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Contingent Genetic Regulatory Events in 
T Lymphocyte Activation 

Interaction of antigen in the proper histocompatibility 
context with the T lymphocyte antigen receptor leads to 
an orderly series of events resulting in morphologic 
change, proliferation, and the acquisition of immunologic 
function. In most T lymphocytes two signals are required 
to initiate this process, one supplied by the antigen 
receptor and the other by accessory cells or agents that 
activate protein kinase C. Recently, DNA sequences have 
been identified that act as response elements for one or 
the other of the two signals, but do not respond to both 
signals. The fact that these sequences lie within the 
control regions of the same genes suggests that signals 
originating from separate cell membrane receptors are 
integrated at the level of the responsive gene. The view is 
put forth that these signals initiate a contingent series of 
gene activations that bring about proliferation and impart 
immunologic function. 

A LTHOUGH THE PRECURSORS FOR MOST T CELLS ARISE I N  

the bone marrow, only after migration to the thymus do 
they differentiate to express receptors capable of interacting 

with antigen (1). Thymic differentiation involves the rearrangement 
of genes encoding the antigen receptor (2) and the expression of a 
group of T cell surface proteins that divide mature T cells into those 
that suppress and those that enhance antibody production (3). After 
the rearrangement of antigen receptor genes, T cells are subject to 
selective mechanisms in the thymus that lead to the survival of cells 
able to respond to foreign antigen and the death of cells recognizing 
self-antigen (4).  After these critical events, the T lymphocyte 
migrates through the peripheral blood to other tissues and remains 
quiescent until it comes into contact with its cognate antigen. A 7- 
to lO-day process then begins that results in cell division and 
immunologic functions such as cytotoxicity and the production of 
Iymphokines that induce antibody production by B cells and control 
the growth of granulocyte and macrophage precursors. The initia- 
tion of thls process requires a complex interaction of the antigen 

receptor with the combination of antigen and self-histocompatibil- 
ity molecules on the surface of antigen-presenting cells. These 
complex requirements can in part be met by relatively simple stimuli 
such as calcium ionophores, plant lectins, and antibodies to the 
antigen receptor that are felt to mimic the effects of physiologic 
interactions with the T cell receptor. In addition, agents that activate 
protein kinase C (PKC), such as phorbol myristate acetate (PMA), 
are felt to mimic a requirement for accessory cells and their products. 
These aspects of T cell activation have been the subject of several 
recent reviews (5). 

Along this pathway to irnnlune function the T cell undergoes 
morphologic changes (blastogenesis) at about 12 hours, divides by 
24 to 48 hours, and then differentiates as genes are sequentially 
activated for several days. More than 70 molecules are specifically 
regulated during this process (Table 1). These regulatory events 
begin within minutes of contact with antigen and continue for at 
least 10 days. By analogy to viral systems they can be roughly 
divided into immediate, early, and late genes, although sufficient 
information is not available to categorize every molecule listed. 
Table 1 presents data obtained primarily from human peripheral 
blood T cells; however, data are also included from murine nonma- 
lignant T cell lines that may have differences in the degree or kinetics 
of induction of the molecules listed. 

This complex sequence of gene activations leading to immunolog- 
ic function can be approached by making analogies to several well- 
studied systems of differentiation. Generalities learned from these 
systems include the concept of commitment, after which differentia- 
tion progresses in a relatively autonomous way, and the concept of 
contingent regulatory events that provide temporal order to the 
process of morphologic and functional change. Commitment is used 
here to denote a programming event that may not be irreversible 
(6). Contingency simply indicates that a later event is dependent on 
an earlier event without implying a direct mechanism. These 
fundamental levels of control generally act by regulation of genes 
that commit a cell to a specific pathway of differentiation or allow it 
to proceed along a pathway. Recent developments have made it 
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Fig. 1 .  Functional sequences and sites of DNA-protein interactions within 
the regulatory regions of the IL-2, IL-2 receptor genes, and the LTK of 
HIV. Sequences protected from DNase I digestion by nuclear extracts are 
shown as open boxes and identified as the binding site for the indicated 
nuclear factors. Numbers given at the bottom of the figure represent the 
position in base pairs relative to the initiation site of transcription. Sites that 
have not yet been clearly established are indicated with a question mark. 

possible to search for the molecular basis of commitment and begin 
to identify the contingent regulatory events guiding T cell activa- 
tion. 

The Commitment to T Lymphocyte Activation 
The commitment period for T cell activation has been defined 

with the use of concakvalin A (Con A), a plant lectin whose ability 
to activate T cells depends on the antigen receptor (7, 8 ) .  Cell-bound 
Con A can be removed by washing in the presence of a-methyl 
mannoside (9), which binds Con A-and prevents binding to the T 
cell surface. The removal can be accurately followed by means of 
radiolabeled lectin. These studies indicated that only 2 hours of 
exposure are required to obtain maximal incorporation of [ 3 ~ ] t h p -  
midine at 48 hours (10). In a second approach antibodies to the 
histocompatibility antigen, H - ~ K ~ ,  were used to block activation of 
a murine ~ - 2 ~ ~ - s ~ e c i f i c  T cell clone. After as little as 1 hour the T 
cells are significantly refractory to the effects of the H-2Kb antibody 
and after 3 hours are fully refractory (11). In both of these studies, 
functions acquired late in T cell activation were not tested, and the 
commitment-period may not be the same for all T cell subsets and all 
immunologic functions. Nevertheless, these studies indicate that 
essential events occur during the first 2 hours that are sufficient for 
DNA synthesis and rnorph~logical changes. 

The membrane events initiated when antigedmajor histocompa- 
tability complex (MHC) binds to the T cell antigen receptor are 
similar to those initiated by many hormones. Inositol phospholipids 
are hydrolyzed (14,  intracellular stores of ca" are mobilized (13), 
and membrane and cytoplasmic proteins are phosphorylated (14). 
The role of these events in conveying a signal to the nucleus is not 
clear, since recent reports indicate that &terleukin-2 (IL-2) gene 
expression and proliferation can be initiated in the absence of 
phosphoinositide hydrolysis or an increase in intracellular calcium 
concentration ([ca2+li)  (15). The immediate cell membrane and 
cytoplasmic events associated with triggering the antigen receptor 
are essentially complete within the first 5 minutes and yet 2 hours 
are reauired for commitrncnt to T cell activation. 

One possible way of interpreting the 2-hour requirement is that 
continuous contact with the antigen receptor-T3 complex is essen- 
tial to maintain the concentration of a labile second messenger. " 
Intracellular Ca2+ has been proposed to serve this function, since the 
[Ca2+li does not return to normal but rather intracellular levels 
fluctuate for more than an hour (16-18). Two hours of exposure to 
Con A are required for the activation of the IL-2 gene, correspond- 
ing closely to both the time during which alterations in [Ca2+]i are 
maintained as well as the time during which commitment takes place 
(19). A T cell mutant with no sustained increase in [ca2+], was 

defective in activation of the IL-2 gene (16), strengthening the 
correlation between a sustained increase in [Ca2+li and IL-2 gene 
activation. Other labile second messengers that might serve a role in 
commitment are transient phosphorylations noted after activation 
through the antigen receptor (14, 20), although a function for these 
events has not been discerned. One model is that spatially and 
temporally distributed Ca2+ fluxes between diKerent cellular com- 
partments produce sustained cellular activation (18). The view put 
forth here is that these second messengers are essential to activate 
critical genes that commit a T cell to activation. 

If we assume that 2 hours of antigen stimulation are necessary to 
commit a cell to activation, then none of the genes listed in Table 1 
activated before 2 hours are sufficient for commitment, but any of 
them might play a cooperative role. Nevertheless, genes activated at 
approximately 2 hours after stimulation could conceivably have this 
pivotal role. The recent identification of a single gene able to convert 
fibroblasts to muscle (21), as well as the necessary and sufficient role 
of the lin 12 gene in determining cell type in Caerrorhabditis elegans 
(22), indicates that it is not completely na'ive to search for a gene 
with this type of function in T cell activation. Such an approach 
depends on the accuracy of precisely measuring the commitment 
period, defined here as the time interval during which lectin or 
antigen must be bound to lead to activation. 

Several indirect lines of evidence indicate that the activation of IL- 
2 and its receptor might reflect a commitment event. (i) Since the 
same cell both produces IL-2 and responds to it (23), at least a 
subpopulation of T cells have an autocrine mode of proliferation; 
thus IL-2 and its receptor are required for at least the proliferative 
aspect of activation. (ii) Entry into the S phase of the cell cycle is 
dependent on the IL-2 concentration and the number of espressed 
IL-2 receptors per cell (24), implying that subsequent events are 
regulated by this step. (iii) The genes encoding both IL-2 and its 
receptor are expressed at about the time that T cells become 
committed to activation (20, 25-27). Presumably the mechanisms 
underlying commitment act on both genes. The additional informa- 
tion that these two genes are coactivated with the human immuno- 
deficiency virus (HIV-1) (28, 29), are regulated by the tat-1 gene of 
the human T cell leukemia virus (HTLV-I) (30, 31), and map have a 
role in transformation lends additional interest to a search for the 
events controlling these nvo genes. 

IL-2 Gene Activation and the Search for the 
Molecular Basis of Commitment 

Most of the known regulatory influences over the IL-2 gene 
appear to be mediated by a transcriptional enhancer lying between 
-319 and -52 bp 5' to the transcription initiation site of the gene 
(30, 32-36) (Fig. 1). The functional properties of the enhancer have 
been studied by testing its ability to direct transcription of indicator 
genes such as the chloramphenicol acetyltransferase (CAT) gene 
(37) or the firefly luciferase gene (38) coupled to a ubiquitously 
expressed promoter. When this three-part fusion gene is introduced 
into cell lines, it is expressed only after activation through the 
antigen receptor and only in T cells (33). In a more rigorous test of 
tissue specificity, the expression of a transgene in which the IL-2 
enhancer-directed expression of the murine c-myc gene was restrict- 
ed to activated T cells (39). T cells normally require both triggering 
of the antigen receptor and activation of PKC for IL-2 production 
and proliferation (20, 40). Likewise, the enhancer requires both of 
these signals for its function in transfected T cell lines (33). In a 
mutant cell line lacking the antigen receptor, neither the endoge- 
nous IL-2 gene nor the transfected IL-2 enhancer functions in 
response to lectins or antibodies to the antigen receptor (32). 
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However, the requirement for antigen receptor stinlulation can be 
bypassed if the mutant cells are incubated with calcium ionophore 
and 1'1x4, an activator of PKC (33). Furthermore, as with the 
endogenous IL-2 gene, the function of the transfected IL-2 en- 
hancer can be completely inhibited with cyclosporin A (CsA) (41). 
Finally, a transfected IL-2-CAT construct containing the IL-2 
enhancer that directs transcription through its own promoter can be 
activated by cotransfection of an H'TLV-I tat-l-producing con- 
struct (30, 31, 42, 43). Thus, the IL-2 enhancer transmits all known 
physiologic and pathophysiologic regulatory information for the IL- 
2 gene. 

Table 1. T lymphocyte activation molecules. The categories are based on an 
analogy to viral gene expression. Immediate events are independent of 
protein synthesis; early events require protein synthesis (data not always 
available) but precede cell division, and late events occur after cell division. 
Time refers to the earliest time that the molecule can be detected or that an 
illcrease could be detected. AINA refers to the relative levels in activated 
versus nonactivated cells at peak induction. In some cases these data were not 
available since only fluorescent i~ltensity was measured. Act-2, gene ex- 
pressed in activated human T cells encoding a 99-amino acid protein that is 
potentially secreted; bcl-2, gene located at the chromosomal breakpoint of 
several human lymphomas and leukemias expressed on activated human 
peripheral blood lymphocytes (pbls); TCA 3, n~urine gene encoding a 
protein of 69 amino acids that is probably secreted; pBK791 and pBK642 
are nlurine cDNAs obtained from cytotoxic T cell liries (CTLs); ODC, 
ornithine decarboxplase; SAM, S-adenosyL11ethionine; TGF, transforming 
growth factor; IL-3 to IL-6, interleukin-3 to interleukin-6; Eal,  Ea2, and 
Ea3 are early activation antigens on human and murine pbls; rpt-1, 
regulatory protein of T lymphocytes encoding a nuclear protein that 
potentially suppresses the IL-2R gene and the HIV-1-LTR; 4F2, cell 
surface protein of activated pbls; p28, 28-kD antigen present on human 
peripheral T cells; SECT, gene of human T cells encoding a protein with 

The sequences within the IL-2 enhancer mediating these func- 
tions were defined more precisely by comparing the activity of 
internal deletion mutants and clustered base-pair mutants with the 
wild-type enhancer, after transfection into the Jurkat T cell line (32, 
36). This approach identified four regions, deletions of which 
impair the ability of the enhancer to activate a linked promoter in 
response to signals from the antigen receptor. A more rigorous and 
positive test of function is to investigate the ability of n~ultimers of 
an individual site to activate a linked promoter. When this test was 
applied to the sequences identified from the deletion analysis, two of 
the four sequences, -285 to -255 and -93 to -63, will activate a 

homology to serine esterase; T305, antigen on human peripheral T cells; L- 
35 and L-36 are antigens on mitogen-stimulated T cells; MLR3 is an antigen 
present on cells stimulated in a mixed-lymphocyte reaction; TLiSA1, T 
lineage-specific antigen on murine CTL clones; GM-CSF, granulocyte- 
macrophage colony-stimulating factor; T10, antigen on human T cells; 
LMALA-1, murine-activated lyn~phocyte antigen-1; HIVEN86A, 86-kD 
nuclear proteln that is probably identical to NF-KB and binds the enhancer of 
HIV-1; Ta,, 105-kD antigen of human T4 and T8 cells; Tp  103, similar to 
Ta,; CTLA-1 to CTLA-4, CCPI and CCPII, HF, and the Granzymes are 
cytotoxic T cell-associated sequences present in the granules of T cells felt to 
have a role in cell lillling-identities among this group of proteins are not yet 
clear [compare, for example, (1 10) with (1 1l)I;HLA-DR, major histoconl- 
patibility antigen, class 11; KANTES and 519 are genes expressed in CTLs 
and activated human T cells but not malignant cells; GP-26, 26-kD 
glycoproteill on hurnan pbls; VLA-1 to VLA-5 are heterodimeric proteins 
made up of a common p chain and a unique a chain with sequence similarity 
to each other and to a variety of adhesive proteins including the vitronectin 
receptor-platelet GPIIblIIIa family and the position-specific (PS) antigen 
involved in L)vosopiziln embryogenesis; Act 1, activated T cell antigen on 
human peripheral 'l' cells; LDA-1, late differentiation antigen associated with 
helper inducer function of human T cells. 

Loca- 
tion* 

Katio 
( M A )  

Reference Loca- Katio Time tion* (A/NA) Reference 

c+s t 
Act-2t 
NFAT- 1 
c-myct 
N F - K B ~  

y-Interferont 
IL-2t 
bcl-2t 
TCA 3 t  
pBK 791t 
pBK 642t 
ouct 
C - n b l t  
S L k ?  decarboxylasei 
Insul~n receptor? 
HIV- 1 t 
TGF-pt 
Actint 
IL-2 receptort 
IL-3t 
Lymphotoxin" 
Ed1 
Ed2 
Ea3 
Proenkephal~n" 
rpt- 1" 
4F2t 
~ 2 8  
Cyclint 
SECT? 
IL-4t 
IL- 5 t 
IL-6t 

Itnmedinte 
15 mill N 
15 S 
20 N 
30 N 
30 N 

Early 
30min S 
45 S 

<1 hour C? 
<1 S? 

1 ? 
1 ? 
1 C 
1 N 
1 C 
1 CM 

<2 
<2 S 

2 C 
2 S 
1-2 S 
1-3 S 
3 CM 
3 CM 
3 CM 
2-4 S 

<4 N 
4 CM 
4 CM 
4-6 C 

<6 C 
<6 S 
<6 S 
<6 S 

c-tnybt 
Translsferrint 
T-305t 
L-35 
L-36 
Transferrin receptort 
MLR3 
TLiSAlt 
GM-CSFt 
Galactosyltrarlsferaset 
T10 
MALA- 1 
Neuraminadaaet 
Histone H 3 t  
HIVEN86A 

Granzyme B t  
CTLA-4t 
HLA-DRt 
RwTESt 
GP-26 
VLA 4 
HF, t  C'I'L,A-3,t 

Granzyme A t  
CI'LA-2t 
CCI'II; 
519t 
Act 1 
LDA- 1 
VLA- 1' 
VLA-2 
VLA-3. VLA 5 

Enuly 
16 
6-8 
8 
12 
12 
14 
18 
18-24 

<20 
21 
24 
24 
24-48 
24-48 

<48 

2 days 
2 
2 

2-3 
3-5 
3-5 
3-5 
4 

< 5 

< 5 
< 5 

5 
5-6 
9 
7-14 
7-14 
7-14 

N 
S 
CM 
CM 
CM 
CM 
CM 
CM 
S 
CM 
CM 
CM 
C 
N 
N 

Late 
CM 
CM 
? 

CM 
CM 
S 
CM 
CM 
? 

? 
? 
N 
CM 
CM 
CM 
CM 
CM 

-- 

(67, 72, 97) 
(98) 
(99) 
(100) 
( 100) 

(67, 101) 
(102) 
(90) 

(85, 103) 
(104) 
(105) 
(106) 
(107) 
(67) 
(66) 

(108) 
(109) 

(110, I l l ,  112) 

(111) 
(113) 
(114) 
(115) 
(116) 

(110, 118) 

(111, 112) 
(119) 
(120) 
( 121 ) 
(117) 
(122) 
(122) 
1123) 
\ ,  

+I.ocation refers to the locatlo~l of the molecule within the cell: S, secreted; CLM, cell membrane; C,  cytuplasnllc; N, nuclear. tIndicates genes that have been cloned. 
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linked promoter in response to signals from the antigen receptor 
(32). 

These functional sequences within the IL-2 enhancer presumably 
activate transcription by binding regulatory proteins. The functional 
sequences benveen -285 to -255 and -93 to -63 within the IL-2 
enhancer are protected from deoxpribonuclease (DNase) I digestion 
by proteins in fractionated nuclear extracts from activated T lym- 
phocytes (32). Competition studies with oligonucleotides from the 
protected regions indicate that separate factors with quite distinct 
characteristics bind to these two sites (32). The nuclear factor, 
NFIL-2A, binds to the most proximal regulatoty site identified in 
the IL-2 enhancer between -93 and -63 (Fig. 1) .  This factor is 
present in nuclear extracts of both activated and resting T cells (32). 
Nevertheless, an oligonucleotide representing the sequence protect- 
ed from DNase I digestion can activate a linked promoter in 
response to signals from the T cell antigen receptor. However, in 
contrast to the intact enhancer or the endogenous IL-2 gene, PMA 
makes no contribution to the function of the oligonucleotide (32). 
For this reason, this sequence has been referred to as an antigen 
receptor response element or ARRE-1. Despite the constitutive 
presence of the protein that binds to the -63 to -93 site, this 
region becomes hypersensitive to DNase I in ulhole nuclei from 
activated T cells but not other cell types (34). Additional evidence 
that this site is functional in the regulation of the IL-2 gene is that 
the NFIL-2A binding site can make an unrelated promoter sup- 
pressible by CsA (41). Interestingly, the NFIL-2A protein may have 
a negative function in resting T cells. Mutations at the contact 
guanosines of the NFIL-2A binding site presumably disrupt protein 
binding and lead to constitutive activity of the promoter when the 
SV-40 enhancer is placed upstream of a truncated IL-2 enhancer 
(44). Together these results suggest that the NFIL-2A protein both 
suppresses expression of the IL-2 promoter in nonactivated T cells 
and activates it after cells are stimulated. 

Another antigen receptor response element (ARRE-2) is present 
benveen -285 and -255 of the IL-2 enhancer (Fig. 1). This 
sequence forms a DNA-protein complex first designated NFIL-2E 
(32). Later the factor was renamed nuclear factor of activated T cells 
(NFAT-1) (27) because of its selective expression in activated T 
cells. In the human Jurkat T cell line the following evidence indicates 
that activation of the IL-2 gene is dependent on the prior activation 
of NFAT-1: (i) Deletion of the NFAT-1 binding site significantly 
impairs activity of the IL-2 enhancer (32). (ii) The binding site fused 
to an unrelated promoter u~ill make the promoter T cell-specific and 
responsive to signals initiated at the T cell antigen receptor (27, 32). 
(iii) Cyclosporin A blocks both the activation of the IL-2 gene and 
the ability of the ARRE-2 to activate a linked promoter in response 
to signals from the antigen receptor (41). (iv) NFAT-1 binding 
activity is present in nuclear extracts of activated T cells in amounts 
about 50 times those of other cell types (27). (v) In the human 
Jurkat T cell line the appearance of NFAT-1 precedes the earliest 
detectable appearance of IL-2 mRNA by about 10 minutes (27). (vi) 
Studies in which anisomycin (45), a rapidly acting inhibitor of 
protein synthesis, was added at progressively later times after 
stimulation with PMA and phytohemagglutinin (PHA) indicate 
that the activator of the IL-2 gene is synthesized in Jurkat T cells 
about 20 min after T cell activation (27); this time corresponds to 
the appearance of NFAT-1 after stimulation (27). Together, these 
results indirectly indicate that the activation of the IL-2 gene is 
contingent on the formation of the NFAT- 1 complex (Fig. 2). The 
formation of the NFAT-1 complex is illustrated as requiring tran- 
scription of a new gene, since binding activity is dependent on RNA 
synthesis (27). A single NFAT-1 binding site does not activate 
transcription from an unrelated promoter but requires either reitera- 
tion or another functional site (32). Thus the 10- to 20-min delay 

benveen the appearance of NFAT-1 and the first detection of IL-2 
mRNA may 'rkflect the assembly of some form of functional 
complex. The observation that deletion of either the NFAT-1 or the 
NFIL-2A site abolishes most of the activitv of the IL-2 enhancer 
suggests that the two sites cooperate for full activity; however, each 
protein binds independently (32). To date, the data that indicate 
that IL-2 gene activation is dependent on the expression of NFAT- 1 
come only from studies with the Jurkat T cell line and need to be 
confirmed in subpopulations of normal T cells. 

Although the ;elation of NFAT-1 to the cornmitrnent event is 
unclear, recent evidence suggests that it may have a role in activating 
transcription of HIV-1 (27). The latent virus is activated to produce 
RNA and initiate replication in T cells stimulated with PMA and 
PHA; an event that-may be involved in the breakdown of latent 
HIV-1 infection (46, 47). Transcription from the viral long terminal 
repeat (LTR) is activated between 30 and 120 min after T cell 
stkulation (28, 29), and recent studies indicate that the transcrip- 
tional enhancer within the LTR responds to PMA (46- 49). Within 
the enhancer there are two binding sites for NF-KB (50) (Fig. l ) ,  a 
nuclear factor that binds to the &munoelobulin K chain enhancer 

u 

and regulates transcription of this gene in response to physiologic 
stimuli and also to PMA (48). Deletion of these sites significantly 
impairs the activity of the enhancer. However, addit iona~~e~uences 
within the LTR that are responsive to PHA-stimulated T cell 
activation lie upstream of the enhancer between -278 and -176 
relative to the start of transcription (29). The sequences within this 
functional region between -216 and -254 of the HIV-1-LTR are 

u 

protected from DNase I digestion after incubation with nuclear 
extracts of activated but not nonactivated cells. The protection of 
this region is effectively inhibited by competition with the NFAT-1 
binding site, but not other oligonucleotides (27). In addition, as 
with the NFAT-1 binding site in the IL-2 enhancer, nuclear extracts 
of cells stimulated in the hresence of protein synthesis inhibitors do 
not protect the -216 to -254 sequences of the HIV-1-LTR. 
Finally, the formation of the NFAT-1 complex is inhibited by 
competition with the HIV-1-LTR region extending from -342 to 
- 154 (27). These results indicate that either NFAT-1 or a protein 
with related biological and DNA-binding characteristics is capable 
of interacting with the PHA-responsive region of the HIV-1-LTR 
(Fig. 1). 

The studies of NFIL-2A and NFAT- 1 do not explain why PMA is 
required for activation of the intact enhancer as u~ell as the IL-2 
gene, since the binding sites for these proteins do not activate 
transcription in response to PMA alone or in conjunction with a 
signal from the antigen receptor. However, an AP-1 binding site is 
present in the IL-2 gene at position -240 (51, 52) (Fig. 1). AP-1 is 
the cellular homolog of the v-jlrn oncogene (54 ,  and its binding site 
will make a normally unresponsive promoter responsive to agents 
that activate PKC 151, 541. Deletion of the AP-1 site from the IL-2 

\ ,  , 
enhancer reduces the response of the enhancer to PMA stimulation 
in the EL-4 murine T cell line (52). A functional AP-1 site in the IL- 
2 gene suggests that the control region of the gene is a mosaic of 
elements that respond to signals emanating from the antigen 
receptor and to signals initiated with the activation of PKC. Thus, 
signals initiated &rough two cell membrane receptors may be 
integrated at the level of the responsive gene. A tentative model for 
the activation of the IL-2 gene depicting the relative roles of AP- 1, 
NFIL-2A, and NFAT-1 is shown (Fig. 2). Deletion analysis indi- 
cates that the NFIL-2A site contributes most to the function of the 
enhancer (32). 

Activation of the IL-2 receptor (IL-2R) gene is also essential for 
committment to cell division and immunologic function (55). 
Present data indicate that high affinity binding of IL-2 to its 
receptor involves a trimo~ecu~arinteractidn anlong1~-2 and the two 
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cell membrane-bound polypeptide chains that constitute the com- 
plete receptor (56). A 55-kD chain has been cloned (57) and is found 
primarily on activated T cells but is also present on certain other cell 
types (26, 58). Unlike the IL-2 gene, which is strictly dependent on 
signals from the antigen receptor, the 55-kD chain is expressed after 
activation with tumor necrosis factor (59), IL-1 (60), IL-5 (&I), or 
simply with PMA (26). However, in murine T cell clones, a signal 
from the antigen receptor is sufficient to activate expression of the 
55-kD chain without a requirement for accessory cell stimuli (62). A 
70-kD chain is expressed on a variety of cell types including 
nonactivated T cells (56, 63). Although the sequences responsible 
for the PMA-induced activation of the IL-2 receptor gene have been 
localized 5' of the transcription initiation site (30, 43), there is some 
disagreement about the exact sequences required (30,31, 43, 64, 65). 
Recently a binding site for the PMA-responsive transcription factor 
NF-KB or a protein with very similar characteristics, HIVEN86A 
(66), was localized between -255 and -268 of the transcription 
initiation site (65). Furthermore, this site was found to activate a 
nonregulated promoter in response to PMA-activation of T cells 
transfected with a fusion gene made up of several of the binding sites 
coupled to the thymidine kinase promoter. The proposed binding 
site for NF-KB in the IL-2 receptor was also found to compete for 
binding of authentic NF-KB to the site that had been previously 
identified in the HIV-1 enhancer (48, 65). Thus multiple transcrip- 
tion factors responding to PMA-induced signals (AP-1 and NF-KB) 
and to signals emanating from the antigen receptor (NFAT-1 and 
NFIL-2A) appear to be involved in the early regulatory events of T 
cell activation (Figs. 1 and 2). 

The Role of Cellular Oncogenes in 
T Cell Activation 

At least four oncogenes and one tyrosine kinase homologous to c- 
rvc are regulated during T cell activation (Table 1). Since they are 
expressed at quite different times they might be expected to have 
different roles in this process. An important question is which later 
events, if any, are contingent upon the expression of these genes. 

Early studies showed that c-nzyc gene rearrangements were associ- 
ated with both T and B cell lymphomas and that activation of the c- 
t~zyc gene followed PHA stimulation by about 30 min (67, 68). This 
activation appeared to be a primary response since it could not be 
blocked by cycloheximide (68). The association of c-nzyc activation 
with proliferation was supported by studies with antisense oligonu- 
cleotides to inhibit the activation of the c-myc gene (69). These 
oligonucleotides were added to the cell culture media and were 
taken up by the T cells where they persisted for several hours. Cells 
given short antisense oligonucleotides complementary to the c-nzyc 
RNA had delayed entry into S phase, but cells given a noncomple- 
mentary oligonucleotide did not. Morphologic blast transformation 
was not affected. Thus the response was biologically specific; c-myc 
was not essential for the morphologic changes associated with T cell 
activation but was required for DNA synthesis. Immunologic 
functions related to T cell activation were not studied in these 
experiments. The actual function of c-myc is unknown but these 
studies imply that it may contribute to entry into S phase during T 
cell activation. 

Recent developments have suggested an intriguing role of c-for in 
T cell activation. As in most cells, transient (about 1 hour) 
expression of c-for is rapidly induced after PMA stimulation (67). 
This activation appears to be a direct response to stimulation, since 
accumulation of cytoplasmic mRNA cannot be blocked with cyclo- 
heximide. The rapidity of its induction (10 to 15 min) also suggests 
a direct mechanism. A role for c-Fos in the activation of the IL-2 

gene is suggested by the finding that c-Fos u~ill associate with the 
transcriptional factor AP-1 (70) and that these complexes can 
stimulate transcription (64). The IL-2 enhancer contains a binding 
site for AP-1 (51) (Fig. l ) ,  and this site probably contributes the 
requirement for PMA, since PMA is known to activate AP-1 by a 
posttranscriptional mechanism (51, 54, 71). Because the c+r gene is 
also induced by PMA, the complex of activated AP-1 and the 
induced c-Fos could have a role in activating the IL-2 gene. 

The activation of at least two early genes have been found to be 
contingent on prior expression of IL-2. Interaction of IL-2 with its 
receptor is required for expression of the mRNA for c-nzyb about 6 
hours after PHA stimulation of T cells during mid-GI (67, 72). The 
induction of c-nzyb mRNA precedes DNA synthesis and possibly is 
required for entry into S phase. The activation of the transferrin 
receptor gene also appears to be a consequence of IL-2 interacting 
with its receptor, since it can be blocked with antibodies to either 
IL-2 or its receptor (73). These studies, together with the ones 
mentioned above, suggest that at least two levels of contingent 
events might be operating in T cell activation: early events, such as 
IL-2 expression, that are dependent on induction of NFAT-1 and 
later gene activations such as c-myb, that are dependent on IL-2 
interacting with its receptor. 

Events Providing Temporal Order to T Cell 
Activation 

A central issue for understanding differentiation is the nature of 
the mechanisms providing temporal order. The complexity of this 
problem in T cell activation is illustrated by Table 1. Over 70 genes 
are activated at times ranging from 15 min to 14 days. In several 
louler eukaryotes, evidence suggests that a cascade of gene activa- 
tions might provide temporal order to pathways of differentiation. 
Such cascades have been clearly demonstrated only in prokaryotes 

MacrophageIlL-l/PMA Antigen/Ca2+ ionophorellectin 

\ 
C\ Protein 

ARRE-2 r tT l  1 ARRE.1 1 
Interleukin-2 enhancer 

Fig. 2. A tentative model of the pathways involved in the activation of the 
IL-2 gene in the Jurkat human T cell line. The relative contribution of each 
pathway to the activation of the IL-2 gene is indicated by the thickness of the 
arrow and is estimated from the effects of deletion of the response element 
from the intact enhancer in transfection studies. The gene activated to 
produce the NFAT-1 complex may not encode the DNA binding activity but 
could only contribute to the formation of the complex. CsA indicates the 
proposed site of action of cyclosporin A. The effects of CsA are shown as 
acting after the protein is produced, since it does not interfere with binding 
activity, but only with the ability of multimers of the binding site to activate a 
linked promoter in transfected Jurkat cells stimulated with PHA and PMA 
(41). DAG (diacylglycerol), CaZf, IP3 (inositol 1,4,5-trisphosphate), and 
PKC are postulated to be second messengers in transmitting signals initiated 
at the antigen receptor. TRE is the TPA or PMA response element defined 
by Serfling et al. (52). 
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and yeasts, although there is compelling evidence with some of the 
DNA tumor viruses that early genes may directly activate late genes. 
During T cell activation IL-2 gene transcription is probably contin- 
gent on the prior activation of a gene contributing to NFAT-1 
binding activity with later gene activations contingent on IL-2 
interacting with its receptor. If contingent gene activations are in 
use to order developmental processes, a problem is raised. Most 
primary gene activations in eukaryotes require only about 15 to 20 
min fro111 the time of the initial stimulus to the time that mRNA 
appears, indicating that if one regulatory gene were to simply 
activate the next regulatory gene plus a group of functional genes, 
there would be hundreds if not thousands of such contingent steps 
in a co~rlplex process of differentiation lasting many days. One 
~nechanism by which genes such as the very late activation antigens 
(VLA-1 and 2) could be activated many days after initial contact 
with atnigen is suggested by the presence of very large genes. For 
example, the muscular dystrophy gene is 2000 kbp (74). DNA 
polymerase would require 33 hours to transcribe this gene begin- 
ning at the promoter at the calculated rate of 15 bpls (75). These 
figures suggest that the transit time of polymerase could be used to 
order gene activations in a complex cascade of gene activations. The 
presence of a large gene in a contingent series could cause a delay of 
more than a day in the appearance of an activity associated with its 
protein. Since most of the length of large genes is made up of 
intervening sequences, which evolve rapidly, the repetitive DNA in 
introns could contribute to the temporal phasing of gene expression 
during a developmental pathway. Perl~aps the most intriguing 
implication of this notion is that heterochronic mutants, having 
differences in timing of developmental pathways (76), would arise as 
a result of variations in intron size. Intron size is one of the most 
rapidly evolving aspects of genomic structure. Since abundant 
evidence indicates that species differ from one another not in their 
structural or functional genes but in the timing and degree of 
expression of their genes (75), such rapidly generated heterochronic 
mutants could play a role in speciation. 

The events providing temporal order to T cell activation will 
almost certainly involve mechanisms that cannot be anticipated at 
the present time. Analogies to tvell-studied simple systems point to 
the importance of understanding at least three aspects of T cell 
activation. First, careful determinations of when pure T cell types are 
committed to a variety of late functions will be essential to decipher 
the role of the early activation genes in the initiation of T cell 
activation. A knowledge of these initiation events is particularly 
in~portant for understanding how drugs such as CsA and glucocorti- 
coids are able to block most of the late events in T cell activation, 
presumably by affecting early events. Furthermore, since activation 
of the latent LTR of the HIV- 1 virus may be under the same control 
mechanisms as those involved in the initiation of T cell activation 
(28, 29, 46, 47, 49), an understanding of these early events may lead 
to insights into the breakdown of latency. Second, in order to 
establish causal relations between cell membrane events and the 
activation of genes in the nucleus, it will be essential to understand 
how the proteins binding to the antigen receptor response elements 
are activated to initiate transcription of early genes. Knowing the 
biochemical events involved in the activation of these proteins will 
provide an understanding of the pathways transmitting signals from 
tlle antigen receptor to genes responsible for T cell proliferation and 
the acquisition of immune function. A third significant direction is 
the establishment of contingent relations among the known gene 
activations to determine how the process is temporally ordered and 
how late functions such as cytotoxicity are controlled. To this end, 
mutations in the immediate events of T cell activation have already 
been selected (7, 16) and new insights will emerge as these ap- 
proached are extended to the selection of defects in later events. 
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