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Abstract

Background and Purpose: The proteasome is a multi-sub-
unit complex that proteolytically cleaves proteins. The re-
placement of the constitutive proteasome subunits B1, B2,
and/or B5 with the IFNy-inducible subunits LMP2, MECLI,
and/or LMP7 results in the ‘immunoproteasome’. The induc-
ible subunits change the cleavage specificities of the protea-
some, but it is unclear whether they have functions in addi-
tion to this. The purpose of the present study was to deter-
mine the role of the proteasome in general, as well as LMP7
and MECL1 specifically, with regard to cytokine production
by activated primary splenocytes. Methods: A LMP7/MECL1-
null mouse was engineered to determine the roles of these
subunits in cytokine production. Isolated splenocytes from
wild-type and LMP7/MECL1-/- mice were treated with lacta-
cystin and activated with PMA and ionomycin and subse-
quently cytokine mRNA levels were quantified. Results: The
present study demonstrates that LMP7/MECL1 regulates the
expression of IFNv, IL4, IL10, IL2RB, GATA3, and t-bet. In con-
trast, the regulation of IL2, IL13, TNF«, and IL2Ra by the pro-
teasome appears to occur independently of LMP7/MECLI1.

Conclusions: Collectively, the present study demonstrates
that LMP7 and MECL1 regulate cytokine expression, sug-
gesting this system represents a novel mechanism for the
regulation of cytokines and cytokine signaling.

Copyright © 2012 S. Karger AG, Basel

Introduction

Proteasomes are large multi-subunit protein complex-
es responsible for the majority of non-lysosomal prote-
olysis occurring in cells [1, 2]. Structurally, proteasomes
are comprised of 14 distinct subunits which are subdi-
vided into a subunits («1-a7) and B subunits (31-B7).
All o subunits are assembled to form a 7-membered ring;
similarly, the 3 subunits also assemble to form a ring. The
proteolytic activity of the proteasome can be traced to 3
specific 3 subunits, B1 (Y), B2 (Z), and B5 (X), each of
which has distinct proteolytic cleavage specificities. The
activity of 1 is described as post-acidic, because it cleaves
peptide bonds after acidic residues; similarly, 32 and 35
subunits mediate trypsin-like and chymotrypsin-like ac-
tivities, respectively. The proteasome, as a whole, can ex-
ist as either a 20S or 268 structure. The 20S proteasome
has the capacity to cleave proteins to a relatively limited
extent in an ATP-independent fashion but cannot effi-

KA RG E R © 2012 S. Karger AG, Basel
0031-7012/12/0894-0117$38.00/0
Fax +41 61 306 12 34
E-Mail karger@karger.ch

www.karger.com

Accessible online at:
www.karger.com/pha

Prof. Dr. Nilofer Qureshi, Department of Basic Medical Science
School of Medicine, Shock/Trauma Research Center

University of Missouri Kansas City, 2411 Holmes Street

Kansas City, MO 64108 (USA)

Tel. +1 816 235 1056, E-Mail qureshin @ umkc.edu



ciently cleave folded proteins. The 26S proteasome, in
contrast, is comprised of the 20S proteasome capped at
both ends by 19S regulatory structures that confer the
ability to cleave folded proteins, but proteolytic activity is
dependent on ATPase activity [1, 2].

In addition to the constitutively expressed proteasome,
distinct inducible proteasomal subunits can replace com-
ponents of the constitutively expressed proteasome to
form what has been termed the ‘immunoproteasome’ [1-
4]. There are 3 inducible (3 subunits, again constituting the
proteolytically active subunits of the proteasome. These
include the low-molecular-mass protein (LMP) 2 (B1i),
multi-catalytic endopeptidase complex-like (MECL) 1
(B2i), and LMP7 (B5i), which replace the constitutively
expressed subunits, 1, 32, and B5, respectively. The in-
corporation of the inducible proteasomal subunits is
thought to selectively modify the cleavage specificity of
the proteasome to enhance effectiveness of antigen pro-
cessing and presentation [5]. This is thought to be largely
due to the replacement of B1 with LMP2 [2, 6]. The pur-
pose of induction of LMP7 and MECL1, however, remains
unclear. Although the presumed contribution of the in-
duced LMP7 and MECLI proteolytic subunits lies in the
enhancement of antigen processing, whether this is the
sole function of these subunits or whether LMP7 and
MECLI1 have additional functions on leukocyte activity
and response remains to be determined.

Results of recent studies have provided strong evi-
dence that bone marrow-derived dendritic cells lacking
one or more of the inducible proteasomal subunits had
diminished ability to present specific influenza epitopes
to CD8+ T cells. The impaired antigen presentation re-
sulted in decreased numbers of interferon (IFN)y-pro-
ducing CD8+ T cells in response to the influenza epitopes
[6]. Another group demonstrated diminished IFNvy in-
duction in response to Toxoplasma gondii by CD8+ T
cells in LMP7-null mice, despite comparable numbers of
activated CD8+ T cells [7].

Results of our own previous studies have revealed that
proteasome proteolytic activity in primary macrophages,
as well as in the RAW264.7 macrophage cell line, can be
modified in vitro in response to stimulation with lipo-
polysaccharide (LPS) [8-10]. Moreover, we have demon-
strated that LPS-induced production of inflammatory
mediators and Toll-like receptors (TLRs), including tumor
necrosis factor (TNF)a, interleukin (IL)6, IL12 p40, IL12
p35, cyclooxygenase 2, inducible nitric oxide synthase,
and TLR2, are all dependent upon a fully functional pro-
teasome [11]. With regard to T cells, we have also found
that proteasome inhibitors have differential effects on cy-
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tokine production between Jurkat T cells and primary
murine splenocytes [12]. Collectively, the results from
these studies demonstrate that the proteasome can func-
tion to regulate cytokine production by immune cells.

There is strong evidence to support the conclusion that
the inducible proteasomal subunits can influence cyto-
kine production by macrophages, T cells, and possibly
other immune cell types. In macrophages, it would ap-
pear that modulation of the proteasome itself can direct-
ly influence cytokine production. In other immune cell
types, such as lymphocytes, modulating effects have not
been defined, and the extent to which modulation of cy-
tokine production is due to defective antigen processing/
presentation versus direct effects of the immunoprotea-
some itself on cytokine induction remains to be deter-
mined. The purpose of the present study was, therefore,
to determine the role of the proteasome in modulating
cytokine production in splenocytes activated with phor-
bol-12-myristate-13-acetate (PMA)/ionomycin, thus by-
passing antigen processing and presentation.

Materials and Me thods

Materials

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

Animals and Cell Culture

LMP7/MECLI double-null mice were generated as described
[13]. Age-matched control mice (C57BL/6) were purchased from
Jackson Laboratories (Bar Harbor, Me., USA). All studies were
conducted in accordance with the Guide for the Care and Use of
Laboratory Animals adopted by the National Institutes of Health
and were approved by the Institutional Animal Care and Use
Committee at the University of Missouri Kansas City. Spleens
were isolated aseptically and processed into single-cell suspen-
sions (5 X 10° cells/ml) using standard procedures. Cells were
cultured in RPMI 1640 supplemented with 100 units penicillin/
ml, 100 units streptomycin/ml, 50 pwmol/l 2-mercaptoethanol,
and 2% bovine calf serum.

Real-Time PCR

Freshly isolated splenocytes (5 X 10° cells/ml) were treated
with lactacystin as described in the figure legends. To assess gene
expression, total RNA was isolated from treated splenocytes, us-
ing RNeasy Mini Kits (Qiagen, Valencia, Calif., USA), 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 following the manufactur-
er’s protocol (Qiagen). The Cr values of each target gene were first
normalized to the Cy value of the housekeeping gene, ribosomal
protein, rpL13a. Fold change in each target gene was then calcu-
lated relative to the control, the wild-type background (BKG)
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Fig. 1. Effect of lactacystin on PMA/ionomycin (Io)-stimulated
Ty cytokine production in splenocytes derived from wild-type
and LMP7/MECLI double-knockout mice. Freshly isolated sple-
nocytes (5 X 10° cells/ml) from wild-type or LMP7/MECLI dou-
ble-knockout mice were treated with lactacystin (1-10 pmol/l) or
VH (0.1% ethanol) for 30 min followed by activation of the cells
with 40 nmol/1PMA/0.5 pmol/I Io. Cells were harvested 6 h later,
the RNA isolated and analyzed for either IL2 (a) or IFNv (b). Cel-

group, using the AACt method of relative quantification as de-
scribed in ‘Critical Factors for Successful Real-Time PCR’ (avail-
able online at: www.qiagen.com/literature/brochures).

Statistical Analysis

The mean * SE was determined from triplicate samples for
each treatment group in the individual experiments. Homoge-
neous data were evaluated by two-way parametric analysis of vari-
ance (ANOVA), and the Holm-Sidak post hoc analysis was used
to compare response of cells in treatment groups to the cells main-
tained as vehicle (VH) controls when significant differences were
observed [14]. In addition, the Holm-Sidak test was used to com-
pare differences in response between wild-type and LMP7/ME-
CL1-null genotypes. Statistical analyses were performed using
SigmaStat 3.0 (Systat Software, Inc., San Jose, Calif., USA).

Results

Differential Regulation of Ty; Cytokines by LMP7

and MECLI in Freshly Isolated Murine Splenocytes

Results of previously published studies have provided
evidence for decreased Ty cytokine productionin LMP7/
MECLI double-null mice in response to influenza anti-
genic epitopes and T. gondii [7]. To distinguish between
effects of LMP7/MECLI on antigen processing and direct

LMP7 and MECLI1 Regulate Cytokine
Expression

lular viability was =80% for all treatment groups (assessed by
trypan blue exclusion). The results are presented as fold induction
over wild-type BKG and are the mean * SE of triplicate cultures.
@ p < 0.05 vs. the wild-type VH group, ® p < 0.05 vs. the LMP7/
MECLI-null VH group, ¢ p < 0.05 between wild-type and LMP7/
MECLI1-null splenocytes with respect to the BKG, VH, or LAC
treatment group (two-way ANOVA with two-tailed Holm-Sidak
post hoc analysis).

effects on cytokine induction, splenocytes were isolated
from LMP7/MECL1 double-null mice as well as wild-
type mice and activated with PMA and ionomycin ex
vivo. Viability was not affected by either lactacystin treat-
ment or LMP7/MECLI1 deficiency (data not shown). Pro-
duction of the Ty cytokine IL2 was not found to be
significantly different between wild-type and LMP7/
MECLI-null splenocytes activated with PMA/ionomycin
(fig. 1), suggesting that these proteasome subunits do not
contribute significantly to the induction of IL2. However,
the proteasome inhibitor lactacystin inhibited IL2 pro-
duction similarly in wild-type and LMP7/MECLI1-null
splenocytes. The inhibition of IL2 by lactacystin is con-
sistent with previous reports of proteasome inhibitors
in activated T cells [15]. In contrast to IL2, steady-state
mRNA for the prototypical Ty; cytokine IFNy was
significantly diminished in activated splenocytes from
LMP7/MECLI-null mice compared to wild-type spleno-
cytes, although lactacystin suppressed IFNvy transcrip-
tion by both wild-type and LMP7/MECL1-null spleno-
cytes. Collectively, the data suggest that proteasome pro-
teolytic activity promotes the transcription of both IL2
and IFNvy in wild-type mice, but only IFNv, not IL2, is
dependent upon the expression of LMP7 and MECLI.

Pharmacology 2012;89:117-126 119
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The Inducible Proteasomal Subunits LMP7 and

MECLI Contribute to the Transcription of the Ty,

Cytokines IL4 and IL10, but Not IL13

Given that LMP7 and MECLL1 contribute to the induc-
tion of the Ty, cytokine IFNv in activated splenocytes,
the contribution of these two proteasomal subunits to in-
fluence Ty, cytokine production in response to PMA/
ionomycin was also assessed. Similar to IFNv, induction
of IL4 transcription was almost completely suppressed in
activated LMP7/MECL1 double-null splenocytes relative
to the wild type, suggesting a critical role for these sub-
units in the regulation of IL4 (fig. 2a). In addition, lacta-
cystin suppressed IL4 mRNA expression in a concentra-
tion-dependent manner in wild-type splenocytes. In con-
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trast to IL4, there was little difference in IL13 mRNA
expression between activated splenocytes from wild-type
versus LMP7/MECLI1-null mice (fig. 2b). Lactacystin
suppressed IL13 induction similarly in activated spleno-
cytes from both genotypes. Activated LMP7/MECLI-
null splenocytes also produced significantly less IL10
compared to activated wild-type splenocytes (fig. 2¢). In-
terestingly, lactacystin treatment of LMP7/MECLI1-null
splenocytes caused an increase in IL10 mRNA levels,
which was unexpected. Overall, the results indicate that
LMP7 and/or MECLI have differential effects on cyto-
kine production that do not appear to be attributable to
skewed T}/ Ty, differentiation.

Rockwell/Monaco/Qureshi
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Fig. 3. Effect of lactacystin on PMA/ionomycin (Io)-stimulated
pro-inflammatory cytokine production in splenocytes derived
from wild-type and LMP7/MECL1 double-knockout mice. Fresh-
lyisolated splenocytes (5 X 10 cells/ml) from wild-type or LMP7/
MECL1 double-knockout mice were treated with lactacystin (1-
10 pmol/1) or VH (0.1% ethanol) for 30 min followed by activation
of the cells with 40 nmol/1 PMA/0.5 pmol/l Io. Cells were har-
vested 6 h later, the RNA isolated and analyzed for either TNFa

Induction of TNFa and IL6 Is Independent of LMP7

and MECLI in Activated Splenocytes

Because transcription of IL10, an anti-inflammatory
cytokine, is markedly reduced in LMP7/MECLI double-
null mice, we predicted that the induction of pro-inflam-
matory cytokines, such as TNFa and IL6, previously shown
to be counter-regulated by IL10 [16, 17], would be greatly
increased in the LMP7/MECLI null cells. Surprisingly,
there was relatively little difference between the two geno-
typesin the induction of TNFa and IL6, suggesting the lack
of a significant contribution of LMP7 and/or MECLI to
these responses (fig. 3). Whereas lactacystin pretreatment
significantly suppressed TNFae mRNA expression in both
wild-type and LMP7/MECLI-null splenocytes, it had little
effect on IL6 production in splenocytes from either geno-
type. Taken together, these data demonstrate that TNFa
induction by PMA/ionomycin in primary splenocytes is
proteasome dependent, but unlike IFNvy and IL4, is not
specifically dependent on the LMP7/MECLI subunits.

Lactacystin Suppresses mRNA Expression of IL2

Receptors a and B in Activated Splenocytes

Results of our previous studies provided evidence
that lactacystin pretreatment suppresses transcription of

LMP7 and MECLI1 Regulate Cytokine
Expression

(@) or IL6 (b). Cellular viability was =80% for all treatment groups
(assessed by trypan blue exclusion). The results are presented as
fold induction over wild-type BKG and are the mean * SE of trip-
licate cultures. ® p < 0.05 vs. the wild-type VH group, ® p < 0.05
vs. the LMP7/MECLI-null VH group, and ¢ p < 0.05 between the
wild-type and LMP7/MECLI1-null splenocytes with respect to the
BKG, VH, or LAC treatment groups (two-way ANOVA with two-
tailed Holm-Sidak post hoc analysis).

IL2 by PMA/ionomycin-activated wild-type splenocytes.
Given that IL2 also regulates its receptors, we predicted
that the mRNA expression of the IL2 receptors (IL2Rs)
would be inhibited by lactacystin. Although lactacystin
suppressed the mRNA expression of both IL2ZRa and IL-
2R in wild-type splenocytes, only IL2Ra induction was
inhibited by lactacystin in LMP7/MECLI1-null spleno-
cytes (fig. 4). In addition, IL2Ra induction was compa-
rable between wild-type and LMP7/MECLI-null spleno-
cytes, whereas IL2R3 expression was markedly reduced
in LMP7/MECL1-null splenocytes compared to wild-
type splenocytes. Collectively, the data suggest that
mRNA expression of IL2Ra and IL2R3 is proteasome de-
pendent, similar to IL2 itself. The data also demonstrate
that LMP7 and/or MECL1 contribute to IL2R3 but not
IL2Ra expression.

Expression of t-bet and GATA3 Is Decreased in

LMP7/MECLI-Null Splenocytes

Thus far, our findings support the conclusion of de-
creased IFNvy and IL4 induction in activated LMP7/
MECLI1-null splenocytes compared to wild-type spleno-
cytes. Accordingly, the expression of the key transcrip-
tion factors that function to regulate IFNy and IL4,

Pharmacology 2012;89:117-126 121
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Fig. 4. Effect of lactacystin on IL2 receptor expression in activated
splenocytes derived from wild-type and LMP7/MECLI double-
knockout mice. Freshly isolated splenocytes (5 X 10 cells/ml)
from wild-type or LMP7/MECLI double-knockout mice were
treated with lactacystin (1-10 pmol/l) or VH (0.1% ethanol) for
30 min followed by activation of the cells with 40 nmol/l PMA/0.5
pmol/l ionomycin (o). Cells were harvested 6 h later, the RNA
isolated and analyzed for either IL2Ra (a) or IL2R (b). Cellular

viability was =80% for all treatment groups (assessed by trypan
blue exclusion). The results are normalized to wild-type BKG and
are the mean * SE of triplicate cultures. * p < 0.05 vs. the wild-
type VH group, ° p < 0.05 vs. the LMP7/MECLI1-null VH group,
and € p<0.05 between the wild-type and LMP7/MECL1-null sple-
nocytes with respect to the BKG, VH, or LAC treatment groups
(two-way ANOVA with two-tailed Holm-Sidak post hoc analy-
sis).
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Fig. 5. Effect of lactacystin on inducible transcription factor ex-
pression in activated splenocytes derived from wild-type and
LMP7/MECLI double-knockout mice. Freshly isolated spleno-
cytes (5 X 10° cells/ml) from wild-type or LMP7/MECLI double-
knockout mice were treated with lactacystin (1-10 pmol/l) or VH
(0.1% ethanol) for 30 min followed by activation of the cells with
40 nmol/l PMA/0.5 pwmol/l ionomycin (Io). Cells were harvested
6 h later, the RNA isolated and analyzed for either t-bet (a) or

122 Pharmacology 2012;89:117-126

GATA3 (b). Cellular viability was =80% for all treatment groups
(assessed by trypan blue exclusion). The results are presented as
fold induction over wild-type BKG and are the mean * SE of trip-
licate cultures. ® p < 0.05 vs. the wild-type VH group, ® p < 0.05
vs. the LMP7/MECLI1-null VH group, and € p < 0.05 between the
wild-type and LMP7/MECLI1-null splenocytes with respect to the
BKG, VH, or LAC treatment groups (two-way ANOVA with two-
tailed Holm-Sidak post hoc analysis).
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Fig. 6. Effect of lactacystin on YY1 and STAT1 expression in ac-
tivated splenocytes derived from wild-type and LMP7/MECL1
double-knockout mice. Freshly isolated splenocytes (5 x 10°
cells/ml) from wild-type or LMP7/MECLI double-knockout mice
were treated with lactacystin (1-10 wmol/l) or VH (0.1% ethanol)
for 30 min followed by activation of the cells with 40 nmol/I
PMA/0.5 pmol/l ionomycin (Io). Cells were harvested 6 h later,
the RNA isolated and analyzed for either YY1 (a) or STATI (b).

specifically, t-box expressed in T cells (t-bet) and GATA-
binding protein (GATA)3, respectively, was evaluated
in LMP7/MECL1-null and wild-type splenocytes. Both
constitutive and induced mRNA levels of t-bet and
GATA3 were decreased in LMP7/MECLI1-null spleno-
cytes compared to the wild type (fig. 5). The differences
in GATA3 induction were more marked than those in the
induction of t-bet, with a 67% decrease in GATA3 induc-
tion and a 20% decrease in t-bet induction in LMP7/
MECLI double-null splenocytes compared to wild-type
splenocytes. Lactacystin caused significant inhibition of
t-bet transcription, but only a trend toward decreased
GATA3 transcription in wild-type splenocytes was not-
ed. Lactacystin also caused significant inhibition of t-bet
mRNA expression in LMP7/MECLI1-null splenocytes
that was concentration dependent. In contrast, lactacys-
tin had little effect on GATA3 transcription in LMP7/
MECLI1-null splenocytes.

LMP7 and MECLI Do Not Regulate the Transcription

Factors YY1 and STATI

Because ying-yang 1 (YY1) has been reported to regu-
late IFNy and IL4 and is itself regulated by the protea-
some [18-20], the expression of YY1 was investigated in

LMP7 and MECLI1 Regulate Cytokine
Expression

Cellular viability was =80% for all treatment groups (assessed by
trypan blue exclusion). The results are normalized to wild-type
BKG and are the mean * SE of triplicate cultures. * p < 0.05 vs.
the wild-type VH group, ® p < 0.05 vs. the LMP7/MECLI1-null VH
group, and € p < 0.05 between the wild-type and LMP7/MECL1-
null splenocytes with respect to the BKG, VH, or LAC treatment
groups (two-way ANOVA with two-tailed Holm-Sidak post hoc
analysis).

wild-type and LMP7/MECLI1-null splenocytes. In addi-
tion, we also investigated the expression of signal trans-
ducer and activator of transcription (STAT)I, another
transcription factor that regulates t-bet and IFNvy [21]
and is regulated by the proteasome [22]. In contrast to t-
bet and GATA3, neither lactacystin nor LMP7/MECL1
had substantial effects on YY1 or STAT1 mRNA levels

(tig. 6).

Discussion

The present studies are the first to demonstrate that
the inducible proteasomal subunits LMP7 and MECL1
play a role in the mRNA expression of particular cyto-
kines, such as IFNv, IL4, and IL10, but not others, such
as L2 and IL13. In addition, our studies demonstrate that
expression of the cytokine-regulating transcription fac-
tor GATA3 is also regulated by LMP7 and/or MECLI.
The current studies are fully consistent with reports that
mice deficient in LMP7 and/or MECLI have reduced cy-
tokine production in response to influenza epitopes and
T. gondii [6, 7]. Collectively, the aforementioned studies
demonstrate that LMP7 and MECLI regulate the produc-

Pharmacology 2012;89:117-126 123



tion of IFNw, IL4, IL10, IL2RB, t-bet, and GATA3 and,
importantly, that these effects are independent of antigen
processing and presentation.

Interestingly, IL6 is not detectably influenced by lac-
tacystin treatment, which is in contrast to what we have
observed previously in LPS-activated macrophages [8].
We have, however, previously reported the differential in-
hibitory effect of lactacystin on cytokine production in
LPS-activated macrophages in which IL13 and IL6 were
suppressed by lactacystin whereas TNFo was relatively
refractory [11]. Collectively, our studies suggest that the
sensitivity of cytokine transcription to suppression by
lactacystin appears to be specific to the cell type and/or
mode of activation.

Although induction of IFNY is already markedly de-
creased in LMP7/MECLI1-null splenocytes, it is further
suppressed by lactacystin (fig. 1). The aforementioned
findings suggest that, although IFNv is regulated to a
large extent by LMP7 and/or MECLI, other proteasomal
proteases are likely involved in IFNvy regulation. Al-
though levels of t-bet expression are lower in LMP7/
MECLI1-null splenocytes (fig. 5), the decreased expres-
sion is relatively modest in comparison to the extent of
reduction in IFN+y production (fig. 1). Furthermore, t-bet
expression levels were further decreased to a substantial
extent by lactacystin in LMP7/MECLI-null splenocytes.
Collectively, these findings suggest that although t-bet is
regulated to a limited extent by LMP7 and/or MECLYI, it
is largely regulated by one or more of the other protea-
somal proteases.

Interestingly, IL10 induction is markedly diminished
in LMP7/MECLI1-null splenocytes but actually increases
upon lactacystin treatment, suggesting a non-LMP7/non-
MECLLI protease is negatively regulating IL10 (fig. 2). The
lack of effect of lactacystin on wild-type splenocytes may
be the result of inhibition of multiple proteasomal prote-
ases by lactacystin, some of which are involved in the up-
regulation (LMP7/MECLI) and others in the downregu-
lation of IL10 expression. Alternatively, the effect of lac-
tacystin on IL10 mRNA levels may be due to indirect or
off-target effects of lactacystin.

Previous studies suggest that in addition to the consti-
tutive proteasome and the immunoproteasome, there are
also ‘intermediate’ proteasomes that are assembled from
a combination of constitutively expressed and inducible
subunits. Specifically, intermediate proteasomes with
subunits B1, B2, and LMP7 as well as 32, LMP2, and
LMP7 have been identified in various human tissue
types, including the liver, kidney, and gastrointestinal
tract [23]. It is not clear whether intermediate protea-
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somes are expressed in the MECL1/LMP7-null mice. It is
also unclear what effect intermediate proteasomes would
have on cytokine production in our model. Further stud-
ies will be needed to determine the role of intermediate
proteasomes in cytokine induction by activated immune
cells.

Recent studies suggest multiple roles for LMP7 in im-
mune cells. In addition to its role in antigen processing,
LMP?7 has also been shown to be involved in cell stress
and immune function. With respect to oxidative stress,
LMP7 has been shown to be important for the clearance
of poly-ubiquitinated oxidized proteins [24]. These stud-
ies demonstrate that increased levels of poly-ubiquitinat-
ed oxidized proteins in LMP7-null mice result in an in-
crease in protein aggregates and a subsequent decrease in
cell viability, suggesting a role for LMP7 in cell survival.
With respect to cytokine production, another recent
study shows inhibition of LMP7 with a selective inhibitor
decreased IFNvy production in anti-CD3/anti-CD28-ac-
tivated PBMCs, which is consistent with the current stud-
ies [25]. In addition, inhibition of LMP7 had no effect on
the expression of IL2Ra (CD25), which is also consistent
with our studies. In contrast to the effect of the LMP7
inhibitor on IFNy production, there was little difference
in IFNvy production between splenocytes from wild-type
and LMP7-/- mice, which the authors attributed to com-
pensatory mechanisms [25]. The decrease in IFN+y pro-
duction by splenocytes from LMP7/MECLI-/- mice in
comparison to the wild type suggests that such compen-
satory mechanisms are no longer functional in the dou-
ble-knockout mice or, alternatively, that MECLI also
plays a role in the regulation of IFNvy production.

There is growing evidence to suggest a role for the im-
munoproteasome in the activation of nuclear factor (NF)
kB. LMP2, in particular, has been implicated in the regu-
lation of NFkB activation. A recent study showed de-
creased IkB degradation in LPS-stimulated B cells from
LMP2-/- mice [26]. In addition, suppression of NF«kB
activation in TNFa-stimulated splenocytes from NOD
mice is associated with impaired LMP2 expression [27].
Similarly, this group has also found decreased NF«B
binding and IkB degradation in T2 cells, a human lym-
phocyte cell line that lacks the genes for LMP7 and LMP2
[28]. Collectively, these studies suggest a role for LMP2 in
NFkB activation. In contrast, the current study demon-
strates no difference in the induction of TNFa, a gene
regulated by NFkB, in splenocytes from wild-type and
LMP7/MECLI1-/- mice, suggesting NFkB activation is
not dependent on the LMP7 and/or MECLI subunits spe-
cifically.
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The present study provides evidence to support the
conclusion that the expression of most cytokines induced
in PMA/ionomycin-activated splenocytes is regulated by
LMP7, MECLYI, and/or one of the other proteasomal pro-
teases. This is likely because the proteasome is critical for
the activation of transcription factors, such as NFkB, that
function to regulate multiple cytokines [29]. Further-
more, it has been reported that a number of negative reg-
ulators of cytokine induction, such as hypoxia-inducible
factor la and nuclear erythroid factor 2-related factor 2,
are degraded by the proteasome [30-32]. Thus, the pro-
teasome is responsible both for the activation of positive
regulators, as well as the degradation and elimination of
negative regulators of gene expression in general and cy-
tokine induction in particular.

The current data demonstrate that LMP7/MECL1
contribute to the induction of IFNv, t-bet, IL4, IL10, and
GATA3 in activated splenocytes. IFNv is the signature
cytokine produced by Ty cells, and t-bet is a key tran-
scription factor involved in Ty; differentiation. In con-
trast, IL4 and IL10 are produced by Ty, cells,and GATA3
is a key Ty,-polarizing transcription factor. Overall, this
suggests that signaling through the immunoproteasome
may be responsible for providing a cellular state that is
permissive for the differentiation of T cells. In contrast,
the early events of T-cell activation do not appear to be
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