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Abstract

The CD4 molecule plays an essential role in antigen-induced
activation of T helper (Th) cells, but its contribution to signal
transduction events resulting in physiologic T cell function is ill
defined. By utilizing anti-CD4 monoclonal antibodies (MAbs)
that recognize distinct epitopes of CD4, we have investigated
the role of CD4molecule in antigen-induced interleukin 2 (IL-
2) and IL-2 receptor (IL-2R) a chain expression in class II
major histocompatibility complex-restricted antigen-specific
human Th clones. Pretreatment of the Th clones with Leu3a
resulted in a dose-dependent suppression of antigen-induced
proliferative responses, inositol phosphate accumulation, in-
crease in free cytoplasmic calcium ions (ICa2+j), IL-2 mRNA
accumulation, IL-2 secretion, and membrane IL-2R expres-
sion. IL-2R mRNAaccumulation, however, was unaffected
even at highest Leu3a concentrations. Leu3a treatment did not
affect bypass activation of T cells with PMAplus ionomycin or
activation via CD2 molecule. The MAbOKT4, which binds
another domain of CD4, was not inhibitory. These results sug-
gest that after T cell antigen receptor-CD3 activation, IL-2
gene induction, IL-2 secretion, and membrane IL-2R expres-
sion are absolutely dependent upon participation of CD4mole-
cules, phosphatidylinositol (PI) hydrolysis, and increase in
ICa2Ji1. The requirement for IL-2R gene induction, however,
occurs independently of CD4molecule participation and PI hy-
drolysis. (J. Clin. Invest. 1992. 89:1807-1816.) Key words:
cytokine receptor regulation * human immunodeficiency virus
glycoprotein 120 receptor * lymphoproliferation * Signal trans-
duction * T cell activation

Introduction

The T cell antigen receptor (TCR')-CD3 (TCR/CD3) complex
recognizes foreign antigen in the context of the proper histo-
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1. Abbreviations used in this paper: APC, antigen-presenting cell;
CHX, cycloheximide; IL-2R, IL-2 receptor; IP, inositol phosphate;
PFA, paraformaldehyde; PI, phosphatidylinositol; PKC, protein ki-
nase C; PLC, phospholipase C; PPD, purified protein derivative; PTK,
protein tyrosine kinase; sCD4, soluble CD4; TCR, T cell antigen recep-
tor; TdR, thymidine; Th cell, T helper cell; Tt, tetanus toxoid.

compatibility molecule and transduces intracellular biochemi-
cal signals that eventually lead to distal biologic responses such
as expression of lymphokine genes. The TCR/CD3 complex
mediates antigen-specific activation, at least in part, through
the production of inositol phospholipid-derived second mes-
sengers (1, 2). Triggering of the TCR/CD3 stimulates phospho-
lipase C (PLC)-mediated hydrolysis of inositol phospholipids,
resulting in the production of inositol phosphates (IPs) and
diacylglycerol, the second messengers responsible for mobiliza-
tion of cytoplasmic free calcium and activation of protein ki-
nase C (PKC) (3). Effective binding of the antigen and major
histocompatibility complex (MHC) molecule on the antigen-
presenting cell (APC) by a TCRconstitutes the minimal re-
quirement for an antigen-specific immune response. In the
CD4' T lymphocytes, specific antigen recognition and activa-
tion of CD4' T cells also requires the engagement of the CD4
molecule. CD4, which is also the receptor for the human immu-
nodeficiency (HIV) envelope glycoprotein, gp 120, is known to
bind a monomorphic region on the class II MHCmolecule,
thereby facilitating antigen recognition and inducing optimal T
cell activation by increasing adhesion and signal transduction
(4-7). Evidence is accumulating that CD4and the TCRcoordi-
nately engage class II molecules to mediate an efficient cellular
immune response (8-1 1), and that engaged CD4may transmit
a signal with an associated cytoplasmic tyrosine kinase, p56lk
(12-14).

The regulatory role of CD4was initially indicated by stud-
ies in which TCR/CD3-triggered activation was blocked by the
addition of anti-CD4 mononclonal antibodies (MAbs), but the
mechanism for this inhibition has not been clarified. Two dif-
ferent possibilities have been postulated: (a) the effects could
occur by generation of a negative signal (15-18), or (b) by
blocking of class II molecule interaction with CD4, hence pre-
venting the formation of a required TCR/CD3/CD4 complex
(9, 19). The current study is an effort to elucidate the physio-
logic role of CD4 in class II-restricted antigen-initiated T cell
activation by utilizing two anti-CD4 MAbs (Leu3a and
OKT4) that recognize distinct epitopes of CD4. Leu3a, but not
OKT4, was found to inhibit antigen-driven phosphatidylinosi-
tol (PI) hydrolysis, increase in [Ca2+]i, interleukin 2 (IL-2)
mRNAinduction, IL-2 secretion, and surface IL-2 receptor
(IL-2R) expression. The effect of Leu3a was selective for the
TCR/CD3 complex because neither bypass activation of the T
cells with phorbol 12-myristate 13-acetate (PMA) plus iono-
mycin nor activation elicited through the CD2 molecule was
affected by such treatment. In contrast, Leu3a did not affect
IL-2R mRNAinduction even when used at concentrations
that completely inhibited initial accumulation of inositol phos-
phates and increase in [Ca2+]i. These results strongly suggest
that CD4 molecules play a critical role in antigen-initiated PI
hydrolysis and [Ca2J]i elevation in Th cells. Weconclude that
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the TCR/CD3 complex transduces at least two distinct signals,
one which is a CD4-dependent complete signal and another
that is a CD4-independent partial signal. The former signal is
linked to PI hydrolysis, influx of Ca2", and IL-2 mRNAinduc-
tion; and the latter is linked to IL-2R mRNAinduction but
does not involve PI hydrolysis.

Methods

Antibodies. Mabs to CD4(Leu3a; IgG1) and to CD3(Leu4; IgGl) were
kindly provided by Dr. Soo Young Yang (Sloan-Kettering Institute,
NewYork). OKT4 (IgG2b) and OKT4A(IgG2a) were gifts from Dr.
Patricia Rao (Ortho Diagnostic Systems, Inc., Raritan, NJ). Anti-CD2
MAbs9-1 (IgG3) and 9.6 (IgG2a) were gifts from Dr. Paul Martin (Fred
Hutchinson Cancer Center, Seattle, WA) (20).

Preparation of Fab fragments of Leu3a antibody. Fab fragments
were cleaved from Leu3a antibody by incubating with papain (Pierce
Chemical Co., Rockford, IL) for 8 h at 370C. Fab fragments were sepa-
rated from Fc fragments by passing the antibody through a protein A
column (Pierce Chemical Co.) and the purity was determined by SDS-
PAGE. Protein concentrations were determined using bicinchoninic
acid (BCA kit; Pierce Chemical Co.) according to the manufacturer's
protocol.

Reagents. PMAand cycloheximide (CHX) were purchased from
Sigma Chemical Co., St. Louis, MO. The calcium ionophore, ionomy-
cin, was obtained from Calbio-chem Behring Corp., La Jolla, CA. Re-
combinant human IL-la (rIL-lIa), rIL-2, and rIL-6 were purchased
from Genzyme Corp., Boston, MA.

Cells. Antigen-specific T cell clones specific for tetanus toxoid (Tt)
and for purified protein derivative (PPD) were developed from periph-
eral blood of healthy donors and characterized as described previously
(21, 22). Irradiated autologous Epstein-Barr virus (EBV)-transformed
B cells were used as APC. Cloned Th cells were maintained with irra-
diated APCby 5-d stimulation with antigen, followed by 10-d rest in
the absence of antigen. After a resting period, viable T cells were
enriched by Ficoll-Hypaque density gradient centrifugation. Autolo-
gous EBV-transformed B cells were maintained separately, washed,
irradiated (3,000 rads), and added to the Th cells in 1:1 ratio at the time
of initiation of experiments. Clones used in this study, Ttl .3, PPD3.5,
and Tt4.2, express the phenotype CD3+/CD4+/CD45RO (UCHL1)+.
These clones do not require addition of exogenous IL-2 and can prolif-
erate and secrete IL-2 upon stimulation with antigen in the presence of
APC, designated EBV100 for Tt 1.3, EBV300 for PPD3.5, and EBV400
for Tt4.2. Addition of anti-HLA DRMAbabrogates their responses.

Humanperipheral blood mononuclear cells (PBMC) were isolated
from heparinized venous blood of healthy donors by Ficoll-Hypaque
density gradient centrifugation. Erythrocyte-rosetting T cells were sepa-
rated from nonrosetting cells by overnight rosette formation with neur-
aminidase-treated sheep red blood cells (SRBC), followed by Ficoll-
Hypaque density gradient centrifugation. After lysis of rosetted SRBC,
T cells from the pellet were further depleted of contaminating mono-
cytes by two cycles of plastic Petri dish adherence. These nonadherent
cells were > 97% CD2-positive, and contained < 1% esterase-positive
cells.

Cell cultures. RPMI 1640 (Gibco Laboratories, Grand Island, NY)
supplemented with 10% heat-inactivated FCS (Gibco Laboratories), 2
mML-glutamine (Whittaker Bioproducts, Inc., Walkersville, MD),
100 U/ml penicillin G, and 100 jig/ml streptomycin was used for all
cultures.

Antibody mediated cross-linking of CD4by itself is known to trig-
ger signal transduction and some biologic effects (13, 23). To minimize
the CD4/CD4 cross-linking triggered effects, T cells were first precul-
tured with anti-CD4 MAbs in the absence of APCfollowed by exten-
sive washing before the addition of stimuli and APC. Anti-CD4 MAb
treatment was carried out at 4°C for 16 h unless otherwise noted. In
some experiments, anti-CD4 MAbs were cultured with soluble CD4
(sCD4; American Biotechnologies, Cambridge, MA) for 2 h at 4VC

before the addition of T cells. Thereafter, cells were washed and recul-
tured with one of the following: medium alone, Tt (2 ,g/ml), PPD(2
jig/ml), 1:1,000 dilution of MAbs to CD2 (a combination of 9.6 and
9-1), Leu4 (1 ;ig/ml), Leu4 plus PMA(10 ng/ml), PMA(10 ng/ml),
PMA(10 ng/ml) plus ionomycin (1 1AM). The clone cell cultures were
performed in the presence of APC. In selected experiments, CHX(10
jig/ml) was added 3 h after stimulation. These cells and culture super-
natants were used for proliferation assays, Northern blot analysis, slot-
blot analysis, cell surface immunofluorescence studies, and for quanti-
fying cytokine secretion.

Lymphocyte proliferation. Assays for lymphocyte proliferation
were performed by culturing 1 X 104 T cells with 4 X 104 APCin 0.2 ml
of complete medium in round-bottomed 96-well plates (Corning Glass,
Inc., Corning, NY) with indicated stimuli for 48 h, followed by a 16-h
pulse of 1 jiCi of [1'4C]thymidine (TdR). ['4C]TdR incorporation was
measured in a liquid scintillation counter (Packard Instrument Co.,
Sterling, VA). All data are expressed as the mean cpm of triplicate
determinations.

Isolation and characterization of mRNA. Total cellular RNAwas
obtained after lysis of 10 X 106 cells that had been cultured for 6 h at
conditions indicated above with RNAzol (Cinna/Biotex, Friendswood,
TX) according to the manufacturer's protocol. RNAfor Northern blot
analysis was denatured with formaldehyde, fractioned on a 6% formal-
dehyde/1.2% agarose gel, and transferred to nylon membranes (Ny-
tran, Schleicher & Schuell, Inc., Keene, NH). RNAfor slot-blot analy-
sis was denatured with formaldehyde and applied to nylon membranes
by using a "Hybri-slot" manifold (Bethesda Research Laboratories,
Gaithersburg, MD) at 1 jig per slot. RNAwere quantitated by absor-
bance at 260 nm and purity was confirmed by A260/A280290ratios,
which was > 1.8 for all samples. Hybridization was performed over-
night at 42°C in the presence of formamide with 32P-labeled DNA
probes for IL-2 (24), IL-2R (25), ,B-actin (26), and 28S ribosomal RNA
(27), respectively. Autoradiograms were produced and analyzed by us-
ing the Ultrscan XL laser densitometer (LKB Instruments, Inc., Gaith-
ersburg, MD). After each hybridization, RNAblots were stripped of
32P-labeled probe by incubation at 72°C for 1 h in 2.5 mMTris-HCl,
pH 8.0, 0.1 mMEDTA, and 0.5 mMsodium pyrophosphate.

Flow cytometric analysis. For flow cytometric analysis, cells (1
x 106/ml) were stained with fluorescein-conjugated MAbs for 30 min
at 4°C and washed twice with PBS. The washed cells were analyzed on
a flow cytometer (Epics C, Coulter Electronics, Inc., Hialeah, FL). The
MAbsused in these studies are: FITC-anti-CD25, (Becton, Dickinson,
& Co., Mountain View, CA), FITC-Leu3a (Becton, Dickinson, & Co.),
FITC-OKT4 (Ortho Diagnostic Systems, Inc.), and FITC-anti-CD3
(Coulter Electronics, Inc.).

Quantitation of cytokine production. Cells were cultured with or
without stimuli for indicated periods, and cytokine content was as-
sayed in culture supernatants. IL-la production was determined by
using a radioimmunoassay (RIA) kit (Genzyme Corp.). ELISA kits
were used for the quantification of IL-2 (Genzyme Corp.), IL-6 (Gen-
zyme Corp.), and tumor necrosis factor-a (TNFa-R&D Systems, Inc.,
Minneapolis, MN).

Measurement ofIP accumulation. Hydrolysis of phosphatidylinosi-
tides was determined as described (1). Briefly, cloned Th cells were
labeled with 20 ,Ci/ml myo-2[3Hjinositol (New England Nuclear, Bos-
ton, MA) for 16 h, washed, and resuspended in buffer containing 10
mM/liter LiCl. Thereafter, cells were preincubated with Leu3a or me-
dium alone for 30 min at 37°C. Reactions were initiated by addition of
APCand tetanus-antigen, and terminated after 10 min by the addition
of 0.22 N HCl. Inositol metabolites were extracted with chloroform/
methanol 1:2 (vol/vol). Aquous phases, removed by addition of chloro-
form and water, were neutralized and applied to anion exchange col-
umns Poly-Prep AG mesh (Bio-Rad Laboratories, Richmond, CA).
Inositol monophosphate (IP), inositol diphosphate (IP2), and inositol
triphosphate (1P3) were then sequentially eluted as described earlier (1).
Total IPs were eluted with 0.1 Mformic acid/1 .2 Mammonium for-
mate. Radioactivity was assessed by liquid scintillation counting.

Measurement of intracellular calcium. [Ca2+]i was measured ac-
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cording to the methods described (22) by using fluorescent indicator
dye fluo-3. Briefly, Th cells (1 X 106/ml) were precultured with Leu3a
at 4VC for 2 h. After washing, Th cells were loaded with 10 Mfluo-3/
pentaacetoxymethyl (AM) ester (Molecular Probes, Inc., Eugene, OR)
for 1 h in PBS at room temperature. Thereafter, Th cells were stimu-
lated with antigen in the presence of APC. The fluorescence of the
fluo-3/AM-loaded cells was monitored at excitation wavelength of 506
nm, and emission wavelength of 526 nmon the flow cytometer. Maxi-
mal fluorescence was obtained by addition of 4 mMCaCd2 and mini-
mumfluorescence by addition of 2 mMMnCl2. Intracellular calcium
was calculated by the equation: [Ca2+]i = Kd[( F - Fn)/( F,. - F )],
where Kd = 450 nM (22).

Paraformaldehyde (PFA) fixation of APC. In certain experiments,
EBV300 cells were cultured with PPDantigen (2 ,g/ml) overnight at
370C and then fixed with PFA. PFA fixation was performed by cultur-
ing 2 x 106/ml of EBV300 in an equal volume of prewarmed 1%PFA
in HBSSat 370C for 7.5 min, followed by four washes with HBSS.

Results

Examination ofthe saturation dose ofLeu3afor CD4. To eluci-
date the physiologic role of the CD4 molecule in antigen-ini-
tiated signal transduction in the class II MHC-restricted Th
cells, we utilized two different anti-CD4 MAbs (Leu3a and
OKT4) that recognize different epitopes on the CD4molecule.
The Leu3a-defined epitope, which maps in the VI domain of
the CD4 molecule, is critical for the interaction of CD4 with
class II MHCmolecules (28-31). In contrast, the OKT4-de-
fined epitope, which is located outside the first two domains
(31), is not considered to play a significant role in T cell activa-
tion in that some normal individuals lack this epitope (32). Fig.
1 A shows the saturation curve of CD4on Th cells with various
concentrations of Leu3a. 1 jig/ml of Leu3a blocked > 80% of
the binding of fluorescein-conjugated Leu3a to Th cells. OKT4
expression, however, was the same in Leu3a-treated and me-
dium-treated cells, suggesting that the CD4 molecule was not
down-modulated by this treatment. In preliminary experi-
ments, treatment of T cells with anti-CD4 MAbs for varying
time intervals at 4°C showed that a 2-h pulse is sufficient to
induce appropriate MAb-CD4 binding, and that pulsing up to
16 h does not induce down-modulation of CD4 nor of CD3
from the surface (data not shown).

Leu3a inhibits TCR/CD3-triggered lymphoproliferation,
IL-2 secretion, and surface IL-2R expression. As shown in Ta-
ble I, preincubation of the clone Ttl .3 with Leu3a inhibited the
proliferative response of the clone either to the tetanus antigen
or to anti-CD3. In the dose-response study, the inhibition of
proliferative response by Leu3a is well correlated to the occu-
pancy of the CD4 molecules (Fig. 1 B). In agreement with
previous reports (15), OKT4was minimally inhibitory for the
proliferative response. Proliferative responses elicited by anti-
CD2 or PMAplus ionomycin were not inhibited by Leu3a.
Pretreatment of the T cell clone with 1 sg/ml Leu3a, but not
OKT4, inhibited IL-2 secretion after antigenenic stimulation
(Table I). Secretion of IL-2 induced by PMAplus ionomycin
was not inhibited by Leu3a. The anti-CD4 MAbs did not by
themselves cause lymphocyte proliferation. Although Leu3a
pretreatment was carried out at 40C in the absence of APC,
there is still a possibility that after the cells are warmed and
exposed to APC some CD4 cross-linking occurs, which is
known to induce signals in T cells (13, 23). To address this
possibility, we examined the effects of Fab fragments of Leu3a
on T cells. As shown in Table II. Fab fragments of Leu3a also
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Figure 1. (A) Dose response of Leu3a binding to CD4. Cells from the
Th clone Ttl.3 (I x 106/ml) were incubated with medium or various
concentrations of Leu3a for 2 h at 40C, washed, and analyzed for
binding of FITC-conjugated Leu3a or OKT4 by flow cytometry. Val-
ues denote percentage of Leu3a and OKT4binding of Leu3a-treated
samples compared to medium-treated control. (B) Leu3a inhibits an-
tigen-specific proliferative responses of Th cells in a dose-dependent
manner. Tetanus toxoid-specific cloned T cells (Ttl.3) were pre-
treated with various concentrations of Leu3a or OKT4, respectively,
and cultured for 2 d in the presence of tetanus antigen (2 Ag/ml) and
APC(EBVI00), followed by 16 h pulse of 1 uCi of ['4C]TdR.

inhibited the antigen-induced proliferative response of T cells.
In contrast, Fc fragments of Leu3a had no inhibitory effects
(data not shown). The degree of inhibition by Fab fragments
was relatively less compared to whole IgG Leu3a. This is proba-
bly because monovalent antibody interferes with CD4-ligand
interaction to a lesser degree, and/or because it is possible that
whole IgG Leu3a-mediated cross-linking of CD4also contrib-
utes to the observed inhibition. To ensure that the inhibitory
effects of Leu3a were not due to some contamination in the
preparation, we carried out a blocking study utilizing sCD4. As
shown in Table III, addition of sCD4 dose-dependently abro-
gated the inhibitory effects of Leu3a. Moreover, OKT4AMAb,
which is of the IgG2a subclass and binds to the VI domain of
CD4, was equally inhibitory for the antigen-induced prolifera-
tive response, and this inhibition was also abrogated by sCD4
treatment. Weconclude therefore that the inhibitory effects of
Leu3a and OKT4Acan be attributed to CD4molecule binding
and is not related to their IgG subclass.

As shown in Fig. 2, pretreatment of the Th cells with 1
Ag/ml Leu3a clearly inhibited surface IL-2R expression after
antigenic stimulation. OKT4had no inhibitory effect on IL-2R
expression. Induction of surface IL-2R expression elicited by
anti-CD3 MAbwas similarly inhibited; in contrast, anti-CD2
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Table L Inhibition of TCR/CD3-initiated Proliferative Responses
and IL-2 Secretion by Leu3a

Preincubation T Cells with*

Stimulus Medium Leu3a OKT4

Proliferative response
(cpm)t

Medium 458±64 472±64 427±86
Tetanus 10,420±741 4,060±521 10,464±530
Anti-CD3 10,296±411 3,826±740 10,354±200
Anti-CD2 10,020±240 10,826±241 11,460±192
PMA+ionomycin 19,620±426 19,700+200 17,021±160

IL-2 secretion (U/ml1
Medium 2.7±1.5 3.0±1.4 4.0±1.0
Tetanus 79.0±12.6 14.5±9.6 68.7±13.3
PMA+ ionomycin 89.0±15.5 93.5±23.3 83.5±9.1

* Cells from clone Ttl.3 were precultured with medium, Leu3a (1
,gg/ml), or OKT4 (1 gg/ml) at 40C overnight. Stimuli were added in
the presence of autologous APC(EBV 100). * Values denote mean
and SDof triplicate cpm of [14C]TdR incorporation. Results represent
one of at least three experiments. § Culture supernatants were col-
lected at 24 h, and were assayed for IL-2 by ELISA (Genzyme Corp.).
Values denote mean of four independent experiments with SD.

MAb- or by PMAplus ionomycin-elicited IL-2R expression
was not inhibited by Leu3a (data not shown).

Leu3a inhibits antigen-induced signal transduction events.
An early event in T cell activation is the hydrolysis of phos-
phoinositides to water-soluble IPs, the IP turnover which in
turn is closely linked to the regulation of [Ca2+]i. Therefore, the
effect of Leu3a on the accumulation of IPs and the increase in
[Ca2q]i in antigen-stimulated T cell clones was examined. As
shown in Fig. 3, the antigen-induced accumulation of IPs was
inhibited if the Th cells were pretreated with Leu3a before anti-
genic stimulation. 1 ,ug/ml of Leu3a completely inhibited the
initial antigen-induced PI hydrolysis. Increase in antigen-in-

Table II. Comparison of Effect of Whole IgG and Fab Fragments
of Leu3a on Antigen-induced Proliferative Response of T cells

Preincubation of T cells with*

Anti-CD4 MAb Leu3a Fab Leu3a

['4C]TdR incorporation

11g/ml cpm (% inhibition)$

0 14,698±732 14,662±648
0.1 14,060±731 (5) 14,426±687 (1)
0.5 10.097±1,141 (31) 13,827±773 (6)
1.0 6,834+1,681 (54) 13,757±683 (7)
5.0 5,624±753 (63) 9,236+1,172 (38)

* T cells from clone Tt4.2 were precultured with various concentra-
tions of whole IgG form of Leu3a or Fab fragments of Leu3a at 4°C
for 16 h. T cells were stimulated with 2 ,g/ml of tetanus antigen in
the presence of APC(EBV400). $ Values denote mean and SDof
triplicate cpm of ['4C]TdR incorporation. Values in parentheses de-
note percent inhibition mediated by anti-CD4 MAbs as compared
to responses obtained without anti-CD4 MAbtreatment.

Table III. Soluble CD4Reverses the Inhibitory Effects of Anti-
CD4MAbs on Antigen-induced Proliferative Response of T cells

T cells pretreated with*
Addition of sCD4

to anti-CD4 MAbs Leu3a (1 ug/ml) OKT4A(1 jug/ml)

['4C]TdR incorporation of T cells

Ag/mt cpm (% inhibition)t

0 6,872±1,120 (54) 7,060±845 (52)
0.1 6,994±703 (53) 7,240±648 (51)
0.5 7,119±423 (52) 7,116±1,196 (52)
1.0 9,921±431 (33) 10,201±438 (31)
5.0 14,837±1,621 (0) 14,006±983 (5)

10.0 14,662±791 (0) 14,826±1,723 (0)

* 1 ,g/ml of Leu3a or OKT4Awere cocultured with various concen-
tration of sCD4 at 4°C for 2 h; thereafter T cells (Tt4.2) were added
to the plate and cultured for additional 16 h at 4°C. T cells were
stimulated with 2 ug/ml tetanus antigen and APC(EBV400). * Val-
ues denote mean and SDof triplicate cpm of ['4C]TdR incorporation.
Values in parentheses denote percent inhibition compared to anti-
CD4MAbuntreated control value of 14,645+241 (cpm).

duced [Ca2+]i was also suppressed by Leu3a in a dose-depen-
dent manner with complete suppression occurring at a dose of
1 pg/ml (Fig. 4).

Leu3a inhibits TCR/CD3-triggered mRNAaccumulation
for IL-2 but not for IL-2R. To determine whether antigen-in-
duced IL-2 and IL-2R gene expression was affected by Leu3a,
Northern blot analysis was performed on total RNAextracted
at 6 h after stimulation from Ttl .3 with and without pretreat-
ment with Leu3a. Fig. 5 A shows that antigen-induced IL-2
mRNAaccumulation in Leu3a-treated cells was markedly re-
duced (lane 4). In contrast, no significant change was observed
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Figure 2. Leu3a inhibits antigen-induced IL-2R expression on T cells.
Cells (Tt4.2) were treated with medium, Leu3a (1 ug/ml), or OKT4
(1 gg/ml), respectively, washed, and cultured for 24 h with medium
or tetanus antigen in the presence of APC(EBV400). The IL-2R ex-
pression was analyzed using FITC-conjugated anti-CD25 MAb. Val-
ues indicate the percentage of IL-2R-positive cells.
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Figure 3. Leu3a inhibits accumulation of IPs. Cells from the Th clone Ttl.3 were labeled with myo-2[3H]inositol for 16 h, and thereafter prein-
cubated with medium or Leu3a at indicated concentrations. Reactions were initiated by addition of tetanus antigen 2 gg/ml and APC(EBVI00).
Reactions were terminated at 0, 2, and 10 min. (upper left) Total IPs, (lower left) inositol monophosphate (IP-J), (upper right) inositol diphos-
phate (IP-2), and (lower right) inositol triphosphate (IP-3) were determined after anion exchange chromatography.
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OR transcript. Addition of Leu3a alone failed to induce elements acting on 5' upstream gene sequence and posttran-
r IL-2R gene transcription (lane 2). With PMAplus iono- scriptional regulation by factors that influence mRNAstability
stimulation, neither the IL-2 nor IL-2R gene transcripts acting over the 3' untranslated region (33). To test whether the
ihibited by Leu3a (lanes 5 and 6). It has been suggested decrease in IL-2 mRNAlevels could have resulted from a de-
RNAaccumulation, including lymphokine mRNA, is creased rate of initiation of transcription or from enhanced
.ed at two levels: namely, transcriptional regulation by degradation of the mRNA,CHXwas added 3 h after the stimu-

lation. CHXis known to inhibit the translation of proteins that
V-V medium lead to rapid degradation of IL-2 mRNA, thereby stabilizing
V-V Leu 3a (0.01 pg/ml) the level of steady-state IL-2 mRNA(34). As shown in Fig. 5 B,
0-f Leu 3a (0.1 sg/ml) CHXtreatment resulted in increased IL-2 mRNAaccumula-
A-A Leu 3a (1 sg/ml) tion, but still the Leu3a-treated sample manifested a markedly

)0 - 0 0 Leu 3a (10 Ag/ml) decreased signal as compared to the untreated one (lane 10).
. These findings indicate that Leu3a affects the transcriptional

_ v rate of IL-2 gene, but does not affect its stability./ To determine whether the observation with Ttl.3 was pe-
t/ O 0 culiar to this particular clone or if it was representative of a

)0 t /V/ more general phenomenon, the effect of Leu3a was examined
l, in a PPD-specific Th clone, PPD3.5, established from another

individual. Experiments performed with identical amounts (1
__g per slot) of RNAextracted from PPD3.5, as from Tt 1.3,

0 indicated that Leu3a treatment inhibited PPD-antigen induced0 2 4 6 8 1 0
IL-2 mRNAaccumulation, but not IL-2R mRNA, with or

time (minutes) without addition of CHX(Fig. 6). The percent inhibition of

Leu3a inhibits antigen-induced increase of [Ca2i, in a IL-2 mRNAaccumulation by Leu3a was 78% without CHX
endent manner. Cells from Ttl.3 were pretreated with and 70%with CHX, determined by densitometric analysis. IL-
oncentrations of Leu3a as indicated. Increase in (Ca2]J levels 2R and f3-actin mRNAaccumulation were not affected by
iulation with tetanus antigen was assessed using fluorescent Leu3a regardless of the CHXtreatment.
3/AM. Next, we examined the effects of Leu3a on anti-CD3 MAb
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could not be substantially enhanc
though PMAalone was a potent
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ited by either anti-CD3 MAbor

Pr et r ea
Stimulus

+

medi um

PPD

PPD+CHX 4_

PMAplus ionomycin-induced IL-2 and IL-2R mRNAaccu-
mulation were also not inhibited by Leu3a (lanes 9-11).

+ + + 4 + Shown in Fig. 8 is the effect of CHXon Leu3a-treated
+ + - + PBMCculture stimulated with anti-CD3 plus PMA. Treat-

_____ ment of PBMCwith Leu3a resulted in inhibition of anti-CD3
* _ -1.0 kb plus PMA-induced IL-2 mRNAaccumulation in PBMCre-

gardless of the treatment with CHX(lanes 4 and 6). The per-
cent inhibition by Leu3a in PBMCwas less (60% without
CHX, lanes 3 and 4; 50% with CHX, lanes 5 and 6) compared
to that in the Th clone; this difference is probably because

* G il -1.5 kb PBMCare composed of a mixed cell population and the T cell
clones consist exclusively of CD4' T cells.

Quantification ofcytokines and their effect on IL-2R mRNA
5.0kb induction. Because of the observed dichotomy between effects

8 9 10 11 12 of Leu3a on IL-2R mRNA(which was normal) and surface
expression (which was reduced) and also because wewere using

Stion of IL-2, IL-2R mRNA,and an APC-dependent culture system, the possibility was enter-
Ttl.3 in the (A) absence or in tained that cytokines could have been released from the APC
precultured with or without and influenced the T cell activation responses, including IL-2R
nedium (lanes 1, 2 and 7, 8), mRNAinduction. To ensure that the IL-2R mRNAwas notd 9, 10), or PMA10ng/mi plus being up-regulated by cytokines released in culture, we per-
2), respectively, in the presence
were added to some cultures 3 h formed three sets of experiments. First, we quantified IL- 1 a,

6-h stimulation, total RNA IL-2, IL-6, and TNFa, which are cytokines known to influence
ern blotting. Each lane contains T cell activation including the up-regulation of IL-2R (35-38),
ame filter was used for all hy- in the culture supernatants of Ttl .3 and EBV100. At 6 h after

antigenic stimulation, which was the culture period utilized for
Northern blot analysis, these cytokines were undetectable (IL-
la; < 80 pg/ml; IL-2 < 1 U/ml; IL-6 < 0.15 ng/ml) with the

R mRNAaccumulation in exception of TNFa of which low amounts (52 pg/ml) were
D3 Mab stimulates PBMCto detected. Next, the influence of exogenous addition of various
ly detected at 6 h in cultures factors on IL-2R expression in T cells was examined in the
(lanes 6-8). To obtain sub- absence of APC. Because our cultures of T cell clones could not
accumulation in PBMCat be maintained in the absence of APC, we used purified periph-

ion of PMAand anti-CD3 eral blood T cells for this purpose. Fig. 9 shows that PMA,
eu3a, 1 pg/ml, was found to ionomycin, IL-2, or combinations of PMAplus ionomycin up-
uced IL-2 mRNAgene tran- regulate IL-2R mRNAaccumulation in 6 h (lanes 5-8). How-
or the induction of IL-2R ever, IL-2R mRNAaccumulation was not up-regulated by re-
is sufficient (lanes 6-8) and it combinant IL-la at a dose range of 1-100 U/ml (lanes 2-4),
,ed by PMA(lanes 2-5), even recombinant IL-6 10 U/ml (lane 9), or IL-6 plus IL-la 10 U/ml
t inducer for IL-2R mRNA. (lane 10). It is noteworthy that, although IL-2R mRNAup-reg-
ilation of IL-2R mRNAelic- ulation by PMAwas comparable to that induced by PMAplus
anti-CD3 MAbplus PMA. ionomycin, surface IL-2R expression, measured at 24 h in the

same sample, was distinctly less: the percentage of IL-2R-posi-
tive cells was 18% induced by PMAalone, 15% by ionomycin

t me n t I Leu 3a 1 alone, and 44%by PMAplus ionomycin. Finally, we employed
PFA-fixed APC, EBV300, for the induction of IL-2R mRNA

- + - + in Th clone PPD3.5 (Fig. 10). We found that PPD antigen
prepulsed PFA-fixed EBV300 did function as APCto induce
IL-2R mRNA(lane 3) at a similar degree to unfixed cells (lane
4). In contrast, if the antigen was added to the culture after PFA
fixation of EBV300, IL-2R mRNAinduction was no longer
detectable (lane 2). These observations thus clearly rule out the

--N participation of soluble factors released from APCin inducing
IL-2R mRNAaccumulation in our cell culture system.

I L-2 IL-2R ACTIN
Figure 6. Slot-blot analysis for the detection of IL-2, IL-2R, and ft-
actin mRNAfrom T-cell clone PPD3.5. Cells were pretreated with
medium (-) or 1 gg/ml Leu3a (+) and stimulated with PPDantigen
(2 ztg/ml) in the presence of APC(EBV300) with or without addition
of CHX3 h after stimulation. Total RNAwere extracted 6 h after
stimulation. Each slot contained 1 ,ug of total RNA.

Discussion

The CD4 molecule is known to play an essential role in T cell
activation, but the extent of its participation in signal transduc-
tion that culminates in biologic T cell function are still unclear.
In this study, we have examined the role of the CD4 molecule
in effecting two major prerequisites of T cell proliferation: IL-2
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Figure 7. Effect of Leu3a on the induc-
tion of IL-2, IL-2R, and fl-actin mRNA
in PBMC. Cell were pretreated with
medium or various concentrations of
Leu3a as indicated, and stimulated for
6 h with medium (lane 1), Leu4 1 jig/ml
plus PMA10 ng/ml (lanes 2-5), Leu4
alone (lanes 6-8), and PMA10 ng/ml
plus ionomycin (Io) 1 gM (lanes 9-11).
RNAsamples were analyzed by gel
electrophoresis and Northern blotting.
Each track represents RNAfrom 1
X 106 cells. The same filter was used for
all hybridizations.

secretion and IL-2R expression. Utilizing two anti-CD4 MAbs
recognizing distinct epitopes of CD4, we provide evidence indi-
cating that the role of CD4in TCR/CD3-mediated signal trans-
duction involves PI hydrolysis and concomitant increases in
[Ca2+]i leading to induction of IL-2 and cell surface IL-2R ex-
pression. IL-2R mRNAinduction subsequent to TCR/CD3

CHX - - - - + +

Leu3a- + - + - +

I L-2 10 kb- t*

-S.

1 2 3 4 5 6

Figure 8. Effect of CHX
on the induction of the
IL-2, IL-2R, ,-actin
mRNA,and 28S ribo-
somal RNAin PBMC.
Cells were pretreated
with medium (-) or 1
,ug/ml of Leu3a and
stimulated for 6 h with
medium (lanes I and
2) or Leu4 1 ug/ml plus
PMA10 ng/ml (lanes
3-6). CHX10 Ag/ml
was added to some cul-
tures (lanes 5 and 6) 3
h after stimulation.
RNAsamples were ana-
lyzed by gel electropho-
resis and Northern blot-
ting. Each track repre-
sents total RNAfrom 1
X 106 cells. The same
filter was used for all
hybridizations.

activation, however, can occur without participation of the
CD4molecule and is independent of PI hydrolysis.

Activation of T cells by TCR/CD3 results in PI hydrolysis
and mobilization of [Ca2]ij. The accumulation of IP3 results in
release of calcium from intracellular stores (1, 3) and possibly
might also regulate transmembrane flux of calcium (39). Eleva-
tion of [Ca2"]J is deemed to be essential for induction of IL-2
(40, 41). The creation of physical proximity between CD3and
CD4by cross-linking augments PI hydrolysis and [Ca2+]i eleva-
tion in T cells (42). Although this finding and the fact that
anti-CD4 MAb inhibits antigen-induced T cell activation
imply that CD4 plays a critical role in the triggering of the
inositol lipid pathway with consequent increase in [Ca2+]j, the
reported effect of anti-CD4 MAbson TCR/CD3-mediated sig-
nal transduction are presently quite controversial. The only
studies done so far have utilized nonphysiologic cell culture
systems (43, 44) and have suggested that anti-CD4 MAb in-
hibits TCR/CD3-mediated [Ca2+]i elevation without affecting
PI hydrolysis. Rosoffet al. (43) reported that anti-CD4 MAbs
inhibited antigen and Con A-stimulated Ca2+ influx in T cells
without affecting PI hydrolysis. Tamura et al. (44) reported
that anti-CD4 MAbblocked soluble anti-CD3-triggered eleva-
tion of [Ca2+]i in the absence of participation of PI hydrolysis.
Both of these studies utilized highly unusual murine Th cells.
The former (43) utilized a murine T cell hybridoma, which was
unusual in that it secreted IL-2 in response to a self MHCclass I
antigen, in the absence of self class II MHCrestriction. The
latter study (44) was performed with an alloractive Th clone,
the biologic response of which was also apparently quite differ-
ent from conventional antigen-specific Th cells in that these
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Figure 9. Effect of various stimuli on the induction of IL-2R mRNA
from purified peripheral blood T cells. Cells were cultured with me-

dium (lane 1); recombinant IL-la at the concentrations of U/ml
(lane 2), 10 U/ml (lane 3), 100 U/ml (lane 4); PMA ng/ml (lane
5); ionomycin (Io) 1 gM (lane 6), combination of PMAand ionomy-

cmi (lane 7), 100 U/ml of rIL-2 (lane 8), 20 U/ml of rIL-6 (lane 9),
or combination of rIL-6, 20 U/ml, and rIL-I-a, U/ml (lane 10),

respectively. After a 6-h stimulation, total RNAwere extracted and
were analyzed by Northern blotting. Each lane contains total RNA
from 10x 106 cells. *Percentage of surface IL-2R (Tac, CD25)-posi-
tive cells, which was measured at 24 h from the identical samples,
are indicated.

alloreactive Th clones could secrete IL-2 and proliferate in re-

sponse to soluble anti-CD3 MAb in the absence of APCwith
little accumulation of IPs. In the data reported in the present
study, we provide the first definitive evidence in a physiologic
class II-restricted antigen-specific Th cell culture system that
CD4 molecule participation is essential for both PI hydrolysis
and increase in [Ca2"Ji.

Ag pre-pulse

PFA fixation

Ag addition

I L-2R

f3- acti n

- + + Figure 10. Antigen-pre-

pulsed, PFA-fixed APC
+ + + - are able to induce IL-2R

mRNAin Th clone
- + - PPD3.5. Cells of

Ikbl EBV300 were precul-
-3.5 tured with PPD antigen

2 Ag/ml overnight at

370C. Thereafter, cells
- 1.5 were treated with PFA

(lane 3) or medium
(lane 4), washed exten-

sively, and recultured
with PPD3.5 cells. For

- 2.2 controls, EBV300 cells
were fixed with PFAbe-
fore antigen treatment,
washed, and recultured

1 2 3 4 with PPD3.5 in the ab-

sence (lane 1) or the
presence (lanes 2) of PPDantigen (2 ,g/ml). After a 6-h stimulation,
total RNAwas extracted and analyzed by Northern blotting. Each
lane contains total RNAfrom 10 X 106 cells. The same filter was used
for all hybridizations.

The mechanism for the inhibition of signal transduction by
Leu3a MAbin T cells is presently speculative. TCRactivation
by antigen has also been shown to stimulate protein tyrosine
kinase (PTK) activity followed by increase in tyrosine phos-
phorylation of PLC-'y 1 (45) and TCR-s chain (46). Tyrosine
phosphorylation of PLC-y 1 results in increased PLC catalytic
activity and activation of the IP pathway (47). Recent studies
suggest that tyrosine phosphorylation may be a regulatory
event or a prerequisite for inositol phospholipid breakdown
during receptor-mediated T cell activation (48, 49). However,
the enzymatic machinery that leads to PLC-'y1 activation upon
TCRstimulation is undefined (50). Based on recent studies of
p56kk (12-14), a PTK associated with the cytoplasmic tail of
CD4, it seems likely that the external domain of CD4binds the
same MHCas the TCR, a step which bringslck into close
proximity with TCR/CD3 (10,1 1). As a result, p56'k might be
exposed to new substrates and/or regulatory proteins in the
vicinity of the TCR/CD3 complex, thereby facilitating tyrosine
phosphorylation and initiating PI hydrolysis. Given the impor-
tance of TPK activity in T cell activation, the participation of
CD4-associated p561k is critical since TCR/CD3 complexes by
themselves do not possess intrinsic TPK activity. Moreover,
deletion (51) or mutation (52) of the cytoplasmic domain of
CD4 that makesp56kk unable to bind CD4, results in failure of
T cell activation. Thus, the most likely explanation for the
mechanism of inhibitory effects of Leu3a on antigen-initiated
PI hydrolysis is that Leu3a is able to hinder sterically the for-
mation of the functional TCR/CD3/CD4 complex by interfer-
ing with CD4-MHCclass II binding that is needed for optimal
interaction ofpS6k with its substrate(s). The differential effects
of OKT4and Leu3a and the ability of Fab fragments of Leu3a
to inhibit Th cell activation strongly supports this notion. Sev-
eral other lines of evidence also support this contention. Syn-
thetic peptides derived from HLA-DR and a peptide derived
from VI domain of CD4 were shown to inhibit antigen-in-
duced HLA-DR-restricted T cell proliferation (53). It has also
recently been shown that the ability of mutant CD4-expressing
cells to form rosettes with class II MHC-expressing target cells
paralleled their ability to support IL-2 secretion (54). In fact,
Leu3a has been shown to block markedly CD4-class II MHC
adhesion but OKT4 blocks this adhesion to a much less de-
gree (30).

Another possibility is that Leu3a might induce negative reg-
ulatory signals through the CD4molecule. Negative regulatory
signaling by CD4 was originally proposed based on the obser-
vation that certain anti-CD4 MAbs have the ability to inhibit
T cell activation in the absence of accessory cells (15). The
nature of the negative signal is presently unidentified; however,
the following possibilities can be proposed. First, the fact that
PTKactivity of p56k is negatively regulated by the phosphory-
lation of a carboxy-terminal tyrosine residue of p56lk (Tyr5O5)
(55, 56) suggests that certain anti-CD4 MAbs might also inter-
efere in the interaction of CD4 with a protein tyrosine phos-
phatase CD45, hence inhibiting p56'k activity. In mutant T
cell lines that do not express CD45 protein, stimulation of the
TCRfailed to elicit PI turnover (57). Transfection with cDNA
for CD45 restored induction of PI turnover, indicating that
CD45 is essential in linking the TCRcomplex to PI metabo-
lism, presumably through dephosphorylation events. In fact,
recent evidence suggests that a functional complex is formed
between CD45 and p56kk in human T cells (58). Second, it has
also been shown that treatment of CD4 molecule with Leu3a
leads to dissociation of p56kk from the cytoplasmic domain of
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CD4(59). This phenomenon might also account for anti-CD4
MAb-induced negative signal. These possibilities are currently
under investigation in our laboratory.

The proliferative response in T cells is dependent upon the
interaction of IL-2 with its specific receptors. These receptors
comprise at least two distinct polypeptide chains: a chains (IL-
2Ra, Tac, CD25), which are expressed only after activation,
and (# chains (IL-2R#, p70-p75), which are expressed on rest-
ing and activated T cells (60). A major finding in this study is
that antigen-induced IL-2R mRNAinduction was unaffected
by Leu3a even when it was used at the dose which completely
inhibited the PI hydrolysis. Antigenic activation-induced up-
regulation of IL-2R mRNAwas apparently not diminished by
Leu3a, but cell surface levels of IL-2R were clearly decreased.
In our test system we ruled out the possibility that IL-2R
mRNAwas being secondarily up-regulated by cytokines se-
creted from APC. Anti-CD4 MAbtreatment by itself has also
been reported to up-regulate IL-2R expression, but this was
only observed after cross-linking of CD4 molecules (61). In
fact, in our test system anti-CD4 treatment alone failed to
induce IL-2R mRNAaccumulation. The failure of membrane
IL-2R expression despite accumulation of mRNAfor IL-2R
suggests that more than one activation signal is required for
surface IL-2R expression. In support of this contention is the
observation in human T cell subsets that IL-2 responsiveness
(presumably, via induction of IL-2R expression) was induced
in CD8+T cells by either Con A, OKT3MAb, PMA, or iono-
mycin, whereas neither of these stimuli was by itself sufficient
for inducing IL-2 responsiveness in the purified CD4+ subset
(62). The same was also observed in murine T cells (63). The
dichotomy of IL-2R between mRNAlevels and cell surface
levels has also been observed in some T cell culture systems
utilizing immunosuppressive drugs such as cyclosporine A,
FK-506, and dexamethasone (64-66). These drugs have been
shown to inhibit mitogen- or anti-CD3-induced IL-2 mRNA
expression, IL-2 secretion, surface IL-2R expression, but IL-2R
mRNAinduction was unaffected. In addition, cyclosporine A
and FK-506 have been shown to selectively inhibit Ca2+-asso-
ciated events of early T cell activation (67, 68). These observ3-
tions and the dichotomy of IL-2R between mRNAlevels and
cell surface levels observed in the present study suggest that the
PI pathway, particularly Ca2+-mediated signaling, is not re-
quired for IL-2R mRNAinduction, but is involved in the ex-
pression of surface IL-2R at a posttranscriptional level.

In conclusion, our data provides evidence that the CD4
molecule plays a critical role in inducing IL-2 gene transcrip-
tion and surface IL-2R expression through triggering TCR/
CD3complex-mediated PI hydrolysis and increase in [Ca2+]i.
In contrast, the TCR/CD3 complex transduces CD4-indepen-
dent signals which induce IL-2R mRNAtranscription. The
exact nature of this signal(s) is presently unknown. However,
the recent reports that (a) nuclear factor KB, a critical nuclear
binding protein for the IL-2R gene transcription (69), is induc-
ible in the absence of PKCactivation (70) and (b) a proposed
mechanism of PKC activation by generating diacylglycerol
from phosphatidyicholine in the absence of PI turnover (71),
support the presence of such a mechanism. These observations
provide insight into the signal transduction mechanisms dur-
ing Th cell activation and also contribute to our understanding
of the pathogenesis of HIV infection, in that we observed essen-
tially the same phenomenon using HIV-l envelope protein
gpl 20, which shares the binding site on CD4 with Leu3a (19,
22). These findings warrant caution in considering HIV vac-

cines that include the CD4-binding epitope of gp1 20/160 be-
cause of its immunosuppressive potential.
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