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The ability of antigen, but not interleukin-2, to promote n-butyrate-induced
T helper 1 cell anergy is associated with increased expression and altered
association patterns of cyclin-dependent kinase inhibitors

STEPHANIE K. JACKSON, ANNICK DELOOSE & KATHLEEN M. GILBERT Department of Microbiology

and Immunology, University of Arkansas for Medical Sciences, Little Rock, Arkansas, USA

SUMMARY

The ability of the cell cycle inhibitor n-butyrate to induce T helper 1 (Thl) cell anergy is
dependent upon its ability to block the cell cycle progression of activated Thl cells in G1.
Results reported here show that although both interleukin (IL)-2 and antigen (Ag) push Thl
cells into G1 where they are blocked by n-butyrate, only the Ag-activated Thl cells
demonstrate functional anergy once the n-butyrate has been removed from the culture.
Because n-butyrate-induced Thl cell anergy has been linked to increased expression of the
cyclin-dependent kinase inhibitors p21<! and p27%"!, mechanistic experiments focused on
the role of these inhibitors. It was found that when Thl cells were reincubated in
Ag-stimulated secondary cultures, the Thl cells previously exposed to Ag and n-butyrate
(anergic Thl cells) demonstrated a cumulative increase in p21<P' and p27%"®! when
compared with Thl cells previously exposed to recombinant (r)IL-2 and n-butyrate (non-
anergic Th1 cells). p27%"! in the anergic Th1 cells from the secondary cultures was associated
with cyclin-dependent kinases (cdks). In contrast, p21<"! in the anergic Thl cells, although
present at high levels, did not associate significantly with cdks, suggesting that p21<"*! may
target some other protein in the anergic Th1 cells. Taken together, these findings suggest that
Thl cell exposure to Ag and n-butyrate, rather than IL-2 and n-butyrate, is needed to induce
the cumulative increase in p21<P' and p27%®! that is associated with the proliferative
unresponsiveness in anergic Thl cells. In addition, p21“P' may inhibit proliferation in
the anergic Th1 cells by some mechanism other than suppression of cdks that is unique to the

induction of Thl cell anergy.

INTRODUCTION

T helper 1 (Thl) cell anergy is induced when Thl cells are
exposed to antigen (Ag) presented by antigen-presenting
cells (APC) deficient in costimulatory molecules.'”
Alternatively, Thl cell anergy can be induced by exposing
Thl cells to Ag presented by intact APC in the presence of
the G1 blocker n-butyrate.>* Mechanistic studies revealed
that anergy induction by n-butyrate was an active process
requiring protein synthesis, and was associated with
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increases in the cyclin-dependent kinase inhibitors (CDKIs)
p21€PL and p27%P! (see ref. 4). Cells may respond to
various stimulatory or inhibitory events by altering the
levels and/or association patterns of these CDKIs. One
function of these CDKIs is to inhibit the activity of cyclin-
dependent kinases (cdks), thereby inhibiting cdk-dependent
retinoblastoma protein (pRb) phosphorylation and S-phase
entry.’ cdk activity, pRb phosphorylation and S-phase
entry were all suppressed in anergic Thl cells in association
with increased levels of p21P! and p27%P! (see ref. 4).
n-Butyrate-induced anergy requires Thl cell activation,
and is not observed in resting Thl cells exposed to
n-butyrate.>* It appears that the Thl cells must progress
to the G1 phase of the cell cycle, where they are blocked
by n-butyrate, in order for anergy to be induced. Other
methods of initiating Th1 cell anergy depend upon exposing
the Thl cells to Ag in a way that is only minimally
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stimulatory. In contrast, n-butyrate induces anergy in
Thl cells exposed to Ag in a fully stimulatory manner.
Therefore, it seemed possible that it is the event of the
G1 blockade itself, regardless of how the Thl cells get
pushed into G1, that is crucial for n-butyrate-induced Thl
cell anergy. Experiments to address this possibility exam-
ined whether Thl cells exposed to rIL-2 and n-butyrate,
and similar Thl cells exposed to Ag and n-butyrate,
became anergic. In addition, because n-butyrate-induced
Th1 cell anergy induction has been shown to be associated
with increased levels of p21<'P' and p27%P! we per-
formed mechanistic studies that compared Thl cells
exposed to n-butyrate and rIL-2, or Ag, or both, with
regard to the expression, association pattern and activity of
these CDKIs. Determining whether the T-cell activation
and cell cycle entry required for n-butyrate-induced anergy
occurs through the general stimulation provided by IL-2, or
requires Ag-specific T-cell stimulation, has important
implications for the potential immunotherapeutic use of
n-butyrate.

MATERIALS AND METHODS

Animals and reagents

Male C57BL/10 mice (6—8 weeks of age) were purchased
from Harlan Sprague Dawley, Inc. (Indianapolis, IN).
Keyhole limpet haemocyanin (KLH) (Imject) was
purchased from Pierce (Rockford, IL). The anti-p21<P!
monoclonal antibody (mAb) [clone SMX30; mouse
immunoglobulin G1 (IgGl)] and anti-pRb mAb (clone
G3-245, mouse IgGl) were purchased from PharMingen
(San Diego, CA). The anti-p27%"' mAb (clone G173-524,
mouse IgGl), and the horseradish peroxidase (HRP)-
labelled goat anti-mouse IgG antibody (Ab), were pur-
chased from Transduction Laboratories (Lexington, KY).
The anti-cdk2 Ab (rabbit IgG), anti-cdk4 Ab (rabbit IgG),
anti-cdk6 Ab (rabbit IgG), anti-actin Ab (goat IgG), anti-
cyclin D2 mAb (clone34B1-3; rat IgG2a), anti-cyclin
D3 mAb (clone 18B6-10; rat IgG2a), anti-cyclin E Ab
(rabbit IgG), HRP-labelled goat anti-rat IgG Ab, and the
HRP-labelled donkey anti-goat IgG Ab were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). The
HRP-labelled goat anti-rabbit IgG was purchased from
Sigma (St. Louis, MO). The Western Blot Recycling Kit was
purchased from Alpha Diagnostic (San Antonio, TX).

Thi clones

The KLH-specific Thl cells (clone D9) were developed as
described previously.* The Thl clones were derived from
C57BL/10 mice and passaged every 7-14 days using Ag
(KLH, 25 pg/ml), irradiated syngeneic splenic APC and
IL-2-containing concanavalin A (Con A)-stimulated
conditioned medium.

Inducing Thl cell anergy

The Th1 cells were incubated in primary cultures at 5 x 10°
cells/ml together with 5 x 10%ml irradiated syngeneic spleen
cells as APC, KLH (20 pg/ml) and/or rIL-2 (1-25 ng/ml;
R & D Systems, Minneapolis, MN), and 1-1 mwm n-butyrate
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(Sigma). Control Thl cells received APC and either rIL-2
or n-butyrate alone in primary cultures. After incubation
for 48 hr at 37°, the cells in the primary cultures were
washed and reincubated [at a concentration of 5x 10°/ml
along with 5x 10%ml irradiated syngeneic spleen cells as
APC and KLH (20 pg/ml unless otherwise stated)] in
medium without n-butyrate. After various time intervals
in the secondary cultures, the Thl cells were assessed for
DNA synthesis (pulsed with [*’H]TdR for 12 hr), or passed
over Ficoll-Hypaque to remove the irradiated APC and
disrupted with lysis buffer containing 10 mm KCl, 10 mm
HEPES, 1-5 mm MgCl,, 0-5% Nonidet P-40, 1 mMm NaVO,,
aprotinin (10 mg/ml), leupeptin (10 mg/ml) and 0-5 mm
phenylmethylsulphonyl fluoride (PMSF).

Western blotting analysis and immunoprecipitation

For Western blot analysis, equivalent amounts of protein
(30-50 pg) from Thl cell lysates were resolved on 12%
sodium dodecyl sulphate (SDS)-polyacrylamide gels, elec-
trotransferred onto nitrocellulose (Amersham Life Sciences,
Bucks., UK), and immunoblotted with different primary
Abs (2 pug/ml) and appropriate HRP-conjugated secondary
Abs (diluted 1:2000). Immunodetection was performed
by enhanced chemiluminescence (ECL) (Pierce) using
Hyperfilm ECL (Amersham Life Sciences). To test for
appropriate protein loading, some blots were stripped using
the Western Blot Recycling Kit and reprobed with the anti-
actin Ab. Densitometric analysis was performed using an
IS-1000 Digital Imaging System and Alphalmager Software
(Alpha Innotech Corporation, San Leandro, CA).

The pRb phosphorylation status in Thl cell lysates
was analysed using cell equivalents (25 x 10° cells/sample)
disrupted in pRb lysis buffer containing 5% 2-mercap-
toethanol, 10% glycerol, 0-625 mm Tris-HCI, pH 6-8, and
2% SDS. The proteins were resolved on 7-5% SDS-—
polyacrylamide gels, and subsequently immunoblotted with
mouse anti-pRb mAb and goat anti-mouse IgG-HRP.

To examine association patterns of CDKIs and other G1
regulatory components, co-immunoprecipitation experi-
ments were conducted. Lysates (200 pg/sample), obtained
from different Thl cell preparations, were incubated
overnight at 4° with 30 ul of streptavidin-coated magnetic
beads (Dynal, Great Neck, NY) that had been previously
incubated (30 min at 4°) with the appropriate biotinylated
secondary Ab [either goat anti-rabbit IgG Fc Ab (Jackson
ImmunoResearch, West Grove, PA), or rat anti-mouse
IgGl mAb (clone A85-1; PharMingen)], followed by
incubation (30 min at 4°) with the appropriate primary
antibody directed against the target protein. The
magnetic beads were washed three times in lysis buffer,
boiled with loading buffer for 5 min, resolved on 12%
SDS-polyacrylamide gels and immunoblotted with Abs
specific for p21Cip ! p27Kip !, cdk2, cdk4, cdké, cyclin D2, or
cyclin D3.

Kinase assay

CDKI activity was measured as previously described.*
Briefly, cdk2 immunoprecipitated from a lysate (100 ug/
sample) of asynchronous EL4 cells was mixed with 100 pg
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of preboiled lysates prepared from different Thl cell
preparations and incubated for 30 min at 37°. In some
cases boiled lysates used in the mixing experiments had been
depleted of p21€*! and p27%P! by immunoprecipitation.
The immunoprecipitated cdk2 was next washed twice with
lysis buffer and once with kinase buffer and tested for
activity in a kinase assay kit (Upstate Biotechnology, Lake
Placid, NY) using HIl as a substrate and 10 uCi of
[v->*P]ATP. The level of [y-*?P] incorporation was quanti-
fied using a scintillation counter (Beckman LS6000TA;
Beckman, Fullerton, CA). The results are presented as total
counts per minute (c.p.m.) minus the background c.p.m.
measured in samples containing immunoprecipitated cdk2
but no substrate.

DNA analysis

At various time-points following stimulation Thl cells were
isolated from primary cultures and fixed in prechilled 70%
ethanol at 4° overnight. The fixed Thl cells were then
washed in phosphate-buffered saline (PBS), resuspended
in 1 ml of PBS containing RNAse (I mg/ml; Sigma)
and propidium iodide (50 pug/ml; Sigma), incubated for
20 min in the dark at room temperature and analysed by
flow cytometry using a FACSCalibur (Becton-Dickinson,
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Mountain View, CA). The data was analysed using MODFIT
(Verity Software House, Topsham, ME).

RESULTS

IL-2 stimulation does not induce or interfere with
n-butyrate-induced anergy

Experiments were conducted to determine whether
n-butyrate could induce anergy in Thl cells exposed to an
Ag non-specific stimulus such as exogenous IL-2. As
expected, based on the ability of n-butyrate to block cells
in the G1 phase of the cell cycle, Thl cells exposed to
n-butyrate alone, n-butyrate and rIL-2, or n-butyrate and
Ag, with or without rIL-2, did not proliferate in primary
cultures (Fig. 1a). Only Thl cells exposed to Ag or IL-2
alone proliferated in the primary cultures. DNA analysis
revealed that peak S-phase entry in both the Ag- and
1L-2-stimulated Th1 cells occurred at 24 hr, while Thl cells
exposed to IL-2 and n-butyrate or Ag and n-butyrate
remained in Gl (Fig. la). In addition, as described
previously, Thl cells isolated from the primary cultures
containing Ag and n-butyrate were unable to proliferate
when restimulated with Ag in secondary cultures (Fig. 1b).
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Figure 1. n-Butyrate does not induce anergy in interleukin-2 (IL-2)-stimulated T helper 1 (Thl) cells. (a) Th1 cells (clone D9)
were incubated for 48 hr in primary culture with antigen (Ag) alone, n-butyrate alone, Ag+ n-butyrate, recombinant (r)IL-2
alone, rIL-2 4+ n-butyrate, or rIL-2+n-butyrate + Ag. In addition, Th1 cells were stimulated with IL-2 or Ag+n-butyrate for
24, 48, or 72 hr. Following isolation from the primary cultures, the Thl cells were fixed in 70% ethanol at 4° overnight. Thl
cells were then washed in phosphate-buffered saline (PBS), resuspended in RNAse (1 mg/ml) and propidium iodide (50 pg/ml),
incubated for 20 min at room temperature in the dark, and analysed for their DNA content by flow cytometry. (b) Thl cells
were then isolated from the primary cultures and stimulated in secondary cultures with Ag for 48 hr. [*H]Thymidine (*H]TdR)
uptake by the Thl cells was assessed and is presented as counts per minute (c.p.m.)+ SD from a representative experiment.
*The responses generated by the Thl cells pretreated with Ag+n-butyrate or with rIL-2+ Ag+n-butyrate and then
restimulated with 50 or 150 ug/ml of keyhole limpet haemocyanin (KLH) in secondary cultures were determined by the
Student’s 7-test to be statistically different at a P-value of 0-05 from their non-Ag control values. This experiment has been

repeated twice with similar results.
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In contrast, Thl cells isolated from primary cultures
containing IL-2 and n-butyrate did not lose their ability
to proliferate following subsequent Ag stimulation. Control
Th1 cells exposed to n-butyrate, Ag, or IL-2 alone in the
primary cultures did not become anergic. These results
suggest that n-butyrate-induced anergy requires Ag-specific
Th1 cell activation, not general Th1 cell activation provided
by IL-2. Furthermore, n-butyrate-induced Thl cell anergy
cannot be overcome by exposure to IL-2 stimulation. Based
on these data, subsequent experiments utilized Thl cells
exposed to IL-2 and n-butyrate in primary cultures as a
non-anergic control group with which to compare expres-
sion and association patterns of anergic (treated with Ag
and n-butyrate or treated with Ag, n-butyrate and 1L-2 in
primary cultures) Thl cells.

Expression of G1 cell cycle regulatory proteins in
IL-2-activated Thl cells

It seemed possible that differences in G1 cell cycle
regulatory protein expression and/or function could
account for the inability of Thl cells treated with IL-2
and n-butyrate in primary cultures to become anergic.
Before this possibility could be investigated it was necessary
to determine the baseline levels of the GI1 cell cycle
regulatory proteins in IL-2-stimulated Thl cells. The
expression patterns of the G1 cell cycle regulatory proteins
in IL-2-stimulated Th1 cells were similar to those observed
in Ag-stimulated Th1 cells. cdk4 and cdk6 were detected in
resting Th1 cells and their expression levels did not fluctuate
noticeably during the IL-2-stimulated cell cycle (Fig. 2a).
cdk?2 was detected at low levels in resting Th1 cells, but was
up-regulated at 24 hr following IL-2 stimulation and
remained relatively constant during the remainder of the
cell cycle. Expression of cyclin D2, detected at low levels in
resting Thl cells, peaked 24 hr following IL-2 stimulation.

(@) (b)
R 24 48 72

cdk2 >

% Actin

cdk4 >

CAKE —> =

Cyclin D2—>

Cyclin D3—>
Cyclin E—>

Actin—>

R 24 48 72

o

Cyclins D3 and E were not detected in resting Thl cells;
however, they were present 24 hr following stimulation with
IL-2, 24 hr earlier than their detection in Ag-stimulated Thl
cells, demonstrated in an earlier study conducted in this
laboratory.*

Expression patterns of the CDKIs, p21<P! and p27%iP!,
in IL-2-stimulated Thl cells were also similar to those
previously seen in Ag-stimulated Thl cells. p21<'*! was not
detectable in resting Thl cell lysates, appeared by 24 hr
poststimulation with IL-2 and began to decrease by
72 hr poststimulation (Fig. 2b). In contrast, protein levels
of p27%iP! were high in resting Thl cell lysates, down-
regulated by 24 hr poststimulation and began to rise again
by 72 hr poststimulation. Taken together, these results
suggest that Thl cells stimulated with IL-2 express a similar
pattern of cell cycle regulatory proteins and DNA synthesis
as compared with Thl cells stimulated with Ag.

The effects of n-butyrate on the expression of p2
and p27%"P! in IL-2-treated Th1 cells were next compared to
the expression pattern in Ag-stimulated Thl cells. In
addition, association of p21<P' and p27¥P! with cdk4
was examined in order to help evaluate the functional
consequences of any n-butyrate-induced alteration in CDKI
expression. Similarly to the previously described IL-
2-induced down-regulation of p27¥"P!, Thl cells exposed
in primary cultures to IL-2 and n-butyrate, or to Ag and
n-butyrate (with or without IL-2), showed a low level of
p27%P at the 24-hr time-point (Fig. 3). In contrast to
p27%P! the level of p21<™! in Th1 cells exposed in primary
cultures to IL-2 and n-butyrate, or to Ag and n-butyrate
(with or without IL-2), was dramatically increased.
Furthermore, p21°P! and p27%"P! (albeit to a lesser degree)
were associated with cdk4 in all three groups of Thl cells.
Therefore, no significant differences between Thl cells
exposed to n-butyrate and Ag (even in the presence of
IL-2), or to n-butyrate and IL-2, with regard to the
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Figure 2. Expression of G1 cell cycle regulatory proteins in interleukin-2 (IL-2)-stimulated Th1 cells. (a) Lysates were prepared
from resting (R) T helper 1 (Th1) cells, or from Th1 cells stimulated for 24, 48, or 72 hr with IL-2. Expression of the various G1
cell-cycle regulatory proteins was assessed by immunoblotting. Equal loading of cell extracts was confirmed using an antibody
(ADb) that recognized actin. (b). Lysates were prepared from resting Thl cells, or from Thl cells stimulated for 24, 48, or 72 hr
with IL-2. Expression of p21P! and p27%"P! was assessed by immunoblotting. Densitometric analysis was performed, and the
results are presented as percentage actin. This experiment was been repeated twice with similar results obtained on each

occasion.
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Figure 3. Effects of n-butyrate on cyclin-dependent kinase inhib-
itors (CDKIs) in interleukin-2 (IL-2)-stimulated T helper 1 (Thl)
cells. Thl cells were incubated in primary cultures containing
IL-2 +n-butyrate, or antigen (Ag)+n-butyrate, with or without
IL-2. After 24 hr, the Thl cells were isolated and lysates were
prepared. p21€P! and p27%"P! were immunoprecipitated, and the
expression of p21°'P! and p27%iP!, as well as their association with
cyclin-dependent kinase 4 (cdk4), was assessed by immunoblotting.
This experiment was been repeated, with similar results obtained on
each occasion.
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expression of p21<%P! and p27%%*! or the association of these
CDKIs with cdk4, were revealed in the primary cultures.

CDKI expression in Ag-restimulated Th1 cells pretreated
with Ag and n-butyrate or with IL-2 and n-butyrate

As examination of CDKIs in primary culture could not
account for the functional differences between non-anergic
Thl cells (treated with IL-2 and n-butyrate) and anergic
Thl cells (treated with Ag and n-butyrate, with or without
IL-2), it seemed probable that if differential expression of
CDKIs existed it might only be detected once the Thl cells
had been restimulated. To examine this possibility, lysates
were prepared from non-anergic Thl cells (treated with
IL-2 and n-butyrate in primary cultures) and anergic Thl
cells (treated with Ag and n-butyrate, with or without IL-2
in primary cultures) following Ag stimulation in secondary
cultures (Fig. 4a). At 24 hr postrestimulation, which
represents the main stage of S-phase entry, anergic Thl
cells contained notably elevated levels of p21<P' and
p27%"P! in comparison with non-anergic Thl cells. The
cumulative increase in expression of p21<P! and p27%iP! in
anergic Thl cells, as compared to non-anergic Thl cells,
following Ag restimulation (Fig. 4b), may account for the
observed differences in their proliferative capacities in
the secondary cultures. In addition, these results demon-
strate that the addition of IL-2 to the primary cultures
treated with Ag and n-butyrate is not capable of overcoming
the increase in p21<""! and p27%®! found in Ag-restimulated
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Figure 4. Expression of cyclin-dependent kinase inhibitors in anergic and non-anergic T helper 1 (Thl) cells following
restimulation with antigen (Ag). (a) Thl cells were incubated for 48 hr in primary culture with interleukin-2 (IL-2)+
n-butyrate, or with Ag+n-butyrate (with or without IL-2). These Thl cells were then restimulated with Ag for 24 hr, at
which time they were lysed. Some Th1 cells (resting) were left untreated before being lysed. Expression of p21€P! and p27XiP!
was assessed by immunoblotting. (b) Densitometric analysis was performed, and the cumulative expression of p21<P! and
p27%iP! is presented as percentage actin. This experiment was repeated three times, with similar results obtained on each

occasion.
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Th1 cells treated in primary cultures with Ag and n-butyrate
alone.

Besides the decreased expression of CDKIs in non-
anergic Thl cells, different functional outcomes of Thl cells
treated with IL-2 and n-butyrate, and those treated with
Ag and n-butyrate, might reflect differential expression of
some other G1 cell-cycle regulatory components. However,
Western blot analysis revealed essentially no differences in
the expression of the Gl cdks or cyclins between Ag-
restimulated Thl cells treated in primary cultures with Ag
and n-butyrate, even in the presence of IL-2, and those
treated in primary cultures with IL-2 and n-butyrate (Fig. 5).

CDKI activity in anergic and non-anergic Thl cells

In addition to comparing the protein levels of p21<P! and
p27%P1 functional CDKI activity was compared in Thl
cells treated with Ag and n-butyrate (with or without IL-2)
and in Thl cells treated with IL-2 and n-butyrate. CDKI
activity in the Thl cell lysates was evaluated as a function of
endogenous pRb phosphorylation and as the ability to
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Figure 5. Expression of Gl cell-cycle regulatory proteins in
anergic and non-anergic T helper 1 (Thl) cells following restimul-
ation with antigen (Ag). Thl cells were incubated for 48 hr in
primary culture with interleukin-2 (IL-2)+n-butyrate, or with
Ag+IL-2+n-butyrate. The Thl cells were then restimulated
with Ag for 24 hr, at which time they were lysed. Expression of
cyclin-dependent kinase (cdk)2, cdk4, cdké6, cyclin D2, cyclin D3,
and cyclin E was assessed by immunoblotting. Equal loading of
protein was confirmed by staining with an anti-actin antibody.
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inhibit exogenous cdk activity. In correlation with their
increased level of p21"P! and p27%P!, the Ag-restimulated
anergic Thl cells exhibited decreased endogenous pRb
phosphorylation levels when compared with the different
groups of non-anergic or control Thl cells (Fig. 6a). In
addition, lysates from Ag-restimulated anergic Thl cells
(exposed in primary cultures to Ag and n-butyrate, with or
without IL-2) successfully inhibited exogenous cdk2
activity in a kinase assay (Fig. 6b). Furthermore, removal
of the CDKIs p21°P! and p27%P! by immunoprecipitation
from the anergic Thl cell lysates eliminated their ability
to suppress exogenous cdk?2 kinase activity. In contrast to
lysates from anergic Th1 cells, lysates from Ag-restimulated
Thl cells exposed in primary cultures to either n-butyrate
alone or to IL-2 and n-butyrate, were unable to suppress
the activity of preformed exogenous cdk2 complexes.
Lysates from resting Thl cells, shown to contain high levels
of p27%P! also suppressed exogenous cdk?2 activity. Taken
together, these results demonstrated that anergic Th1 cells,
unlike Thl cells treated with IL-2 and n-butyrate in
primary cultures, exhibited functional CDKI activity,
capable of inhibiting both endogenous and exogenous
cdk activity.

Examining the cause of the decreased cdk activity in the
Ag-restimulated anergic Th1 cells

It seemed probable that the decreased pRb phosphorylation
observed in the Ag-resimulated anergic Thl cells was a
result of suppression of G1 cdk activity by p21<'*! and
p27%PL in these Thl cells. Co-immunoprecipitation experi-
ments conducted to examine the association of p21°P! and
p27%"P! with cdks revealed that cdk4 was associated with
p27%PL in all groups of Ag-restimulated Th1 cells (Fig. 7a).
However, unlike p27%P! significantly less p21<"' was
found in association with cdk4 in the Ag-restimulated
anergic Th1 cells. Thus, the inability of the anergic Th1 cells
(treated with Ag and n-butyrate, with or without IL-2 in
primary cultures) to proliferate in the Ag-restimulated
secondary cultures cannot be explained by the association
of p21°P! with cdk4.

As p21€P! did not associate with cdk4 to any great
degree in the Ag-restimulated anergic Thl cells, it was
expected that p21°'P! was binding to and inhibiting some
other G1 cdk/cyclin complex in the Ag-restimulated anergic
Thl cells. However, experiments carried out to test this
possibility found that p21“*! did not associate with cdk2
and cdk6 in the Ag-restimulated anergic Thl cells at levels
greater than those observed in non-anergic Thl cells
(Fig. 7b). Thus, p21“"! in the anergic Thl cells did not
appear to exert its suppressive effects in the Ag-stimulated
secondary cultures by binding to G1 cyclin/cdk complexes.

The association of G1 cdks with cyclin D2 and cyclin D3
was also examined as these interactions correlate with cdk
activity, and the lack of such an interaction could help to
explain the decrease in cdk-induced pRb phosphorylation
observed in the anergic Thl cells. Less cyclin D2 was found
to be associated with cdk4 and cdk6 in the Ag-restimulated
anergic Thl cells, including those treated with IL-2 in the
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Figure 6. (a) Endogenous retinoblastoma protein (pRb) levels in anergic and non-anergic T helper 1 (Thl) cells following
restimulation with antigen (Ag). Lysates were prepared from resting Th1 cells, or from Thl cells exposed in primary cultures to
Ag alone, n-butyrate alone, Ag+n-butyrate, interleukin-2 (IL-2) alone, IL-2 +n-butyrate, Ag+ n-butyrate, or IL-2+Ag+
n-butyrate, and which had been restimulated with Ag for 24 hr. These lysates were immunoblotted with anti-pRb Ab.
Densitometric analysis was performed, and the results are presented as integrated density value (IDV). (b) Activity of cyclin-
dependent kinase inhibitors (CDKIs) in anergic and non-anergic Thl cells following restimulation with Ag. Lysates were
prepared from resting Th1 cells, or from Thl cells exposed in primary cultures to n-butyrate alone, Ag+n-butyrate, IL-2+
n-butyrate, or IL-2+ Ag+n-butyrate, and then recultured with Ag for 24 hr. The Thl cell lysates, either intact or depleted of
both p21P! and p27%P! by immunoprecipitation, were mixed in equal protein amounts with cdk2 immunoprecipitated from
lysates of asynchronous EL4 cells for 30 min, and then tested for activity in an H1 kinase assay. The results are presented as
total counts per minute (c.p.m.) minus the background c.p.m. measured in samples containing immunoprecipitated cdk2 but
no substrate. This experiment was repeated with similar results obtained. (c) Representative experiment demonstrating the

immunodepletion of p27%"P! and p21°"P! from the Thl cell lysates (treated with IL-2) confirmed by Western blotting.

primary cultures, in comparison with non-anergic Thl cells
(Fig. 7b). No cyclin D2 was found to be associated with
cdk2 in either group. Essentially no differences were
observed between anergic Thl cells and non-anergic Thl
cells following Ag rechallenge, with regard to the levels of
cyclin D3 associated with cdk2, cdk4, or cdk6 (Fig. 7b).
Taken together, these results suggest that the decreased
pRb phosphorylation observed in Ag-restimulated anergic
Thl cells, including those treated with rIL-2 during the
primary culture, may reflect decreased association of cyclin
D2 with cdk4 and cdk6 rather than p21<'P! suppression of
G1 cyclin/cdk complexes.

DISCUSSION

The data presented here demonstrate that the relatively
novel method of Thl cell anergy induction using the Gla
blocker, n-butyrate, requires T-cell receptor (TCR) ligation.
Although Thl cells exposed to the general stimulant, IL-2,
and n-butyrate fail to proliferate during primary cultures,
these Thl cells retain their ability to proliferate following

removal of n-butyrate from the cultures and subsequent
Ag challenge. In contrast, Thl cells exposed to Ag and
n-butyrate in the primary cultures fail to proliferate in
response to a subsequent Ag challenge, demonstrating that
n-butyrate-induced Thl cell anergy requires Ag-specific
T-cell activation. This finding is consistent with previously
described data showing that early activation events
associated with TCR ligation, such as protein kinase C
(PKC) activation and [Ca®*]; mobilization, are necessary
for Thl cell anergy.® Although IL-2 stimulation was not
sufficient to induce anergy in n-butyrate-treated Thl cells,
it seemed possible that the addition of IL-2 to primary
cultures of Thl cells treated with Ag and n-butyrate would
prevent the induction of anergy. This possibility was based
on the fact that Th1 cell anergy has been associated with the
lack of IL-2 receptor (IL-2R) occupancy.” However, the
inclusion of IL-2 did not interfere with anergy induction of
the Thl cells. These results demonstrated that addition of
exogenous IL-2 to primary cultures containing n-butyrate
alone, or Ag and n-butyrate, has very different functional
outcomes.

© 2002 Blackwell Science Ltd, Immunology, 106, 486-495
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Figure 7. (a) Association of cyclin-dependent kinase (cdk)4 with p21P! and p27%! in anergic and non-anergic T helper 1
(Th1) cells following restimulation with antigen (Ag). Lysates were prepared from Thl cells exposed in primary cultures to
interleukin-2 (IL-2) +n-butyrate, or from Thl cells exposed in primary cultures to Ag+n-butyrate (with or without IL-2) that
had been restimulated with Ag for 24 hr. p27%P! or p21°P! (200 ug/sample) was immunoprecipitated from these lysate
preparations and analysed via Western blotting for expression of cdk4. (b) Association of p21P®! cyclin D2, and cyclin D3 with
cdk2, cdk4, and cdk6 in anergic and non-anergic Thl cells following restimulation with Ag. Lysates were prepared from
Thl cells exposed in primary cultures to IL-2+n-butyrate, or from anergic Thl cells exposed in primary cultures to Ag+
n-butyrate (with or without IL-2) that had been restimulated with Ag for 24 hr. cdk2, cdk4, or cdk6 (200 pg/sample) were
immunoprecipitated from these lysates and analysed via Western blotting for expression of p21<'! cyclin D2 and cyclin D3.

The direct effects of n-butyrate in conjunction with
either IL-2 or Ag on Thl cell expression of p27<*! and
p219P! were compared in order to determine whether
differential sensitivity to anergy induction was caused by
differences in the expression and/or association patterns of
these CDKIs. In primary cultures, Thl cells treated with
IL-2 and n-butyrate, or with Ag and n-butyrate (with or
without IL-2), down-regulated p27%®' by 24 hr in the
primary cultures. In contrast, p21“P! was dramatically
up-regulated in Thl cells treated in primary cultures with
either IL-2 and n-butyrate or Ag and n-butyrate. Increased
p219P! expression has been shown to be induced in response
to a variety of stimuli, including IL-2® and mitogen-
activated protein kinase (MAPK) signalling.”!* p21<%*! has
also been shown to be up-regulated by n-butyrate in cycling
cancer cells and fibroblasts.'""'> We have shown previously
that p21“P! is not increased when resting Thl cells are
treated with n-butyrate alone, but is up-regulated when Thl
cells are treated with both n-butyrate and Ag.* The p21<P!
response observed in Thl cells exposed to both n-butyrate
and Ag is up-regulated sooner and more vigorously than
that induced by Ag alone. Consequently, it is not surprising
that Th1 cells exposed here in primary cultures to both IL-2
and n-butyrate, or to both Ag and n-butyrate (with or

© 2002 Blackwell Science Ltd, Immunology, 106, 486-495

without IL-2), up-regulated their expression of p21<P!.
The p21<"! observed in the Thl cells treated with IL-2
and n-butyrate, and the Thl cells treated with Ag and n-
butyrate (with or without IL-2), in primary cultures was
found to associate with cdk4. Taken together, these data
imply that the increased levels of p21“P! in n-butyrate-
treated stimulated Thl cells prevents cell cycle progression
in the primary cultures by suppressing the G1 cdk activity
required for S-phase entry. This data correlates with the
lack of proliferation observed in all of the groups treated
with n-butyrate in the primary cultures.

Although the results obtained adequately explained the
lack of proliferation by the n-butyrate-treated Thl cells in
the primary cultures, they did not explain why Thl cells
treated with IL-2 and n-butyrate, as compared to Ag and
n-butyrate, with or without IL-2, differed in their Ag-
induced proliferation in secondary cultures. Examining the
levels of p21<'P! and p27%P! in Th1 cells in Ag-stimulated
secondary cultures revealed that the anergic Thl cells
(treated with Ag and n-butyrate in primary cultures, even in
the presence of 1L-2) contained higher cumulative levels of
p21€P! and p27%iP! than the non-anergic Th1 cells (exposed
in primary cultures to IL-2 and n-butyrate). This observed
cumulative increase in the levels of p21<P' and p27%iP!
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following exposure of Thl cells in primary cultures to n-
butyrate and Ag, but not IL-2, occurs at a time (24 hr after
Ag restimulation) when p21P! and p27%®! are normally
present at low or undetectable levels. The unusually elevated
levels of these CDKIs in the anergic Th1 cells at this critical
time-point would severely inhibit the ability of the anergic
Thl cells to enter the S phase. The increased levels of
p27%P! observed in the Ag-stimulated anergic Thl cells
compared with non-anergic Thl cells may represent a
failure to down-regulate p27<"!. Such a failure may be
explained by the fact that p27%P! ubiquitination and
degradation requires activation of cyclin E/cdk2 complexes
by IL-2,'® a cytokine that is suppressed in the Ag-
restimulated anergic Thl cells.> One potential mechanism
for the increased levels of p21<P' seen in the Ag-
restimulated anergic Th1 cells, compared to the non-anergic
Thl cells, may be activation of PKC. PKC activation is
primarily associated with TCR cross-linking rather than
IL-2 signalling, and appears to increase the levels of p21<P!
by actually stabilizing its mRNA.'* Thus, activation of
PKC by TCR ligation in the anergic Thl cells may
contribute to the maintenance of the increased levels of
p21€P! in the anergic Thl cells. Furthermore, activation
of PKC has been shown to augment n-butyrate-induced
effects in other cell types.'”> Experiments are currently
underway to investigate this possibility. Taken together,
these findings suggest that the differential susceptibility to
tolerance induction between anergic Thl cells (treated with
Ag and n-butyrate in the primary cultures, with or without
IL-2) and non-anergic Thl cells (treated with IL-2 and
n-butyrate in primary cultures) may be a result of the fact
that Ag, unlike IL-2, leads to sustained high levels of the
CDKIs p27%P! and p21<"! at a time-point (i.e. 24 hr
following Ag restimulation) that would otherwise represent
the main stage of S-phase entry in these Thl cells. These
results further show that the addition of exogenous IL-2
to primary cultures containing Thl cells treated with Ag
and n-butyrate, although possibly capable of down-
regulating p27%®! to some degree by the aforementioned
mechanism, is not sufficient to overcome the cumulative
increase in the CDKIs induced by Ag and n-butyrate.
Investigating the mechanisms by which the increased
levels of p27%P! and p21P! in the anergic Thl cells
inhibited proliferation in the Ag-stimulated secondary
cultures revealed a decreased association of cdk4 and
cdk6 with the positive regulator, cyclin D2, in the anergic
Thl cells. An anergy-induced increase in the levels of
p27%P! associated with cdk4, as well as a decrease in the
association of cyclin D2 with cdks, could account for the
low level of pRb phosphorylation observed in the anergic
Th1 cells. The decrease in pRb phosphorylation would, in
turn, inhibit S-phase entry in the secondary cultures.
Surprisingly, the increased levels of p21“'P! in the anergic
Thl cells following Ag restimulation may not play a role in
suppressing pRb phosphorylation, as significantly less
p21€"P! was found in association with the G1 cdks in the
secondary cultures. These data suggest that if pZICilnl plays
a role in suppressing proliferation in the Ag-stimulated
anergic Thl cells, it does so by a mechanism that does not

involve inhibition of Gl cyclin/cdk complexes. Although
more p21°P! appears to be associated with cdk4
immunoprecipitated from the Ag-restimulated anergic
Th1 cell lysates (Fig. 7b) in comparison with the reciprocal
blot shown in Fig. 7(a), this difference may be explained by
the fact that the levels of p21Cip1, but not cdk4, are increased
in these cells. The cdk4 present in these anergic Thl cells
may bind to some of the p21Cipl, such that immuno-
precipitation of cdk4 reveals an association with p21<P!.
However, the elevated levels of p21<'P! in the anergic Thl
cells means that the relative amount of p21<"P! associated
with cdk4 is decreased, suggesting that p21<'*! in these cells
may be associating with other target proteins. Moreover,
the reduction in p21“P! association with cdk6 immuno-
precipitated from the Ag-restimulated anergic Thl cells,
especially those treated with Ag and n-butyrate in the
primary cultures (shown in Fig. 7), compared with the
already limited association of p21“! with the other Gl
cdks, further supports the idea that the increased levels of
p21P! found in the Ag-restimulated anergic Thl cells may
be associating with other target proteins. In addition to its
inhibitory effects on cdks, p21<P! can inhibit the activity of
other proteins important for cell proliferation, including
mitogen-activated protein kinases and proliferating cell
nuclear antigen.'®'® The possibility that p21<'*! helps to
block proliferation in anergic Thl cells by suppressing one
of these other regulatory proteins, is presently being
investigated.

Taken together, the results of this study suggest that
differences in the expression and alterations in the
association patterns of CDKIs, p21<P! and p27%P! may
be responsible for the different functional outcomes
associated with exposure of Thl cells to IL-2 and n-
butyrate, or to Ag and n-butyrate, with or without IL-2
(activation or anergy, respectively). The correlation between
anergy and increased levels of both p21<"! and p27%! has
been previously demonstrated by ourselves and others.*!”
Increased levels of p27%P! present in the anergic Thl cells
shown here appear to associate with G1 cdks, thereby
inhibiting pRb phosphorylation and cell cycle progression,
whereas the mechanism by which increased levels of p21©P!
suppress proliferation in the Ag-restimulated anergic Thl
cells has yet to be elucidated.
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