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The mechanisms controlling induction of anergy at the level of
naive CD4* T cells are poorly understood but thought to reflect
limited contact with costimulatory molecules during T cell antigen
receptor (TCR) ligation. To clarify this question, naive TCR trans-
genic CD4™* cells were exposed to specific peptide presented by
transfected antigen-presenting cells (APC) expressing MHC class I
molecules with defined accessory molecules. Significantly, cultur-
ing CD4* cells with APC expressing MHC Il plus peptide alone
elicited early TCR signaling but failed to induce either proliferation
or anergy. Culture with APC expressing MHC Il plus B7 molecules
led to strong proliferation and T cell priming but no anergy. In
marked contrast, conspicuous induction of anergy occurred after T
cell culture with APC expressing MHC class Il and intercellular
adhesion molecule-1 (ICAM-1). Thus, at the level of naive CD4*
cells, anergy induction appears to reflect selective contact with APC
expressing ICAM-1 in the absence of B7.

rodent | adhesion molecules

he outcome of initial T cell contact with antigen (immunity or

tolerance) is important both for assuring adequate responses to
infectious pathogens and preventing inappropriate responses to
self-antigens. The mechanisms controlling self /nonself discrimina-
tion are not fully understood but may hinge on the function of
costimulatory molecules. For normal immune responses, it is clear
that T cell stimulation involves not only T cell receptor (TCR)
recognition of peptide-MHC complexes but also interactions be-
tween costimulatory receptors and their ligands on professional
antigen-presenting cells (APC). CD28 molecules are the best-
characterized costimulatory receptors on T cells. Binding of CD28
to its B7 ligands complements TCR ligation to promote immuno-
logical synapses between T cells and APC (1, 2) and ultimately the
induction of sustained proliferative responses, cytokine production
(e.g., IL-2 and IL-4), and expression of molecules promoting cell
survival (e.g., Bel-xp) (3-8).

When T cells recognize antigen in the absence of costimula-
tion, however, the results are quite different. For primed T cells,
TCR stimulation (signal 1) without concomitant coligation of
CD28 (signal 2) induces T cell functional unresponsiveness or
anergy characterized by the failure to proliferate or make IL-2
on reexposure to antigen presented in the context of optimal
costimulation (8-12).

Although this paradigm for anergy induction is well estab-
lished for T cell clones and lines, there is considerable contro-
versy as to whether delivery of signal 1 alone also induces anergy
at the level of naive CD4™" T cells. In the studies of Lechler and
colleagues (13), exposure of unprimed CD4" T cells to immo-
bilized anti-CD3 mAb was shown to render the surviving cells
profoundly unresponsive to subsequent mitogen stimulation.
The relevance of this finding to physiological recognition of
MHC-peptide on normal APC is somewhat unclear, because the
affinity of the TCR for peptide-MHC complexes is more than
1,000-fold lower than the affinity of most antibodies and espe-

cially because mAbD crosslinking of CD3 can lead to rapid T cell
apoptosis (13, 14). Other studies supporting the notion that
anergy can be induced in naive CD4* cells after exposure to
signal 1 alone have relied on the use of transfected mammalian
cell lines expressing selected MHC molecules with accessory
molecules such as B7 and intercellular adhesion molecule-1
(ICAM-1) (15, 16). Here there is the concern that mammalian
cell lines may express a wide variety of endogenous cell surface
molecules with the potential to alter T cell responses; addition-
ally, immunomodulatory cytokines and chemokines can be pro-
duced by these cell lines (17), thus making it impossible to
determine which particular interactions are required for the
observed functional outcome. Significantly, circumventing these
problems by stimulating naive TCR transgenic CD4* cells with
immobilized peptide-MHC complexes failed to induce unre-
sponsiveness (18), raising the possibility that something more
than signal 1 was required for anergy induction.

To seek comprehensive information on anergy induction in
naive T cells, we used transfected insect cells as APC for TCR
transgenic CD4* cells. The advantage of Drosophila (Dros) cells
as APC is that these cells lack mammalian costimulatory mol-
ecules and do not produce mammalian cytokines, chemokines,
or soluble receptors. Dros cell lines transfected with murine class
II molecules with or without additional accessory molecules such
as ICAM-1 and/or B7.2 were used to present peptide to class
II-restricted D011 TCR transgenic CD4" T cells. This approach
allowed us to analyze how specific accessory molecules influence
the outcome of TCR peptide recognition.

Materials and Methods

Mice. DO11 TCR transgenic mice (kindly provided by K. Murphy
and D. Loh, Washington University School of Medicine, St.
Louis) were bred at the Scripps Research Institute. BALB/cJ
mice were obtained from The Jackson Laboratory.

Dros Cell Lines. Dros cell lines expressing murine MHC H2-Ad
molecules +/— murine ICAM-1 and/or B7.2 molecules were
generated as described (19, 20). Briefly, cDNA clones for B7.2,
ICAM-1, and H2-A? a and B chains were expressed in Dros
Schneider SC2 cells under the control of a metallothionein
promoter. Cell lines expressing the desired proteins were se-
lected by growing in Schneider’s Dros medium (GIBCO/BRL)

This paper was submitted directly (Track II) to the PNAS office.

Abbreviations: Dros, Drosophila; TCR, T cell antigen receptor; LFA-1, lymphocyte function-
associated antigen 1; APC, antigen-presenting cells; ICAM-1, intercellular adhesion mole-
cule-1; ova, ovalbumin.

*To whom reprint requests should be addressed. E-mail: swebb@scripps.edu.
The publication costs of this article were defrayed in part by page charge payment. This

article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

Article published online before print: Proc. Natl. Acad. Sci. USA, 10.1073/pnas.011397798.
Article and publication date are at www.pnas.org/cgi/doi/10.1073/pnas.011397798

PNAS | January 2,2001 | vol.98 | no.1 | 241-246

IMMUNOLOGY



containing 5% FCS, antibiotics, and 500 ug/ml geneticin as well
as by several rounds of cell sorting. Forty-eight hours before use
in experiments, expression of the transfected genes is induced by
addition of CuSO4 (1 mM).

Cell Purification. CD4™" T cells were purified from pooled lymph
nodes as described (20). Lymph node cell suspensions were
passed over nylon wool columns followed by antibody and
C’-mediated killing of residual cells bearing CD8 (3.168 Ab),
H2-A¢ (MKD6 Ab), H2-E (14-44 Ab), or heat stable antigen
(HSA) (J11d Ab). In some experiments, CD4* T cells were
further purified by depletion of CD8 and class II-positive cells by
using Dynal (Oslo) magnetic beads and separation on a stepwise
Percoll density gradient (Amersham Pharmacia) to enrich for
small resting T cells. Both approaches gave similar results.

Spleen APC were prepared by depletion of T cells by treat-
ment with anti-T cell antibody (anti-CDS8, 3.168; anti-CD4,
RL-172 Ab; and anti-Thy 1, J1j Ab) and C'.

Proliferation Assays. CD4™" T cells purified as above were cultured
in microtiter wells at a concentration of 4-5 X 10* per well with
2 X 10° Dros APC or 5 X 10° mitomycin C-treated T-depleted
spleen APC and the indicated concentration of ovalbumin (ova)
peptide (323-339). Culture medium was RPMI medium 1640
supplemented with 10% FCS/5% NCTC 109/5 X 107> M
2-mercaptoethanol /glutamine /Hepes buffer/antibiotics. Cul-
ture wells were pulsed with 1 wCi [*H]thymidine 12-18 h before
harvesting on glass fiber filters and counting in an EG & G
(Turku, Finland) Wallac Microbeta TriLux scintillation counter.
All cultures were set up in triplicate.

Dros cell lines, which are propagated at 25°C, die within ~24 h
of culture at 37°C, thus excluding any contribution of Dros cell
division to the proliferative responses measured.

ELISA Assays. Culture supernatant was removed from the above
cultures before pulsing with [*H]thymidine for analysis of cyto-
kine accumulation. Cytokines were measured by using a sand-
wich ELISA assay as described (20). Both capture antibodies and
biotinylated detection antibodies were obtained from PharMin-
gen; recombinant cytokines used for construction of standard
curves were either from Genzyme or PharMingen.

Anergy Assays. Naive CD4* T cells purified as above were
cultured with the indicated H2-Ad-expressing transfected Dros
APC and ova peptide in 5 ml of complete culture medium. At
24 h, the Dros cells and peptide were removed by passage over
40% Percoll gradients and the washed CD4" cells were recul-
tured in fresh RPMI medium 1640 complete culture medium for
an additional 3 days. At that time, viable cells were enumerated
and assayed in a typical proliferation assay for their response to
a titration of ova peptide presented by T-depleted, mitomycin
C-treated spleen APC.

Flow Cytometry. Approximately 1 X 10° viable cells were incubated
with the indicated antibodies which had been previously titrated to
determine the optimal concentration for staining. Incubations were
for 20 min and the cells were washed twice between incubations
with PBS containing 2.5% heat-inactivated, y-globulin-free horse
serum and 1% NaNj. Dead cells were excluded by the addition of
propidium iodide and generally data on 10,000 viable cells were
collected by using either a FACsCalibur, FACSort, or FACscan
instrument; data were analyzed by using WINMDI software (Joe
Trotter, The Scripps Research Institute).

Immunoprecipitations and Western Blots. Equivalent numbers of
purified CD4" T cells were mixed with the indicated ova peptide
prepulsed APC for 5 min. Cell lysates were prepared by using lysis
buffer containing 20 mM Tris/150 mM NaCl/200 uM sodium
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Fig. 1. Expression of B7.2 but not ICAM-1 promotes strong CD4* T cell
proliferative responses and cytokine production. D011 CD4* cells purified as
described in Materials and Methods were cultured with ova peptide and class
Il H2-Ad-positive Dros APC with the indicated costimulatory molecules.
[3H]thymidine uptake of triplicate cultures was measured on days 2-5. Super-
natant was removed before addition of [3H]thymidine for analysis of cytokine
production by ELISA. (A) Kinetics of the proliferative response to 1 uM ova
peptide. (B) Dose-response curve of D011 CD4" cells stimulated with the
indicated concentrations of ova peptide presented by Dros APC expressing the
indicated murine accessory molecules. The response shown is that measured
on day 5, the peak response in this particular experiment. (C and D) IL-2 and
IL-4 accumulation in the above cultures was assessed on days 1-4; the peak IL-2
and IL-4 levels in the culture supernatant were observed with 10 uM ova,
which is illustrated.

vanadate /2 mM EDTA /50 mM NaF/0.5% Triton X-100/1 mM
PMSF. After preclearing with Pansorbin (Calbiochem), immuno-
precipitates were collected on Pansorbin precoated with hamster
anti-CD3e Ab (145-2C11) and resolved on 12.5% SDS /PAGE gels
under reducing conditions. Proteins were transferred to Immobilon
P membranes (Millipore), which were incubated with biotin-
conjugated 4G10 antiphosphotyrosine antibody (Upstate Biotech-
nology, Lake Placid, NY) followed by SA-horseradish peroxidase
(Amersham International) and developed by using chemilumines-
cence (NEN). Films were scanned by using a Molecular Dynamics
scanning densitometer and images were analyzed by using IMAGE-
QUANT software (Molecular Dynamics).

Results

Experimental Approach. As a source of APC, Dros cells were
transfected with murine class II molecules along with ICAM-1
and/or B7.2 and used to present ova peptide 323-339 to class
II-restricted, ova-reactive D011 TCR transgenic CD4™ cells (20).
Although Dros cell DNA is mitogenic for mammalian APC (21),
we have seen no evidence to indicate that culture with Dros cells
alone has any detectable effect on rigorously purified CD4*
cells. The efficacy of this approach has now been well docu-
mented (19, 20).

As reported (20) and illustrated in Fig. 14, Dros APC-
expressing class II H2-A¢ molecules in the absence of costimu-
latory molecules (hereafter referred to as H2-AY Dros APC)
failed to induce detectable proliferative responses by highly
purified naive D011 CD4™ cells. By contrast, expression of the
CD28/CTLA-4 ligand B7.2 on H2-AY Dros APC stimulated
strong dose-dependent proliferative responses (Fig. 1 4 and B).
When H2-A¢ Dros APC expressing ICAM-1 without B7.2 were
used as APC, D011 CD4* cells failed to exhibit significant
[*H]thymidine uptake regardless of the day of assay or the
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Fig. 2. Coexpression of ICAM-1 promotes the appearance of the hyperphos-

phorylated p23 form of £. D011 CD4" cells were stimulated for 5 min with the
indicated concentration of ova peptide presented by Dros APC-expressing class ||
alone (IA9), class Il plus ICAM-1 (+ ICAM-1), or class Il plus ICAM-1 plus B7.2 (+
ICAM-1 + B7.2). Cell lysates were immunoprecipitated with anti-CD3e and the
precipitated proteins were resolved on SDS/PAGE. After transfer, phosphory-
lated ¢ was detected by blotting with antiphosphotyrosine (4G10) Ab. The p23¢
bands in the above blot were quantitated by densitometry and the relative
volume was plotted. (B) A second experimentincluding Dros APC expressing B7.2.

concentration of peptide (Fig. 1 4 and B). Similarly, stimulation
with ICAM-1-expressing H2-AY Dros APC failed to induce
significant production of IL-2 or IL-4 as detected by measuring
the accumulation of cytokines in the culture medium by ELISA
(Fig. 1 C and D). By contrast, B7.2-expressing Dros APC induced
strong production of both of these cytokines. Expression of both
B7 and ICAM-1 on APC led to strong proliferative responses
and IL-2 production, although IL-4 was consistently reduced
(data not shown). This latter result supports previous studies by
ourselves and others showing that naive CD4" cells are able to
produce IL-4 via CD28 costimulation (20, 22-25) but only in the
absence of ICAM interactions that down-regulate IL-4 produc-
tion in primary cultures (20, 26).

Early Indicators of CD4+ T Cell Activation. To determine whether
D011 CD4™ cells simply ignored peptide presented by ICAM™
B7~ APC, several early indicators of T cell activation were
examined. Among the earliest events in TCR-mediated signaling
is the activation of src family kinases which phosphorylate ITAM
motifs within the cytoplasmic tails of CD3 and ¢ chains (27-30).
Because TCR signaling alone should be sufficient for { chain
phosphorylation, we tested whether recognition of peptide pre-
sented by H2-A¢ Dros APC +/— ICAM-1 led to phosphoryla-
tion of TCR ¢ chains. D011 CD4* cells were stimulated with ova
peptide presented by H2-A¢ Dros APC lacking accessory mol-
ecules or coexpressing ICAM-1 and/or B7.2 (Fig. 24). Anti-
CD3 immunoprecipitates of cell lysates of these samples were
analyzed by Western blotting by using antiphosphotyrosine
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Fig. 3. Both B7 and ICAM-1 costimulate up-regulation of CD69 and CD25.
Purified D011 CD4™ cells were cultured for ~24 h with ova peptide and Dros
APC expressing the indicated accessory molecules. CD69 and CD25 expression
was assessed by flow cytometry electronically gating on CD4" T cells and
excluding dead cells by using propidium iodide. D011 CD4" cells were cultured
with no ova peptide (shaded histograms) or with 1 uM ova peptide (open
histograms) and the indicated Dros APC.

antibody to assess associated ¢ chain phosphorylation. In the
absence of ova peptide, only the faster migrating form of
phosphorylated ¢ was apparent, irrespective of which APC was
used, thereby confirming the requirement for peptide in this
system. With ova peptide, the slower migrating p23-phosphor-
ylated form of { was detected with all three APC, consistent with
the prevailing view that TCR signaling alone is sufficient for
initiating ¢ chain phosphorylation. Quantitation by densitometry
showed, nonetheless, that tyrosine phosphorylation of p23¢ was
increased significantly after stimulation with H2-A9 APCs ex-
pressing ICAM-1 and/or B7.2 (Fig. 2 A and B). These findings
confirm that TCR occupancy alone is sufficient to initiate TCR
signaling in this system, although ¢ chain phosphorylation is
enhanced by accessory molecule interactions.

Activation of CD4" T cells also is associated with the early
up-regulation of several cell surface molecules including CD69
and CD25. To determine whether ICAM-1 costimulates TCR
signaling as manifested by the expression of these two proteins,
D011 CD4* cells were cultured overnight with ova peptide and
H2-AY Dros APC expressing ICAM-1 and/or B7.2. Expression
of CD69 and CD25 was examined at ~24 h by using flow
cytometry. As illustrated in Fig. 3, stimulation of naive CD4"
cells with peptide presented by H2-AY Dros APC expressing
either B7.2 or ICAM-1 induced marked up-regulation of both of
these cell surface proteins in a dose-dependent fashion (data not
shown). In contrast, culture with H2-A¢ Dros APC (not express-
ing costimulatory molecules) failed to induce either CD69 or
CD25 expression.

In addition to up-regulating activation markers, ICAM-1-
costimulated CD4" cells increased significantly in cell size as
indicated by changes in their forward scatter characteristics (data
not shown) and also exhibited an increase in viable cell recov-
eries when compared with cells cultured with peptide and Dros
APC-expressing class II alone (Fig. 44). Indeed, analysis of cell
division by monitoring 5,6-carboxyfluorescein diacetate succin-
imyl ester (CFSE) staining indicated that despite the lack of
significant [*H]thymidine uptake by ICAM-1-stimulated cells
(Fig. 1), there was some degree of cell division, although much
less than with B7* APC (Fig. 4B). Thus, by these various
parameters, costimulation of naive CD4* cells via ICAM-1
clearly leads to activation of CD4™* cells as suggested previously
(15, 31). Yet these cells fail to expand extensively or synthesize
significant quantities of cytokines. Thus, T cell activation via
ICAM-1 may be considered partial.

Influence of LFA-1-ICAM-1 Priming on Secondary Responses. A variety
of studies in other systems suggest that partial activation of CD4*
cells, i.e., activation that fails to lead to IL-2 production, can have
profound effects on the subsequent responsiveness of these cells
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Fig.4. (A)Viable cell counts after culture of D011 CD4* cells with H2-Ad Dros
APC expressing the indicated costimulatory molecules. Purified D011 CD4*
cells (2 x 10°) were cultured with Dros APC and 1 uM ova peptide in 5-ml
cultures. On the indicated day of assay, viable cell counts were determined by
phase microscopy. (B) D011 CD4" cells were labeled with CFSE as described
before culture as above with Dros APC expressing the indicated accessory
molecules. The results shown were analyzed on day 3 of culture.

when restimulated with peptide presented by APC bearing a full
complement of costimulatory/accessory molecules (32). To deter-
mine whether ICAM-1-mediated costimulation of naive CD4" cells
induces either priming or tolerance, D011 CD4" cells were cultured
overnight with ova peptide and H2-A9 Dros APC expressing
ICAM-1 alone, B7.2 alone, or ICAM-1 plus B7.2. The Dros APC
and peptide were removed at 24 h and the cells were allowed to rest
in fresh culture medium for 3 days before restimulation with
peptide and spleen APC. The subsequent proliferative response
was measured on days 2-5.

As illustrated in Fig. 54, primary stimulation of naive CD4*
cells with B7.2* or B7.2 plus ICAM-1" H2-A¢ Dros APC led to
efficient priming, i.e., a marked reduction (~10X) in the con-
centration of peptide required for peak secondary proliferative
responses to peptide-pulsed spleen APC as compared with naive
unprimed CD4 ™ cells. In contrast, exposure to peptide presented
by Dros APC expressing ICAM-1 in the absence of B7.2 raised
the threshold for optimal responses by 10- to 100-fold [depending
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on the particular experiment and the concentration of peptide in
the priming culture (data not shown)]. These results, which are
representative of 10 separate experiments, indicate that “prim-
ing” CD4" cells by ICAM™* B7~ APC induced strong functional
anergy. Analysis of TCR and CD4 levels on the day of restimu-
lation ruled out the possibility that TCR /CD4 down-regulation
accounted for the hyporesponsiveness observed here because
expression was comparable on ICAM-1 stimulated vs. B7 plus
ICAM-1-stimulated T cells (data not shown). It is important to
emphasize that the hyporesponsiveness of ICAM-1-primed
CD4+ cells does not reflect an irreversible commitment to cell
death because these cells do respond well to high concentrations
of ova peptide.

Significantly, priming CD4" cells in the presence of B7.2~
ICAM-1~ APC, i.e., APC expressing only class II molecules +
peptide, generally had little effect on the threshold of activation,
although the responses were sometimes somewhat lower than
those of naive CD4" cells (Fig. 5B and see Fig. 7B). Given the
typically poor viability of these cells on the day of assay (Fig. 4),
it is quite likely that these lower responses simply reflected the
overall poor health of the surviving T cells.

Cytokines Produced After Secondary Stimulation of ICAM-1- vs. B7.2-
Primed CD4* Cells. The above data indicated that high concen-
trations of peptide were able to overcome the hyporesponsive-
ness of ICAM-1-primed CD4™" cells for proliferative responses.
To determine whether cytokine production was similarly re-
stored by high antigen concentration, we measured IL-2 pro-
duction during the secondary response of ova-primed CD4* cells
to ova peptide /spleen APC. Primary stimulation of naive CD4™*
cells with ova presented by either T-depleted spleen APC, H2-A¢
Dros APC, or B7.2" H2-AY Dros APC generated primed cells
that produced significant levels of IL-2 during the secondary
response; the highest concentration of IL-2 in the culture
supernatants was seen at 10 uM ova peptide, which is illustrated
in Fig. 6A4. Priming with H2-A9 Dros APC expressing ICAM-1
without B7 generated cells that produced much smaller quan-
tities of IL-2 and that required high concentrations of peptide in
culture (Fig. 6 4 and B). Thus, for IL-2 production, high
concentrations of peptide only partially restored the ability of
ICAM-1-primed cells to produce IL-2.

Examination of other cytokines such as IL-10, IFN-+y, and IL-4
suggested that ICAM-1-primed cells had a generalized defect in
cytokine production (Fig. 6B). Thus, whereas B7.2-primed cells
produced large quantities of all of these cytokines, ICAM-1-
primed cells produced barely detectable quantities of any of
these cytokines regardless of the day of assay (days 1-5) or the
concentration of ova used for stimulation.
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Priming with B7.2-expressing APC lowers the threshold for secondary responses whereas priming with ICAM-1 raises this threshold. Purified CD4* D011

T cells were primed by 24-h culture with 1 uM ova peptide presented by H2-Ad Dros APC expressing the indicated accessory molecules. Dros APC were removed
after 24 h and the primed cells rested in fresh complete medium for 3 days before restimulation. Equal numbers of viable primed and freshly isolated *’Naive”
D011 cells were restimulated with mitomycin C-treated T-depleted splenic APC and the indicated concentration of ova peptide. [2H]thymidine uptake of triplicate
cultures was measured on days 2-5 and the peak response (day 4) is illustrated. A and B represent two distinct experiments.
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Fig. 6. Cytokine production during secondary responses of primed D011

CD4™ cells. Purified D011 CD4* cells were cultured as in Fig. 5. Equal numbers
of viable primed cells or freshly isolated “Naive’ D011 cells were restimulated
with T-depleted spleen APC and ova peptide. Supernatant from the secondary
cultures was removed at daily intervals and analyzed for the indicated cyto-
kines by ELISA. Symbols indicate the type of APC used in the primary culture.
(Naive, unprimed CD4+; T-S, T-depleted spleen APC; class II, IA9* Dros APC;
class Il plus B7.2, IA9 + B7.2*+ Dros APC; class Il plus ICAM-1, IA9 + ICAM-1* Dros
APC.) (A Left) The kinetics of IL-2 production with 10 uM ova peptide is shown,
and (Right) the dose-response curves are illustrated (day 3). (B) Maximum
production of IL-10, IFN-vy, and IL-4 was observed with 10 uM ova peptide in
the secondary culture; these results are illustrated here.

Influence of Exogenously Added Cytokines on the Induction and
Maintenance of Anergy. Previous studies examining anergic T cell
clones and lines showed that provision of exogenous IL-2
restored proliferative responses (9, 32). To determine whether
IL-2 had similar effects on hyporesponsive ICAM-1-primed
cells, anergic D011 CD4" cells were restimulated with peptide
presented by splenic APC with or without exogenously added
cytokines. Addition of IL-2 restored secondary proliferative
responses induced by low concentrations of ova peptide to levels
similar to those observed after stimulation with Dros APC
coexpressing ICAM-1 with B7.2 (Fig. 74). Interestingly, al-
though addition of IL-1 alone did little to promote the response
of ICAM-1-primed cells, a combination of both IL-1 and IL-6
also largely restored maximal proliferative responses.

To determine whether cytokines also control the induction of
anergy in naive CD4™ cells, exogenous IL-2 or IL-1 plus IL-6 was
added during the initial 24 h priming culture. In contrast to the
effect of IL-2 in overcoming the hyporesponsiveness of ICAM-
1-primed anergic T cells, addition of IL-2 during the 24-h
priming phase did not significantly interfere with the induction
of anergy (Fig. 7B). Overcoming the induction of anergy with
IL-2 required its presence during both priming and the subse-
quent 3-day rest period (data not shown). Interestingly, in
contrast to IL-2, the presence of IL-1 and IL-6 during the initial
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Fig.7. Cytokines modulate induction and extent of hyporesponsiveness. (A)
Naive D011 CD4" cells were cultured for 24 h with the indicated Dros APC and
1 uM ova peptide without added cytokines. After removal of APC at 24 h and
3 days rest, equal numbers of viable cells were restimulated with ova peptide
presented by splenic APC. Secondary responses at 0.1 uM are shown. In some
cultures, exogenous IL-2 (20 units/ml), IL-1 (20 units/ml), or IL-1 plus IL-6 (60
units/ml) was added to the secondary culture. (B) Naive D011 CD4* cells were
primed for 24 h by culture with Dros APC expressing the indicated accessory
molecules in the presence of cytokines. After 24 h, the cells were washed and
rested for 3 days before restimulation with ova peptide and splenic APCin the
absence of cytokines.

24-h priming culture did prevent the induction of anergy. This
finding is consistent with data showing that both IL-1 and IL-6
provide costimulation for naive D011 CD4* cells cultured with
peptide presented by class II* Dros APC expressing ICAM-1
(data not shown). In these primary proliferative responses, the
effects of IL-1 and IL-6 on proliferation are additive.

Discussion

The findings here clarify the requirements for induction of
anergy in naive CD4* T cells. In contrast with several earlier
studies (13, 16), subjecting naive CD4"* cells to signal 1 alone, i.e.,
to peptide-pulsed class II" APC devoid of mammalian accessory
molecules, led to early TCR-mediated signaling events such as ¢
chain phosphorylation, but failed to activate proliferative re-
sponses or render the cells anergic. This result is in agreement
with the observation of Sagerstrom et al. (18) that exposing
purified naive CD4™" cells to immobilized peptide-MHC com-
plexes failed to induce unresponsiveness.

Our findings extend these studies by showing that T cells dis-
played functional ignorance to cell-bound MHC-peptide com-
plexes displayed on living cells. In addition, we show that in marked
contrast to T cell exposure to MHC-peptide complexes alone,
coengagement of LFA-1 during TCR recognition of peptide-MHC
complexes promotes the induction of conspicuous hyporesponsive-
ness (anergy), as manifested by decreased sensitivity of the cells to
subsequent restimulation with peptide presented by professional
APC exhibiting a full range of accessory molecule ligands. Al-
though the biochemical mechanisms by which ICAM-1 augments
hyporesponsiveness during priming of naive T cells are not yet
defined, the capacity to promote partial CD4" cell activation is
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likely to be a key factor. Thus, although peptide-mediated stimu-
lation of D011 CD4* cells with accessory molecule-deficient APC
leads to early TCR signaling, no downstream evidence for activa-
tion was observed. ICAM-1 expressing APC, in contrast, induced
blastogenesis, expression of activation markers such as CDG69,
CD40L, and CD25, and some cell division. The model we favor is
that, as for cell lines (32), partial activation is required for anergy
induction in unprimed CD4™ cells; unlike cell lines, where signal 1
alone can induce partial activation, naive CD4™" cells are generally
not activated by signal 1 alone. Additional signaling via accessory
molecules is required to achieve partial activation. Although we
have studied only ICAM-1, other accessory molecules might also
promote hyporesponsiveness, e.g., other integrins and their ligands.
The types of molecules involved, though, are likely to be limited.
Thus, testing CD27, one of the weakly costimulatory members of
the tumor necrosis factor receptor family, revealed that although
primary peptide-dependent proliferative responses were poorly
induced by CD27 ligation, the surviving cells were fully functional
on secondary stimulation (M. C. Walsh, E. Chronpoulou, L.K,,
P.A.P.,and S.R.W., unpublished work). With regard to B7, it should
be emphasized that, even with a wide range of peptides, we failed
to see anergy induction with B7+ APC.

How ICAM-1 mediates its anergy-promoting effects is not
clear. One possibility is that anergy simply reflects a strong signal
1. ICAM-1 interaction with LFA-1 facilitates adhesion, thereby
augmenting TCR contact with MHC-peptide and thus intensi-
fying signal 1. The studies reporting anergy in T cells stimulated
with anti-CD3 mAb, which presumably delivers a very strong
signal 1, are at face value consistent with this possibility (13).
Nonetheless, even very high concentrations of peptide (up to
1,000-fold higher than that required for stimulation) failed to
overcome the requirement for ICAM-1 to induce partial acti-
vation and/or anergy in D011 CD4 cells, suggesting that in-
creased ligand density alone is not sufficient. An alternative role
for ICAM-1, which is not mutually exclusive, is that binding to
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LFA-1 induces a qualitatively distinct signal 2, which, in con-
junction with signal 1, causes the cells to enter a refractory
(anergic) state. This idea is difficult to assess because, although
signaling via integrins is well documented, information on LFA-1
signaling in T cells is very limited.

Irregardless of the mechanisms involved, the present data show
that selective contact of T cells with ICAM-1 plus MHC—peptide
during priming leads to a prominent hyporesponsive state. With
regard to in vivo relevance, a number of studies have suggested that
antigen presentation by resting B cells causes T cell anergy instead
of priming (33, 34). This finding is of particular interest because
resting B cells express high levels of ICAM-1 but minimal levels of
B7 (35). Even for dendritic cells, it is notable that immature subsets
can express low levels of B7 with significant levels of ICAM-1 (36,
37). These findings correlate with the observation that T cell
priming in vivo in the absence of adjuvants is often abortive and
leads to anergy induction (38). As suggested elsewhere (39, 40),
adjuvants may function in part by up-regulating B7 on APC; thus,
adjuvants convert anergy-inducing B7° ICAM-1* APC to immu-
nogenic B7" ICAM-1* APC.

The function of adjuvants also may be relevant to our finding
that, unlike IL-2, addition of IL-1 and IL-6 during initial culture
of T cells with B7~ ICAM-1* APC prevented anergy induction,
and instead led to strong priming. This finding is in agreement
with reports that IL-1 and IL-6 provide costimulation for resting
T cells (17, 41-43). Because adjuvants can stimulate synthesis of
cytokines by APC (44-46), adjuvants may prevent anergy in-
duction not only by causing B7 up-regulation but also by
stimulating resting APC to synthesize IL-1 and IL-6; with these
cytokines, even B7'° ICAM-1" APC would be immunogenic.
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