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Small changes in the peptide—-major histocompatibility complex (MHC) molecule ligands
recognized by antigen-specific T cell receptors (TCRs) can convert fully activating com-
plexes into partially activating or even inhibitory ones. This study examined early TCR-
dependent signals induced by such partial agonists or antagonists. In contrast to typical
agonist ligands, both an antagonist and several partial agonists stimulated a distinct
pattern of { chain phosphorylation and failed to activate associated ZAP-70 kinase. These
results identify a specific step in the early tyrosine phosphorylation cascade that is altered
after TCR engagement with modified peptide-MHC molecule complexes. This finding
may explain the different biological responses to TCR occupancy by these variant ligands.

Both the development of immature thy-
mocytes and the effector activities of ma-
ture CD8* and CD4* T cells are controlled
by signals arising from the interaction of
clonally distributed receptors (TCRs) with
their natural ligands, short peptides bound
to MHC class I or class II molecules (1). It
has generally been assumed that such pep-
tide-MHC molecule complexes were either
activating TCR ligands (agonists) of vary-
ing potency or were recognized with such
low affinity that no signaling occurred in
their presence. On the basis of this model,
TCR-transduced activating signals have
most often been examined with the use of
high-affinity antibodies to the TCR as mod-
el agonists (2). Recent evidence, however,
indicates that the introduction of minor
structural variations into the original pep-
tide-MHC molecule pair used to prime a T
cell may result in the formation not only of
weak agonists, but of either selectively ac-
tivating (partial agonist) or even inhibitory
(antagonist) TCR ligands (3-5). The prop-
erties of these variant ligands appear to play
critical roles in such fundamental processes
as the positive (6) and negative selection
(7) of developing thymocytes, the induc-
tion of peripheral T cell tolerance (anergy)
(8), the regulation of the type of cytokines
produced by activated T lymphocytes (3,
5), and viral escape from effector T cell
activity (9). TCR antagonists also are being
examined for their potential use in therapy
for T cell-mediated autoimmune diseases
(10). Therefore, determining the molecular
basis for the unique biological effects of
variant TCR ligands is critical for fully un-
derstanding and manipulating a wide range
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of T cell-related immune processes.

In our study here, we used nontrans-
formed T cell clones to examine some of
the intracellular biochemical events in-
duced by structurally related, but function-
ally distinct TCR ligands (11). 3C6 is a
murine T helper cell 1 (T;1), CD4* T cell
clone that responds with proliferation and
interleukin-2 (IL-2) cytokine production
(“agonist” response) to a ligand composed
of pigeon cytochrome c fragment 81-104
[PCC(81-104)] bound to the syngeneic
MHC molecule EZEE (Fig. 1A). In the ab-
sence of any added PCC(81-104), 3C6 cells
also proliferate and produce a small amount
of IL-2 in response to a mutant EXEf class IT
molecule in which the residues at positions

Fig. 1. Differential effects of expo- A
sure to agonist or antagonist pep-
tide-MHC molecule ligands on cy-

tokine production and protein ty-

rosine phosphorylation by the 3C6

CD4* T,,1 clone. (A) Interleukin-2
production by 3C6 cells in the pres-

ence of PCC(81-104) bound to
wild-type EXE (O) or mutant ESEK

(@) MHC class Il molecules. (B) Ty-

rosine phosphorylation of TCR{

and CD3e chains from 3C6 cells B
stimulated for 10 min with increas-
ing concentrations of PCC(81-104)
with the use of transfected L cells
expressing wild-type E5E§ or mu-
tant EXEE, as seen after CD3e anti-
body immunoprecipitation and
phosphotyrosine  immunoblotting.
Similar results were obtained with
TCR{ antibody immunoprecipita-
tion (76). (C) Phosphotyrosine anti-
body-stained protein immunoblot
of the total cell lysates used in (B).
Labels on the right side of the panel
indicate the approximate molecular
sizes of the major species showing
enhanced tyrosine phosphorylation
upon antigen stimulation.
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75 and 79 in the E; chain have been
changed to those present in the allelic vari-
ant Eg (5) (Fig. 1A). As shown here (Fig.
1A) and as previously reported (5), a com-
plex consisting of PCC(81-104) bound to
these mutant E,Eg molecules constitutes a
TCR antagonist that inhibits the IL-2 re-
sponse stimulated by the mutant E_Ez mol-
ecule itself.

Studies in this as well as other models
have suggested that a parallel decline in all
signaling events as a result of antagonist
competition for TCR binding sites could
not explain selective antagonism of specific
effector functions. Rather, they raised the
possibility that TCR engagement by antag-
onists may result in an atypical pattern of
intracellular biochemical changes (5, 12).
Such changes would likely involve steps
preceding agonist-induced generation of in-
ositol triphosphate and changes in intracel-
lular calcium concentration ([Ca?*],), as
these events are inhibited by TCR antago-
nists (4, 13). Because one of the earliest
events of TCR-mediated signaling is ty-
rosine phosphorylation of TCR subunits
(2), we carried out phosphotyrosine anti-
body immunoblotting of CD3e antibody
immunoprecipitates from lysates of 3C6
cells exposed to agonist or antagonist li-
gands (14). Exposure of T cells to PCC(81-
104) associated with wild-type E‘;E‘“3 class I1
molecules (agonist) resulted in a dose-de-
pendent appearance of tyrosine-phosphoryl-
ated receptor chains of 21, 23, and 27 kD
(Fig. 1B). These bands represent two phos-
phorylated isoforms of the TCR{ chain
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(pp21 and pp23) and the CD3e subunit
(pe), respectively (15, 16). Unexpectedly,
tyrosine phosphorylation of TCR{ increased
in a dose-dependent manner in 3C6 cells
exposed to the PCC(81-104)-mutant E_Eg
combination (antagonist) (Fig. 1B), desplte
the inhibition of IL-2 production mediated
by TCR engagement of this ligand. This
constitutes a qualitative change from the
pattern seen in agonist-exposed cells, in
which both ¢ phosphorylation and IL-2 pro-
duction increase together as more ligand is
provided. This dichotomy between antago-
nist and agonist effects was also apparent in
the specific pattern of tyrosine phosphoryla-
tion of TCR{. Antagonist induced the for-
mation of small amounts of pp23 in compar-
ison to the amount of pp21 formed, whereas
agonist induced the formation of relatively
similar amounts of both (Fig. 1B). Finally, in
contrast to 3C6 exposed to agonist
PCC(81-104)-wild-type E.E; complexes,
the antagonist-induced mcrease in pp21 ¢
occurred without a strong increase in ty-
rosine phosphorylation of the CD3¢ subunit,
compared to the amount induced by the
weakly stimulatory mutant class II molecule
alone (Fig. 1B).

Tyrosine phosphorylation of TCR sub-
units precedes and is critical to tyrosine
phosphorylation of many other intracellular
substrates involved in downstream signal-
ing. When analyzed with the use of cell
lysates, exposure of 3C6 cells to increasing
amounts of agonist ligand [PCC(81-104)
bound to wild-type E_E; molecules] result-
ed in a clear concentratlon-dependent in-
crease in tyrosine phosphorylation of sever-
al substrates (one or more proteins of 36 to
50 kD, three proteins of 70 to 75 kD, and
several proteins greater in molecular mass
than 100 kD) in a pattern resembling that
observed by cross-linking the TCR with
antibodies (17) and peptide-MHC mole-
cule agonists (15, 18) (Fig. 1C). The weak
stimulatory activity of mutant E_E; class II
molecules alone did not lead to reproduc-
ible increases in substrate phosphorylation
in total cell lysates, although small in-
creases in phosphorylation of the 70 to 75
substrates were occasionally observed.
Most significantly, despite the ability of
PCC(81-104)-mutant E E, complexes to
stimulate increased { cham phosphoryl-
ation, exposure of the 3C6 TCR to this
antagonist ligand did not lead to reproduc-
ible increases in tyrosine phosphorylation
of the different substrates visualized after
agonist stimulation (Fig. 1C).

These results are consistent with the
idea that TCR antagonists alter the phos-
phorylation cascade by inducing a distinct
pattern of TCR subunit tyrosine phospho-
rylation that fails to recruit or activate the

appropriate downstream tyrosine kinases.
Among these, ZAP-70, a 70-kD non-src
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family kinase, has been shown to play a
critical role in effective CD4™ T cell acti-
vation (19). The enzymatic function of
ZAP-70 appears dependent on its binding
to tyrosine-phosphorylated { and its own
subsequent tyrosine phosphorylation (20).
Because phosphorylation of { was induced
by both agonist and antagonist, but only
agonist and not antagonist stimulated the
appearance of tyrosine-phosphorylated pro-
teins in the size range corresponding to
ZAP-70 (Fig. 1C), we examined ZAP-70
interactions with { as well as the phospho-
rylation state and enzymatic activity of
ZAP-70 upon TCR engagement by these
ligands. Phosphotyrosine immunoblotting
of ZAP-70 antibody immunoprecipitates
from lysates of 3C6 cells exposed to agonist
complexes revealed a phosphorylated 70-
kD triplet coprecipitating with phosphoryl-
ated ¢ (p¢) and pe (Fig. 2, top). As before,
both pp21 and pp23 { isoforms were present
in relatively equal amounts. The identifica-
tion of ZAP-70 as one of the 70-kD bands
was confirmed by disruption of the material
from the ZAP-70 immunoprecipitates with
SDS sample buffer, renaturation, and repre-
cipitation with antibodies to ZAP-70 (21).

In contrast to agonist-stimulated T cells,
direct immunoprecipitation of ZAP-70 from
cells exposed to antagonist ligand resulted in
the coprecipitation of p{ without evidence
of detectable phosphorylated ZAP-70 (Fig.
2, top), although comparable amounts of
total ZAP-70 were precipitated in each case
(Fig. 2, middle) (22). Immunoprecipitation
with antiserum to ZAP-70 appeared to favor
coprecipitation of pp23 { in these antago-
nist-stimulated cells, although the ratio of
pp23 to pp2l was still less than that seen
with agonist under similar immunoprecipi-
tation conditions. In agreement with these
data on differential tyrosine phosphoryla-
tion of ZAP-70, only agonist-stimulated
3C6 cells showed a significant increase in
specific ZAP-70 kinase activity as measured
by the phosphorylation of an exogenous
peptide substrate (14) (Fig. 2, bottom) or in
ZAP-70 autophosphorylation activity (16).

The distinctive pattern of biochemical
signaling seen with the 3C6 clone after
exposure to antagonist TCR ligand was also
observed with another Ty1 clone. A.E7 is a
murine CD4* T cell clone that expresses a
different TCR from that of 3C6 and that
responds to PCC(88-104) bound to wild-
type E"Ek Some PCC(88-104) analogs
with substltutlons at the major epitopic res-
idue (position 99) act as partial agonists for
the A.E7 TCR, showing various capacities
to evoke IL-2 or IL-3 responses (Fig. 3A).
Exposure of A.E7 cells to agonist ligand
resulted in a pattern of receptor subunit
(Fig. 3B) and total cellular substrate (Fig.
3C) tyrosine phosphorylation similar to
that of 3C6. In contrast, stimulation with
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Fig. 2. ZAP-70 association with phosphorylated ¢,
but not phosphorylation or activation in response to
antagonist ligands. The top panel shows a phos-
photyrosine antibody protein immunoblot of ZAP-
70 immunoprecipitates from 3C6 cells cultured
with transfected L cells bearing wild-type ESEf or
mutant E“E',; class Il molecules in the absence (-)
or presence (+) of 100 pM PCC(81-104). The es-
timated molecularsizes of the tyrosine-phosphoryl-
ated substrates are indicated on the right. A protein
immunoblot developed with ZAP-70 antiserum
showed constant amounts of total ZAP-70 in each
lane (middle panel). The bottom panel shows an in
vitro kinase assay performed with ZAP-70 antibody
immunoprecipitates from lysates of the same
groups of 3C6 cells, with the use of the cytosolic
domain of erythrocyte band 3 as a substrate.

the partial agonists resulted in phosphoryl-
ation patterns resembling those of antago-
nist-exposed 3C6, with preferential forma-
tion of pp21 ¢ (Fig. 3, B and C) and a lack
of phosphorylation of multiple cellular sub-
strates, especially those in the 70- to 75-kD
range (Fig. 3C). Again, immunoprecipita-
tion with antiserum to ZAP-70 showed as-
sociation of pp21 { with ZAP-70, which was
neither tyrosine-phosphorylated nor kinase-
active (16). Not all substituted peptides
evoked { phosphorylation, however, and
the extent of { phosphorylation was not
directly related to the amount of cytokine
produced (Fig. 3, A and B).

Thus, these experiments provide evi-
dence for distinct patterns of early bio-
chemical events accompanying engagement
of the TCR by structurally related peptide—
MHC molecule ligands. In contrast to what
is observed with typical agonists, antago-
nists can induce increasing receptor subunit
phosphorylation in the face of decreasing
downstream effector responses. Both antag-
onists and partial agonists stimulate the
generation of tyrosine phosphoproteins in
patterns that we have been unable to repro-
duce by titration of agonist ligand. A relat-
ed phenomenon has also been noted after
stimulation of CD4~ cells with short pep-
tides that fail to induce IL-2 secretion by



Fig. 3. Effects of variant peptide A
ligands with partial agonist proper-
ties on tyrosine phosphorylation in
the A.E7 CD4* T,,1 clone. (A) IL-2
and IL-3 production of A.E7 cells in
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such cells but that were complete agonists
for CD4" cells with the same TCR (23).
Finally, both antagonists and partial ago-
nists lead to ZAP-70 association with p{
without subsequent phosphorylation or ac-
tivation of this critical kinase, a finding
that may account for some of the reported
defects in functional T cell responses after
exposure to variant TCR ligands (24).

Association of nonphosphorylated ZAP-
70 with the pp2l form of { has recently
been reported in freshly isolated thymocytes
and lymph node cells and has been suggest-
ed to be the result of opposing constitutive
tyrosine kinase and phosphatase activities
not involving TCR engagement (25). Giv-
en our findings here that a similar pattern
arises from TCR occupancy with partial
agonists or antagonists, it is intriguing to
speculate that this phenotype could in part
arise from constant TCR interaction with
self-peptide-MHC ligands possessing the
properties of TCR partial agonists or antag-
onists. This may indicate that effective
activation of T cells by foreign antigenic
peptides requires overcoming TCR antag-
onism by endogenous ligands and that par-
tial agonist stimulation is a significant
mode of receptor signaling in developing
thymocytes.

Our findings make unlikely a strictly
competitive model of TCR antagonism in
which the inhibitory ligand simply reduces
the number of available TCR binding sites
and thus decreases occupancy by available
agonist (5, 24). Instead, we favor a model in
which TCR partial agonists or antagonists
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induce changes in either the stability or
physical organization of activating TCR-
coreceptor (CD4 or CD8) oligomers (26).
This is in agreement with previously pro-
posed models derived from studies of non-
lymphoid cells, which postulate that effec-
tive intracellular signaling involves ligand-
dependent and density-related receptor
clustering, as well as a requirement for a
minimal time of individual receptor occu-
pancy (27). The description here of a com-
mon alternative pattern of intracellular sig-
naling by partial agonists and antagonists
should aid both in reaching a more refined
understanding of TCR signal transduction
pathways, as well as in relating studies on
the affinities of TCR-ligand interactions
and on TCR-dependent protein-protein in-
teractions to the control of T cell function.
Note added in proof: Since submission of
this report, Sloan-Lancaster et al. (28) have
reported similar results regarding predomi-
nant induction of the TCR{ pp21 isoform
and a lack of ZAP-70 activation after expo-
sure of T cell clones to anergy-inducing
variant peptide-MHC class II ligands.
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Cytostatic Gene Therapy for Vascular
Proliferative Disorders with a Constitutively
Active Form of the Retinoblastoma Gene Product
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Vascular smooth muscle cell (SMC) proliferation in response to injury is an important
etiologic factor in vascular proliferative disorders such as atherosclerosis and restenosis
after balloon angioplasty. The retinoblastoma gene product (Rb) is present in the un-
phosphorylated and active form in quiescent primary arterial SMCs, but is rapidly inac-
tivated by phosphorylation in response to growth factor stimulation in vitro. A replication-
defective adenovirus encoding a nonphosphorylatable, constitutively active form of Rb
was constructed. Infection of cultured primary rat aortic SMCs with this virus inhibited
growth factor—stimulated cell proliferation in vitro. Localized arterial infection with the virus
at the time of balloon angioplasty significantly reduced SMC proliferation and neointima
formation in both the rat carotid and porcine femoral artery models of restenosis. These
results demonstrate the role of Rb in regulating vascular SMC proliferation and suggest
a gene therapy approach for vascular proliferative disorders associated with arterial injury.

The arterial wall is a complex multicellular
structure and is important in the regulation
of inflammation, coagulation, and regional
blood flow (1). Vascular SMC:s are located
predominantly in the arterial tunica media
and are important regulators of: vascular
tone and blood pressure. These cells are
normally maintained in a nonproliferative
state in vivo (1,.2). Arterial injury results in
the migration of SMCs into the intimal
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layer of the arterial wall, where they prolif-
erate and synthesize extracellular matrix
components. This neointimal SMC prolif-
erative response has been implicated in the
pathogenesis of atherosclerosis (2). In addi-
tion, arterial injury after percutaneous bal-
loon angioplasty of the coronary arteries
results in neointimal SMC proliferation and
clinically significant restenosis in 30 to 50%
of patients (3). Many growth factors induce
the proliferation of vascular SMCs in vitro
and in vivo (3, 4). This redundancy in
growth factor signaling pathways has led to
the suggestion that effective cytostatic ther-
apies for vascular proliferative disorders
should target nuclear cell cycle regulatory
pathways rather than more proximal signal
transduction molecules (5).

The Rb protein inhibits cell cycle pro-
gression in many mammalian cell types (6,
7). For example, in resting (G,) peripheral
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blood T cells, Rb is unphosphorylated and,
in this state, binds to and inactivates a set of
cellular transcription factors, .including E2F
and Elf-1, that are required for cell cycle
progression (8). After T cell activation, Rb
is rapidly phosphorylated and the Rb-E2F
and Rb-Elf-1 complexes are thereby dis-
rupted (8, 9). The release of these transcrip-
tion factors is associated with progression
through the G,/S checkpoint of the cell
cycle and subsequent T cell proliferation.
Given its important role in regulating cell
cycle progression, we reasoned that Rb
might also be an important regulator of
vascular SMC proliferation.

To study the expression and regulation
of Rb in vascular SMCs, we arrested cul-
tured primary rat aortic SMCs in the G,/G,
phase of the cell cycle by incubating them
in serum-free medium for 96 hours and then
induced the cells-to proliferate by exposing
them to 10% fetal bovine serum (FBS). The
expression and phosphorylation of Rb were
assessed by immunoblot analysis of whole
cell extracts. After serum withdrawal,
>85% of the cultured SMCs were arrested
in G, or G, of the cell cycle as assayed by
propidium iodide staining and fluorescence-
activated cell sorting analysis (10). These
quiescent cells contained exclusively un-
phosphorylated Rb (10). Serum stimulation
of the cells was associated with their pro-
gression into the S phase of the cell cycle,
and the concomitant, progressive phosphor-
ylation of Rb during the first 24 hours after
stimulation (10).

To test directly the role of Rb in regu-
lating cell cycle progression in SMCs, we
constructed a replication-defective adeno-
virus vector, AdARb (11), that encodes a
nonphosphorylatable, constitutively active
form of human Rb (HAARb) containing a
10-amino acid, NH,-terminal epitope tag
from the influenza hemagglutinin molecule
(12). In this vector, transcription of the Rb
gene is controlled by the cellular elongation






