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Abstract
Previous studies have demonstrated that the proteasome inhibitor, lactacystin, suppresses cytokine
production and induction of other inflammatory mediators by LPS-stimulated macrophages. The
purpose of the present studies was to determine the effect of lactacystin upon the function of
activated human Jurkat T cells and murine splenocytes. Lactacystin treatment suppressed
interleukin (IL)-2, interferon (IFN)γ, and IL-13 production similarly in both activated Jurkat cells
and primary splenocytes. Interestingly, lactacystin produced differential effects on IL-4
transcription in the two models. While lactacystin inhibited IL-4 mRNA transcription in primary
splenocytes, it induced IL-4 mRNA in a concentration-dependent manner in Jurkat cells. The
increase in IL-4 mRNA levels by lactacystin did not correlate with increases in TH2-specific
transcription factors, avian musculoaponeurotic fibrosarcoma AS42 oncogene homolog (c-maf) or
GATA binding protein 3 (GATA-3). In addition, the binding of both GATA-3 and t-bet to their
respective response elements was essentially unchanged by lactacystin treatment in both
splenocytes and Jurkat T cells, suggesting the induction of IL-4 is due to other mechanisms.
Collectively, the current studies suggest proteasomal activity has differential effects on IL-4
transcription in activated Jurkat cells and primary splenocytes.
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1. Introduction
The proteasome is a cytoplasmic organelle with multiple protease activities, including
chymotrypsin-like (X, LMP7), post-glutamase (Y, LMP2), and trypsin-like (Z, MECL-1)
activities. Structurally, proteasomes exist as multi-subunit complexes, consisting of a
number of distinct, well-characterized, proteins [1]. The so-called 26S proteasome complex
(2.5 MDa) is comprised of a 20S proteasome, which exhibits proteolytic activity, and a 19S
proteasome, which provides regulatory functions [2]. Distinct subunits of the proteasome
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have been shown to be induced by IFNγ, including LMP2, LMP7, and MECL-1 of the 20S
proteasome [3,4].

In addition to its role in antigen processing, the proteasome impacts various other
immunological processes. Previous studies from this laboratory have demonstrated that the
proteasome regulates numerous macrophage activities, including production of TNFα, IL-6,
IL-12 and induction of cyclooxygenase-2 and inducible nitric oxide synthase [5–9]. It has
also been reported that proteasome inhibition induces apoptosis and inhibits progression
from G0 to S phase in human Jurkat T cells [10–12]. Although lactacystin ultimately causes
apoptosis in human T cells, the cells are viable for 8 – 16 hr after administration with onset
of apoptosis occurring 24 – 64 hr after treatment [11]. Interestingly, lactacystin inhibits T
cell proliferation at lower concentrations than that at which it induces apoptosis suggesting
that the effects upon proliferation may be due to mechanisms independent of apoptosis. The
purpose of the present studies was to determine the effect of lactacystin upon T cell cytokine
production.

2. Materials and methods
2.1. Materials

Lactacystin was purchased from A.G. Scientific (San Diego, CA). All other reagents were
purchased from Sigma Chemical Co. (St. Louis, MO).

2.2. Animals and cell culture
C57BL/6 mice, 6 weeks of age, were purchased from Jackson Laboratories (Bar Harbor,
ME). Studies requiring animals were conducted in accordance with the Guide for the Care
and Use of Laboratory Animals as adopted by the National Institutes of Health and were
approved by the Institutional Animal Care and Use Committee (IACUC) at University of
Missouri Kansas City. Spleens were isolated aseptically and processed into single-cell
suspensions (5 × 106 c/ml). Cells were cultured in RPMI 1640 supplemented with 100 units
penicillin/ml, 100 units streptomycin/ml, 50 µM 2-mercaptoethanol (2-ME), and 2% bovine
calf serum (BCS). Jurkat E6-1 T cells were purchased from the American Type Culture
Collection (Manassas, VA). Jurkat cells were cultured in RPMI 1640 supplemented with
100 units streptomycin/ml, 100 units penicillin/ml, 10 mM nonessential amino acids, 100
mM sodium pyruvate, and 10% BCS.

2.3. Real-time PCR
Jurkat cells (5 × 105 c/ml) or freshly isolated splenocytes (5 × 106 c/ml) were treated with
lactacystin as described in the figure legends. Total RNA was isolated using the RNeasy
Mini Kit (Qiagen, Valencia, CA), following the manufacturer’s protocol. The relative
expression levels of the target genes were determined by Sybr Green real-time PCR using
predesigned Quantitect Primer Assays (Qiagen, Valencia, CA). Relative mRNA expression
for the target genes were normalized to either TATA-binding protein (Jurkat cells) or
ribosomal protein L13a (splenocytes) and calculated as previously described [13].

2.4. DNA/protein binding assay (ELISA-based)
GATA-3 and t-bet binding were quantified using the TransAm GATA and t-bet assay kits
respectively from Active Motif (Carlsbad, CA), following the manufacturer’s protocol. The
wild-type competitor (provided by the manufacturer) is an unlabeled consensus
oligonucleotide which competes with the biotinylated consensus oligonucleotide to confirm
specificity. The mutated competitor is included as an additional control, which should not
compete with the biotinylated consensus oligonucleotide.
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2.4. Statistical Analysis
The mean ± SE was determined for each treatment group in the individual experiments.
Homogeneous data were evaluated by one-way parametric analysis of variance and the
Dunnett’s test was used to compare treatment groups to the vehicle (VH) control when
significant differences were observed. Statistical analyses were performed using SigmaStat
3.0 (Systat Software, Inc., San Jose, CA).

3. Results
3.1. Effect of the proteasome inhibitor, lactacystin, upon cytokine production by Jurkat T
cells and primary splenocytes

To determine the role of the proteasome in the induction of cytokine production in activated
T cells and splenocytes, the cells were pretreated with lactacystin (1–10 µM) prior to
activation. Interestingly, lactacystin treatment produced differential effects upon IL-4
transcription in activated Jurkat T cells and primary splenocytes. While lactacystin inhibited
IL-4 production in freshly isolated splenocytes, a concentration-dependent induction of IL-4
by lactacystin occurred in activated Jurkat cells (Fig. 1). The highest concentration of
lactacystin (10 µM) induced IL-4 transcription approximately 40-fold over background
levels in Jurkat cells. In contrast to IL-4, lactacystin had similar effects upon IL-13
transcription in activated Jurkat T cells and primary splenocytes with 10 µM lactacystin
producing approximately 60–70% inhibition. Likewise, lactacystin produced similar effects
upon TH1 cytokines in Jurkat cells and splenocytes (Fig. 2). At 10 µM, lactacystin had a
more potent effect upon IL-2 transcription (approximately 75–80 % inhibition) as compared
to IFNγ transcription (55 – 65% inhibition). While direct comparisons in overall cytokine
induction between splenocytes and Jurkat cells were not measured, the data suggest that the
magnitude of induction of TH2 cytokines is greater in splenocytes compared to Jurkat cells,
while induction of TH1 cytokines is greater in Jurkat cells.

3.2. Effect of lactacystin on TH2 transcription factors in Jurkat cells and freshly isolated
splenocytes upon activation

In order to determine whether the differential effects of proteasome inhibition on TH2
cytokines are due to effects on inducible TH2-specific transcription factors, the effects of
lactacystin on GATA binding protein 3 (GATA-3) and avian musculoaponeurotic
fibrosarcoma AS42 oncogene homolog (c-maf) were assessed. Pretreatment of Jurkat cells
with lactacystin suppressed GATA-3 transcription. In contrast, there was a trend toward
increased c-maf transcription with 5 µM lactacystin, although the difference was not
statistically significant (Fig. 3). In primary splenocytes, lactacystin had little effect on
GATA-3 transcription and modestly increased c-maf transcription, suggesting the
differential effects of lactacystin upon IL-4 transcription are independent of c-maf and
GATA-3 induction.

3.3. Effect of lactacystin on GATA-3 and t-bet DNA binding activity in Jurkat cells and
freshly isolated splenocytes upon activation

In order to determine whether proteasome inhibition impacts GATA-3 activity, the effects of
lactacystin on GATA-3 DNA binding were assessed in activated Jurkat cells and murine
splenocytes. As shown in Fig. 4a, the wild-type competitor successfully competed with
labeled GATA-3 consensus sequence, whereas the mutant competitor did not, confirming
the specificity of the assay. Lactacystin treatment had little effect on GATA-3 binding in
activated splenocytes, which was consistent with the GATA-3 transcription which was also
unaffected by lactacystin (Figs. 3–4). The effects of lactacystin on GATA-3 binding in
Jurkat cells were tested at multiple time points (2.5 and 6h after PMA/Io activation).
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GATA-3 binding was essentially unchanged at either time point tested, suggesting that the
effect of lactacystin on IL-4 is independent of GATA-3. Whereas GATA-3 transcription in
Jurkat cells was significantly inhibited by lactacystin 6h after activation, GATA-3 activity
was not. This is likely because the effects on transcription will precede effects on translation
and ultimately, activity.

Because t-bet is known to suppress IL-4 transcription, the effect of lactacystin on t-bet
activity was also assessed [14]. The inhibition of binding by the wild-type, but not the
mutant, competitor confirms the specificity of the assay. Similar to GATA-3, lactacystin had
little effect on binding of t-bet to its consensus sequence in either splenocytes or Jurkat cells,
suggesting the differential effects of lactacystin on IL-4 mRNA levels are independent of t-
bet activity (Fig 5).

4. Discussion
The present studies are the first to demonstrate the differential effects of the proteasome
inhibitor, lactacystin, upon IL-4 mRNA levels in activated Jurkat cells and primary
splenocytes. Whereas lactacystin increased IL-4 mRNA levels in Jurkat cells, it caused a
decrease in IL-4 mRNA levels in primary splenocytes, demonstrating that the proteasome
contributes to the induction of IL-4 in activated splenocytes, but suppresses IL-4 production
in activated Jurkat cells. The aforementioned studies also show that lactacystin has a
suppressive effect on IL-2 and IFNγ production in both Jurkat cells and splenocytes,
consistent with the reported effects of another proteosome inhibitor, bortezomib, on human
CD4+ cells [15]. In addition, lactacystin also suppresses IL-13 transcription in both models.

The current studies suggest that the increase in IL-4 transcription by the proteasome
inhibitor, lactacystin, is not due to effects on transcription factors involved with TH1/ TH2
differentiation. This finding was unexpected because such transcription factors are a logical
way in which IL-4 could be differentially induced, while production of other cytokines is
inhibited. Because many of the other transcription factors involved in IL-4 transcription (e.g.
AP-1 and NFAT) also regulate numerous other cytokines, the present data suggest the
differential increase in IL-4 mRNA levels may not be due to differences in transcriptional
regulation. Alternatively, lactacystin treatment may impact IL-4 mRNA stability.

Stability of mRNA has been shown to be impacted by particular structural features, such as
the presence of AU-rich elements in the untranslated region (UTR). Such sequences allow
binding of RNA-stabilizing proteins. One such protein is HuR, which has been shown to
specifically interact with and stabilize IL-4 mRNA [16,17]. Furthermore, it has been
reported that the binding motif for HuR is found in human IL-4 mRNA. It is not known
whether murine IL-4 has this motif. Moreover, HuR is induced in activated human T cells.
In addition, it has been shown that IL-4 itself triggers binding of HuR to IL-4 mRNA, which
stabilizes IL-4 mRNA.

In addition to HuR, other proteins have been implicated in the stabilization of IL-4
transcripts, including p38 MAP kinase [18]. Treatment of T cells with ionomycin causes
induction of p38 phosphorylation, which is calcium-dependent. Inhibition of p38 with
SB530280 in ionomycin-treated T cells causes a decrease in IL-4 mRNA stability.
Interestingly, proteasome inactivation also induces p38 phosphorylation, which correlates
with increased IL-8 mRNA levels in retinal pigment epithelial cells [19].

While great progress has been made in elucidating the sequence of cell signaling events and
chromatin remodeling that determine T cell fate and lineage decisions, there is still much
that is unknown. While it is clear that the TH2-specific transcription factors, GATA-3 and c-
maf, contribute to IL-4 transcription in TH2-differentiated cells and that IL-4 itself is pivotal
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to differentiation of TH2 cells [20], the cellular and molecular mechanisms of early IL-4
production remain unclear. As such, it is likely that there are other, as yet undescribed
mechanisms regulating IL-4, which may include the proteasome. In addition, the marked
differences in IL-4 regulation between primary splenocytes and Jurkat T cells, may provide
a useful tool in pinpointing some of these mechanisms. Furthermore, with the expansion in
the clinical use of proteasome inhibitors in the treatments of different types of lymphoma, it
will be necessary to know the effects of proteasomal inhibition upon cytokine production by
both malignant as well as non-malignant immune cells.

Whereas the proteasome inhibitor, bortezomib, is currently approved for the treatment of
refractory multiple myeloma and mantle cell lymphoma in the U.S., its use in other cancers
and a variety of other diseases is currently under investigation. Of relevance to the present
study, bortezomib treatment is currently being investigated as a novel therapy for peripheral
T cell non-Hodgkins lymphomas [21]. Consistent with the current studies, a case study of a
patient with myelodysplasia/myeloproliferative syndrome treated with bortezomib recently
reported elevated IL-4 levels in bone marrow, whereas TNFα and IL-6 levels were
decreased [22]. Collectively, the current studies and recent clinical observations suggest
further studies are needed to fully characterize the effects of bortezomib on IL-4 production
in humans.

The present studies are the first to describe the differential effects of proteasome inhibition
on cytokine production in Jurkat T cells and primary splenocytes. Specifically, the current
studies show that while lactacystin treatment has similar effects upon IL-2, IL-13, and IFNγ
in splenocytes and Jurkat cells, IL-4 is differentially affected by lactacystin in the two
models. In addition, the aforementioned studies suggest that the role of the proteasome in
IL-4 transcription may be dependent upon species and/or differentiation status of the cell
population. It is also possible that some other cell type in the splenocyte population (not
present in the homogeneous Jurkat T cell population) is exerting a negative effect on IL-4
transcription after lactacystin treatment. While it has long been recognized that numerous
factors contribute to the complex regulation of IL-4 in T cells under various activation/
differentiation states, the current studies suggest that in addition to these known IL-4
regulators, the proteasome also plays an important role in IL-4 transcription.
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Fig. 1.
Effect of lactacystin upon PMA/Io-stimulated TH2 cytokine production in activated Jurkat T
cells and primary splenocytes. Jurkat T cells (5 × 105 cells/ml) and murine splenocytes (5 ×
106 cells/ml) were treated with lactacystin (1–10 µM) or vehicle (VH, 0.1% ethanol) for 30
min followed by activation of the cells with 40 nM/0.5 µM PMA/ionomycin (PMA/Io).
Cells were harvested 6h later, the RNA isolated and analyzed for either A.) IL-4 or B.)
IL-13. Cellular viability was ≥ 80% for all treatment groups as assessed by trypan blue
exclusion. The results are presented as fold induction over BKG and are the mean ± standard
error of triplicate cultures. * denotes p<0.05 compared to the VH group as determined by
two-tailed Dunnett’s analysis.
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Fig. 2.
Effect of lactacystin upon PMA/Io-stimulated TH1 cytokine production in activated Jurkat T
cells and primary splenocytes. Jurkat T cells (5 × 105 cells/ml) and murine splenocytes (5 ×
106 cells/ml) were treated with lactacystin (1–10 µM) or vehicle (VH, 0.1% ethanol) for 30
min followed by activation of the cells with 40 nM/0.5 µM PMA/ionomycin (PMA/Io).
Cells were harvested 6h later, the RNA isolated, and analyzed for either A.) IL-2 or B.)
IFNγ. Cellular viability was ≥ 80% for all treatment groups as assessed by trypan blue
exclusion. The results are presented as fold induction over BKG and are the mean ± standard
error of triplicate cultures. * denotes p<0.05 compared to the VH group as determined by
two-tailed Dunnett’s analysis.
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Fig. 3.
Effect of lactacystin upon PMA/Io-stimulated TH2 cytokine production in activated Jurkat T
cells and primary splenocytes. Jurkat T cells (5 × 105 cells/ml) and murine splenocytes (5 ×
106 cells/ml) were treated with lactacystin (1–10 µM) or vehicle (VH, 0.1% ethanol) for 30
min followed by activation of the cells with 40 nM/0.5 µM PMA/ionomycin (PMA/Io).
Cells were harvested 6h later, the RNA isolated, and analyzed for either A.) GATA-3 or B.)
c-maf. Cellular viability was ≥ 80% for all treatment groups as assessed by trypan blue
exclusion. The results are presented as fold induction over BKG and are the mean ± standard
error of triplicate cultures. * denotes p<0.05 compared to the VH group as determined by
two-tailed Dunnett’s analysis.
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Fig. 4.
Effect of lactacystin upon GATA-3 DNA binding in activated Jurkat T cells and primary
splenocytes. A.) GATA-3 binding by activated splenocytes (Pos. Ctl) is reduced by
unlabeled wild-type competitor (WT Comp), but not mutant competitor (Mt Comp). B.)
Jurkat T cells (5 × 105 cells/ml) and C.) murine splenocytes (5 × 106 cells/ml) were treated
with lactacystin (10 µM) or vehicle (VH, 0.1% ethanol) for 30 min followed by activation of
the cells with 40 nM/0.5 µM PMA/ionomycin (PMA/Io). Cells were harvested 2.5h or 6h
later (only 6h for SPLC), the nuclear protein isolated, and DNA binding of GATA-3 was
quantified by TF binding ELISA as described in the Methods section. The results are
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presented as optical density at 450nm and are the mean ± standard error of triplicate cultures
(with the exception of the control samples in panel A, which were not run in triplicate).
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Fig. 5.
Effect of lactacystin upon t-bet DNA binding in activated Jurkat T cells and primary
splenocytes. A.) t-bet binding in t-bet transfected Cos-7 cells (Pos. Ctl) is reduced by
unlabeled wild-type competitor (WT Comp), but not mutant competitor (Mt Comp). B.)
Jurkat T cells (5 × 105 cells/ml) and C.) murine splenocytes (5 × 106 cells/ml) were treated
with lactacystin (10 µM) or vehicle (VH, 0.1% ethanol) for 30 min followed by activation of
the cells with 40 nM/0.5 µM PMA/ionomycin (PMA/Io). Cells were harvested 2.5h or 6h
later (only 6h for SPLC), the nuclear protein isolated, and DNA binding of GATA-3 was
quantified by TF binding ELISA as described in the Methods section. The results are
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presented as optical density at 450nm and are the mean ± standard error of triplicate cultures
(with the exception of the control samples in panel A, which were not run in triplicate).
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