripheral T-cells, disrupts what rnay be a steady state presence of the 

trimolecular complex described. 

A number of conclusions can be drawn upon consideration of the accurnulating 

evidence regarding the requirement of CD45 in antigen receptor mediated T-cell 

activation: specifically, which portions of the molecule direct function and cellular 

Iocalization. The ectodomain of CD45 is not required to rescue TCRKD3 signalling in 

CD45 deficient lines (45-47). Thus, the essentid function in regard to T-ce11 activation is 
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that of phosphatase activity (46,47). The cytoplasmic domain appears not to perturb the 

interaction of at least sorne isoforms of CD45 with CD4 (44). Thus, an essential role of 

CD4 as a ligand for CD45 rnay be to recniit it into proximity of relevant substrates in the 

appropriate stoichiometry. In the primary resting CD4+ T-cells analysed in this study, an 

obvious member of this pool of substrates is Lck, and by extension Fyn, given that CD4 

would shuttle CD45 into the antigen receptor activation cornplex. Trimolecular complexes 

of CD3-CD45-Lck rnay serve to keep CD4-associated Lck primed for rapid activation 

upon antigen receptor stimulation involving aggregation of CD4  
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Results from the preceeding chapter characterize a novel function for CD4 in 

recruiting the PTP CD45 to TCRICD3 upon antigen recognition, thereby providing a means 

for CD45 to be brought into proximity of relevant substrates at the activation cornplex. The 

observation that CD45 coprecipitates with CD4. but with neither CD8a or CD8P correlates 

with the inhibition of T ceIl signalling in CD4+, but not CD8+ T ceIls, observed as a 

consequence of CD45-specific mAb pretreatment, in earlier studies alluded to in 

introduction. Together these resuits indicate that the mAb-mediated inhibition observed is 

Iikely due to disruption of an intermolecular interaction allowing accessibility of CD45 to 

relevant substrates, critically involved in T ce11 activation. Further, these findings 

underscore the different roles of CD4 and CD8 in antigen receptor-rnediated signalling in 

the respective T ce11 lineags, and emphasize the importance of the contribution of CD4 in 

the activation of MHC clas II restricted T cells. The novel function of CD4, characterized in 

chapter 2, extends the role of CD4 beyond that of directing the localization and activation of 

Lck. However, given that the majority of ceIlular Lck is found associated with CD4 in 

resting CD4+ T cells, and that Lck may be an important substrate for CD45, this novel role 

for CD4 in T ce11 activation may be, in part, linked to the association of Lck with CD4. 

Thus, it remains unclear if the role for CD4 in T ce11 activation can be dissociated from its 

association with Lck. The study described in the next chapter highlights a novel role for 

CD4 in antipn-mediated T cell activation, not entirely dependent on its association with 

Lck. Importantly, results from this study indicate that the role for CD4 in T ce11 activation 

is not restricted to the initation of responses. Rather, results frorn Chapter 3 characterize a 

novel role for CD4 in ongoing responses of activated T cells. 



Chapter 3 

CD4 Mediated Inhibition of IL-2 
Production in Activated T cells 

j ~ h e  results in this chapter have been published in Journal of lmin~tnology 162: 1252. 
( 1999) Copyright 1999. The Amencan Association of Irnmunologists. 1 alone performed 
the experiments presented. 



3.1 Introduction 

The coreceptor molecule, CD4, plays a critical role in T ceIl activation in response 

to antigen. as has been demonstrated by the ability of CM-specific mAbs abrogate both 

antigen, and anti-TCR-induced T ceIl activation (1,2). The latter results may reflect the role 

of CD4 in enhancing the avidity of the T cell-APC interaction. However, the use of anti- 

CD4 to block anti-TCR/CD3 mediated T ce11 activation. in the absence of M C  expressing 

MHC class II led to the suggestion that CD4 may deliver inhibitory signals to T cells (1). 

The first dernonstration of a role for CD4 in generating signals that contribute to T 

ce11 activation came from coaggregation studies. Specifically, antibody-mediated 

coaggregation of TCR/CD3 with CD4 greatly enhances ceIl growth compared to that 

induced by aggregating TCR/CD3 alone (3-5). The capacity of CD4 to enhance/alter signals 

emanating from TCRKD3 has been attributed to its association with the Src-family protein- 

tyrosine kinase Lck (6- IO). Therefore, the enhanced reponsiveness observed upon co- 

aggregating CD4 with TCRKD3 could be a consequence of juxtaposing CDCassociated 

Lck, presumably activated, and signalling molecules present at the site of the antigen 

receptor complex. Anti-CD4 mediated inhibition of T cell activation could therefore involve 

both the reduction of the avidity of T cell-WC interaction, as well as blocking the delivery 

of critical Lck mediated function. 

Previous studies from Our laboratory have described a number of T ce11 clonal 

variants which provide further insight into the contribution of CD4/Lck complexes to the 

outcome of antigen mediated T ce11 activation. The antigen receptor signalling phenotypes 

of CD4+ and CD4- variants of an IL-Zdependent, ovalbumin specific T cell clone were 

alluded to in the general introduction (IO).  Briefly, both variants respond comparabIy to 
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antigen, indicating that the antigen response is not dependent on the increased avidity 

supported by the expression of CD4. However, only the CD4- variant responds to mAbs 

specific for TCRP. Further, the forced expression of wildtype (WT) CD4, but not mutated 

CD4 (DC), unable to bind cellular Lck , due to cysteine to alanine substitutions at residues 

4 18, and 420, in CD4- variants, rendered ceils unresponsive to mAbs specific for TCRP. 

Thus, it is not the expression of CD4 per se that disables mAb mediated responses in these 

variants, rather the capacity of CD4 to bind cellular Lck. This in turn suggests that CD4 

mediated inhibition of responses to TCRP specific mAbs is due to its capacity to sequester 

the rnajority of cellular Lck. Thus, when CD4 is not CO-aggregated with TCRKD3, as it is 

in the presence of antigen, the jeneration of prerequisite activation signals is prevented 

( 10). Furthemore. the original characterization of these CD4+ and CD4- clonal variants 

demonstrated that the antigen response of the CD4+ variant is susceptible to anti-CM- 

mediated inhibition (10). Since the antigen response of this variant is not dependent on the 

increased avidity supported by CD4 expression, it was thought that the observed inhibition 

is likely due to the interference of the juxtaposition of CD4-associated Lck with the 

TCRICD3 cornplex. 

We have addressed this issue in the present study. Specifically, if the capacity of 

anti-CD4 to inhibit the antigen response of the CD4f clonal variant is due to disrupting the 

delivery of Lck derived sijnals, the prediction follows that anti-CD4 should not inhibit the 

antigen response of clonal variants expressing DC CD4, which is unable to interact with 

cellular Lck. The unexpected result is that this is not the case. Rather, antigen responses of 

ceils expressing either WT, or DC CD4 are inhibited over a broad range of anti-CD4 

concentrations. Moreover, the efficacy of anti-CD4 mediated inhibition is not reduced when 

it is added to culture after the initiation of the response. This suggests that CD4 ligation 

subsequent to cellular activation, and indeed the onset of growth, transmits a negative 

signal(s). Since the same phenotype is observed, albeit at lower intensity, in clonai variants 
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expressing DC CD4, transduction of this signal(s) is at least in part independent of 

associated Lck. Towards charactenzing the molecular basis of the anti-CD4 mediated 

inhibition observed, it is demonstrated that the addition of exogenous IL-2 rescues 

responses. Thus, CD4 ligation subsequent to the induction of cellular growth impairs 

processes regulating IL-2 production, rather than its utilization. Within one hour of 

addition, anti-CD4 is shown to reduce steady state levels of IL-? mFWA more than 10-fold 

in antigen activated WT CD4 clona1 variants. Importantly, this novel characteristic of CD4 

function is shown to apply to both antigen and anti-TCR mediated activation of pnmary T 

cells. Thus, the results extend the current paradigm for the function of CD4. In addition to 

supporting initial activation events emanating from the antigen receptor complex, CD4 may 

play a central role in mechanisms regulating T ceil homeostasis. 

3.2 Materials and Methods 

3.2.1 Animals 

BALB/c ûnd C57B1/6 male mice, at 6-8 weeks of age, were purchased from 

Jackson Laboratories (Bar Harbor, ME). Ovalbumin-specific TCR transgenic mice ( 1  1 ) ,  

kindIy provided by Dr. D. Loh (Washington University, St. Louis, MO) were housed and 

bred in Our animal facility. 

3.2.2 Antibodies and Reagents 

Monoclonal antibodies used for T ceIl stimulation were affinity purified on Protein 

A-Sepharose (Pharmacia, Baie d'Urfé, Québec), and include mAbs specific for TCRp 

[H57.597, (1 2)] and C D ~ E  [ l 4 5 . X  1 1, ( 13)]. Monoclonal antibodies used in complement- 
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mediated lysis were used as culture supernatants and include mAbs specific for CD4 

[RL. 172.4H, ( 14)], CD8 [3.168, (1 5 ) ]  and Thy- 1.2 [HO 13.4.9-2, ( 16)]. Monoclonal 

antibodies used in  proliferation assays were either affinity purified on mouse anti-rat-Iglc 

[MARK- 1,  ( 17)] conjugnted Sepharose 4B (Pharmacia, Baie d'Urfé, Québec), including 

mAbs specific for CD4 [H 129, ( 18)] and MHC class 1 [M 1.42, ( 19)], or affinity purified 

on Protein-A Sepharose, including mAb specific for CD28 137.5 1, @O)]. Affinity purified 

normal syrian hamster IgG was purchased from Bio/Can Scientific (Mississauga, Ontario). 

PE-conjugated anti-CD4 (GK1.5) was purchased from Becton Dickinson. Rabbit anti-Lck 

was generated by immunizing with an Lck peptide composed of the N-terminal residues 

39-64, coupled to KLH. Rabbit anti-Lck used in precipitations was purified from immune 

serum using Protein A Sepharose (Pharmacia. Baie D'Urfé, Québec) and immune serum 

was used for immunoblotting analysis. 

3.2.3 CeIl preparation and In Vitro Culture 

Primary T cells were isolated from lymph nodes of mice as previously described 

(2 1) .  Briefly, lymph node ce11 suspensions were incubated with CD8-specific antisera 

(Cytovax, Edmonton, Alberta). B cells and CD8+ T cells were depleted by negative 

selection by passing labelled cells over anti-immunoglobulin columns (Cytovax, 

Edmonton, Alberta). The resulting populations were >95% TCRB+ and CD4+, and c 1% 

mIgf. 

T ce11 depleted APC were obtained from syngeneic splenocytes. Splenocytes were 

treated with rnAbs described above, specific for C W ,  CD8 and Thy- 1.2 and guinea pig 

complement (Cedarlane). Cells were subsequently fractionated on discontinuous Percoll 

gradients comprised of p= 1.109, p= 1 .O66 and p= 1.00. Cells banding at the 

p= 1.109/p= 1 .O66 interface were harvested and irradiated (2000 rad). 
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The ovalbumin-specific, IL-2 dependent CD4- clone 2.10, and infectants have been 

previously described (IO). Briefly, the CD4- clone 2.10 was infected with a retrovirus 

containing the Neomycin resistance gene alone (NEO), or in addition to either the murine 

cDNA encoding for wildtype CD4 (WT CD4), or double cysteine mutated CD4 (DC CD4). 

Clona1 variants were maintained in  serum free Iscove's modified Dulbecco's medium 

(IMDM) containing 3U/ml recombinant IL-2 in the form of supernatant, and 1% soy bean 

lecithin ( 10). This medium was supplemented with 600pg/ml active G4 18 (Gibco, 

Burlington, Ontario) for the propagation of the various infectants. 

In proliferation assays involving T ce11 clonal variants, cells were harvested and 

washed twice in unsupplemented serum-free IMDM. T cells (5x 104) and irradiated 

(2000rads) splenocytes (5x 105) or T ce11 depleted splenocytes ( 2 . 5 ~  i05), as indicated in 

the figure legends, were cocultured in the absence of IL-2 in a final volume of 2 0 0 ~ 1  of 

serum-free iMDh4. Cultures were stimulated with either 100pg/ml OVA. or 1 j.ig/ml 

ovalbumin-derived peptide, residues 143- 157 ( o v A ~ ~ ~ - ~ ~ ~ ) ~  in the presence or absence of 

the indicated mAbs added at either initiation of the cultures, or 12 or I8 hours later, as 

indicated in the figure legends. Alternatively, cultures were stimulated with anti-TCRP or 

anti-CD3e. At. 40 or 48 hours, as indicated in the figure legends, cultures received IpCi 

3~-thymidine, 6 hours later, they were collected ont0 filter mats and thymidine uptake 

assessed by liqu id scintillation spectroscopy . 

Two protocols were employed to induce the proliferation of primary T cells. 

Pnmary CD4+ lymph node T cells were isolated from OVA-specific TCR-trangenic mice. 

as described above. Five x 104 T cells and 105 irradiated (2000rads) syngeneic T ce11 

depleted splenocytes were cocultured in 200~1 of unsupplemented serum-free medium. 

Cultures were stimulated with 0.001fl of specific ovalbumin-derived peptide, residues 
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323-339 (OV~323-339, a kind gift of Dr. Patrice Hugo, BRI, Montréal, Québec) and 

received either anti-CD4 mAb H 129 or anti-MHC class I mAb M 1.42 twelve hours later. 

Alternatively, wells of 96 well cluster flat bottom tissue culture plate (Nunc, Burlington, 

Ontario) were coated directly with 50p1 of an HBSS solution containing 1 &ml anti-TCRP 

mAb for 1 hour at 37'C. Following 2 washes with 100~1 HBSS, wells were blocked with 

5 0 ~ 1  of an HBSS solution containing lOmg/ml BSA (Boehringer Mannheim, Laval, 

Québec). Following 2 washes with i 00p1 HBSS, 5x 104 primary lymph node T cells from 

C57BV6 mice were added in 200yl of unsupplemented serum-free medium. At 40 hours, 

cultures were pulsed with 1 pCi 3H-thymidine and proliferation was assessed as described 

above- 

Culture of cells for northern blot analyses involved a variety of protocols. T ce11 

clona1 vanants (3x 105) and 1 . 5 ~  106 irradiated (2000rads) syngeneic T ce11 depleted 

splenocytes were cocultured in 1 ml senim-free medium. Cultures were stimulated with 

lpgjml OV~143-157 peptide. Cells were harvested from 12 replicate cultures at the indicatrd 

time points, and total RNA extracted. Alternatively, twelve hours after initiation of cultures. 

either anti-CD4 mAb H 129 ( Ipg/ml) or anti-MHC class 1 mAb M 1.42 ( 1 pg/ml) were added 

to cultures. CeIls were harvested from 18 replicate cultures at the indicated times, and total 

RNA extracted. Altematively, wells of a 24 well cluster flat bottom tissue cultures plate 

(Nunc, Burlington, Ontario) were coated with 300~1 of an HBSS solution containing 

l@ml anti-TCRp for 1 hour at 37'C. Following 2 washes with 500pl HBSS, wells were 

blocked with an HBSS solution containing 10 mgml BSA (Boehringer Mannheim, Laval, 

Québec). Following 2 washes with 500~1  HBSS, 3x 105 primary lymph node T cells from 

C57B1/6 mice were added in 1 ml of unsupplemented serum-free medium. Eighteen hours 

later, either anti-CD4 mAb H 129 ( 1 &ml) or anti-MHC class 1 mAb M 1 -42 ( 1 pg.ml) were 

added to cultures. Four hours later, cells were harvested from 60 replicate cultures, and 

total RNA was extracted 
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3.2.4 lmmunofluorescence and Flow cytometry analysis 

Cells (105) were labeled with the indicated antibodies for 10 minutes in 100~1 PBS 

containing 5% FCS, followed by three washes with the same buffer. Flow cytometric 

analysis was performed on a Becton Dickinson FACScan. 

3.2.5 Immunoblotting 

T cells were lysed at 5x 107 cellslml in lysis buffer containing: 50mM Tris pH 8, 

30mM EDTA, IOpgIml each aprotinin and leupeptin, 1mM PMSF, 50rnM NaF, 2 0 0 w  Na 

orthovanadate and 1% Nonidet P-40. After a 15 minute incubation on ice, postnuclear 

fractions were prepared by spinning Iysates at 13000g for 10 minutes. CD4 and Lzk were 

precipitated from lysates containing 106 ceil equivalents using antibodies covalently 

coupled to Sepharose 4B (Pharmacia, Baie d'Urfé. Québec) at 4'C for 30 minutes. 

Foliowing 5 washes in Iysis buffer (without aprotinin and Ieupeptin), Sepharose beads 

were resuspended in sarnple buffer containing 2.3% SDS and 5% 2-mercrtptoethanol. and 

boiled for 5 minutes prior to 8% SDS-PAGE. Proteins were transferred to nitrocelluIose 

and Lck was revealed in immunoblots by probing membranes with rabbit anti-Lck, 

folIowed by HW-conjugated Protein A (ICN, Montréal, Québec). Immunoblots were 

developed using enhanced cherniluminescence (Amersham, Oakville, Ontario). 

3.2.6 Northern Blotting Analysis 

Total RNA was extracted using TRIzol (Gibco-BRL, Burlington. Ontario) as per 

manufacturer's instructions. Briefly, cells were lysed in TRIzol and RNA was extracted by 

phenol-chloroform. precipitated in 50% isopropanol, and washed in 75% ethanol. The ratio 
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of optical densities of the RNA samples at 260 nrn and 280 nm was consistently ~ 1 . 6 .  

Nine pg of each RNA sarnple was electrophoresed on a 1 2'2% agarose gel containing 3 6  

fomaldehyde, 0.02M MOPS, 8mM sodium acetate and 1 mM EDTA. RNA bands were 

transferred to a GeneScreen nylon membrane (Dupont) and cross-linked with UV light. 

The blots were prehybridized overnight at 42'C in 25 ml of 6X SSC, 50% formamide, 

0.5% SDS, 10% dextran sulfate, 5X Denhardt's solution and 100 &ml salmon spem 

DNA, and then hybridized overnight with 25x 106 c.p.m. of the indicated probe. Probes 

were prepared by radiolabelling the 600bp Pst4 insert of pGEM-IL-2, using a commercial 

kit (Pharmacia, Baie d'Urfé, Québec). Labelled probes were separated from excess 3 2 ~ -  

dCTP (Dupont) by chromatography on Sephadex G-50 columns (Pharmacia, Baie d'Urfé, 

Québec). After hybridization, membranes were washed twice with 2X SSC for 2 minutes 

at room temperature, and then with 5X SSC. 1% SDS at 65°C. Results were visualized by 

autoradiography, and quantitative analysis was performed using a PhosphorIrnager 

(Molecular Dynamics, Sunnyvale. CA). Blots were stripped by washing with boiling O. 1X 

SSC and 1% SDS for 1 hour, and hybridization was carried out as above with 32P-labelled 

cDNA specific for L32 ribosomal protein. which provided a loading control to which 

signals for IL-2 were normalized. 



3.3 Results and Discussion 

3.3.1 Associated Lck is not Obligatory for CD4 Mediated Inhibition of 

Antigen Responses 

The previous characterization of CD4+ and CD4- variants of an IL-2 dependent T 

ce11 clone, specific for O V A ~ ~ ~ - ~ ~ ~ / I A ~ ,  demonstrated that responses of these variants to 

optimal concentrations of antigen were not dependent on the increased avidity supported by 

expression of CD4 (10). This indicates that the response, in these circurnstances, is not 

dependent on adhesive properties of CD4. However. as previously reported, the antigen 

response of the CD4+ variant was nonetheless inhibited by rnAb specific for CD4 ( 10). 

This result suggested that the observed inhibition is not iikely due to disrupiion of the CD4- 

MHC class H interactions that increase the avidity of T cell-APC interaction. Rather. anti- 

CD4 was likely interfering with the juxtaposition of CD4-associated Lck with TCRCD3, 

and thus blocking the delivery of Lck function. If so, the prediction follows that anti-CD4 

should not inhibit antigen responses in clonal variants expressing DC CD4 unable to 

associate with cellufar Lck. 

To address this possibility, we assessed the capacity of anti-CD4 to inhbit antigen 

responses of CD4- clonal variants in which the expression of either WT CD4, or DC CD4, 

was forced. Cells infected with retrovirus encoding the Neomycin resistance gene alone 

(NEO) were used as a CD4- control. As illustrated in Table 1 A, representative clones from 

each of the three categories of infectant respond to antigen and CD3& mediated stimulation. 

However, as previously described (IO) ,  the response of WT CD4 infectants to TCRp 

specific mAb was roughly 10% of that observed with DC CD4, or 1NEO infectants (Table 
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ce11 clone, specific for O V A ~ ~ ~ - ~ ~ ~ A A ~ ,  dernonstrated that responses of these variants to 

optimal concentrations of antigen were not dependent on the increased avidity supported by 

expression of CD4 (10). This indicates that the response, in these circumstances. is not 

dependent on adhesive properties of CD4. However, as previously reported, the antigen 

response of the CD4+ variant was nonetheless inhibited by mAb specific for CD4 (10). 

This result suggested that the observed inhibition is not likely due to disruption of the CD4- 

MHC class II interactions that increase the avidity of T cell-APC interaction. Rather. anti- 

CD4 was likely interfering with the juxtaposition of CD4-associated Lck with T C W D 3 ,  

and thus blocking the delivery of Lck function. If so, the prediction follows that mti-CD4 

should not inhibit antigen responses in clonal variants expressing DC CD4, unable to 

associate with celluIar Lck. 

To address this possibility, wz assessed the capacity of anti-CD4 to inhibit antigen 

responses of CD4- clonai variants in which the expression of either WT CD4, or DC CD4, 

was forced. Cells infected with retrovirus encoding the Neomycin resistance gene alone 

(IWO) were used as a CD4- controf. As illustrated in Table 1 A, representative clones frorn 

each of the three categories of infectant respond to antigen and C D ~ E  mediated stimulation. 

However, as previously described (IO), the response of WT CD4 infectants to TCRP 

specific mAb was roughly 10% of that observed with DC CD4, or NE0 infectants (Table 

LA). The antigen response of the CD4- NE0 variant was not inhibited in the presence of 



Table 1. A) Anti-CD4 inhibits antigen-induced DMA synthesis in T ce11 

clones expressing either WT CD4 or DC CD4. Representative T ce11 clones from 

each categoïy, NEO, WT CD4 and DC C D 4  were cocultured with irradiated H-2b 

splenocytes and either TCRP specific rnAb ( lpghrd), C D ~ E  specific rnAb (O. Ighnl )  or 

10OPg/ml OVA in 200pl serum-free L I M .  At 40 h, each culture was pulsed with 1pCi 

3H-TdR. Six hours later cultures were harvested ont0 filters and thymidine uptake assessed 

by liquid scintillation spectroscopy. Results shown are the rnean c.p.rn. from three 

experiments, with one standard error indicated. Alternatively, * cells were cultured with 

10OPg/rnl OVA in the presence of CD4 specific mAb. Values indicate mean % of the 

antigen response of three experirnents, in the absence of anti-CD4, with one standard error 

indicated. B) Anti-CD28 inhibits the antigen response of WT CD4 clonal 

variants. Five x IO4 WT CD4 expressing cells were cocultured with 2.5~10' irradiated 

H-2b T-depleted splenocytes with lpg/ml O V A ~ ~ ~ - '  57 in the presence and absence of either 

CD28 specific mAb (l~g/rnl) or control hamster IgG ( lcig/ml) in 200~1 serum-free fscove's 

modified Dulbecco's medium (IMDIM). Proliferation was assessed by thymidine uptake as 

described above. 



Stimulus Oh Control 

Clonal variant Anti-TCRp Anti-CD~E OVAA Ab Anti-CD4/0VA* 

NE0 25227.3-1-581.1 43704.7d388.0 30654.1 k419.0 99.9 

WT CD4 3774.34226.0 30779.721 60 1 .O 45758.712381 -3 4.6 

DC CD4 33571.3+1235.2 70642.7+2659.7 25042.0a90 1.2 29.7 

a Stimulus Antibody 3TdR-uptake % Control 

OVA/IAb - 20921 d 5 4 8  
A 

Hamster IgG 19592+4267.7 94 

Anti-CD28 1864+400 9 



anti-CD4, whereas that of the WT CD4 variant was inhibited as profoundly as that of the 

variant expressing endogenous CD4 (Table 1.4 and ref ( 10)). 

In contrat to the result predicted if anti-CD4 was blocking the delivery of Lck 

function, the antigen responses of the DC CD4 variant were also affected by anti-CD4. 

Thus, when anti-CD4 was added at the initiation of culture, the ensuing antigen responses 

were 20-3010 of that observed in control cultures (Table LA). As illustrated in Figure 1 A. 

the less efficient inhibition of the DC CD4 variant was not due to lower ieveIs of CD4 

expression. as the distribution of CD4 in the latter variant overlapped with that of the WT 

CD4 variant. Further, andysis of the presence and distribution of Lck in these clonal 

variants demonstrated the presence of comparable levels of cellular Lck in variants of the 

three categories of infectants, and its association with CD4 in the WT CD4 expressing 

variant, exclusively (Figure 1B). These results dernonstrate that CD4 c m  mediate the 

inhibition of antigen responses in the absence of associated Lck, in circumstances where 

the avidity of the CD4-MHC class iI interaction is not limiting the response. 

The specificity of CD4 mediated inhibition of antigen responses was furtlier 

characterized using an extended panel of clones from each category. As illustrated in Figure 

IC, antigen responses of both WT CD4 and DC CD3 variants were inhibited by a broad 

range of anti-CD4 concentrations. However, CD4-specific mAb did not alter antigen 

responses of CD4- variants. This inhibitory effect is not sestricted to anti-CD4 mAb H 129 

as anti-CD4 mAb GK1.5 functions in a sirnilar manner (not shown). To ensure that anti- 

CD4 inhibition was not simply due to the generation of antigen-antibody complexes on the 

membranes of these clonal variants, the inhibition mediated by MHC class 1 specific mAb 

Ml .42 was assessed. The use of this marker as a negative control is appropriate in this 

regard as it is both isotype matched with the CD4 specific mAb, and MHC class 1 is 

expressed more abundantly than CD4 on these clonal variants. As illustrated in Figure IC, 
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Figure 1. A) Expression of exogenous CD4 by representative clones of 

each subset of 2.10 infectants. CD4 expression by 2.10 N E 0  infectant, N7, 2.10 

WT CD4 infectant, NC 4.10 and 3.10 DC CD4 infectant, NDC 32, was determïned by 

irnmunofluorescence staining and FACS analysis using phycoerythrin-conjugated anti-CD4 

(GK 1.5). B) Differential coprecipitation of Lck with CD4 variants. CD3 and 

Lck were precipitated from lysates ( I x 106 ce11 equivalents) of representative cIones N7, 

NC 4.10 and NDC 32 using specific mAbs conjugated to cyanogen bromide-activated 

Sepharose beads. Antibodies used in precipitations include mAbs specific for CD4 and 

IgG isolated from rabbit anti-Lck serum. Precipitates were revealed by specific 

immunoblotting for Lck, as described in Materials and Methods. C) Specificity of 

inhibition of antigen responses. Three representative T ce11 clones of each subset. 

NEO. WT CD4 and DC CD4 were cocultured with irradiated splenocytes and IOOpghni 

OVA, as described in the legend to Table 1, in the presence or absence of indicated 

concentrations of either CD4-specific mAb. shown in the full symbols, or MHC class I- 

specific mAb, shown in the empty symbols. Proliferation was ssessed by thymidine 

uptake as descnbed in the legend to Table 1. Values shown are the mean 5% of antigen 

responses of three experiments with one standard error indicated. 
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addition of MHC class 1-specific mAb at the initiation of culture did not inhibit antigen 

responses of any of the three representative clones from each of the categories of infectants 

over the dose range tested. In addition to the MHC class 1 control. further evidence 

supports the conclusion that the observed inhibition is specific to CD4 ligation. 

Specifically, anti-CD8 did not inhibit the antigen response of CD8cx-expressing variants of 

the CD4- line (not shown). 

The Iess profound inhibition of DC CD4 variants is observed over the titration of 

anti-CD4 tested. Thus. while up to 50% of the response of WT CD4 infectants is 

inhibited at 10 ng/rnl of anti-CD4, and >95% inhibition of these variants is observed at 100 

ng/rnl, the latter concentration was required to observe significant inhibition of DC CD4 

infectants. Furthemore. while levels of inhibition reached a plateau at 100 n g / d  of anti- 

CD4 for both CD4 expressing variants. the amplitude of the inhibition did not exceed 8 0 8  

for DC CD4 variants (Figure IC). Nonetheless, this inhibition was specific. and therefore 

the results demonstrate that the capacity of anti-CD4 to inhibit antipen mediated activation 

cannot be due solely to blocking the delivery of critical activation signals mediated by CD4- 

associated Lck. 

These results are consistent with previous reports demonstrating a role for CD4 

signalling independent of its association with Lck. Corresponding to the results presented 

thus far, it has been reported that anti-CD4 inhibited IL-2 production in response to super 

antigen by hybridoma variants expressing either WT CD3 or DC CD4 to comparable 

degrees (22). However, in the latter study, the dependence of the responses assessed on 

the adhesive properties mediated by CD4 expression was not controlled. Further, and 

consistent with CD4 mediating positive effects which are independent of associated Lck, it 

was reported that enhancement of IL-2 production c m  be observed by CO-aggregating TCR 

to CD4, in cells expressing either WT CD4 or a tmncated form of CD4, unable to associate 
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with Lck (22). However, for the most part, studies assessing the regulatory effects of CD4 

ligation in modifiying signais emanating from TCRKD3, and the role of associated Lck in 

this regard, have focussed on effects induced at the initiation of T ce11 activation. Thus, 

ligation or üggregation of CD4 was achieved at the time of TCRICD3 engagement. 

3.3.2 Anti-CD1 Inhibits Ongoing Antigen Responses which are Rescued 

by Exogenous IL-2 

To establish whether anti-CD4 perturbs TCR/CD3 derived signds at the initiation 

of T ce11 activation, exclusively, the effects of delaying the addition of anti-CD4 were 

assessed. Thus, a representative clone from each category of infectant was stimulated with 

antigen, and the inhibition of the response mediated by anti-CD4 added at the time of 

initiation of culture, or 12 or 18 hours later. was assessed. As illustrated in Fisure 2. the 

extent of inhibition observed was not significantly altered when the addition of anti-CD4 

was delayed. Gelayed addition of the controi rnAb specific for MHC class 1, had no effect 

(not shown). As cultures containing each of the infectants malysed in this assay were 

responding to antigen at the 12 and 1 S hour time point as assessed by thymidine 

incorporation (not shown), the results suggest that ligation of CD4 may inhibit the ongoing 

response of activated T cells. 

This result is consistent with a recent report. Specifically, it was demonstrated that 

mti-CD3-induced proliferation of human CD4+ PBL could be inhibited by anti-CD4, and 

that the addition of rnAb could be delayed for several hours without altering the observed 

inhibition (23). A potential caveat in the latter study, also pertinent to results presented in 

Figure 3 in the present study, is the absence of a forma1 demonstration that anti-CD4 

inhibits ongoing responses of activated T celis, rather than the initiation of T ce11 responses 

recruited Iate within the culture period. Thus, when DNA synthesis is assessed by 
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Figure 2. Delayed addition of anti-CD4 inhibits antigen responses. Five x 10' 

cells of representative T ce11 clones from each category, NEO, WT CD4, and DC CD4 

were cocultured with 2.5 x 105 irradiated T-depleted splenocytes and lPg/ml OVA 143-15' 

in 200d semm-free medium. CD4 specific mAb. (l~g/ml) was added at either time of 

initiation of the cultures, 12 or 18 h later. Proliferation was assessed by thymidine uptake 

as described in the legend to Table 1. Results show the mean C/o of control responses of 

three experirnents with one standard error indicated. 
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thymidine uptake at 40 hours, it is unclear when the response of the cells incorporating 

thymidine was initiated. This issue will be addressed in the present snidy. Further. since 

plate bound anti-CD3 was used as the stimulus in the previous study (23) ,  it remains 

unclear if anti-CD4 treatment could over ride the central role of CD28 in providing 

costimulatory signais in T ce11 activation. In this context, is has been reported that gp 120- 

or anti-CD4-mediated ligation of CD4 prior to anti-CD3 mediated T ce11 stimulation 

inhibited the upregulation of CD40L on T cells and of B7-1 on APC, thus reducing the 

available costimulatory ligand for CD28. Addition of exogenous anti-CD28 overcame the 

inhibitory effect of g 1 2 0  or anti-CD4 on anti-CD3 induced T ce11 proIiferation (24). Two 

points ment comment in regards to this latter study. Since ,op- 120/anti-CD4 was used to 

pre-coat cells pnor to stimulation in these studies. their effect on the intiation of the T ce11 

response is beirig assessed, and thus the capacity of anti-CD28 to rescue the initial signals 

emanating from the TCRCD3 cornplex. The capacity of either a 1 2 0  or anti-CD4 to inhibit 

ongoinz T ce11 responses induced with anti-CD3 was not assessed in this latter study. and 

thus the effects of anti-CD28 in these circurnstances is difficult to predict. Further. recent 

reports demonstrate that anti-CD28 is able to stimulate IL-? production and ensuing T ce11 

arowth in the absence of TCRICD3 ligation (25-27). Thus, the interpretation of the 2 

obsetved anti-CD28 mediated rescue of gp IîOlanti-CD4 mediated inhibition is complicated. 

Indeed it could be overcoming the negative signals induced through CD4, alternatively. 

anti-CD28 could be directly stimulating growth, which is insensitive to gp 120 and anti- 

CD4 pretreatrnent. as for those responses induced by PMA in combination with ionomycin 

( 3 5 ) -  

The results presented in TabIe 1B suggest that the effects of anti-CD4 mediated 

inhibition of ongoing T ce11 responses supercedes the costimulatory signals supported by 

CD28, in the protocols used in the present study. Thus, if the APC in the cultures are 

providing ligand for CD28, and consequently costirnulation is functioning in the antigen 
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responses assessed, addition of exogenous anti-CD28 may inhibit the process by 

preventing the interaction of CD28 with its natural ligand. Such effects have been reported 

using Fab fragments of CD38 specific rnAb which inhibited alIo-responses of T cells 

receivinp costimulatory signals from APC in culture (28). As illustrated in Table 1 B. the 

addition of CD28 specific mAb, but not control hamster IgG, at the time of initiation of 

culture resulted in roughiy a 10-foid inhibition of the antigen response of a WT CD4 

variant. Thus, CD28 is likely functioning in support of the antigen responses observed. 

and notwithstanding, anti-CD4 is able to over ride costimulatory signals provided by 

CD28. Since the latter contribute both to de rrovo transcription and stabilization of IL-2 

mRNA (29, 30), ,and are thus critical to the net production of IL-3. the effects of late 

addition of exogenous IL-2 on inhibition mediated by anti-CD4, added 12 hours after the 

initiation of cultures, was assessed. As illustrated in Figure 3, addition of IL-2, delayed up 

to 36 hours after the initiation of culture, rescued antigen responses. Thus, anti-CD4 

mediated inhibition of both WT CD4 and DC CD4 clonal variants was counteracted by 

exogenous IL-2. This demonstrates that anti-CD4 is neither inducing ce11 death. nor 

limiting the capacity to utilize IL-2. Rather, the results suggest that anti-CD4 perturbs the 

production of endogenous L-2,  and thus Iirnits celIuIar growth. The likely involvement of 

CD28 mediated costimulation in this sytem and its characterized effects on IL-2 rnRNA 

production and stability (29, 30), coupled with this result (Figure 3), prompted the analysis 

of anti-CD4 mediated affects on IL-2 mRNA levels. 

3.3.3 Anti-CD4 Downregulates IL-2 mRNA in Activated WT CD4 and DC 

CD4 Clona1 Var-iants 

In the following series of experiments, the effect of delayed addition of anti-CD4 on 

steady state levels of I L 2  specific mFWA was assessed by northern blot analysis. Since 

the first time point assayed at which thymidine incorporation induced by antigen was 
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Figure 3. Addition of IL-2 rescues CD4-mediated inhibition. Representative T 

ce11 clones of from each category, NEO, CVT CD4, and DC CD4 and irradiated T-depleted 

spenocytes were cocultured with 0VAi43-15' as descnbed in the Iegend to Figure 2. in the 

presence or  absence of either CD4 specific rnA4b, (I&rnl), o r  MHC class 1 specific mAb, 

( lpglml), added 12 h &ter initiation of cultures. Two units of rIL2 were added at 24, 30 or 

36 hours after initiation of cultures. At 48 h. cultures were pulsed with 3H-TdR. Six hours 

later, cultures were hmested and proliferation was assessed by thymidine uptake as 

described in the legend to Table 1. Results show the rnean % of control responses of three 

experiments with one standard error indicated. 
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significantly above background was 12 hours, it was chosen as the time point at which the 

presence of IL-2 rnRNA was first assessed, as well as the one at which anti-CD4 was 

added to cultures. Cultures were subsequently harvested 1, 2, and 4 hours after the 

addition of anti-CD4, and steady state levels of IL-2 mRNA assessed. As iIlustrated in 

Figure 4, representative clones of variants from the three categories of infectants did not 

express detectable levels of IL-2 mRNA at the initiation of culture, however. by 12 hours 

after antigen stimulation. IL-? mRNA was readily detectable in NEO, WT CD4 and DC 

CD4 infectants. One hour after the addition of anti-CD4. levels of IL-2 mRNA were 

reduced to 15% and 42% of control in WT CD4 and DC CD4 infectants. respectively 

(Figure 4). This reduction was maintained and increased over the next four hours, resuiting 

in levels of mRNA which were 2.7% and 38% of controt iri WT CD4 and DC CD4 

infectants. respectively. As expected, addition of anti-CD4 did not affect the levels of IL-2 

mRNA observed in antigen stimulated NE0 infectants, nor did the addition of mAb specific 

for MHC class 1 downregulate Ievels of IL-2 mRNA in any of the infectants (Figure 4). 

Loading was controlIed by stripping the blots and re-probing with cDNA specific for the 

ribosomal protein. L32 (Figure 4). The numbers under each series of blots represent those 

derived from the densitometnc analysis of the signals obtained with the IL-2 probe. after 

norrnalizing to the density of the corresponding signal obtained with the L32 specific 

probe. 

The extent to which anti-CD4 induces the downregulation of IL-2 mRNA parallels 

the extent to which it inhibits thymidine incorporation in variants from each of the three 

categories (Compare Figures 2 and 4). Thus in this regard, the effects of anti-CD4 can be 

extended to the 40 hour time point (Figures 2 and 3). It should be noted however that due 

to the strict dependence on IL-2 for the maintenance of viability of these clonal variants, too 

few viable ceils were rescued at 40 hours for northern blot analysis. 



Figure 4. Anti-CD4 downregulates IL-2 message in activated T cells. Three 

x 105 cells of representative T ce11 clones from each category NEO, WT CD4, and DC 

CD4, were cocultured with 1.5 x 106 irradiated T-depleted splenocytes and lpg/rnl 

O V A ~ ~ ~ - ~ ~ ~  in lm1 serum-free medium. Twelve hours later, either CD4 specific W b ,  

( 1 pg/rnl) or MHC class 1 specific mAb, ( Icig/rnl) were added to cultures. At indicated time 

points, cells were harvested, total RNA was extracted from 18 replicate cultures and 

northem blot analysis was performed with "P-labelled murine IL-2 oligonucleotide (top 

panels). Bottom panels show northem blot analysis of membranes stripped and reprobed 

with 3V-labelled L32 cDNA as a loading control. Northem blots from were exposed to 

phosphorimager screens and bands quantified. IL-2 signals were normaiized to L32 

sipnals. Results represent 9% control IL2 signal in the absence of mAb at each given time 

point. 





More importantly. the assessment of the kinetics of appearance of IL-2 mRNA in 

response to antigen enabled discrimination between the possibilities that anti-CD4 was 

inhibiting either the late recruitrnent of T cells. or ongoing T ce11 responses. Thus. it is 

critical to demonstrate thac the late addition of anti-CD4 is indeed altering the expression of 

IL-2 mRNA in cells that contain it, rather than disabling the induction of mRNA in late 

recruits to the proliferative response. The former conclusion would be supported with the 

demonstration that antigen mediated induction of IL-2 mRNA in these ce11 lines takes 

significantly longer than the tirne required for anti-CD4 to affect levels of IL-2 mRiUA 

observed after treatrnent. The results in Figure 5 demonstrate that this is the case. [L-2 

mRNA was first detected in this assay 4-8 hours post antigen stimulation, in variants from 

each of the three categories of infectants (Figure 5).  Anti-CD4 mediated downregulation of 

IL-2 mRNA reaches a plateau within 2 hours (Figure 4), thus precluding the possibility that 

the observed inhibition is due to blocking the late recruitment of resting T cells. Therefore, 

the observed inhibition is a reflection of the capacity of anti-CD4 to inhibit ongoing T ce11 

responses through the downregulation of endogenous I L 2  

A previous report (3 1), demonstrated that CD4 clustering produces immune defects 

in CD4+ T lymphocytes by inhibiting the induction of transcription at the IL-2 locus. Thus, 

pretreatment of CD4+ T cells with HIV- L envelope glycoprotein g p  120 inhibited 

subsequent antigen or anti-CD3-mediated accumulation of IL-2. Thus, the capacity of CD4 

to directly irnpede T ce11 activation through ablation of IL-2 production is not without 

precedent (27). However. in these circumstances (271, the role of CD4 in perturbing the 

initiation of de novo transcription and translation of IL-2 was assessed. The present siudy 

extends these observations in two ways. The capacity of CD4 to interfere with IL-2 

production in T cells actively transcribing IL-2 mRNA is demonstrated, and the role of 

CD4 associated Lck in this process is shown not to predicate this CD4 mediated effect. 



Figure 5. Antigen stimulation tirne course for IL-2 detection. Representative T 

ce11 clones from each category, NEO, WT CD4, and DC CD4 were cocultured with 

irradiated T-depleted splenocytes and O V A I - ' ~ - ~ ~ ~  as described in the legend to Figure 5. 

CeIls were harvested at indicated time points. RNA was extracted from 12 replicate cultures 

and northern blot analysis was performed with "P-iabelled rnurine IL2  oligonucleotide 

(top panels). Bottom panels show northern blot analysis of the membranes stripped and 

reprobed with 3IP-IabelIed L32 cDNA as a loading control. 
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3.3.4 Anti-CD4 Inhibits Activated Prirnary T Cells Through Inhibition of 

IL-2 mRNA 

Towards generalizing this novel characteristic of CD4 function. it is essential to 

determine whether the phenotype and underlying mechanism established using T ce11 clonai 

variants can be extended to primary CD4+ T cells. This was addressed in the present study 

using two assay sytems. The first utilized lymph node T c e k  derived from animais 

transgenic for an O V A ~ ~ ~ - ~ ~ ~ A A ~  specific TCRup ( 1 1). The second used prirnary lymph 

node T cells derived from conventionai C57BI/6 rnice. As illustrated in the lefi panel of 

Figure 6A. the antigen response of transgenic T cells was significantly inhibited upon the 

addition of anti-CD4, but not anti-MHC class I antibodies, at 12 hours after initiation of 

culture. The lack of available transgenic mice precluded the assessrnent of steady state 

levels of IL-2 mRNA in this system. However, the capacity of delayed addition of anti- 

CD4 to inhibit the response of primary lymph node T cells derived from conventional 

C57B1/6 mice to plate-bound anti-TCRB (Figure 6A, right panel) was amenable to further 

characterization. As illustrated in Figure 6B. the mechanism underlying this anti-CD4 

mediated inhibition is identical to that observed using the T ce11 clonal variants. 

Specifically, the delayed addition of anti-CD4, but not anti-MHC class 1, added 18 hours 

after initiation of cultures downregulates the steady state level of IL-2 rnRNA in thcse 

primary lyrnph node T cells. Importantly. and in addition to generalizing this observation to 

include primary T cells, this result demonstrates the capacity of anti-CD4 to affect 

responses initiated independently of CD4. Thus, the observed signalling through CD4 can 

be uncoupled from signals emanating from TCRKD3. 



Figure 6. Anti-CD4 downregulates IL-2 in primary T cells activated with 

either antigen or anti-TCRp . A) Five x 1W lymph node T cells from mice transgenic 

for a TCR specific for OVA were cocultured with 105 irradiated T-depleted splenocytes and 

0.00 1pM O V A ~ ~ ~ - ~ ~ ~  in 200pi serum free medium. Twelve hours later, either anti-CD4 

(lglrnl), shown in grey bars, or anti-MHC 1 (lpg/ml), shown in black bars, were added. 

Altematively, 5 x IO4 lymph node T cells from C57BV6 mice were stimulated with plate- 

bound TCRP specific rnAb ( l p g / d )  in semm free medium. Eighteen hours Iater, either 

anti-CD4 ( lg /ml) ,  shown in grey bars, or anti-MHC 1 (lpg/ml), shown in black bars, 

were added. At 40 hours, cultures were pulsed with 3H-TdR and proliferation was 

assessed as described in the legend to Table 1. Results show the mean % of control 

responses in three experiments, with one standard error indicated. The mean and standard 

error of control antigen response for TCR transgenic rnice was 729 1rr4 12 c.p.m. The mean 

and standard error of control anti-KR response of C57B1/6 T cells was 6 1 172375 c.p.rn. 

B) Three x 10' lymph node T cells were stimulated with plate-bound TCRP specific mAb 

( lpglrnl) in semm free medium. Eighteen hours later, either CD4 specific mAb ( lpg/d)  or 

MIIC 1 specific mAb (lpg/rnl) were added. At 22 hours, cells were harvested, total RNA 

was extracted from 60 replicate cultures and northem blot analysis was performed with 3"- 

labelled murine IL-2 oligonucleotide (top panel). The bottom panel shows northem blot 

analysis of membranes stripped and reprobed with 3'P-labelled L32 cDNA as a loading 

control. 
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The mechanism through which anti-CD4 downregulates IL-2 rnRNA remains to be 

charactenzed. It could be rnediated at the tevel of transcription, message stability, or both. 

The assessrnent of kinetics of both IL-? rnRNA production and its downregulation 

mediated by anti-CD4 reported here, coupled with the reported ti/z of IL-2 mRLYA of 

approximately 15-60 minutes (29, 32). is consistent with a transcriptionai block for WT 

CD4 expressing clonai variants. Thus. if transcription is blocked, and the stability of 

existing IL-2 mRNA is not affected by anti-CD4 one would expect roughly 650% of the 

IL-2 mRNA to rernain after 60 minutes (1-4 half-lives). This is within the range of tevets 

observed in the present study after one hour of anti-CD4 treatrnent in WT CD4 expressing 

variants (Figure 4). However, this is not the case for DC CD4 expressing clonai variants. 

in which levels of steady state mRNA remaining after 1 and 4 hours. respectively. are 

inconsistent with a complete transcriptional block, even if one assumes that the tir_ of IL-2 

mFWA is 60 minutes (Figure 4). Thus. after 4 hours in the presence of anti-CD4. levels of 

IL-2 mRNA in DC CD4 expressing variants rernained at roughly 40% of control. Hence, 

the induction of Wases affecting the stability of IL-2 mRNA (33, 34). as well as 

aiterations in the rate of translation rnay be playing non-exclusive roles in the phenotype 

observed. Further, while recent reports highlight a number of mechanisms through which 

CD4 mediated transcriptional blocks could occur, including those mediated by the 

activation of the negative regulator of TCR-mediated IL-2 gene transcription. Rap 1 (35), or 

perhaps through the nuclear zinc finger protein, Nil-% (36-38), they al1 relate to 

perturbations of signals emanating from the TCRiCD3. It remains to be determined whether 

these mechanisms are involved in CD4 mediated inhibition of ongoing responses. Further. 

the requirement for CD4 associated Lck in this regard awaits characterization. The results 

presented demonstrate that while its role is not essential, the differential inhibition of 

activated T cells expressing DC CD4 and WT CD4 indicate that the full effect of anti-CD4 

rnediated inhibition are revealed only if Lck is associated with CD4. 



The resuks presented characterize a novel biological role for CD4 which may be 

impkated in T ceIl homeostasis in circumstances of normal physiology and pathology. 

Thus, aiterations in the levels of MHC CIass II on antigen presenting cells may play as yet 

uncharacterïzed roIes in limiting T ceIl clonal expansion through ligation of CD4 

Furthemore, there are circumstances in which chronic ligation of CD4 rnay directiy result 

in the depletion of the perïpheral pool of CD4+ T cells. Specificaily, in HIV infected 

individuals, in whom circulating gp 120 has been detected (39). Iigation of CD4 on T cells 

activated in response to environmental antigen may result in blocking clonai expansion by 

the mechanism described. or indeed their deletion (40-42). This would progressively 

exacerbate the immuno-comprornised state and susceptibitity to infection observed in these 

patients. The recent demonstration that the interaction of H N  ~ 1 2 0  with CD4 on human T 

cells alters the binding activity of NF-AT, NFKB and AP-1 (43), is consistent with this 

suggestion. 
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Chapter 4 

Discussion 



4.1 Summary and Discussion of Results 

As detailed in the generd introduction, there is considerable evidence demonstrating 

a central role for CD4, and associated Lck in providing essential signals for TCRKD3- 

mediated T ce11 activation. In this context, the chaacterization of CD4 function to date h a  

focused predorninantly on its role in shuttling Lck to the activation complex. Studies in the 

past few years have indicated that the contribution of CD4 in lineage development as well 

as in T ceIl activation may not be lirnited to directing the Iocalization and activation of Lck. 

Specifically, transgenic expression of CD4 unable to associate with Lck. in CD4 deficient 

rnice, rescues development of CD4+ T cells (1). Also, enhancernent of IL-2 production has 

been observed by coaggregating TCR to CD4, regardless of whether CD4 associates with 

Lck (2) .  Moreover, recent models of T ce11 activation, considered below, have 

demonstrated requirements for sustained signalling in support of the activation process. 

Further, accumulating evidence indicates that the duration of TCFXD3 stimulation 

determines the outcome of T ce11 activation (3-6). Thus is seems likely that the role of 

accessory activation molecules extends beyond their involvement in initiation of the 

activation process. Results from these studies define new roles for CD4 both in the 

initiation of the activation process, and in ongoing responses of activated T cells. Further. 

these results underscore the complex constraints pIaced on MXC cIass II restricted T cell 

responses. 



4.1.1 Characterizatisn of CD4/CD45 complexes 

While CD45 is required for T ceIl signalling in both CD4+ and CD8+ Lineage T 

cells, the results in Chapter 2 provide an explanation for the previously described 

differential effects of anti-CD45 pretreatment observed in CD4+ and CD8+ T cells. Thus. 

CD45 interacts with CD4, but with neither CD8a, nor CD8P. Importantly, these results 

also provide a specific mechanism for recruitrnent of CD45 to the activation complex with 

appropriate stoichiometry for activation of CD4+ T ceIls. Therefore. the novel role for CD4 

is to shuttle CD45 into proximity of TCR/CD3, and associated elements. by virtue of 

antigen-mediated coaggregation of CD4 with TCFXD3. 

The predominant role for CD45 in T ce11 activation is thought to reflect the need for 

positive regulation of Src-famiIy kinases. Studies with CD35-deficient T ce11 lines indicate 

that the role of CD45 in regulating the phosphorylation status of Src-family kinases is most 

prorninent for Lck. Thus. hyperphosphorylation of the negative regulatory tyrosine residue 

of Lck in CD45- Iines is more prono~iced than that of Fyn (7. 8). Importantly, it has been 

demonstrated that membrane targetting of Lck is essentid for maximal dephosphorylation 

of Y-505 (9) ,  indicating that this process is dependent upon locaiization to the plasma 

membrane. and thus in proxirnity to CD45. Moreover, if the unique domain of Lck is 

replaced with that of Fyn. the negative regulatory tyrosine remains hyperphosphorylated 

(9), implying that the unique domain of Lck contains elements that favor a Cunctional 

interaction between CD45 and Lck. Since these results were obtained from reconstitution of 

fibroblasts and T ce11 lines which do not express CD4, one possible interpretation would be 

that the effects of CD45 on dephosphorylation of Lck Y-505 may be independent of C D 4  

However, it is important to note in this context that the unique domain of Lck is also 

responsibie for rnediating its interaction with CD4. Further the majority of cellular Lck in 

primary resting CD4+ T cells associates with the coreceptor molecule CD4, which plays a 
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criticai role in directing its localization and activation. Since both CD4 and CD45 have been 

implicated in the positive regulation of Lck activity, it seems likely that CD4. CD45. and 

Lck may form a tri-molecular complex, to support rapid upregulation of Lck kinase 

activity, and its recruitrnent to the antigen receptor complex upon T ce11 activation. 

Results from Chapter 2 support the conclusion that trirnolecular complexes 

composed of CD45-CD4-Lck are present on the membrane of pnmary resting CD4+ T 

cells. Consistent with these observations, and the role of CD45 in the regulation of Lck, 

e ffects on CD4-associated membrane Lck are demonstrabIe. Specificdly. membrane Lck 

associated with CD4 exhibits a lower tyrosine phosphorylation index than does membrane 

Lck which is not associated with Lck. 

However, CD4 may not be solely responsible for interactions between CD45 and 

Lck. In the past years, an interaction has been characterized between CD45 and a molecule 

known as CD45-associated protein CD45-AP ( IO). CD45-AP is a transmembrane moIecule 

expressed exclusively in lymphoid cells (1 1). The interaction between CD45 and CD45-AP 

is mediated through the transmembrane region of both the proteins (12). In CD45-AP- 

deficient animals, T cells develop normally, in contrast to CD45-deficient mimals. 

However. TCRKD3-mediated activation of T cells from CD45-AP deficient animals is 

compromised, compared to that observed in T cells of normal littermates, suggesting that 

CD45-AP plays a role in coupling CD45 activity to TCR/CD3 stimulation ( I 1). 

Importantly, in T cells from CD45-AP-deficient animals, association of CD45 with Lck 

was significa~tly reduced, although not ablated ( 1 l), suggesting that CD45-AP is involved 

in the association of Lck with CD45  However, only a weak interaction between CD45-AP 

and Lck is detectable when the two molecules are coexpressed in HeLa cells ( 12). It is 

important to note in this context that CD45 is expressed at lower levels tnan normal in 

CD45-AP deficient anirnals. Together these results suggest that CD45-AP may play a role. 
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as yet uncharacterized, in bndging an association between Lck and CD45 However. this 

role may be indirect and involve stabilizing the expression of CD45 at the ce11 surface. 

A direct interaction between Lck and the cytoplasmic domain of CD45 has been 

demonstrated irz vitro. Importantly, fusion proteins of the unique domain of Lck, and the 

SH2 domain were demonstrated to bind to recombinant CD45. and compete for the binding 

of Lck ( 13). Thus. it is conceivable that complexes containing CD45 and Lck, without 

CD4, could be found on the cell surface. These results are not inconsistent with those 

described in Chapter 2. which do not preclude the existence of some CD45-Lck complexes. 

Results presented in Chapter 2 also dernonstrate that CD45 can be found in 

complexes with a pooI of membrane-expressed CD4 which is not associated with Lck. To 

date, it remains unclear how complexes containing combinations of CD4, CD45, and Lck 

are related to one another. They may reflect parts of a single biosynthetic pathway 

producing CD45-CD4-Lck coniplexes, where CD45-Lck and CD45-CD4 could be 

intermediates in the assembly of the complete complex. or indeed its disassembly. 

Alternatively. these complexes may have distinct functions. and be represented in 

proportions which reflect the physiological state of activation of the cell. as wiil be 

discussed below. 

In this context, it has been proposed that productive T ce11 activation may require 

that CD45 be removed from the vicinity of the activation complex (14). Further, CD45 has 

been reported to contribute to negative as well as positive regiilatory events of T ce11 

activation ( 15, 16). This might relate to different complexes containing CD45, and the 

activation state of the cell, as well as the stoichiometry of recruitment of CD45 to elements 

of TCRKD3. Thus, complexes containing both CD45 and CD4 may have a positive 

regulatoiy role on TCRICD3-mediated signalling. It is conceivable that in CD45-CD4-Lck 



complexes, CD45 may serve to keep Lck primed for activation upon CD4 coaggregation 

with TCRKD3, mediated by antigen recognition. In this context, it is important to note that 

dephosphorylation of the negative regulatory tyrosine residue of Lck need not result in 

activation of the kinase ( 17). Thus, the presence of Lck in complexes with CD45 does not 

imply its constitutive activation. Rather, additional events are likely required to hlly 

activate Lck. It seems plausible that putative dimerization or oligomerization of CD4 and 

associated Lck. as a result of antigen recognition, rnay lead to full activation of the kinase 

( 18, 19). Importantly, recent results strongly support that dimerization of CD45 

downregulates its phosphatase activity (20). S ince antigen recognition may lead to 

dimerization of CD4, it seems likely that CD45 complexed to CD4 would be induced to 

dimerize as well in these conditions. Pertinent in this regard is the demonstration that CD45 

can dephosphorylate the tyrosine residue present within the kinase domain of Lck, an event 

whic h correlates with downregulated kinase activity (2 1 ). Dimerization of CD45. induced 

by antigen recognition, and inhibition of its phosphatase activity may prevent the 

dephosphorylation of the tyrosine residue present within the kinase domain of Lck. and the 

downregulation of Lck kinase activity. Complexes of CD45-Lck rnay form transiently, 

after an initial coaggregation of CD4 with T C W D 3 .  In these circumstances, the role of 

CD45 may be to downregulate Lck kinase activity by dephosphorylating the tyrosine 

residue present within the kinase domain of Lck ( 2  1). The role of CD45-CD4 complexes 

which do not contain Lck rnay be to bring CD45 in proxirnity to other substrates present ai 

the site of the activation complex where it rnay exert a transient function in initial activation 

events. It is important to note in this context that T cells are maintained in the periphery as a 

consequence of low affinity interactions with self-antigen (22). Such interactions could 

account for the basal level of Lck kinase activity detected in resting cells (23),  as well as the 

dynamic pools of complexes involving CD4, CD45, and Lck in resting T cells. Thus, it 

seems plausible that CD45 may also be involved in T ce11 homeostasis. 



The results presented in Chapter 2 demonstrate that antigen-rnediated activation of 

p r i r n q  CD4+ T cells results in the disruption of complexes containing CD4 and CD45. 

suggesting a redistribution of the molecules involved, after participation in the initial 

activation process. At this stage, CD45 may hnction in downregulating certain aspects of 

TCRKD3-mediated signalling. A putative substrate in this context would be phospho-c, 

and imponantly, a specific interaction between a CD45 fusion protein and phospho-< from 

Jurkat T ce11 lines has been demonstmted (15). Further in this regard, expression of CD45 

has been demonstrated to inhibit the oncogenic potential of a constitutively activated forrn 

of Lck in NIH 3T3 fibroblasts (24). 

Consistent with previous studies (25), not only does cellular activation result in 

dismption of CD4-CD45 complexes, it is concomitant with decreased expression of 

CD45RB. Since the overall Ievel of CD45 membrane expression was not found to 

decrease, expression of other isoforms of CD45 are likely to have been upregulated. This is 

consistent with the demonstration that T ce11 activation results in the progressive loss of 

expression of high molecular weight isoform of CD45 with a concomitant increase in the 

expression of low molecular weight isoforms (25). It is not clear whether the dismption of 

CD4-CD45 complexes is linked to the change in CD45 isoform expression, such that 

expression of a different isoform is incompatible with association with CD3. Of note is that 

attempts to demonstrate CD4-CD45 conlpIeses in the IL-2-dependent T ce11 clones used in 

Chapter 3, which are maintained il! I L 2  and continuously proliferating, was unsuccessful. 

Importantly, these clones express a CD45 isoform distinct from the p 175 and p 195 

expressed by primary C D P  T cells. In this context, the coprecipitation analysis described 

in Chapter 2 demonstrates that both the p 175 and p 195 isoforms of CD45 expressed by 

resting primary CD4f T cells coprecipitate with anti-CD4 with comparable efficiency. 

While these results indicate that CD45 association with CD4 is not restricted to a single 

isoform of the phosphatase, it remains to be determined whether association with CD4 is 
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restricted to certain isoforms of CD45. It is not implausible that expression of different 

CD45 isoforms rnay be representative of distinct states of cellular activation. which rnay 

correlate with the capacity of CD45 to complex with CD4. 

It is not clear how the differential expression of CD45 isoforms affects T ce11 

physiology. However, expression of certain isoforms of CD45 has been correlated with 

enhancement of certain biological Functions. Studies with cells expressing a TCR of known 

specificity have shown that cells expressing exogenous CD45RO or CD45RC preferentially 

exhibited enhanced antigen-induced IL-2 secretion compared with cells expressing other 

isoforms (26). Cocapping analysis of rnolecular interactions at the surface of these cells, 

and rnitogen-activüted T cells, revealed distinct intermolecular associations depending on 

the differential expression of CD45 isoforms. Thus. the low molecular weight isofonn, 

CD45RO. but not CD45RABC, or other high molecular weight isoforms containing the 

CD45RB exon, was found to cocap with CD4 and TCR. These results suggest that CD4- 

CD45 complexes occur as a consequence of activation (26, 27), and are in apparent 

contradiction with those presented in this thesis. ResuIts described in Chapter 2 

demonsuate complexes containing CD4 and CD45 on the surface of primcuy resting CD4+ 

T cells. Further, the amount of CD45 coprecipitated with CD4 is decreased as a 

consequence of antigen-mediated activation of primary, resting, CD4+ T cells. As 

mentioned in the discussion section of Chapter 2, cocapping of membrane molecules 

cannot be equated with the capacity to coprecipitate molecules from lysates of detergent- 

solubilized cells. However. it is conceivable that in the subpopulation of activated cells 

which are retained and allowed to rest to form a memory T ce11 pool, and predominantly 

express the low molecular weight isoform. CD45R0, rnay have the capacity to interact with 

CD4. Nevertheless, it is intriguing, and as yet unresolved, that the authors did not observe 

cocapping of high molecular weight isoforms of CD45, such as CD45RB, with CD4 in 

these experiments. This could reflect a different mode of association of CD4 with CD45 in 
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cells with a CD45RBIo phenotype, such that the interaction of CD4 with CD45 may require 

other molecules expressed as a consequence of the different activation state of the cell. 

Alternatively. the mAbs used in the cocapping studies may disrupt the interaction of CD4 

with CD45 isoforrns present on the surface of resting T cells. 

Together the results descnbed in Chapter 2 characterize a novel role for CD4 in 

directing the function of CD45 in the initiation of signalling events involved in T ceIl 

activation. Previous studies alhded to in introduction, involving mAb-mediated 

coaggregation of CD45 with TCRKD3, highlighted the importance of the balance of CD45 

and TCRKD3 required to promote T ce11 activation, rather than its inhibition. The findings 

descnbed in Chapter 2 provide a mechansirn whereby CD45, by virtue of its association 

with CD4. cm be recruited to the activation complex in proximity to relevant substrates, 

with the appropriate stoichiometry in support of cellular activation. Since TCR-induced 

signdling is inhibited in CD4+ T cells pretreated with CD45-specific mAb, while signdling 

of CDSf T cells is unaffected. it seems likely that the mechanism through which the 

essential function of CD45 is delivered may be different in the two mature T ce11 linrages. 

Irnportantly. the studies demonstrating the importance of the stoichiometry of CD45 and 

TCRKD3 to support T ce11 activation made use of unfractionated T ce11 preparations. Since 

these preparations Iikely contained a majority of CD4+ T cells, it remains unclear how the 

stoichiometry of CD45 recmitment to TCRKD3 would affect activation of CDSf T cells. 

Thus, the requirement for recmitment of CD45 to the activation complex in CDS+. as well 

as a mechanism, supporting its recruitment remains to be ehcidated 



4.1.2 Role for CD4 in ongoing responses of activated T cells 

To date, characterization of the biologicd role of CD4 has focused mainly on its 

critical contribution to the initiation of T ce11 activation. However, results presented in 

Chapter 3 dernonstrate that delayed addition of CD4-specific rnAb to cultures of activated T 

cells results in a rapid reduction in steady state levels of IL-2 mRNA, highlighting a novel 

role for CD4 in ongoing T ce11 responses. 

It has been demonstrated, that productive T ce11 activation requires sustained 

signdling (4-6, 28,29). Models have emerged proposing how this might be accomplished 

based on levels of TCR occupancy with peptide-MHC complexes. A senal triggering 

model of T ce11 activation has been proposed to explain how a low number of specific 

peptide-MHC complexes on APCs can induce T ce11 activation through interactions with 

cognate antigen receptors on the T ce11 surface, despite the short half-life of these 

interactions. SpecificalIy. this model proposes that a sintle peptide-MHC complex c m  

trigger multiple TCRs. resulting in the seneration and maintenance of a sustained level of 

signalling (39). Kinetic models of T ce11 activation propose that smail differences in 

receptor affinity correlate with differences in the duration of receptor engagement. Given 

that T ce11 activation is dependent on sequential recruitment of multiple signdling mediators 

to TCRlCD3, and their activation, it is thought that a certain amount of time is required to 

assemble a functional activation complex. Thus, productive activation would depend on a 

certain threshold of affinity and duration of the TCR with its ligand ( 14,30, 3 1). 

Therefore. interactions of TCR with peptide-MHC ligands which do not "satisfy" the 

affinity and duration requirements would result in premature dissociation of the TCR. and 

non-productive activation ( 14). 



S tudies with altered peptide ligands (APL) have shown that certain peptide-MHC 

complexes c m  behave as antagonists or partial agonists of T ce11 activation depending on 

whether they cause partial T ce11 activation or inhibit agonist-induced activation ( 14, 29, 

32). Partial T ce11 activacion correlates with distinct patterns of early TCR/CD3-mediated 

signaliing characterized by hypophosphorylation of ITAMs and the failure to activate ZAP- 

70 (33). In some circumstances, T ce11 stimulation with partial agonist APL leads to a state 

of non-responsiveness, and anergy (33). Importantly, APL are lower affinity ligands for 

the TCR (34). 

Morphological studies are consistent with a current rnodel of T ce11 activation that 

integrates kinetic models and serial triggering. Specifically, it has been dernonstrated that T 

cells indeed interact with APCs for a prolonged period of time, during which T cells 

polarize their surface receptors and secretory mac hinery towards the APC (35, 36). Very 

recent studies using antigeen-specific T ce11 clones demonstrate that presentation of antigen 

results in clustering of surface receptors into segregated three-dimentional domains wi thin 

the ceil contact points. These supramolecular activation clusters (SMACs) could be 

separated into peripheral SMACs and a central SMAC, containing the TCRICD3 complex 

and Src-farnily kinases (37j. Only a small fraction of total K R  appeared to be ligand- 

bound in the contact site, consistent with serial triggering of TCRs. When T cells are 

stimulated with APL. known to function as antagonists, which fail to trigger IL-2 

production and T ce11 proliferation, TCRKD3 clusters fail to segregate into SMACs and 

remain unorganized throughout the contact site (37). Together, these results indicate that 

formation and organization of activation clusters in response to TCR ligation may play an 

important role in determining downstream signalling events and thus, the outcome of the 

activation processes. 



A recent study facilitates the integration of the ro1e of CD4 within these models of T 

ce11 activation. Tt demonstrated that linuting recruitrnent of CD4 to TCR upon antigen 

recognition. using either CD4-specific rnAb, or by mutating the CD4 binding site of the 

presenting MHC. led to biochernical and functional responses closely resembling those 

elicited by partial agonist ligands, including impaired L - 2  production (38). En these 

circumstances, the lesion was attributed to precluding the role of CD4 in increasing the 

avidity of the T cell-APC interaction, and thus decreasing the dissociation rate between the 

MHC and TCR. WhiIe of note, these analyses do not impinge on the conclusions drawn in 

Chapter 3 of this thesis. Specifically. the antigen response and ensuing IL-? production of 

the T ce11 clones used in the study presented in Chapter 3 is not dependent on the increased 

avidity supported by expression of CD4. Thus the responses of CD4+ and CD4- variants 

are comparable. Moreover, IL-2 mRNA was productively upregulated in response to 

antigen-receptor-mediated signalling at the time of anti-CD4 addition. Therefore. in this 

case, the strength and duration of the T ce11 interaction with the APC were adequate for the 

induction of T ce11 activation. 

In regards to the requirement for sustained signalhg in T ce11 activation, it seems 

likely that the supramolecular clusters of receptors observed at the surface of T cells 

responding to peptide-MHC complexes play an important role. Thus, disruption of these 

clusters could result in terrnination of signalling, and aborting of the activation process. 

Indeed, it has been demonstrated that mAb-mediated disruption of TCR and their peptide- 

MHC ligands, and dissociation of the M C ,  results in termination of signalling (39). The 

presence of CD4 within these activation clusters may not be necessary when the 

dissociation rate of the MHC ligand from TCR is sufficiently low, as is likely the case with 

the T ce11 clones described in Chapter 3. However, when CD4 is expressed and is included 

in these clusters, CD4-specific rnAb could disrupt the interaction of CD4 with the MHC 

ligand, and lead to dissociation of the T ce11 from the APC, resulting in termination of 
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signalling. Therefore, disruption of activation clusters by CD4-specific mAb could account 

for the downregulation of steady state levels of &NA observed in T ce11 clones expressing 

both WT and DC CYS CD4. 

Pertinent in this regard is whether the effects mediated by delayed addition of CD4- 

specific mAb to activated T cells are liniited to provoking the dissociation of T cells from 

the APC, or if signais emanating from CD4 are also affected. While comparable levels of 

WT and DC CD4 are expressed by the variants used in this study, the effects of delayed 

addition of CD4-specific mAb on steady state levels of IL-2 mRNA, and proliferation, 

were more profound in the WT CD4-expressing vaiiants. Thus. effects cannot be 

accounted for solely by disruption of CD4-MHC interactions, and APC dissociation. 

Rather, it seems likely that anti-CD4 treatment affects signals emanating from CD4. This is 

supported by resulrs demonstrating that delayed addition of CDCspecific mAb also results 

in dowregulation of steady state levels of IL-2 mRNA in T cells stimulated with TCRP- 

specific mAb, in the absence of APC. 

Since T ce11 activation in response to TCRP-specific mAb is initiated independently 

of CD4, and thus. these responses are not Iimited by T cell-APC interactions, it seems 

plausible that anti-CD4 could direct the generation of nezative signals. CD4-associated Lck 

plays an important, although non-essential role in these processes. Thus, while anti-CD4 

mediated downregulation of steady state levels of IL-2 mRNA is more efficient in WT CD4 

expressing variants, it does occur in DC CDCexpressing variants. Irnponantly, antigen 

responses of both WT and DC CYS CD4-expressing variants are also inhibited by CD4- 

specific mAb added at the initiation of antigen-mediated activation of these T ce11 clones. 

Since the response of these clones is independent of the adhesive properties of CD4, at the 

concentration of antigen used. these results support a role for CD4 in providing 

biochemical sipals, independent of its association with Lck. These could be mediated 
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through an interaction, as yet uncharactenzed, of CD4 with signalling mediators other than 

Lck. m i l e  results presented in Chapter 3 do not formally dernonstrate a role for these Lck- 

independent signals emanating from CD4 in ongoing T ce11 responses. it is not implausible 

that they would also be involved. 

The novel role of CD4 characterized in Chapter 3 may be involved in T ce11 

homeostasis in circumstances of normal physiology, as well as therapeutic intervention 

involving the induction of tolerance. Thus, alterations in the levels of MHC class 11 on 

antigen presenting cells and CD4 ligation may play a roIe in Iimiting T ce11 clond 

expansion. Importantly, there is evidence to support that MHC class II Iigation of CD4 can 

occur in the absence of specific antigen, and modulate T ce11 activation. Specifically, mAb- 

mediated activation of ~ ~ 4 5 ~ ~ 0  T cells is inhibited by APC expressing MHC class II, but 

not by APC deficient for class II expression (40). Consistent with this observation is that 

anti-CD4 mediates the sarne effects as MHC class II+ APC. Recent evidence implies that 

the affinity of CD4 for MHC class II in the absence of TCR involvement is very low. with 

a Kd in the order of ImM (41). However, upregulation of adhesion molecules on activated 

T cells couId facilitate CD4 Qation by MHC class II (42) . Such interactions of CD4 with 

MHC class II, in the absence of TCR involvement, could disrupt preformed clusters of 

activation molecules involved in sustained signalling, or alter signalling by the mechanisms 

discussed above. It has been demonstrated that previously activated effector T cells have a 

less stringent requirement for prolonged stimulation. Specifically, effector T cells become 

comrnitted to proliferation after one hour of antigenic stimulation, and continue to 

proliferate for hours after removal frorn the antigenic stimulus (6). In these circumstances, 

ligation of CD4 could transmit a negative signal to the proliferation of cells which no longer 

require antigenic stimulation. In the context of results presented in Chapter 3, it remains to 

be detennined whether the cells are committed to proliferation at the time of addition of 



CD4-specific mAb, or whether they are still dependent on antigenic stimulation and the 

formation of clusters of surface receptors involved in the activation process. 

Another mechanism of CD4 ligation, in the absence of antigen. has been described 

secently. Specifically, CD4 has been demonstrated to be the receptor for IL-16 (43). L i 6  

was originally described as a chemoattractant factor for CD4+ T cells, eosinophils and 

monocytes. thus providing a role for CD4 expressed on non-T cells (43). IL- 16 is 

synthesized as an inactive precursor, pro-IL-16, which requires processing to exhibit 

bioactivity. B ioactive IL- 1 6 is consti tutively expressed by CDSf T cells. and by 

eosinophils cultured in the presence of GM-CSF. It is also expressed by CD4+ T cells 6-24 

hours following activation (43,44). In addition to its chemoattractant properties, IL- 16 has 

been characterized as a modulator of T ce11 activation (43, 44). In CD4f T cells, IL- 16 is 

capable of inducing a GO-G1 transition, but incapable of inducing ce11 division. It has also 

been reported to induce expression of IL-2Ra and IL-2RP expression. but not the 

synthesis of IL-2 (43). 

hportarttly, IL-16 has effects on T ceIl activation sirnilar to those reported for 

CD4-specific mAbs. Specifically, IL- 16 has been demonstrated to induce the activation of 

Lck, phosphoinositoI breakdown, and Ca++ mobilization (43,45), supporting a role for 

CD4 in directing biochemical signals independently of TCRKD3. Pertinent in the context 

of the results presented in Chapter 3, IL- 16 bas been demonstrated to inhibit human mixed 

lymphocyte reactions, as well as mAb-mediated activation and proliferation of CD4+ T cells 

(46, 47). These results support a role for CD4 ligation, in the absence of specific antigen, 

in downregulation of T ce11 responses. Since activation of CD4+ T cells results in 

production of active IL-16, which can function in inhibiting TCR/CD3-induced activation, 

it is conceivable that IL- 16 may function in a regulatory feedback mechanism of T ce11 

activation. Thus, IL46 may play a role in downreplating certain T ce11 responses. 
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Importantly, there is a positive correlation between the cells that respond to I L 4 6  for 

migration. and those that are unresponsive to TCR stimulation (43). However, it remains to 

be elucidated how the putative regulatory roles of IL-16 in T ce11 activation relate to its 

chemoattractant properties. While cells responding to DL- 16 are refractory to antigen- 

specific activation, they remain responsive to proinfiammatory cytokines. One hypothesis 

in this regard is that IL- 16 contributes in part to a general recruitment of nonclonotypic T 

cells during an inflarnrnatory process (43). While lymphocyte-mediated inflammation is 

associated with autoimmune diseases such as multiple sclerosis, diabetes. Crohn's disease. 

rheumatoid arthritis, and sarcoidosis, this type of inflammation may have developed under 

evolutionary pressure from intracellular pathogens such as the causative agent of Listeria. 

Eradication of infectious Listeria is associated with a granulomatous response, and involves 

the participation of CD4+ T celis (48). 

In addition to its roles in T ce11 physiology, CD4 is linked to pathogenesis of the 

human immunodeficiency virus (HIV). CD4 is the primary receptor for the HIV envelope 

glycoprotein gp 120 (49-5 1). In this context, there are studies demonstnting that interaction 

of g p  120 with CD4 inhibits T ce11 activation (52-55), and iocreasing evidence implicates 

CD4 crosslinking by gp  120 in priming T cells for death by apoptosis (56, 57). Pertinent in 

this regard is the demonstration that CD4 crosslinking upregulates the expression of Fas. 

thus enhancing activation-induced ce11 death (58). Importantly, patients infected with HIV 

have a higher percentage of Fas-expressing T cells, compared with uninfected individuais. 

Further, T cells from these patients are more sensitive to killing by Fas-specific mAb (59- 

6 1). These events are thought to contribute to the depletion of the peripheral pool of CD4+ 

T cells in HIV-infected individuals(56, 57). To date, it remains controversial whether HIV- 

induced ceil death occurs predominantty as a consequence of apoptosis of uninfected cells 

or if HIV directly induces death of cells it infects (59). In this context, characterization of a 

possible role for CD4 in the induction of apoptosis would provide insight. 
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It seems plausible that CD4 could play a role in the induction of ce11 death, either 

through upreguiation of Fas, as described above (58), or through CD4-mediated 

downreplation of IL2 which in turn would affect the levels of expression of the anti- 

apoptotic proteins Bcl-2 and Bcl-XL. However, in the assay system described in Chapter 

3, assessrnent of induction of apoptotic ce11 death mediated by anti-CD4 treatment of 

activated ceils would have been obscured by the effects on IL-2 production. since these T 

ce11 clones are CL-2 dependent. Thus, in these circumstances, it would be difficult to 

discriminate between direct CD4-mediated induction of apoptosis from celi death induced 

as a consequence CDCmediated downregulation of IL2 production. 

4.2 Unanswered questions and future directions 

4-23 What role do CD4-CD45 complexes play in T ce11 activation? 

Productive T cet1 activation is dependent upon the integration of multiple signals 

emanating from many receptors. The obligate requirement of some of these mediators of 

activation, including that of CD45 and Lck, has been well characterized. Further, 

characterization of intermolecular interactions involving signalling mediators has provided 

important clues in elucidating their soles in signalling pathways involved in the activation 

process. In this context, characterization of the association of Lck with CD4 (62), and the 

effects of preventing this association (63),  has provided insight not only to the critical role 

of this kinase in the initial events leading to T ce11 activation, but also the importance of its 

cellular location in regards to delivery of function. 



Although dismption of CD4-CD45 complexes as a consequence of antigen- 

mediated T ce11 activation suggests that these complexes may be involved in the process of 

activation, further studies are needed to formally establish the importance of these 

complexes in T ce11 activation. To this end, mapping the interaction site between CD4 and 

CD45 would make it possible to investigate T ce11 activation events in cells expressing 

CD45, and a form of CD4 mutated to disallow interaction with CD45 In order to map the 

interaction site between CD4 and CD45, various mutant forrns of CD4 could be expressed 

in a CD4- variant of an MHC class II-restricted, mtigen specific T ce11 line. An~ther  

approach to such an andysis would be to reconstitute CD4-deficient anirnals with domain 

mutants of CD4. Assuming expression of these mutants supported T ce11 development, a 

first phase of analysis with p r i m q  resting CD4+ T cells from these animals could serve to 

map the interaction site between CD4 and CD45 A second phase of study could analyse 

early signalling events and the state of tyrosine phosphoryIation, as well as the kinase 

activity of Src-family PTK. These studies could be extended to assess the role of CD4- 

CD45 complexes in T ce11 selection by crossing rnice with the CD4 domain mutant of 

interest with those transgenic for expression of an MHC class II restricted TCRaP. 

4.2.2 How does CD4 mediate downregulation of ongoing responses? 

The mechanism of anti-CD4-mediated downregulation of ongoing responses of 

activated T cells could be assessed at different levels. Thus. as alluded to above, CD4- 

specific rnAb may interupt sustained signalling by disrupting pre-formed clusters of 

activation molecules at the ce11 surface. This may simply result in cessation of signalling 

mediated by MHC class II ligation of CD4, or induction of negative signalling mediated by 

CD4. Potentid effects of anti-CD4 on pre-formed clusters of activation molecules at the cell 

surface could be assessed directly by confocal fluorescence microscopy. In order to 

determine if anti-CD4 is disrupting sustained sigalling, the effects of anti-CD4 on 
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dowregulation of IL-2 mRNA could be analysed in conditions where activated cells are 

efficiently removed from their stimulus. Potentiai ncgative signalling induced by CDS could 

also be studied by mAb mediated ligation and/or aggregation in these conditions. This 

would be n~ost interesting usinp DC CD4-expressing variants to andyse Lck-independent 

signais. Further, and in this context, DC CD4 could be subjected to yeast two hybnd 

screening to identiv possible effector molecules, other than Lck, responsible for CD4- 

mediated signals.This strategy could be complemented by coprecipitation analysis of DC 

CD4 from cells labelled using various techniques! such as ce11 surface iodination and 

biotinylation, as well as metabolic labelling with 35~-methionine and cysteine, or 3 2 ~ -  

orthophosphate loading. 

Results described in Chapter 3 indicate that the downregulation of steady state 

levels of IL-2 mRNA in DC CM-expressing variants is inconsistent with a complete 

transcriptional block of IL-2. It is conceivable that the effects of anti-CD4 on steady state 

levels of IL-3 mRNA may involve inhibition of transcription at the IL-2 locus and/or 

decreased stability of the transcripts. The effects of anti-CD4 on IL-2 mRNA stability could 

be assessed by comparing the half-live of IL-2 rnRNA from anti-CD4 treated and untreated 

cultures, in conditions where de novo transcription of IL-2 mRNA is prevented by agents 

such as actinomycin D or cyclosporin A. The latter is favored as it is less toxic to the cells 

and more specific for IL-? transcription. A direct approach to assess the effects of anti-CD4 

on transcriptional activity at the IL-? locus would involve analysis of by "Run on" assays. 

Altematively, the effect on transcription could be studied indirectly by electrophoretic gel 

mobility shift assays to assess the presence of DNA-binding transcription factors in the 

nucleus, such as NFAT. 



4.2.3 What is the role of CD4 in downregulation of responses and T cell 

homeostasis? 

In the course of CD4+ T ce11 activation in physiological circumstances, ligation of 

CD4, independent of antigen recognition, could be mediated either by non-antigenic MHC 

class LI, or IL- 16, as alluded to above. How these events may relate to anti-CD4-mediated 

downregulation of ongoing T ce11 activation remains to be detennined. A previous report 

indicated that ligation of CD4 by I'MHC class II in the absence of antigen recognition cm 

modulate T ce11 activation. However, in those studies, the effects of CD4 ligation on 

ongoing responses were not addressed (40). Thus. the ability of MHC class II-mediated 

ligation of CD4 to inhibit ongoing T ce11 activation should be assessed. This could be done 

by comparing the ongoing response of activated T cells, removed from their stimulus, in 

the presence of MHC class II suficient or deficient APC. A sirnilar approach could be 

taken to study the role of IL-16. Alternatively, T ce11 activation and homeostasis could be 

studied with cells from IL- 16-deficient anirnals. Ln this context, it would be interesting to 

determine if the response of CD4+ T cells is prolonged when IL-16 is not produced. WhiIe 

such an analysis in CD4-deficient anirnals would be obscured by requirements for CD4 in 

T ce11 development and its positive contribution in T ceIl activation, this may not be the case 

in animals deficient for L- 16. 

4.3 Concluding remarks 

The results presented in this thesis characterize novel functions for CD4 in antigen 

receptor-mediated T ce11 activation. Tliese, and other emeging roles for CD4 highlight the 

multi-level constraints which are placed on responses of Cm+ T cells. The association of 

CD45 with CDLL, but not CD8, and the different stoichiornetry of Lck association with the 

coreceptors Further highlights the distinct roles of these accessory molecules in regulating 
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antigen receptor signalling. This h a  profound implications in the context of cornmitment to 

these ce11 Iineages during T ce11 development and interaction with MHC ligands in the 

thymus. While accumulating evidence is consistent with the notion that distinct biochemicd 

signals may play a role in commitment to the CD4 or CD8 lineage, involvement of distinct 

signals from CD4 and CD8 in lineage cornmitment remains controversial. Lmportantly, this 

process results in mature T ce11 lineages with distinct sets of effector functions. Given the 

dependence of both cell-rnediated as weil as humoral irnmunity on "CD4+ T ce11 help". it 

makes intuitive sense that requirement for tight control of tolerance at the level of responses 

of CD4f T celIs would have CO-evolved with spatially restricted expression of their MHC 

cIass II ligands. This is emphasized by accumulating evidence indicating that CD4 c m  also 

negatively modulate T ce11 responses. It will be of pmicu1a.r interest, and relevant to clinical 

issues such as autoimmunity and immunodeficiencies, to elucidate the mechanisms 

involved in modulation of CD4+ T ce11 responses by CD4. 
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