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SUMMARY

The transgenic T-cell receptor in mouse TEa CD4" lymphocytes recognizes an endogenous
peptide, Ea52-68, presented in the context of the major histocompatibility complex class II
molecule I-A°. In response to an optimal peptide concentration TEa cells enter the cell cycle and
proliferate. However, a single exposure to high doses of the specific peptide diminished cell
expansion upon subsequent restimulation. This hyporesponsive, or anergic, phenotype can still be
detected after multiple restimulations indicating that the hyporesponsiveness persists despite cell
division and it was inherited by daughter cells. Furthermore, we demonstrated that this hypopro-
liferative response is associated with high p275'P! and cyclin E protein levels, and reduced intra-
cellular interleukin-2 (IL-2) expression. Addition of exogenous IL-2 was required to reset p27<iP!
levels in the progeny derived from hyporesponsive TEa cells. Thus, we have established antigen dose-
dependent induction of a reversible, inheritable (i.e. epigenetic) phenotype and we have identified at

least three components of the network of interactions: p27%"' cyclin E, and IL-2 expression.

INTRODUCTION

Mature CD47 T cells are first activated via engagement of their
T-cell receptor (TCR) with an antigen presented in the context
of major histocompatibility complex (MHC) class II molecules
on antigen-presenting cells (APC)." Stimulation through the
TCR triggers a series of events that culminate in the expression
of the interleukin-2 receptor (IL-2R) and competence to respond
to interleukin-2 (IL-2). Binding of IL-2 to its receptor promotes
the activated T cells to enter the cell cycle and, eventually, to
proliferate. When T cells become stimulated in the absence of
IL-2 production, a state of T-cell anergy ensues, which is
defined as the inability of a viable T cell to display certain
functional responses, such as proliferation or IL-2 production,
under otherwise stimulatory conditions.

The series of events involved in T lymphocyte cell cycle
entry and progression through the G, phase are correlated with
the status of two families of proteins known as cyclins and
cyclin-dependent kinases (Cdks).>™ Activation of Cdks is
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initiated through binding with distinct cyclin proteins (i.e.
cyclin E, a G; cyclin) and each phase of the cell cycle displays
a particular set of activated Cdks (i.e. cyclin E/Cdk2 near the G,/
S transition). Regulation of activated cyclin E/Cdk2 complexes
is mediated by a member of the p21 family of cyclin-dependent
kinase inhibitors (or Cdkls), namely p27%"P! 36 In quiescent T
cells, p27%"! protein levels are in excess of cyclin/Cdk com-
plexes and the transition from G, to S phase is inhibited. When
cells are exposed to exogenous IL-2, p27%"P! levels decrease
substantially allowing cyclin/Cdk activation and cell-cycle
progression.”™'? In this study, we present evidence that supports
a similar role for the cyclin-dependent kinase inhibitor p27<'?!
in the blockade of clonal expansion in anergic T cells. Indeed,
we were able to observe a correlation between steady state
levels of p27%P! and endogenous expression of IL-2 in the
progeny of T cells exposed to relatively high doses of antigen.
These results suggest that downstream events after IL-2 expres-
sion, decisive to reduce p27¥'?! protein levels during normal T-
cell activation, might also be operating to control cell prolif-
eration in high dose antigen suppression of CD4™" cells.

MATERIALS AND METHODS

Mice
A male TCR transgenic (tg) TEa (A.Y.R) mouse in C57BL/
61(B6) (I-A® I-E") background were bred with wild type B6
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female mice (Charles River Laboratory, Wilmington, MA) in a
specific pathogen-free (SPF) facility at the University of
Washington. The tg TCR in TEa mouse lymphocytes recognizes
a peptide representing residues 52—68 of the I-Eo chain (Eo
peptide), bound to class II I-A® molecules. The progenies were
genotyped to identify the transgene positive mice using poly-
merase chain reaction (PCR) as previously described.'' The
transgene-bearing T cells were visualized using antibodies
specific for the transgene-encoded Va2 element.'!

Source of antigenic peptide

The peptide Ea52-66 (ASFEAQGALANIAVD), spEa, was
synthesized and purified as previously indicated."' Alterna-
tively, the peptide was commercially ordered (W.M. Keck
Facility, Yale University, New Haven, CT), purified to greater
than 95% purity by high pressure liquid chromatography and the
homogeneity of the composition confirmed by mass spectro-
metry. Each peptide preparation was tested for optimal biolo-
gical activity before being used for experiments.

Antibodies and reagents

Mouse CD4" T-cell subset enrichment columns and recombi-
nant murine IL-2 were purchased from R & D Systems (Min-
neapolis, MN). Anti-mouse Vo-2-fluorescein isothiocyanate
(Vo-2-FITC) Clone B20-1, anti-bromodeoxyuridine-FITC
(BrdU-FITC) clone 3D4, anti-mouse CD4-phycoerythrin
(PE), CD3e-PE, biotinylated anti-mouse IL-2 clone JES6-
544, biotinylated anti-mouse immunoglobulin G2b (IgG2b),
purified anti-mouse CD16/CD32 (FcyIlI/II receptor), and
anti-mouse p275! monoclonal antibodies (mAbs), monensin,
streptavidin—PE, streptavidin—-Cy—chrome (CY-5) conjugates,
and annexin V-FITC were all purchased from Pharmingen
(San Diego, CA). Affinity purified polyclonal antibodies against
anticyclin E were generated as previously described.'? Other
reagents used and their sources were as follows: Ficoll-Na
Diatrizoate (LSM Lymphocyte Separation Medium, ICN Bio-
medicals Inc., Aurora, OH); propidium iodide (PI; Sigma
Chemical, St. Louis, MO); KHCO;, NH,Cl, and disodium
ethylenediaminetetraacetic acid (Nay,-EDTA; Fisher Scientific,
Pittsburg, PA); enhanced chemoluminescence detection system
and X-ray films (Amersham, Piscataway, NJ). The YAe mono-
clonal antibody was purified from supernatants of YAe hybri-
doma'® using the ImmunoPure (A/G) IgG purification kit
(Pierce, Rockford, IL).

Establishment of TCR tg CD4" T lymphocytes

(TEa cells)

TEa cells were prepared from a pool of peripheral lymph nodes
(axillary, brachial, cervical, mesenteric, and inguinal) and
spleens of 6-8 week old TEa mice. Single cell suspensions
were obtained by pressing of lymph nodes and spleens between
two frosted sterile microslides, and filtrating through 100 pm
cell strainers (Becton Dickinson, Franklin Lakes, NJ). After the
depletion of red blood cells, CD4™ T cells were isolated by
passing the single-cell suspension through mouse T-cell CD4
subset columns (negative selection) following manufacturer’s
specifications (R & D Systems). By flow cytometric analysis,
more than 95% of the passing cells were expressing the
Vo + VP transgenic receptor (data not shown).
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Freshly isolated TEa cells were cultured at a cell density of
0-5 x 10° cells/ml in complete culture medium (RPMI-1640
supplemented by 5% fetal bovine serum (FBS), 2 mM L-gluta-
mine, 1 mM sodium pyruvate, 10 mM HEPES buffer, 100 U/ml
penicillin, 100 U/ml streptomycin, and 50 uM 2-mercaptoetha-
nol; all from BioWhittaker, Walkersville, MD). In addition to
the medium, the cell culture contained irradiated (3400 rad) B6
splenocytes (5:1 ratio wild type splenocytes to tg cells) and
1 pg/ml of spEa. The antigenic dose of 1 pg/ml maintained cells
in a state of responsiveness to the same antigen concentration
after repeated series of stimulation. We used this dose of spEa as
the optimal stimulatory concentration for the activation and
continuous propagation of TEa cells ex vivo. TEa cells cultured
in 1 pg/ml sPEa are referred to as ‘controls’.

Cells were cultured in 75 cm? tissue culture flasks (Costar
Corporation, Cambridge, MA) in a final volume of 40 ml per
flask. After 7 days of culture, viable cells were harvested by
Ficoll density gradient centrifugation (passage 1). Similar 7 day
cycles were repeated 2 more times (passages 2 and 3, with at
least two to more cell doublings). On day 7 of the third passage
(P3), the viable TEa cells were aliquoted and stored in liquid Nj.

At different intervals, frozen aliquots of P3 TEa cells were
thawed, washed, and cultured in the conditions already
described. After 7 days in culture, viable cells (P4) were recov-
ered by Ficoll centrifugation and 10 x 10° tg TEa cells were
used to seed a new passage (P5) as mentioned. The remaining
viable P4 TEa cells were used in experiments described in this
study. The same procedure was applied at the end of 7day
cycles of passages PS5 to P6. Absence of residual wild type
splenocytes was confirmed by flow cytometric analysis before
setting a new passage (data not shown).

Induction of the anergic phenotype
In the primary challenge, TEa cells were resuspended at
0-3 x 10%ml in complete medium containing the indicated
amounts of spEa (see legend in Fig. 1a) with a 5:1 ratio of
irradiated wild type splenocytes to tg cells. Cell suspensions
were incubated in 24-well plates (Costar Corporation, Cam-
bridge, MA) at 37° in 5% CO,. Preliminary assays were
performed to avoid over-population of the culture wells and
accumulation of toxic metabolites during the in vitro experi-
ments (R. Kong and E. J. Firpo, unpublished observations).
At the end of the primary challenge (7 days), viable cells
were harvested by Ficoll centrifugation, resuspended at equal
densities and restimulated using 1 pg/ml spEaand a 5 : 1 ratio of
irradiated splenocytes to tg cells in the culture conditions
already described.

Staining and flow cytometry analysis

All antibodies in this work were used at a final concentration of
11g/10° cells and all antibody stains were performed at 4°.
Stained cells were analysed on a FACScan flow cytometer using
CellQuest software (Becton Dickinson, Mountain View, CA).
For single or multicolour analysis, suspension of viable TEa
cells harvested after Ficoll centrifugation were incubated for
20min in 2% HBSS staining buffer (1x red phenol Hank’s
balanced salt solution, 2% FBS, 25 mM HEPES) containing the
indicated fluorochrome-conjugated mAbs. Labelled cells were
then washed once and the cell pellets resuspended with staining
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Figure 1. Dose-dependent induction of TEa cell hyporesponsiveness.
(a) Primary challenge. Viable TEa cells obtained from early frozen
stocks of in vitro cultures, were stimulated with the indicated concen-
trations of spEa in the presence of a 5:1 ratio of splenocytes to
transgenic cells. After a variety of empirical observations, we chose
these conditions because they adequately display both the effect of
antigen dose and ratio of TEa cells to APC on the phenotype described in
this report. At daily intervals after stimulation, viable cell counts were
determined and the data plotted as the mean values of five or more
experiment + SD. (b) Secondary challenge. Viable TEa cells, recovered
from day 7 after the primary challenge step, were restimulated with
1 pg/ml of spEa in the presence of a 5:1 ratio of splenocytes to
transgenic cells. At each 24-hr interval after stimulation, the total
number of viable cells were determined and represented as the mean
values of five or more experiments £ SD.

buffer for fluorescence-activated cell sorting (FACS) analysis.
YAe purified mAb was appropriately diluted in staining buffer
before added to cells previously incubated for 15 min with anti-
mouse CD16/CD32. The cell suspension was then incubated for
an additional 20 min, washed once and resuspended in 2%

HBSS staining buffer containing biotinylated anti-mouse IgG2b
mAb. After 15 min on ice, biotinylated-YAe cells were labelled
with streptavidin—PE for 10 min, washed once, and resuspended
in stained buffer for FACS analysis.

For fluorescence-conjugated emission analysis, a polygonal
gating was drawn selecting only live cells based on their level of
auto-fluorescence in forward scatter (x-axis, arbitrary units)
versus side scatter (y-axis, arbitrary units).'* For the quantita-
tion of apoptosis, viable TEa cells were incubated with FITC-
labelled annexin V protein, following protocols supplied by the
manufacturer. Analysis of nuclear DNA content by PI staining
was performed as described.” For detection of intracellular IL-2
at days 2 and 3 of a secondary challenge, TEa cells (10°) were
incubated for 7 hr in the presence of 3 uM concentrations of the
protein transport inhibitor monensin. After this incubation time,
viable cells were collected after Ficoll centrifugation, washed
once with ice-cold 2% HBSS and resuspended in Cytofix/
Cytoperm solution (Pharmingen). Fixed cells were then cen-
trifugated, resuspended in 1x Perm/Wash buffer solution (Phar-
mingen) containing Vo-2-FITC and biotinylated IL-2 mAbs,
and incubated for 20 min. After washing once, cell pellets were
resuspended in 1x Perm/Wash buffer solution containing 1 pg/
ml streptavidin-CY-5 and incubated for 20 min in ice before
FACS analysis. To determine the background level of intracel-
lular IL-2 accumulation in non-activated cells, control cells
from the primary challenge were incubated in parallel without
the addition of antigenic peptide for similar intervals. For BrdU
incorporation cultures of activated TEa cells (1-5 x 106)) were
incubated in the presence of 0-1 mM BrdU for 4 hr after 42 hr of
the start of a secondary challenge. Incorporation of BrdU was
detected by FACS analysis following the manufacturer’s
instructions. Statistics were calculated from the polygonal gates
marked in the figures.

Western blot analysis

For each sample to be immunoblotted, 1-2 x 10° viable cells
were collected and the resulting cell pellets were lysed in 0-1 ml
of NP-40 bufter (50 mm Tris—HCl (pH 7-4), 100 mM NaCl, 0-5%
NP-40, 5mM EDTA, 10% glycerol, 1 mM phenylmethylsulpho-
nyl fluoride, 10 pg of aprotinin per ml, 25 pg each of leupeptin,
antipepsin, and soybean trypsin inhibitor STI per ml, 50 mm
NaF, 0-5mM sodium orthovanadate, 80 mMm [-glyceropho-
sphate, and 5 uM mycrocistin) at 4°. Cell lysates were sonicated
for 30s, centrifuged at 21000 g for 10min at 4°, and super-
natants stored at —70° until they were ready to be loaded on
gels. Protein concentrations were determined by using the Bio-
Rad protein assay. Immunoblotting and immunoprecipitations
were performed as described.” Optical densities of immuno-
blotted bands were determined with Kodak 1D Image Analyzer
software (version 3.0).

RESULTS

Dose-dependent induction of an inheritable
hypoproliferative response in TEa cells

After spEa peptide exposure, TEa cells displayed a dose—
response curve, in which higher amounts of peptide were
accompanied by an increase in cell proliferation (Fig. 1a). In
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the absence of peptide, the number of viable TEa cells declined
steadily over the duration of the experiment and few live cells
were detected after 7 days in culture. Although peptide doses as
low as 10" pg/ml of spEa promoted proliferation, only con-
centrations of 1 pg/ml or higher supported sustained expansion
of T cells. We next investigated whether a hypoproliferative
response could be observed in TEa cells after peptide treatment.
Viable cells recovered from each peptide concentration of the
primary challenge were restimulated (secondary challenge)
with 1pg/ml of spEa (Fig.1b). Under these conditions, a
diminished cell count in viable cells was observed in TEa cells
previously treated with 10 ug/ml of spEa (compared 10/1 in
Fig. 1b). In contrast, cells exposed to low amount of peptide
during the primary challenge (i.e. 10~'/1 and 107%/1) were able
to mount a strong response comparable to that of the control.

Since the exogenous loading of antigenic peptides on live
APCs is known to be an inefficient process,15 we decided to
investigate the relative abundance of spEa bound to class II
MHC molecules on APC under identical conditions (Fig.?2).
The YAe mAb used for these experiments detects the MHC
class IT bound form of Eo peptide.'>!¢ B6 splenocytes, cultured
in the presence of peptide concentrations as indicated in the
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Figure 2. Saturation of peptide bound to class II MHC molecules.
Irradiated B6 splenocytes were incubated with the indicated concentra-
tions of spEa using the same culture conditions mentioned in the legend
to Fig. 1(a) but without the addition of TEa cells. Splenocytes cultured in
the absence of peptide were used as background controls. At the time
points cells were harvested by Ficoll centrifugation and labelled with
YAe mAb. The histograms show the expression of bound spEa peptide to
MHC II complexes on the surface of APCs measured by the relative
YAe-PE fluorescence (x-axis, arbitrary units) versus relative cell num-
bers. Percentages are expressed as the amount of YAe cells above the
background. Dot plot histograms are one representative experiment
from three separate experiments. (--- no peptide; — plus peptide).
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legend of Fig. 1(a), were harvested after 2 and 6 hr of incubation.
Cells cultured in the absence of antigenic peptide were used as
background controls.

Peptide levels below 1 pg/ml resulting in low numbers of
APCs carrying detectable peptide-MHC at both time points.
These results correlated with the diminished TEa cell counts
observed at these peptide concentrations (see 1072 and 10™" in
Fig. 1a). In contrast, concentrations of 10 pg/ml and above of
spEa resulted in a higher proportion of YAe positive APCs
compare to 1 png/ml at these two time points. This result is in
agreement with the elevated level of proliferation induced by
10 pg/ml compared to the control [compare 1 versus 10 in
Fig. 1(a)]. Moreover, the differences in YAe positive cells
between 10 and 20 pg/ml, were minimal, suggesting a saturation
state of the available APC that could express bound peptide—
MHC complexes. Since the hypoproliferative response was
observed with 10-fold more (10 pg/ml) than the optimal con-
centration (1 pg/ml), this dose was used to exemplify the
suppressive effects of high dose antigen exposure in TEa cells.
Specifically, we examined the persistence of hyporesponsive-
ness in high-dose antigen pretreated cells by restimulated them
for three consecutive times after the initial primary challenge
(Fig.3). The diminished cell proliferation was still observed
even during the last challenge (see 4th challenge in Fig.3).
These results indicated that the events promoting hyporespon-
siveness in TEa cells were not short-lived and inherited by the

progeny.

Peptide-induced TEa hyporesponsiveness
resembles anergy

A mechanism that could account for a weak response of 10 pg/
ml of spEa pretreated cells would be a reduction in the cell-
surface expression of the tg TCR."”"'8 To investigate changes in
the surface expression of tg TCRs we measured the cell-surface
expression of Vo2 in CD3e positive cells during a secondary
challenge (Fig.4a). Our results indicated no significant differ-
ences in fluorescence intensity of Vo-2/CD3e positive cells
between the control and high dose pretreated cells prior to
the start of a secondary challenge. Thus, the data are in
agreement with other studies indicating that alteration in steady
state levels of surface TCR is not necessary for the in vitro or in
vivo induction of anergy.'®=*!

Since T-cell depletion via apoptosis is considered a normal
process that contributes to the establishment of peripheral
immune tolerance,”” > we investigated apoptosis during the
challenge step of TEa cells by flow cytometric analysis. The cell
surface expression of an early apoptosis marker, phospholipid
phosphatidylserine (PS), was evaluated using phospholipid
binding protein, annexin V, which binds to PS. A vital stain,
PI, was added to the samples to help differentiate apoptotic
(FITC-positive, Pl-negative) from necrotic (FITC-positive, PI-
positive) cells. The analysis performed on 1 and 10 pg/ml spEa
pretreated cells, at days 1 and 2 during the secondary challenge,
revealed comparable levels of apoptotic cells for these concen-
trations (Fig. 4b).

With the apoptotic mechanism not supporting the dimin-
ished cell count, a second possible explanation was a reduced
number of cells in active proliferation during the challenge of
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Figure 3. Inherited hyporesponsiveness by the progeny of high dose peptide-activated TEa cells. TEa cells pretreated with 10 pg/ml of
spEa were subsequently exposed to 1 pg/ml of spEa (2nd challenge). After 7 days in culture, viable cells were harvested and exposed to
the same amount of antigenic stimulation (3rd challenge). After 7 days in culture, viable cells were stimulated again (4th challenge)
with the same concentration of peptide as in the previous challenges. Control cells were cultured simultaneously under the same
activating conditions to indicate normal levels of proliferation in each of the challenges. Data are plotted as the average mean values of

three or more separate experiments = SD.
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Figure 4. TEa hypoproliferation resembles anergy. (a) Ttransgenic Vor
2 TCR expression. Dot-plots of transgenic TCRs (anti-Vo-2—FITC)
fluorescence (x-axis, arbitrary units) versus CD3e—PE (y-axis, arbitrary
units) of control (1/1) and high dose pretreated cells (10/1) at the start of
a secondary challenge (start = before peptide addition). The panels
show one representative experiment from four independent experi-
ments. (b) Apoptotic rates. Viable cells, harvested from days 1 and 2
of a secondary challenge, were collected from nonstimulated cells

high-dose treated cells. To investigate this possibility, the level
of cells in active proliferation was measured by BrdU incor-
poration during the secondary challenge (Fig. 4c). Incorporation
of BrdU at day 2 of challenge showed a diminished number of
high-dose pretreated cells involved in active DNA synthesis
compared to control cells.

Previous studies have associated T-cell anergy with an
impaired expression of IL-2.%° To investigate the intracellular
accumulation of IL-2 in our cell system we used flow cytometric
analysis‘27’28 Protein secretion was inhibited by the addition of a
protein transport inhibitor, monensin, in the cell cultures.>® We
selected a 7-hr incubation with monensin after 2 and 3 days of
antigen stimulation for optimal detection of IL-2 (Fig.5). To
establish a basal level of intracellular IL-2, samples of TEa cells
were cultured in the absence of antigen (labelled as ‘non-

Figure 4. continued

(no peptide), control (1/1) and 10 pg/ml spEa and stained with FITC-
conjugated annexin V protein. Dot-plots of annexin V-FITC (x-axis,
arbitrary units) fluorescence versus DNA content (PI incorporation, y-
axis, arbitrary units) are shown. Percentages of necrotic (FITC-positive,
PI-positive) and apoptotic (FITC-positive, PI-negative) cells were
counted and the results indicated in the respective quadrants (see figure).
Data shown are one representative experiment from three independent
experiments. (c) TEa proliferation. TEa cells involved in active DNA
synthesis were visualized by BrdU incorporation and the corresponding
percentages of BrdU cells indicated in the figure. Control cells were
cultured simultaneously in the absence of antigenic peptide to determine
the level of endogenous activity in non-proliferating cells. Red fluor-
escence emission (DNA content) is indicated by PI (x-axis, arbitrary
units) fluorescence and the green fluorescence emission (cells in active
proliferation) by BrdU (y-axis) incorporation (BrdU cells). The bivariate
parameter histograms are the representative of three separate experi-
ments. Non-stimulated cells = no peptide; 1/1 = control; 10/1 = high
dose pretreated cells.
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Figure 5. Reduced levels of intracellular IL-2 in high dose peptide
stimulated TEa cells. At days 2 and 3 of a secondary challenge, after 7-
hr incubation with the inhibitor monensin, viable cells were collected by
Ficoll centrifugation and the accumulated intracellular expression of IL-
2 was measured by FACS analysis. To establish the background level of
intracellular IL-2 accumulation in nonproliferating cells, an equivalent
amount of control cells were incubated in the absence of antigenic
peptide (non-stimulated cells). Dot-plots show TEa cells (Vo-2-FITC
fluorescence, x-axis, arbitrary units) versus IL-2 producing cells (IL-2-
PE-CyS5 fluorescence, y-axis, arbitrary units). Panels are a representative
experiment from two separate experiments.

stimulated cells’). Our results indicated that control cells
showed sustained levels of intracellular IL-2 at both 2 and
3 days after the start of a secondary challenge. However, cells
pretreated with a high dose of spEa showed reduced levels of IL-
2 accumulating in the TEa cells during the same interval. These
results correlate the anergic response of TEa cells with an
inhibition in IL-2 production, and agree with previous observa-
tions that anergy of T-cell clones is characterized by the loss of
IL-2 production together with an inhibition in cell prolifera-
tion.*°

Exogenous IL-2 reverses high-dose TEa
responsiveness

Partial and complete reversion of T-cell anergy in vitro has been
documented in human and mouse T cells by propagating the
cells in the presence of exogenous IL-2."*? To investigate
whether IL-2 could overcome the hyporesponsiveness and
induce a reversible phenotype in TEa cells, a secondary chal-
lenge was conducted in the absence (-) or presence (+) of IL-2
(Fig. 6a). Cell counts taken at days 2 and 3 indicated that, in the
presence of IL-2, high dose pretreated cells were able to
proliferate at similar levels as control cells (compare 1/1"
versus 10/1" in Fig. 6a). However, an identical group of cells
challenged in the absence of IL-2 showed the reduction in cell
proliferation as previously described (compare 1/1 versus 10/1
in Fig.6a). These data indicated that the hypoproliferative
response of TEa cells induced with high dose peptide exposure
was reversed in the presence of IL-2.

These results suggested a pathway for anergy reversion in
our cell system. To test IL-2-mediated reversal of anergy, equal
numbers of viable TEa cells collected from the previous experi-
ment, were now challenged (3rd challenge) with 1 pg/ml of

© 2002 Blackwell Science Ltd, Immunology, 107, 480-488
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Figure 6. IL-2 reverses TEa hyporesponsiveness. (a) At the start of a
secondary challenge, control and high dose pretreated TEa cells were
incubated in the absence (—) or presence (+) of 20ng/ml rmIL-2. The
number of viable cells was estimated in the cultures after days 2 and 3 of
antigen exposure. 1/1 = control; 10/1 = 10 ug/ml spEa; 1/1" = control
plus rmIL-2; 10/1% 10 pg/ml spEa plus rmIL-2. (b) Viable cells col-
lected from 7 days cultures of the previous challenge were restimulated
(3rd challenge) under the same conditions but in the absence of rmIL2.
Cell numbers were measured 2 and 3 days after stimulation. 1/1/1 =
control; 10/1/1=10/1; 1/17/1=1/1" 10/17/1=10/1". The results
plotted as the mean values of three different experiments £ SD.

spEa in the absence of rmIL-2 (Fig.6b). As expected, in the
absence of exogenous IL-2, cells treated with high antigen dose
displayed an anergic phenotype (compare 1/1/1 versus 10/1/1 in
Fig. 6b). On the contrary, high dose pretreated cells previously
challenged in the presence of IL-2, were now able to proliferate
at levels comparable with the control ones in the absence of IL-2
(compare 1/1%/1 versus 10/17/1 in Fig.6b). These results
indicated that: (a) the hyporesponsive phenotype could be
reversed by a single exposure to IL-2; and (b) the epigenetic
nature of the hyporesponsiveness induced in high-dose pre-
treated TEa cells.

Association of TEa hyporesponsiveness with cell cycle
protein levels

Reduction in steady state levels of p27%P! is essential for G,
progression in eukaryotic cells.>®**7> Therefore, we studied
the protein levels of this CdkI during the secondary challenge of
TEa cells (Fig.7a). Viable cells were collected at the times
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Figure 7. Cell cycle protein levels in TEa cells. (a) p27<"". Total cell
lysates were prepared from viable cells collected from secondary
challenged cultures in the presence (+) or absence (-) of rmIL-2.
Protein concentrations were determined using the Bio-Rad protein
assay. For sodium dodecyl sulphate—polyacrylamide gel electrophoresis
(SDS-PAGE) 25 pg of cell extracts were loaded per lane. (b) Cyclin E.
Total cell lysates were prepared and 25 pg of cell extracts were loaded
per lane in 10% SDS-PAGE gels. Western blots were performed as
indicated. The slow migrating band in the immunoblots (*) was
considered as nonrelated to the cell cycle proteins and used for equal
loading. Sizes are indicated in MW X 10°%. Histogram bars represent the
band optical densities. Data are the representative of four different
experiments £ SD.

indicated in the figure and cell lysates were analyzed for the
presence of the cyclin-dependent kinase inhibitor by immuno-
blotting. At the start of a secondary challenge, protein levels of
p275P! were elevated in control cells compared to those
observed in high-dose pretreated cells (see 1/1 and 10/1, start,
Fig.7a). After stimulation, control samples followed a similar
pattern in the presence or absence of IL-2 with a sharp reduction
in p27%P! levels. An identical response was observed for the
high-dose pretreated cells challenged in the presence of IL-2
(see 10/17 in Fig.7a). Such changes in p27%"' protein levels
were previously described during normal activation of T cells.””
19 Although p275"P! in high-dose pretreated cells, cultured in the
absence of exogenous addition of IL-2, decreased somewhat
after stimulation, still remained elevated when compared to that
of the control (compare 1/1 and 10/1 at days 1 and 2 in Fig. 7a).

In addition, TEa cells treated with 10 pg/ml of spEa switched
from less p27<'P! at the start of the challenge to higher levels of
the CdkI after stimulation in comparison with control cells. This
behaviour suggests that an elevated presence of p27%! could be
related to the diminished cell counts by controlling the G
transition and allowing fewer cells to enter the S phase. This
notion was supported by the Brdu-incorporation data (see
Fig. 4c).

We investigated cyclin E protein levels in the cell extracts of
challenged TEa cells (Fig.7b). At the start of the secondary
challenge, protein levels of cyclin E were higher in high dose
treated cells than in the control (see 1/1 and 10/17, start,
Fig.7b). These results could be explained by assuming a
hyperactivated state of the 10 pg/ml treated cells supporting
the idea that these cells were at a different metabolic status than
control cells at the start of the secondary challenge. After
stimulation, levels of cyclin E were greatly elevated in control
cells both in the absence or presence of IL-2 compared to the
ones detected at the start of the challenge (see 1/1 and 1/17 in
Fig. 7b). This behaviour followed the pattern already described
during the normal activation of T cells.>’ The progeny of high-
dose antigen stimulated TEa cells displayed similar changes to
those observed in control cells with an increment of cyclin E
after stimulation compared to the levels detected at the start of
the secondary challenge. Interestingly, we were able to detect an
increment in cylin E at day 2 in the absence of IL-2 that was not
seen when this cytokine was present (compare 10/1 and 10/17 at
day 2 in Fig.7b). This result suggests that more cyclin E was
produced to overcome the high threshold set by the elevated
levels of p27%P! in the high-dose pretreated cells.

DISCUSSION

We develop an in vitro cell system in which we demonstrate an
inheritable and reversible phenotype of antigen dose-dependent
modulation of proliferation in mouse CD4" T cells. In this
model, TEa cell hypoproliferation was preceded by an initial
burst in cell expansion. While proliferation may not be required
for the induction of anergy,'®® it has been associated with a
variety of antigens in vivo>*® and in vitro.>® Several criteria
were used to confirm TEa cell anergy. First, cell surface
densities of the transgenic TCR were indistinguishable between
anergic and control cells. Second, the hypoproliferative
response was associated with a decrease in the levels of cells
engaged in active DNA synthesis. Third, increase programmed
cell death was not associated with the anergic state. Fourth, a
reduced number of cells were shown to express IL-2 in the
anergic population. and finally, the reduced cell proliferation
could be prevented by the exogenous addition of mouse IL-2,
one of the characteristic features of in vitro anergy.’®™!
Although the observed phenotype was associated with the state
called anergy, the induction of anergy is not under the classical
definition described for this phenomenon, that is, hypor-
esponsiveness following defective, non-productive primary
stimulation.

Under our experimental conditions, a physiological response
was observed with only 10 times the amount of peptide needed
for a sustainable level of proliferation. SpEa concentrations
above this amount —i.e. 20 pg/ml — were unable to substantially
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increase the number of peptide-bound MHC class II complexes
above the levels already observed for 10 pg/ml. In consequence,
this high dose would represent the lowest amount of antigenic
peptide reaching saturation of the class II MHC complex-
bearing cells in the splenocyte population.

Persistence of the hypoproliferative phenotype was evident
in cells pretreated with 10 pg/ml of spEa as evidenced by the
response of progeny to subsequent antigen exposure. Our data
are consistent with low responsiveness being an epigenetic
property of the progeny of high-dose antigen-treated cells given
the observation that exposure to IL-2 was sufficient to reverse
the anergic phenotype in the TEa system. Our data are strength-
ened by the fact that the observations reported herein have been
observed in primary T cells challenged immediately post-iso-
lation from TEa animals and in clones derived from TEa
animals (data not shown). These independent isolates and
experiments have been conducted over a 3-year interval so it
is unlikely that culture conditions, peptide preparations and any
other routine variables contributes to the reproducible pheno-
type we report.

It was noticed that, at the start of a secondary challenge,
protein levels of p27Kip "and cyclin E in high-dose pretreated
cells were different than in control cells. Although the differ-
ences were small, they were reproducible. A closer look indi-
cated that the two cell groups might be in separated metabolic
states, i.e. control cells close to a resting stage while the 10 pg/
ml treated cells in a hyperactivated state. By flow cytometry
analysis, high-dose treated cells showed an increase in granu-
larity (larger side scatter fluorescence), larger nuclear size
(measured by forward scatter fluorescence), and an increase
in the expression of high affinity IL-2R than control cells (data
not shown). Together with lower amounts of the CdkI p27%P!
and higher levels of cyclin E, these observations supported the
notion of a hyperactivated state for the high-dose mitogen-
activated cells. T-cell hyperactivation associated with induction
of anergy has been reported for the establishment of in vivo
anergy in TCR transgenic mice.”” Our results suggest that a
similar state could be associated with the anergic phenotype.

Cell cycle entry of TEa cells was accompanied by a reduc-
tion in the levels of p27%"®! and a sustained number of cells
expressing IL-2 and in active DNA synthesis. In contrast, high-
dose pretreated cells displayed elevated levels of p27XiP! an
increase in intracellular IL-2, non-producing cells, a reduced
number of proliferating cells, and an increase in the levels of
cyclin E expression. Although the precise mechanisms of
anergy induction remain to be elucidated, our data are consistent
with a model in which control of progression through G is an
essential component of the hyporesponsiveness demonstrated
by progeny derived from high-dose antigen exposed cells.
Steady state levels of p27%P' may contribute to the relative
delay in progression through the G+/S transition observed in our
system. Our results are in agreement with other studies suggest-
ing a role for p27%"! for the blockade of clonal expansion of T
cells in vivo and in vitro following primary activation.***!

In summary, our data demonstrate a correlation between the
impaired expression of IL-2, measured by the reduced number
of IL-2 producing cells and the elevated levels of p27<'P!
detected in anergic cells. We now intend to expand our studies
of this transferable, epigenetic and reversible system to explore

© 2002 Blackwell Science Ltd, Immunology, 107, 480-488

the network of interactions among IL-2, p27Kipl cyclin E and
the likely considerable number of other molecular interactions
that underlie the observed inducible and reversible phenotype.
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