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1. P:-eface

The CD4 molecule is expressed on the surface of T cells that recognize antigen presented

by UHC class II molecules. CD4 is as. '>Ciatcd with the proteir; tyrosine kinase p56lck.

lck expression is requircd for the initiation c' T ccll activation events such as tyrosine

phosphorylation and increases in intracellular calcium. To study the function of the

CD4/1ck association in T ccll activation, we generated a mUlant of murine CD4 which is

not associated with lck. This mUlant and wild type CD4 were transfected into a murine

CD4 negative T ccll clone which recognizes the antigen ovalbumin presented by I-Ab

MHC class II molecules. 'The effectof this mutation on the function of CD4 was slUdied

both at the level of generation of second messengers, and induction of proliferation

following stimulation by anti-CD3 Ab, anti-TcR Ab and antigen.
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ABSTRACT

The CD4 molecule is expressed on a subset of T lymphocytes which recognize their

cognate antigen in the context of MHC clas~ II molecules. It is widely :lccepted that the

interaction between CD4 and MHC class II molecules enhances T cell response tO specific

antigen. CD4 is non-covalently associated with the src-related tyrosine kinase p56lck•

Using the T cell clone 2.10. we have shown that CD4 can sequester lck and inhibit anti

TcR induced proliferation if not co-aggregated with the TcR. Our results suggest that

MHC class II molccules through their sirnultaneous interaction with the TcR and CD4

potentiate T cell 'lctivation by bringing the CD4/lck complex to the pr.:lximity of the TcR

11ûs cellular system was also used to demonstrate that the extracellular domain of CD4

can also regulate the initiation of T cell activation independently of its interaction with

MHC class Il molccules. Indeed. cells expressing chimeric molccules composed of the

epidermal growth factor receptor (EGt-"R) extracellular domain and the CD4 cytoplasnùc

taiI were s:ill responding to anti-TcR stimulation in the absence of co-aggregation. The

role of the extracellular domain of CD4 was funher demonsttated in experiments in which

the HIV-1 envelope glycoprolein gp120 was used to inhibil antigenic stimulation of C04

independenl T cell responses. This inhibition was occurring whether CD4 is associated

with Ick or not, suggesting that gp120 is modulating a CD4 function other than

association with Ick and which is related to its exttacellular portion. Ir. addition to its

effcct on T cell activation, interaction between gp120 and CD4 modulates HIV replication

al a posl-transcriptional level. The CD4Ilck association is required for this effcct as the

virus replicates much more efficiently in cells bearing a CD4 wlüch is not associated with

Ick. Activation of lck through the CD4Igp120 interaction may thus be respo::sible for the

induction of latency. Nef, another HIV protein playing a critical IOle in the positive

regulation of HIV replication. induces intemalization and targeting of CD4 ta degradation

in the lysosomes. We have exarnïned the structural requirements in CD4 for this effect of

Nef. Our mUlâgenesis results show that in addition to a di-leucine motif, an alpha helical

stretch of amino acids in the cytoplasnùc taiI of CD4 is also involved in this down

regulation. Interestingly. these residues are also irnplicated in the interaction of CD4 with

Ick and in the down regulation of CD4 by PMA. Howcver, wc have also iàentified

mutants which can dissociate the PMA-induced and the Nef-induced intemalization and

dcgradation of CD4, confuming that these two phealomena occur via different pathways.

In addition, wc have shown that Nef also down regulates expression of CD4 by a second

mechanism wlüch occurs during the carly steps of CD4 biosynthesis. This mcchanism

specifical1y targets the extracellular domain of CD4. Overall, the work described in this
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thesis confirms the similariti.:s in the re.l'ulation of T œll activation and Hl\' n:plicatit11l by

CD4 and sU.l'.I'ests tl1at HlV has e','olvcd to respond and modulatc CD-l siplals fnr its nwn

purpose.
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RÉSUMÉ

La molécule CD4 est exprimée il. la surface des cellules T qui reconnaissent l'antigène

présenté par les molécules de classe II du CMH. L'intéraction entre CD4 et une région

conservée des molécules de classe II potentialise la réponse de ces cellules. Plusieurs

modèles expérimentaux ont pennis de démontrer que le rôle de CD4 est tributaire de

l'association de CD4 avec la tyrosine kinase p561ck. Nos résultat démontrent que l'effet de

CD4 est aussi dépendent de sa fonction de co-recepteur, soit son aggrégation avec le TcR.

La stimulation d'un clone T qui est indépendent de CD4 pour sa reconnaissance de

l'antigène est inefficace si le TcR et CD4 ne sont pas co-aggrégés. Ces résultats suggèrent

qu'une des fonctions de CD4 serait de prévenir une association fortuite entre Ick et le TcR.

La tyrosine kinase s'associerait au TcR suite à la reconnaissance simultanée de la même

molécule de classe II par le TcR et CD4. Cette fonction requière non seulement le

domaine intracellulaire de CD4 mais aussi sa portion extracellulaire. Ainsi, des cellules

dfrivées de ce clone exprimant une chimère constituée du domaine extraeellulaire du

récepteur EGF et de la portion transmembranaire et cytoplasnùque de CD4 peuvent

toujours répondre à une stimulation induite par le TcR et ce même en l'absence des

molécules classe II du CMH. Cette fonction du domaine extraeellulaire est de plus

confinnée par des expériences d'inhibition de la réponse de ce clone par la protéine de

l'enveloppe du Vlli (gp120). Ainsi, des cellules exprimant une fonne mutée de CD4 qui

n'est pas associée à lck, ne répondent plus à l'antigène lorsque nùses en présence de

gp120. Ces expériences suggèrent que le domaine extracellulaire de CD4 pourrait de par

son intéraction avec d'autres protéines exprimées à la surface de la cellule T moduler

l'activation de la cellule T. La molécule CD4 peut aussi moduler la réplication du Vlli de

part son intéraction avec la protéine tyrosine kinase lcle. Ainsi, le virus réplique plus

efficacement dans des cellules exprimant des fonnes de CD4 qui ne sont pas associées à

lck. TI est donc tout à fait possible que l'intéraction entre gp120 et son récepteur aboutisse

à l'ill<iuction de la latence virale. Une autre protéine du Vlli, Nef, qui joue un rôle

primordial dans le contrôle de la réplication du virus, induit une diminution de l'expression

de surface du CD4. Nous avons confirmé qu'un motif di-leucine est impliqué dans

l'internalisation et le ciblage de CD4 vers les lysosomes. Par ailleurs, nous avons identifié

une autre séquence de la portion intracellulaire de CD4 qui serait aussi impliquée dans

l'effet de Nefsur l'expression de CD4. Cette séquence qui fait partie d'une hélice alpha est

aussi impliquée dans l'association de CD4 avec lck. De plus, des fonnes mutées de CD4

nous ont pernùs de dissocier les mécanismes par lesquels Nef et la PMA induisent la

dégradation du CD4. Fmalement, nous avons démontré que Nef diminue l'expression du
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CD4 par un second méchanisme. Celle inhibition a lieu au niveau de la synthèse du CD4

et implique le domaine extraeellulaire du CD4. En conclusion. nous avons défini et

charactérisé les fonctions regulatrices dl: CD4 et de l'association CD4/lck impliquées dans

l'initiation de l'activation de la cellule Tet la replication du VIH. Nos resultats démontrent

que le Vlli a évolué afin de pouvoir être susceptible aux signaux généres à travers CD4 et

de les moduler pour ses prop""s fins .
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PREFACE

The Guidelines Conceming thesis preparation of the Faculty of Graduate Studies and

Research of McGill University reads as follows:

"Candidates have the option. subject to approval of their Department. of including. as

pan of their thesis. copies of the text of a paper(s) subrnitted for publication. or the

clearly-duplicated text of a published paper(s). provided that these copies are bound as an

integral pan of the thesis.

- If this option is chosen. connecting texts, providing logical bridges between the

different papcn, are mandatery.

- The thesis must still conform to all other requirements of the "Guidelines Conceming

Thesis Preparation" and should be in a literary from that is more than a mere coUection of

manuscripts published or to be published. The thesis must include, as separate

chapters or sections: (1) a Table of Contents. (2) a general abstraet in English and

French. (3) an introduction which clearly states the rationale and objectives of the study.

(4) a comprehensive general review of the background literature to the subject of the

thesis. when this review is appropriate. and (5) a final overall conclusion and/or summary.

- Additional rnaterial (procedural and design data, as we1I as descriptions of equipment

used must be provided where appropriate and in sufficient detail (e.g. in appendices) to

aUow a clear and precise judgment to be made of the importance and originality of the

research reported in the thesis.

- In the case of manuscripts co-authored by the candidate and others, the candidate is

required to make an explicit statement in the thesis of ",'10 contributed te soch work

and to what extent: supervisors must atlest to the accuracy of such cIairns at lile Ph.D.

Ora! Defense. Since the task of the examiners is made more difficult in these cases. it is in

the candidate 's intere5t to make perfecùy clear the responsibilities of the different authors

of co-authored papers."

My thesis will be presented according to the option rnentioned and consists of 8 chapters.

Chapter 1 is a general overview of the background literature. Chapter 2 is a paper that

was published in Nature and chapter 5 was published in EMBO Joumal. Chapters 6-7 are
submitted for publication. Chapter 3-4 are manuscripts in preparation. Chapter 8 consists

of a gel'Cra! discussion•
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analysis of the resultso The manuscript was written up by myself and Dr. Sékaly.
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1. THE Ii\I:\tUNE SYSTEM: A BRIEF OVERVIEW

The mamrnalian immune response can be divided into the nl1n-spt:dtk

inf1arnmatory response and the specific response. The intlammatol)' process is the tirst

line of defense of the organism and ;nvolves various cell types such as the

monocytes/macrophages. the neulTophils. the eosinophils. the basophils and related cell

types. Another important player in mis process is the complement cascade which can also

lead to direct lysis of targets.

The mediators of the specific ann of immunity are the lymphocytes. B

lymphocytes an: responsible for the humoral response . i.e. the immunoglobulin (Ig)

prodllction. Cytotoxicity can be mediated by NK cells as in the lysis of tumor cells or by

cytotoxic T lymphocytes bearing specific T cell receptors for a given antigen. Both the 19

production and the specific cytotoxic response an: regulated by helper T cells whose

rnedialors an: cytokines such as the interleukins. SubselS of T lymphocytes can be

differentiated on the basis of cell surface markers: helper T cells an: gener.llly CD4

positive whereas cytotoxic T cells express the CDS molecule at their surface.

The most studied model is the mouse for convenience and the availability of inbred

strains of mice. The human immune system however seems to work and to be higlùy

related to the murine system as many human mlolecules can substitule for their murine

counterparts in murine cells.

T cell activation initiates with the recognition of the peptide!MHC complex by the

aI~ chains of the T cell antigen receptor (TcR). This interaction resuilS in a rapid increase

in tyrosine phosphorylation of severa! cellular proteins, leading to activation of other

second messengers such as serine/threonine kinases (MAP kinase, raC). Phospholipase C y

(PLCy) is rapidly serine and tyrosine phosphorylated following TcR ligation leading to ilS

activation and generation of phosphatidyl inositols (PI) (66,226). This results in an

increase in intraoelIuIar calcium and activation of protein kinase C (PKC). Activation of

the ras protooncogene was also demonstrated to occur and rnay irnplicate the recenüy

identified signaling protein called vav (77,113). UItimately, transcription of a vast number

of activation genes is induced. These include cell surface markers such as CD69 and the

IL-2 receptor alpha, cytokines such as IL-2 and a number of prolooncogenes such as c

myc (238).

Resting T oells are in the GO phase of the cell cycle. Recognition of antigen

induces progression to the G1 phase of the cycle. This is accompanied by an increase in

size of the activated oeil and induction of transcription of the IL-2 gene. The secretion of

IL-2 will act in an autocrine and/or a paracrine way to stimulate cell cycle progression in
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the S phase. Activated T cells then divide and the continuing stimulation by IL-2 results in

clonai expansion.

The outcome of antigenic stimulation depcnds on the presence of a co-stimulatory

signal. Ligation of the TcR alone does not stimulate proliferation of the T cell but rather

results in a state of non-responsiveness tenned anergy (269). This state of anergy is

characterized by a lack of proliferation of the stimulated T cells which seems to be due to

a lack of IL-2 production. The generation of second messengers following T cell ligation

such as tyrosine phosphorylation and phosphatidyl inositols (PI) generation, is impaired in

anergie cells (97,163). The most potent co-stimulatory signal is delivered through the

interaction between CD28 at the surface ofT cells and a member of the B7 family (B7-1,

B7-2) which are expressed on the surface of APCs (18,95,119,240). Severa! interactions

between other cell surface molecules on the T cell and the antigen presenting cell (APe)

such as ICAMlLFA-1 and CD2/LFA-3, can act as a partial costimulatory signal as they

can deliver a co-signal for prolüeration and cytokine production, but the resulting T cells

are anergie (31,63).

The purpose of this thesis was ta study the signaling function of the CD4

molecule. In the fust chapters, we have studied the nonnal function of CD4 in regulating

the initiation of T cell activation. We then went on ta study the role of CD4 in a

pathological situation, i.e. in HIV infection. Consequently, 1 will fust review in the

introduction the presentation of antigen to T celIs, the development of T ceUs and the fust

events in T cell activation, more particularly the role of CD4 in these events. The second

part of the introduction will focus on the human immunodeficiency virus (HIV), with an

emphasis on HIV proteins which interact with CD4.

2. MHC RESTRICTION AND ANTIGEN PRESENTATION

T cells recognize antigen presented in the forro of a peptide associated with Major

Histocompatibility Complex (MHC) molecules (reviewed in 103). Generally, CD4

positive T ceUs recognize peptides presented by MHC class n molecules whereas CD8

positive T cells recognize antigen presented by MHC class 1 molecules. An individuai cell

expresses three MHC class II isotypes in the human (DR, DP, DQ) and 2 in the mouse (l

A and I-E), and up ta 3 different c\assical class 1molecules in humans (A.B,C) and 2 in the

mouse (K,D). The MHC locus is polygenic and highly polymolphic. This polymOlJlhism

is mainly loca:ed in the peptide-binding groove and allows the host ta respond to a wide

variety of antigens. The response of T cells is MHC restrieted in i.hal the antigen specifie
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receptor on T ceUs rccognizes specific residues both on the ;mtigenic peptide ami on the

MHC molecule.

MHC class 1 molecules are heterodimers composed of a 45 KDa MHC-encoded

alpha chain and a 12 KDa non-MHC encoded soluble protein. 13-2 micro globulin.

Peptides presented by class 1 molecules are derived from endogenously synthesiz.ed

proteins. either cellular or from intracellular parasites such as viroses. Almost all ceUs in

the body express MHC class J molecules although levels of expression vary and are

typically higher on ceUs of the hematopoetic lineage. CDS positive T ceUs. generally

cytotoxic. can thus recognize infected ceUs which present foreign peptides associated with

dass 1 molecules at their surface and lyse them. The binding site of the peptide is located

on the a chain as a pocket formed by two a helices underlined by a 13 sheet floor.

Peptides associated with dass 1 molecules are usually be!Ween 9 and II amino acids long.

Association of the peptide with the a chain occurs in the Endoplasmic Reticulum (ER).

Studies have demonstrated that the a chain is associated with calnexin or pSS in the ER

which retains the class 1 until it associates with a proper peptide and 13-2 micro globulin.

The peptide stabilizes the heterodimer and allows its egress from the ER to the Golgi

apparatus. The generation of peptides which are associated with class 1 molecules

involves a large cytoplasmic complex called the prolCasome. Two of the subunits of the

proteasomes. LMP-2 and LMP-7. are encoded within the MHC locus and are also

polymorphic. Peptides are then translocated from the cytoplasm to the ER by ATP

dependent transporters encoded by the TAP-l and TAP-2 genes. Expression of these

transporters was found to be essential for association of peptides with dass 1 molecules

and subsequent expression of dass 1 at the cell surface leading to presentation of antigen

to T cells. The genes coding for these transporters are also polymorphic. thus allowing

size and sequence variability of the transported peptides.

MHC dass II molecules rather present peptides derived from exogenous proteins.

Unlike the class 1. MHC dass II expression is resnicted to professional antigen presenting

cells such as B celIs. dendritic celIs. macrophages and monocytes. Interferon-y (lNF-y)

was demonstrated to induce dass II expression on a wide selection of cell types. CD4

positive T cells are generally helper T ceUs and upon recognition of antigen, secrete

cytokines such as IL-2. IL-4. !NF-y, etc.... which stimulate the inunune response of

cytotoxic T cells and drive B celI differentiation and proliferation. Oass II molecules are

heterodimers composed of a 33 KDa alpha and a 29 KDa beta chain both encoded within

the MHC. Both of these chains participate in the peptide binding. The binding poeket of

the dass II is also defmed by !WO a helices underlined by a 13 sheet floor. but can

accommodate much larger peptides !han MHC dass 1 molecules. MHC dass II molecules
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associate in the ER with a chaperone . the invariant chain. In facto trimers are fonned in

the ER consisting of three alpha. three beta and three invariant chains. The invariant chain

facilitates the fonnation of heterod;mers. targets the class II molecules !O the endosomes

where class II molecules associate w:th peptides and also prevents peptide loading of class

II molecules before they reach the endosomes by occludîng the peptide binding groove.

These functions were clearly demonstrated in invariant chain deficient mice wlùch had a

markedly diminishcd cell swiace expression of class II moleeules. Once the eomplex has

reaehed this compartment. the invariant chain is cleaved off the class II and peptide is

loaded into the groove. The peptide class II association is very stable and long lived.

3. THE T CELL RECEPTOR COMPLEX

T cells reeognize the peptide-MHC eomplex through their antigen specifie

reeeptor. Two types of T cell Receptor (TeR) c:m be expressed on the surface of T cells

in a mutually exclusive manner: the aIl3 and the y/S TeR. The raie. localization and

maturation of these two types of T ceUs differ. Sinee the results presented in this thesis

only eoneem (X/~ T cells. no further description of the y/S T ceUs will be given. The (X/~

TeR is a di-sulfide linked heterodir:ler eomposed of an a chain and a ~ chain both

members of the Ig superfamily (figure 1). One T oeil expresses generally one clonotypie

receptor. although sorne exoeptions have been reported reoently (69.223). Severa!

mechanisms are involved in generating the diversity of the TeRs so that th... repenoire of T

cells is as vast as possible and is able to recognize virtually any antigen (reviewed in 264).

The ehains of the TeR are generated by gene rearrangement and both eontain a variable

domain wlùeh is involved in antigen recognition, and a constant domain. The variable

domain of the a chain results from the rearrangement of a Va(variable) and a J Goining)

region. The 13 chain eonsists of a V~ region, a 0 (diversity) region , and a J Goining)

region. In humans, more than one hundred Va genes elassified into twenty nine familles,

and about sixty five V13 genes grouped in twenty four familles, have been identified up to

now. The genotypC5 and the rearrangement of the TeR genes thus eontIibute to increase

the diversity of the TeR repenoire. Moreover, addition of nueleotides at the

rearrangement siteS by a terminal deoxy transferase (TdT) or their deletion further

conttibute to the diversity of the TeR repenoire. Taken together, this allows a possible

1()8-9 different TcRs to be expressed, thus allowing the recognition of the same number of

antigens. Rearrangement of the a and the ~ chains oceurs in the thymus as T oells mature

(sec below) and requires the expression of (wo DNA recombinases, RAG-l and RAG-2
(205,263.277).
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Fagure 1. Organizatïoia of the T ceU reœptor/CDJ complex.

The T ccII receptor (TeR) is associaœd non-covalently with the CD3 ehains and
a dimer of the zeta fanùly. Tbese non-polymorphie ehains are responsible for
the generation of signal transduction following antigen recognition by the TeR.
The ARAM sequenees eontained in the eytoplasmic domain of these ehains
mediate the initiation of T ccII activation.
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As menùoned above. the recognition of the pepùde/MHC complex is achieved by

the combination of the Va and the V~ domains. There are three hypervariable regions on

both chains. the CDR 1. CDR2 and CDR3. which define this recognition process. Elegant

studies have demonsttated that the CDR3. which is encoded by the D-] and V-J junctions •

can direcùy interact with the presented peptide (65.84.139). In this model. the CDRI and

CDR2 recognize residues on the MHC molecule which point upward toward the TcR.

Whether all the TcRs interact with the peptide/MHC complex in the same orientation and

involving th~ same amino acids is still being characterized presenùy.

The cytoplasmic domains of the a and the ~ chains are short (5 amine acids) and

lack any known enzymatic activities that could transmit a signal upon antigen recognition

to activate the T ceU. The signal transduction is rather rnediated by a mt:ltisubunit

complex which includes the CD3 proteins (r,ô alld E) and a dîmer of the zeta protein

family, and which is associated non-covalenùy with the TcR (figure 1). The exact

stochiornetry of the TcR/CD3 complex is not known but the current model is that there

are one CL and one ~ chains, associated with a ôtE dimer, a riE dîmer and either a 1;tç

homodirner or a 1;tTl heterodimer (234). The mechanisms by which signal transduction is

initiated and leads to T ceU activation will be discussed below.

The E, Ô, and r chains possess an Ig-üke extraceUular domain, whereas the çand Tl

chains only have 9 extraceUular amino acids. AU chains have a single transmembrane

domain and a cytoplasmic domain ranging from 40 to 113 amino acids. The Tl chain

results from alternative splicing from ç rnRNA, giving rise to a molecule which is

truncated at the C-terminal portion. The pattern of expression and functional relevance of

this altemate splicing is not known. In humans, studies have demonstrated that less than

0.25% of ç RNA was spliced inta Tl whereas in mice, up to 10% of ç rnRNA can be

spliced inta Tl (138). Studies using T ceU hybridomas expressing varying amounts of

homo- or hetero-dimers have given contradietory results on the role of these (wo splicing

products in the generation of second messengers (22,192,193).

The CD3 and çchains also regulate the expression of the TcR (187,198). Indeed,

the TcR cxI~ must be associated with the CD3 chains and çdimer in order ta leave the ER.

Unassembled or partly assembled complex are retained and degraded in the ER. The

association of the TcR with the CD3 is mediated through basic residues in the

transmembrane domains of the CL and ~ chains interaeting with acidic residues in the

transmembrane of the CD3 chains.
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4. THYMIC MATURATION

T ceUs undergo maruration in the thymus. The goal of this process is to select

cells expressing ô. TeR able to recognize foreign peptides associated with self MHC

(positive selection). and to eliminate autoreactive T cells whieh express a TcR whieh

recognizes self peptides associated with sell MHC and that can thus lead to autoimmunity

(negative selection) (reviewed in :215 and 319). This maturation is aceompanied by a

tremendous amount of ceU death: over 95<;0 of the thymocytes are eliminated due to

negative selection or to a lack of positive selection. Studies have implicated apoptosis as a

mechanism for cell death.

A long list of cell surface :narkers has been described that define the steps of

maturation of T cells in the thymus. Only the markers of inter'~st to this thesis will be

discussed. T cells that enter the thymus are CD4-CDS-TcR-. ~he TcR~ locus is the frrst

one rearranged and upon productive rearrangement. the ~ chain is expressed at the surface

associated with a surrogate a chain. the gp33 (253). Evidence suggests that this step is a

checkpoint to ensure that a productive ~ rearrangement ms occurred and that

development can continue. This ched;point also appears to be linked with allelic

exclusion, wlùch allows only one a and one ~ chain per T ceU to be expressed. However,

the mechanism by wlùch the gp33~ dimer signais is still obscure. Ont."': th" TcRa locus

has succes:;fully rearranged, the thymocytes star! to express both C04 and CDS. At this

Stage, the TcR levels are low. The transition from double negative (CD4-CDS-) to double

positive (CD4+CD8+) is accompanied by a strong proliferation of the thymocyles. The

double positive cells ultirnately will mature into single positives, expressir g either CD4 or

CD8 and Iùgh levels of TcR.

Positive and negative selection have been found to occur at different stages of

maturation depending on the system. Experiments using mutant rnia: have demonstrated

that expression ofMHC class 1 is required to get mature CD8+ T cells (150,339) and that

MHC class nexpression is requin:d to get mature CD4+ T cells in t..lte periphery (58,112).

Conversely, the srudy of mutant mice lacking expression of either CD4 or CD8 suggested

that CD4 expression is required to select MHC cl~: n restricted cells (236), whereas

CD8 expression is required to select MHC class 1 restricted T ceUs (96). Severa! models

have been put forward to explain the mechanisms of positive and negative selection. The

current favored hypothesis is that the avidity of the TcR for the antigenJMHC complex

will dictate whether the thymoeyte is positively selected or negatively selected.
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5. T CELL ACTIVATION

5.1 Initiation of T cell activation

Sûmulation of T cells by antigen can be mimicked by cross-Iinking of the TcR

using anti-TcR or anti-CD3 antibodies. suggesting that aggregation of TcR by MHC

moler.u1es initiate activation. This is reminiscent of what is occurring in growth factor

receptors where binding of the growth factor to its receptor induces its dirnerization

leading to activation of its tyrosine kinase activity and transmission of the mitogenic signal

(307). However. this does not exclude the possibility that a conforrnational change in TcR

upon antigenic stimulation also generates intracellular signalling. It was demonstrated that

a series of anti-TcR Abs directed to different epitopes on T cells lead to differential

activation signals (270). Furtherrnore, recent studies in which T cells were stimulated

using peptide analogs also suppon a conforrnational constraint for signal generation

through the TcR. These stimulations resulted in partial signaling at the level of tyrosine

phosphorylation events, and in induction of cytokine production without proliferation. or

upregulation of cell surface rnarkers without proliferation or cytokine production

(87.88,251,284.285). Moreover, the resulting T cells were anergic to restimulation.

These observations thus suggest that subtIe changes in TcR ligands can induce differential

signaling and that activation of T cells does nOI merely require aggregation of TcRs.

The first detectable event following TcR ligation is an increase in intracellular

tyrosine kinase activity (140). A number of proteins become phosphorylated upon ligation

of the TcR, including the CD3 Ô, ., and E chains and the çchain (235). Two farnilies of

tyrosine kinases are involved in this process: the src-related tyrosine kinases (lck, fyn) and

the Syk family (syk, ZAP). The imponance of tyrosine kinases in the irûtiation of T cell

activation was demonstrated by studies using tyrosine kinase inhibitors which completely

abrogated the irûtiation ofT cell activation (141,289). Moreover, deficiency in expression

of either the ZAP or the lck tyrosine kinase (see below) leads to a state of non

responsiveness of the T cell. On the other hand, overexpression of activated forms of lck

or fyn renders T cells hypersensitive to anti-TcR Sl.imulation. Furlher evidence for the

importance of tyrosine kinase activity is '.ne requirement for CD4S, which is a tyrosine

phosphatase implicated in the activation of src-related tyrosine kinases such as lck and fyn.

The rnechanism by which tyrosine kinases are activated and lead to signal transduction will

be discussed below.
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5.2 The CD3 and çchain.~ as signal transducers

Conf1:mation that the C03 chains were responsible for si l'na! tr.msduction came

from a series of s!Udies which Us_,l chimeric molt'Cules between the extr:lcellular d,'m;üns

of ceU surface molecules such as COS. CO~. the IL-2 receptor CL chain. and the

cytoplasmic domains of ç or e: (S5.133.I70.2~6.2~7.32~). Cross-linkinl' of the ehimer.L'

resulted in the induction of early activation signals such as tyrosine phosphorybtion ami

incre:lSe in inrraceUular calcium. as weil as tater events such as IL-2 production ;md

induction of CD69 expression. The activation resu!ting from the cross-link of the

chimeras was identical to that observed following ligation of TeR. A 17 amino acill, motif

(D\EXXYXXL-X(6-8)-YXXL) W:lS identifled in the cytoplasmic domains of the CD3

chains and çto be responsible for signal transduction. The ç chain possesses three copies

of this motif and the y, 13 and e: chains each contain one copy of the motif. The signalling

motif. tenned ARAM (for antigen recognition activation motif) or lTAM (for ÛlmlUne

receptor tyrOsine-b:lSed activation motif). W:lS found to Ile present Ûl a number of si!."':tl

transducing subunits :lSsociated with hematopoetic ceU antigen receptors. such as the

FcyRI, and the CL and ~ chain :lSsociated with the membrane Ig. The genetic organization

of the exons coding for these motifs suggest that they arose from a common ances:or

sequence. InterestingIy. functional ARAM sequences were found Ûl the cytoplasmic

domain of vira1 proteins from the EBV and BLV viroses. both of which are involved Ûl B

cell transfonnation (23).

Imponanùy. il was demonstrated that one copy of the ARAM is able to transduce

the necessary signais required for T cell activation Ûl ceU \Ù1es (132). This was
demonstrated by chimeras with CD3e: (1 ARAM) and chimeras with truncated forros of ç
which induced T cell activation upon cross-linking aIbeit to lower levels than that elicited

by a chimera with fulliength ç. SÛlce one TcR can be :lSsociated with up to ten ARAMs

(6 ç, 2 e:, 1 13, 1 y) (figure 1). one interesting question is why the apparent redundancy?

Severa1 pieces of evidence seem to pOÛlt to a mechanism of amplification of the response.

It was reported that only a few hundred receptors are likely to be engaged Ûl antigen

recognition, so it would be logical that TcR possess a sensitive signal transduction system

(310). Mutant mice 1acking the expression of ç were found to be severely impaired in

thymic maturation but this could be aceounted for by the lack of expression of ceIl surface

of TcR (177,185,217). Interestingly, re-expression of a mutant ç defective in

transduction in these mice restored thymic maturation (279). These results indicated that

the presence of ç is required for proper ceIl surface expression of the TcR/CD3 complex

but that the presence of multiple signal\Ü1g motifs in the CD3 complex may only be

responsible for amplification of the signaI and not differential signal\Ü1g. Moreover.



•

•

11

certain T cell hybridoma.~ expn:ssing a defectivc ç could be stimulated with antigen or

superantigen ta produce IL-2 further suggcsting a n:dundancy (94.123).

Other experiments lead to the concept that the TcR/CD3 complex was composed

of two autonomous transduction modules. the ylOlE and the ç modules (324). Activation

through the CD2 and Thy-I pathways required expression of the çmodule. demonstrating

that the modules could deliver non-overlapping signais. However. recent evidence

suggest that this differential signalling is not observed in al1 T cell hybridomas (123). In

addition. the pattern of tyrosine phosphorylation induced by ligation of the CD3E and ç
chimeras are different although both are associated with the ZA? kinase. Moreover. the

raf serine kinase which is activated upon TcR ligation. associates with the CD3 8 and y

only. and not with CD3 E or the çchain (176).

Taken together. the CD3 organization seems to favor amplification of signais but

there is specificity in the signal generated 'ly individual chains which is not yet completely

understood. These could be involved in thymic selection and differential induction of

activation genes such as cytokines.

5.3 Tyrosine kinases in TcR signaI transduction

The fust biochemical event detected following ligation of the TcR is an increase in

tyrosine kinase activity. Three tyrosine kinases have been associated with this event using

both biochemical approaches and genetic approaches. Two are src-related cytoplasmic

tyrosine kinases. p56lck and p59fyn. The other. ZA? 70. is a rnember of a recently

discovered fanùly. the Syk fami1y of tyrosine kinases.

5.3.1 src·reIated tyrosine kinases

Members of the src fami1y have severaI well-studied structuraI features (reviewed

in 57) (figure 2). 1) These cytoplasmic tyrosine kinases are myristylated at a glycine

residue at position 2 of their N-tenninus. This allows their membrane association which is

required for their biological activity. 2) A unique stretch of about 80 anùno acids in the

N-terminaI portion of the kinase defines specifie interaction of the kinase with other

proteins. 3) Three domains are shared by all src-re1ated tyrosine kinases. the SH2. the

SH3 and the kinase domain. The SH2 demains (for src homologous demain 2) contain

about 100 amino acids and internet specifica11y with phosphotyrosine residues. Proteins
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StruelUre and functional domains of the tyrosine kinases irnplicated in T ccII activation
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involved in signal tr.rnsduction use their SH2 domains to associate with each other and

modulate their respective catalytic activities. Crystal structures of severa! SH2 domains

have been described. including the one of lck (80). Although SH2s all bind

phosphotyrosine residues. adjacent residues can affect the interaction with their

substrates. 4) The SH3 domains are about 60 amine acids in length and possess a stretch

of poly pralines. These domains are thought to be involved in interaction of prateins with

cytoskeletal elements. 5) The kinase domain consists of an ATP binding domain and an

autophosphorylation site. 6) Fmally, there is a tyrOsine residue located at the extreme C

terminal end of the kinase which when phosphorylated, negatively regulates the kinase

activity of the protein. This involves an interaction of the phosphorylated tyrOsine residue

with the SH2 domain of the kinase. The resulting foiding of the protein is speculated to

block the access of substrates to the catalytic domain. Mutation of this residue to a

phenylalanine results in a tyrOsine kinase which is constitutively activated and able to

lransfonn Nlli 31'3 ceUs.

5.3.1,2 Fyn

Two isofonns of fyn can be expressed resulting from altemative splicing of the

seventh exon leading to a 50 amino acid difference at the junction of the sm and kinase

domains. The fyn T isofonn is exclusively expressed in hematopoetic ceUs whereas the

fynB isofonn is expressed in neuronal ceUs. FynT expression is low in immature double

positive thymocyteS and increases dramatically in mature single positive thymocytes whieh

eorrelates with the acquisition of the ability of thymocytes to proliferation in response to

anti-TeR stimulation (56). Fyn ean be eo-immunoprecipitated with the TeR\CD3 complex

(256). However, the stochiometry of the association is very low « 2-4% of TeR are

associated with fyn) and the use of mild detergents sueh as digitonin to lyse the celIs is

required to observe this associ:ltion. Association of fyn with ç involves the specifie N

temùnal domain of fyn and does not requirc the presence of ARAMs (301). Upon TeR

ligation, an increasc in tyrOsine kinase activity of fyn is observed which occurs within S

seconds of TeR cross-linking and is maximal at 1 minute (37).

Fyn was also co-immunoprecipitated with PI-linked receptors sueh as mouse Thy

l, Ly-6 and hwnan CDS9, CD48. CD24. CD14. and CDSS or DAF (decay-accelcrating

factor) (290,299). This association requircs IWO cysteine residues at positions 3 and 6 of

fyn and palmitylation ofthis cysteine motif (274).

Transfection of activated fonns of fynT or B (FS28) in a T cell hybridoma led to

enhanced gencration of second messenger sueh as tyrOsine phosphorylation and increasc in

intraceUular calcium. and enhanced IL-2 production induced by anti-TeR stimulation (67).
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Only fynT was able te enhance IL-:! production upon stimulation with antigen. thus

demonstrating that fyn T has a regulatory function that f)'n Blacks in coupling the

recognition of antigen to signal transduction. Overexpression of fyn T in transgenic mice

led to hypersensitivity to anti-TcR stimulus with respect to protein tyrosine

phosphorylation. increase in intraceUular calcium. IL-:! production and proliferation (55).

Additionally. overexpression of a kinase dead fyn inhibited these activation events (55).

On the other hand. mice defective in fyn expression exhibited a normal thymic maturation

(13.292). Differences in susceptibility of T ceUs to stimulation were however noted.

Single positive thymocytes were impaired in response to stimulation both at the level of

caIciwn increase and proliferation. The defect in stimulation of peripheral T ceUs was less

pronounced. Splenic T ceUs had a less pronounced increase in calciwn and IL-2

production but had a normal proliferative response to anti-CD3. aUogeneic or SEA

stimulation. Taken together. these results point to a potentiating role for the tyrosine

kinase fyn in T ceU activation. which is more pronounced in mature T ceUs.

5.3.1.21ck

The Ick gene is under the control of two separate promoters resulting in

heterogeneity of the 5' untranslated region (331). The proximal promoter lies just 5' of the

coding region and directs transcription only in the thymus. The distal promoter is 34 kb

upstrearn of the coding region and directs transcription in both thymocytes and mature

peripberal T celis. Ick gene transcription was demonstrated to be greatly diminishcd 6

bours aiter of stimulation with Ieveis coming b2".k to normal around 24 bours post

stimulation (190). This was accompanied by a marked decrease in Ick protein present at

that tirne in activated T cells whicb recovered only 36 bours post stimulation. No

functional evidence of the role of this downregulation bas been reported up te now.

Ick is associated non-covalently with celi surface receptors CD4 and CD8

(25G.311). This interaction is mediated by!Wo cysteine residues in the N-tennÎnaI specific

portion of Ick and !wo cysteine residues in the cytopIasnùc domain of CD4 and CD8. and

is believed to invoive a metal ion (271,272.306) (figure 3). The regulatory function of the

association of Ick with CD4 will be discussed in details below. Ick is aIso associated with

the IL-2 receptor ~ chain and its kinase activity is increased following stimulation by IL-2

(122,126,197). The function of this association is not well characterized yet but IL-2 can

stirnulate growth througb a mutant receptor that lacks the domain responsible for 1cIc

association (122). On the ether band, Ick is required to observe activation of the PI3

kinase pathway by n..-2 (297). Sinùlar to fyn. Ick is associated with PI-\inked cell surface

proteins (290,299). The function of these associations is not known aIthough then: bas
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been a report linking anti-Thy indueed proliferation \Vith an inerease in tek aeùvity (273).

Upon sùmulaùon with either PMA or anù-CD3 Ab. tek beeomes phosphorylated

on serine residues (180.314). This ean be visualized by a retarded migration of tek on a

SDS-Page gel. Anù-CD3 treatment induees phosphorylaùon of about 50% of total tek.

oeeurring via bC'th a PKC-dependent and a PKC-independent pathway (287). These

phosphorylations do not seem to modify signifieantly the activity of tek tyrosine kinase in

vitro. However. sorne oeeur in the SH2 domain and it is tempting to speeulate that it may

modify the affinity for certain substrates (287.333).

Cross-linking of CD4 with CD4 specifie Ab inereases the tyrosine kinase activily

of the CD4-assoeiated lck. leading to phosphorylation of substrates (181.312). Moreover.

stimulation of T cells using anti-CD3 Abs also leads to an increase in lck activity (64). As

observed with fyn. this inerease occurs within a few seconds after receptor ligation and

lasts a few minutes (37). Severa! tyrosine phosphorylated substrates have been

demonstrated to be linked to \ck activity. The ç chain of the TcR complell is

phosphorylated following CD4 cross-linking by Ab (312). The effect of this

phosphory1ation will be discussed in details below. An increase in tyrosine

phosphorylation of the GTPase Activating Protein (GAP) and GAP assoeiated p62 was

observed in cell lines transfected with an activated form of lck (FSOS \ck) and lck was

found to phosphorylate GAP in vitro. thus providing a link between tyrosine kinases and

activation of G proteins (8.S2). Members of the MAP kinase family are also

phosphorylated by \ck (S6). Ick has also becn implicated in the regulation of PI

metabolism. Indeed. PI-3 and PI-4 kinase activity were co-precipitated with Ick (233).

Moreover. an increase in phosphorylation of PLC y was also observed following C04

cross-linking. In addition, as~oeiation of PLC"{with lckwas observed following

TcR stimulation (323). Fmally. Ick is also involved in cooperation with the oncogene ras

ta stimulate transcription from the n.-2 promoter (19).

The sm dornain of 1ck has been demonstrated to also regulate \ck activity

(9.104.327). Crystallization studies have shown that Ick can dimerizc through interaction.

between the sm and SID domains (SO). This forms a poeket which binds the

phosphorylated tyrosine 505. resulting in an inactive form of Id. The sm dornain of Ick

can also mediate the interacti'>n of Ick with other proteins. Indeed. it was demonstrated to

specifically interaet with a number of tyrosine phosphorylated proteins. including the ZAP

tyrosine kina.<e (79,229). Moreover. the importance of the sm dornain of 1ck was

demonstrated in functional studies where an Id mutated in the sm dornain could not

enhance T cell activation but could transform fibroblast (40.313). These results

demonstrated that the sm dornain of Id regulates the function of Ick specifically in T
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cells. A role for the SH2 domain of lck was funher exemplified in studies which used a

chimera between the extracellular domain of CD4 and lck to restore the response to

anùgen of a CD4-dependent T cell hybridoma (334). In this repon. a chimera which was

devoid of kinase activity but still possessed an intact SH2 domain could restore the

response to anùgen whereas a chimera which lacked the SH2 domain but still had kinase

activity had a decreased response. A chimera lacking both the SH2 domain and kinase

activiry could not restore the response of the T cell. Taken together, these experiments

point out that the SH2 domain regulates both intrarnolecular and intennolecular

interactions of lck which are imponant in T cell activation.

Genetic evidence has demonstrated the requirement for Ick expression for T cell

activation. A mutant of the Jurkat T cellline which lacks expression of Ick is deficient in

both proximal activation events such as tyrosine phosphorylation and increases in

intracellular calcium and distal events such as IL-2 production and induction of CD69

expression (295). Interestingly, re expression of Ick in this line restored its abiliry to

respond to TcR stimulus. Another lck negative cell line which is dependent on IL-2 for

growth, was impaired in eytotoxic effector function (143). Funhennore, these cells could

still grow in an IL-2 dependent manner, although exhibiting sorne decrease in the growth

rate, thus demonstrating that Ick is not required for IL-2 stimulation of growth.

The importance of Ick was further demonsaated in a T cell hybridoma which was

rendered more sensitive to TcR induced activation by the overexpression of an activated

fonn of Ick in which tyrosine 505 was mutated to a phenylalanine (2). Again, the

enhancing effects were observed both in the generation of second messengers and IL-2

production. Intercstingly, myrisrylation of lek is required to observe this effect suggesting

tha! membrane localization is irnponant in rcgulation of Ick action (3).

Ick also plays a major role in thymie maturation of T cells. Mice defieient in Ick

expression had an carly block in thymie maturation resulting in thymie atrophy with only

immatW'e thymocytes and alm05t no T cells in periphery (204). The few T cells that got

into the periphery could he activated in vitro to proliferate with mitogens but in vivo, no

anti-viral response eould he detected in these mice (203.204). These results clearly point

out the requirement for Ick expression in the generation of an antigen specifie response.

Overexpression of a dead Iànase lck in thymocytes led to severe defect in production of

matW'e T lymphocytes (173). Morcover. a defect in thymie mitogencsïs was observed.

Conversely. overexpression of wild type or F505 lck induced thymie tumors of immatW'e

phenotype (fcR-CD4-CD8-) suggesting that lck sends mitogenïe signais (1). In addition,

rearrangement of the TeRI} locus was severely impaired in these mice (1.12).

Interestingly. overexpression of Ick which does not associate with CD4 also prevented
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rearrangement of the ~ locus demonstr:lting that lck can act independently of il'

association with CD4 and CDS (172).

5.3.2 The ZAP/syk Tyrosine Kinases

The ZAP tyrosine kinase was flfst identified biochemically as a 70 KDa tyrosine

phosphorylated protein which becomes associated with phosphorylated ç upon TcR

stimulation. thus ilS name "zeta associated protein" (42,43). The ZAP kinase is a member

of a new tyrosine kinase family of which syk is the prototype. These cytosolic kinases

possess 2 tandem SH2 domains and no SH3. a tyrosine kinase domain and no negative

tyrosine residue (figure 2).

Both syk and ZAP are expressed in T cells although their expression is

differentially regulated (45). Indeed. ZAP is expressed only in T cells and natura1 kiI1er

cells. Expression of ZAP is detected at all stages of manrration and in peripheral T cells.

Syk cao be found in a number of h~matopoetic cells. such as thymocytes. B cells and

myeloid cells. Although syk is expressed in high levels in thymocytes. it is greatly down

regulated in peripheral T cells. This difference in expression suggeslS they play different

role at different stages of T cell manrration. Un1ike Ick. there is no downregulation of

expression of ZAP or syk following activation.

The functional heterogeneity of these IWO kinases is further supponed by

biochemical data which demonstrates differential requirement for activation of these

kinases (149). Indeed. chimeric molecules consisting of the exttacellular domain of the

CD16 surface antigen and tyrosine kinases have demonstrated that cross-linking of the syk

chimera activated T cell cytolytic pathway. whereas activation through the ZAP chimera

required co-cross-Iinking of Ick or fyn chimeras. Cross-linking of either alone however

was sufficient to induce an increase in inttacellular calcium.

Genetic evidence for the imponanee of ZAP in T cell matllfaûon and activation

came from studies which demonstrated that human SelO patienlS had a defect in ZAP

expression (14.44.81). These patients exhibited no CD8 positive T ce11s in periphery but

CD4 positive T cells were present. However. stimulation of these CD4 positive T ce11s

was almost totally impaired. The IOle of syk in T cell activation is less charaeterized.

There has becn some repons though that suggest that syk cao activate Ick tyrosine kinase

activity in vitro (59).

Both the E and çchains of the TcR complex cao associate with ZAP (294,321).

These interactions are mediated through the ARAM sequences of the çand E chains. The

tyrosine residues located in ùùs motif become phosphorylated upon stimulation and are

anchor residues for second messengers such as the ZAP tyrosine \cinase. Experiments
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using synthetic peptides that includes the ARAM sequence have demonstrated thm the

presence of both phosphorylated tyrosine residues are essential for the motif to be

functional for association with ZAP (134.322). Conversely. the presence of the two

tandem SH2 domains on ZAP is required for this association (134.322). Moreover, the

association of ZAP SH2 domains with ç was demonstrated to prevent dephosphorylation

of the ç chain. ZAP tyrosine kinase activity is not required for association of the

phosphorylated ZAP to the ç chain (134). lck expression and tyrosine kinase activity are

required for these events to occur since no ZAP association with ç induced fcllowing TcR

ligation was observed in an lck negative T œil line (295). In reconstitution experiments

using the Cos system, co expression of either lck or fyn was required to obtain tyrosine

phosphorylation of ZAP and its association with the ç chain (117,134). Thus, the fust

event following T œil activation would be phosphory1ation of the tyrosine residues of the

ARAMs by lck and/or fyn, followed by association of ZAP with the ARAMs and

subsequent tyrosine phosphorylation of the associated ZAP (figure 4).

Recently, it was reported that the sm domain of lck can bind tyrosine

phosphorylated ZAP (79,300). Moreover, the authors showed that the interaction

between C04 and the TcR was mediated through the interaction of the CD4-associated

lck with the Ç-associated ZAP. These results suggest that the interaction between ZAP

and lck serves as an amplifier of the initial signal by recruiting in the TcR complex

proxùnity other molecules involved in signal transduction (figure 4).

Fmally, two pools of phosphory1ated ZAP were identified: one associated with ç
and the other associated with a protein of 120 KDa (326). This repon suggests that the

mode of activation of ZAP is more complex than the current modeL Further studies are

required to understand the interplay and activation mechanisms of the tyrosine kinases

inv01ved in the initiation of T œil activation.

5.4 Regulation of fyn and Ick activity

5.4.1 csk

As mentioncd. src-related tyrosine kinases are negative1y regulated by

phosphorylation of their C-temùnal tyrosine residue (Y505 for 1c1c, Y528 for fyn). The

tyrosine kinase csk cao phosphory1ate specifically these tyrosines in vitro 1eading to a

conconùtant decrease in tyrosine kinase activity of fyn or lck (27). csk possesses an sm
demain, an SH3 demain and a tyrosine kinase demain. It lacks however a positive

autophosphorylation site, a negative phosphorylation site and a myristylation signal (210).
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F"JgUre 4. Early events of T œil activation.

T cells recognize the peptideIMHC complex through their specifie TeR. Interaction
between C04 and MHC elass fi molecules augments the response of T eells 10
antigenie stimulation. The flrSt deteetable event following antigen recognition is
tyrosine phosphorylation. The ARA~s are tyrosine phsophorylated in an lek/fyn
&pendent fashion (1). This a110ws the association of ZAP with the ARAMs and its
phosphorylation (2). ZAP cao also ioduce the association of the TeR ant: CD4 through
its interaction with the CD4-associated lek SH2 domain (3). C04S and csk are
involved in positive and negative regulation of fyn and lek activity. Association of
CD4S with C04 and the TeR was also reported.
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SeveraI tyrosine kinases have been cloned recently which share the same structure and

substrate specificity as csk and have a more restricted expression pattern, thus defming a

new family of tyrosine kinases (49,147).

How csk kinase acrivity is regulated is not known at the present rime. The

potenrial role of csk in regularing T cell activation was demonstrated in experiments which

used a T cell hybridoma overexpressing the csk tyrosine kinase (50). This hybridoma was

unresponsive to antigen or anti-TcR stimulation in that there were no increase in tyrosine

phosphorylation or IL-2 produced. Interestingly, this defect could be rescued by co

transfecùon of an activated fonn (F528) of fyn. These results strongly suggest that csk or

a csk like tyrosine kinase negaùvely regulates T cell activation by phosphory1ating C

terminal tyrosine residues of fyn and Ick thus inhibiting the tyrosine kinase activities of

these src-related tyrosine kinases.

Mice bearing a null mutation in the csk gene die while still a fetus, Investigation of

the role of csk in T cell maturation was done by the generation of a chimeric mce

obtained by injection of ES csk null ceUs into RAG-2 null blastocysts which express no

TeR due to lack of rearrangement of the TeR genes (110). The amounts of csk negative

ceUs was high enough only to Le analyzed in the embryo before day 17. The results show

that the thymus can be colonized by carly precursors CD4loCD8-TcR- but that these

thymocytes do not differentiate and are overcome by the RAG-2 null thymocytes before

birth. This sugge~iS that csk plays a role in thymocytes differentiation independently of

regulation of Iclc and fyn because the black in maturation in csk null thymocytes is earlier

than the ones observed in Ick and fyn null thymocytes.

5.4.2 CD45

CD45 is a ttansmembrane protein expressed exclusively on all ceUs of the

hematopoetic lineage but not on platelets and erythrocytes. CD45 is higlùy expressed and

can comprise up to 10% of œil surface molecules on T œlls. The 705 amino acids

cytoplasmic domain of CD45 contains (WO tandem tyrosine phos",'latase domains. At

1east eight isotypes of CD45 (180-235 KDa) can he expresSG.! which arise from alternative

splicing resulting from the use of different exons 4.5.6 (or A.B.C) coding for the

extracellular domain (reviewed in 304). Isoforms have been defined by Abs specifie for

sequences encoded by the different exons; exon-4 containing CD45 is the CD4SRA

isoform. exon-S is the CD4SRB and exon-6 is the CD4SRC isoform of CD4S.

Expression of these isoforms is regulated both at the level of tissue specificity and

development. One T cell can expressed multiple isoforms of CD4S. Switch of expression

of CD45 isoforms from high n:wt isoforms to low mwt isoforms are observed when naïve
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cells hecome activated and memory cells. Expression of COolS isofom1s can also vary

depending on the cytokines produced by the activated cells (TH 1 and TH2 cytokine

profùes) (169).

Studies have shown that anti-COol5 Ab can either upregulate or downregulate T

cell activation. Cross-linking of C045 with C04 enhances anti-TcR stimulatior. whereas

cross-linking of CD45 with the TcR inhibits stimulation (107.168). This inhibition can he

reversed by phosphatase inhibitors suggesting that modulation of phosphata.~e activity is

implicated in this phenomenon.

The confmnation of the importance of the phosphatase activity of CD45 in T cell

activation came from studies using mutant œil lines lacking expression of CD45. These

œil lines cannot produc~ IL-2 following TcR stimulation: this is accompanied by a

complete abrogation of tyrosine phc.phorylation. including phosphorylation and activation

of PLC y (151.232). and a disturhed calcium homeostasis (316). Transfection of CD45

restored their ability to he stimulated.

Both lek and fyn were demonstrated to he hyperphosphorylated at their C terminal

negative regulatory site in C045 negative œil lines (191.218). Funhermore. this

phosphorylation was accompanicd with a decrease in autophosphorylation activity in vitro.

These results strongly suggested that CD45 phosphatase activity is required to

dephosphorylate and activate Ick and fyn. Indeed. CD45 can he co-immunoprecipitated

with lek independently of its association with CD4 or CDS (249.265). In addition. in vitro

studies have clearly demonstrated that CD45 does dephosphorylate Ick and fyn • leading to

an increase in their kinase activity (129.208.209.278,280). One report however does not

observe a decrease in activity but rather an increase in tyrosine kinase activity in CD45

negative œlllines (38). Consistent with this report, cross-linking of CD45 with CD4 leads

to a decrease in lek activity in vitro (219). These contradictory results may he explained

by the presenœ or abundanœ of other proteins regulating Ick activity in the different œil

lines used.

The importanœ of CD45 in T œil development was observed in miœ deficient for

exon 6 of the CD45 gene (146). A block in thymocyte maturation at the transition

hetween double positive to mature single positive was observed. Consequently, there was

a reduced number of T cells in the periphery and their response 10 mitogens was

significantly reduced. These observations are in agreement with what was observed in cell

lines on the importance of CD45 in T cell activation. More recently. cross-linking of

CD45 in vivo by Ab, resulted in an increase in lek 3Ctivity associated with CD4 in double

positive thymocytes (26). This inhibited maturation of T ceUs into single positives by
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inlùbition of positive selection. These results funher suppon the imponance of CD45 in

thymie maturation.

The fact that CD45 is expressed at high levels on T cel1s and that its activity is

crucial in T cell activation suggests that the activity of CD45 must be finely regulated.

One of the models is that CD45 would be regulated wough interactions with other celI

surface molecules. Different isoforms of CD45 would interact with different ligands. The

extracellular domain of CD45 is heavily glycosylatecl. Both N- and C-linked sugars are

present and glycosylation levels vary between isoforms wlùch rnay regulate the interaction

of CD45 with other molecules. To date. only one ligand expressed on the APC has becn

identifiecl. CD22. On the other hand. CD45 has been co-precipitated with a number of T

cell surface molecules notably. CD4 and CD8. C02. Thy-l. and the TeR complex

(74.200.266.317). But no modulation of the phosphatase activity of CD45 byassociation

with these molecules has becn reponed. However. chimeric molecules lacking the

extracellular and transmembrane domains of CD45. restored completely stimul:::ion of

CD45 negative cells (127.318). These results suggest that the expression of the

extracel1ular domain of CD45 is not required to couple the TeR to the signaJ1ing

maclùnery. Reconstitution was also achieved with a chimera betwc;en the EGFR and the

C)'tt>;-iasmic domain of CD45 (72). Interestingly. EGF stimulation of the chimera

abrogated the signaling potential of the chimera. These results suggest that the

phosphatase activity of CD45 rnay be negatively regulated in a way similar to

transmembrane tyrosine kinase. i.e. through oligomerization of the active site.

('1)45 can also be phosphorylated both on serine and tyrosine residues.

PhcSiihorylation on serine residues is constitutive although IL-2 can induce stronger

phosphorylation (309). Moreover. ionomycin treatment of thymocytes and certain celI

lines resulted in dephosphorylation of CD45 on serine residues leading to a cIecrease in

phosphatase activity of CD45 (220). These results suggested that CD45 activity can he

regulated by a calcium dependent pathway. Tyrosine phosphorylation of CD45 can he

observed transiently following TeR stimulation (293). AIso. csk can phosphorylate CD45

on a tyrosine residue located in one of the phosphatase domain in vitro (17). This

phosphorylation induced let association through its sm domain with CD45 in vitro and

correlated with an increase in tyrosine phosphatase activity of CD45. More work is

required to characterize the kinases and the mechanisms of regulation involved in

phosphorylation of CD45. and the relevance of these phosphorylations in regulating its

activity.
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6. THE CD4 MOLECULE

6.1 Structure and expression

The CD4 molecule is a 55 KDa glyeoprotein whieh is a member of the Ig super

family. The CD4 gene expression is under the control of a promoter and an enhan~r

whieh does not diseriminate between the T cell lineages (CD4+ and CD8+) (29.260).

The differential expression is rather regulated by a cell type specifie silencer (261). The

nueleotide sequence of the CD4 gene is highly conserved between mouse and human with

homology of 55% for the extracellular domain and of 75% for the cytoplasmic domain.

lndeed, severa! pieces of evidence seem to support, including chapter 3 of this thesis, that

hurnan CD4 can function properly in murine T ceUs. The CD4 molecule consists of four

Ig-like extraceUular domains (Dl to D4), a single transmembrane domain and a short

cytoplasmic domain of 38 residues which mediates the interacùon with lck (figure 3). The

hurnan protein has twO potential glycosylaùon sites whereas the murine CD4 has four.

The CD4 molecule is mainly expressed on a subsets of T lymphocytes (239) but can be

deteeted at low levels on monocytes, granulocytes, eosinophils and dendritic ceUs (184).

Between D2 and D3 , a stretch of live amino acids confers flexibility to the CD4

molecule (34,68,158). The effect of this hinge region was indeed observed in crystals of

the CD4 molecules which revealed an heterogeneity of the relative position of D1-D2 to

D3-D4. Because of this. a good resolution of crystaIs of CD4 could OIùy be obtained b)

cutting the molecules in half. Dl-D2 (252.320) and D3-D4 (34), and crystallizing

independenùy each half.

The analysis of the crystals of D102 and D3D4 revealed a striking homology

between these domains, suggesting a possible duplication of one pair to form the whole

CD4 molecule. Moreover. the crystal structure of D102 is aImost superposable on D3D4

but the relative position of D3 to D4 is moved 30 degrees.

Like Igs. each domain is composed of twO ~ sheets linked by di-sulfide bridges.

Dl and D3 are composed of nine anti-parallel ~ strands (A,B.C,C.C'.D,E..F.G,). The

protruding loops between strands B and C. C' and C, F and G. have been designed

respectively CORI. COR2. and COR3 in homology with Igs. Like Ig, these loops were

found to be involved in interaction of CD4 with its ligands as will be discussed below.

Analysis of crystaIs of the entire CD4 molecule revealed the presence of teaamers

of CD4. However. this property was not observed in crystals of DID2 and D304. and no

biochemical evidence for t:ti:amers bas been reported yeL This suggests that this complex

may either exist with whole CD4 molecules or be an artifaet of crystallization.
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6.2 Interaction with MHC c1ass Il molecules

An interaction between CD4 and MHC class II molecules was !irst suspected

following the observation of the strict correlation of recognition of peptide/MHC class II

by CD4 + T cells and peptide/MHC class 1 by CD8+ T ceUs (189,296.330). Transfection

of CD4 into CD4 negative T ecU hybridornas great1y increased the response of the

hybridomas to antigen stimulation (100.108.159.282). Moreover. the interaction between

CD4 and MHC c1ass II in both a Iymphoid and non-lymphoid context induced aggregation

between the ceUs expressing these molecules (78.159.160). Thus. the CD4/MHC class II

interaction was fust described as an adhesion interaction increasing the avidity of the T

ceU for the APC.

Mutagenesis studies have demonstrated that the interaction between CD4 and

MHC class II involves residues located in three exposed loops (including the CDRI and

CDR3) of the Dl and D2 of CD4 all located on one face of the CD4 molecule

(32,52,53,92,202). Contradictory results have been reported on the implication uf the

CDR2 of CD4 in interaction with class II. Both Iymphoid and non-Iymphoid systems have

been used to characterize this interaction. This was done either in the context of antigelÙc

recognition or simply in adhesion assays independent1y of TcR recognition. Since there

are reports of association between CD4 and the TcR (see below), it is possible that CD4

does not interact with MHC class II molecules in the same way whether the TcR

recognizes antigen or not, thus explaining the apI: arent contradictory results.

The association of Ick with CD4 can modu:;:,~ 'h", interaction of CD4 with MHC

class Il and Ick activity can also influence interactions involving other adhesion molecules

(LFA-l) (303). Using a non lymphoid system, it was demonstrated that association of

CD4 with lck increases the binding of CHO transfected with CD4 to class II molecules on

B cells (145). This enhancement of adhesion was accompanied by an increased

association of the CD4Ilck complex with the cytoskeleton and formation of adherens-type

junctions between the ceUs.

The crystal structure of HLA-DR MHC class II molecules was recently resolved

and revealed the presence of dirncrs of MHC class Il molecules (35). More recently,

biochemical and functional data also supponed the presence of dirners of class Il

rnolecules (262). This could also influence the way class II molecules interact with CD4

molecules. Interaction of CD4 with dirners could indeed require other residues on CD4

than those implicated during interaction with monomers of MHC class Il molecu1es. More

work however is required to charaeterize the formation of these dimers and their exact

function.
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This leads us to another interesèng point: does CD4 interdct with the SaIne c1ass II

as the TcR? As mentioned. severa! slUdies have demonstrat~d that CD4 tmnsfected in

nonlymphoid cells can interact with MHC c1a.~s Il molr' les on B cells leading 10

aggregaèon of the two cell types (78). These stuùies suggested that CD4 and MHC c1ass

Il can interact independently ("'c' the TcR. althougl. this inter.lction seemed to require

higher levels of expression of CD4 than what is usually found in physiological conditions.

CD4 was also demonstrated to interact with MHC c1ass II moleculcs independently of the

TcR when expressed in a T cell hybridoma whose TcR recognize MHC class 1 Dd (108).

In this system. CD4 interaction with MHC class II lead to an enhancement of the

sèrnulation of T cell which was measured by IL-2 production. But other exr..riments.

including those reported in ch'lpter IWO of this thesis. seem to suggest that in more

physiological conditions the CD4 must interact with the SaIne MHC class II than the TcR

does. This would be required to b~ng in close cont!ct the CD4 associated lck and the

TcR signalling complex. In addièon. CD4 and the TCK mteract with each other during the

antigen recognition process (see below). In thynùc selection. it was demonstrated that

CD8 must interact with the same MHC class 1 than the TcR for posiève selection to occur

(131). More recently. CD8 was demonstrated to regulate the TcR-antigen interaction by

interacting with the same class 1 molecule than the TcR (179). There is however no

experiment addressing this question reported yet for the positive selection of CD4

thymocytes.

6.3 Interaction with the TeR complex

Co-aggregation of the TcR and CD4 was fust described in irnmunofluorescence

experiments demonsttating that recognition of the proper peptide/MHC class II complex

by the TcR induces the co-capping of the TcR and CD4 (155.156). This is characterized

by a c1ustering of these molecules polarized at the site of interaction of the T cell with the

APC. MHC class II molecules on the APC that are specifically recognized by the TcR

aIso form a cap at the recognition site. The LFA-1 moll'Cule which is implicated in the

adltesion of the T cell with the APC aIso caps at the contact site (153). The capping of

these cell surface molecules is accompanied by a reorganizatioll of the nûcrotubule

organizing center (MTOC) now facing the contact site between the IWO cells. and an

accumulation of the cytoskeletal protein talin under the cytoplasmic membrnne at the

contact site (157).

The co-capping of CD4 ~.nd TcR cao aIso be induœd using anti-TcR Abs

(154.254). Interestingly. a cGrrelation can be drawn beIWeen the ability of anti-TcR Abs

to induce c~apping of CD4 and the potency of the ano-TcR Abs to induce
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phosphorylauon of the ç chain of the TcR complex (75.245). 11ùs suppons the

hypothesis that CD4 and the TcR synergize and recognize the same MHC (co receptor

funcùon of CD4). The mechanistical basis for this is not detem:ined yet. A

conforrnaùonal change induced by anti-TcR Abs could lead to associaùon of CD4 with the

TcR. Conversely. TcR ligation could send intracellular signais to CD4. Interestingly. TcR

ligation was demonstrated to trigger changes in the affinity of CDS for c1ass 1 molecules

(216). This was not reponed for CD4 however.

Anti-TcR Abs or antigen were also demonstrated to induce internalization of both

the TcR and the CD4 molecules (l0.254.329). Interestingly. anti-CD4 Abs blocked this

co-modulation (243). Moreover, this co-modulation was observed only in activated T

ceUs and not resting T cells .

Resonance tfansfer experiment also demonstrated a physical interaction between

the TcR and CD4. Intl"restingly, this required Ick association with CD4 (54). Fmally,

biochenùcal data c1carly identified an assxiation between CD4 and the TcR complex.

Indeed. the CD4IIck complex could be immunoprecipitated with t~e ç. E and li chains of

the TcR conaplex (36).

Why and how the TcR and CD4 interact has been the subject of a number of

studies and is not completely characterized yet. 1bis interaction and the fuct that CD4 is

associated with Ick which is required for T cell activlltion. suggest that CD4 can generate

signais regulating carly events of T cell activation.

6.4 The signaling function ofCD4

The first evidence that CD4 could indeed generate signais regulating T ceIl

activation came from experiments whereby MHC independent stimulation of T cells could

be inhibited by anti-CD4 Abs (248,302). More recently, aosslinking of CD4

independently of the TcR was demonstrated ta lead ta cell death by apoptosis (20,211). It

was then proposed that asynchronous stimulation through CD4 and TcR was sending a

negative signal. On the contrary, co-aggregation of CD4 with the TcR resulted in an

enhanced stimulation of the T cell (221). The discovery that CD4 was associated with a

tyrosine kinase. Ick, and that cross-linking of CD4 with Ab increased the a<:tivity of Ick led

to a large number of studies on the role of the CD4IIck association in regulating T ceIl

activation events.

Using a T cell hybridoma which requires CD4 expression to produce IL-2 in

response to stimulation by antigen, Glaichenhaus showed that association of Ick with CD4

was required to restare the response to antigen (lOS). Tbese results and results presented

in chapter 2 of this thesis, suggested that CD4 must bring Ick in close contact with the
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TcR complex in order for T cell activation la initiale. Indeed. lck association with CD4

was shawn la he requin:d for enhanced stimulation following co-cross-linking using Ab of

the TcR and CD4 (51.76). This stimulation leads la an increase in recruilmenl of ZAP

association la ç which is dependent on lck activity. Moreover, a report suggesled thal

expression of the çchain was requin:d 10 observe an enhancemenl of activation following

the co-crosslinking of TcR and CD4 (257). As mentioned. the association of CD4 with

lck was found la he requin:d 10 observe CD4 inleraction with the TcR (54). Tnken

logether, these reports thus suggesl thal the physical interaction hetween the TcR and

CD4 is medialed intracellularly by Id: and is requin:d la initiale T cel1 activation.

Recent studies suggest that the extracel1ular domain of CD4 may regulale T cell

activation independently of ilS association with lck (315,338). This could he a din:ct

interaction of the extracellular domain of CD4 with the TcR to augment the avidity of the

TcR for the peptide/MHC complex, or an interaction with another T cell surface molecule.

Interestingly, CD4 was shown to he associated with CD45, a key regulatory molecule for

T oeil activation by both biochemical and immunof1uorescence approaches (74,200) in an

isoform specific manner. An isoform 5pe('ific interaction of CD45 with external domains

of other cell surface markers of T cel1s such as CD4, could modulate T cell activation.

Further studies are required to assess specifically if these interactions modulate the

phosphatase activity of CD45.

6.5 InternaIizatiOll of CD4

Upon PMA or anti-C03 treatment, CD4 becomes phosphorylated on three serine

residues in ilS cyloplasnùc domain (28,130,230,275). In human CD4, the three residues

are located at positions 408, 415 and 431 (figure 3). Phosphorylation is the sttongest

(80%) on serine 408 and the effect of this phosphorylation on interna1ization is also the

strongest as mutation of this residue rendered CD4 aImost totally resistant to PMA (275).

This phosphorylation of CD4 induces ilS intemalization via clathrin-coated pilS and

degradation in the lysosomes (228,276). Studies have shown that Icle association te CD4

prevents internalization of CD4 (227). Consequently, PMA-induced phosphorylation of

CD4 1eads te dissociation of lck from CD4, thus rendering it more susceptible to

internalization (228,283). More recently, the group of Sttonùnger bas proposed that a

putative alpha helical structure in the cytoplasnùc domain of CD4 was also requin:d to

target CD4 to degradation (figure 3) (276). The role of !bis intemalization of CD4 is not

well characterized yeL Thore was however a report demonstrating that a mutant in which

aU three serine residues were changed for alanine residues could not restere a CD4
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dependent antigenic response of a T cell hybridoma. thus suggesting that dissociation of

lck from CD4 may be required for lck to phosphorylate its substrates (105).

7. THE HUMAN IMMUNODEFICIENCY VIRUS (HIV)

C04 is the receptor for the HIV. The viral envelope protein gp 120 binds to CD4

and viral entry ensues by fusion of membranes. As will be discussed below and presented

in the following chapters. gp120 interaction with C04 can modulate the CD4 function •

altering carly activation events and HI'I replication. Moreover. sever..! vira1 proteins can
directly downregulate CD4 expression. A brief overview of the mechanism of disease and

the viral cycle of HIV will be given followed by a more detailed review of the effect of

HIV proteins on expression of CD4 and the generation of signais through CD4.

7.1 Mechanism of disease
Infection with HIV ultirnately results in the Acquired Immunodeficiency Syndrome

(AlOS) (reviewed in 225). This disease is defined by a graduai loss of CD4 T

lymphocyteS paralleled by an increasing immune dysfunction which is characteri=:l by the

occurrence of opportunistic diseases. The disease progression is characterized by a

clinical1atency period which lasts on average 8-10 years. but that can be as short as a few

months or longer than 15 years. However. during that period, there is a tremendous

amount of vira1 replication gaing on in Iymph nodes (83.224). Studies on the dynamics of

HIV infection demonstrate a vigarous immune response against HIV is OCCUITing

implicating both cytotoxic T cells and the humoral response. The course of the disease is

govemed by a balance between viral replication and viral clearance by the immune system

(125.325). Unfortunate1y. the virus ultirnately wins and the infected hast dies.

The mechanism of immune deficiency is not completely understood yeL Patients

show a decreased response to recall antigen stimulation in vitro (89.114.162). Infection of

T cells with HIV bas becn demonstrated to direct1y impair stimulation of T cells by anti

CD3rrcR Ab (175). In addition. iso1ated viral proteins such as gp120 and Nef (sec

below) can on their own affect T cell activation events. The severe 10ss of CD4 T cells is

believed to contribute great1y to the immune dysfunction as these cells play a pivotai

regulatory ro1e in the course of immune responses.

Several mechanisms have becn implicated in the loss of CD4 T cells in infected

patients (reviewed in 195). The decrease in CD4 T cells can not be tota1ly accounted for



•

•

30

by the cytopaihic effect of infection since only a small percentage of T cells are infected.

Direct cytolysis of infected cells by HIV ~"pecific cytotoxic T cells is believed to contribute

to this 1055. Moreover. apoptosis has been observed in PBLs isolated from infected

patients (7.1 II.166.194). The exact cause of apoptosis is not weIl chamcterized yet but

exposure ofT cells to the viral proteins gp120 and tat can result in apoplosis ofT cells in

vitro (328). Autoimmunity has also been proposed as a model for C04 T cell depletion.

Fmally. it was proposed that a yet unidentified HIV encoded superantigen could

selectively lead to the deletion of specific T cell subgroups (165.237).

7.2 Structure and genes

The HIV is a retrovirus belonging to the lentivirus funùly (reviewed in 308). The

virion has a char.lcteristic cylindrical core of about 110 nm in diameter formed by the

p24(P25) Gag protein (figure 5). Contained in the core are IWO copies of 355 single

stranded genomic RNA with the polarity of rnRNA which are c10sely associated with the

viraI polymerase reverse transcriptase and the nuc1eocapsid (Ne) proteins (p9. p6). The

inner membrane is composed of the matrix protein (pl?) which is myristy1:lted and is

required for proper assembly of the virion. The outer membrane has 72 knobs of trimers

or tetramers of the envelope protein (env) which is composed of a surface gp120 non

covalently associated with a transmembrane gp41.

Like other known retroviruses, the genome of HIV is composed of env, gag and

pol genes flanked by long terminal repeats (LTR) (figure 5). The gag gene encodes viraI

structural proteins : the matrix p17 and p24, and the capsid protein p619. The pol gene

encodes for three enzymes: protease, reverse transcriptase and integrase. The env gene

encodes for gp160 precursor which is further c1eaved into gp120 and gp41. At least 6

other proteins are encoded by the HIV genome. These includes the regulatory proteins

tat, rev, vif, vpr, vpu, and Nef.

7.3 virallife cycle

The receptor for the HIV is the CD4 rnolecu\e (62,148,161,259). The viraI env

glycoprotein gp120 binds to CD4 and viraI entry ensues by fusion of the IWO

mernbranes(291). Recently, a co-faetor aiding in viraI entry was identified as the peptidyl

transferase CD26(39). However, Ibis result is still controversial (167). The affinity

constant for binding of gp120 to CD4 is in the order of 10-9 M and is not affected by

de1etion of the cytoplasmic domain ofœ~. Moreover, viraI entry is very efficient in
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cells expressing a CD4 molecule lacking ilS cytoplasmic domain. suggesüng that this

event does not require endocytosis of CD4 mediated through the serine endocytosis motif

(24.73.183). Howevo:r. viral binding to CD4 was demonstrated to induce phosphorylation

of CD4 (91).

The amino acids of the eXlracellular domain of CD4 implicated in binding of gp120

were identified as being pan of the CDR2 loop of the fust Ig-Iike domain

(15.16,53.92.159.160.201.231). Deletion of residues 43-52 resulted in total abrogation of

gp120 binding to C04. Residues in the third domain of C04 have also been implicated in

viral entry evenlS post-binding of gp120 (305). Interestingly. residues of C04 implicated

in binding of gp120 are dissociable from residues implicated in the interaction of C04 with

MHC class II molecules (92.159.160). The residues on gp120 implicated in binding to

CD4 were also identified. Deletion of 12 residues (389-407) in the relatively conserved C

ten1Ùnal region spanrùng residues 397-439 completely abrogated the binding of the mutant

gpI20 to CD4 (l64).

Once inside the cy!oplasm. the viral genome is reverse transcribed into double

stranded proviral DNA by the RNA/DNA-dependent DNA polymerase and ribonuc1ease

H activities of the viral reverse transcriptase (reviewed in 61). The viral DNA can exist in

two forros. either circular or lînear. It is then incorporated into the host chromosomal

DNA in a process which requires the viral endonuc1ease encoded by the pol gene.

Successful integration of viral DNA into host chromosomal DNA in T ceUs requires

activation and proliferation of the infected celI. Reverse transcription can occur Ùl resting

T ce\Is. but it is not complete and results in a partial ploviral DNA which can remain in the

cytoplasm for days to weeks. In monocytes and macrophages however. productive

infection cao occur without concomitant proliferation. suggesting that the control of HIV

infection varies between different cell types.

Once integrated, the provirus cao either be silent (latent) or lead to productive

infection. Expression of viral genes is under the control of both host and viral factors.

Transcription is mediated :'y the cellular RNA polymerase II. The promoter element

contains a TATA box and SpI sites which increase the rate of initiation of transcription.

The enhancer of the HIV promoter contains sites for NF-lCB and NF-AT and AP· 1. There

is also a negative regulatory e1ement (NRE) which negatively regulates transcription.

The fact that cellular transcription factors such as NF-lCB which are requin:d for HIV

promoter activity are only found in activated T ce1ls further demonstrate the requirement

for activation of the infected T ce11 to get a productive infection.

Two classes of transcripts cao be defined based on their temporal appearance in

the viral cycle. Early transcrlpts consist of fully spliced 2 kb class of viral mRNA that
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encode for the regulalory proleins tat, rev and Nef. The viral laI is a rransactivalor lhal

drarnatically increases transcription from the HIV LTR. A functional tal is required for

viral replication in vitro. AIso essential is a copy of the cis-acting viral sequence

responsive 10 tat, the TAR element. The regulalory protein rev comrols the appearance of

late class mRNAs which consists of the unspliced (9 kb) transcripts which code for the

gag-pol, and singly spliced (4 kb) transcripts that code for structural proteins. Rev

deficient virus is replication defcctive with no late mRNAs produccd lcading to the

absence of structural proteins. The appcarance of late mRNAs correlates with a decrease

in fuJly spliced mRNAs. Thus. rev negatively regulates its expression and cstablishcs a

balance bctwcen regulalory and structural proteins bcing produced. The function of Nef

will bc discussed in details bclow.

Viral assembly and relcase at the ccll membrane rcquires a specific interaction

bctwcen the viral genonùc RNA with the gag-derivcd nucleacapsid (NC) protein. gag and

pol proteins are incorporatcd inta the virions in the form of precursor proteins that are
prorcatically cleavcd by the viral protease during or after budding of the mature viral

particles.

7.4 Downregulation of CD4 expression by viral proteins: vpu, gp120 and Nef

CD4 ccll sUIface expression is dramatically dccreascd in mv infectcd ceIIs
(reviewcd in 102). A dccreasc in CD4 expression is spccuIatcd to prevent viral

supcrinfcction. A dccreasc in CD4 mRNA has becn reported to accur in infectcd ce\ls but

the mechanism by wlùch this occurs is not characterizcd (101.128.255). Howcver. tbree

viral proteins have becn implicatcd in downregulation of the CD4 protein: gp120. vpu and

Nef.

gp160 downregulatcs CD4 expression by associating with newly synthcsizcd CD4

molcculcs in the ER, thus preventing egress of the CD4Igp160 compIex to the cell sUIface

(30.60.136). Moreover. exposure to gp120 of T ccll clones leads to endocytosis of ccll

sUIface CD4 (41). In addition. the vpu protein ,in conjunction with gp160. induccs rapid

degradation of CD4 in the ER. leading conscquently to a dccreasc in ccll sUIface

expression of CD4 (332). In order to observe this effect, CD4 must bc trappcd in the ER

by gp160 or treatrncnt of ce\ls with brcfeldin A that blacks transpon of newly synthesœd

protein out of the ER. We have demonstratcd that a putative a heIical structure in the

cytopIasnùc domain of CD4 is requircd to observe degradation of CD4 induced by vpu

(335). Funhcrmore. this event docs not requirc either ick associatior. with CD4 or

phosphorylation of the serine residucs in the cytopIasnùc tail of CD4. A role of this
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degradation of CD4 is to facilitate the release of virions by disrupting gp160/CD4

complex.

The effect of Nef on CD4 expression will be discussed in det:lils below.

70S The effect of gp120 on T cells

As was discussed above. the CD4 molecule plays a critical role in carly T cel1

activation events. Consequently. gp120 was dernonstrated to generate signais through

C04 and modulate T cell activation. ln resting PBLs. oligomeric fonns of gpl20 can

induce an increase in lck activity. in tyrosine phosphorylation of severa! substrates

including PLCy and in intracellular calcium (106.142.152.286). Moreover. this treatment

induces progression in the G1 phase of the cell cycle as deterrnined by the characteristic

increase in size of treated cells. Cell surface expression of severa! activation markers such

as HiA·DR and the lL-2 receptor a. are also induced. lnterestingly. the resulting T cells

are anergie to TcR induced stimulation (48.106.186.199). gp120 expressed on the surface

of fibroblasts can also inlùbit the response of both T cell clones and PBLs 10 anti·TcR

stimulation thus suggesting that in vivo gp120 expressed on the surface of infected cells

can acl on adjacent C04 T ceUs and rnodulate their activation (267). ln addition. T cells

treated with gp120 are prograrnmed 10 undergo apoplosis following TeR ligation (21).

This observation is interesting sinee apoplosis is observed in infected patients and is

speculated to be one of the mechanisms by which the C04 T cells are depleted in HIV

infected patients.

gp120 binding 10 CD4 was also dernonstrated to activate lck activity in T ceillines

and lead to irnpaired T cell activation as measured by lL-2 production (124.222).

Moreover. this treatmenl can lead 10 irnpaired binding activities of severa! transcription

factors involved in transcription from the IL-2 promoter such as NF-AT. NF-lCB and AP-l

(135). These transcription faclors are also involved in reguIating HIV LTR driven

transcription. Thus exposition of infected T cells 10 gp120 could also modulate HIV

replication as will be discussed in chapter S.

Antigen stimulation of an human CD4 positive T eell clone was also found 10 be

irnpaired following exposure 10 gp120. This was accompanied by down modulation of

cell surface expression of CD4 and dissociation of Ick from CD4 (41). ln this model.

irnpairment of T cell activation wouId be caused by a lack of co-stirnulalOry activity of the

~lCIC: complex.

Altogether. these experirnents clearly show that gpl20 can contribute to the

immune dysfunetion which is observed in HIV infected individuals.
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7.6 Nef

7.6.1 Structure

The nef gene is located in the 3' LTR open reading frame (ORF) of the HIV

genome (6,115). The Nef gene product is a 27 KDa myristylated protein (6,93) which is

expressed abundantly and carly in the viral cycle (90.206). Indeed, up to 80% of carly

rnRNA can code for Nef (244). Nef is predominantly associated with the cytoplasmic

companment or partly associated with membranes, although there have been reports of

nuclear localization (93,207).

The characterization of the effect of Nef on HIV replication has been the subject of

a vast number of studies, aImost ail of which seem to contradict cach oth~r. Indeed, both

a positive and a negative effcct of Nef on HIV replication in vitro h~ue been reported.

There is one observation which is generally agreed upon: Nef induces downreguiation of

cell surface expression ofCD4 (11,98.99,188,241).

7.6.2 DownreguIation ofCD4 expression

Downregulation of C04 expression can be induced by the presence of Nef

isolated from a large number of clinical HIV isolates (11,98,188,298). Myristylation of

Nef was found to be required to observe this effect and for the modulation of HIV

replication by Nef (109,116,120,121,336). This phenomenon is not spccies specific as

Nefcan downreguiate CD4 expression in murine ceUs (11,98,174).

Downreguiation of cell surface expression of CD4 is a consequence of its

increased intemalization induced by Nef (5,242). As mentioned in the fust part of the

introduction, PMA treatrnent also leads to an increase in internalization of CD4 by

inducing phosphorylation of three serine residues in the cytoplasmic domain of CD4.

However, intemalization of CD4 induced by Nef was found to be independent of the

presence of these serine residues (99). Mutagenesis studies have demonstrated that the

presence of IWO leucine residues at positions 413 and 414 of the cytoplasmic domain of

CD4 are required to observe downreguiation of CD4 induced by Nef (5). Interestingly,

this di-leucine motif was previously descrii><:d to target cell surface molecules to Iysosomal

degradation (171). Moreover, Nef was demonstrated to induce degradation of CD4

(242,258,268). The faet that this degradation can be inhibited by inhibitors of lysosomal

function (chapter 7) and that CD4 was found to be localjzed in the endosomes by confocal

microscopy, strongly sUggesl that this degradation of CD4 occurs in such compartments.

Downregulation of mouse CD4 was clearly dernonstrated in transgenic mice

expressing Nef (33,174,281). Moreover, expression of Nef led to a severely impaired
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thymic maturation and altered response of thymocytes and peripher:ù T cens to mitogenic

stimuli. Whether these effects were due ooly to downregulation of CD4 expression or to

other effect of Nef on these T cens (see below) is not detennined at this moment

The role of this downregulation of CD4 and its implication in the effect of Nef on

HIV replication is not characterized yet. A report suggested that it prevented viral super

infection in the SIV model (25). The fact that this propcrty of Nef is conserved among

both laboratory and clinical isolates suggest that it indccd is relevant to the effect of Nef

on HIV replication. Models will be proposed in the following chapters.

7.6.3 The effect or Ner on mv replication

Nef was fust identified as a negative regulator of HIV replication. thus its namc

"Negative factor" (47.178). It was reported that Nef negatively affccted transcription

from the HIV LTR and was acting as a transcriptional silencer of the HIV LTR

(4.178.214). Thesc results suggested that Nef was important in the phenomenon of

latency.

Moreover. Nef expression prevents IL-2 production induccd by TcR stimulation in

celllines by inlùbiting transcription from the IL-2 promoter (182). The expression of Nef

was shown to directly inlùbit DNA binding activity of NF-ICB and AP-l (212.213). These

results funher implicate Nef as a negative regulator of HIV replication. Nef can aIso

inlùbit activation pathways involved in cell proliferation. Indeed. Nef was shown to inhibit

both proliferation and calciwn influx in fibroblasts. and 1L-2 induced growth in T cells

(71). Taken logether. these results favored the hypothesis lhat Nef was involved in

latency by inlùbiting both transcription from the HIV LTR and activation of T cells.

However. several studies contradicl these reports. Incleed. IWO groups could nol

observe a negative effect of Nef on either HIV LTR transcription or HIV replication

(46,118). Moreover, a positive effecl of Nef on HIV replication in vitro was observed

using Nef sequences isolated from severaI c\inical isolates (70.196.288.337). However.

the positive effect of Nef on HIV replication cao he harder 10 observe using T cell lines
(70). Moreover, il was cIearly demonstrated that the positive effccl of Nef on replication

is more marked when resting PBLs are infceted versus activated PBLs (288.337). The

positive effect of Nef thus seems to depcnd on the activation state of the cell infected.

How Nef upregulates HIV replication in vitro is nol characterized yet bUl it seems tha' the

presence of Nef increases the infectivity of the virions produced.

The importance of a functional Nef for HIV infection in vivo was cIearly

demonstrated using SIVmac 239 infection of adult rhesus monkeys as a model (144).

Indeed, Nef was requi!ed in order 10 maintain high virus loads and for full pathogenic
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potential a!though in vitro infection with the same virus was not altered by the absence of

Nef. Moreover. infection with a virùs in which a stop codon w::.s inserted in the carly in

the Nef sequence resulted in reversion of this stop codon to a coding codon. The

importance of Nef was further demonstrated using the Sem·hu mode! where again the

presence of Nef was required 10 observe pathogenesis (137).

Models of the possible mechanism(s) by which Nef exert.s ilS effecl on HIV

replication will he proposed and discussed in the General Discu~sion.
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8. RATIONALE

Throughout evolution organisms had to discriminate self from non-self to proteet

their species. The immune system has evolved into a complex ensemble consisting of

many lines of defensc each specialized for a panicular kind of aggression. Pathogens have

also evolved 50 as to ma'.üpuIate the host defense in their own purpose. The object of this

thesis was to understand the role of a ecll surface molecule. C04. in the normal immune

response and in a pathogenic situation. namely HIV infection. ln addition. the effecl~ of

viral proteins on CD4 were characteriZt'd. The CD4 molecuIe is expressed on the surface

of T eclls that recognize antigen presented by MHC dass Il molecules. Its association

with the tyrosine kinase Ick makes it an ideal candidate to generate signais regulating T

ecll activation sinec tyrosine kinases. induding lck. were demonstrated to he the initiators

of T ecll activation.

The work presented in this thesis was meant to answer twO questions regarding the

role of C!)4 in T ecll activation. The first was to assess specifically the function of the

interaction hetwccn Ick and C04 in regulating carly events of T ecll activation. This was

accomplished by generating a mutant of C04 which has lost the ability to associate with

Ick and studying the effect of the mutation on TcR·induced proliferation of a T ecll clone.

The second question we asked was whether CD4 can regulate the initiation of T

ecll activation independentiy of its association with Ick and of its interaction with MHC

class n moiecuIes. This was achieved by substituting the extraeellular domain of C04

with the extraeellular domain of a molecule which is not normally found on the surface of

T ecUs (the EGF receptor). and assessing whether there was a loss of function of C04 in

an J\,iHC independent T ecll stimulation when this chimeric molecule was expressed.

The fuct that the CD4 molecule is the receptor for the HIV has consequences on

the regulation of HIV replication in vivo. Indeed. severa! HIV proteins such as gp120 and

Nef affect the normal function of CD4. This may result in modulation of the immune

response against HIV and other pathogens. thus indirectiy regulating the levels of

replication of HIV. At a cellular level. the replication of HIV requires activation of the

infected T cell Indeed. ceU division and cellular transcription factors only found in

activated T ceUs are required to get productive infection by HIV. These observations

suggest that signals generated through CD4 that moduIate T cell activation • are also

involved in the regulation of HIV replication.

gpI20 was shown to dîrectiy inhibit the activation of CD4 positive T cel\s.

Although a correlation can he found betwccn activation of lck by the interaction of gp120

with CD4 and the induction of anergy by gp120. no direct proof of the causative effect of
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the activation of lck 01: the induction of anergy has been reportcd. We have further

characterized this mechan;sm of irthibition of antigenic stimulation using a T cell clone

trafisfected with the above described mutants. As hoth the HIV LTR and the IL-:!

promoter are regulated by common transcription factors. we then tested if gpl20 binding

to CD4 could aIso directly modulate H1V replication.

Another HIV protein. Nef. was demonstrated to modulate CD4. lndeed. Nef

induces the intemalization and degradation of CD4. Since Nef has a positive effect on

HIV replication. we were interested in assessing whether the down regulation of CD4 by

Nef is implicated in the positive effect of Nef on HIV replication. To deterrnine that, we

fll"St characterized the mechanisrns by which Nef down regulates CD4 exp~:;sion and the

domains of CD4 which are required for this effect. As lck activity is requil'~d for T celI

activation. we aIso exarnined the fate of the association of CD4 with lck when Ncf is

present. lndeed. modulation of lck activity by Nef could aIso be implicated in the positive

effect of Nef on H1V replication.

Characterization of the effcct of thl" signais gencrated through C~ in modulating

both T cclI activation and HIV replicatio.1 will aIlow a beuer understanèing of the life

cycle of HIV. ln addition. the identification of the mechanisrns by which HIV modulate

these signais may be of potentiai use in designing vaccines and anti-viral therapies.
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STIMULUS

control (:"i) ~nd mutated Co4 (SOC) infect.1nts of clone ::!.IO
re'i?ond as .....ell to TCRcr,l3 antibody as they do to antigen. In
contra~t. responses of wild.type CO.; (Ne) infectants to Joti
TCRa,l3 range from 1 to lSC:ô of those obtained with antigen.
Thus. the c;lpacity of CO.; to prohibit the induction of T-cell
growth by TCRa,8 anllbody carrelates with i1S association with
p56 I,J..

As suggested by mJny studies. antigen presented in associ.
Ollien with MHC c1ass 11 molecules would serve to coaggregate
CD.; and TCRol3-CD3,juxtaposing CD4-associ:ued pS6"~ and
ilS putatively relevant subs1rates,·),lo.u. The prediction rollows
that deliberate antibody.medi:ued coaggregalion of C04 and
TCR-CD3 in clonc 2.5 and in wild.lype C04 infcctants ofdonc
2.10 should result in the induction of T·çell growth. as is the
case (Table 1b). Rat monoclonal antibody specifie for either
V{34. C04, or a combination of the two werc added 10 culture
wells coated with polyc1onal mouse anti·rat IgO. Clone 2.10

SYl'OfIY
266
1.2
253
0.93

Antl-TCRap

0.7>02
59.7>0.9

Anu.al4
_t1-VjlO

lllU ,.2.9
19.'''U
96.1,.U

118..,.4.7

AntloC03r

n.0.7.o
88... 7.6

OVAII~A"

+anll-C04

0.6.02
41."0.5

AntI-CD4 Antl-Vjl'

o.OUO.Q05 ll.29,.O.os
o.œ,.O.OO2 lll.'''U
0.03"0.003 Q.3S "0.05
OJIUCl.OOlI 127.7,04.3

Oont OVAl'l~A·

2s<"" 61.3.2.3
:uo"'" 45.5'2.6

mfect;.lnt~ dld not aller fC\ron .. ivene .... 10 antis.cn. anti·TCRa,O.
or ,&ntl·CD3r (Table 1. Fig. ::!a-c), In contra ..t, the rC!Iopon .. es

•

0 TeRn!' :Jnllbody by ail wlld·type C04 infectants of clone
.10 ""ere vlnually a;'rog:lled (FIg. ::!d. a phenotype idenlical

la that ob\er... ed in the CD':· done ~.5 (Table 1J, ~1oreo\'er. a ..
ob\crved ....,ith clone ::!.5. the..e wlld·tyçe CD4 infectants respon·
ded ..... cllIO bath antigen (Fig. ::!d) and anli·CD3c (Fig. 2f).
indicating that the TCR~CD3 cample:t wa:o indeed functional.

Ta dClermine directl)' whether C04 (',-pression prr St is
\ufficient to prohibit the induction of gfowth by TCRaj3 anti·
body, wc Olnalysed the response of mUl:tted C04 infectants of
clone 2.10 (NOe) to TCRat3 antibody. As illustrntcd in Fig.
211. despite ex.pression levels of C04 comparable to wild·type
C04 infectants of çlone :UO (Fig. 2j). mutated C04 infectants
rnponded OlS weil to anti.TCRap :lS they did ta antigen (Fig.
2,). To emphasize the point. proliferation results obtained from
cach catelory of infc<:t3nt were nonnalizcd by crcating a ratio
of the rnponses of each clone ta TCRat,i antibody and to
antigen. As ilIustnted in Fig. 2j. plotling this ratio relative to
the level of C04 expression ror each ctone reveals that both
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•
Jnd mutated CO.\ infectants of clone :.10 responded robustly
to anli·\'.B~ alone. ImportJntly. the responses of mutated CO~

infectants wcrc not noticeably enh:mced in the presence of bath
anti.V,G.\ and anti·CO.\. Thus, cOJ~srcptionofCOJ pl"r SI: with
TCR-CD3 docs not pro\'ide supplcmcntary activation signaIs.
ln contrast, in clone 2.5 Jnd wild.typc COol infectants of clone
1.10, whcrc pS6:·I. is Jssociatcd with CD"". the induction of
DNA synthcsis requircd c:oaggrcgation of COol and TCRa,t3
(Table lb).

Calcium ion responses induced through TCRa,t3 in c:1oncs
2.5. 2.10 ::md CD4 infectants of clone: :UO. parallel results
obtained in proliferation assays l Fig. 3A). Specifically. Jggrc:ga
tion of TCRat3 in the C04- clone 2.10. and in mutated COol
infectants of clone 2.10. results in robust mobilizat;on ofintraccl·
lular Ca'· involving the majorilY of eells (Fig. 3A. b. g).
Responses of mutated CD4 infectants were not cnhanced on
eoaggregation of C04 and TCRo/l (eompare Fig. 3A. g Wilh
hl. ln contrast. anti.Vf34 stimulation of clone 2.5 and wild.type

CO.: infect;lnls of donc ~.lO. re\uhs in m;nim~\l Ca.~" mobih:.
;ltion t FiS' 3.-\. J,)). which 1'" re~"UtJ l'n c(";l~sn:~ationof CD"
;lnd TCRa,S \Fi~. 3.-\. t'. ,,),

The induction or tyro",ine pho!irhof)hti,,'n is the fin.t rfC
rtqui:,itc signJ.\ induccd thrl,ugh the T·cell :lntigcn rccertM.
withoUI which the induction or sub\cquent a-.:ti,'ation signah-o
includin~ the ml,bi\i~;ltion or intracellul;lr calcium. arc
bloc\,;.eJ:·':·. To assess the rote or the CD~_p56'·a. compin in
bath prohibiting, and enhancing l

: this process, we anatysed the
accumulation of tyrosine phosphorylated pfoteins aCter TCRatl
aggresation in dones 2.5. 2.10. and CO~ inrectants of clone
2.10. Aggregation of TCRaJ3 on clone :!.S (Fig. 38. a) and on
wild.type COol infectants or clone 2.10 (Fig. 38, bl raulted in
reductd levcls of tyrosine phosphorylaüon relative to those
obser\'cd in clone 2.10 (Fig. 38, a) and mutated CD4 infectOlnh
of clone 2.10 (Fig. 38. bl. Quantitative analysis revc:aled that
the levels of phosphorylation of at least four substrates in
wild.type COol· clones were 3-15·rold lower aCter antigen recep·
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tor aggregation for 30 s (Fig. ) B, a and b. indicated by arrows).
As shown in Fig. 38. c. coassregation of TCRa,G and CD~.

which is complcxed wilh pS6"\ resc:ueS le... els of tyrosine phos-

•
horylation compar3blc 10 tho!!oC' observed in mutated CD~

nfcct.lna of clone :UO stimul:l.!cd with antÎ·V,G4 alane.
Thus, the analysis of bath carly and l.tte anligen receptor·

induced signais provides concordanl results, which indicate that
preTequisilc signal{s) uc provided by CD4-3ssocialed pS6"\
Olnd that this complclt nceds 10 be close to TeR-C03. Thesc
resulu cOIn be explaincd if one considcrs lhat in clone 2.5, and
in wild-typc C04 infectants of clone 2.10. the majority of CCtlUI:!.T

pS6,ct is physically and/or funetionally scque$tered by CD4
(Fig. lb). This interpretation is consistent with the recent
observation that ovcrexprcssion or wi1d·type C04 in mice trans
.cnie ror a clan I·restrietcd TCRat3 inhibited both CDS.dcpen.
dent prolifcrative responscs. as weil as intnthymic positive
selection of these dus l·restriCled T ceUs:t.lO.

ln contr.lSt to results presented here. wc prcviously rcponed
that .nti.TeRali induces robust ONA ,ynthesi, in prim.ry
CD4+ T cells:lO. An obvious difterence is that although the
m.jority of prim.ry C04+ T cells .... quiescen!, the clones used
in Ibis study are propalated and maintained in intcrleukin·2
(11,..2) befo.......y. Recent reports indicote not only th.t IL·2
.Cliva'es cellular pS6'" (...f. 31), but.lso that pS6'" mayassoci•
• te with the Il·chain of the 11,..2 n:ccptor (IL·2r)". Not .11 .
cellul.r pS6.' is associ.ted wi.h C04, rangins from 6S to 9S%
in primary T cells .nd clones. Il is nol impl.usibleth.t non·CD4
usoci.ted pS6k • in restins prim.ry T œlls is ",.i1.bleto interaet
with .ntibody.induccd .!f"'S"es ofTeRall-CD3, wh....uthe
non-CD4-usocilted pS6 • in clone 2.S .nd wild-type C04
infectants of clone 2.10 m.y be involved in IL·2r sisn.lIins-

Note that previous demonstrations of the funetional uncoup
lins of TCR"'11 .nd C03. in primary m.tu... T cells" and
thymoc:ytes" cao now be extended to 10ns·tenD in tJirro propa
pted clones (T.ble la; FiS- 2). These results .... consistent with
the notion that pS6'" is requircd to funetionally cou~e TeR"'1l
10 the C03 complex. Funber, the)' imply that pS6 m.y nol
be involvcd in rqulatins sisnaJs seneraled direetly throuSh
CD3a, or a1lematively, that ilS involVClllent is under dilfen:nt
I\IDCtIonal andlor pbyIîeal eonstraints.

III eonlrUt ta prevloua ~ns anaIysina Ibe involVClllent of
C04 in anlisen SÙltlWation '. ft have Ibo_ tbat the Joss of
Co. by clone 2.10 cIoa not .bropte ilS rcsponsc 10 anli....
Expression of cxOSClloua wild.type Co. in clone 2.10 revcaIs
• new I\mctional propcrty of lhis molecule. Co. probibits the
itlduClion of powtb lipaIa throusb TeR"'1l in the absence of
anliaen probablyby lCqIlatration ofpS6....This in tum provides
• moleculu mecbaniam for Ibe funaiona! eonstraints imposed
na T-edI .aivatiOll by Ibe MHC COtIIplex. 0
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CHAPTER3

THE EXTRACELLULAR DOMAIN OF CD4 REGULATES THE INITIATIO!'.

OF T CELL ACTIVATION
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1. Preface

Hwnan T cell clones are very hard to maintain in culture. Transfection of mutated cDNAs

to slUdy the function of molecules in T œil activation in human clones is even more

laborious. As we were interested in studying the effect of the HIV gpl20 on antigenic

stimulation by using lTIutants of CD4. we had to detennine if human CD4 behaves like

murine CD4 in a murine T œil clone. We thus traIlsfected human CD4 and mutants of

human CD4 into the CD4 negative murine T cell clone 2.10. Moreover. traIlsfection of a

chimera consisting of the extraœUular domain of the epidennal growth factor receptor

(EGFR) and the traIlsmembrane and cyloplasmic domains of CD4 a110wed us to determine

if CD4 can regulate the initiation of T œil activation independently of its interaction with

MHC class II molecules.
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2. Abstract

We have previously demonstrated that murine CD4 can ~equester lck from the TcR and

inhibit proliferation induced through the TcR. Stimulation of CD4 positive clones could

only he observed if CD4 molecules associated ta lck were co-aggregated with the TcR

complelC, further confunüog that the simultaneous interaction of MHC class II molecules

with the CD4/lck complelC and the TcR is required to initiate T cell activation. To assess

the involvement of the elCtracellular portion of CD4 in the initiation of T cell activation, we

transfected a chimeric molecule (EGFRCD4) consisting of the elCtracellular portion of the

epiderma1 growth factor receptor (EGFR) and of the transmembrane and cytoplasmic

domains of human CD4. Our results show that the EGFRCD4 chimera associates with lck

and that its oligornerization induced by EGF binding stimulates lck activity. Although the

chimera associates with the same levels of lck as wild type CD4 does, chimera expressing

clones were very weil stimulated to proliferate by anti-TcR Ab in the absence of co

aggregation, demonstrating that the chimera lacks a regulatory domain of CD4. Our

results thus suggest that the elCtracellular portion of CD4 regulates in cis the initiation of T

cell activation, most probably by sequestering a molecule also required for the initiation of

T ceU activation.
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3. Introduction

The CD4 molecule is expressed on a subset of T lymphocytes that recognizc

antigen presented by Major HistO';ompatibility Complex (MHC) c1ass Il moleculcs. It is

comprised of four Immunoglobulin (lg)-like extracellular domains. a single tr:l11smcmbranc

domain and a short cytoplasmic taï! of 38 residues. Residues locatcd in the two fll'st 19

like domains of CD4 interact with non-polymorphie residucs on MHC c1ass Il molecules

(3,5,6,8,18). This interaction is believed te increase the avidity of the TeR for the peptide

MHC complex.

CD4 is associated non-covalcntly with a src-related tyrosine kinase. p56lck

(23,32). This interaction requires two cysteine residues in the cytoplasmic domain of CD4

and {Wo cysteine residues located in the N-terminal portion of lck. and may involve an ion

(24,25,30). Cross-linking of CD4 molecules with anti-CD4 antibodies leads to an increase

in tyrosine kinase activity of the CD4-associated Ick (16,33).

One of the earliest event fullowing TeR stimulation is an increase in tyrosine

phosphorylation of severa! proteins (13). The use of tyrosine kinase inhibitors

demonsttated that these tyrosine phosphorylation events are absolutely required to initiate

T cell activation (14,26). Severa! studies have shown that Ick plays a crucial role in the

ùùtiation of T cell activation. Transfection of an activated fonn of Ick (F505) in a mouse

hybridoma erthanccd anti-TcR induccd IL-2 production (1). Moreover. two Ick negative

T celllines were demonsttated to be refractory to anti-TcR stimulation, both at the level

of second messenger generation such as calcium influx and tyrosine phosphorylation and

later events of T cell activation such as CD69 expression, IL-2 production and

cytotoxicity (15,27). Transfection of Ick in these cells reconstituted their response te anti

TcR stimulation demonsttating that their defect was specifically due to the absence of lcle.

Recent studies link the requirement for Ick expression to the activation of the tyrosine

kinase ZAP-70 which is also required for carly T cell activation events. Indecd. lck was

shown to phosphorylate the çchain on tyrosine residues allowing the association of ZAP

with çand the activation ofits tyrosine kinase activity (10,12,27).

The role of the CD4/Ick association in generating signals regulating T cell

activation has been widely studied. Earlier studies demonsttated that cross-linking of CD4

independently of the TcR inlubited activation of T cells (22,28). Moreover, this treatment

was shown to prime T cells for apoptosis (2,19). In contrast, co-aggregation of CD4 and

the TcR leads to an erthancement of T cell activation (21). The importance of the

association of lek with CD4 was revealed in studies which showed that reconstitution of a

CD4-dependent antigenic response required the association of CD4 with lek (9). In
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addition. wc have demOnstrdted that co-aggregation of the CD4/1ck complex with the TcR

is rcquircd to initiate T tell activation (Il). More rccelll slUdies have suggested ,hat CD4

also enhances T cell activation independently of ilS association with lck and ilS interaction

with MHC class Il mo1ecules (34,35).

ln this report, we further characterize the regulatory raIe of ':D4 in T cell

activation. Using a murine T cell clone, we demonstrate that human CD4 can also

sequester lck from the TcR Jeading to down reguJation of proliferation induced by anti

TcR Ab. We also designed a chimerlc molecule between the Epidermal Grawth factor

receptor (EGFR) and CD4 to study the raIe of the extracelluJar portion of CD4. Our

resullS show that the EGFRCD4 chirnera Jacks a reguJatory function that CD4 possesses

which is mapped to the extracelluJar domain of CD4.
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4. Material and methods

Cells

2.10 and its transfected derivo.tives were grown in IMDM base supp1emented with lecithin

and recombinant mouse n..-2. as previously described (Il).

DNA constructs

Wild type CD4 cD~A and ail mutant cDNAs were cloned into the eukaryotic expression

vector MNC stuffer coding for the neomycin resistance gene as previously describeè (29).

The generation of the double cysreine mutant was previously described (29). The

EGFRCD4 chimera was generated by PCR using the overlap-extension method as

described (29). Briefly. the exremal domain of the EGFR was amp1ified using a 5' primer

complement..uy to vector sequences and a hybrid 3' primer hybridizing to the last 30

nuc1eotides of the extracellular portion of the EGFR fused to the fl1"St 30 nuclcotides

coding for the transmembrane domain of CD4. The transmembrane and the cytoplasmic

domain of CD4 were amplified using a 3' primer complementary to vector sequences and a

5' primer complementary to the fust 30 nucleotides of the CD4 transmembrane domain

fused to last 30 nucleotides of the extracellular domain of the EGFR. The full cDNA

coding for the chimera was arnp1ified by mixing the IWO amplified hybrid cDNAs and the

5' and 3' vector primers. The full cDNA was digested with Xhol Notl and was subcloned

into the MNC EGFR piasmid also digested with Xhol Notl. The fIagment generated by

PCR was sequenced using Sanger's method.

Transfections

2.10 cells were tt'ansfected by retrovira1 infection using the DAMP packaging ceU line as

previously described (29). Transfectants were selected in G418 at 1 mg/ml in either 175

flasks or in a 24 weil plate. High expressers of tt'ansfected cDNAs were enriched by

sorting using the FACSTAR (Becton Dickinson. Califomia). Transfected populations

were also cloned at 1 and 5 cells per weil.

Functional assays
5Xl()4 T cells were co-cultured with 5XIOS imdiated (2500 rads) freslùy isolaled

splenocyres from CS7BU6 mice • in the presence of cither ovalbumin at 200 Ilglml. anti

VJ34 mAb KT4.10 or anti-CD3 mAb 145-2C11 at lllglml, or media for about 40 hours at

37oc. The ce\Is were then pulsed with 1 llCurie of [3H)-thymidine (Dupont) for 6 hours.

Thymidine incorporation was quantified using the j3-plate counter (Pharmacia).
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Immunoprecipitations and kinase assays

S-IOX106 cells were lysed in NP-40 lysis buffer as previouslj described (29). C04 was

immunoprecipitated using ami-C04 B66 mAb (4) and the EGFRC04 chimera was

immunoprecipitated with the anti-EGFR mAb 108 (kindly provided by J. Schlessinger)

coated on protein A sepharose beads. The immunoprecipitates were washed extensively

and proteins were resolved on a 10 % SOS-page gel. For the kinase assays, the

immunoprecipitates were incubated with [32p]')'-ATP (Amersham) in kinase buffer for 10

min at room temperature as previously described (29). The kinase reaction was stopped

with sample buffer. Proteins were resolved on a 10% SOS-PAGE gel. Bands were

quantified by phosphoimager (Molecular Dynanùcs).

Stimulations for biocheuùcal analysis

For EGF stimulation, cells were incubated with 100 nM EGF (UlII) at 370C for the

indicated time. Stimulated ceUs were Iysed in NP-40 Iysis L;;;çer to stop the stimulation.

Lysates were treated as described above. For anti-TcR stimulations, ceUs were incubated

with either media or anri-V134 Ab at 10 J.1g1rrù on ice for 30 min. Cells were then washed

and resuspended in pre-heated Goat anti-Rat Ab (Jackson Immunoresearch) at 40 J.1g1rrù

and incubated at 370 C for the indicated time_ For co-crosslinking, ce1ls were incubated

with biotinylated anti-V134 Ab at 10 J.1g1rrù and CD4 specific IF3 mAb at 5 J.1g1ml on ice

for 30 min. Cells were then washed and incubated for 30 min on ice with a biotinylated

Goat anti-mouse Ab at 1.5 J.1g1ml (BRL). Cells were again washed and resuspended in

avidin (Sigma) at 50 J.1g1rrù pre-heated at 370 C. The nùxture was incubated at 370 C for

the indicated time. Stimulation was stopped by lysis of the cells in sample buffer. Samples

were then run on a 10% SDS-Page gel.

Western b10ts
After uùgration on SDS Page. proteins were transferred onto nitroceUulose. A rabbit anti

lek serum followed by [12SI]_protein A. were used to reveal the lek co

immunoprecipitated with either CD4 or the E3FRCD4 chimera. The anti

phosphotyrosine mAb (UB1) followed by [1251] labeled goat anti-mouse Ab were used to

reveal tyrosine phosphorylated bands.
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5. Results

Human CD4 can sequester Ick from the TCR leading to a down regulation of anti·

TeR indueed proliferation

To verify that human CD4 has the same regulatol)' propenies as murine C04 when

expressed in a murine T eeU clone. we transfected the CD4 negative 2.10 T cell clone with

either wild type human CD4 or with a mutant of CD4 that has lost the ability to associate

with lck • the double cysteine mutant (C420-2A) (figure lA). As expected. murine Ick

associates with wild type human CD4 and not with the double cysteine mutant (figure 2C).

Also. cross-linking of wild type human CD4 with anti-C04 monoclonal antibody (mAb)

leads to an inerease in tyrosine kinase activity of the C04-associated lek (data not shawn).

Thus. human C04 expressed in a murine system seems to have the same biochemieal

interactions with Ick as murine C04 does.

In confirmation of previous results. this T cell clone is equally induced to

proliferate following antigenie stimulation whether it expresses CD4 or not (figure lB).

However. only C04 negative and double cysteine clones proliferated in response to anti

V~ stimulation. Indeed. cells expressing either murine C04 (L3T4) or human C04 were

not indueed to proliferate by anti-TeR stimulation. The laek of stimulation of wild type

human CD4 expressing clones was aIso observed at the level of tyrosine phosphol)'lation

of substrates (figure 1C). Stimulation of C04 posinve clones eould only be observed if

the CD4-lck association was eo-eross-linked with the TeR (figure 1C). These results

confirrn that eo-aggregation of the CD4/1ek complex and the TeR is required to initiate T

cell activation.

Design of the EGFRCD4 chimera

To investigate the role of the extracellular portion of CD4 in regulating T ccll

activation. we dcsigned a chirnerie molecule between the EGFR and CD4. The EGFR

was ehosen because it is not norrnally expressed in T cclls and thus should not associate or

interact with other molecules present at the cell surface of the T cell Moreover, EGF

induces oligomerization of the EGFR, thereby stirnulating its intrinsic tyrosine kinase
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activity (31). This is reminiscent of how the CD4-associated lck tyrosine kinase activity is

stimulated using CD4 specifie antibodies.

The chimera consists of the extracellular domain of the EGFR. and the

transmembrane and cytoplasmic domains of human CD4 (figure 2A). The chirnera was

transfected in the CD4 negative 2.10 clone and its ceU surface expression was detected

using an EGFR specifie mAb (Figure 2B). The presence of the cytoplasmic domain of

CD4 in the EGFRCD4 chimera should confer the ability to associate with lck. To

determine this. we irnmunoprecipitated the chimera with an EGFR specifie mAb. and

revca1ed the presence of Ick in the immunoprecipitates by a lck specifie western bloL As

shown in figure 2C. similar amounts of lck are associated with the EGFRCD4 chirnera and

human CD4. Furthermore. immunodepletion expcriments have demonstratcd that the

same percentage of lck is associatcd with the chirnera as with wild type CD4 (data not

shown).

Binding studies have revca1cd that EGF binds with high affuùty to the EGFRCD4

chimera (data not shown). We thus used EGF to oligomerizc the chimera and induce Ick

tyrosine kinase activity. CeUs were incubatcd at 370C in eithcr media alone or in the

presence of EGF at sarurating concentrations for an increasing amount of tirnc.

Stimulated ceUs were then Iyscd and the chirnera was immunoprecipitatcd with an EGFR

specifie mAb. An auttlphosphotylation assay was then pcrformcd on the

immunoprecipitatcs. As shown in figure 2D. EGF binding to the chimcra leads to an

incrcase in chimcra-associatcd Ick autophosphorylation activity. Quantification revcalcd

that the incrcase in Ick activity (2-3 fold) is in the range of what is observcd following

CD4 cross-1inking by Abs (data not shown).

In swnmary. we have designcd a ehimcric molcclùe consisting of the cxtracellular

portion of the EGFR, and the transmcmbrane and cytoplasmie portions of hurnan CD4.

This chimcra is associatcd with the sarne level of Ick as wild type CD4 docs and upon

oligomcrization induccd by EGF. Ick autophosphorylation activity is incrcascd. Thus, the

chimera sccms to have the same biochcmical propcrties as wild type CD4 regarding its

functional association with Ick.

The EGFRCD4 chimera does IlOt down regulate anti-TcR induced proliferation

As the EGFRCD4 chimcra is associatcd with the sarne amount of Ick as wild type

CD4, wc thus elt,pcctcd the chimera to down regulate the induction by anti-TeR Ab ofT

oeil proliferation. Surprisingly, chimcra e"Pressing clones wcrc stimulatcd to prolifcrate
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using either antigen or anti-TcR antihody as stimu!ators (ligure 3A), Thc ratio of TeR/Ag

stimulation was around one as is ohsœ.cd in CD~ ncgativc or ,\ouhk cystcinc cxpœssing

clones. Tyrosine phosphorylation of suhstr.ltes \Vas also induced in chimer.l cxpressing

clones following cross-!inking of the l'cR using anti-TcR mAh (ligure 3B). The pattern.

intensity and duration of tyrosine phosphorylation of substr.ltes in chimer.l expressing

clones were similar to those observed in CD4 negative clones. 1'0 eliminate variations. we

tested clones derived from severa! independent transfections and a1ways had the same

observations (figure 3A and not shown). These results suggest that the EGFRCD4

chimera lacks a regulatory function of CD4 that is mapped to its extr.lcel1u!ar domain.
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6. Discussion

The response to antie~r.ic ,ûmulation of the T cell clone used in our studies is not

enhanced by the presence of CD4. We took advantage of this observation to deterrrûne

whether the extracellular domain of C04 regulates the initiation of T cell activation

independently of its interaction with MHC class II molecules. Ths was achieved by the

expression of a chimeric Molecule which contains the extracellular domain of a cell surface

molecule which is not nonnally expressed in T cells (the EGF receptor), and the

nnsmembrane and cyloplasnùc portions of human CD4.

We have previously demonstrated that the association of lck with C04 requires the

presence of :Ua alpha helical structure in the membrane proximal portion of the cytoplasnùc

tail of CD4 (S. Gratton, subnùtted). In this repon, we show that the extracellular domain

of C04 is not involved in the generation of a proper conformation of its cytoplasnùc

domain for association with lck. Indeed, a similar amount of lck could be co-precipitated

with C04 and the EGFRC04 chimera. Binding of EGF to its receptor induces its

oligomerization, leading to activation of its intrinsic tyrosine kinase by

transphosphorylation (31). Our results show that activation of the chimera-associated lek

can be induced by binding of EGF. Ths suggests that the activation of the CD4

associated lck is not due to a specific change in conformation of CD4 but rather to an

oligomerization of CD4. These results thus suppon the hypothesis that like growth factor

receptor tyrosine kinase activity, lck activity can be activated by transphosphorylation.

We have previously demonstrated that murine CD4 can sequester lek and inhibit

anti-TeR induced proliferation (Il). Co-aggregation of the CD4Ilck complex wilh the

TcR normaily mediated by MHC class II Molecules is required to initiate T cell activation.

In this repon, we show that the extracellular domain of C04 regulates the initiation of T

cell activation independently of its interaction with MHC class II Molecules. Indeed,

although the EGFRCD4 chimera sequesters a similar amount of lck as wild type CD4.

clones expressing the chimera were induced to proliferate with anti-TcR antibody without

being co-aggregated with the TeR. In faet, clones expressing the EGFRCD4 chimera

behave like CD4 negative clones and clones expressing the double cysteine mutant, which

is not associated with lek. These results suggest that the EGFRCD4 chimera lacks a

regulatory function of wild type CD4 that is mapped to its extracellular domain.

How does the extracellular domain regulates T cell activation'? It was recently

proposed that CD4 and the TcR can interact together and enhance the avidity of the TcR

for the peptide-MHC complex (34,35). However, we feel that our observations cannot be
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explained by this hypothesis because this clone does not require the expression of CD4 to

respond to antigen and its response to antigen is not augmented by the presence of CD4.

Moreover. whereas in CD4 expressing clones the down regulation of anti-TcR indueed

proliferation is due to a laek of eo-aggregation of CD4 and the TeR. ehimera expressing

clones are weil stimulated with anti-TeR Ab thus eliminating the hypothesis that the

regulatory funetion of CD4 is association with the TeR.

The hypothesis we favor is that the extracellular domain of CD4 mediates its

association with another molecule wlùeh is implieated in carly T cell activation events.

Sequestration of both this molecule and lck would be required to observe down

regulation of anti-TeR indueed proliferation. Indeed. wild lYPe CD4 would sequester both

lek and this other moleeule. leading to inlùbition of stimulation through the TeR. In

eontrast, the EGFRCD4 wlùch lacks the CD4 extracellular domain would sequester ooly

lck and thus allow T~R-induced proliferation. Similarly, the mutant of CD4 which does

not associate with lck still expresses the extracellular domain of CD4 and thus pennits

anti-TcR induced stimulation.

An interesting candidate for this association would be CD45. Association of

CD45 with CD4 was previously described to be isoform specific (7,17). Since CD45

isoforms are defined by the differential use of extracellular coding exons. this supports the

hypothesis of an extraceUular mediated interaction beIWeen th"se IWO molecules.

Moreover, it was recently demonstrated that reconstitution of a (,ù4-dependent response

of a T ecU clone varied with the isoform of CD45 express..'"d (20). Isoforms of CD45

wlùch associate with CD4 led to Iùgher responses to antigenic stimulation than other

isoforms. Thus, CD4 would potentiate the response of T ceUs through ilS association with

CD45. TIùs would ensure that a proper amount of tyrosine phosphatase is the proximity

of the tyrosine kinase fyn and Ick to activate them and induce phosphorylation of the CD3

and ~ chains.
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Figure Legends

Figure 1

Human CD4 behaves like murine C04. A) Ccli surface staining of transfectants. Cclls

werc stained with C04 specific L93 mAb foUowed by a Phycocrythrin (PE) conjugated

Goat anti-Mouse Ab (Southern Biotechnologies Associates) or with only the PE Goat

anti-mouse Ab as a negative control. B) Human CD4 sequesters murine lck and

downrcgulates anti-TcR induced proliferation. Cclls transfected with the indicated

constructs werc stimulated with either ovalbumin or anti-V~ Ab as described in the

rnaterial and methods. Responsc of rcprcsentative clones arc depicted. C) Activation

through the TcR rcquircs co-aggregation of the CD4Ilck association with the TcR

complex. Lanes 1.2,3 arc Iysates from CD4 negative ceUs and lanes 4,5,6 arc Iysates from

CD4 positive T ceUs. CcUs werc stimulated as described in rnaterial and methods for 1

min at 370 C with avidin only (lane 1,4), biotinylated anti-TcR Ab cross-linked by avidin

(lane 2,5), or with a combination of anti-CD4 mAb, biotinylated Goat anti-Mouse Ab and

biotinylated anti-TcR Ab. cross-linked by avidin (lane 3,6).

Figure 2
Characteristics of the EGFRCD4 chimera. A) Schematic rcpresentation of the domains of

the EGFRCD4 chimera. B) CCU surface staining of the EGFRCD4 chimera. Cells werc

stained using the EGFR specific 108 mAb followed by PE Goat anti-mousc Ab (Southern

Biotechnologies Associates), or only with the PE Goat anti-mousc Ab as a negative

control. C) The EGFRCD4 chimcra is associated with lck. CD4 was immunoprccipitated

from lysates coming from CD4 negative cells (lane 1). wild type CD4 expressing cclls

(lane 2,3) and mutant C420-2A expressing ceUs (lane 4). Lanes 5.6,7 arc anti-EGFR

immunoprccipitations performed on lysates coming from EGFRCD4 negative ceUs (lane

5) or from EGFRCD4 positive ce1ls (lane 6.7). The presence of Ick in the

immunoprecipitates was rcvealed by hybridization with an anti-Ick: serum followed by

[l2SI]-labeled protein A. 0) EGF stimulates the autophosphorylation activity of the

EGFRCD4 associated lck. CCUS werc stimulated with 100 nM EGF for the indicated

tirnes at 370 C. Stimulations werc stopped by lysis in NP-40 buffer. The EGFRCD4

chimcra was immunoprecipitated with an EGFR specifie mAb and a kinase assay was

performed on the immunoprecipitates as described in rnaterlal and methods. Proteins werc

resolved on a 10% SOS Page gel.
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Figure 3

The EGFRC04 chimera does not down regulate ami-TeR stimulation. A) Cclls were

stimulated with either ovalbumin or anti-Vf)4 Ab as dcscribed in rnaterial and methods.

Shown arc the responses of thrce representative !:Joncs expressing the EGFRCD4 chimera.

B) Cclls transfected with the MNC vector. C04 or EGFRC04 were stimulated with anti

Vf)4 Ab crosslinkcd with Rabbit anti-Rat Ab at 370 C for the indicated times. Stimulations

were stopped by sample buffer. Proteins were resolvcd on a 10% SOS-Page gel. The

presence of tyrosine phosphorylated proteins was revealcd by hybridization with an anti

phosphotyrOsine mAb (UBn. followed by [l2SI]-labeled Goat-anti-mouse.
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CHAPTER4

Ick independent inhibition of antigenic stimulation by the HIV gp120
glycoprotein
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1. Preface

AIDS is charJcterized by a severe immunodeficiency. T cells isolated from HIV infected

individuals have a decreased response to stimulation. Treatment of CD4 T cells with

gpI20 was previously shown to inhibit T ceil activation. We used the 2.10 murine T cell

clone lransfected with human CD4 to study the mechanism of the inhibitory effect of

gpI20. Using mutants of CD4. we aIso defined the requirement for the CD4/lck

association in this inhibition.
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2. Abstract

Binding of the HIV envelope glycoprotein gp120 to CD4 inhibits T ceU activation. We

used a muTine T ceU clone to characterîze the pathways involved in the inhibitory effect of

gp120 on antigen-induced T ceU activation. Antigen-induced proliferation of T ceU clones

lransfected with human C04 was substantia1ly inhibited in the presence of gp120, even

though activation does not require per se the CD4/MHC class II interaction. This

inhibition by gp120 was not dependent on the association of lck with CD4. Conversely,

stimulation of clones expressing a chimera belWeen the EGFR and CD4 (which is

functiona1ly associated with lck) was not inhibited by EGF. These results demonstrate that

the inhibition by gp120 is not due to the sequestration of lck from TcR and does not

require activation of lck by gp120. They rather suggest that C04 can regulate the

initiation of T cell activation independently of the interaction with lck or with class II

molecules. Fmally, we demonstrate that this non-responsiveness induced by gp120 can be

tota1ly reversed by soluble CD4 when added carly ailer stan of stimulation. The use of

synchronized populations suggested that gp120 exerts its inhibitory effect when cells are in

the GO\G1 phase of the cell cycle.
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3. Introduction

CD4 positive T lymphocytes recognize antigen presented by MHC c1ass Il

molecules. The interaction between CD4 and MHC c1ass Il molecules was ftrst reported

10 enhance the response of T cells induced by antigenic stimulation. The cyloplasmic

dorr.:lin of CD4 is non-covalently associaled with the src-related tyrosine kinase. p56lck

(26.36). Two cysteine residues at positions 420 and 422 of CD4 mediate its interaction

with the N-lenTÙnal portion of lck (28.29.35). Cross-linking of CD4 molecules using C04

specific antibodies (Ab) leads to an increase in tyrosine kinase activity of lhe C04

associated lck (17.37). TIùs increase in tyrosine kinase activiry results in tyrosine

phosphorylation of the çchain of the TcR complex (37).

The expression of lck is absolutely required to initiale T cell activation (14.33).

The activity of lck is implicated in the phosphorylation of the ç chain and the subsequent

recruitment and activation of the ZAP-70 tyrosine kinase (9.12.33). Early studies

demonstrated that association of Ick with C04 is required to reconstitule C04-dependent

antigenic stimulation ofT cells (1). We have previously shown that CD4 can sequester Ick

and thus inhibit anti-TcR induced proliferation (l0). In order to have an optimal

stimulation. co-aggregation of the CD4IIck complex with the TcR through the

simultaneous interaction with the same MHC class Il molecule is required (5.10).

Signais generated through the CD4IIck complex can also negatively regulate T cell

activation. Indeed. cross-linking of CD4 with antibody (Ab) independcntly of the

TcR/CD3 complex inhibits T cell activation. leading to a state of anergy and/or to priming

ofT cells for apoptosis (1,21.25.34). This negative signal occurs in a pathogenic situation.

i.e. in Human Immunodeficiency (HlV) infection.

The CD4 molecule is the physiological receptor for the HIV. The HIV envelope

glycoprotein gp120 binds specifically to CD4 leading to viral entry. gp120 was

demonstrated to induce Id activity. tyrosine phosphorylation of substrates. calcium influx

and the expression of activation markers such as HLA-DR and the IL-2 receptor

(8.13.15.32). However. treatment of CD4 positive human T cells with gp120 inhibits

stimulation induced by anti-TcR Ab or specifie antigen. leading to the induction of anergy

(3.4.18.19,22).

Although a correlation can he drawn hetween stimulation of lck kinase activity and

induction of anergy by gpI20. no studies have rigorously inquired about the absolute

requirement for an increase in Id activity to induce T cell non-responsiveness following

trealrnent by gp120. To further characterize the inhibition of antigenic stimulation induced
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by gp12D. we have used a murine T cell clone which does not require CD4 expression to

respond to antigenic stimulation. Imerestingly. stimulation of clones expressing human

CD4 was inhibited in the presence of gp120. This allowed the characteriz:ltion of a

regulatory function associated with the CD4 exrracellular domain which is independent of

ilS inter.lction with MHC class II molecules and ilS association with lck.
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4. Material and Methods

Celllines and reagents

2.10 and transfected derivatives are described e\sewhere (Gratton et al. in preparation).

CeUs were grown in IMDM supplemented with IL-2 and lecithin as previously described

(l0). C57BLJ6 mce (4-6 weeks old) were purchased from Charles River. Splenocytes

were isolated from the mce as previously described (l0). Recombinant gp120 BHI0 was

obtained from A.Truneh of Smth Kline Beechem and recombinant soluble CD4 was

obtained from Genentech.

Antigenic stimulation

5Xl()4 T ceUs were stimulated with 5XI05 C57BLJ6 splenocytes irradiated (2500 rads)

and ovalburnin (Sigma) Olt the indicated concentrations. Recombinant gp120 or soluble

CD4 were added when rnentioned Olt a final concentration of 5 1lg/m1. When mentioned Ùl

the tex!, EGF (UBI) was added Olt a final concentration of \00 nM. CeUs were stirnulated

for about 40 hours Olt 370 C and then pulsed for 6 hours with 11lcurie of 3H·Thymidine

(Dupont).

Synchronization and Cell cycle Analysis

CeUs were synchronized by starVing them oflL-2 for 2 hours at 370 C and further culturing

them in lirniting amount of IL-2 (0.05%) for 12 hours at 370C. For analysis. cells were

stained using a modified Krishan buffer. Briefly, ceUs were fixed 50% ethanol. CeUs were

then incubated in modified Krishan buffer (0.1% sodium citrate. 0.02 mg/ml RNase. 0.3%

NP-40. 0.05 mg/ml propidium iodide) for 30 min on ice. CeUs were then centrifuged and

resuspended in fresh Krishan buffer. Samples were analyzed on a FACSTAR plus (Becton

Dickinson).
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5. Results and Discussion

gp120 inhibits antigenic stimulation of a munne T cell clone transfected ~ith human

CD4

To characterize the mechanism of inhibition of antigenic stimulation by gp120, a

C04 negative murine T cell clone, 2.10, which recognizes ovalbumin in the context of 1

Ab, was transfected with human C04. This T cell clone was previous1y shown to be CD<!·

independent since it proliferates in response to stimulation by antigen to the same extent

whether it expresses C04 or not (l0).

As shown in figure l, gp120 inhibited over 95% of antigen-induced proliferation of

a human C04 positive 2.10 clone in a dose-dependent fashion. gpl20 treatment of CD4

negative cells did not affect the response to antigen (data not shown). Whether the

monomeric form or an oligomeric form of gp120 is required to observe inhibition of

activation is still controversial. In our hands, the monomeric form of gp120 was sufficient

to inhibit antigen-induced stimulation, suggesting that cross-Iinking of C04 is not required

for this effect Furthermore, inhibition was observed even at high concentrations of

antigen, demonstrating the high potency of gpl20 to inhibit antigenic stimulation (figure

lB). These results funher support the hypothesis that gp120 contributes in vivo to the

impaired immune response observed in HIV infected individuals.

Inhibition of antigenic stimulation by gp120 does not require the association of Id

witbCD4

The inhibitory effect of gp120 cannot be explained by a disruption of the adhesion

interaction between CD4 and MHC class n molecules as we have previously shown that

the response of this T ccli clone is not dependent on this interaction (l0).

gp120 was previously demonstrated to increase the CD4-associated lck tyrosine

kinase activity (8,13,15,22,32). This increase in lck activity was concomitant in sorne

studies with an influx of calcium, tyrosine phosphory1ation of substrates and induction of

anergy (4,8,18,19). Furthermore, it was demonstrated that treatment of a human T cell

clone with gp120 led to inœrnalization of CD4 (3). To determine if these events induced

by gp120 are required to observe inhibition of antigenic stimulation, the CD4 negative

2.10 clone was traDsfected with mutants of CD4 that have lost the ability to associate with

lck or to endocytose.
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The frrst mutant tested WOlS the CD4 3S in which three serine residues Olt positions

408-15-31 of the cytoplasmic domain of CD4 were mutated to alanines. These serine

residues become phosphorylated upon antigenic stimulation or PMA treatment. leading to

dissociation of lck from CD4 and intemalization and degradation of CD4

(2.11.23.24.30.31). Severa! clones expressing mis mutant were derived. Interestingly.

these clones still responded to antigen stimulation (figure 2A) whereas mis mutation WolS

previously found not to restore a CD4 dependent response (7). Furtherrnore. gp120

inhibited antigen-induced proliferation of mese transfectants (figure 2A). This result

suggests mat inhibition of antigenic stimulation by gp120 is not due to endocytosis of C04

or dissociation of lck from C04.

To verify if lck association wim C04 is required for inhibition by gp120. severa!

2.10 clones expressing a mutant of CD4 which does not associate with lck. C4202A. were

stimulated in the presence of gp120. A representative experiment is shown in figure ZA.

Interestingly, gp120 inhibited the antigen induced proliferation of C4202A clones. This

result clearly demonstrares that me inhibition of antigenic stimulation induced by gp120

does not require the association of lck wim C04.

Inhibition of antigenic stimulation by gp120 does not require an increase in lek

activity

To further characterize the porential contribution of Icle activity in inhibition by

gp120, we have transfccted the 2.10 clone with a chimeric molecule consisting of the

exttaeellular domain of the epidermal growth factor receptor (EGFR) and the

transmembrane and cytoplasmic domains of human CD4. We have previously

demonstrated that this chimera is associated with a simi1ar amount of lck as wild type C04

(Granon S., in preparation). Moreover, binding of EGF to the chimera activares Icle

tyrosine kinase activity (Granon S., in preparation). Severa! chimera-expressing clones

were generated and a representative experiment is shown in figure 2B. These clones were
well stimulated to proliferate by antigen. Interestingly, no inhibition of antigenic

stimulation could be observed in the presence of EGF Olt saturating concentrations. These

results further demonsttate that Icle activation is not required or sufficient to observe

gp120 inhibition of stimulation by antigen.

CD4 can sequester Id and inhibit anti-TcR induced proliferation if nnt co

aggregated with the TcR (10). The inhibition of antigen-induced stimulation by gpl20 that
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wc now observe cannot be explained by such a sequestration of lck since clones expressing

a mutant of CD4 which does not associate with lck are also inhibited by gp120.

To our knowledge. this is the flrst repon demonstrating that the inhibition of T cell

activation by gp120 does not require neither lck association to CD4 or activation of the lck

tyrosine kinase activity. Interestingly. treatment with CD4 speciflc Ab also inhibited

antigenic stimulation of T cells expressing a mutant of CD4 which is not associated with

Ick (39). Taleen together, the results presented here define a functional role of CD4 which

is independent of its association with lck and its interaction with MHC class II molecules.

Binding of gp120 to the extemal domain of CD4 would mask this regulatory domain and

prevent the initiation of T cell activation. gp120 could act by disrupting CD4 dimers. It

was recently reponed that gp120 binds 10 monomeric fonns of CD4 whereas MHC class n
molecules interact with dimers of CD4 (27).

Altematively. gp120 could modulate the function of another T cell surface

molecule which is associated with CD4 and implicated in carly T cell activation events.

Indeed. CD4 associates with the tyrosine phosphatase CD45 and the TcR complex

(6,16,20,38). It is conceivable that binding of gp120 to CD4 could prevent an

extracellular interaction between CD4 and the TcR necessary to st:lbilize the interaction

berween the TcR and MHC cIass II molecules. However, the presence of CD4 does not

enhance the response of these T cells suggesting that this model is unlikely. Altematively,

gp120 binding to CD4 could sterically prevent an antigen speciflc TcRlMHC cIass n
interaction or disrupt a regv:atory interaction between CD4 and CD45. This last scenario

would lead 10 modulation ('.f CD45 activity and inhibition ofT cell activation.

gpUO preveols the formaH~.of biasts

To further detennine how gp120 exerts its inhibitory effect, we verified whether

gp120 was preventing the fonnation of blasts norma\ly induced by antigenic :!irnulation.

Oones expressing wild type CD4 were stimulated with antigen in the p~ ;sence or absence

of gp120 for 24 hours, and their size was monitored using the FACScan. As a control, an

aliquot of cells were incubated without antigen or ll.-2 for the same period. As depieted

in figure 3A, the presence of gp120 prevented the fonnation of biasts in response to

antigenic stimulation. In the lower profiles of figure 3, are depieted FCS/SSC contour

blots of tot:l1 cells (panel B, C, D) or with dead cells gaLed out using propidium iodide

(panel E. F, G). In the lower left quadrant of each blot are the splenocytes used to present

antigen. Panel BandE show that ceUs stimulated with antigen blast and are alive. On the
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other hand. cells stimulated by antigen in the presence of gp120 t1id not increase in size

(panel Cl. Furthermore. propidium iodide staining reveals that these cells are dead (panel

F). These profiles are very reminiscen: of what is observed in samples which were

incubated without any antigen or IL-2 (panel D and G).

This T cell clone is dependent on exogenous IL-2 for growth and upon deprivation

of IL-2, ceUs undergo apoptosis (data not shown). So the cell death observed in the

presence of gp120 may he due either to a direct effect of gp120 on T cells or to a lack of

stimulation and the absence of IL-2. leading to apoptosis.

gp120 inhibition is reversible by soluble CD4

To detertlÙne if the cell death observed in the presence of gp120 was due directly

to the binding of gp120 to CD4, we verified whether soluble CD4 could reverse the

inhibition induced by gp120. As shown in figure 4A, soluble CD4 completely prevented

inhibition of antigenic stimulation by gp120 when added at the onset of stimulation.

Interestingly, soluble CD4 completely restored antigen induced proliferation when added 6

hours after stan of stimulation and partially res~ored the response when added 18 and 24

hours after stan of stimulation. This partial reversal of inhibition cannot he due to lack of

antigen. since addition of fresh splenOC-;ites and antigen with the soluble CD4 at 24 hours

still does not restore tota11y the response (data not shown).

These results argue against a direct cytopathic effect of gp120 on T cells but rather

support the hypothesis that gp120 prevents the initiation of T cell activation without

affecting viability. The observed cell death would thus he due to a consequent lack of IL-2

leading to apoptosis. Thus, the state of non-responsiveness induced by gp120 is reversible

by treannent with soluble CD4 suggesting that cells exposed to gp120 have no long term

memory of this treannenl

gp120 presence is required al GOIG1 phase of the cell cycle

In light of the above described results in which soluble CD4 could still restore

partiaIly the stimulation when added 24 hours after the onset of stimulation, we were

interested in detemùning the tirne frame in which gp120 had to he present during

stimulation to inhibit T cell activation.
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As demonstrated in figure 4B. gpl20 inhibited the response of clones expressing

wild type or mutant forms of CD4 when added at the onset of stimulation. Surprisingly.

when gp120 was added at 24 hours post-stimulation. we could still observe an inhibition of

antigenic stimulation. We thus hypothesized that at the beginning of stimulation. ceUs are

distributed in ail phases of the cell cycle. The cells which are in the S. G2 and M phases at

the onset of stimulation. must thus complete their cycle back to GO before being stimulated

with antigen and being susceptible to inhibition by gp120.

To verify that hypothesis. we synchronized CD4 positive cells in GOIG 1 and

compared their susceptibility to inhibition by gp120 to that of unsynchronized pop:J1ation.

To synchronize cells. we fust starved them of IL-2 for two hours. and then let them grow

12·16 hours in lirniting amounts of IL-2 before stimulation. As shown in figures 5A and

5B. we routinely could obtain a population which is between 75% and 80% in the GOlGI

phase of the ceU cycle as opposed to unsynchronized cel1s which were distributed more

evenly in ail phases of the cycle (40-45% in GO/G 1). Both populations were stimulated

with antigen and gp120 was added at different time points after the onset of stimulation

(figure 5C). gp120 inhibited totally stimulation ofboth populations when added at stan of

stimulation. But addition of gp120 9 hours after stan of stimulation only inhibited 56% of

the response of the synchronized population whereas it inhibited 95% of the stimulation of

the unsynchronized population. Addition of gp120 at 24 hours post stimulation further

diftèrentiated the two populations. While we can observe a 75% inhibition in the

unsynchronized population. the synchronized population was only weakly inhibited (13%)

when gp120 was added 24 hours after the onset of stimulation. These results suggest that

ail synchronized ceIls have seen antigen and become cornrnitted for activation before the

24 hour time point and thus cannot be inhibited by addition of gp120 at that time point.

On the contrary. in the unsynchronized population. some ceIls are not stimulated yet at

the 24 hour time point. These ceUs are the one that were in the SI G2/M at time 0 and are

now in GOlGI and susceptible to inhibition by gp120 24 hours after stan of stimulation.

These results suppon the hypothesis that gp120 must be present in the GOlGI phase of the

cycle to inhibit antigenic stimulation.

OveraU. we have de'1lonstrated that inhibition of antigenic stimulation by gp120 is

not mediated through direct activation of the CD4-associated Id and occurs in the

absence of Id association with CD4. We propose that gp120 modulates in a reversible

ffilInner. a regulatory function of CD4 which occurs in the GOIG 1 phase of the cell cycle

and which is mapped to its extracellular domain.
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Figure legends

Figure 1

A) gp120 inhibits antigenic stimulation in a dose dependent fashion. 5Xl(Tl T cells were

incubated with 5X 105 irradiated C57/B16 splenocytes and 200 >tg/ml of ovalbumin, in the

presence or absence of gpl20 atthe indicated concentraùons, for 40 hOUTS at37oC. Cells

were then pulsed "ith 1 >tcurie of 3H-thymidine for 6 hOUTS before harvesùng. B) gpl20

inlùbits activation by a wide range of anùgen concentrations. 5Xl(Tl T cells were

incubated with 5XI05 irradiated C57/B16 splenocytes and ovalbumin at the indicated

concentratiolls, in the presence (gpI20) or absence (NS) of 5 >tg/ml r,p\20. for about 40

hours at 37 oC. Cells were then pulsed with 1 >tcuric of 3H-thymidine for 6 hoUTS before

harvesting.

Figure 2

A) gp120 inhibits stimulation of C4202A and C04 3S clones. 5XI(Tl T cells were

incubated with 5XI05 irradiated C57/BL6 splenocytes and 200 Ilg/ml of ovalbumin. in the

presence (gpI20) or absence (NS) of gpl20 at 5 Ilg/ml. for 40 hours at 370 C. Cells were

then pulsed with 1 Ilcurie of 3H-thymidine for 6 hours before harvesùng. B) EGF docs

not inlùbit stimulation of chimera expressing clones. 5XI05 of either ECI or EC4 T cells

which express the EGFRCD4 chimera were stimulated with 100 Ilglml ovalbumin

presented by 5XHIS irradiated C57/BL6 splenocytes. in the presence ofEGF (UBI) at 100

nM or media (NS), for 40 hours at 370 C. CeUs were then pulsed with 1 llCurie of 3H

thymidine for 6 hours before harvesting.

Figure 3
gp120 prevents blasting of cells and leads to cell death. CeUs were stimulated with

ovalbumin at 200 Ilglml (8. C, E. F) or media (0, G) in the presence of gp120 at 5 Ilg/ml

(C, F) or media (8. E. D. G) and irradiated C57/B16 splenocytes for 24 hours. Cells were

harvested and analyzed using the FACscan. Panel A depicts the FSC profiles of cells

stimulated with antigen only (light line) and ceUs stimulated with antigen in the presence of

gp120 (dark lîne). Panels B. C and D show the FSC/SSC profiles of total ceUs. Panels E.

F. G show the FSC/SSC profiles of populations in which dead cells are gated out using

propidium iodide.
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Figure 4

A) Soluble CD4 reverses the inhibition 01 stimulation induced by gp120. Cells expressing

wild Iype CD4 were stimulated with ov:ùbumin at 200 ~g!ml presented by C57/B16

irr.ldiated splenocytes in the presence (gpI20) or absence (NS) of gpl20 at 5 ~g!ml.

Soluble CD4 at 5 ~g!ml was added at O. 6. 18 or 24 hours post-stimulation as indicated in

the legend. Tow stimulation time was 40 hours before 3H-thymidine incorporation. B)

Tune course of addition of gp120. Cells expressing different CD4 construclS were

stimulated with ovalbumin at 100 ~g!nù. gpl20 was added at 5 J.1g!ml at start of

stimulation or 24 hours later. 3H-thymidine incorporation was performed 40 hours after

start of stimulation.

Figure 5
A) and B) Cell cycle analysis of unsynchronized (panel A) and synchronized (panel B)

wild type C04 expressing cells. Cells were stlined using Krishan buffer as described in

rnaterial and methods and analyzed using the FACSTAR plus (Becton Dickinson). C)

Tune course of addition of gp120. Synchronized and unsynchronized ceUs were
stimulated with ovalbumin at 200 J.1g!nù only (NS) or with addition of gp120 at 5 J.1g1ml at

O. 9 or 24 hours post stimulation. Total stimulation length is 40 houl'S before a 6 hour

pulse with 3H-Thymidine.
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CHAPTER5

ASSOCIATION OF p561ck TO THE CYTOPLASMIC DOMAIN OF C04

MODULATES HIV-I EXPRESSION
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1. Preface

The last chapter described how gp120 binding to CD4 could modulate T celi activation.

Since both HIV and the IL-2 promoter share a m:mber of transcription factors. we thus

hypothesized that gpl20 binding to CD4 could also modulate HIV infection. To verity if

the CD4/1ck association could send signals to the HIV promoter, wc transfected twO

human T celllines with either wiId type CD4 or mutants of CD4 that have lost the ability

to associate with lck. These celllines were then infected with different HIV isolates and

levels of viral replication were compared belWeen ccli lines expressing wild type CD4 and

mutants of CD4.
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To investigale the~ played by the cytoplasmlc domain
of the CD4 gIycoprotein ln the process of HIV infection,
we bave traDsl'ected two CD4-aegative buman T c:eIllines
wIIh c:DNAs enmd1ng tbe fuII.Iengtb CD4 and a truneated
' ....'Ul of the molecule, lacIdng most of the cytoplasmic
dO"...laID. LeveIs of vlral rep1Icatlon were sigDif'1CllI1t1y
blgber ln ceIIs carryIng the trnncated version of CD4,
ln comparisoll wlth celJs ex.. tSSÛlllthe t'uIl-Iengtb CD4,
as measured by the petUIIla&e or celJsexp~ vlral
p24 proteIn and the nlllllber or infectlous partides
rd ef Into c:u!ture supematants The extmt of vlral
eIIlTy and reva-se lTaiai Ipdou was sImUar ln eacb case,
as _'tored by 1111 emymatIc let and quaotftaUve l'CR.
QuaDtilatIve dllfenaœs al RNA and proteIn leYeIs were
responsIbIe for c!JaD&es ln vlral productIoD. To furtber
c:barlIc:terize the """"'an\snw respons!bIe for tIea!ll f
rata orDIV repllcstioD lu CJ)4.expressin& ceIIs we bave
treated the dllfermt C'.:Il lInes, very carly after HIV
Jnrectloa. wIth a1dothymicllm and soluble CD4, Iwo
aatMraI aaaIIs tbIllnb.1bItr'P'lratIon orDIV al dIll'erem
staaes ln tbe virus repIIt;idft c:yde. Results rrom tbese
expahut:uts IntJ!cate!bata cellular sIgnaIls medlated by
tbe CD4 moIende, wbIcb neptlYdy reguIates tbe
e:xpa essIua or vlral DNA aIready preseII1 ln such ceIIs.
'Ibis signai wouItl he laltlated rollowlag oIl/lomerIzatIo
or the CD4 moIemle by the virus itseJr. Results rrom
expahut:uts wItb a CD4 COIISUUCt conta1nlD& mutations
or tbe cystdDe resIdues wbIcb are respoDSlble for
-"'lion or CD4 wIth p56"* tIesaclmtrate tbat p56"*
Is Implhtalln the trl•.,,<tfM or the signai neptI.dy
ftI1IIatIn& DIV repllcsllon
Key ""'rrù: AIDSlCD4/HlV

Introduction

The CD4 molecWe is a SS IDasurface proce:n lhat comai"'
four extrIcdIuIarclrcnajns!bat bave struelUra1 bcmoIogy wilh
an ÎIIIIIIlIIIOglO V legioD (Ryu et aL, 1990; Wang et aL.
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1990). The CD4 glycoprNein is highly expresse<! on T cells
in\'olvcd in recognition of antÎgen in the context of class 11
""'jor histocompotibility comple. (MHC) molecules (Swain.
1983). Interaction of CD4 with a non'l'Olymorphic regi.m
of class il mol~ules ",as reporte<! 10 enhance the avidi')'
octween the T cell recoptor and ilS ligands (Gal' el al.. 1987;
Sleelcman el al.. 1988; umar;" el al.. 1989j. Data
suggesting L'lat the CD4 mol~ule is directly involved in
signal tranSduction came from nwnerol" ""lXlrlS. Negative
signaling via C04 was reporte<! to occur b3Sed on the fact
wt somc anti-C04 monoclonal antiboJies (mAbs) can
inhibit T cclI activation in the lÙl'CIlCC ofaccessory molecules
(Wilde e. al.• 1983; Bank and Chess. 1985; Geppcrt and
Lipsky. 1987).

The observation that C04 is physically associ.te<! with
me tyrosine protein kinase p56'''' further reinforced the
notion that this integral membrane glycoprotein participoles
in signal tranSduction (Rudd el al.• 1988; Veillene et al.•
1988). pS6"* is • mcmber of the STC f.mily of cytosolic
protein tyrosine kinases and is expresse<! predominantly in
T lymphocytes (Rudd el al.. 1989; Vcillene et al.• 1989).
Cross-linking of C04 with CD4-specific mAbs induces •
rapid increase in the autoph05phorylation sUIte and in the
kinase activity of pS6'''' (Veillette el aL. 1999; KorelZlcy
ct aL. 1990; Luo and Sefton 1990). MUUllions in C04 thal
abolish the interaction with pS6"* h~1IC led to dccrcased
IL-2 secretion following antigenic stimulalion. c1carly
indieating that mis moleaule plays an important role in T
cell activation (Glaicbenhaus el al.• 1!l91). Morcover. the
ability of a T cel1 hybridama ta secrete IL·2 in rcsponse ta
antigen s:imulation was incrcasecl following the illlrOduction
of an active fonn of pS6"* (Abraham ct aL, 1991). The
essential function of pS6"* in T cell ontogeny wu a1so
illustrlted using Ick-deficient micc in whicb no matUre
functional T lymphocytes could he deteeted (Molina ct al.•
1992). A1together mese studies indicate !bat the C04
mo1ecule plays an imponant IOle in T c:eIl activation through
its association with pS6"*.

The C04 molecule is the primary cellular receptor for the
human inununodeficiency viNS (HIV) due to !he higb
affinity binding of the externaJ viral envelope protein (g;l120)
ta C04 (reviewed in SanenUlU and Weiss. 1988). The
binding site of gp120 has been mapped ta the N-terminal
extracellular region of 0.'4 and more precisely within the
ftm immunoglobulin-liIce damain tenned D, (landall
et aL, 1988; Mizulcami et aL, 1998; Potenon and Seed,
1988; Arthos et aL, 19&9; Fleury ct aL. 1991). The c:ytO
plasmic domain ofCD4 is net required for HIV-1 entry inIo
celIs since infection WIS sbown 10 occur despiœ the deletion
of the '~'!!ole demain (Bedinger et aL, 1988; Maddon et aL.
1988). The objectillC of these stUdOes WIS to clarify the
prceist; IOle pIayed by the cytOplasmic damain of CD4 in
the process of HIV infection. We demonstraIC lhat the
intracellular damain of C04 negatively regulalCS the
replicatillC rate of HIV-I in T-Iymphoid cells. Most
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import:lnlly. the: association of CD4 with the: prolcin tyrosine
kin:J!o.c p56" ~ is shawn lU be rcquircd for Ihis c:ifcct.

Results

Expression 01 wild·rypo. truncared and mutated lorms
of CD4 in A2.01 and HSB·2 c.lls
We. have ey.pressed in tWQ CD4-neg:nivc T cellline.s (A2.0 l
and HSB·2) wild·typc (wI·CD4). InJOcaled (t·CD4~ and a
mutated form of C04 with substirution of cystcine residues
420 and 422 by alanine residues (C4202A). Independenùy
derivcd clones of each COnslrucl were oblained and
expression of C04 was assessed by f10w cYlomelry
(Figure 1). Il is of inleresllo note thal higher levels ofC04,
on a greater perccmage of cells, were delected in clones
expressing W!-C04 when comparcd wilh cclls lransfected
with 1-C04 or C4.U2A. The affinity of wild·type and
lruncaled C04 for radiolabeled gpl20 was measured by a
quantitative gp120 binding assay and was found 10 be similar
in the vanous clones lested (data not shown), thereby
indieating that deletion of mas! of the cyloplasmie domain
of C04 did no! aller ilS affinity for gp120.
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Infeclion of A2.01 and HSS-2 ceIls ""pressing
wt-CD4 lJIId r-CD4 wlth HIV-1
A2.01 cells expressing either Wl-CD4 on-C04 were infected
with the HIV-IUB laboralorv strain of HIV-I at a
multiplieity of infection (m.o.i.) l.· xtiou.~ virus/targel cell)
of 0.01. The pereenlage of p24-expressing cclls was
evalualed by indirecl immunofluorescence. Three
independenlly derived clones, obtained from the same
uansfection, expressing either Wl-C04 or !-C04, were
stUdied. These experimenlS consistently showed that a grealer
nurober of cells expressing specifie viral p24 antigen was
delecled in celilines canying I-CD4 (Figure :A) al 12 days
post-infection. A 12- 10 4G-fold i'.:crease in the percentage
of cells expressing p24 was noted in the three ccli lines
expres5ing l-C04 as compared with cells ttansfected with
Wl-C04. A JO. ta JOO.fold increase in the release of
infectious viral particles was delecœd in culture supernatanlS
originating from ceUs Clll"l)Iing t-CD4 as oompared with cells
uansfected with Wl-C04 foUowing mv-I infection
(Figure 28). These experiments were repeated severa! times
usiDg these differenl clones and consislendy sbowed that cells
expressing the truneated form ofCD4 yielded faster kinetics
of HIV-1 inkction. The mosl PlOllÙllellt difference in the
\eYel of mv-1 replication was observed berween clones
A2D8 and 304D8 ttansfected with wt-C04 and t-C04,
respectively. Most of our subsequent experimenlS were
performed using these IWO clones. Sinu1ar differences at the
\eYel of virus production were obtained in subse<;uent
experiments performed using various m.o.i. ranging ftom
0.01 to 0.14 (Figure 2C). To validalc our resullS further,
other cellular clones were derïved from an indepeodent
lnIlSfection. Again, a marked increase in the level ofmv-I
rcpIication '0/8S observed in t-CD4 cells as compared will:
Wl-C04 cells (data IlOt shawn). To confirm ÜIIlt this
observatiJn Wl!S IlOt suain specifie. these same cells were
infected with L'le SF-2 suain of mv-I (Cheng-Mayer and
Levy. 1988). A 3G-fold increase in the percenrage of cells
expressing viral p24 antigen ....as dereaed in t-CD4 cells as
compared with wt-C04 ccUs (Figure 20). To confirm that
the role ofthe cytoplasmic taiI ofCD4 in RIV-I replication

... ":"..,-~-"";I;-"'"
1'1&. 1. Flow e:yt<>llIdry ..wy>is of CD4 expr=ion in «Ulines
tnnsfCdl:d with VIti.... C04 COnsltUets. Ccl1s were ineubated with
CD4-_ifIC mAb 1F3 prior 10 staining wiIh FITC-<Ol\jugatt<! gool
anti·mous< antibody. (A) ~.O1 cclls ""nsfCdl:d wilh wt-C04 (donc
AlOS). (8) Al.OI cxlls carTyÙ1i '-C04 (donc 30(08). (Cl Al.OI
cxlls exp=sing CD4 muwcd Il pooitions 420 and 422. (0) HSB-2
cdls llaIlSfCdl:d wiIh wt-C04 (clone A4). (E) HSB-2 cdls c:anying 1
CD4. (F) HSB-2 celis c:an:tin& C04 muwcd Il pooitiOllS 420 and 422
(clone 8).

was nol restrïCled to A2.01 cells, the same C04 construets
(wt-CD4 and t-C04) were also expressed in HSB-2. another
CD4-negative cell line. Agam. the replicatiun ofmv-1 was
reprodueibly greater in cells expressing the truneated form
of C04 with a 4- ta II-fold increase in the percentage of
p24-positive cells observed at IS days post-infection
(Figure 2E). Moreover. a 6-fold increase in the numbcr of
infectious viral particles was cIetected in culture supernatanlS
originating from infeeted cells c:arrying t-CD4 in comparison
with cells ttansfected with wt-C04 (Figure 2F). These
results indica!e that the cytop1asmie damain of C04 CaR

modulate mv-I replication. More imponanùy. this
observation is IlOt restrïeted ta a specifie virus strain or T
cell line.

CJuaIirIJrlwI diff...1CtI$ ln vital ptOre/ns Me nor
.esponsJbIe ftx changes ln Wus teplicarion
To detennine wbetber dJfferences in the leve!s of viral
replication were associated with qualitative and/or
quantitative defeets of specifie viral prolCins. Western blot
analysis was performed on infected cell tines using lllltW.....
from infected patients (Figure 3A). Similar amoumsoftola1
cellular Iysates obtained from A2D8 and 304D8 cells
infected with mv-I for 7. 12 and IS days were analyzed.
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FIl. 2. Infection 01 """ICdCd cells wilh HIV·I. (A) Ptrcenlqe 01 p24-posili.. celb after inlection 01 uanslCdCd A2.01 celb will> HIV·I.
lndependelllIy deriV<d dona ($ x lOS celblearryinS e1lher ...-eD4 (AlDS, Cl: A2AS, F2l: C4B9, Cl) or ,-eD4 (30408, Il: 04811. el: 04F8,.) -= ineubIlod _ HIV-lIIB (m.o.i., 0.01) lor 90 min Il 37·C. Celb wera _ twic:e _ PBS and were :auopendod in fn:tIt c:ompIelO
RPML Deo:nnlDIllon or vin!p2~ ceIls wu by indircc1 immunolluore=nce Il 7 and 12 dlys Iller vin! inl-' (B) Number 01
infedious vin! putk:Ics loIIowins HIV·l infcaioo 01 Wl-eD4 Illli 1-eD4 A2.01 ceIls. SU_ lrom ceIls 1n1l:ClEd _ HIV·mB (12 dIys poil'
infcaioo) were clorillcd ~ COIllrifuption and TCID", wu cld=mincd usina MT'" ceIls u deIaibed ln MRrith and l11Cll'<ldt. (Cl """'"'- 01
p24-poIitive ceIls loOowins infcaioo or _ A2.01 ceIls willl HIV·1 Il vtriaIos m.o.i. Cdb were 1nfl:ClEd _ HIV·lIIB Il • m.oJ. or 0.01
(A208. Cl); (3D408, Il), 0.07 (A2D8, Il): (304D8. F2l) or 0.14 (A2D8, I!l): (30408, Ill). (Il) l'a<:aIqe or p24-poold.. oeIIs l"oIIowinIllnf_
wiIh Ille SF-2 lIrIiD 01 1lJV·1. A2.01 ceIls canyiJla either ....-eD4 (AlDS) (Cl) or l-eD4 (304D8) (II) wm: 1nfl:ClEd _ SF-2 (m.o.i., 0.14).
(El Ptn:enlIse 01 p24-positi.. cell1 aller Inftetloc _ HIV·1 (m.o.i.. 0.03) or HSB-2 ceIls 1l:ClEd _ ....-eD4 (AI, 'J: AC, Il; 10.7, Il) and
.-eD4 (II). (F) Number 01 Infedious vin! ponidcs loIlowins inltetloc or HSB-2 cells earrylnS -eD4 (AI. Cl: 10.4, Il: 10.7. B) and .-eD4 (II).

•

Cootrols consisled of uninfecœd A208 and 30408 cells.
and of U937 c:ells c.ltronically infeaed wilh HIV-1UB. Ali
I113jor SIJ'UdIIral HlV-l proceins (gpl20, p66. pS5, gp41 and
p24) were deœcœd in chrolÙcally infeclcd U937 ceiIs. These
specifie viral proceins were deœcIcd in 30408 cells as early
as 7 clays foUowing HIV·1 infection. In collll'llSl, viral
proceins -.vere obse:vod in A2D8 coUs only 15 clays foUowing
HIV-1 infection. A time-<Iependent inc:tease in the amount
of viral proteins was obscrved in bo1h coll lincs. Thcse
cxperiments clearly demonstrafed the absenco ofquali!lllÎve
changes in viral protein synIhcsis despite a marked increase
in the symhesis of major suucmral viral proteins in c:eIIs
<:arryl.'~ t-CD4 as compared wilh c:eIIs transfeaed wilh wt
CD4. Tl.:se resWts are in agieenltill wilh Ibose oblaiIIl:d
wiIh indirect immunoflutliesccnc:c (perœntage of p24
positive coUs) and c:o-culture (number of infec:lious paniclcs
in culture supematants) assays.

Ouenlbt/w dNt.Bncas ln H/V·1 RNA dlnJcl1y
coneIate wirh 1InnJIs of H/V·1 pOl.....
Since we observt:d marked differenc:cs in the expression of
viral proteins, il was importallllO evaluate if such changes
were associa"" with different RNA levels. For this pwposc,
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Nonhem blOl anaIysis of A2D8 and 30408 RNA wu
carried out al different timcs aller HIV·1 infection using a
ONA probe which detecls the three specifie viral RNA
species (Figure 38, upper ;>and). OIronicaUy infeclcd U937
c:ells. used as control. expr.:ss aU three specifie RNA bands.
The fuU-1eng1h unspliced 9.2 lcb mRNA encompuses the
viral genomie mRNA and the mRNA for the gag-pol and
gag proteins; the intennediate (-4-5 kb) corresponds 10
"JI". env. vif. "JI' and rat mRNAs. while the small multiply
spliced ( - 2 th) mRNA produccs the regulatory proteins
rat. rev and Mf. The fuU-lenlll!' genomie RNA was deIecœd
in 30408 coUs as early as 7 days aller viral infec:lion. RNA
levels inc:reased in a tiJne.dependeDt manner. However,
wben A2D8 coUs were analyml wiIh!he same probe. il wu
IlOt JlOSSil* 10 deœct IllY specifie RNA before 12 clays after
infection wiIh HIV·1. To quanriraœ the leve1s ofviral RNAs
more prec:i3ely, slot-bIOl analy:;is was pelformed IISÙIJ lOIa1
RNA exttae:led from infeaed A2D8 and 30408 colis. and
from chronica1ly infecled U937 c:ells (Figure 38. lower
panel). Ratios ~f HIV-. mRNA and actin mRNA e1early
indicare a 4-fold increase in the levels of HIV·1 mRNA in
cells exprcssing t-eD4 as compared wilh celb trIIISfecled
wilh wt-eD4. Results from this ana1ysis funher supponed
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F1z. 3. (A) Wcacm bic< llIla1ysis or .pccif", vir.ll protcin uprcss;o., followin& HlV·l iofCdion of uons!c:aod A2m ,cll•. Cellular Iys>la 000 l'Il
wm: =oIv<d on, 10l' pol~lanùdc&d. ttanslemd 10 nillOCcllll1ose fdlC7. _baIcd wil~ polyclonal HlV.\.pœitivc .... (I:SOII) and lllcn wiIIl
['''I)n:combi-o< pnlOCÙl AlO. Sampk:s wcn: from ...-CD< .u01 exils (A;!D8) cilhcr uninfc:aod (1) or Il 7 (3). 12 (5) and 15 days _·infc:aion
(1) and from .-cD4 A2.01 c:clls (30408) ci1htt uninrcctcd (2) or Il i (4). 12 (6) and 15 (8) clay> post.infCClion. Cluonically HlV·lIIB-infc:aod 1J93i
c:clb serv<d as c:onuoI (9). (B) Upper pond: Northcm blOl anoIysis of lOlII RNA 00 l'Il from c:clls infedCd wilh HlV·\ usina pBH·IO (HfV·l) as
pn>bc.~ panel: quanlillc:aûoo of RNA ....... by 1101-1>10< 1lIla1y.ia. Total RNA 0.25 l'&l wu hybridizl:d 10 pDH·10 and lOOUIC ac:tin pn>bca,
rapoctivdy. Sampka ...... f""" A2.01 cxlIs canyina wt-cD4 (A2D8) Il 7 days (3) and 12 clay> poIl.infoc:tion (S) or A2.01 cxlIs exprcsaina t-cD4
(0408). Il 7 c1ays (4) and 12 c1ays _.inlb:IJoft (6). and U937 cxlIs chronically infedCd wilh HlV·1DB (1). AulOnliio&raphs wm: 1lIla1ym1 usina
the RAS-IOOO (1la<an:h Analysis Systcn) imaF aulysis _ 10 CVlluall: HfV·1 and ac:tin bond -1)' wttich an: cxpICSOCd in opcicaI dcDIIl)'
(ODIpiada).

the obse:vation tIIIl ...;.-,.) RNAs were more abllndant in
HlV-1 infec:œd cclIs c:anyù,'l t-eD4. as compared witil œlIs
expressinll wt-e04.

T_ 1. Dea:mùnllion of initia1 viral cnuy inlo A2.01 ccli li... usina
• p24 cnzymatic: usa)'

ecu line

more rapid down-modulation of CD4 expression wu
dcteelcd ovcr longer pcriods of lime on cclls cxpressing 1
CD4 which correJarcs wilh die highcr nue of HIV-I
repl~on in such eclls (dala DOl sbown).

Experimcnts aimed al quantitating the virus load enterinll
ecUs very carly aftcr iofection were aIso c:arricd ouL Tbc
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CdIs (2 x 10') cxprcssin& ci1htt ...-cD4 (A2D8) or .-cD4 (3D4D8)
wm: ineubaIl:d on icc with HfV·DIB (m.o.i.. 1.0) for 30 min lIld
WCft: subsc:qucraly iDcubItcd _ 37-c for 90 miL ne meut·
perind oc 37·C wu orniaod for COllIrOb. lbcrcaftu. cxlIs ......
_ twice and _ for 2 min 00 ice with 200 ,.1 or aJalllIeIo
RPMI medium Il pH 3.0 10 ranovc _ Ihat hod IlOt -= c:clIs.
CdIs ...... _ twicc wilh ooId PBS prior 10 rauapoosion Ïll
200,.1 _ RPMI pplemai11:4 with TriIoo X·\OO (I ") and lbc p24
_ amy wu fot.ocd liCCOnÜII& 10 die _.__',

iDanac:IionI. The iDe,.' " • pcriod • nec .. 0IIÙIIlDCi far COIIII"OIL
·RcsuIu Ibown are me lDCIIl * 50 or mrc:e " M' il

•

c.aJW patIIIIIelIfS and lIinII enlry are simiIat in œIs
upesslul1 wt-cD4 end r-cD4
Ncn. wc SlaIU:d ID examine which step in the virus
replicative c:ycIe wu rcspollSlble for such markcd changes
in the le:veIs of viral production bctwccn the IWO ccii Iincs.
Growth curves were delenninod for A2D8 and 304D8 ccIIs,
eithcr infec:œd or DOt with HIV·mB (m.o.i.. 0.14). Doubling
limes wcre similar for each ecll line and could not Ile
responsiblc for die Cllhanced viral rcpIicaIion dcœacd in cclIs
expressing 1-eD4 (dais DOl shawn). CeII viability. as asscsscd
by Trypan bluc exclusion. was aIso dclcrmincd and the
pctcctlllge oflivc cclIs up ID 21 clays post·infcctioa wu close
ID IOOS for boch ecll iü"," (dala DOl sbown). Modulation
ofdie CD4 moIecuIc from die œil surface may aIso inllUCllCC
the nue of viral emry. thereby affecting levels of viral
replication. For Ibis purposc. A2D8 and 304D8 ecUs wcre
incubotcd al 37"C wilh HlV·WB (m.o.i.• 0.14) and CD4
surface expression wu monirored al specifie lime poiDts
fOllowing viral infection. RcsuIIS from tbcsc cxperimcnls
demousuatl:d tIIIldle lcveIs ofCD4 explessed on !he surface
ofcclIs tr3IlSfeacd wilh wt-eD4 (AID8) or r-eD4 (304D8)
rcmaincd uochangcd for 7 c1ays post·infcclion. Howcvcr, a

A2D8 (conaol)
A2D8 + HfV·l
30408 (ctXllItll)
304D8 + HfV·1

386 .. 93
6800 .. 141

2S4 .. 78
3975 .. 106
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flE,.4. PCR analysis of ccl1ubr HN·\ DNA. levels. PCR lU'llpliflCOltion oh'ira! DNA 'WU perfonncd lU dC3C'ribailn Materials and mcthods usifll
total cellular ONA. (A) Linclrily of the PCR W:lS ~IlIUAted using ACH·2 ~lls. Tc minimi:c variat'ons in the efncicncy of the PCR, wnpla wne
adjuMed to 1 ilS total DNA per wnple using pbrcnl:l1 DNA (5igma, MO). Sllmples originale frotn 0 (1). 10 a). 100 (3), 1000 (4) and 10 (XK) (Sl
ACH·2 celh.. (8) CeUs o.pressing wt·CD4 (A2D8) (3) or t-CD4 (30408) (4) wcre infcetcd with HIY-UlB (m.o.i.• l.0) and cultumS for 6 h prier to
DNA ~traaion. Amplircd fragrncnu. wcrc wbjcce.ed ta clectrophorois on a 6S non-denaturing ~1 and visuahzrd by autoradtovaph)' of the cel.
Two )d) of prime", were includcd in cxh tube: an Htv·l lpecirte primer pair allc:d (M66i1M66I) and an oliSonucleotidc primer ~r apccifw: for
human 6~llobin whtch scrvcd as ln internai conltOl. Ratios bctween IlI1lpliflCd sipal with the HIY·l Kt of pnmcn and the B·g1obin .et werc
calculzucd fot cAth es.perimc:ntal condition using inutge analysls system (RAS l00J). tJninfC'Ctcd ceUs (A2D8. 1ane 1; 30408. laRe: ::,!) and cclb
cA2DS. lant S: 304D8. lane 6) infeeted with the hcat inac:tivated ViNSoei (30 min Olt S6-0 werc used as c:ontrol~
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fi&. s. Elfoct of azidochymidinc l1li soluble C04 CIl H1V·1 Infectloo
of "'<04 l1li t<04 Al.OI cdIs. (A) Cdls " x 10'1 ..... Inl<aal
_ H1V·WB(m.o.i., 0.1') l1li ..... _.-..1 widl
azidodIymidinc (1 ,.M) 2( h der CIpOIUfO 10 H1V-I. ThcrraIl<t, lhe
c:dIs ..... I:cpt under dnI&-= Vital Infectloo wu _ by
immunolluota ... 10-. lhe moIa _ con: ....... p24. (Cll
_l1li (~) azick>dl1lfÙCÜDC'll • "'<04 AU' cella (A2IlI):
(Cl) _l1li (~)~ t.C1)4 .0\2.01 c:dIs
(31)(08). (8) Cdls (5 x 10') .....__ H1V·mB (m.oJ••
0.5) prior 10 odlIiüon or lCll( • 2A h _Ùlfa:bon. Yoroi ..
wu _ by illdÎloCt__usina .. lIIliIxldy

opecillc for vital p2( ........ Al.O\ cella conytna "'-C04 (A2llSl
__ (Cl), or _ widl 2 (Ill) or :ZO"'ml lCll( (Ill.
l1li Al.O\ c:dIs canyq t-C04 (31)(011 (11), or
.-..1 widl 2 (~) or :zo l'I'mllCll( (iii)•

(100") in comparison with eclls uansfected with Wl-CD4
(47%) (Figure SA). In azidothymidine-trealed t.cD4 cells,
the number of HIV-l-positive cells remains aJmost neplive

Thfr fuI-Ienglh CD4 moIecuIe negatively regulates
HIV-1 repfcation
To investigaœ the possibility thal viral disseminatiOll by cell·
free virus and/or cell-lOœ1l contae:l migbt he more efficienl
in cells expressing t.cD4. the antiviral drug azidothymidille
was added at a IlOn-toxic inhibitory eoncentration (1 ,.M)
to both cell Iines 24 h after their initial contact with HIV
particles. Addition d azidothymidille inhibits any further
cycle of viral integn,iOll medialed ci!her by cell·free vituS
or via cell·to-cell contact. However. it does IlOt affect
replication of viral DNA whieh is aln:ady integrated.
Consequently. infected cells are derived only from the initial
pool of infected ceUs. As expected. in the absence ofdrug.
Iûghe:- viral expression W3S observed in cells carrying 1.cD4
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above-described celllines were incub:lted with HIV-1 al 4oC
10 pennil virnl binding and were subsequenlly ll'3nsferred
al 37°C 10 allow vira! entry. The cells were Ihen incubated
al pH 3.0 10 remove viroses which had nOl enlered cells.
Levels of virnl p24 prolein as monilored using a commercial
enzymatie assay (Table 1), revealed thal virnl enll)' W3S nol
increased in cells c:anying I-C04. To quanlilllle precisely
the exlenl of vira! entry, semi-quantillltÏve PCR W3S

performed al 6 h after infection. To decrease PCR ampli
fication of premature HIV·l reverse uanscripts. wc have
used a setofp"imers (M667/M66I) thal recognize only full
length or nearly completely synthesized viral DNA (Zack
et aL, 1990). To rule ouI the possibility that PCR amplifi
cation eould he due lO the presence of partial revene
transeriplS in infectious mature HIV-1 panicles (Lori tt aL.
1992; Trona. 1992), PCR amplifications were carried OUI
on o:lls previously incubated with heat inaetivaled vituS
(Figure 48, lanes 3 and 4). Linearity ofthe PCR assay was
assessed by using difTerenl c:onc:entrations of ACH-2 ceUs
previously reported 10 contain one c:opy of virnl DNA
(Figure 4A). Results of the experimenIs clearly indic:ated thal
increased virnl replication in ceUs expressing the lruncated
fonn of CD4 eould not he attnbuted 10 facilitaled entry of
the vituS imo cells. They suggested thal other mechanisms
could he responsible for Ibis phenomenon.

•
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(988). Cross-linking of C04 using anti-C04 antibodies or
gpl20 leads 10 an increase in aUlOphosphorylation activity
of lite CD4-associared lcIc (Veilleue ," aI•• 1989; Koretzlcy
er aL. 1990; Luo and Sefton, 1990: Hivroz et aL, 1993).
Il is thus pclSSIble lhat the above-desc:ribed regulatory signal
genented through CD4 involves pS6"*. We first verified if
the CD4-a...matecl /de could be activated in tbc HS8-2 C04
A4 and lhe A2.10 A2D8 celilines, followïng cross·linIcing
with an anti-CD4 mAb lhat prevenlS gp120 binding ta CD4.
We observed a 3.2-fold (HSB-2 C04 A4) and a 3.7-fold
(A2.01 A2D8) enhancement in the aulOphosphorylalion
aetivity of lhe CD4-associated lck following a 2 min C04
cross-linking al 37°C <Figure 6). This increase in /de
autophosphorylation aetivity wu comparable with the
3.6-fold enhancemenl observed upon CD4 cross·1inking on
Jurlcat, whieh is a. mattII'e T oeIlline. Fwthcrmore, a simiJar
pattern of tyrOSine phosphorylation of s.Ibstrares was
observed after c:rœ..linIcing of CD4 al the surface of bath
Jurkat and A2.01 AID8 ceIls (data not shawn), suggesting
that the CD4-/de association in HS8-2 CD4 and A2.0I
AID8 oeil lines is functional.

To examine the involvement of the CD4-associatecl
tyrosine Idnase pS6"* in the abo~bed down
regulation of H1V-l replieation, a CD4 mutanllaclcing the
residues responsible for pS6"* association wu uansfected
into A2.01 and HSB-2 eelIs.lnfeetion of A2.01 and HSB-2
cells expressing lhe C4202A mutant WIS canied OUI as
dcscribed previously and compared with infection ofWl-CD4
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FIc. 7. HlV· t infection of T ecll li.nc:s transfcacd with the: double
C)'Utine mutant of~. (A) Al.OI ceUs (5 x 10') e:r.p~na citber
...-C04 (0). 1-C00l (0) or C04 muwed Il posilions 420 and 422
(~) ~ incublled wM HlV·IUB (m.o.i., 0.25) for 90 min at J7·C.
DctcmURlltton of ans upressina viral p24 protein wu monilorec! by
indi= immunonoo=nœ "' 8. 12 and IS clays posa-infection. (8)
HSll-2 œlls cxpressing cilhcr ...-C04 (At. Cll. !-CO< (0) or C04
muWt:d III positions 420 and 422 (clone S. ~: cl~ 17. rJ) were
infecte<! wilh HIV-I (m.o.i.• 0.03) and wcre proc:essed u d=ibcd
abo",. _se of p24· œlls wu assessed Il 4 and 7 clays posa
infection.

The 111981f.. signIIIls lnJIISdtJœd IIÙJ the C04
moIIc:uIlt
To delermine if the negalive signal on viral replieation was
uansduoed by the C04 moIeeu1e. different concentrations
of soluble C04 (sCD4) were added 24 h following H1V-l
infeelion of Wl-C04 and t-CD4 A2.01 œlls. I:t these
cxperimenlS, viruses whieh are already inlegraled are
allowed 10 replieate. However, sC04 will bind 10 viral
panicles relC1Sed from infec:ted oeIls, lhereby pfPVCllling
tbeir interaction willt Wl-C04 or t-CD4 on the surface of
uansfected oeIIs. ResullS !rom lhese experimenlS are
illllSUlle<! in Figure SB. Addition of sC04 al differenl
COllCCIlltation (2 and 20 "glmI) le<! 10 a significant decrease
in lhe pcrcentage of p24+ eelIs in bath Wl-CD4- and
t~pressing oeIls. The nwnber of p24+ œlls range<!
between 4.3 and 7$ in oeIls incubated in lite presence of
20 ,.gImi sCD4 al 24 days post·infection, while all of the
eelIs were infected in the absence of sC04. Interestingly,
in the presence of sCD4, wc observed for the flfSl time a
simiIar pcrcentage of p24+ eelIs in bollt cell lines. In
tripIiaœ expetimenls with 2O,.gIrrd ofsC04, the petCdilage
wu -4.3$ in Wl-CD4 eelIs and 7$ in t-CD4 eelIs. SimiJar
results were aIso obser >'ed when 2 "glml of sCD4 were
added 10 lhese cu1l11reS (Figure SB). Thesc resullS strongly
suggesl lhat tbc CD4 molecule is~Ie for transducing
the signal whieh down-regulates H1V·I replication.

The ptOteln f)ioaN _ ~ fJIrI- • dominant
IOle ln !he lraMduction of the IItIf1IIlÏ1Ie sIgnIII
The CD4 molecule is -rntecl in T ceIls wil1t the sn: family
tyrosine kinase pS6"* (Rudd et aL, 1988; Veilleue et aL ,

66-
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until - 12 days post-infection; however. the number of
HIV-I particles released into the me<!ium (data !lOt shown)
was 50 importalll that despite the presence ofazidolhymidine.
effective HIV-1 replieation was observe<! over time with
- 50% of œlls expressing p24 22 days post-infection.
Interestingly. viral replieation was totally abrogate<! in œlls
expressing wt-C04 even at the laler time points (22 days
post-infection). This experiment was repeate<! lWiœ and
yiclded similar results. Re..u1ts from mese experiments
suggest thnl viral replieation is down-regulated in œlls
expressing wt-C04 into whieh initial viral binding and
inlema1izationbasoeeurred.This down-regulation is not
observe<! in œlls expressing t-C04.

Fil. 6. An incrt:l~ ln :unopho~phoryblion:le:tivity of the
C04-wocl.ned fck i.i indoccd by crou·link.ing of COol. ecus (107)

~ff' incutyled on i-:t: wilh 1F3 ami·C04 antibody al S l'a/ml (Illne!o
2. 4 and 6) or with medium (bno 1. 3 and Sl for 30 min, poor 10

crm.s·linkmg with 1 goal M1tl'm~ !lerUm for 2 mm Olt 37·C. C04
WIU thcn immunoprecipiated and an i" \litre kmue :lUIy wu
perrormcd. ProtcinJ ..-ere KWIved on 1 7.S~ SDS-polyacrylamKk
1lC1. Lanes 1 and 2. H5ll-2 C04 (M); lancs l and 4. A2.01 A2D8;
Iancs S Ind 6. llUW cellline.
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flt.8. Ovcl'\'ie"l of the proposed ~lIu(:l.r mectuni!lt'nS mat W:.c pl3C: following bmding of HIV-l panicles to ecU surf01CC eDol~ on U\W.ICS wnh
anti...ir:l.l agcRt$. In c:lCh caSt. infection with H\V·l was. pc:rfollT1Cd prior lO addilion of :mtivinl1 aSt'nt~. (A) Mdit'o" of lllidOlhymidinc will oot

inhibit ViNS rc:p1ic::ation rrom p~iolJ5l)' HIV·\·infeaed cells. Virions produced from thc~ ccUs will bind 10 pro"'iN:\-conu.ining cclb and. followinl
cross·tinlcing of C04. will induee transduction of a signlt th3t will negaliVt:ly ~utalC the txp~ion of ... ir:ll DNA p~nt in cells cJ.prcninC wt..
C04 (1eR. panel). TIli... nec.;uive signal will no( bc transmittcd in t'CIls c:qJra.sing, t·CD4 duc: to Ihe dclttion of the eytoplasmK: demain of C04 whil.:h
is n:spocWblc for me signaling l\lnct»on or the: """eculc (righl panel). (8) Addition of ,eN will .broplC: the bindin& of virions KCreted from
previousl)' HIV-t·infeetcd ceUs. Consequcndy. the ncgllivc: siGnal witt not bc uansmined sincc: c:rou·linkinc of CD4 molcculcs will bc prevt:ntcd.
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cells and l-CD4 cells. Results are iIIuSlrated in Figure 71'..
(1'..2.01) and B (HSB-2). A 6- to 2o-fold incrcase in the
pem:n13geofp24+ cells wasdelccted in A2.01 (25%) and
HSB-2 (21.6%) cells expressing the mutated fonn ofC04
when compare<! with A2.01 (1.25%) Or HSB-2 (3.9%) cells
transfected with the wt-CD4. This difference was observed
throughoul the different lime points of the experimenl.
FunhennciC, the percenœge of p24+ cells was almest
identical in cells expressing the mutated fonn of CD4 and
l-CD4 A2.01 (31.5%) and t-CD4 HSB-2 colls (16.6%).
Results ofthose experiments indicate that the association of
jlS6bI to C04 contnbutes 10 the decreased viral replieation
observed in cells exp~ing the full-Iength ferm of C04.

Discussion
Wc present evidence suggesIÏng that the fUlI·length C04
molec:ule transduces a signal that will negative1y regulate
HIV-1 replieation. Cells expressillg a:nmc:ated Conn ofC04
or a mulant C04 molecule which an no longer associale
with pS6"* permilted increased levels of viral production.
These resu1ts were obtained using independendy derived coll
clones for each constrUct and (Wo differenl strIins ofHIV-\
(H1V-UIB and SF-2). thus eliminating the possibility of a
stnl:t-specific phenomenon. A very low m.o.i. was in·
tenlionally used in ..ch experiment to paralle1 physiological
conditions. Viral p24 protein levels and quantillltive PCR
were used to determine that the efficieney of viral entty and
reverse transcription was similar following HIV-\ infection
of colis cxpressing either wt..c:JY. (Ir t-eD4. Our resu1ts
suongly suggest that the event responsible for the different
leve1s of viral expression occurs following reverse
lt'ltIlSCription of vira1 RNA and prior la initiation of
lt'ltIlSCription.

The above-described experiments had indieated that viral
entry was identica1 in ceIIs ex~ng the different fonns
ofC04, suggesting that the quamitative diffacllces obsetved
in HIV-I expression wcre due la later events in the viral
replieatioa cycle. Addition ofazidothymidine 10 cells which
had integrated comparable amounts of HIV-1 resulted in an
enhancement of the differences observed in the percentage

of p24 + cells between t-C04 cells and wt-CD4 cells. A
So-fold differenco could be observed 23 days post-infection.
These results can be eXplained by a model whereby viral
panicles released from cells infected prior to addilion of
azidolhymidine bind to CD4 on such HIV-I-infected cells
and induee multimerÎ2ation of C04. This lends 10 the
transduction of a signal lhat negatively regulates the
expression of ~Iready integrated viral DNA (Figure SA).
Altemativcly, the negalive signal could affect inlegration of
viral DNA. This negative signal is nol transmined in colis
earrying t-C04 since deletion of the cytoplasmic damain of
C04 abrogates the interaction of C04 with pS6'" (Shaw
tl al.• 1990; Tumer tr al•• 1990), thus leading to enhanced
viral replieation. To confinn that C04 was in fa.. playing
a primordial role in the transduction of a plllati' <. negative
signal, sC04 was addcd to the cells socn aller infection with
HIV-1. This antiviral agent was use<! 10 abrogale
multimerization ofCD4 induced by HIV-1 panicles released
from cells into which viral integration had already occurred
(Figure SB). sC04 also prevents dt MIlO infection of
C04+ ceUs mediated by ceU-cell contact or cell·free
virus. Results from this set ofexperimetn demollstl ated that
the rate of virus replieation was similar in ceUs eanying the
wt-C04 or l-C04. agnin confll'ming that the initial infection
was comparable in cells expressing bath fonns of C04.
These experiments clearly demonstrated that the negative
regulatory effect results from the binding of HIV-I to C04.
Most imponantly. experiments using a mutated fonn of C04
which is not associated with pS6'" clearIy demonstratcd thal
this tyrosine kinase is implieated in the transduction of the
negative signal (Figure 7).

Our resuIlS COIlIraSt wilh lhose ofPou1in tt al. (1991) who
obsetved a deIay of HIV-I replication in A2.01 ceUs
expressing a tnulCaIed version of CD4, laelcing most of the
cytOplasmic domaîn. These differences may be exp1aïned by
the faet that they have used alleast 100-10 lOOQ-fold more
virus particles for infection. Our resu!ts are consislent with
a previous report which demonstrated that a glycolipid
anchored C04 molecule. lacIcing membrane spanning and
eytoplasmie domains, was associated wilh enhanc:ed HIV-I
replication in the same human T-Iymphoid cellline (HSB-2)
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that has hecn u\cd in our cxperiments (Diamond (t al.•
1990). T .....o rceent studics ha .... e: ::llso propo5C'd thaï the C04
glycoprolcin could innucnc: rcplication of HIV-1. Binding
of rc:combinam HIV·like paniclc:s (containing only the
envclope glycoprOlein of HIV) to CD4 was shown to inhibit
induction of latent HIV·I (Haffar <1 al.• 1992). Interestingly.
virJ! particlcs which contained anothcr viral protein (gag)
but not env did not mediate this effett on HIV-1 replication.
Moreovc:r, expression of increasing levels of C04 in H5B-2
cclls was shown 10 correlate wiili a marked decrease in
HIV-l replication. which is consistent with our results
(Marshall et al.• 1992). ln this report. similar \eve:s of virus
entry and reverse transcription were observed in cells
expressing low and high levels ofC04. which is also similar
tO our data.

Results from our experiments suggest that binding of
HIV-I to eell surface C04 stimulates signal transduction
pathways in T cells. Recent evidencc consistent with this
scenario carne from the observation thnt treatment of
C04-positive cells with gpl20, followed by anti-gpl20
antibodies. results in increased tyrosine kinase activity of
p56"* (Juszczak et al., 1991). Our resullS also indieate thnt
LlO signallends to decreased viral replieation. Cross-linking
ofC04 molecules with C04-specifie mAbs or with gpl20
prior to T cell rec:eplor mediated stimulation hns becn shown
to inhibit T cell activation and to induce T cell denth (Newell
et al.. 1990; Banda et al.• 1992), Several mechanisms
including negative signaling by p:i6'''' (Juszcznk el al.•
1991) or sequestration of pS6,<t by C04 (Haughn el al..
1992) have becn suggested to play a role in this down·
regulation ofT cell activation by C04. T eeII activation leads
10 enhanced HIV·I replieation indicating the presence of
commen pathwnys between these IWO responses. It is thus
possible mat signais whieb will negaùvely regalate T cell
activation will aIso resull in down-regulatioa of HIV·I
repliation.

Numerous studies have demonstrnted thnt vnrious factors
an affect negatively HIV expression al transcripùonal or
post-transeriptional levels. Transcriptional activity of HIV
is regalated by virally encoded factors. 50eb as tat. and aiso
by inducible cellular transcriplion factors. Some of these
factors (LP.\ and USF/MLTF) have becn shown 10 regulate
negatively HIV-I transeription (Kato el al•• 1991; Giacca
el al.. 1992). Another report has indicated that integrated
HIV-1 genomc: is maintained in an inactive state by cellular
factors binding to a region of the promoter located in the
long lenninal repeat between -120 and +80 relative 10 the
transeriplion initiation site (Drysdale and Pavlalcis. 1991).
One patticularly well-charaeterized nuclear transeription
factor. NF-xB. has been reported to greatly stimulate the
HIV·I enhancer (BôhnIein et aI.. 1988). An bB-like
moleeule has been demonst!3ted 10 induce negative
reguIation of HIV·1 transcription by bloclàng the fonnnlion
of the 6S kDa plus 50 \cDa NF-xB heterodimer (Raziuddin
et aI.. 1991). Dissociation ofNF·xB from ilS inhibitor bB
is achieved following phosphorylation of bB by procein
kinase C. It is mus possible that one of the<.e factors is
involved in the negative regulation cf HIV·I thnt wc have
observed in OUr experiments.

The in vitro studies presented here provide evidence thnt
the cytoplasmie dornain of C04 an regulate the rate of
HIV-1 expression in T cells. Our hypolhesis is thnt.
following binding of HIV-1 10 CD4. a signal is tranSduced

HIV-' regulDtion by p56\d1l-C04

via pS61<l leading tO phosphorylation of cellular and/or viral
substratcs and rc:sulting În dc::gradation of viral genomc prior
to integration or dawn-modulation of viral replication
following efficient viral integration. The relevance of our
observations lO lhe in \.'l\'O situation is not known b~t it is
tcmpting te specula.e th3t il might play 3 role in the
pathogenesis of this retrovi,,1 ir,fection, particlll3rly 3t the
level of 13tcncy. The mech3nism by which HIV remains
13tent in infected individu31s is still unclear. lt Stems that
most infected cells are transcriptionally silent since the
frequency of cells expressing HIV-l RNA has becn shown
to lle one to two orders of m:lgnitude lower than that of
provirus-cont:tining cells (Harper et <1/•• 1986; PsalIidopouIos
et al.. 1989; Schnittman et al.• 1989). Binding of cell-free
virus present in the cireul3Ùon (Coombs et al.• 1990; Ho
et al., 1990) to infected cells could ie.td to tt:\IlSCriptional
down-regulation of HIV-1 integrants. The hypothesis thnt
the great m:ljority of proviruses in infected individuals are
functionally defective is of interest in this regard (Goodenow
el al.• 1989). S"~h defetùve particles. ~ven though they
eould nOl initiate a full virus replicntive cycle. might be able
to multimerize the C04 molecule. thus :ending 10 the
transduction of a signal thnt will negntively affect replieation
of integrated viral DNA and induce viral lalency. This wouid
prevent a quick destruction of the host and help rnaintain
a sustained level of viral infection.

Materials and methods
Coll._media

A2.01 and HSB·2 ar<: T-ccII tum.ll ee1llines which "'" CD4-nepû.., and
have bCl:n pr<:YiousIy dc:ll:ribcd (FoII.s ft aL. 1986: IWo ft aL, 1988). Th:se
cell, wm: maillllincd in RPMI·I640 supplement<d with 10~ fcul bovine
serum (FBS). 2 mM L·Slutaminc. 50 ,.M 2-men:aptt><lhaool and 1mg/ml
of_icin (G-4I8) whcn _ired. Celllinca ProdueinI!he_~
r<U<>viNses wm: maintaincd in DMEM mdium supplemenlcd with 10~

FBS. 2 mM L-gluwnine. 5O,.M 2-rncn:apoodhanoand 1mg1mI ofG-4IS.

CJtp< r " 1 0' Ille fuII./engtIt, hId au ln
A2.01 _ HSB-2 colis
Wild-type and lNIlCIICIl CD4 Cllding rqioas w= subdaocd inID!he MNC
raroviraI_c:ocainina allCOCllYàn .....-.... (l'timon and Sc<d.
1988). Thecyll>plasmjc: rqiol\ofC04wu lnIllCOICd by inserlion of...op
codon in !he coding scqucnc<. 0nIy!he fint six ....ubt_ pmjmrI_
..... conscrwd. The g<nelaion ofllle _ cyso:ine _ wu performoII

by Q\/Crlap extension proccdute. BrieI1y. DNA f_ eoalaÎlÙll&!he
ltIItIIioo ..... ampIiflCll using 2SO na of MNC pIamtid lJOIIIining !he wiJd
lypC CD4 eDNA u l<llIpIaI<. 100 na of <ither of_q>I<melDly primm
cocuining Ille dcsired subsliIlIÔOllS (S'-<:cOO'TGAOOOGCC'I'OG<lCO
CT1'CTT-3' or S'-MGMGACCGCCCAOGCCCCTCACCGG-J1,
100 na of S' or 3' primer, hybridizing 10 MNC _ scquenecs and a
reaetion mix enntallllnS20S U of Taq poIyrnerue. 0.2 mM of_ of!he
dNTPs. 100 mM ICO. 10 mM Tris-HO pIl9.0. loS mM MaO,. 0.01"
J:datin and 0.1~ Triton X·1OO. The DNA wu ampIirlCll for 20 eyd:s
consistinc of denaturation for JO 1 al 94·C. lDnCIlina fOC' 2 min • 50' C
and donpcion at 72"C for 2 min. foI_ by III eIongation c:yde of IS
min al 72"<:. The mulatal eDNA wu__ in a sr"'oequem o>erlap
cxœnsion ampIilication using 2SO na of cadl ol Ille IWO ovcr\appilla
f_ \00 na of _ ol!he__ S' and 3' primcrs and
!he ..... ampIif.aboa _ u _ The fuII-1<zl&Ih _ eDNA
WII d'en doned in the KUIdIIJ-&mHI sila of Ibe eobryodc txpi •
"""'"MNC SOllfer. The whoIceDNA _ """"""" usingSaqp",.
10 _r"",!he pracnœofllledesln:d ........_ and t!llJ ilIIqrily ofllle
_ of !he eDNA. The amphoaopie hdper ~ ! rcina coD Une DAMP
fSIcelonan ft aL. 1988) wu b••f""'" by c:aIàum pIIorphearpedpiucioo
with the dirrClCll pMNC e:tlllSlnI<U and G-411_ DAMP <:dis .....
.-and _ upnxluocrcoD lin<sollhe ._.iIis..__ DAMP
c:dIs _ceœd with the dirr..... pMNC-CD4 c:onsIIU<U ..... ClIric:hod
for coD, «prasina hish le..:Is of _ CD4 by <:dl 1OrIing. For
inlcaioc. DAMP ee11s, • 70~ CllClIl-. ..... _ widl 10 l'SIm!
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of mitomyc:in C ror ) h 3t :r7·C Olond ....,Olo~hed e\len\i\'dy ..... lth pho'ph;lIc
buffcred ~line: (PBS) prlor 10 c\XultuTc with ~Ol ;l.nJ 1-I5B-: cdb
(1 x 1(6) ln cample:e RPMI medIum ln the: prc~enc:e: of 1,; lAS/ln! nf
pC'lybrene for ~4 h;l.l 37·C, Celh .....cre w;I.,.\hed thTCC' tmle:. \\oith Pas and
rC':>u~pC'ndcd in complete RPMIlTledium for~" h al 37~C. The c:cll~ wcre
linally !>cc:ded;l,t 3 dem'll)' of 50 Cl(() celb peT wcll (~ml) ln complete RP~ll

medium conuinins 1 mil/ml of G-418. Medium W3S chOlonscd Iwict' 010 wCC'1..
and ~18 t"C$ist,3,:u A:!.OI ;md HSB-:! ecUs ""ere ouu!y:oJ fOr the e\p~~illn

of CD4 moleculcs by no..... cytometry.

Row cytomerry an4lysis
CcUs wcre incubated wh."! 1F3 :lnti·CD4 monocloral Olontibody :lI S Jo"s:ml
(a s,ift from A.Truneh. SltÙthKlinc Bttcham Ph;"nnaccutlc~s. King of
Prussia. PA. USA) for 30 min iU 4·C. wushed w\lh PBS and incubaled
uncicr simi1:ar conditions wilh rnC<ClLlpted goat llnti·mousc IgG 3t ::! ~S/ml
(Southem Bioc.ec:hnology Assoc:i.:&tes. tne.• Binninôbam. AL. USA). CeUs
v.ut: wmho:l once and rt:5USpcndcd in PBS prier 10 amIysU. using a FAC$Qn
Oow C)'tometa' (Becton Dickinson. Mountain View. CA. USA).

VI",...
Vira] lmins uscd in lN" stUC1y WC1't Htv·nIB (Gallo ~r al.• 1984) and SF·~

<Chens-Mayer and L:vy. 1988) lwvesl<d from ",lIUre fiuid> of cluocùally
infOClCd H·9 and HUT-78T-lymphoidccU lincs. lOSpcctivdy. Titer.;oflhcse
HlV-1 stocks and evaluatton of progeny virus production wcre determincd
by cod-point titration usio& IUghly SUS<qltibie MT-4 cclls as largc:lS (Ha_
<1 cl.. 1985). Four pmllcl series of l' rold dilutions WClC uscd. CclI> from
cac:h weil WClt SlIinc:d 7 -10 clays post'lIlfcaion by ind_ immunonUOltS
cxnc:e (sec: bdow) and TClD~ wu c:alc:ulated ac:cordinS 10 Rced and
Mucnch (l93S). Wc have cstinw<d lha.llS proviously rcponc:d (T'JOlI" <1 aL.
1990). one TClD~ unit is c:qual to li single infcetious viral pl.rnclc. Vir:l1
inft.:lioa sIlIdics WClt pcrfotTllOd by CJllCI5inI SlUd<d cclls 10 H1V-11I37'C
for 2.5 h. CcUs were then wuhed twicc wilh me:d:unt and resuspcndc:d in
fresh medium. ln sorne cxperiments. uidothynùdinc or soluble C04 wu
inc:1udc:d 24 h post-viral infection. Evaluation of vlnJ cntr)' wu dctcnninc:d
followïng incubation of S x lOS ceUs with HN·I (m.o.i., I.Q) On iœ for
30 min 10 permit viral binding. Incubation .... 1hcn pcrformcd Il 37'C
for 90 min 10 a1low vin! pcncuIlion and cclls wcn: W03hcd lh"", times
wilh cold PBS. Cclls wcn: finolly Iyscd wilh Triton X-lOO (1 l') in PBS
and Wlycd by an EUSA leSt for p24 proIein -ina 10 manufldUrcr's
insln>aioos.

Immunotruoo : iC6 Md mure ~t of1'24 protein
Spccilic major vinl con: p<oœin (p24) .... dcll:etod by an ind_
__way. Mouoc mAbI speclflC for p24 (\indl)' supplicd
by Dr R.C.OùIo) __ uscd in c:onjunction wilh • ATC-conjuplCd pt
-1&0 (IlIU.. GIitllcnllu<i. MD. USA). At Icast 200 cclls __
_ ÎIl ordct ID CVllIUIle dlc pei "le of p24-expteu1ns cclls. CclIs
infCC10ll wilh HlV·1 __ quantiwïvdy _ycd for 1cYCIs of p24 p<Olcln
in cuIlwe suptnIIlIIlIS usinI. ewuweillenzyme ÏInIIllInOIS>Iy ac:conlin&
10 rnonufaaUler', speclf_ (AbbOCl~ Chiaao. IL. USA).

-~--l'oly(rA)«peiio:nt DNA poIymtl1SC lICIÎVity .... mc:asurod by •
lllOCIifiation oh previously rcponc:d pn>ecdure (lloIfman cr cl.. 1985).
IIIbrief.ccII-fn:c~ __ uIuw:etlIri1iI& 11100000 r.p.m. for
30 min .. 4'C lIld peI\ds wcr: resuspcodcd in 10 ,.I or serum·free
RPMI-I640.~ (l0,.I) were incubIlal_"l ,.Iof. bulI'cr COllIÙlÎllll
"lmM Tris-Ha: S mM M&Q,: l"l mM Ka: O.œil' Trilon X·IOO:
0.3 mM GSH: O.S mM EGTA: "l1'l'm1 poly(rAl;>(dT)".,,: 10,.ci
dlynûdÎIle triploarphao: (40-70 Ci/mM) lIld 17.2S,.I dislü\ed _ for
1 h Il 37'C. The _ was S10pptd by pIacina 1hc tubes on icc lIld by
adding 2 ml or Illdiwn pyn>phosphaœ 0.01 101 (in 1 M Ha) and 2 ml of
iœ-<old 10l' trichloroocetie add (l'CA). l'rtcipiwos __ collcacd on
Whaanuo GF/C liber rl!len, which were _ scvenl _ wilh icc-
c:oIdS" 'ICA..-onœ wilh 70" ethaooIlIld lIifo.dricd. prier IOCOUlllinc
iD aliqu.id W"Ù""IRion spcc:ucwoe:ta.

a.-_1'CR~
CcIlooIar DNA _ for ampIifocaôoa _ pepared u folIows. CclIs
(loS x lOS) in P8S lIld 1ho een pcIIct _ .......s wilh
__ K (llO l'I'mIl for 1 b Il 6Q'C iD 7S ,.I Iysis buller (1:1. 100
mM Ka. 10 mM Tris pH 8.3. :z..5 mMloI&C\,: 10 mM Tris pH 8.3. 20S
mM MA. 1l' T\oecI>olO. 1" NNO). _ K waslhco ioaaivIled
by boiIing Il9S'C for 1b. SampIes WClt cooIod 10 œmpenlllI't lIld
lIOrtd .. -&S'C (1IIIiI_ycd). The PCR _ _ 1...
of DNA. 20 pcooI of UlIlabelcd primen. 20 pmoI or "P-1Ibdcd primer.
2SO,.M eoc:b of Iour~ .ipI>osp-. 10 mM Tris-Ha (pli
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lU). 1.5 mM M~CI:. 50 m~1 l'CI anJ ~ ~ U tif T,,'t DSA r",lym{'f;l'>C
lPc:rl..ln-Elnlcr Cetu,1 Th,:,> rc3~'\I~\n ml\tu!"t' \l.J\ ":~l\('rt'IJ \\ollh ~~ J01 "f
rnmcrJ.llll1 .u'lJ L~cn \ut-JC':tC\l h' Jen.ll\lrall,'n li mm al -M-Cl. mJ C'lcn".ln
.JI tl5-C fllr 30 c~d('~ rt1~Ud\ fH'1ll PC'R amrllf'\.JIII,no, .....ere rc""t ...C'J
,ln Jo n..m..Jcrwlurmt: ..,~, rlo.'l:-.a..'l')lJnH'ok ~c:l .mJ "'ouah:,"J t-:v Olr(','\
aUll1raUtl.1t:rJphy "f L'U: I::d. Pnrncr p.11r'\. U)('J ln lhC'\C (\penmc:nt\ Ln.;~~CJ

Mt>6'7IMbtll whll:h .Jetc.. \l> the pnmer blnJinj; "le .,1 HIV·) Olond.t J\llr "I
olLs,onudcotide prime", (1"·33/1~J·ll~) choit i1111phfy;& t'C't:111l\ k,'lllC\J ll\

the: li~ e::Lon (lf Ihe: human J-t:i,'l'lm ~c:nc \ù.:1t. ('/.;/, l'NOl. " :ro hp
fr.at:ment ls ;l,mphflCd ~ln~ Mt>b;,'~'t:ltll. \l.~1l1e;l IlX!~ f~-n\Ct\l n,otUlIlC\J
whcn using 1"-)3il~3·1().;,

W~srem :Aoc IInatysis
Cdlu\;u" 1)'S03lo WCft PI'efQn:d and !>UbJet.-:.cd ILl c:ItXmlpOO~!O lhrough 10'\
polyac:ryLlmide: Sels. The T'C!oOI .... c:d flroleim. we:rc then Ullru.rc~ onto
nitrocellulose ft!tCTl, FilleTl wcrc \,Ilul'llotcd wilh & 5~ nulk ~Iution and
incub:atcd o"cmi~ht nt <4·C wlth 1:500 '111'11 dllutiLln of pol)'Clonal \Cn flUm
HtV·I·infcclcd ~ub,lC(ts, Fille" wcre ""'I\hcd \Cvcnl ümo and illCUblilN
for 60 min with ml·llibclcd fC'COmb,ranl prote;n AIG (CalbKx:hem. La
JoIIA. CA. USA) (O.S x I~ c,p.m./ml). wlU.hcd. dricd and e"~ \0

X·n.y mms.

Northem blot IInalysis ot HIV·' RNA
Tow. cellular RNA wn iwlalcd al spcc:ifte time points followina virul
inlc:aion by Il modirted guantdium isothiocyuwc procedure (Chomczynsli
and S&ec:hi. 1987). Similar amouNs of local cellular RNA (10 ~&) wcrc
rcsolvcd on ronnaldthydc-I.O~ .g.nnoc lell and tranlferrcd '0
GcneSc:rccnPhll membrane. Fille" wc:rc hybridizcd with n.ndom·primcd
3:P·llbc:lcd produas of pBH.I0 (ShAW (ft al.• 1984) and of mouw: k\ln
(Minty d al•• 1981) to dClect HIV·I And lC\in. ropccti..-cl)'. Fille", we:rc
wuhed in 2 X SSC-O. l '110 SOS fol_ by 0.1 x SSC-O.I'IIO SDS Il
64-C. Blets werc c:"posc:d 10 X.QMAT film (Kodak) al -70-C wilh
imcnsifying screc:ns for 24 h.

['>5']rgpl20 blndlfIg_,
Solu~ immunopuriflCd recombinant gpl20 (1lP120). kindl)' provided by
Genc:mc:ch (Dr T.Grqory). "'... radiotodinated hy the: Iac;topero~tdL'C

method (M:uchalonil. 1969). Cell, wm: incubalCd "'ith inc:reuina
C<lOCClllrIIion of ['lSllrgpl2O for 4 h 1123'C wilh gt!llIc miJ.inI in. rlllll
volume of 200 ,.I RPMI-I640. 23 mM HEPES and 0.1" BSA (pli 7.4).
Nono.pecirlc bindio& .... cvaJUiled by ....... IlJO.fokl ..ceu ofunllllJelod
'11'120. Cclls were lhen Iaycn:d "'10' 200 ,.I oij cushion made of 84l'
silicone oit and 16'110 puaft'OIoiI and WClt c:aunfu&ed .. 170001 for 2 min.
CcII pellc:lS wcn: _ bl' c:uaina oIT 1hc Op of lhe llIbe.nd ccll-llound
(llSl}rgpllO radiooelivity__in • pmna ""'..... Avtnlae of
œpIie11c:: _ of _ l"lSl)'II'12O were ""'" far _lIlIIysiI.
SaIw'ation bindinl CW"VCS WCf1: anaJyted by non·lincar teaa·lqUUQ curve
fllting -ina 10 ..... action Iaw (DcUan <1 cl.. 1982).

Aufop(ICl~"IOl! .,.rIon .....
Aa increase ln autophosphorylation ICÜviry or \he CDWuocialcd Id: wu
obsctYed following dlc ...,...linlùO& of C04. Cricfiy. 10' cclls wae
_ wiIh IllIi-CD4l11ibody 1F3 .. S1'I'm1 0< wiIh 11imufaion.
(DMEM. BSAOoS". HEPES 10 mM) ror30 miD on icc. CclI> wcn: lhco
wuhcd, lltIICll wiIh • pt-anti-mouse ltlIIllI (Sigma) .. "l1'l'm1 ror 2
min 1137'C.1Ild lhco \y1cd in NP-40 IysilbulTer (NP~ 2l'. DOCOoSl'.
Tris "l mM. NaClI"l mM. Nlf"l mM. NaPO, 10 mM. EGTA 2 mM.
EDTA 10 mM. N. o_e 1OO ~M. Ieupqxio J x ID" 101.
pC'pllllin A 2 )( 10- 6 M and PNGB sa fiM). C04 wu thcn
imnMqw ',' ."", wGl proeein A-ScphaR)IC pra:œœd vtih. râbillMi
CDol stnlIl\. Au1OpIlc>IjAiOlylaion _ petformcd .1'oIIows. Al'cr'
__ dlc~ were .... '1 • 'in "l,.Iof_ bulTer
(IO,.ci ofl-r"PlA'TP. "l,.M ofc:old A'TP. 1'1.__ 100,.M.
PNOB "l,.M. MA 20 mM. MnO, 10 mM. Trilon X·IOO 0.1" lIld
HEPES lO mM) for 10 min Il roam ............... The way - ''''l'Ped
_ 1 ml oficc-cold bulTer (IIEPES lOmM. Tri10n X-IOOO.Il'. Na
_ 100,.M. pt/OB "l ,.M) lIld _ dvec ÛlllCI bcIore
_ ai umpIc bufl'er. Pmcins WU<: lheII raolved .... 7oSl'
SDS-polylayllmide ad. The ad _lhco dried lIld Clposod 10 an X·
rry liIm for 2IL l1IO ad _ abo CllP'*d 10Kalù _ pboIpIlor_
and quIIIi__donc on l'boIpharlmoaerdcYised by dlc 1mIFQuIal
Sol\wue Pacbae (Molecu1ar Dynunic:s. SunnyvaIc. CA. USA).
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CHAPTER6

HIV-l NEF DOWNREGULATES CD4 EXPRESSION BY

A BI-MODAL MECHANISM
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1. Preface

The HIV Nef protein was àcmonstrated to down regulate ccli surface expression of CD4.

Morcovcr. Nef can upregulate HIV replication in vitro. In the last chapter. we have

demonstrated that the CD4/Ick association could negatively modulate HIV replication.

An interesting hypothesis is that down regulation of ceU surface CD4 would inlùb:t the

negati\'e signal generated through CD4/Ick and thus contribUle to the positive âfect of

Nef on HIV replication. Wc ftrst characterized in this chapter the mechanisms by which

Nef down regulates CD4 expression by using the vaccinia expression vector to transiently

express Nef and CD4 in a CD4 negative human T cclI tine.
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2. ABSTRACT

The mechanisms of HIV-I Nef induceù èownregulation of CD4 werc investigatcd

using recombinant vaccinia virus systems to deliver Nef tr.lnsiently lO human T cel! lines

expressing CD4 or CD4 mut:mL~. We show that Nef reduced tht:' cel! surface CD4 by

promoting receptor endocytosis and lysosomal degr.lùation. Amino-aciù substitutions at

the protein kinase-C (PKC) sensitive serines in the CD4 cytof)lasmic tail. and changes at

the two cysteines of the -CCQC- sequence that abolished the p56/ck kinase (/ck )

interaction preserved the Nef response. However. a CD4 mutant in which a -L-L

sequence in the cytoplasmic tail upstream of the lck inter.lction motif was substituted for

two alanines. was not down-regulated by Nef or PMA. Nef failed to moùulate the turn

over of other cell surface proteins containing di-leucine motif(s) suggesting that other

CD4 sequences are required. In contrast to the enhanced endocytosis of CD4 receptor

induced by Nef in the CD4 expressing cell lines. co-expression of Nef and CD4 in CD4

negative T cells led to a biphasic defect in the synthesis and surface expression of CD4.

There was a quantitative defect carly in CD4 biosynthesis that was followed by further

degradation of CD4 due to the enhanced turnover of the receptor at the cell surface. The

extraceUular domain of CD4 was mapped as the target for the Nef effect on biosynthesis.

The birnodal effect of Nef irnplies recruitment of cellular factors in the CD4 degradative

pathway(s) and may have profound significance in T cell activation and HIV

pathogenesis.
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3. INTRODUCTION

Among the accessory proteins encoded by HIV-1, the 27 KDa myristoylated Nef

protein .(5. 28. 29) is dispensable fur viral replication in vitro. Nef proteins of HIV-1

isolares exhibit significant divergence at the primary structure level and in sorne isolates

the Nef protein is prematurely tenninated (18). Of the three HIV encoded carly proteins

(TaL Rev and Nef) that are expressed from multiply spliced mRNAs carly in infection

.(55. 77). Nef has remained elusive to definition of its exact role(s) in HIV life-cycle.

Although severa! carlier reporu, ascribed a negative regu1atory effect of Nef on HIV

replication and transcription .(3. 50. 58. 59. 83}. later studies have questioned this

interpretation .(36. 41) and more recently Nef has been presumed to be a positive

regulator of HIV replication .(17. 53. 82). In contrast to these in vitro tissue culture

st".Ièies. a.'limal pathogenesis studies have shown that Nef expression was crucial to the

lT".aintenance of high virus load and disease progression during natural infection.(40). Nef

has also been implicated in the regulation of cellular gene expression. such as down

regulation of the CD4 and IL-2 receptor .(34) • IL-2 .(51). and enhancer binding proteins.

NFlCb and AP-1 .(56. 57). Of these phenomena. only the effect on CD4 is widely agreed

upon.

The CD4 receptor in T ceUs is a major determinant of T cell activation .(52. 72.

91). In resting T cells. CD4 is tightly associated \Vith the p561ck tyrosine kinase.(7. 73.

78. 85. 89). In T he1per cells. antigen stimulation leads to interaction of CD4 with the T

cell receptor and MHC class II receptor .(21) thus favoring enhanced T cell activation.

CD4 is also phosphorylated on s::rine residue(s) in its cytoplasmic tail following protein

kinase C (pKC) al:tivation by mitogen treatment or by antibody cross-linking of the T-cell

receptor; this results in dissociation ofp561ck and CD4 endocytosis.(1. 37. 90.92).

Since the original repon by Guy et al .(35), who demonstrated a 10ss of cell

surface C04 in CEM ceUs infeeted with a Nef expressing vaccinia virus. other groups

have confinned this property for both HIV and SIV Nef(6. Il.30-32,34). Using C04 +

T celllines that had been stably transduced with retroviral vectors expressing Nef. C04

down-regulation was shown to occur post-translationally and to be independent of

protein kina.se C mediated phosphory1ation of serine in the ir.tracelluIar demain of C04

.(32). Subsequently. the Nef effect on CD4 was shown not to be li species-specific

phenomenon and not to require human-specific factors. Moreover. it is not cell type

specific, suggesting that its effeet on CD4 was an intrinsic property of Nef .(30). In vivo
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studies ".ith tJ":lnsgenic mice expressing HIV-1 l'el' sh,'wed ret,mkd l'-eeU onwgeny and

severe depletion of peripherJ.! blood COol + T-cdls .,12. olS. sn. More recently. it WolS

sho,,"ll that Nef mediates an endocytotic degrJdation of COol and the eytoplasmie domain

of C04 was necessary and sufficient for these effecl' .,4. 6. 71). Imponanùy. a unique di

leucine motif in the cYlOplasmic domain is critical for the Nef mediated COol endocytosis

.(4}.

The objectives of mis study were 1) to clarify a role for the C04 cylOplasnùc lail

in the receptor endocytotic process induced by Nef and 2) to inquire whether the

endocytotic process is me sole mechanism of C04 down-modulation. Using the

recombinant vaccinia virus system. we have compared the effecl' of aCUle Nef expression

on both the pre-synmesized and co-expressed C04 molecule. and demonstrate that Nef

downregulates CD4 expression through a bi-modal mechanism. We confirm that the Nef

induced CD4 endocytosis requires a C04 specific membrane proximal sequence

containing a -L-L- motif.(4}. When Nef and C04 were co-expressed by simultaneous

infection of T cells with the respective vaccinia recombinants. there was a quantitative

defect in the biosynthetic rates of C04 that was followed by enhanced turnover uf the

nascent receptor at me cell surface. The extracellular domain of C04 was mapped as the

target for the Nef effect on biosynthesis.
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4. EXPERIMENTAL PROCEDURES

Cells and Viruscs

Human T ccII :: les exprcssing wild type or mut.:lllt CD4 or CD4 chimcrJ were

constructed by retroviral trJllsduction of the CD4 negative T œil line A2.01 using the

MNC retroviral vector and G-4IS selection .(6S. 84) (Granon et al. unpublished) and

were maintaÏned in RPMI medium supplemented with 10% fetaI bovine serum and G418

(500 ~g/ml). The structures of the various mut.:llllS and chimeras are described in the

relevant areas of the text. Rat basophilic leukemia cell lines that constitutively express

the IL2-receptor/CD3 gamma chain chimera or the ll.-2R1DKQTLL chi!n'~ra were

generously provided by Juan Bonifacino and Richard Klausner of NICHD.

AIl the recombinant vaccinia viruses used in this work were constructed by

homologous recombination at the TK locus of the vaccinia virus genome. Plasrrùd

pSCII was used as the transfer vector. pSCII contains the vaccinia virus 7.5K promoter

for the expression of foreign genes and also had E.co/i lac-Z gene linked to the vac;:;inia

virus Il k promoter. The following recombinant vaccinia viruses were used: 1) for

negative contrais. either the parental WR Strain or the recombinant Vaccinia virus (vSCS)

encoding the E.co/i lac-Z .(15): 2) vvNef that was isogelÙc with vSCS except for the Nef

gene linked to the 7.5K promoter .(43); 3) vvCD4 (vCB-7) expressing wt full-length

human CD4 .(14); 4) vvtCD4 (vCB-2) expressing CD4 truncated at residue 402 and

lackinE 'Ie cytoplasmic domain (Broder. C , unpublished data); 5) vvsCD4 (',CB5),

expressing the secreted form of CD4, truncated at residue 375, and lacking bath the

trans-membrane (TM) and the cytoplasmic domains.(13); 6) vvgpl60 (vPE16) expressing

the HIV-l envelope glycoprotein, gp160 .(23-25); 7) vvgpl20 (vPE8) expressing the

large subunit, gp120 of the env glycoprotein .(23-25); and S) vvCD46, expressing the

human CD46 protein .(60). AIl experiments utilized purified virus. Cells were infected

with an m.o.: oi 5 pfu/cell unless indicated otherwise.

Antibody binding and Flow Cytometric analysis

For deteTllÛnation of cell surface antibody binding, lOS cells from the respective

infections were collected by c.:ntrifugation and washed with PBS. They were then

incubated for 30-60 rrùn at 40 C with the respective f1urochrome conjugated or

unconjugated monoclonal or rabbit polyclonal antibodies in 0.1 ml of PBS containing 3%

BSA or 2% fetal calf serum (FCS) and 0.02% sodium azide. T. e cells were washed once

with ice cold PBS containing BSA or FCS , then re,uspended in 200 ml of PBS with

BSA or FCS and incubated with f1uorochrome conjugated secondary antibodies for 30
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min at ':;~C. The cells were then washetlthree limes with ice coltl PBS antl tïxetl in PBS

containing 4,;' par.lfonnaldehyde. For detection of internaI anti~ells. the cells wcre

penneabilized with 0.1 % saponin treatment and tïxetl in 4';;' parafonnaldehyde prior to

antibody binding. P.ow C)10metric data acquisition and ~nalysis was perfonned usin~ the

Becton Dickinson FACSortTM tlow cytometer and LYSYS_llTM or CELLQUESTTM

software.

Immunobloiting

Cells were harvested 4 hr after infection an<i one third equivalcnt from cach di.<h

collected by centrifugation. The cells were washed with PBS. then lysed by freeze

thawing in 200 ml of lysis buffcr (SOmM Tris..HCl. pH 8.0. SmM EDTA. 100mM N:.Cl.

0.5% CHAPS. 0.5% Triton X-IOO). nuclei anJ debris wcre removed by brief

centrifugation and aliquOls separated on 12% SIlS polycarylanlide gels. After gel

electrophoretic separation. the proteins were bloued to 0.2 micron Immobilon filters

(Millipore). The membranes were reacted with polyclonal rabbit antisera against CD4 and

Nef or monoclonal antibody against CD8. followed by reaction with the appropri:lle

secondary antibody conjugated with horseradish peroxidase and the proteins were

visualized by autoradiography following developmem with a chcmiluminesccncc substmte

(Amersham Corp).

Metabolic labeling and immunoprecipitation

For mctabolic labeling experimcnts. CD4 - A2.01 or CD4 + SupTl celL~ were

routinely used. T œll lines infected with recombinant vaccinia virus (as described in the

appropriate figure legends) were harvested belWeen 2-4 hr after virus adsorption and

incubated in methioni:le and cysteine free RPMI (containing 2% dialyzed FCS) for 10

min. For mcasuring the kinetics of protein biosynthesis. 107 cells were labeled for the

indicated periods in 500 !lI of methionine and cysteine free RPMI containing 2mCilmi

[3SS] Trans-label (.CN Corp). Equal aliquots were removed at 1. 2. 5 and 10 min and

diluted in 20 volumes of ice cold PBS. The cells were collected by centrifugation in a

microfuge for 10 sec. washed lWice in PBS and processed for SDS/PAGE analysis. For

pulse-chase experiments 2 X 107 cells were pulse-Iabeled for 10-30 min (or as specified

in text) in 500 !lI methionine and cysteine free RPMI containing [3SS1 Trans-label. At

the end of the pulse. the cells were diluted with 10 volumes of complete RPMI medium.

Aliquots were removed inunediately after labeling and at the indicated periods during the

chase (l'rom 0 to 14 hr). The cells were then collected by centrifugation and were

disrupted by three cycles of freezing thawing in 5('0 !lI of lysis buffer containing 0.05 M
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TRIS-HCI. pH 7.4. 0.25% NP40 (or CHAPS). 0.25<;'0 Triton-XI00. PMSF (JO mM).

leupeptin (2 mM), pepstatin (3 mM). and aprotinin (2.5 mg/ml). The lysates were cleared

by centrifugation prior to immunoprecipitation. In experimenL~ using brefeldin A or

lysosomal inhibitors. the ceUs were incubated in fresh medium containing the appropriate

drugs (brefeldin A at 2 mg/ml. chloroquine at 100 mM, or ammonium chloride at 75 mM)

for lhr prior to pulse/chase labeling. Both the [35SJ labeling and the chase were

performed in the presence of the drugs.

For immu!loprecipitation, lysates were precleared by incubation for 1 h at 40 C

with 30 ml of immobilized Protein A or protein G agarose beads coated with pre-immœ;e

rabbit or mouse sera respectively (GœCO Lifesciences, Gaithersburg, MD). Labeled

proteins were immunoprecipitatcd for 1 h at 40 C with protein A agarose beads

chemlcally cross-linked to the corresponding anti-rabbit polydonal or anti-mouse

monoclonal antibodies. Certa·.n monoclonal antibodies of the IgGl subclass were bound

to prolein G agarose beads and chernically cross-linked. In sorne cases, mouse

monoclonal amibcdies were bound 10 rabbit anti-mollse IgG immobilized on protein A

beads. FoUowing specific antibody binding, the Îr:ununo-beads were collected by

centrifugation, washed five limes with 10-20 volumes of lysis buffer lacking protease

inhibitors and the labeled proteins were eluted by boiling in 50 ml of a buffer contairlng

Tris-HCl, pH 7.4, 150 mM NaCl, 50 mM DIT, 2% SOS, glycerol (10% v/v), and

bromophenol blue (0.1% w/v). The radio-labeled proteins were resolved by SDS/PAGE

and visualized by conventional dry-gel autoradiography on X-Ray film followed by

optical ,;canning or by phosphor-imaging. Radio-labeled proteins were quantitat.ed by use

of the NIH-Image program.
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5. RESULTS

Acute Nef expression induces downregulation of the ccII-surface expres.~ion of CD4

and ils degradation in the lysosomes.

Human T cell lines expressing wt CD4 . a CD4 mutant lacking PKC susceptible

serine residues. or a CD4 mutant that has lost p561ck association were infecteù either

with a recombinant vaccinia virus expressing Nef (vvNef) or the control virus. vSCl\.

Vaccinia virus infcction was monitored by FACS analysis of saponin penneabiliz.eù cell~

using a monoclonal antibody (TW 2.3) against the vaccinia virus E3L gcnc product.(93).

and was routincly observed in greater than 70% of the cell population at 4 hr after

infection. As illustrated in Figure 1 A. there was a significant reduction in the surface

expression of wt and mutant CD4 upon expression of Nef but not with uninfected or

control vaccinia virus infected cells. Similar magnitudes of CD4 ùownregulation was

observed with vvNEF infected cells that were gated for E3L expression. Under the same

conditions. Nef expression had no effect on cell-surface expression of CD2 or CD7

antigens (not shown). The loss of cell surface CD4 in the vv-Nef infected cells was

accompanied by a reduction in the amount of total cellular CD4 as detennincd by

immunoblotting (Figure 1 B). These results demonstrate that neither the dissociation of

C04 from p561ck nor the serines in the cytoplasmic domain of CD4 are required for the

Nefeffect

Next we inquired whether the endocytosed CD4 receptor is simply sequestered in

the carly endosomal compartment or transponed all the way to lysosomes for

degradation. Receptors that are intemalized and targeted to the endosomes are either

recycled after delivery of the bound ligands (as with the cargo receptors) or are degraded

by :he acidic proteases in the lysosomes .(33. 62). The proteolysis can be prevented by

treatment of cells with weak bases .(69)or prctease inhibitors .(46). Following virus

adsorption. the cells were treated with NH40 or chloroquine. agents known to alter

lysosomal pH. Figure 2 illustrates the results obt'\Ïned with wt CD4. Both chloroquine

and NH40 treatments efficiently blocked the loss of cell surface CD4 under conditions

that did not affect vaccinia virus infcction. Nef induced CD4 degradation was also

reverscd by treating cells with proteolysis inhibitors like leupeptin (data not shown).

Sinùlar resulls were obtained with the non-phosphorylable triple serine mutant of C04.

the p561ck non-binding mutant of C04. These results imply lysosomal degradation of

C04.
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The di·leucine motif in the cytoplasmic domain 01' CD4 aJone is not sufficient for

the Nef induced endocytosis.

Recently. Aiken et al have shown that the effect on :04 expression by Nef

required a di-leucine motif in the cytoplasmic domain of CD4 .(4). To confmn mese

fmdings and to inquire whether the effect of Nef on CD4 represems a paradigm for

endocytosis of recertors. we examined the effect of Nef on celllines expressing wt C04 or

CD4 mutants that had exchanged the di-leucine motif for alanine residues or chime:ic

receptors containing di-leucine motifs in their cytoplasrrüc domaines). As shown in Figure

3A. Nef expression failed to induce intemalization of the di-leucine substitution mutant of

CD4 (compare LL-413-AA with wt ':04). Depending on their location within the

cytoplasmic domains of cellular proteins •di-leucine motifs have been presumed to serve as

endocytotic signais in the plasma membrane and/or sorting signals in the Golgi apparatus.

By analogy with C04, me remarkably long cytoplasmic domain of EGF receptor (EGF-R)

has multiple. membrane proximal di-leucine motifs .(86). one of which is preceded by a

PKC sensitive threonine residue .(47). However. œil surface expression of EGF-R was

remarkably insensitive to Nef coexpression (Figure 3A). Membrane distal di-leucine

motifs endow the receptors with a high rate of recycling and lysosomal degradation. In

their natura! contexts. as in the case of lysosomal proteins. these motifs serve as trafficking

signals shuttling the lysosomal proteins from the TGN t(; the lysosomes. We inquired

whether Nef can modulate receptors containing membrane àistal di-leucine motifs. For

this purpose IWO rat basophilie leukemia œil E::::5.(45) expressing ehimerie interleukin-2

receptors (ll..-2R) were used. In the TT-y œllline. the cytoplasmic domain of the a-chain

of ll..-2R was exchanged for a ttuncated cytoplasmic domain of the y-chain of T-cell

receptor (TCR-y). In the DKQTLL œllline. a shc'n stretch of -DKQTLL- was appended

to the trans-membrane domain of the ll..-2 a chain. Both the TT-y and the DKQTLL

ehimeric receptors have high rates of turnover. resulting from lysosomal degradation.(45).

The steady state surface expression of the TT-y or the DKQTLL receptor was not

modulated by Nef eoexpression (Figure 3 A) in spite of the presence of a di-leucine motif.

Both these chimeric receptors were not intemalized after PMA treatment, much like the

di-leucine substitution mutant of CD4. under conditions that induced endocytosis of EGF·

R and the EGF-R/CD4 cytoplasmic domain chirnera (Fig 3 B). The turnover rates of de

novo synthesized TT-y or the -DKQTLL- receptors were not modulated by Nef under

transient expression conditions in Hela -:ells (data not shown). These experiments suggest

that additional sequence elements besides the di-leucine motif in the cytoplasmie domain of

CD4 are required for the Nef mediated downregulation.
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Nef expression reduces the synthesis and the ccII surface expression of nascent COol.

Since vaccinia virus infection arrests host cellular macromolecular synthesis. the

effeclS of Nef on C04 described above may have ret1ected only the acceler.ned turnover of

prc-synthesized receptor, Ta examine the effects uf Nef on de-nova synthesized C04.

parallel A2.0 1 (C04 negative) culmres were coinfected wilh a rccombin::.nl vaccinia virus

encoding wt C04 (2-5 pfu/cell) and either vvNef or control vaccinia virus. F-,;liowing 30

min of virus adsorption. cells were sampled at periodic intervals and examin:d by t10w

cylometry. Both sets of vaccinia virus infected cells displayed similar le"e1s of C07

expression. With the vvC04/vSCS infected cultures. significant cell-surface expression of

C04 was detectable at 3 h post inf(:ction (,p.L) and by 6 h p.i.. >60% of cells were positive

for CD4 expression (Figure 4, top). ln contrast, vvCD4/vvNef infected cultures lagged

behind the vvC04/vSCS countf:rparts in the acquisition of C04 surface staining, and

expressed significantly less C04 at the cell surface. At 6 h p.i. only 20% of the

vvCD4/vvNef infected cells were positive for C04 expression (Figure 4, boltom). E3L

expression in both sets of co-infections matehed the C04 profiles in the vvCD4/vSCS co

infection (not shown). At 2 h p.i., a portion of the infected cells were pulse labeled for 15

min with [35S ]-methionine and cysteine followed by a chase period l'rom O-S hours. Atthe

end of the pulse labeling pcriod and at each indicated time, the labeled C04 was

immunoprecipitated and visualized by SDS/PAGE and autoradiography. As shown in

Figure 4, the initial C04 labeling in vvNef infected cells was much less than in vSCS

infected cells, suggesting that Nef affected the synthesis of CD4. Moreover, at the three

hour chase. there was a significant enhancement of C04 turnover in the cells expressing

Nef.

Identification of the CD4 domains of C04 required for the Nef mediated inii:bition

of C04 biosynthesis.

The Nef inducerl enhancement of C04 receptor endocytosis requires the sjJCc:fic

presence of the C04 cytoplasmic domain. We inquired whether the Nef :nediated CD4

biosynthetic defect described above was also dictated by the cytoplasmic tail sequence.

A2.01 cells were coinfected with recombinant vaccinia viroses encoding wt C04, tC04 or

sCD4 with vvNef or control recombinant virus. At the peak of carly gene expression

(about 2 h p.i), the turnover rates of the respective CD4 molecules were evaluated by

pulse-chase labeling experiments. Aliquots of cell Iysates corresponding to equivalent

levels of E3L were processed for CD4 RIPA and SOS/PAGE analysis. ln the case of wt
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CD4. Nef induced a two·foid decrease in the metabOlic labeling of nascent CD4. followed

by a r..lpid turnover with a tir. of about 3 h. (Figure 5 A). In severa! experiments. the

magnitude of the lower rate of CD4 biosynthesis in cells expressing Nef varied from two te

six foid. This defect was specifie for CD4. Nef co-expression had no effect on the

biosynthesis. processing. or turnover of the unrelated CD46 protein (Figure SB). When a

recombinant vaccinia virus expressing the HIV-1 gpI60 was substituted in place of CD4.

Nef expression induced a mild stimulation of gp160 synthesis (Figure 5 C) that was not

statisticaIIy significant However. when gp160 was co-expressed with C04. Nef down

regulated the C04/gp160 complex as shown before .(76). Nef expression inhibited the

biosynthesis and ceII surface expression of gp160 when co-expressed with C04. by virtue

of the tight association between C04 and gp160 (data not shown).

In contrast to the results obtained with the full-length C04. Nef induced only

downregulation of tC04 biosynthesis (Figure 50). The levels of tC04 detected by pulse

labeling in cells infected with vvNef were reduced by 50%. However. the nascent tC04

was properly processed (not shown) and did not exhibit any aberrant turnover (Figure SE).

FACS analysis indicated that like wt C04. the rate of tC04 expression at the cell surface

was deIayed. however. the absolute levels of tC04 at the plasma membrane was unaffected

by Nef coexpression(data not shJwn). Consistent with this observation was the fact that

cell-surface expressed tCD4 in constitutive T cell lines was not downregulated by acUle

Nef expression from recombinant vaccinia virus (data not shown). Nef aIso reduced ..'1e

biosynthetic labeling of ~CD4 that lacked both the trans-membrane and cytoplasmic

domain~ (Figure 5 E). Wiùün the fust 20 min of the chase. Irost of the pulse-labeled sCD4

produced in the control co-infected ceUs was secreted into the tissue culture supematant.

where it remains stable for severa! hours (unpublished data). Therefore. at each time period

after the p!llse Iabeling and during the chase. individual cell extracts were mixed with the

corresponding culture fluid fractions and sC04 was recovered by quantitative

immunoprecipitation. Nef coexpression induced both a significant decrease in the early

'Jiosynthesis and downregulated the secretion of this receptor.

The Nef induced early defect of CD4 biosynthesis occurs during trans1ation or

shortly thereafter.

Next. we inquired whether the Nef induced defect in CD4 biosynthesis occurred

during translation of CD4 rnRNA or through a post-translational modification. The

labeled proteins were resoIved by SOSIPAGE and vis"alized bj autoradiography and
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quantitateJ by phosphor-imager scanning. As shown in Figure 6 A. Nef coexpn-ssir,n

induced a significant reduction in CD4 biosymhesis that \Vas discernible even al'ter a 2 nùn

labeling period that roughly corresponds to one or t\Vo rounds of CD.. translation. \Viùl

longer labeling times there \Vas a cumulative increase in the qualllitative deficit of CD4

biosynthesis. A similar biosynthetic defect of tCD4 \Vas also induced by Nef (Figure 6 B).

In contrast. Nef expression did not inhibit the synthesis of HlV gp 160 (Figure 6 Cl. or

gp120 (not shown). An alternative explanation to the carly def:cit of C04 biosynthesis in

Nef coexpressi:tg ceUs is the aberrant maturation of CD4 and/or protein misfolding.

However. similar amounts of CD4 were recovere" using polyclonal antibodies or nùxtures

of monoclonal antibodies. Similar differences were observed by analysis of reactivity with

CD4 specific antibodies foUowing denaturation and renaturation of CD4 molecules with

SDS (not shown). Altogether. these results confmn that we were dealing with a genuine

è.ecrease in the de novo synthesis of CD4 in the Nef expressing cells. Although the

labeli'lg periods used in these experiments were too brief to allow complete protein

processing and transpon, we inquired whether the Nef induced early defects in CD4

production may have occurred in the ER or the Golgi apparatus. ln the flfst scem.no.

agents that cause stasis of nascent glycoproteins in the ER would be expected to

accentuate the Nef effect. By the same token. ER slasis would be expected to shield

nascent C04 from post Golgi degradative pathways including receptor endocytosis. To

answer these questions, we treated the C04 and Nef or vSCS co-infected ceUs with the

fungal metabolite, brefeldin-A (BFA), an agent that induces mixing of the Golgi and ER

contents and blocks the anterograde transpon of membranes and proteins from the ER to

the Golgi stacks.(42, 49, 54). As shown by Figure 6 A and B. BFA treatment before and

during the labeling period had little on no effect on the magnitude of Nef induced defect of

CD4 or tCD4 labelings. These results suggest that Nef induced defect in CD4 biosynthesis

must be occurring very early in the ER.
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6. DISCUSSION

Using recombinant vaccinia viruses to express Nef and/or CD4 simultaneously in

T cells. we show that Nef downregulates CD4 expression by a bi-modal mechanism.

Unquestionably. Nef enhanced CD4 endocytasis and this was the only demonstrable

effect when Nef was expressed acutely in T cell lines that expressed CD4 constitutively.

Since vaccinia infection shuts off host cell macromolecular synthesis. the effects of Nef

expressed from the vaccinia vector on the endogenous CD4 synthesis could not be

measured. However. when Nef and CD4 were co-expressed from recombinant vaccinia

viruses in ceUs lacking endogenous CD4. we demonstrated a Nef induced defect in the

biosynthesis of C04 in addition to the accelerated endocytosis of the CD4 receptor.

ln confmnation of carlier repons ,(4.74). we have demonstrated that the enhanced

endocytosis of the CD4 receptor induced by Nef requires the presence of a di-leucine motif

in the cytoplasmic tail of CD4. Our results a1so show that the -L-L- motif is not sufficient

to confer sensinv:,ty to Nef induced endocytosis. Indeed. Nef did not modulate

endocytosis o~ EGF-R. TI-y or DQTI..L receptors ail of which have dileucine motifs. It is

possible that the dileucine motif is required for targeting the protein to the lysosomal

compartment. but other sequences such as those constituting the amphipathic helix in the

CD4 cytoplasmic tai.I .(79) are a1so required for intemalization of the receptor inta the

dathrin coated vesides. This is consistent with the recent demonstration that a -EMKL

sequence. upstream of the dileucine motif of C04 is required for the Nef mediated

endocytosis .«74). S.Gratton. unpublished data).

The cytoplasmic domains of many receptors contain sequence detenninants that

specify the subcellular organelle targeting or inttacellular transport. Two sequence motifs.

namely. the invariant tyrosine residue and membrane proxirnal or distal di-leucine motifs

have becn implicated in these targeting pathways. When the di-leucine motifs occur ncar

the C-terminus :: in the mannose 6-phosphatelinsulin-like growth factor-II receptor .(16.

38). the cation dependent mannose-6-phosphate receptor .(39). or the Iysosomal integrai

membrane protein (LIMP II) .(87. 88) • they are presumed to interact with the Golgi

adaptor proteins independently of serine/threonine phosphorylation .(38. 39. 87. 88) and

routed to the elathrin eoated vesides whieh bud off from the Golgi network and are sorted

into the pre-Iysosomal eompartments. Membrane proxirnal di-leucine motifs oceur in the

cytoplasmie domains of numerous reeeptors including CD4 .(79. 80). CD3 y and Ô ehains

.(19. 45). the interferon y reeeptor .(26). the EGF reeeptor .(47. 86) and other trans

membrane tyrosine kinase receptors. In many of these eases induding CD4. the di-leucine
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motif is presumed to lx: inaccessible to the emloc)'totic apparatlls: phosphorylation of

adjacent serine or mreonine residues following PMA activation or confonllational change

following ligand binding and receptor oligomerization are thOllght to initi;lte endoc)'tosis

by exposing the dilellcine motif to interaction with adaptins assembled at the clamrin

coated piL~.(19. 45).

The fact mat me triple serine mutant remains sensitive 10 Nef while it is not

downregulated by PMA c1early indicates that these endocytotic pathways are differenL

We cannot fonnally exclude the possibility that Nef may facilitate CD4 intemalization by

inducing phosphorylation of omer Ser or Thr residues in the cytoplasmic tail of CDol. 1t i.s

of interest to note mat Nef associates with a putative 80 KDa serine/mreonine kinase.(75).

Although amino-acid substitution of all the three serines in CD4 (our PMA non-responsive

3 S mutant) and mutation ofme mreonine at 418 preserved the Nef response.(32. 74). the

phenotype of mutating all the serines and the Ù1reonincs in the cytoplasnùc lail of CD4 is

not known. It is equally interesting that the CD4 mutant which does not associate with

p56/ck • is still downregulated by Nef suggesting that mis src related tyrosine kinase is not

direcùy involved in the downregulation of ccll-surface CD4. It is likely. however. that

CD4 degradation leads to an increase in non-CD4 associated p56/ck favoring T·ccll

activation and HIV replication (S. Gratton. unpublished data).

Our data also demonstrates a second aspect of CD4 downregulation. In both T

cells and non-lymphoid cells, Nef induced carly (co-translational or immediate post

translational) defect in CD4 biosynmesis. The early defect was specific for CD4; unrelated

cellular or viral surface glycoproteins like CD46. HIV-1 env gp160 and influenza virus HA

(not shown) proteins were unaffeeted by Nef expression. The carly defect requines a CD4

sequence other than the TM and the Cyt domains. since both t-CD4 (w/o Cyt domain) and

the soluble s-CD4 (w/o Cyt & TM domains) were downregulated in a similar manner.

More dinect proof for 3.11 carly defect was obtained in short tenn labeling experiments.

There was a consistent quantitative deficit of nascent CD4 in Nef expressing cells that was

detectable during a 2 min pulse labeling. Similar results were oblained using either poly

c10nal or IWO different monoclonal antibodies against CD4. suggesting that this

observation is not due to reduced irrununo-reactivity of nascent CD4 resulting from

aberrant or delayed protein folding. Also. the apparent defeet should disappear during the

"chase" when sufficient rime has elapsed to allow for correct protein folding. But, the

carly CD4 deficit persisted during the transit inoo the ER. and me Golgi. Nef did not

significanùy decrease the half-life Of nascem CD4 that had already entered the ER (except

at later times). Furthennore, Nef did not interfere with the rate of CD4 processing when
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analyz.ed by acquisition of endoglycosidase H resistance (not shown). The defecl in CD4

labeling persisted during BFA ln:atmenl which is known 10 block the anterograde-grade

transport of proleins and membrJ.lles from the ER ta the Golgi apparalus ,(42.49. 54) and

therefore prevent the endocytosis of nascent pr0teins.

The CD4 biosynthetic defecl may be mediated by Nef effeclS on polypeptide

translation .(70), or on intracellular vesicular traffic of nascenl proteins. While we have

observed a Nef induced CD4 translation defecl in vitro (Hiller, S., unpublished data), we

have been unable to correlate this defect to specific sub-domain~, of CD4. However, there

is some precedent to suspect that Nef may affect vesicular traffic out of the ER. RecentIy,

a direct physical interaction of Nef with the 13-COP coatarner subunit component of non

clathrin-coated vesicles has been demonstrated .(9). l3-COP is an essential component of

the non-selective vesicular transport system from the ER to the Golgi. between the Golgi

cisternae, and l'rom the TGN to the plasma membrane .(20, 22, 44. 61, 66. 67). In transient

transfections, we observed colocalization of 13-COP and Nef, and depending on the levels

of Nef expression, there was fragmentation and dissolution of coatarner coated vesicles

(Venkatesan, S. unpublished data). Although abrupt perturbation of vesicular traffic by

interferenc:e with j3-COP assembly may be expected to have a global effect on the transport

of rnacromolecules out of the ER, and argue against the specificity of the Nef effect on

C04. Nef may sinnply delay the formation of these vesicular complexes or the recruitment

of selected nascent proteins into these vesicles. As a consequence, acquisition of nascent

CD4 by the coatarner vesicles may be delayed sufficientIy long for the recruitment of CD4

by cellular chaperones and/or proteases. Alternatively, Nef may directly or indirectly

interfere with the transport of C04 into pre·Golgi vesicles. This may result from a simple

ternary interaction between Nef, j3-COP. and CD4. although we cannat elinünate other

potential interactions. Nef lacks a signal sequence or a definable trans-membrane domain;

but co-translational myristoylation of Nef may insert it into the ER membrane and allow it

to interact with C04. It is significant to note that the Nef effect on CD4 biosynthCS1S both

in the vaccinia expression system :md during transient transfections (Hiller et al,

unpublished data) was dose-dependent on Nef expression. This may sinnply reflect

thresho!: requirernents of Nef for interference with the vesicular traffic. j3-COP has

significant homology to the j3-adaptin component of the clathrin-coated vesicles .(22),and it

is conceivable that Nef may potentially interact with the j3-adaptins as weil. Although no

candidate molecule other !han CD4 has becn demonstrated ta be affected by Nef by vinue

of interaction with the key components of coated vesicles. Nef may be expected to

modulate both ùle antero-grade transport and endocylOsis of other unidentified proteins as
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well. Howe"er. since endocytosis is medi3tcd by specitic signal seljuencc withi" the

pmicular receptar molecules. Nef nl:1Y only modu!3te a limited subsct of pl3Snl:1

membrane proteins.

Fmally. 3 few conunents about the rc\evance of CD~ downregubtion by Nef in

HIV life cycle should be made. Nef is 3n carly gene product .t2. 27) and SIV Nef

exprcssing T cell lines have been ShO\\11 to be rcsistant to super-infection by SIV .t Il).

Sinùlarly. Nef induced loss of CD4 rcceptors early during 3cutC infection will be expected

ta moderate the infectious process and/or induce chronic infection. However. even

within the ftn;t round of virus replication. expression of the HIV Vpu and env gp 160

proteins can L.lduce further loss of the CD4 receptor with similar negative conseljuence

for super-infection. Further. the requirement of a competent Nef gene for the

maintenance of virus load in the SIVmac/rhesus monkey system .(40) suggests that Nef

may potentiate a positive effect on virus replication in infected animais by inducing T cell

activation. Although by inducing CD4 endocytosis. Nef may release the CD4 associated

p56[ck from its normal physiological functional constraints. the functional consequences

of this process in vivo are unclear. There have been conflicting reports as to whether the

p56[ck dissociation following virus entry of T cel!s rcsults in a negaùve or posiùve effcct

on cellular transcripti'lnal factors .(10. 84). Further complicating this scenario is the

reeent report showing that depending on its subcellular localization. Nef aCÙvates or

inhibits signalling events from the T cell receptor .(8). However. this report did not

correlate these opposite phenotypes associated with Nef expression to CD4 receptor

downregulation. Thus it is reasonable to conclude that CD4 downregulation may be just

be one of the many effects of Nef on cellular regulation and caution should be exercised

before extrapolating !he effcct on CD4 to diverse processes such as T cell activation, cell

signalling and transcriptional regulation.
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FIGliRE LEGENDS

Figure 1: Nef induces down-regulation of œil sUlfacc expressilHl of CD4 and t1lutanL'

of CD4. A) FACS analysis of the effecL' of Nef and PMA on the ccII-surface expression

of CD4 in human T cell lines expressing II.-ild-type CD4 (wtl. a CD4 mutant that

substituted the Cys residües for Ala at positions 420 and 422 and lackcd p56lck binding

(CC 420 AA), and a mutant that substituted a.ll the Ser residues in the cytoplasmic

domain of CD4 (CD4 3S). In each case, approximateiy 106 cells were left untreated

(Ul), or infected with the recombinant vaccinia viroses, vSC8 or vvNef at a mo.i of 5

pfu/cell as described under the Experimental Procedures. At 4 h after infection,

separate 105 cell aliquots were stained for the surface expression of CD7 and CD4 using

PE or mc conjugated monoclonal antibodies respectively. Results obtained with the

mc conjugated CD4 antibodies are shown with the respective mcan fluorescent values

(MFV). CD4 expression following PMA treatment was analyzed 1 h after treatment of

the cells with 5 X 10-8 M PMA. FACS profiles of untreated and PMA treated cells are

denoted by hashed ~nd continuous plots respectively. B) Immunoblot detection of CD4

and Nef in the respective infections above.

Figure 2: Nef induced down-regulation of cell-surface CD4 is reversed by NH4Cl or

chloroquinc (CHQ) treatrnent Human T celilines expressing wt C04 were analyzed for

CD4 expression by FACS as described in Figure 1. Where indicated, the ceUs were

treated with NH4CL (75 mM) or CHQ (100 mM) starting at 30 min after virus

adsorption. In each case, the progress of vaccinia infection was monitored by FACS

using a vaccinia specifie monoclonal antibody, E3L. FACS profiles of CD7 were used as

negative contrais (not shown)

Figure 3: A) A di-leucine motif in the cytoplasmic domain of CD4 is required, but is not

sufficient to confer sensitivity to downregulation by Nef. Human T cell lines expressing

native C04 (wt), or a mutant CD4 that has the IWO leucines at positions 413-414

substimted for alanines (LL-413-AA), and a C04 negative T cell line expressing wild

type human EGF receptor (EGF.Rl) were for utilized to examine the Nef effect on the

surface expression of the respective receptor(s). Rat basophilie leukemia cell lines

expressing a chimera that fused the C-terminus of the lU receptor alpha chain to a

truncated version of the cytoplasmic domain of human T cell receptor g.unrna chain (1L2

TIg) or to a synthetic -DKQTLL motif (1L2R-DKQTLL) were used to examine the

role of the diIeucine motif in a non-naroral context. Individual cell lines were infected

with the Nef recombinant (vv.Nef) or a control vaccinia virus (vSCS) at an mo.i of 5
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pfu/ce:ll. or Ie:ft uninfe:cte:d (liI). The: cells were: proce:ssed for FACS analysis at 4 h after

i'1fe:ction. Di,ect staining with PE conjugated anti-Leu3A CD4 monoclcnal antibody w~s

used to detcct CD4; chimeric lU receptor was detected by use of a mousc monoclonal

antibody. 7G7 (Letourneur et al. 1991). and the EGF-R1 ecto-domain by the use of a

conunercial anti-EGF receptor monoclonal antibody (Upstate Biotechnologies. Lake

Placid. NY). followed by PE-conjugated rabbit anti-mouse IgG staining. B) PMA

treatrnent downregulated wt CD4, EGF-R and a EGF-R/CD4 chimera that fused the CD4

TM and CYT domains to the EGF-R eClodomain. but not the LL-413-AA CD4 mutant

or the chimeric lL-2 receptors containing a cytoplasmic di-leucine motif. The indicated

cell lines were either treated with 10-S M PMA or left untreated for 1 hr, and then

processed for FACS analysis using the respective monoclonal antibodies as shown.

Figure 4: Time-course of CD4 biosynthesis in A2.01 cells coinfected with a

recombinant vaccinia virus encoding CD4 and either vvNef or vSCS or WR. A2.01 î

cell lines were coinfected with a recombinant vaccinia virus encoding CD4 and v~C<i

control recombinant (top) or vvNef (bottom) at a total m.o.i of 10 pfu per cell. A1iquots

of cells were analyzed at the indicated rimes for cell surface expression of CD4. At 2 h

after virus adsorption, 107 cells were recovered from each co-infection, starVed for 10

min in methionine free medium and pulse-Iabeled for 15 min with [35S1-Trans-label (lCN

Biochem) followed by a metabolic chase. Sarnples were taken at the end of pulse and the

indicated chase periods. After adjusting for equivalent vaccinia infection, the aliquOts

were processed for CD4 immunoprecipitation. The pulse chase results for each infection

are shown undemeath their respective FACS prames.

Figure 5: Pulse chase analysis of CD4 turnover in the presence or absence of Nef.

A2.01 cells were infeeted with equal m.o.i. of a recombinant vaccinia virus expressing wt

CD4, vCD4 together with either the Nef recombinant (vvNef) or control virus (vSCS)

(A). The recombinant vaccinia virus expressing the human CD46 was included as an

additional control in sorne of the CD4 or tCD4 and Nef, and CD4 or tCD4 and vSCS

infections (panel B). In separate experiments, HIV-l gp160 expression from a vaccinia

recombinant was aIso evaluated in the presence or absence of Nef (panel C). In D, and

E, vaccinia recombinants vaccinia viruses expressing tailIess CD4 (tCD4) or the

secretory form of CD4 (sCD4) were substituted for wt CD4 virus respectively. Cells

were labeled and the cel\ extracts were processed for vaccinia expressed recombinant

prateins as described in Experimental Procedures. In each case, Nef and vSC8 infected

cel\ lysates were normalized to E3L expression. In the case of sCD4 infections (panel

C), cel\ extracts for individua! time points were mixed with the corresponding culture
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fJuid fractions and the combined intracellular and secreted fr;lctions of sCDol wcre

recovered by immuno-precipitation. CDol6 expression was dctcctcd usir.g a commercial

monoclonal antibody (panel D). A represcntative of at leastthree (tCDol and s-CD-l)and

as many as eight (wt CD4) independent expe!'Îments IS shawn for each set

Figure 6: Short tenn labeling of CD4 (panel A). tCD4 (panel B). HIV-I gpl60 (panel

C), expressed from the respective vaccinia recombinants in the presence or the absence of

Nef co-expression. A2.01 ceUs were coinfected with the respective vaccinia

recombinants and Nef or the control virus vSCS. At 4 h after infection, ceUs were labeled

for the indicated times and processed as described in Experimental Procedures. and a

representative ()f three experiments is shawn. In the case of vC!)4 and tCD4

experiments, parallel sets of vSCS and vvNEF co-infections were treated for 1 h witn

BFA (2 m['!ml) before and during ;he labeling periods (+ BFA).
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CHAPTER 7

MOLECULAR ANALYSIS OF THE CYTOPLASMIC DOMAIN OF CD4:

OVERLAPPING BUT NON·COMPETITIVE REQUIREMENT FOR lek

ASSOCIATION AND DOWN REGULATION BY NEF
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1. Preface

The last chapter described that Nef could down regulate CD-l expression by two

mechanisms: from the cell surface and at the level of synthesis of CD-l molecules. ln this

chapter. we focused our ancntion on down regulation of cell surface CD4. Using site

directed mutagenesis. we identified the motifs in the cytoplasmic domain of CD4 required

for down regulation by Nef. We have aIso compared the mechanisms by which PMA and

Nef down regulatc expression of CD4. FlJ1aIly. since both lck a:;sociaùon and

suscertibility to Nef require the presence of sequences in the cytoplasmic domain of CD4.

we tested the ability of the CD4 mutants to associate with lck.
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2. Abstract

Expression of the HIV Nef protein results in the down regulation of cell surface

expression of CD4. with a di-leucine motif in the cytoplasmic domain of CD4 being

required for this effect Our results. however. indicate that this di-leucine motif is not

sufficient to confer sensitivity to down regulation by Nef. Using site-directed mutagenesis

and a transient expression system. we demonstrate that a stretch of amino acids of the

cytoplasmic tail of CD4 previously suggested to adopt an helical structure. is also required

for the down regulation of CD4 induced by Nef. Sorne CD4 mutants were found to be

resistant to PMA and sensitive to Nef induced down regulation. suggesting that the effccts

of Nef and PMA implicate interactions with different effcctor molecules. In addition, our

results demonstrate that this motif is also involved in the association of CD4 with the

tyrosine kinase p56/ck, thus defming a multi-functional domain of CD4. Although there is

an overlap in the sequence rcquirement for lek association and susceptibili:y to Nef, we

fail to detect any preferential decrease in /ck association with CD4 when Nef is expressed

during acute HIV infection. Altogether, these results demonstrate that there is an

overlapping but non-competitive sequence requirement in the cytoplasmic domain of CD4

for lek association and down regulation by Nef.
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3. Introduction

The CD4 molecule is a 55 kDa glycoprotein expressed on the surface of a subset

of T lymphocytes which recognize antigen presented by Major Histocompatibility

Complex (MHC) class II molecules (reviewed in 24). The interaction between C04 and

MHC class II molecules enhances T cell response to antigenic stimulation. C04 is

comprised of four immunoglobulin-like extraceIIular domains. a single transmembrane

domain and a short cytoplasmic tail of 38 residues. It is associated non-covalently with a

src-related tyrosine kinase, p56lck (38,52). Mutagenesis studies have demonstrated that

two cysteine residues at position 420 and 422 of the cytoplasmic domain of C04 mediate

this interaction (44,51). The CD4/lck association is required to bring lck in the vicinity of

the T cell receptor (TCR) signaling complex and initiate T cell activation upon antigen

recognition (16.20). Both antigenic stimulation and PMA treatment induce the down

regulation of cell surface expression of CD4 (7,53). This down regulation occurs

following a Protein kinase C (pKC)-dependent phosphorylation of three serine residues of

the cytoplasmic domain of CD4 (45,46). FoIIowing these phosphorylations, lck

dissociates from CD4; the latter is then intemalized and degraded in the lysosomes

(21,35,36,48).

Expression of the Hurnan Immunodeficiency virus (HIV) nef gene aIso leads to

down regulation of C04 expression (1S). The nefgene encodes for a 27 kDa myristylated

protein (3,14,18). The function of this protein in viral replication remains controversial as

bath a positive and a negative effect of Nef in vitro have been reported. Early reports

suggested that Nef was negatively regulating HIV replication by down regulating

transcription from the HIV LTR (1,10,30,34). More recently, a positive effect of Nef on

HIV replication in primary peripheral blood lymphocytes (PBL) and macrophages was

described (19,27,33,49,58). The presence of Nef increases the infectivity of the progeny

virus bya yet unidentified mechanism (11,33,49). Interestingly, the positive effect of Nef

is less marked when activated PBLs and T celllines are infected (13,33,49). ln vivo, Nef

was found to be essential for disease in adult SIV-infected monkeys (26) and for

pathogenicity in the SCID-hu model (23). Ftnally, expression of Nef aIso affe.;-,s T cell

activation. Again. contradietory results have been reported. Stable cell lines expressing

Nef fail to produce \1-2 upon TCR stimulation (31). Transgenic mice expressing Nef in T

ce11s showed either an increase or a decrease in susceptibility to TCR stimulation

(8,29,47). Interestingly, Bauer et al. showed that Nef bas either a stimulatory or an

inhibitory effeet on T cell activation depending on its subcellular localization (6).
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One observation generally agreed upon is the down regulation of cell surface

expression of C04 induced by Nef (4.15.32). Nef induces an accelerated endocytosis of

C04 which is followed by degr.ldation of C04 in the lysosomal comparonent

(2.17.37,41.43). This effect of Nef requires the presence of two leucine residues in the

cytoplasnùc domain of C04, which are pan of a targeting signal for lysosomes (2,40).

Our observations suggest, however, that the presence of the two leucine residues is not

sufficient to confer susceptibility to down regulation by Nef of other cell surface

molecules. To further characterize the residues of C04 involved in its down regulation by

Nef, we have generated a panel of 10 mutants of the cytoplasnùc domain of C04. Our

results have enabled us to define a multi-functional domain of the eytoplasnùc tail of CD4,

involved in nef and PMA down regulation and the association of C04 with the tyrosine

kinase lck.
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4. Materials and Methods

CeUs and pIasmids

The A2.01 and Jurkat cell lines were grown in RPMI 1640 medium supplemented with

2mM L-glutamine. 50 mM 2-mercaptoethanol. 50 mg/ml gentamycin and 10% fetal calf

serum (FCS). The SVCMV C04 and mutated C04 plasmids are described elsewhere

(56). The pNLVI02 plasmid which encodes the wild type Nef molecule. and

pNLVI 02Xho plasmid encoding for a mutant Nef molecule with a stop codon in its

reading frame. were previously described (1).

Transient Transfedions

To assess the down regulation of C04 by Nef. 5X106 A2.01 cells in logarithmic phase

were incubated in RPMI medium supplemented with 20% FCS. with a mixture of 20 Ilg of

the SVCMV CD4 or mutated CD4. and 60 Ilg of either pNLV102 or pNLVI02Xho

plasmids, for 10 minutes at room temperature. Cells were then electroporated using a

Gene pulser unit (Bio-Rad laboratories) at 280 mV and 960 mF. After 10 minutes. ceUs

were washed once and put into culture at 370 C in RPM1 medium supplemented as

described above. Transfected ceUs were analyzed 36-40 hours post-transfection. Cells

co-transfected with SVCMV CD4 and pNLVI02Xho were treated for a further 60

minutes at 370 C with either PMA (Sigma) at 100 ng/rnl or with media before analysis.

Cells were stained with 866. a C04 specific monoclonal antibody (mAb) (9). followed by

a FITC-conjugated goat anti-mouse antibody (GAM) (Caltag laboratories. San Francisco.

CA, USA) and analyzed using a FACscan (Bectan Dickinson. Mountlin View. CA. USA).

Dead cells were gated out using propidium iodicle at 2 mg/rnl. 5000 live cells were
analyzcd for each sample. Each mutant was tested in three independent ex.periments.

Stable traDsfedions
The A2.01 CD4 and C42o-2A were described elsewhere (50). The A2.01 S408·IS·3IA

were generated by retroviral infection using the packaging cel\ line DAMP transfected

with the MNC vector as previously described (50). The A2.01 LL413-4A and EMKL cel\

lines were transfected by electroporation as described above with a combinaDon of 50 I1g

of the SVCMVCD4 pIasnùds and 20 Ilg of the pSV2neo plasmid. Transfected cells were
seIected in 1 mg/rnl 0418 (GIBoo). Cells expressing homogenous levels of transfected

CD4 molecules were obtained by aseptic sorting using a FACstar Plus (Becton

Dickinson)•
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Western blots

Transfected cclls (5X 105) werc lysed in sarnple buffer. Proteins were resolved on a 10%

SDS-PAGE gel. Proteins were then transferred on nitrocellulose. Membranes were

probed using either a rabbit anù-lck serum (a gift from A. Veillette) or a combinaùon of

rabbit anù-CD4 serum (a gift from R. Sweet. Smith-Kline & Beechem) and rabbit anlÎ-nef

serum. Specific binding of anùbodies was determined using a Horse Radish Peroxidase

(HRP) conjugated protein A (Amersharn. Arlington heights. ru.) and the ECL reagent kit

(Amersharn). or [125l]protein A.

Immunoprecipitations

ImmunoprecipitalÎons were carried out on 107 A2.01 ceUs stably transfected with the

indicated C04 mutant and lysed in NP-40 lysis buffer as previously described (50). CD4

or mutant CD4 molecules were immunoprecipitated using protein G sepharose coated

with B66 anlÎ-CD4 mAb as previously described (50). Two aliquots equivalent to 5X1oS
ceUs were taken from each sarnples to be analyzed by western blot for the presence of

total amounts of CD4 and lck. Immunoprecipitates were resolved on a 7.5% SOS-PAGE

gel. Western blots were perforrned as described above.

Acute Infection

Vir.ù supematants were produced in MT-4 cells ttansfected with either the pNL43 or the

pNL43Xho provir.ù clones (1). Supematants were collected 60 hours laler. Infection of

Jurkat ceUs was performed as follows. 3XI06 cells were absorbcd with equivalent

arnounts of the viral supematants as rneasured by Reverse Transcriptase (28), in 3 ml

overnight. The ceUs were then washed, diluted and put bd in culture. The levels of

CD4 were monitored daily by cell surface staining and analysis on the FACscan (Becton

Dickinson, Mountain View. CA. USA). The percentage of p24 positive cells were also

monitored daily by immunof\uorescence as previously described (57). and cells were Iysed

when over 80% of the ceUs in bath pNL43 and pNL43xho samples were positive.
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5. Results

Identification of residues in the cytoplasmic domain of CD4 involved in dO"'l1
regulation by Nef

A tt'ansient expression system was set up to identify the specific amino acids in the

cytoplasmic domain of CD4 which are responsible for down regulation of cell surface
expression induced by Nef. As shown in figure 1, tr3nsfection of nef togcther with wild

type CD4 resulted in a 3 fold decrease in cell surface expression of C04 as measured by

flow cytometty (mean fluorescence value and percentage of positive ceUs), as compared to

ceUs transfected with the control plasmid (pNLV102Xhc). A decrease in steady state

levels of C04 was observed by western blot analysis under sirnilar conditions (figure 2).
The decrease in cell surface expression induced by Nef was comparable in intensity to that

induccd by PMA treattnent (figure 1).

Results illustrated in figure 1 further confirrn the requirement for the di-leucine
motif in the cytoplasmic tail of CD4 for its down regulation induced by Nef. Western blot

analysis further shows the absence of a decrease in steady state levels of this mutant when

Nef is co-expressed (figure 2). Interestingly, mutation of only one of the leucines
(KL411-3TP) gave us variable results. A slight but reproducible down regulation of this

mutant induced by Nef occurred 1lùs down regulation was never to the extent of that

observed with wild type CD4 or other mutants. This effect could not be attributed to

levels of Nef since Nef expression was monitored in each transfectant by western blot and

levels were quite comparable between independent transfections (figure 28 and data not

shown). Our previous results from pulse chase experiments indicate that this effect cannot

either be atttibuted to a difference in turn over rate of the C04 mutants (56).

A number of other molecules such as the Epidennal Growth Factor receptor

(EGFR) and the gamma chain of the CD3 complex. also contain a di-leucine motif in their

cytoplasnùc domain. Our results indicated that these molecules, despite the presence of a

functional di-leucine motif. are not down reguJated by Nef. suggesting that additional
structural constraints exist for the susceptibility of CD4 to be down reguJated by Nef (17).

We were thus intelested in identifying the residues in the cytoplasmic domain of C04

apart from the two leucines which are required for down regulation by Nef. A series of

point mutations located in the minimal region of the cytoplasmic tail of CD4 required in

order to get down reguJation of expression by Nef were generated.
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In particular, we analy:zzd mutants of a motif previously suggested to confer to the

cytoplasmic domain of CD4 an alpha helical structure. This motif has previously been

shown to be essential for PMA induced endocytosis and for the Vpu degradation effect

(46,56). Mutation of the EMKL sequence to CDTP, leads to a phenotype comparable to

that observed following mutation of the di-leucine motif (figure 1 and 2). We have

analyzed the mutants previously for prediction of secondary structure of the cytoplasmic

domain (56). Interestingly, no alpha helical structure could be modeled for the mutant

EMKL. Furthermore, another mutant found to be partially resistant to Nef, the MK407

llP, aIso could not be modeled as an alpha helix. Hence, the two mutants which could

not be modeled as alpha helioes were affected in their response to Nef. In contrast, point

mutations within the motif (M407P, K411P, EM405-7CD) were still sensitive to Nef and

did not significantly disrupt the secondary structure of the eytoplasmic domain of CD4.

Mutations EM405-7CD, MQ407-9, C420-2A and S40S-15-31A haLl no effect on down

regulation of CD4 by Nef nor on the secondary structure of the cytoplasmic domain of

CD4 (table 1). Overall, our results clearly demonstrate the presence in the cytoplasmic tail

of CD4 of a structural motif which is responsible for the susceptibility of the CD4

molecule to down regulation by Nef.

Dissociation of sequences in the cytoplasmic domain of CD4 which are required for

PMA or Nef induced down regulation

Since PMA and Nef both induce the intemalization and lysosomal degradation of

CD4, wc have tested all of the above described mutants for down regulation induced by

PMA. The mutants cao be divided into two groups according to their sensitivity to Nef

and PMA. In the first group (type l, 2 and 3 in Table 1), a conelation can be drawn

between suscepribility to Nef and to PMA. For example, the EMKL and the LLAI3-4A

mutants are resistant to both Nef and PMA (figure 1 and 2). On the other hand, mutations

at positions 405-7-9-20-22 per se do not affect sensitivity of CD4 to Nef and to PMA

(table 1).

In the second group (type 4 in Table 1), sensitivity te Nef and PMA could be

dissociated (figure 1 and 2). Mutation of the three serine residues (S4OS-1S-31A)

involved in CD4 down regulation by PMA did not affect susceptibility of CD4 to Nef,

confinning previously published reports. In addition, the K411P mutant was aIso

susceptible to Nef and resistant to PMA (figure 1 and 2). This mutant was aIso predicted

to have an alpha helical secondary structure which includes the di-leucine motif. The
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effect of this mutation on sensitivity to PMA thus cannot he attributed to a perturbation of

the structure of the cytoplasmic domain of CD4.

These results further demonstrate that the pathways of down regulation of CD4

induced by Nef and PMA are different. In facto they suggest that both the initiation of

intemalization which is dependent on phosphorylation of the serines. and later steps of the

intemalization of CD4 have different requirements in the cytoplasmic domain of C04.

although both Nef and PMA induce degradation of CD4.

Overlapping sequences of the cytoplasmic domain of CD4 are involved in lck

association and Nef induced down regulation

The mechanism leading to down regulation of C04 cell surface expression by Nef

has yet to be identified. The association of Ick with CD4 was previously demonstrated to

prevent intemalization of CD4 (35). An attractive model would be that Nef dissociates

Ick from C04. thus increasing the rate of C04 intemalization. To verify if the same

sequences of C04 are required for the Nef effect and association with IcI;, A201 cells

were stably transfected with wild type C04 or mutants S408-15-3IA, C420-2A, LL413

4A and EMKL (figure 3A). To detennine the levels of Ick associated with each mutant.

CD4 molecules were immunoprecipitated from total cell Iysates with the same antibody

used to stain the cell. Ick association to C04 was revealed by western blot on the

immunoprecipitates (Figure 3B-CD4-associated lck). The presence of Ick and of the

mutant C04 in the ce\l Iysates were confinned by western blots (figure 3B-total lck and

total CD4). As shown in table 1. Nef could still induce down regulation of ce\l surface

expression and a decrease in steady state levels of the C420-2A mutant, which is not

associated with Ick (figure 3B). This mutant enabled us to clearly dissociate the lck

binding motif of CD4 from susceptibility to Nef induced down regulation (type 3 in table

1).

However. two other mutants (LL413-4A and EMKL) which are affected in their

response to Nef. had a substantially diIT'inished capacity to associate with Ick (figure 3B).

Overexposure of the membranes revealed a small amount of Ick associated with LL413

4A and the EMKL mutant (not shown). These results clearIy show an overlap in

sequences responsible for association of CD4 with Ick and those required for down

regulation ofC04 by Nef.
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Nef does not induce dissociation of lck from CD4 in acutely "IV infected cells

The above results support the model by which Nef would induce a dissociation of

lck from CD4leading 10 intemalization of CD4. To further characlerize this model. Jurkat

cells which express CD4 and are highly susceptible to infection. were acutely infected with

either the HIV clone pNL43. which contains the nef sequence used in the above

experirnents. or pNIA3xho which is the isogenic clone in which the Nef protein is absent

Co-pecipitations were performed when 80% of the cells were infec:ed. as indicated by

irrununof!uorescence with an anti-p24 antiboby (data not shown). At thi~ lime point,

significant amounts of Nef expression could be detected by western blot anaiysis (figure

4). As expected. Nef induced a down regulation of cell surface expression of CD4 in

pNL43 infected cells as compared to ceUs infected with pNlA3Xho (not shown). leading

to a 2-3 fold decrease in steady states level of CD4 in the pNL43 infected cells (figure 4).

CD4 was irrununoprecipitated and an anti-Ick irrununobIot was performed on the

irrununoprecipitates. A dramatic decrease in lek associated with CD4 was observed in

HIV infected ceUs as compared to uninfected cells (figure 4). Although total lek levels

were not affected • this decrease was observed in both the pNlA3 and pNIA3Xho

samples, indicating that the effect is not mediated by Nef. More importantly, the decrease

in the amount of lek co-precipitated with CD4 was proportionai (1.5-3 fold) to the

decrease in the expression of CD4. We thus could observe the same ratio of lek

associated to CD4 whether the cells were infected with pNlA3 or pNL43Xho. This could

be observed at different lime points post-infection or at different levels of Nef expression.

These results strongly suggest that following infection with HIV, the dissociation of ick

from CD4 does not contribute to the down regulation of C04 expression induced by Nef.
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6. Discussion

We t,ave characterized the sequence requirements for do.....n regulation of CD4 by

Nef or PMA. and those required for the association of CD4 with lck. Our results clearly

show that ir. addition to the di-leucine motif. a structure in the cytoplasmic domain of C04

which is defined by the EMKL sequence confers susceptibility to down regulation by Nef.

This motif is not found in other molecules. such as the EGFR and the CD3 g chain. which

despite the presence of a functional di-leucine motif are not down regulated by Nef (17).

Intemalization of CD4 induced by PMA was previously shown to require the presence of

a putative alpha helical structure in the cytoplasnùc domain of CD4 (46). Interestingly. all

the mutants that affect this predicted structure. also affect down regulation induced by

Nef. This strongly suggests that a proper conformation of the cytoplasmic domain of CD4

is probably requïred for exposure of residues direcûy implicated in down regulation of

CD4 by Nef, such as the leucines.

Our mutagenesis data show that different residues of this structure are implicated

in the down regulation of CD4 by Nef and PMA. Indeed. mutation of residue 411

resulted in a CD4 molecule which cannot be down regulated by PMA but is still sensitive

to Nef, clearly dissociating the IWO degradative pathways. Mutation of K411 to a proline

leaves intact a major portion of the secondary structure of the cytoplasnùc domain of

CD4. This residue may thus directly interact with a component of the endocytic pathway

such as clathrin coated pits, thus targeting CD4 to intemalization and lysosomal

degradation following PMA tteatmenL This finding is interesting since severa! picccs of

evidence also implicate the lysosomes in the degradation of CD4 induced by Nef (17,43).

It is thus possible that effector molecules other than those involved in PMA induced

internalization of CD4. are implicated in intemalization of CD4 induced by Nef. Further

studies are needed to characterize the internalization and degradation pathway induced by

Nef.

As shown in figure 3, both the LL413-4A and the EMKL mutant were severely

impaired in their ability to associate with lek. These results nùght cxplain the different

stochiometry of the association of CD4 and CDS with Icle; indeed, while more !han 40

60% of CD4 molecules are associated with lek, only 3-5% of total CDS molecules

coprecipitate with the kinase (54). Although bath CD4 and CDS possess the IWO

cysteine residues critical for association with Icle. CDS lacks the EMKL sequence. This

suggests that the EMKL sequence may be involved in augmenting the affinity of CD4 for

lek and is not required for basal interaction between CD4 or CDS with the tyrosine kinase.

These residues could he involved in a direct interaction with Icle.. alternatively. they could
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confer 10 the cytoplasmic tail of CD4 a conformation which would favor its interaction

with the tyrosine kinase.

While our results clearly demonstrate that the lck binding domain and the Nef

susceptibility domain of the cytoplasmic tait of CD4 overlap. mutations of the two cysteine

residues implicated in the interaction with lck clearly dissociate the IWO functional

domains. Recently, Bandres et al reponed that mutations of the IWO cysteine to serine

residues, which abolish association with lck, also rendered CD4 resistant to Nef (5).

However, it is possible that these added serine residues in the cytoplasmic tail of CD4

could be phosphorylated by the serine kinase associated with Nef (42), thus preventing

the down regulation of CD4 induced by Nef.

Results showing the overlap in the structural requirements in the eytoplasmic tail

of CD4 for association with lck and sensitivity to Nef were recently reponed (40). The

authors suggested that Nef induced dissociation of lck from CD4 to down regulate its

expression. In our experiments, acutely infected cells were used to study the effect of Nef

on the CD4/1ck association. Although expression of Nef in the context of mv does down

regulate expression of CD4, our results do not support any preferential dissociation of lck

from CD4 occurring in cells infeeted with a virus encoding Nef as compared to cells

infected with a virus harboring a non-functional Nef molecule. This observation was made

in cells which exhibited either a slight (carly) or a marked (Jate) decrease in cell surface

levels of CD4 in the presence of Nef. Interestingly, our results clearly show that the

dissociation of lck from CD4 in mv infected cells«2S) and figure 4) is not caused by Nef

since it was observed in cells infected with a Nef negative virus. It is possible that

CD4/lck complexes, which are generated very carly in the biosynthetic pathway, are

degraded following the interaction of CD4 with gpl60 or Vpu in the ER (12,22,55).

The discrepancy between our results and those of Salghetti et al can be explained

by the differences in the models used. In their repon, Nef was not expressed in the

context of the virus and the decrease of lck association with CD4 was monitored in the

absence of any detectable cell surface expressed CD4. In our experiments, co

precipitations were performed when CD4 was still detected at the surface of cells infccted

with the Nef positive virus, albeit to lowcr levels than in cells infected with a Nef negative

virus. Howcver, since total/ck levels are not affected in the presence of Nef, wc propose

that Ick dissociates from CD4 while CD4 is being degraded in the lysosomes. These

results are supported by the report of co-Iocalization of down reguiated CD4 with Ick in

an intracellular comparttnent in Nef transgenic mice (8). These two molecules did not co

localize in non-transgenic liner mates. Taken together, our data completely dissociates

PMA induced and Nef induced intemalization of CD4. PMA induces dissociation of Ick
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from C04. leading ta an increase in intemaliz:ltion of C04 and targeùng !l' Iysosomal

degradaùon. Nef also induces intemalization and Ivsosomal ùe"rJdation of C04 but of a- . .
C04 still associated with Id. However. Ick is not degraded. thus ultimately resu1ting in an

increase in the amount of Ick not associated with C04.

The results presented here also have sorne implications on the possible mechanisms

by wlùch Nef exerts a positive effect on HIV replication. We have previously

demonstrated that the C04//ck association down regulates HIV replication (50).

A1though a positive effect of Nef can be impaired by mutation of the praline rich regions

without affecting C04 down regulation (39). it is still Iùghly conceivable that ùown

regulation of the C04/lck association from the œU surface induced by Nef contributes to

the positive effect of Nef. Indeed. down regulation of CD4/lck from the œil surface by

Nef could abolish the negative signal for HIV replication generated thmugh C04//ck anù

lead to increased HIV replication. Testing of this hypothesis is under way.
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Legends

Figure 1. Cell surface expression of CD4 and CD4 mutants in the presence (nef) or

absence of Nef (xho). or after PMA treatrnent (xho/PMA). Transiently transfected cells

were stained with anti-C04 866 mAb followed by a FITC-conjugated GAM. Results are

illustrated on a four decade logarithmic scale. For each s:mlple, a negative control

consisting of staining with the FITC-conjugated GAM alone was donc. Markers were set

for each sarnple on the negative control such that 1% of the ceUs were right of the marker.

MFV, that is the mean fluorescence value of ceUs on the right of the marker, and

percentage of positive ceUs are indicated for each histograms.

Figure 2. Steady state levels of CD4 and C04 mutants in ceUs co-transfected with Nef

(+) or the negative control (-). CD4 expression (Panel A) was detected with an anti-C04

serum and Nef expression (panel B) was detected using an anti-Nef serum. Hybridized

proteins were revealed using HRP-conjugated protein A (Amersharn) and the ECL reagent

kit (Amersharn).

Figure 3. Association of p56lck with wild type C04 and mutant CD4 molecules. A) Ce1l

surface expression of stable transfectants of the A2.01 ceUline. Cells were stained using

the B66 anti-C04 mAb followed by a FITC-coupled GAM, and analyzed on a FACScan.

B) lek association with mutated C04 and wild type CD4. CeUs stably transfected with

either S408-15-31A (lane 1), EMKL (lane 2), LL413-4A (lane 3), C42o-2A (lane 4), and

wild type CD4 (lane 5) were lysed in NP-40 lysis buffer. CD4 was immunoprecipitated

using protein G sepharose beads coated with B66 anti-C04 mAb. Immunoprecipitates

(CD4-associated lck) or celllysates (totallck and total CD4) were resolvcd on a 7.5%

SOS-Page and proteins were transferred on nitrocellulose. Membranes were hybridized

usin,,: either an anti-lck serum or an anti-C04 serum as indicated, followcd by

(125l]protein A.

Figure 4 Analysis of the association of lek with CD4 in cells acutely infected with either

pNtA3 or pNLXho. Two independent experiments are shown. An equal number of live

acutely infected cells or uninfected control cells were lysed in NP-40 lysis buffer and CD4

was immunoprecipitated as in Figure 3.· The immunopreclpitates (CD4-associated lck)

and a portion of the cell lysates (total CD4, total lck and Nef) were resolvcd on SOS

PAGE and proteins were transferred on nitrocellulose. Membranes were hybridized using

either an anti-lck serum or an anti-CD4 serum or an anti-Nef serum as indicated, followcd
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by [125!1protein A. The membranes were exposed to Kodak storage phosphor screen.~

and quantification of specific bands was done on Phosphorlmager devised by ImageQuant

Software Package (Molecular Dynamics. Sunnyvale.CA).
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Table 1. Summary of the mutagenesis resultsa.

CD4 DOWNREGULATION DOWNREGULATION ASSOCIATION WITH
MUTANTS BYNEF BYPMA lck

Type 1

CD4 + + +

EM40S-7CD + + n.d.

MQ407-9CD + + n.el.

M407P + + n.d.

Type 2

LL413-4A - - -
EMKLb - - .
KL4!! ·~1'? +/- - n.d.

MK407-11P +/- . n.el.

Type 3

C42G-2A + + -

Type'

S408-1S-31A + . +

K411P + - n.el.

aA + equals to wild type phenotype, a - corresponds to a complete It'lss of wild type

phenotype. ln the case of nef downregulation, +/- reflects a shift in CD4 expression in the

presence of nef which is intennediate between wild type and resistant mutants. n.el. is not
detenninecl.

bThe substitutions for the EMKL motif are EMKL4OS-7-11-13CDTP.
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FIGURE 2
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Infection by HIV results in a gener.ll state of immumxletïciency which leavcs the

host unablc to defend himself ag:ünst invasion by other organisms such as viruscs :U1Ù

bacteria. and against propagation of tumor ceUs. It appears that ùeath of the host occurs

not as a direct consequence of HIV infection but from complications arising from thcsc

opportunistic diseases.

The understanding of the pathogenesis of HIV relies on a beller knowledge of the

effect of the virus on the immune system. CD4 positive helper T cells are the primary host

ceUs for HN infection since the CD4 molecule is the receptor for the virus. These helper

ceUs play a cru.:ial regulating role of the host immune response against foreign

aggressions. Upon recognition of their cognate antigen. they start secreting cytokines

which stimulate the generation and activation of cytotoxic T ceUs. and promote the

differentiation and amplification of B ceUs.

ln vitro studies have demonstrated that infection of T cells by HIV requires their

activation. Indeed. T cell division must occur for proviral DNA integration into the

cellular chromosomes. In addition. cellular transcription factors such as NF-lCB. which are

required for efficient transcription frem the HIV LTR are only found in activated T ceUs

where they are nonnally irnplicab:d in directing tra!:scription frem the IL-2 promoter.

Previous studics have demonstrated that signals generated through CD4 can either

enhance or inhibit T cell activation. Considering that sorne transcription factors are

irnplicated both in regulating HlV and IL-2 gene transcription. it is reasonable to asswne

that signals generated through CD4 will also modulate HN replication. It is thus

irnperative to fully elucidate the physiological role of the HlV receptor in generating

activation signals te better understand the HIV life cycle.

In an effort to undercover the interrelationship between host and viral proteins. wc

here present evidence that HN has evolved to share activation signals with its host and

even modulate these signals for its own purpose. The discussion will thus fust focus on

the function of CD4 in normal T cell activation. and thereafter will elaborate on how

signals generated through C04 modulate and are modulated by HIV proteins.
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SIGNALS GENERATED THROUGH CD4 REGULATE T CELL ACTIVATION

1. What is the role of the association of Ick with CD4 in regulating ils tyrosine kinase

activity?

As described in the Introduction. the tyrosine kinase lck is required to initiate T cell

activation. Indeed. Ick is directly involved in phosphorylation of the ç chain and the

recruitment and phosphorylation of the ZAP tyrosine kinase. which are the earliest

deteetable evcnts following TcR Iigation by antigen or anti-TcR Abs.

Between 50% to 80% of the total lck is associated with C04. suggesting that this

interaction is important for the regulation of this kinase. Two non-exclusive models can be

proposed to define the mechanism by which CD4 regulates Ick activity. FlI'St, association

of lck with CD4 would be required to transmit extracellular signais and activate its tyrosine

kinase activity. Second. CD4 would regulate Ick activity by controlling its subcellular

Iocalization.

1) The concept that the CD4IIck complex ean transmit extracellular signais came

from studies which demonstrated that cross·linking of CD4 with Ab ieads to an increase in

tyrosine kinase activity of the CD4-associated Ick (36.62). As shown in ehapter 4. the

extracellular domain of CD4 is not required to aetivate Ick. as the Ick associated with the

EGFRCD4 chimera tan be activated by oligomerization of the chùnera with EGF. This

result suggested that the increase in Ick activity observed following CD4 cross-linking is

not due to a specifie change in confonnation of CD4 but rather to an aggregation of the

CD4-associated Ick. However. activation of lck by cross-linking CD4 independently of the

TeR generates negative signais for activation of mature T cells (anergy) and occurs in vivo

in a pathologica\ situation (HI\' infection) due to the interaction of gpl20 with CD4.

These observations suggest that the non-specifie interaction of CD4 with MHC c1ass n
molecules in the periphery. does not induce an increase in lck tyrosine kinase 3Ctivity

whieh would have the potential to lead to anergy.

In the thymus. the CD4IIck complex was demonstrated to transmit intracellula-:

signaIs. Indeed. the productive interaction between MHC class n and CD4 modulates

TeR expression and the tyrosine phosphorylation of ç (42,43). This result supports the

hypothesis that the interaction of CD4 with MHC class n molecules can activa!e the CD4

associated lck and send intracellular signais. However. these studies do not excIude that a

simultaneous interaction of the TeR and CD4 with the MHC molecules is taking place.

The question remains whether a cross-Iink of CD4 molecules occurs to activa!e

lek when the TeR of mature T cclIs recognizc their specifie antigen. The observation that
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MHC class II molecules can exist as dimers suggests that dimers of class 11 mav cross·link

CD4 and activate lck (l\). Accordingly. it was proposed that inter.lction of CD4 with

MHC class II molecules induces the dimenz.ation of CD4 molecules (55). However. no

direct demonstration of an increa.~e in lck activity induced by such inter.lcùon of MHC

class II and CD4 independently of TcR ligation in mature T ceUs has been reponed.

Dctennining whether lck is acùvated by transphosphorylaùon. like growth factor receptor

tyrosine kinases. would suppon the requirement for CD4 cross·linking to aCÙvate lek

during the antigen recognition process.

Of note, the increase in lek activity observed after cither CD4 cross·linking or TcR

stimulation is only in the order of 2-3 fold even though the presence of lck is absolutely

rcquircd for initiation of T ceU activation. This suggcsts that cithel a very localized

activation of a few lck moleculcs is occurring foUowing stimulation, and/or that lck may

also regulate carly events of T cell activation independently of its kinase activity.

Intercstingly. reconstitution of a CD4-dependent rcsponsc of a T ceU hybridoma to

antigenic stimulation was achieved by a chirncric molecule consisting of the cxtraeeUulur

domain of CD4 and lek(65). lmponantly, the responsc was also reconstitutcd by a

chimera which was kinase dcad but still posscssed an intact sm domain. The sm
domain of lek could thus generate signals through intC1l1ctions with tyrosine

phosphorylated proteins. These studics demonstrate that the CD4/1ck complex can

enhancc T cell activation independently of the kinase activity of lck.

2) Severa! pieccs of evidencc suggcst that another role for the association of lek

with CD4 is to sequcster \ck, thercby preventing phosphorylation of its substratcs in an

unreguiated fashion. Indecd. lek can generate signais regulating T cell activation

independently of its association with CD4. In chapter 2, C04 negative variants of the 2.10

T cell clone werc found to be more sensitive to stimulation than CD4 positive variants. In

these CD4 negative ceUs. lek is rccruited to the TcR complex without help from the

CD4/MHC class II interaction. How cxactly this occurs is still obscure. A possible

expianation would be that recognition of antigen by the TcR induccs a conformationai

change of the CD3 and çchains !hat allows rccruitment of lek and the subsequent tyrosine

phosphoryiation of these chains by Ick. Alternatively. a higher basal phosphorylation of ç
by the free lek in rcsting CD4 negative T cells could reducc the thrcshold of stimulation

rcquired ta aetivate CD4 negative T cells as compared ta C04 positive T cells.

lck can also act indcpendently of its association with CD4 in the thymus. Indecd.

overcxprcssion of lek in the thymus was demonstrated to inhibit the rearrangement of the

TcR~ locus and to induce lymph<;,1las (1). This cffect of lek was still observcd when a
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mutant of lck which cannot associate with CD4 was overexpressed. demonstraùng that the

signal was not generated through CD4 (33). Mon:over. positive selection of thymocyles

can occur when a mutant CD4 which is not associated with lck is expressed instead of wild

type CD4 (28).

Taken together. these slUdies demonstrate that Ick can act without being activated

through CD4 cross-linking. In facto a role of its association with CD4 would be to

sequester Ick as demonstrated in chapter 2 and 3. This sequestration could be important in

preventing immune dysfunction. Indeed. one can envision that in the periphery. a lack of

sequestration of Ick by CD4 could render T ceUs more easily activable and/or prime them

by inducing a basal phosphorylation of ç. 11ùs could bypass the requirement for other co

stimulatory signaIs to activate T ceUs and lead to autoimmunity. Moreover. Ick can

generate mitogenic signais and Iymphoproliferative diseases could result from deregulation

of its activity.

In accordance with the sequestration model. a recent slUdy suggests that most of

the Ick is not free inside the cell (44). The authors showed that overexpression of CD4 in

thymocytes does not result in an increased number of Ick molecules associated with CD4.

A diminution in the ratio of Ick to CD4 molecules is rather observed. 11ùs suggests that aIl

Ick molecules are associated with other molecules and that the amount of free Ick is tightly

regulated in vivo.
The association of CD4 with Ick may aIso be required to ascertain that Ick is in the

close proxinùty of the TeR signaling complex upon antigenie recognition. In ehapter 2,

the response of CD4 positive clones to anti-TeR Abs eould ooly be observed if CD4 was
co-aggregated with the TeR. These results suggest that the CD4/lck complex provides an

obligatory signal for the coupling of the TeR with the CD3 signaling complex and must be

in close contact with the TeR for the initiation of T cell activation. In antigenie

stimulation. the MHC class n molecule which is bath recognized by the TeR and CD4

would aIlow these TeRI CD4-lck interactions to take place. Importantly. these results

suppon the model that CD4 and the TeR recognize the same MHC class n molecules on

the APC (eo-receptor function of CD4). In addition. these observations were 1t1"..de with

bath murine and human CD4 molecules demonstrating the conservation across species of

this role of CD4.

In conclusion. the association of lek with CD4 would regulate the kinase activity

by sequestering Ick molecules and preventing unregulated phosphorylations of ils

substrates. In addition. this interaction would secure the co-aggregation of Ick with the

TeR signa\ing complex to initiate T cell activation. Funher work is required however to

determine if the interaction between MHC class n molecules and CD4 molecules either
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simultaneously or independently of lhe recognition of antigen by the TeR . activales Ick

tyrosine kinase activity.

2. What is the extracellular regulatory function of CD4?

In chapler 2. we showed that CD4 is sequestering Ick from the TcR and that a co

aggregation between CD4/lcle and the TcR is required to initiale T cell activation. To

deten1Ùne the raie of the exttacellular domain of CD4 apart from inleracting with MHC

class II molecules (chapter 3). we designed a chimera consisting of the extraeellular

domain of the EGFR and the transmembrane and cytoplasmic domains of CD4. This

chimera was demonstrated ta associate with the same levels of Ick as wild type CD4.

However. the chimera was not downregulating anti-TcR induced proliferation as opposed

to wild type CD4. This result suggested mat the EGFRCD4 chimera lacked a regulatory

function that CD4 possesses which maps ta its extracellular domain.

Results presented in chapler 4 demonstrated that gp120 inhibits the stimulation by

antigen of wild-type CD4 and double cysteine (which lacks the association with Ick)

expressing clones. Moreover. the stimulation of clones expressing the EGFRCD4 chimera

was not inhibited by either EGF which stimulates Icle tyrosine kinase activity or anti-EGFR

Ab. Thus. the inhibition observed with gpl20 was not due to an activation of Icle or a

sequestration of Icle from the TcR by the cytoplasmic domain of CD4. This inhibition

requires again the exttaeellular domain of CD4. Since the response of this T oeil clone is

not increased by the presence of an MHC class II-CD4 interaction. this inhibition cannot

either be explained by a decrease in adhesion between the T cell and the APC.

Taken together. our results suggest that the exttaoellular domain of CD4 interacts

with another T oell surface molecule which is involved in the generation of early activation

events. This is also supported by studies praposing that CD4 regulates activation events

independently of i.s association with Ick. FII'St, reconstitution of a CD4-dependent

response to antigelÙc stimulation of a T cell hybridoma was achieved by expressi.::g a

mutant CD4 which is not associated with Icle (67). Moreover. anti-CD4 inhibition of

antigelÙc stimulation of these hybridomas was also occurring in oells expressing this

mutant of CD4. In the thymus. CD4 expression is required to observe a nonnaI level of

CD4 positive T oells in the periphery. Interestingly. overexpression of a CD4 which does

not associate with lcle in CD4 knock-out mioe allows the positive selection of these cells.
again suggesting that CD4 can aet independently of its association with Ick(28).
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The fust protein candidate for this regulatory activity associated with CD4 that

cornes to mind is the TcR complex. Indeed. association with the TcR was previously

demonstrated by co-eapping. co-modulation and co-precipitation experiments

(12,15,29.30,54). However. severa! pieces of evidence suggest that the interaction

betwccn the TcR and C04 occurs intraeellularly. Indeed. the resonance transfer

experiments demonstrated that lck association with C04 was required to observe an

interaction be:wccn C04 and the TcR complex (15). Recent biochelTÙcal data shows that

the SH2 domain of the CD4-associated lck interacts with Ç-associated tyrosine

phosphorylated ZAP (19,61). The association of ZAP with lck can be eorrelated with co

eapping of the TeR, CD4 and lck in these experiments. The intraeellular cross-talk

betwccn the TeR and the CD4-associated lek is not surprising since it was previously

demonstrated that the TeR sends intracellular signals to CD8. whieh is also associated with

lek. and modulates its binding to MHC class 1moleeules (49). The interaction betwccn the

TeR eomplex and C04 would then be an indirect one involving intennediate molecules

sueh as ZAP and Ick.

Confirmation of an intracellular interaction between CD4 and the TeR eomplex

would come by the use of the mutant CD4 molecules deseribed in this thesis. Indeed, an

interaction betwccn the TeR and the EGFRCD4 ehimera, wlùeh is associated with lck,

should be observed following TeR stimulation. Altematively, the mutant of CD4 which

does not associate with Ick. the double cysteine mutant, would not be expected to interact

with the TeR eomplex. However, this does not rule out that an intraeellular interaction

between lck and ZAP may be stabilized by an interaction between the extracellular

domains ofC04 and the TeR eomplex.

The result demonstrating that clones expressing the EGFRCD4 ehimera can be

stimulated to proliferate by anti-TeR Abs as opposed to wild type C04 expressing clones,

support the model in wlùch the regulatory role of the extracellular domain of CD4 is a

sequestration of a molecule away from the TeR and not a lack of association of !bis
molecule with the TeR. The results presented in !bis thesis thus favor the hypothesis that

the extracellular domain of CD4 associates with a T cell surface molecule other !han the

TeR.

Another interesting candidate for !bis regulatory molecuIe is CD4S. The tyrosine

phosphatase CD4S was found to be associated with a number of T cell surface molecuIes,

incIuding CD4 (18,41). The nature of these interactions is not defined but the interaction

between CD4S and CD4 seems to be isoform specifie. Isoforms of CD4S are dcfined by

the differential use of exons eoding for its extracellular domaïn. It is thus possible that

CD4 and CD4S associate with each other's extracellulardomains and that !bis corresponds
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to the regulatory function of the extracellular domain of CD4 that we have identified in the

above described experiments. Moreover. severJ.! studies have shown that anti-CD45 Abs

can inhibit activation of T cells (22.32). The inhibition of antigenic stimulation by gp 120

observed in our experiments could thus result from a similar perturbation of the CD45

activity associated with CD4.

Interestingly. our results suggest that presence of both the extracellular domain of

CD4 and the association with lck is required to observe down regulation of anti-TcR

induced proliferation. Indeed. in the case of the EGFRCD4 chimera, only lck is

sequestered and anti-TcR stimulation induces proliferation ofT cells. Similarly. the double

cysteine mutant has the extracellular domain of CD4 but lacks lck association. and a1lows

anti-TcR induced proliferation. In contrast. wild type CD4 seqm:sters both lck and

another molecule through its extemal domain. and inhibits anti-TcR induced growth.

These results suggest that there is a compensation between lck sequestration and the

regulatory function of the extracellular domain of CD4. Interestingly. a similar

compensation between CD45 and lck has becn reported in CD45 negative celllines (I7).

These ccU lines cannot be stimulateci to produce IL-2 using anti-TcR Abs. However. co

crosslinking of the CD4nck complex with the TcR rescues stimulation by anti-TcR Abs.

According to our model. CD4 would thus regulate the amount of CD45

phosphatase activity and the amount of lck that are in the proximity of the TcR sign:ùing

complex. 11ùs would ensure an optimal amount of tyrosine kinase and phosphatase

enzymatic activity required for the initiation of T cclI activation is present Confumation

of this hypothesis should be done by differential co-precipitations of C045 with C04 and

the EGFRCD4 chimera. 11ùs model is supported by functional data showing that

reconstitution of an antigen specific response of a C045 negative T cclI clone by low mwt

isoforms of CD45 results in a substantia1ly greater response to antigenic stimulation than

that elicited in clones transfected with Iûgh mwt isoforms of C045 (48). Interestingly,

only the low mwt isoforms of C045 were found to associate with C04 in these clones.

suggesting that the association of C045 with C04 potentiates T cclI responses.
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SIGNALS GENERATED THROUGH CD4 REGULATE HIV REPLICATION

1. Modulation of HIV replication by CD4: what is the mechanism and who does it

benefit?

HIV infection is also regulated by signais originating from CD4. The work

presented in chapter 5 demonstrates that the association of Ick with CD4 directly

modulates HIV replication. Indeed. HIV was replicating more efficiently in cells bearing a

C04 which does not associate with Ick. The results suggest that the decreased viral

replication in wild type CD4 expressing ceUs is not due to sequestration of lek by C04

(Iack of a positive signal) but rather to an increase in tyrosine kin:;.se activity of the CD4

associated Ick induced by gp120 (negative signal). The signal generated through lck then

leads to a down regulation of transcription from the LTR of HIV. This model is supported

by a repon demonstrating that treatment of infected ceUs with anti-C04 Abs not directed

to the gp120 binding site. Jed to inhibition of transcription from the HIV LTR and down

regulation of viral replication (9).

This modulation of transcription from the HIV LTR is reminiscent of the effect of

gp120 on T cell activation (figure 1). Indeed work presented in chapter 4 and other

reports have demonstrated that gp120 could inhibit stimulation of T ce11s by both antigel'.

and anti-TcR Ab. In addition. inhibition of anti-TcR stimlÙation of resting PBLs by gp120

is accompanied by a lack of IL-2 production(50). This is not surprising since sorne of the

transcription factors involved in directing transcription from '.he IL-2 promoter and the

HIV LTR are the same. So the modulation of HIV replication by gp120 occurs at twO

levels: direct inhibition of transcription from the HIV LTR and indirect inhibiti.:.n by

preventing activation of T ceUs (figure 2). Howcver, caution must be taken in that

aIthough both promoters use the same transcription factors. fine regulation of transcription

for these twO promoters is probab1y different Indeed, wc have shown that inhibition of

transcription from the HIV LTR requires lek association with CD4, while the inhibition of

antigenic stimulation can occur in the absence of 1ck association with CD4. This suggests

that different signaIs can regulate the twO promoters.

The involvernent of lek tyrosine kinase activity was further confirmed in recent

experiments showing that HIV replication is higher in CD45 negative variants of the T ceIl

line Jurkat as compared to CD45 positive Jurkat cells (S. Gratton. unpublished results).

This result makes a correlation between the lack of activity of lck in CD45 negative ceIl

lines and higher replication of HIV. More direct evidencr came from the infection of ce11s

which co-express a CD4 rnolecule lacking its cytoplasrnic dot"l3Ïn (thus association with
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lck) and the EGFRCD4 chimera (S. Gratton. unpublï.,hed result.'). As described above.

EGF stimulates the kinase activity of the chimera-associated lck. lnterestingly. vir.ù

replication in these cell lines was completely abrogated when cells were grown in media

supplemented with Fetal Calf Serum (FCS) which contains EGF. ln addition. lck was

found to he hyperphosphorylated on tyrosine residues in these cel! lines in the presence of

FCS. These results are consistent with an increase in lck tyrosine phosphorylation induced

by extemal signais leac'.ing to an inhibition of HIV replication.

The gp120 tt':atment of CD4 positive T ceUs was demonstrated to inhibit DNA

binding activities of severa! transcription factors, including NFICB. NF-AT and AP-l

nonnally induced following stimulation through the TcR (26). Moreover, higher levels of

NF-ICB are found in the nucleus of CD45 negative Jurkat ceUs in comparison with that

found in CD45 positive Jurkat ceUs (7). The observed inhibition of transcription from the

HIV LTR thus could he due to perturbation of the activity of these transcription factors.

Experiments slUdying directly the effect of CD4 cross-linking on the HIV LTR can he

done. The use of viral LTR or proviral clones with specific deletions of transcription

factor binding sites will he useful tools to identify which transcription factors are regulated

by lck.

Altematively, gp120 ligation of CD4 could induce the release of cytokines which

would modulate HIV replication (figure 2). This is supported by the recent report

demonstrating the induction of cytokine expression by cross-linking of CD4 with gp120

(51). Interestingly, some of these cytokines ("mterferon-yand lUmor necrosis factor-a) can

induce the expression of the Fas antigen in T ceUs. The Fas antigen is a cell surface

molecule that induces apoptosis of the cell it is expressed on upon recognition of its ligand.

Thus, another potential mechanism of down regulation uf HIV replication by CD4 would

he by inducing apoptosis of CD4 positive cells. However, these cytokines were aiso

demonstrated to upregulate HIV replication on their own, suggesting that regulation of

HIV replication through this pathway rnay he more complex than f\!St helieved.

These observations raise one interesting question: is the down regulation of HIV

replication by the CD4 beneficial for the host or the virus (see figure 2)? This modulation

of HIV replication wouid he beneficial for the host in that a decrease in the sizc of viral

progeny would lead to a decreased numher of newly infected ceUs in the next round of

replication. The induction of apoptosis of CD4 T cells by gp120 would also result in a

decrease in the total number of infectable T cells. On the other hand, this reduction in

CD4 T cells wouid also he accompanied by a decrease in host immune response against

HIV and other opportunistic diseases. Thus. the signal generated by gp120 wocld prevent
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a rapid clearance of infected ceUs by the host immune system. but it would also alk'w the

rapid deterioration of the host due to opportunistic diseases.

HIV infection is characterized by a long clinically asymplOmatic period. 11ùs

favors the pathogen as the host can transmit the virus during that period without having

the knowledge of being infected. However. it was demonstrated that during that period.

HlV replication is going on in the secondary Iymphoid organs challenging the latency

concept that was fust put forward (20.52). 11ùs ob:;ervation does not eliminate the

possibilicy that latently infected cells are found in HIV infected patients. More work is

needed to prove or disprove their existence in vivo. Latency would allow the virus to

escape the host immune system and keep a reservoir of infection. If no viral proteins are

produced. the infected cells cannot be recognized as foreign and be killed by the immune

system 11ùs ensmes that the viral infection cannot be c1.:ared away completeIy. The

negative signal could alsû dinù!Ùsh the viral production generated per infected cells. 11ùs

would allow the host to remain in the clinically asymptomatic phase longer and allow a

Iarger propagation of the virus.

Although we have experimented on !wo viral clones, study of clinica1 isolates

would be interesting in assessing whether this regulation by CD4I1ck is a conserved feature

of HlV. The rate of mutagenesis of HIV in vivo and the rapid appearance of variants

which are resistant to anti-viral drugs following treatments (25.63), suggest that if

conserved in clinica1 isolates. this modulation of replication by C04 may be beneficial for

the virus.
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Figure 1
The n-2 promoter and the HIV LTR are regulated by sirnilar signais. Activation of

lek in the context ofantigenic stimulation will induce their expression. In conlJ'aSt,

activation of lek independently of ligation of the TeR will result in inhibition of

ttans...'"ription !rom both promoters.
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2. Meehal!ism of the positive eITeet of Nef on HIV: is the down rl'gulation of

expression of CLA involved?

The HIV nef gene is expressed carly in the viral life cycle. Early studies flNt

described Nef as a negative reg'.l1ator of transcription driven from the HIV LTR. and

imp!icated this regulatory protein in the phenomenon of latency (2.14.35.47). However.

severa! studies contradict~d these by reporting that Nef \\las having either no effect on the

HIV LTR or was increasing HIV replication by augmenting the infecti'!i:y of the prog..;.:~

virus (13.16.24,40.60.66). These contradictory repons "",y he explained by new data

which suggest that the effect of Nef on HIV replication depends on the activation state of

the cell at the time of the infection. Indeed. the positive effect of Nef is more easily

observed in vitro when resting PBLs are infected in contrast with infection of mitogen

activated PBLs or celllines (40,60).

The repon showing that Nef is associated with a serine kinase funhcr suppons the

hypothesis that the effect of Nef is elicited by the modification of intracellular signaling

pathways (58). More recently, it was reponed that proline rich domains of Nef could

interact with SH3 containing proteins, including the tyrosine kinase hck (56). Imponantly,

mutations t.lJat abrogate the binding of Nef to SH3 domains also abrogate the positive

effc:ct of Nef on HIV replication in vitro. Moreover. Nef was found to di=t1y affect T

cell activation events. Again, the repons are contradictory. In celllines stably expressing

Nef, the DNA binding activity of AP-1 and NF-JCB is inhibited, resulting in decreased

transcription frem the IL-2 promoter (37,45,46). In transgenic mice expressing Nef in

thymocytes, an enhancement or an inhibition of anti-TcR stimulation was observed

(10,34,59). The differences in phenotypes may he explained by the use of different

promoters directing transcription of the Nef transgene at different stages of maturation of

thymocytes. Thus again the activation state of the T cell would direct the outeome of the

effeet of Nef.

Another interesting mode1 was suggested by Bauer et al (6). Their data in T cell

!ines show that the effeet of Nef on T cell activation depends on the subcellular localization

of Nef. When Nef is mainly intracellular, inhibition of T cell activation is observed. In

conttast, cells expressing mainly a membrane bound form of Nef are mor~ su.~ceptible to

TcR stimulation and are induced to express activation markers in a constitutive way. This

expression of activation markers induced by Nef was also observed in peripheral T cells in

a Nef transgenic mouse line (34). Moreover, these cells are not long lived and die, or

mutate their Nef gene to survive indicating that the presence of Nef at the cell membrane is

deleteriot;~ for cells. However, the relevance of this model to infection of resting PBLs is
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not yct dClcnnincd. Takcn togcthcr. thcsc evidcnces suggest that Nef exens a positive

effect cn HlY replication by rnodulating activation pathways of T cells. By lowering thl'

activation threshold of T cells. Nef would thus increase the susceptibility of a resting T cell

to be productively infected by HlY (figure 3).

Alternatively, Nef could act by preventing apoptosis of infected ceUs (figure 3).

Indeed, apoptosis is observed in both infected and non-infected PBLs isolated frorn HIV

patients (3,23,31.39). Exposure to gpl20 or tat was dernonstrated to lead to apoptosis of

T ceUs in vitro (64). Nef could. by associating with signaling molecules, inhibit direetly

apoptosis pathways. This would allow infected ceUs to produce a large amount of virus

before cell death. In addition, Nef could prevent the apoptosis of latentIy infected cells

and thus keep a viral reserv;lir. There is sorne precedent for anti-apoptotic genes encoded

by viruses. Indeed, the cow pox virus cnnA inhibits apoptosis induced by severa!

experimental conditions (53).

Of course the in vitro models mercly reflect in vivo infection. Either pre-activated

or resting T ceUs that encounter their specific antigen shortly after viral entry, can be

infeeted in ~'ivo. As Nef ca::••ot be detected in the virio'lS by conventional methods,

proviral DNA must be integrated to get expression of Nef. An effect on the coupling of

TcR with the IL-2 promoter is thus irrelevant because Nef appears after this activation

step has taken place. However. by promoting IL-2 production Nef could prevent

premature apoptosis of infected T ceUs due to a lack of growth factor.

Infection of macaques by SIV was demonstrated to require the presence of a

functional nef gene for production of high viral 1000s and establishment of pathogenesis

(27). A comparative analysis of T cell phenotypes between animals infeeted with a Nef

positive or a Nef negative virus regarding the induction of markers and susceptibility to

antigenic stimulati"ln or cytokine stimulation, could help us correlate these two

phenomena. Moreover, neonates seem not to require the presence of Nef for

establishment of infection (5). Interestingly, neonates have a more activated immune

system !han adults. If Nef acts by lowering the activation threshold of T cells, infection of

neonates T ceUs would thus not require this enhancing effect of Nef that OOults require.

Investigation on what is different in the immune system of neonate and OOult monkeys

should aIso help in understanding the effect of Nef.

We have demon.>trated that the association of lck with CD4 down regulates HIV

replication (chapter 5). Nef was found to down regulate cell surface expression of CD4.

RecentIy. it was reported that mutagenesis of the praline rich region of Nef resulted in a

Nef which no longer enhances in vitro replication of HIV (56). Inll';estingly. this mutant

Nef stiI1 could induce down regulation of cell surface expression of CD4. Hcwever. wc
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fcel that this does not exc!ude the possibility that down regulation of the CD41lck complex

from the ceU surface also contributes to the positive effect of Nef. Indeed. d",·.''l

regulation of expression of CD4 is a conserved property of Nef encoded by severa! clinical

isolates, suggesting that it is an important feature for HIV (4.21.38). Moreover. the

decrease in ceU surface expression of CD4 induced by Nef would abolish the negative

signal generated through the CD4/lck association (figure 4). Testing of this hypothesis is

under way in severa! laboratories. CD4 negative ceUs are heing transfected with either

wild type CD4 or mutants ol CD4 that have disrupted association with lck and/or lost the

susceptibility to down regulation induced by Nef. These cells will he infeeted with two

isogenic HIV clones on~ of wlùch lacks the coding sequence of Nef. By comparing the

levels of viral production betwec;; each mutants, we will assess the contribution of Ick

association with CD4 and down regulation of expression of CD4 to the positive effect of

Nef on HIV replication.

Interestingly, the dissociation of Ick from CD4 in HIV infected ceUs is n'J; due to

Nef (chapter 7). Nef rather seems to induce the intemalization of the whole CD4/1ck

complex. However Ick is not degraded in the presence of Nef. T1ùs results in more Ick

free of CD4 in ceUs infected with a Nef positive virus as compared to ceUs infected with a

virus lacking coding sequences for Nef. As we have already discussed above, lck is

regulated through its association with CD4. Cells in wlùch lck is not associated with CD4

are more sensitive to stimulation by anti-TcR Abs. Thus, an increase in activation of T

cells by inhibiting the sequestration of lck by C04 could also explain the increase in vùa1

replieation in the presence of Nef (figure 4).

Fmally, it was recently proposed that tlllnormal targeting of CD4 to the lysosomes

allows presentation of cryptic C04 peptide by MHC class n molecules in T celb (57).

This could stimulate autoreactive T cells specifie for C04 wlùch aIe normally silent in the

periphery. Degradation of C04 induced by Nef could thus also lead to autoirnmunity

against CD4 T ceUs.

We have demonstrated that Nef also down regulates the expression of CD4 by

inhibiting CD4 expression at the level of synthesis (chapter 6). This inhibition occurs early

in the biosynthetie pathway as treattnent with brefeldin A did not abrogate the effect of

Nef. Interestingly. an interaction between Nef and ~COP which is implieated in transport

of newly synthesized proteins has becn previously observed (8). This suggests that the

inhibition of synthesi!: may he wide spread and target a number of molecules. This may he

a mcchanism by wlùch HIV would favor synthesis and maturation of vùa1 proteins over

cellular proteins. This inhibition of synthesis of CD4 would also prevent its association
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with gp16D. thus increasing the egress of gpl6D from the ER. This could aIso expIain the

increase in infectivity of virions produced in the presence of Nef (figure 4).

Taleen together. there is strong evidence that down regulation of expression of

CD4 induced by Nef is implicated in the effect of Nef on HIV replication. The fact that

Nef expression is required for the establishment of disease in adult monkeys suggest that

Nef negative viroses are potential vaccines. It is thus imperative to fully characterize the

effeet of Nef on T cell activation pathways.

CONCLUDING REMARKS

The HIV has evolved to respond to cellular activation signaIs and to modulate

these signaIs for its own purpose. By choosing CD4 as its receptor, it has targeted a

molecule which regulates the activation of a crucial player of the immune system. This

certainly has given the advantage to the virus of controlling its levei of replication. The

length of the clinicaI latency p-..riod suggests that HIV favors a slow progressive infection

of the CD4 T cell pool rather tha."l an aggressive rapid infection. Severa! HIV proteins,

such as gp120 a..d Nef, interact with C04, generating signals and modulating its nonnal

function. This allows the virus to control the immune response against itself. In addition,

these signals modulate HIV replication either by acting directly on transcription from its

LTR or indirectly, by controlling the activation of T cells which is required to get

infection. FUl".her work is required however, to understand which regulatory pathways are

llenefic for the h\lst and which are for the virus, such that therapies directly targeted at

modulatinb tiIese pathways may he designecl.
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CLAIl\1S TO ORIGINAL RE5EARCH

Demonstration that the association of lck with CD4 can inhibit prolifer.ltion induced

through the TcR and that co-aggregation of the CD4/1ck association with the TcR is

required to initiate T cell activation.

Demonstration that the extracellular domain of CD4 modulates T cell activation

independently of its interaction with MHC class II molecules and its association with lck.

Demonstration that inhibition of antigenic stimulation by gpl20 does not require

association of CD4 with lck. activation of the CD4-associated lck or endocytosis of CD4.

Demonstration that the association of lck with CD4 rnodulates HIV-1 replication by a

post-transcriptional mechanism

Demonstration that the HIV Nef protein down regulates CD4 expression by two

mechanisms: degradation of cell surface CD4 in the Iysosomal compartment and inhibition

at the level of synthesis of CD4 molecules.

Identification of the amino acids and structures of the l.)'toplasmic domain of CD4

involved in down regulation of cell surface expression of CD4 induced by Nef.

Dissociation of the pathways of degradation of CD4 induced by PMA and Nef.

Demonstration that Nef does not dissociares lck from CD4 to induce inremalization of

CD4.

Demonstration that the dissociation of Ick from CD4 in HlV infected cells is not due to the

presence of Nef.




