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CD4 Ligand IL-16 Inhibits the Mixed Lymphocyte Reaction’

Arthur C. Theodore,” David M. Center, John Nicoll, Gregg Fine, Hardy Kornfeld, and
William W. Cruikshank

CD4 participation in TCR/CD3-associated activation through interaction with the MHC class Il Ags results in formation of a
CD4-TCR/CD3 complex capable of maximal signal transduction. When CD4 binds to alternative ligands such as HIV-1 gp120
or anti-CD4 Abs, Ag stimulation of TCR/CD3 is markedly inhibited, and an unresponsive state develops. To determine if the
natural CD4 ligand interleukin-16 also induces unresponsiveness, we tested the effects of rlL-16 on T cell proliferation in mixed
lymphocyte reactions. riL-16 suppressed T cell proliferation in a dose-dependent manner at concentrations of 107" to 1077 M.
Inhibition of proliferation was present on days 5 to 9 of the mixed lymphocyte reaction. riL-16 did not modulate membrane
CD4, significantly change basal [*H]thymidine incorporation in resting T lymphocytes, or alter viability. The suppressive effect
was specifically blocked by preincubation with neutralizing anti-riL-16 mAb or with recombinant soluble CD4, While the
expression of IL-2R on responder cells was unaffected by rlL-16, the addition of exogenous riL-2 did not restore T cell respon-
siveness. The unresponsiveness induced by rlL-16 is distinct from that of other CD4 ligands in that CD4 and IL-2R expression
are unaffected. The failure of riL-2 to restore proliferation suggests that the decrease in T cell responsiveness induced by rIL-16
may result from an interruption in the IL-2R-signaling mechanism. These results may help explain how CD4 delivers both

activating and inhibitory signals and provides a rationale for the role of IL-16 in the regulation of immune responses. The

Journal of Immunology, 1996, 157: 1958-1964.

he discovery of CD4 as a receptor of the HIV-1 virus has
led to increased scrutiny of the mechanisms of T cell un-

responsiveness. Normaily, maximal T cell activation and
proliferation requires signaling through the TCR following the
proper presentation of Ag to MHC class I Ags by APC (1-3). This
process involves the formation of a CD4-TCR/CD3 complex, in-
creased expression of IL-2R, and production of IL-2. Improper
presentation by altered APC (4-6), inadequate costimulation (7—
9), chronic exposure to excess Ag (10), or exposure to anti-CD3
mAbs (11-13) can result in T cell anergy. Anergic conditions share
the feature of defective IL-2-related proliferation, which can be
categorized into those in which proliferation recovers with exog-
enous IL-2 and those in which it does not. In the former group,
exemplified by models of neonatal xenograft transplantation, an-
ergy is difficult to induce (14, 15), while the latter group is char-
acterized by a more stable and easily induced anergy such as that
which occurs when allografting is performed across major and
minor histocompatibility Ags (16-18).

Certain ligands that bind CD4 independent of CD3/TCR, such
as HIV-1 envelope glycoprotein (gp120) and anti-CD4 Abs, can
also induce anergy (19-24). Of interest, each of these ligands di-
rectly induces some early responses in resting T cells characteristic
of activation, including chemotaxis (25, 26), activation of p56'*
(27) and nuclear factor-«B (28), and a rise in intracellular inositol

The Pulmonary Center, Boston University School of Medicine, Boston, MA
02118

Received for publication February 20, 1996. Accepted for publication June
7, 1996.

The costs of publication of this article were defrayed in part by the payment of
page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

' This work was supported in part by Grants HL 32802, AF37368-01, and P50
HL 46563 (SCOR in Immunological Lung Diseases) from the National Heart,
Lung and Blood Institute of the National Institutes of Health, Bethesda, MD.

2 Address correspondence and reprint requests to Dr. Arthur C. Theodore, The
Pulmonary Center, R-304, Boston University School of Medicine, 80 E. Concord
St, Boston, MA 02118.

Copyright © 1996 by The American Association of Immunologists

trisphosphate (IP,)® and [Ca®™]; although not all the functions or
signals are common to all of the ligands. Mechanistically it has
been demonstrated that anti-CD4 Abs as well as HIV-1 gp120
could down-modulate CD4 (17, 18, 29-35) and thereby inhibit
both class I MHC-CD4 interactions (17, 29, 36, 37) and CD4-
TCR/CD3 clustering (38). Moreover, these Abs appear to prime
for apoptosis to a CD3 signal (39-42). In vivo, some of these Abs
induce tolerance by opsonization-dependent clonal depletion of
CD4™" lymphocytes by reticuloendothelial cells. However, HIV
2p120 and nondepleting anti-CD4 Abs exert their in vivo effects by
the functional inactivation of T cells. Anti-CD4 Abs that produce
clonal anergy rather than clonal deletion appear to be more
effective in producing graft tolerance in animal models of trans-
plantation and immunosuppression in patients with rheumatoid
arthritis (36, 37, 43-45).

Our laboratory has described and cloned the natural human CD4
ligand, IL-16. IL-16 is secreted from CD8* lymphocytes follow-
ing stimulation with either mitogen, histamine, or specific Ag. Ini-
tially described as a chemoattractant factor capable of inducing a
migratory response in human CD4" lymphocytes (25, 46-48),
monocytes (25), and eosinophils (49), IL-16 stimulation of resting
CD4™ lymphocytes also results in a transient increase in [Ca**];
and generation of IP; followed by an increase in cell surface ex-
pression of IL-2R (25). The activity of IL-16 is absolutely depen-
dent upon the presence of membrane-expressed functional CD4
based on studies demonstrating that only CD4 " cells are respon-
sive to IL-16 stimulation (25, 48-51); that IL-16-induced signals
are all inhibited by anti-CD4 Fab fragments (25, 46-51); that
IL-16 can be immunoprecipitated by recombinant soluble CD4
(rsCD4) (51): that the association of CD4 with p56'* is essential
for the IL-16-induced motile response (27), and finally that CD4
c¢DNA infection, with subsequent membrane expression of human

3 Abbreviations used in this paper: IP, inositol trisphosphate; rsCD4, recombi-
nant soluble CD4; B-gal, B-galactosidase; [Ca®*];, intracellular free Ca®*
concentration,
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CD4 into L3T4-negative, IL-16-unresponsive, murine hybridoma
cells imparts cellular responsiveness as evidenced by rises in
[Ca®"}, and 1P, (50).

Since IL-16 shares agonistic effects on CD4" lymphocytes with
anti-CD4 Abs and HIV-1 gp120, we investigated whether rIL-16
was also capable of inducing unresponsiveness to stimulation with
allogeneic cells in mixed lymphocyte reactions. Unlike HIV-1
gp120, rIL-16 suppresses cell proliferation without modulating
CD4 from the cell surface. The immunosuppressive effects are
maximal when rIL-16 is added to the cells up to 24 h prior to cell
activation and can still be observed when added after responder
and stimulator cells are mixed. Although the induction of high
affinity IL-2R on cells stimulated with allogeneic Ag is not affected
by rIL-16, the inhibitory effect on the mixed lymphocyte reaction
induced by rll-16 is not rescued by the addition of
exogenous IL-2.

Materials and Methods
ril-16 and anti-rIL-16

riL-16 and anti-rIL-16 Ab were generated as previously described (51).
Briefly, a cDNA fragment containing the 1L-16 open reading frame was
generated by PCR and ligated into the Escherichia coli expression vector
pET-16b. The IL-16-polyhistidine fusion protein was purified by metal-
chelation chromatography and passed over a polymyxin B column to re-
move endotoxin (52). A control recombinant protein was generated in the
same manner employing cDNA encoding for 3-galactosidase (rB-gal) and
purified identically. Recombinant $3-gal and rIL-16 were assayed for the
presence of endotoxin using a BioWhittaker QCL 1000 LAL testing kit and
stored in 7.5% glycerol with 0.0001 M HCI at —80°C. Quantification of
protein was performed using a Bradford assay. All rIL-16 and r-gal con-
tained less than 1.0 Endotoxin Us/ml of endotoxin and were used in ex-
periments within 4 wk. Anti-rIL-16 Ab was generated by B cell hybrid-
omas after immunization with rIL-16 using standard techniques (AGMED,
Bedford, MA). Positive clones were identified by their ability to inhibit
rfL-16-induced lymphocyte migration. Ab was purified by affinity chro-
matography using a rIL-16-protein A-Sepharose affinity column (Pharma-
cia Biotech., Uppsala, Sweden). After washing, the column was eluted with
50 mM citric acid, pH 2.5, and the pH was neutralized with the addition of
1/10 volume of 1 M Tris, pH 8.8. Total protein was quantitated by OD.

Cells and cultures

Human PBMCs were obtained from the venous blood of healthy normal
human volunteers by density centrifugation on Ficoll-Paque (Pharmacia
Fine Chemicals, Piscataway, NJ) as previously described (30). T lympho-
cytes were selected by washing the PBMCs three times with medium 199
(M.A. Bioproducts, Walkersville, MD) supplemented with 25 mM HEPES
buffer, 100 U/ml penicillin, and 100 pg/ml streptomycin and incubating on
a nylon wool column for 45 min at 37°C in 5% CQO, (53). The nylon wool
nonadherent T lymphocytes eluted were >97% T lymphocytes as deter-
mined by fluorescent Ab staining with anti-CD3 mAb (Becton Dickinson,
Mountain View, CA). Mixed lymphocyte reactions were performed using
PBMCs (54). Stimulator cells were prepared by incubating cells at 10%/mi
with 25 pg/ml mitomycin C for 20 to 30 min. The cells were then washed
four times with RPMI 1640 supplemented with 25 mM HEPES buffer, 100
U/ml penicillin, and 100 pg/ml streptomycin (RPMI 1640-HPS) and re-
suspended in RPMI 1640-HPS supplemented with 10% fetal bovine serum
(complete medium) at 10° cells/ml. Responder PBMCs were prepared from
an unrelated donor, suspended in complete medium at 10° cells/ml, and
preincubated with 107! to 1077 M rIL-16, identical dilutions of a rB-gal
or medium alone (control) at 37°C in 5% CO, for 1 h before the addition
of stimulator cells. In some experiments, 10 to 100 ug/ml of anti-IL-16 Ab
or 5 to 50 pg/ml 1sCD4 (American Biotechnologies, Cambridge, MA)
were incubated with rIL-16 or r-gal for 1 h at 4°C prior to the preincu-
bation period. In other experiments, 10 to 100 U/ml of rIL-2 were added to
experimental and control samples after 24-h incubation. Responder and
stimulator cells were mixed in a 1:1 ratio and aliquoted into quadruplicate
wells of 96-well round-bottom plates. Unless otherwise stated, the cells
were pulsed with [*H]thymidine on day 5, harvested with a Titretek cell
harvester, and counted in a Becton Dickinson scintillation counter on
day 6.

1959

Table 1. Effects of ril.-16 on proliferation in resting T lymphocytes
Expt. 12 Expt. 2 Expt. 3
Medium 4836 = 1212° 3099 = 636 8852 = 1108
r-gal© 5604 * 1598 3697 * 285 8315 = 1084
rL-169 5282 * 1420 2902 £ 778 7980 = 1198

9 Pretreated T [ymphocytes were cultured for 5 days, pulsed with [*H)thymi-
dine for 18 h, and harvested.

5 Mean = SD cpm from four quadruplicate wells for each sample.

© Equal concentration to rlL-16 based on protein quantity.

91077 M.

Detection of surface Ags and receptors

CD4 expression was analyzed using fluorescein-conjugated OKT4, and
phycoerythrin-conjugated OKT4A mAbs (Ortho Diagnostics). For detec-
tion of IL-2R, cells were stained with fluorescein-conjugated anti-CD23 Ab
(Becton Dickinson) and phycoerythrin-labeled OKT4 Ab. Cells from ap-
propriate cultures were washed, resuspended in PBS, pH 7.4, with 1%
azide and incubated with 0.25 g labeled Ab for 30 min at 4°C. Cells were
then washed three times in cold PBS, pH 7.4, resuspended at 1 X 10°
cells/ml, fixed with 10% formalin, and stored in the dark at 4°C until
analysis with a Becton Dickinson FACScan as previously described (30).

Results
rlL-16 does not stimulate DNA synthesis in resting PBMCs

To determine the effects of rIL-16 on unstimulated cells, PBMCs
were cultured either with rIL-16 (1077 M), a similar dilution of
rB-gal (used as a negative control for the E. coli expression and
purification steps), or complete medium alone (control) for 5 days,
then pulsed with [PH)thymidine for 18 h and harvested. No sig-
nificant difference in [*H]thymidine uptake was seen between me-
dium alone, r3-gal, or rIL-16 (Table I). From days 3 to 7, aliquots
of cells from each group were assessed for viability as determined
by trypan blue exclusion. Over the observation period, cell viabil-
ity gradually decreased in all groups, but there was no significant
difference between the groups (range 78 to 86%).

rlL-16 inhibits the mixed lymphocyte reaction

We next examined the effect of rIL-16 on the mixed lymphocyte
reaction. rIL-16 was used in a concentration dose range (10™'2 to
10~7 M) which was reported previously to induce lymphocyte
migration (51). As shown in Figure 1, rIL-16 added 1 h before the
cells were mixed inhibited lymphocyte proliferation in a concen-
tration-dependent fashion compared with control medium (defined
as 100%). No significant effect was observed with concentrations
below 107" M.

To determine the specificity of the inhibitory effect, neutralizing
anti-rIL-16 mAb (5 X 107° M, sufficient to neutralize 107% M
rIL-16 chemotactic bioactivity) was preincubated with 1072 to
1078 M rIL.-16 prior to the addition of responder cells. This con-
centration of anti-rlL-16 Ab completely inhibited the effects of
rIL-16 (p < 0.01). As expected from the stoichiometry, a 10-fold
higher concentration of anti-rIlL-16 Ab was required to inhibit the
effects of 1077 M rIL-16 (53 + 3% vs 84 + 8%, p = 0.0045).
Similar concentrations of isotype control Abs specific for human
CDS8 Ag did not affect rIL.-16-induced inhibition (data not shown).
In addition, we preincubated rIL-16 with rsCD4 (5 to 50 pg/ml).
The inhibition of lymphocyte proliferation observed with 1077 M
rIL-16 was blocked (114 = 11%, p = 0.0002) with a 10-fold
excess of rsCD4 (50 pg/ml; 107° M). A total of 5 gg/ml (10~7 M)
of rsCD4 was required to block the inhibition induced by all lower
concentrations of rIL-16 (p < 0.01).

Kinetics of riL-16 inhibition of mixed lymphocyte reaction

Since we harvested cells after 6 days’ incubation, it was possible
that the effect exerted by rIL-16 represented a delay in responder

€20z Atenuer |z uo 1senb Aq ypd 856 L/6€LE201/8561/5/LG L /3pd-81one/ounwwif/Bio e sjeuinolj/:dpy woy pspeojumoq



1960

120
‘]

]
100 —
80 —
§_
se
SE B0
=0
3 (53
TR g
40
20 — -#-riL-18 alone
O-riL-18 + anti-riL-18
1 —o—tlL-16 + rsCD4
0 R A B N
-7 -0 -9 -1 -1 - 12
10 10 10 10 10 10
[rIL-18) (M)
FIGURE 1. Inhibition of the mixed lymphocyte reaction by rlL-16

and reversal of effects by anti-rIlL.-16 Ab and rsCD4. Responder cells
were incubated with 1072 to 1077 M rlL-16 for 1 h before the addi-
tion of stimulator cells. Mixed lymphocyte reactions (MLR) were in-
cubated for a total of 6 days with an 18-h [*H]thymidine pulse. The
data, expressed as a percent of proliferation compared with medium
control (defined as 100%) was determined by the formula:

cpm of experimental MLR — cpm of responder
cpm of control MLR — cpm of responder

% Proliferation = X 100.
Parallel dilutions of rg-gal did not produce significant variations from me-
dium control (+6%). Blocking studies were performed by preincubating
riL-16 with 100 ug of anti-riL-16 and 50 pg rsCD4 for the 1077 M con-
centration, and 10 ug of anti-rlL-16 and 5 ug rsCD4 for all other con-
centrations prior to incubation with responder cells. The concentration-
dependent inhibition of the mixed lymphocyte reaction produced by all
concentrations of riL.-16 (p < 0.001) except 1072 M (90 % 7%, p = 0.2)
was significantly reversed by anti-riL-16 Ab (p < 0.01) and rsCD4 (p <
0.01). The means * SE from six experiments are shown. Statistical signif-
icance was determined by a paired Student ¢ test.

cell proliferation such that the suppression of proliferation ob-
served at day 6 would be absent later on. Conversely, rIl.-16 could
have augmented the proliferative response so that the suppression
of proliferation represented “burn out” of the responder cells. To
determine whether the effect of rIL-16 was delaying or accelerat-
ing the normal lymphocyte response, we performed mixed lym-
phocyte reactions in the presence of rIL-16, r3-gal, or medium
alone and harvested them serially from 3 to 9 days. There was no
significant difference in cell proliferation observed between rf3-gal
or medium (data not shown). However, rIL-16 treatment resulted
in diminished [*H]thymidine incorporation on days 5 to 9 (Fig. 2).

Time dependence of ril-16 inhibition of mixed lymphocyte
reaction

The CD4 ligands HIV-1 gp120 and anti-CD4 Abs induce revers-
ible effects on CD4-mediated functions, which recover if the stim-
ulus is removed. To determine if the effect caused by rIL-16 is
reversible, 1077 to 107° M rIL-16 was cultured with responder
PBMCs for 24 h (—24 h) and 1 h (—1 h) before the addition of
stimulator cells, and 1 h (+1 h) and 24 h (+24 h) after responder
and stimulator cells were mixed. Figure 3 shows that the inhibition
of proliferation seen at —1 h and +1 h are not significantly dif-

IL-16-INDUCED T LYMPHOCYTE UNRESPONSIVE

30000 5 g B.gal (control)

@ riL-18 T
20000
=
o
(&)
10000
0 -
3 4 5 6 7 8 9
Days
FIGURE 2. Kinetics of rlL-16 inhibition. Responder cells were incu-

bated with 1077 M rIL-16 or r8-gal (control) 1 h before the addition of
stimulator cells. Aliquots of cells were pulsed with [*Hithymidine on
days 2 through 8 and harvested on the following day (days 3 through
9, respectively). The ordinate represents cpm (mean * SD) from qua-
druplicate wells. Statistical significance between control and rlL-16-
treated samples was determined by a paired Student ttest. (* = p <
0.01, ** = p < 0.05). One representative experiment of three is shown.

ferent for any concentration of rIl-16 added. At —24 h, there was
no significant effect on proliferation with 107° M (108 * 5%);
there was minimal, but significant, inhibition with 1078 M rIL-16
(85 = 3%, p < 0.01); and 1077 M 1IL-16 inhibited proliferation to
an amount comparable with that observed when added at —1 h.
After initiation of the mixed lymphocyte reaction (+24), rIL-16
did not significantly inhibit proliferation at any concentration, al-
though the reduction seen with 10~7 M rIL-16 approached signif-
icance (78 * 11%, p = 0.12).

Exogenous IL-2 does not reverse riL-16 inhibition of the MLR

We next examined whether we could restore proliferation with
exogenous rIL-2. In Figure 4, we compare the proliferation of
107° to 1077 M rIL-16 with and without the addition of rIL-2. No
significant recovery of proliferation was observed using 10 U/ml
rIL.-2. Higher concentrations of rIL-2 further reduced proliferation
(data not shown). The absence of IL-2 recovery was not due to a
decrease in the expression of high affinity IL-2 R, since preincu-
bation with rIL-16 did not change the cell surface expression on
responder cells (Table II).

riL-16 does not modulate CD4 expression

Incubation of CD4" lymphocytes with HIV-1 gpl120 or certain
immunosuppressive anti-CD4 Abs results in a rapid loss of mem-
brane-expressed CD4 (22, 23, 30-35). It is theorized that this mod-
ulation of CD4 contributes to the observed immunosuppressive
effect and priming for apoptosis observed with intact HIV-1. We
investigated whether rIL-16 stimulation had a similar effect on
membrane-expressed CD4. Since OKT4 Fab fragments block the
effects of both natural and rIL-16, suggesting close proximity of
the OKT4 and rIL-16 binding sites, we evaluated the effect of
IL-16 stimulation on CD4 expression using an Ab that binds to a
different domain on CD4, OKT4A. The relative amount of OKT4A
labeling indicates the relative amount of membrane-expressed
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FIGURE 3. Temporal relationship of rlL-16 administration to sup-
pression of the mixed lymphocyte reaction. Responder cells were in-
cubated with 1072 to 1077 M rlL-16 for 24 h (=24 h) or 1 h (=1 h)
before the addition of stimulator cells and 1 h (+1 h) or 24 h (+24 h)
after responder and stimulator cells were mixed. Cuitures were incu-
bated for a total of 6 days from the time stimulator cells were added
with an 18-h [*H]thymidine pulse. The data, expressed as a percent of
proliferation compared with control medium (defined as 100%), was
determined as in Figure 1. A concentration of 1077 M significantly
inhibited proliferation at —24, —1, and +1 h (p < 0.001) but not at
+24 h. Significant inhibition was also seen at —24 h with 1078 M
rll-16 (p < 0.01) but not with 1072 M. No concentration of rIL-16
significantly inhibited proliferation at +24 h. The means = SE from
three experiments are shown. Statistical significance was determined
by a paired Students ¢ test.

CD4, while the relative amount of decrease in OKT4 labeling in-
dicates the presence of rIL-16 bound to CD4. Figure 5 shows the
effect of 1077 M rIL-16 on the expression of membrane-expressed
CD4. The relative amount of OKT4A labeling during the 5 days
remained constant indicating that rIL-16 had no effect on surface
expression of CD4. The decrease in OKT4 labeling at 2 to 6 h
following addition of 1IL-16 suggests some binding competition
with OKT4 Ab consistent with our previous reports that OKT4 Fab
fragments inhibit IL-16-induced chemotaxis and IL-2R expression
(25, 48). The decrease in OKT4 binding diminishes by 24 h.

Discussion

The regulation of CD4" lymphocyte responsiveness to Ag is
markedly altered by accessory molecular interactions involving
CD4 and its association with the TCR/CD3 complex. A dual role
for CD4 has been well established. When T cells are stimulated by
Ag presented by MHC class II molecules, cell activation and pro-
liferation are amplified. However, when CD4 is bound indepen-
dent of Ag by alternate ligands (e.g., HIV-1 gp120 or certain anti-
CD4 Abs) subsequent TCR/CD3-mediated proliferation is
suppressed. In this study we demonstrate reversible inhibition of
allogenic-induced proliferation using a recombinant form of IL-16,
a naturally occurring CD4 ligand with activating properties unre-
lated to MHC class II Ags. The decrease in Ag responsiveness
occurs without loss of cell surface CD4 and is not a result of
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FIGURE 4. IL-2 does not induce recovery from rlL-16 inhibition. Re-
sponder cells were incubated with 1077 to 1077 M rlL-16 for 1 b
before the addition of stimulator cells. After 24 h, 10 U/ml of rlL-2
were added and the reaction was allowed to proceed for another 5
days with an 18-h (>H]thymidine pulse. The data, expressed as a per-
cent of proliferation compared with control medium (defined as
100%), were determined as in Figure 1. rIL-2 increased the prolifera-
tive response of control cells (p < 0.01) but failed to reverse the inhi-
bition in cells treated with rIL-16. The means = SE from four experi-
ments are shown. Statistical significance was determined by a paired
Student ¢ test.

altered kinetics of response. There is no effect on IL-2R expression
or reversal by the addition of exogenous IL-2.

The expression of high-affinity IL-2R unresponsive to exoge-
nous IL-2 in allogenic stimulated cells pretreated with rIL-16 in
these studies suggests the IL-2R signaling pathway may be sup-
pressed. Although the absence of rIL-2 recovery with normal
IL-2R has been reported when the mixed lymphocyte reaction is
blocked by splenocytes following total lymphoid irradiation (55),
this is not the case when anti-TCR/CD3 polyclonal Ab-induced
proliferation is inhibited by HIV-1 gp120 (19, 56, 57). This dis-
parity may relate to the down-modulation of CD4 from the cell
surface by HIV-1 gp120 (30-33) or may result from differences in
binding sites on CD4. The latter hypothesis may explain the dif-
ferences in T cell responses following binding of anti-CD4 Abs
directed at different epitopes of CD4 (58). HIV-1 gp120 interacts
at the D1 and D2 loci and may competitively inhibit MHC class 11
Ags (59, 60) while rIL-16 appears to interact with CD4 near the
epitope that binds OKT4 Ab.

Since the full spectrum of rlIL.-16-induced, CD4-dependent re-
sponsiveness requires tetramerization (51, 61, 62), we suspect that
some of the differences between the rIL-16 suppression of the
mixed lymphocyte reaction and that observed following anti-CD4
Abs and HIV-1 gpl120 may also be related to its ability to cross-
link CD4 into tetrameric aggregates. Some anti-CD4 Abs, when
cross-linked, prime cells for apoptosis when the TCR/CD3 com-
plex is stimulated (39, 40, 63), a phenomenon that has also been
reported with HIV-1 gp120 under some conditions (39, 64-68)
but not in others (19, 41). We have no evidence that IL-16 primes
cells for apoptosis. In fact, this appears unlikely considering the
normal expression of IL-2R on stimulated CD4™" cells and the
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Table Il.  Effects of rlL-16 on IL-2R expression in resting and
stimulated T cells

Resting” Stimulated® Stimulated + riL-16€ % Proliferation

Experiment 19

cp4* 10.1¢ 32.7 (94) 30.3 (96) 688
CD4~ 1.9 5.5 43

Experiment 2
CD4™ 54 274129 29.7 (128) 62
CD4~ 0.9 7.4 4.5

Experiment 3
CD4™ 6.1 33.6(114) 30.3 (116) 70
CD4~ 1.9 4.3 4.9

2 Responder PBMC were cultured alone for 5 days, harvested and stained for
CD4 and IL-2R.

b Responder and stimulator PBMC, cultured and stained under identical
conditions.

<1079 M.

9 Gates were set around the lymphocyte population of the control MLR based
on forward and side scatter characteristics from FACScan analysis. [dentical gat-
ing was used to compare resting T cells and MLR cultures containing rlL-16.
Gating eliminated >99% of stimulator cells from analysis.

¢ Percent of the total gated population staining positively for IL-2R. The av-
erage of the percentage of IL-2R expression for stimulated cells cultured alone
(31.2 = 2.7), or with rlL-16 (30.1 = 0.3) is not statistically different (p = 0.59).

Mean fluorescence intensity of IL-2R+ cells.

# Expressed as percentage of proliferation of rlL-16 cells compared with con-
trol cells in a parallel MLR where:

cpm of experimental MLR—cpm of responder

o, i [P
% Proliferation cpm of control MLR — cpm of responder

100

decreased expression of CD95 noted in response to IL-16.* Rather,
we suspect the aggregation of CD4 into tetramers by IL-16 un-
couples CD4 from the TCR and makes tetramerization with MHC
II molecules impossible, resulting in the loss of mixed lymphocyte
reaction-dependent proliferative activity (69-72). Our experi-
ments do not eliminate the potential immunosuppressive effect of
rIL-16-induced cytokines on the MLR, nor did we address the
effects of rIL-16 on IL-2 synthesis during the mixed lymphocyte
reaction. As regards the latter, prior studies have shown that IL-16
does not directly affect IL-2 synthesis (50), and the lack of recov-
ery following addition of exogenous IL-2 makes this an unlikely
complete explanation for our data.

We found that cells pretreated 24 h before initiation of the
mixed lymphocyte reaction could still be inhibited from prolifer-
ating, but that the dose-response curves had shifted; lesser con-
centrations of rIL-16, which suppressed proliferation at —1 h, did
not do so at —24 h, Interestingly, adding rIL-16 1 h after the mixed
Iymphocyte reaction was initiated suppressed in a fashion that was
indistinguishable from instances when cells were pretreated for
1 h. However, we were unable to significantly suppress the mixed
lymphocyte reaction once the reaction had been in progress for
24 h. These data suggest that the immunosuppressive effects of
rIL-16 are dependent upon its presence near the time of initial Ag
presentation and TCR/CD3R costimulation before complete com-
mitment of the downstream events following the immediate sec-
ond messenger cascade has occurred (73). The suppression of pro-
liferation is reversible in that the response to previously
unstimulated TCR/CD3 returns to normal once CD4 is no longer
bound with rIL-16. On the other hand, suppression is continuously
observed throughout the time course of the mixed lymphocyte re-

4 W. W. Cruikshank, A. C. Theodore, K. Lim, J. Cook, G. Fine, P. F. Weller, and
D. M. Center. CD3-dependent activation and proliferation is suppressed by in-
terleukin-16. Submitted for publication.
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FIGURE 5. Detection of epitope-specific binding of riL-16 to CD4.
Histograms were obtained by FACScan analysis of T cells stained with
FITC-conjugated OKT4 or OKT4A Ab following incubation with 1077
M rIL-16 for 2, 4, 6, and 24 h. Gates were set around the fymphocyte
population, and a total of 5000 cells were analyzed. Linear green flu-
orescence (x-axis) is plotted against relative cell number (y-axis) for
each panel of the composite. A decrease in fluorescence indicates a
decrease in detectable surface Ag and is reflected as a shift to the left
on a histogram. The 0 h time point depicts CD4 expression as deter-
mined by OKT4 and OKT4A staining before the addition of riL-16. At
each subsequent time point for OKT4, the solid histograms represent
CD4 expression of cells incubated with rlL-16 compared with CD4
expression of untreated cells harvested at the same time points (over-
lays). For OKT4A, the overlays of control cells are superimposed on
rIL-16-treated cells shown by open histograms, but no shift is seen
compared with the reference line {(bar). The difference in OKT4 stain-
ing compared with OKT4A indicates displacement by a competing
molecule (rIL-16) proportional to the amount of competitor bound (30,
56). The percent of positively stained cells for both OKT4 and OKT4A
ranged from 50 to 60% in all experiments. One representative exper-
iment of three is shown.
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action if TCR/CD3 stimulation occurs when CD4 is bound to
rIL-16.

The essential role of CD4 as a sentinel receptor is demonstrated
by the effects observed following interaction with rIL-16, as com-
pared with Ag presentation by MHC-bearing APC. Thus, when
CD4 is engaged by MHC with proper Ag presentation, amplifica-
tion of the TCR/CD?3 response occurs; CD4 associates with TCR/
CD3, IL-2R are expressed, and a proliferative signal is propagated
after interaction with IL-2. However, when CD4 is engaged by
rIL-16, the proliferative response to a MHC interaction via the
TCR/CD3 complex is reversibly suppressed. It is likely that this
effect is mediated at multiple levels, including extracellular occu-
pancy of CD4 and receptor second messenger signal cross-desen-
sitization. Since the interaction of rIL-16 with CD4 in the absence
of TCR/CD3 stimulation results in a proinflammatory motile state,
CD4 (and IL-16) may play a role in commitment to the essential T
cell functions of clonal expansion, tolerance, or inflammation.

Although the regulatory role of CD4 on TCR/CD3-mediated
proliferation has been weil documented (69-71, 74, 75), previous
studies have been able to employ only anti-CD4 Abs or prepara-
tions of HIV-1 gp120 as ligands for CD4. Our investigation is the
first to be performed with a recombinant form of a natural CD4
ligand and corroborates prior observations utilizing the alternative
CD4 ligands. The induction of functional unresponsiveness dem-
onstrated with rIL-16 may elucidate the roles of natural IL-16 and
provide a mechanism by which CD4 regulates CD3 in vivo.

Acknowledgment

The authors would like to thank Leah Umina for her help in the preparation
of this manuscript.

References

1. Meuer, S. C., 8. F. Schlogsman, and E. L. Reinherz. 1982. Clonal analysis of
human cytotoxic T lymphocytes; T4* and T8 effector T cells recognize prod-
ucts of different major histocompatability complex regions. Proc. Natl. Acad. Sci.
USA 79:4395.

2. Biddison, W. E,, P. E. Rao, M. A Talle, G. Goldstein, and S. Shaw. 1982,
Possible involvement of the OKT4 molecule in T cell recognition of class IT HLA
antigens. J. Exp. Med. 156:1065.

3. Gay, D., P. Maddon, R. Sekaly, M. A. Talle, M. Godfrey, E. Long, G. Goldstein,
L. Chess, R. Axel, ]. Kappler, and P. Marrack. 1987. Functional interaction be-
tween human T-cell protein CD4 and the major histocompatability complex
HLA-DR antigen. Nature 328:626.

4. Jenkins, M. K., and R. H. Schwartz. 1987. Antigen presentation by chemically
modified splenocytes induces antigen-specific T cell unresponsiveness in vitro
and in vivo. J. Exp. Med. 165:302.

5. Jenkins, M. K., J. D. Ashwell, and R. H. Schwartz. 1988. Allogeneic non-T
spleen cells restore the unresponsiveness of normal T cell clones stimulated with
antigen and chemically modified antigen presenting cells. J. Immunol. 140:3324.

6. Mueller, D. L., M. K. Jenkins, and R. H. Schwartz. 1989. An accessory cell-
derived costimutatory signal acts independently of protein kinase C activation to
allow T cell proliferation and prevent the induction of unresponsiveness. J. Im-
munol. 142:2617.

7. Malkovsky, M., and P. B. Medawar. 1984. Is immunologic tolerance (nonrespon-
siveness) a consequence of interleukin 2 deficit during the recognition of antigen?
Immunol. Today 5:340.

8. Nossal, G. J. V. 1989. Immunological tolerance: collaboration between antigen
and lymphokines. Science 245:147.

9. Keamney, E. R, T. L. Walunas, R. W. Karr, P. A. Morton, D. Y. Loh, J. A.
Bluestone, and M. K. Jenkins. 1995, Antigen-dependent clonal expansion of a
trace population of antigen-specific CD4™ T cells in vivo is dependent on CD28
costimulation and inhibited by CTL.A-4. J. Immunol. 155:1032.

10. Lamb, J. R, E. D. Zanders, W. Sewell, M. J. Crumpton, M. Feldmann, and M. J.
Owen. 1987. Antigen-specific T cell unresponsiveness in cloned helper T cells
mediated via the CD2 pr CD3/Ti receptor pathways. Eur. J. [mmunol. 17:1641.

11. Tomonari, K. 1985. T cell receptor expressed on an autoreactive T cell clone,
Clone 4. 1. Induction of various T-receptor functions by anti-T idiotypic anti-
bodies. Cell. Immunol. 96:147.

12. Lamb, J. R., B. J. Skidmore, N. Green, J. M. Chiller, and M. Feldmann. 1983.
Induction of tolerance in the influenza virus-immune T lymphocyte clones with
synthetic peptides of influenza hemaglutinin. J. Exp. Med. 157:1434.

13. Huard, B., M. Tournier, T. Hercend, F. Triebel, and F. Faure. 1994. Lymphocyte-
activation gene 3/major histocompatability complex class II interaction modu-
lates the antigenic response of CD4* lymphocytes. Eur. J. Immunol. 24:32/6.

20.

21.

22.

23.

24.

25.

26.

27

28.

29.

30.

31

32.

33

35.

36.

37.

38.

39.

40.

41.

1963

. Malkovsky, M., P. B. Medawar, D. R. Thatcher, 1. Toy, R. Hunt, L. S. Rayfield,

and C. Dore. 1985. Acquired immunological tolerance of foreign cells is impaired
by recombinant interleukin 2 or vitamin A acetate. Proc. Natl. Acad. Sci. USA
82:536.

. Holan, V. 1987. Successful induction of specific hyporeactivity to rat skin xe-

nografts in newborn mice. Transplantation 6:809.

. Holan, V., J. R. Lamb, and M. Malkovsky. 1991. Immunological tolerance and

lymphokines. CRC Crit. Rev. Immunol. 10:481.

. Desquenne-Clark, L., H. Kimura, and W. K. Silvers. 1988. The influence of

interleukin 2 on the persistence of tolerance. Transplantation 46:774.

. Tempelis, C. H., K. Hala, G. Kromer, K. Schauenstein, and G. Wick. 1988.

Failure to alter neonatal transplantation tolerance by the injection of interlenkin
2. Transplantation 45:449.

. Liegler, T.J., and D. P. Stites. 1994. HIV-1 gp120 and anti-gp120 induce reversible

unresponsiveness in peripheral CD4 T lymphocytes. J. Acquired Immune Defic.
Syndr. 7:340.

Chace, J. H., J. S. Cowdery, and E. H. Field. 1994. Effect of anti-CD4 on CD4
subsets. I. Anti-CD4 preferentially deletes resting, naive CD4 cells and spares
activated CD4 cells. J. Immunol. 152:405.

Miller, S. B., H. Tse, A. J. Rosenspire, and S. R. King. 1992. CD4-independent
inhibition of lymphocyte proliferation mediated by HIV-1 envelope glycopro-
teins. Virology 191:973.

Mittler, R. S., and M. K. Hoffinan. 1989. Synergism between HIV and gp120 and
gp120-specific antibody in blocking human T cell activation. Science 245:1380.
Chirmule, N., V. S. Kalyanaraman, N. Oyaizu, H. B, Slade, and S. Pahwa. 1990.
Inhibition of functional properties of tetanus antigen-specific T-cell clones by
envelope glycoprotein gp120 of human immunodeficiency virus. Blood 75:152.
Darby, C. R., P. I. Morris, and K. I. Wood. 1992. Evidence that long term cardiac
allograft survival induced by anti-CD4 antibody does not reguire depletion of
CD4" T cells. Transplantation 54:483.

Cruikshank, W. W. J. S. Berman, A. C. Theodore, J. Bernardo, and D. M. Center.
1987. Lymphokine activation of T4™ lymphocytes and monocytes. J. Immunol.
138:3817.

Kornfeld, H., W. W. Cruikshank, S. P. Pyle, J. S. Berman, and D. M. Center.
1988. Lymphocyte activation by HIV-1 envelope glycoprotein, Nature 335:445.
Ryan, T. C., W. W. Cruikshank, H. Kornfeld, T. L. Collins, and D. M. Center.
1995. The CD4-associated tyrosine kinase p56/* is required for lymphocyte che-
moattractant factor-induced T Iymphocyte migration. J. Biol. Chem. 270:17081.
Jababo, N., F. Le Deist, A. Fischer, and C. Hivroz. 1994. Interaction of HIV
gp120 and anti-CD4 antibodies with the CD4 molecule on human CD4™" T cells
inhibits the binding activity of NF-AT, NF-«B, and AP-1, three nuclear factors
regulating interleukin-2 gene enhancer activity. Eur. J. Immunol. 24:2646.
Clayton, A. K., M. Sieh, D. A. Pious, and E. L. Reinherz. 1989. Identification of
human CD4 residues affecting class II versus HIV-1 gpl20 binding. Nature
339:548.

Theodore, A. C., H. Kornfeld, R. P. Wallace, and W. W. Cruikshank. 1994. CD4
modulation of noninfected human T lymphocytes by HIV-1 envelope glycopro-
tein gp120: contribution to the immunosuppression seen in HIV-1 infection by
induction of CD4 and CD3 unresponsiveness. J. Acquired Immune Defic. Syndr.
7-:899.

Wahl, S. M., J. B. Allen, S. Gartner, J. M. Orenstein, M. Popovic, D. E. Che-
noweth, L. O. Arthur, W. L. Farrar, and L. M. Wahl. 1989. HIV-1 and its en-
velope glycoprotein down-regulate chemotactic ligand receptors and chemotactic
function of peripheral blood monocytes. J. Immunol. 142:3553.

Stevenson, M., X. Zhang, and D. J. Volsky. 1987. Down-regulation of cell sur-
face molecules during noncytopathic infection of T cells with human immuno-
deficiency virus. J. Virol. 61:3741.

Kawamura, 1., Y. Koga, N. Oh-Hori, K. Onodera, G. Kimura, and K. Nomoto.
1989. Depletion of the surface CD4 molecule by the envelope protein of human
immunodeficiency virus expressed in a human CD4* monocytoid cell line. J. Vi-
rol. 63:3748.

. Liu, Y., B. Jones, A. Aruffo, K. M. Sullivan, P. S. Linsley, and C. A. Janeway.

1992. Heat-stable antigen is a costimulatory molecule for CD4 T cell growth.
J. Exp. Med. 175:437.

Morel, P., J. F. Nicolas, J. Wijdenes, and J. P. Revillard. 1992. Down-regulation
of lymphocyte CD4 antigen expression by administration of anti-CD4 monoclo-
nal antibody. Clin. Immunol. Immunopathol. 64:248.

Horneff, G., F. Emmrich, and G. R. Burmester. 1993. Advances in immunother-
apy of theumatoid arthritis: clinical and immunological findings following treat-
ment with anti-CD4 antibodies. Br. J. Rheumarol. 32 s4:39.

Goldberg, D., P. Morel, L. Chatenoud, C. Boitard, C. J. Menkes, P. H. Bertoye,
J. P. Revillard, and J. F. Bach. 1991. Immunological effects of high dose admin-
istration of anti-CD4 antibody in rheumatoid arthritis patients. J. Autoimmun.
4:617.

Bank, I, and L. Chess. 1985. Perturbation of the T4 molecule transmits a negative
signal to T cells. J. Exp. Med. 162:1294.

Bettens, F., E. Frei, K. Frutig, D. Mauri., W_J. Pichler, and T. Wyss-Coray. 1995.
Noncytotoxic human CD4" T-cell clones presenting and simultaneously re-
sponding to an antigen die of apoptosis. Cell. Immunol. 161:72.

Choy, E. H,, J. Adjaye, L. Forrest, G. H. Kingsley, and G. S. Panayi. 1993.
Chimeric anti-CD4 monocional antibody crosslinked by monacyte Fc gamma
receptor mediates apoptosis of human CD4 lymphocytes. Eur. J. Immunol.
23:2676.

Martin, S.J., P. M. Matear, and A. Vyakarnam. 1994. HIV-1 infection of human
CD4” T cells in vitro: differential induction of apoptosis in these cells. J. fm-
munol. 152:330.

€20z Atenuer |z uo 1senb Aq ypd 856 L/6€LE201/8561/5/LG L /3pd-81one/ounwwif/Bio e sjeuinolj/:dpy woy pspeojumoq



1904

42.

43.

4.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

39.

Cohen, D. A, E. A. Fitzpatrick, S. S. Barve, J. M. Guthridge, R. J. Jacob,
L. Simmerman, and A. M. Kaplan. 1993. Activation-dependent apoptosis in
CD4" cells during murine AIDS. Cell. Immunol. 151:392.

Olive, D., and C. Mawas. 1993. Therapeutic applications of anti-CD4 antibodies.
Crit. Rev. Ther. Drug. Carrier Syst. 10:29.

Burmester, G. R., and F. Emmrich. 1993. Anti-CD4 therapy in rheumatoid ar-
thritis. Clin. Exp. Rheumatol. 11 8s:139.

Waldmann, H., and S. Cobbold. 1993. Monoclonal antibodies for the induction of
transplantation tolerance. Curr. Opin. Immunol. 5:753.

Center, D. M., and W. W. Cruikshank. 1982. Modulation of lymphocyte migra-
tion by human lymphokines. 1. Identification and characterization of chemoat-
tractant activity for lymphocytes from mitogen-stimulated mononuclear cells.
J. Immunol. 128:2563.

Cruikshank, W. W, and D. M. Center. 1982. Modulation of lymphocyte migra-
tion by human lymphokines. II. Purification of a lymphotactic factor (LCF).
J. Immunol. 128:2569.

Berman, J. S., D. J. Beer, W. W. Cruikshank, A. C. Theodore, and D. M. Center.
1985. Chemoattractant lymphokines specific for the helper/induces T-lymphocyte
subset. Cell. Immunol. 95:105.

Rand, T., W. W. Cruikshank, D. M. Center, and P. F. Weller. 1991. CD4-me-
diated stimulation of human eosinophils: lymphocyte chemoattractant factor and
other CD4-binding ligands elicit eosinophil migration, J. Exp. Med. 173:1521.
Cruikshank, W. W, J. L. Greenstein, A. C. Theodore, and D. M. Center. 1991.
Lymphocyte chemoattractant factor induces CD4-dependent intracytoplasmic
signaling in lymphocytes. J. Immunol. 146:2928.

Cruikshank, W. W, D. M. Center, N. Nisar, M. Wu, B. Natke, A. C. Theodore,
and H. Kornfeld. 1994. Molecular and functional analysis of a lymphocyte che-
moattractant factor: association of biologic function with CD4 expression. Proc.
Natl. Acad. Sci. USA 91:5109.

Issekutz, A. C. 1983. Removal of Gram-negative endotoxin from solution by
affinity chromatography. J. Immunol. Methods 61:275.

Julivs, M. H., E. Simpson, and L. A. Herzenberg. 1973. A rapid method for the
isolation of functional thymus-derived murine lymphocytes. Eur. J. Immunol.
3:645.

Kozak, R. W., C. E. Moody, L. Staiano-Coico, and M. E. Weksler. 1982. Lym-
phocyte transformation induced by autologous cells, X1I. Quantitative and qual-
itative differences between human autologous and allogenic reactive T lympho-
cytes. J. Immunol. 128:1723.

Field, E. H., and G. C. Becker. 1992. Blocking of mixed lymphocyte reaction by
spleen cells from total lymphoid-irradiated mice involves interruption of the IL-2
pathway. J. Immunol. 148:354.

Weinhold, K. I., H. K. Lyerly, S. D. Stanley, S. A. Austin, T. J. Mathews, and
D. P. Bolognesi. 1989. HIV-1 gpl120-mediated immune suppression and lym-
phocyte destruction in the absence of viral infection. J. Immunol. 142:3091.
Oyaizu, N., N. Chirmule, V. S. Kalyanaraman, W. W. Hall, R. Pahwa,
M. Shuster, and S. Pahwa. 1990. Human immunodeficiency virus type 1 envelope
glycoprotein gp120 produces immune defects in CD4™ T lymphocytes by inhib-
iting interleukin 2 mRNA. Proc. Natl. Acad. Sci. USA 87:4022.

Baldari, C. T., E. Milia, M. M. Di Somma, F. Baldoni, S. Valitutti, and J. L.
Telford. 1995. Distinct signaling properties identify functionally different CD4
epitopes. Eur. J. Immunol. 25:1843.

Landag, N. R., M. Warton, and D. R. Littman. 1988. The envelope glycoprotein
of the human immunodeficiency virus binds to the immunoglobulin-like domain
of CD4. Nature 334:159.

60.

61.

—

62.

63.

64.

65.

66.

67.

68.

69.

70.

7L

72.

73.

74.

75.

IL-16-INDUCED T LYMPHOCYTE UNRESPONSIVE

Lamarre, D., A. Ashkenazi, S. Fleury, D. H. Smith, R.-P. Sekaly, and D. J.
Capon. 1989. The MHC-binding and gp120-binding functions of CD4 are sep-
arable. Science 245:743.

Sakihama, T., A. Smolyar, and E. L. Reinherz. 1995. Molecular recognition of
antigen involves lattice formation between CD4, MHC class I and TCR mole-
cules. Immunol. Today 16:581.

Sakihama, T., A. Smolyar, and E. L. Reinherz. 1995. Oligomerization of CD4 is
required for stable binding to class II major histocompatibility complex proteins
but not for interaction with human immunodeficiency virus gp120. Proc. Natl.
Acad. Sci. USA 92:6444,

Geppert, T. D., and P. E. Lipsky. 1991. Association of various T cell-surface
molecules with the cytoskeleton: effect of cross-linking and activation. J. Immu-
nol. 146:3298.

Tuosto, L., C. Piazza, S. Moretti, A. Modesti, R. Greenlaw, R. Lechler,
G. Lombardi, and E. Piccolella. 1995. Ligation of either CD2 or CD28 rescues
CD4™" T cells from HIV-gp120-induced apoptosis. Eur. J. Immunol. 25:2917.
Tuosto, L., M. S. Montani, S. Lorenzetti, E. Cundari, S. Moretti, G. Lombardi,
and E. Piccolella. 1995. Differential susceptibility to monomeric HIV gp120-
mediated apoptosis in antigen-activated CD4™ T cell populations. Eur. J. Immu-
nol. 25:2907.

Westendorp, M. O., R. Frank, C. Ochsenbbauer, K. Stricker, J. Dhein,
H. Walczak, K. M. Debatin, and P. H. Krammer. 1995. Sensitization of T cells
to CD95-mediated apoptosis by HIV-1 Tat and gpl120. Nature 375:497.
Corbeil, J., and D. D. Richmond. 1995. Productive infection and subsequent
interaction of CD4-gp120 at the cellular membrane is required for HIV-induced
apoptosis of CD4™ T cells. J. Gen. Vir. 76:681.

Radrizzani, M., P. Accornero, A. Amidei, A, Aiello, D. Delia, R. Kurrle, and
M. P. Columbo. 1995. IL-12 inhibits apoptosis induced in a human Thl clone by
£p120/CD4 crosslinking and CD3/TCR activation or by IL-2 deprivation. Cell.
Immunol. 161:14.

Ledbetter, J. A., C. H. June, P. S. Rabinovitch, A. Grossman, T. T. Tsu, and J. B.
Imboden. 1988. Signal transduction through CD4 receptors: stimulatory vs in-
hibitory activity is regulated by CD4 proximity to the CD3/T cell receptor. Eur.
J. Immunol. 18:525.

Dianzani, U., A. Shaw, B. K. Al-ramadi, R. T. Kubo, and C. A. Janeway. 1992.
Physical association of CD4 with the T cell receptor. J. Immunol. 148:678.
Szabo, G, Jr., J. L. Weaver, P. S. Pine, P. E. Rao, and A. Aszalos. 1995, Cross-
linking of CD4 in a TCR/CD3-juxtaposed inhibitory state: a pFRET study. Bio-
phys. J. 68:1170.

Diamond, D. ., P. Szalay., D. Symer, P. Hao, H. S. Shin, R. Z. Dintzis, H. M.
Dintzis, E. L. Reinherz, and R. F. Siliciano. 1991. Major histocompatibility com-
plex independent T cell receptor-antigen interaction: functional analysis using
fluorescein derivatives. J. Exp. Med. 174:229.

Manger, B., A. Weiss, J. B. Imboden, T. Laing, and J. D. Stobo. 1987. The role
of protein kinase C in transmembrane signaling by the T cell antigen receptor
complex: effects of stimulation with soluble or immobilized CD3 antibodies.
J. Immunol. 139:2755.

Anderson, P., M.-L. Blue, and S. F. Schlossman. 1988. Comodulation of CD3 and
CD4. J. Immunol. 140:1732.

Rivas, A. S. Takada, J. Koide, G. Sonderstrup-McDevitt, and E. G. Engleman.
1988. CD4 molecules are associated with the antigen receptor complex on acti-
vated but not resting T cells. J. Immunol. 140:2912.

€20z Atenuer |z uo jsenb Aq ypd'8G61/6€L£L01/8561/G/.S L /pd-8jomie/ounwwif/Bio 1ee sjeuinolj/:dpy wouy pepeojumoq



