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Cells of hematopoietic origin express high levels of the immunoproteasome, a cytokineinducible variant of the proteasome which has been implicated in regulating inﬂammatory responses and antigen presentation. In the thymus, medullary thymic epithelial cells
(mTECs) and cortical thymic epithelial cells (cTECs) do express different proteasome subunits exerting chymotrypsin-like activities suggesting distinct functions in thymic T cell
selection. Employing the lymphocytic choriomeningitis virus (LCMV) infection model, we
could show that the immunoproteasome subunit LMP7 was absolutely required for the
generation of LCMV GP118-125 -speciﬁc T cells although the class I mediated presentation of
GP118-125 was not dependent on LMP7. Using bone marrow chimeras and adoptive transfer
of LMP7-deﬁcient CD8+ T cells into RAG1-deﬁcient mice we show that LMP7-deﬁcient mice
lacked GP118-125 -speciﬁc T cell precursors and that LMP7 was required in radioresistant
cells – most likely thymic epithelial cells - to enable their selection. Since LMP7 is strongly
expressed in negatively selecting mTECs but barely in positively selecting cTECs our data
suggest that LMP7 was required to avoid excessive negative selection of GP118-125 -speciﬁc
T cell precursors. Taken together, this study demonstrates that the immunoproteasome
is a crucial factor for ﬁlling up holes within the cytotoxic T cell repertoire.
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Introduction
The proteasome is the main protease responsible for generating
ligands for MHC class I molecules for the presentation to cytotoxic
T lymphocytes (CTLs) [1, 2]. The proteolytic core complex of the
proteasome system is the 20S proteasome, which possesses a bar-
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rel shaped structure consisting of four rings with seven subunits
each. The inner two rings are made of β-subunits and bear the
catalytically active subunits β1c, β2c, and β5c [3]. In hematopoietic cells and in cells stimulated with interferon (IFN)-γ or tumor
necrosis factor (TNF)-α these proteolytically active subunits are
replaced by β1i (low molecular mass polypeptide (LMP)2), β2i
(multicatalytic endopeptidase complex-like (MECL)-1), and β5i
(LMP7) forming an inducible variant of the 20S proteasome designated the immunoproteasome. The immunoproteasome is functionally involved in the generation of MHC-I ligands [4–12], in
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T cell expansion [13, 14], in the protection from immunopathological damage in the brain [15, 16], and in autoimmune diseases [17–23]. Immunoproteasome-deﬁcient mice have been used
to investigate the impact of the inducible proteasome subunits
in various studies (reviewed in [24]). Apart from defects in
class I antigen presentation, LMP7-deﬁcient mice show alterations
in the clearance of Listeria monocytogenes [25], in Toxoplasma
gondii infection [26], in murine cytomegalovirus (MCMV) infection [27, 28], in Trypanosoma cruzi infection [29], and in experimental colitis [18, 30, 31]. Cells from LMP7−/− mice [32] express
reduced levels of surface MHC-I molecules [17, 32], emphasizing
the crucial role of LMP7 in MHC-I restricted antigen processing.
It has recently been reported that differences in MHC-I presentation between standard and immunoproteasomes were due to
quantitative rather than qualitative differences in the spectrum of
proteasome-generated antigenic peptides [33].
The repertoire of T cells is primarily formed in the thymus
through positive and negative selection of developing thymocytes.
After T cell receptor (TCR) rearrangement, developing thymocytes undergo the process of positive and negative selection, which
is mediated by TCR-MHC-self peptide interaction. It is generally
accepted that the proteasome is the main protease involved in generating class-I ligands for negative and positive selection. Distinct
proteolytically active proteasome subunits have been described in
the thymus [24]. Apart from the constitutive proteasome subunits
β1c, β2c, and β5c the expression of the immunosubunits β1i, β2i,
and β5i have been identiﬁed in the thymus [34]. Additionally,
β1i, β2i, and β5t are expressed in cortical thymic epithelial cells
(cTECs) building the so-called thymoproteasome [35].
In this study, we describe a strongly reduced glycoprotein
(GP)118-125 -speciﬁc CTL response in LMP7-deﬁcient mice infected
with lymphocytic choriomeningitis virus (LCMV). We could show
that this effect was not due to inefﬁcient processing of this epitope,
but due to a lack of GP118-125 -speciﬁc precursors in LMP7-deﬁcient
mice. Since LMP7 is abundant in negatively selecting medullary
thymic epithelial cells (mTECs) but not [34] or hardly [36, 37]
detectable in positively selecting cTECs, our data suggests that
LMP7 is required to prevent negative selection of GP118-125 speciﬁc T cell precursors by so far unknown self antigens. Hence, we
show that LMP7 is an important factor in determining the cytotoxic T cell repertoire and for ﬁlling up holes in the spectrum of
T cell receptor speciﬁcities.

Results
Strongly reduced GP118-125 -speciﬁc CTL response
in LCMV-infected LMP7-deﬁcient mice
To investigate the CD8+ T cell response in LMP7-deﬁcient mice
in viral infection, C57BL/6 wild-type and LMP7−/− mice were
infected with LCMV. On day 8 post infection, the CTL response
directed against GP33–41 /Db /Kb , NP396–404 /Db , GP118–125 /Kb , and
NP205–212 /Kb was determined by ICS for IFN-γ (Fig. 1A). No alteration in GP33-41 -, NP396-404 -, and NP205-212 -speciﬁc CD8+ T cell

responses between wild-type and LMP7-deﬁcient mice could be
observed. In contrast, the response to GP118-125 was reduced to
background levels in LMP7-deﬁcient mice (Fig. 1A and B). In
order to investigate whether the reduced GP118-125 CTL response
in LMP7−/− mice is dependent on the virus type, we used a recombinant vaccinia virus expressing the LCMV glycoprotein (VVG2).
Similar to LCMV, the GP118-125 -speciﬁc CTL response in VVG2infected LMP7−/− mice was strongly reduced compared to wildtype mice (Fig. 1C). Interestingly, as previously reported [8], the
GP276-286 CTL response was increased in LMP7-deﬁcient mice.
It has been reported that LMP2 and MECL-1 incorporation into
immunoproteasomes is strongly reduced in mice lacking LMP7
[38]. Hence, an altered incorporation of LMP2 and MECL-1 into
immunoproteasomes of LMP7-deﬁcient mice might contribute to
the reduced GP118-125 CTL response as seen in Fig. 1. We have
previously observed that the GP118-125 response is not affected
in MECL-1-deﬁcient mice [13]. Analysis of LMP2-deﬁcient mice
showed a similar GP118-125 response in wild-type and LMP2 deﬁcient mice (Fig. 2A). Immunosubunit incorporation into 20S proteasomes can be inﬂuenced via the regulatory particle PA28αβ
in PA28β−/− mice [39], although these results could not be conﬁrmed in mice lacking both PA28α and PA28β [40]. Moreover,
PA28αβ was recently shown to preferentially associate with the
immunoproteasome in vitro and in cells [41]. To investigate the
contribution of PA28αβ to the GP118-125 response, PA28α−/− /β−/−
mice were infected with LCMV-WE and the CTL response was analysed on d8 post infection (Fig. 2B). No alteration of the GP118-125
response could be observed in these mice, indicating that LMP7
alone is responsible for the reduced GP118-125 response observed
in LMP7-deﬁcient mice (Fig. 1).

GP118-125 presentation is not altered by LMP7-deﬁcient
cells
In IFN-γ-stimulated cells, LMP2, MECL-1, and LMP7 are incorporated into newly synthesized proteasomes. We have previously
shown that IFN-γ stimulation of cells led to a reduced presentation
of the LCMV-derived T cell epitope GP276-286 and to an increased
GP33-41 presentation [8]. To analyse whether IFN-γ stimulation of
cells leads to an altered GP118-125 presentation, MC57 (H-2b ) cells
were stimulated with IFN-γ for 2 days and infected with LCMV
for 24 h. These cells were used as stimulators for mono-speciﬁc
CTL lines speciﬁc for GP33-41 , NP396-404 , and GP118-125 . IFN-γ
stimulation of MC57 cells markedly increased GP33-41 , NP396-404 ,
and GP118-125 presentation as assessed by IFN-γ production by
the peptide-speciﬁc CTLs (ICS) (Fig. 3). Since the stimulation
of cells with IFN-γ induces, apart from immunoproteasome subunits, many other proteins from the MHC class I presentation
pathway [1] - thus leading to an improved MHC-I presentation we investigated GP118-125 presentation directly in LMP7-deﬁcient
cells. Thioglycolate-elicited peritoneal macrophages derived from
wild-type or LMP7-deﬁcient mice were infected in vitro for 20 h
with LCMV-WE and analysed for GP118-125 presentation by ICS
of GP118-125 -speciﬁc CTLs (Fig. 4A). Compared to uninfected

421

Figure 1. Reduced GP118-125 response in LMP7-deﬁcient mice. C57BL/6 wild-type or LMP7−/− mice were infected with LCMV-WE (A, B) or recombinant
vaccinia virus expressing the LCMV glycoprotein (VVG2) (C). 8 days post infection, spleen cells were harvested, stimulated in vitro with the indicated
LCMV peptides for 5 h, and analysed by ﬂow cytometry after staining for CD8 and intracellular IFN-γ. Panel B is extracted from panel A and displayed
with another y-axis scale. The gating strategy is shown exemplarily in dot plots for the GP118-125 epitope on the left side of panel A. Shown are
the mean percentages ± SEM (n = 4) of IFN-γ-positive cells of CD8+ cells (y-axis). *p<0.05; ***p<0.001; unpaired Student’s t-test. Unstimulated cells
(Ø) were used as negative controls. Data are from a single experiment representative of at least ﬁve (A, B) or two (C) experiments with 4 mice per
experiment, yielding similar results.

macrophages, both LCMV-infected wild-type as well as LMP7deﬁcent macrophages presented GP118-125 at similar levels. Next,
we investigated antigen presentation ex vivo by dendritic cells.
Wild-type and LMP7-deﬁcient mice were infected with LCMV-WE.
On day 4 post infection, CD11c+ cells were magnetically isolated

from the spleen and analysed for GP118-125 presentation by ICS of
GP118-125 -speciﬁc CTLs (Fig. 4B). Compared to naı̈ve uninfected
dendritic cells, wild-type and LMP7-deﬁcient cells stimulated
GP118-125 -speciﬁc CTLs to a similar extent. Hence, the reduced
GP118-125 presentation observed in LCMV-infected LMP7−/− mice

Figure 2. Unaltered GP118-125 response in LMP2- and PA28α/β-deﬁcient mice. C57BL/6 wild-type, LMP2−/− (A), and PA28α−/− /β−/− (B) mice were
infected with LCMV-WE. 8 days post infection, spleen cells were harvested, stimulated in vitro with the GP118-125 peptide for 5 h, and analysed
by ﬂow cytometry after staining for CD8 and intracellular IFN-γ. Shown are the mean percentages ± SEM (n = 4) of IFN-γ-positive cells of CD8+
cells (y-axis). n.s. not signiﬁcant (p>0.05); unpaired Student’s t-test. Unstimulated cells (Ø) were used as negative controls. Data are from a single
experiment representative of two experiments with 4 mice per experiment, yielding similar results.
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Figure 3. Comparison of the presentation of the LCMV epitopes GP33-41 , NP396-404 , and GP118-125 by IFN-γ-treated and LCMV-infected MC57 cells.
MC57 ﬁbroblast stimulator cells were treated with IFN-γ or were left untreated. After 2 days, cells were infected with LCMV-WE. 24 h later, cells
were used as stimulators for GP33–41 -, NP396–404 -, or GP118-125 -speciﬁc CTL lines. Activation of CTL-lines was analysed by staining for CD8 and
intracellular IFN-γ. Shown are the percentages of IFN-γ-positive cells of CD8+ cells as determined by ﬂow cytometry. The percentage of IFN-γ+
of CD8+ cells (y-axis) is plotted versus the E:S ratio (effector (CTL lines) to stimulators (MC57 cells)). Uninfected MC57 cells were used as negative
controls. All samples were measured in duplicates. The experiments have been performed twice, yielding similar results.

is not due to a different presentation of GP118-125 on LMP7−/−
cells.
It has been reported that the structural features rather than the
proteolytic activity of an immunoproteasome subunit are required
for the generation of certain epitopes [4, 10, 42]. Therefore,
we tested whether the presentation of GP118-125 is dependent on
the catalytic activity of LMP7. To block LMP7-activity we used
the well-described LMP7-selective inhibitor ONX 0914 (formerly
designated PR-957) [17] (Fig. 4C and D). However, GP118-125
presentation was not affected when LMP7 activity was blocked.
Additionally, when β5c activity in wild-type or LMP7-deﬁcient
macrophages was inhibited with the β5c-selective inhibitor PR-825

[17], GP118-125 presentation was not altered (Fig. 4C and D). Activity assays with a ﬂuorogenic substrate for the chymotrypsin-like
activity demonstrated that ONX 0914 and PR-825 were active in
thioglycolate-elicited macrophages (Supporting Information Fig.
1A). Hence, the chymotrypsin-like activity of the proteasome subunits LMP7 and β5c are not essential for GP118-125 processing in
macrophages.
To conﬁrm these results in vivo, C57BL/6 wild-type mice were
infected with LCMV-WE and treated with ONX 0914 or PR-825.
The LCMV-speciﬁc T cell response was analysed on day 8 by ICS for
IFN-γ (Fig. 5). Neither ONX 0914 (Fig. 5A) nor PR-825 (Fig. 5B)
affected the GP118-125 response, although both inhibitors were

Figure 4. GP118-125 presentation is not altered on LMP7−/− macrophages and dendritic cells. (A, C, D) Thioglycolate-elicited macrophages derived
from C57BL/6 (A, C) or LMP7−/− (A, D) mice were treated with ONX 0914 (300 nM) or PR-825 (125 nM) (C, D) and infected with LCMV. 24 h post
infection, cells were used as stimulators for a GP118-125 -speciﬁc CTL line. Activation of the CTL line was analyzed by staining for CD8 and intracellular
IFN-γ. Shown are the percentages of IFN-γ-positive cells of CD8+ cells as determined by ﬂow cytometry. The percentage of IFN-γ+ of CD8+ T cells
(y-axis) is plotted vs the E:S ratio (effector (CTL line) to stimulators (macrophages)). Uninfected macrophages were used as negative controls. The
macrophages from two mice were pooled and all samples were measured in duplicates. The experiments have been performed twice, yielding
similar results. (B) C57BL/6 or LMP7−/− mice were infected with LCMV-WE. On day 4 post infection, CD11c+ cells were magnetically sorted from
the spleen and used as stimulators for a GP118-125 -speciﬁc CTL line. Activation of the CTL line was analyzed by staining for CD8 and intracellular
IFN-γ. Shown are the percentages of IFN-γ-positive cells of CD8+ cells as determined by ﬂow cytometry. Naı̈ve C57BL/6 mice were used as negative
controls. Data are presented as the mean ± SEM of 12 different mice pooled from 3 independent experiments.
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Figure 5. LMP7 and β5c activities are not required for
a GP118-125 -speciﬁc CTL response. C57BL/6 (A, B, C) or
LMP7−/− (C) mice were infected with LCMV-WE on
day 0. On day −1, 0, 1, 2, and 3, mice were treated
with ONX 0914 (A), PR-825 (B) or were left untreated. 8
days post infection, spleen cells were harvested, stimulated in vitro with indicated peptides, and analysed
by ﬂow cytometry after staining for CD8 and intracellular IFN-γ. Shown are the mean percentages ± SEM
(n = 5) of IFN-γ-positive cells of CD8+ cells (y-axis).
**p<0.01; ***p<0.001; unpaired Student’s t-test. Unstimulated cells (Ø) were used as negative controls. Data
are from a single experiment representative of two
experiments with 5 mice per experiment, yielding similar results.

active in mice (Supporting Information Fig. 1B). As previously
reported, ONX 0914 reduced the GP33-41 response [9, 17]. Interestingly, β5c inhibition affected the GP33-41 response at a comparable level (Fig. 5B), indicating that both β5c- and LMP7-activity
contribute to the GP33-41 CTL response. Taken together, although
a GP118-125 -speciﬁc CTL response is lacking in LMP7-deﬁcient mice
(Fig. 1 and Fig. 5C), the proteolytic activity of LMP7 is not required
for the generation of a normal GP118-125 -speciﬁc response (Fig. 5A
and C).

Altered GP118-125 -speciﬁc T cell repertoire in LMP7−/−
mice
It has been reported that immunoproteasome-deﬁcient mice might
harbour an altered T cell repertoire [6, 13, 34, 43]. Since GP118-125
presentation is not affected by LMP7-deﬁciency in macrophages,
we intended to investigate whether LMP7-deﬁcient mice have an
altered GP118-125 -speciﬁc T cell repertoire. To investigate whether
LMP7 expression alters the T cell repertoire in the thymus, CD4
and CD8 single positive (SP) cells in the thymus were screened
with a panel of antibodies speciﬁc for different Vβ-segments of
the TCR (Supporting Information Fig. 2). When comparing SP
thymocytes from wild-type and LMP7-deﬁcient mice, only minor
alterations in Vβ-segment usage were recorded for TCR-Vβ2 and
TCR-Vβ3 in CD8 SP thymocytes and no alteration in TCR usage
of CD4 SP T cells was observed. Hence, TCR-Vβ screening did
not provide evidence that bulk T cell selection in the thymus is
affected by LMP7. Similar ﬁndings were found by Osterloh et al.
in the periphery in the spleen of LMP7-deﬁcient mice [43].
To test whether there is an impact of LMP7 on the generation of GP118-125 -speciﬁc T cell precursors, we transferred
wild-type Thy1.1+ /Thy1.2− CD8+ cells into wild-type C57BL/6
(Thy1.1− /Thy1.2+ ) or LMP7−/− (Thy1.1− /Thy1.2+ ) mice and

infected these mice with LCMV. On day 8 post infection, we analysed the GP118-125 -speciﬁc CD8+ response of the transferred T cells
in wild-type and LMP7-deﬁcient mice. However, in contrast to
wild-type mice, we were not able to recover transferred Thy1.1+
cells from LMP7-deﬁcient mice (Supporting Information Fig. 3).
It seems that the transferred cells have been rejected upon LCMV
infection in LMP7-deﬁcient mice. A similar result was observed
when wild-type skin was transplanted to LMP7-deﬁcient mice [7].
Conversely, a T cell transfer of LMP7-deﬁcient T cells into wildtype mice is also not feasible to investigate the GP118-125 -speciﬁc
T cell repertoire since adoptively transferred immunoproteasomedeﬁcient cells do not expand upon LCMV infection [14]. We
decided to use bone marrow chimeras as an alternative approach.
Wild-type or LMP7-deﬁcient mice were irradiated and reconstituted with either wild-type or LMP7-deﬁcient bone marrow. 8
weeks post reconstitution, mice were infected with LCMV-WE and
the GP33-41 - and GP118-125 -speciﬁc T cells response in the spleen
was analysed 8 days later (Fig. 6). No difference in the GP33-41 speciﬁc CTL response was observed for all the analysed bone marrow chimeras. In contrast, irrespective whether LMP7−/− mice
were reconstituted with wild-type or LMP7−/− bone marrow, these
mice were not able to mount a GP118-125 -speciﬁc T cell response
suggesting that the expression of LMP7 in a radioresistant cell
type is necessary for the generation of GP118-125 -speciﬁc CTLs
(Fig. 1). Since professional antigen presenting cells (APCs) are
inducing the LCMV-speciﬁc CTL response [44], we assume that
an inﬂuence of LMP7 on priming of GP118-125 -speciﬁc T cells can
be excluded in LMP7−/− mice reconstituted with wild-type bone
marrow. Additionally, wild-type mice reconstituted with LMP7deﬁcient bone marrow mounted a normal GP118-125 response,
indicating that LMP7-deﬁcient GP118-125 -speciﬁc T cells are able
to expand and LMP7-deﬁcient APCs can process and present this
peptide. These data strongly argue for an altered precursor frequency of GP118-125 –speciﬁc T cells in LMP7-deﬁcient mice.
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Figure 6. No GP118-125 -speciﬁc CTL response in LMP7-deﬁcient bone marrow chimera recipients. C57BL/6 or LMP7−/− mice were irradiated and
reconstituted with bone marrow derived from C57BL/6 or LMP7−/− mice. 8 weeks post irradiation, mice were infected with LCMV-WE (day 0). On
day 8, spleen cells were harvested, stimulated in vitro with GP33-41 (left panel) or GP118-125 (right panel) peptides, and analysed by ﬂow cytometry
after staining for CD8 and intracellular IFN-γ. Shown are the mean percentages ± SEM (n = 7) of IFN-γ-positive cells of CD8+ cells (y-axis). *p<0.05;
**p<0.01; unpaired Student’s t-test. Data are from a single experiment representative of two experiments with seven mice per experiment, yielding
similar results.

Discussion

Figure 7. LMP7-deﬁcient mice lack GP118-125 -speciﬁc T cell precursors.
Magnetically enriched CD8+ cells derived from C57BL/6 or LMP7−/−
mice were transferred into RAG1−/− mice. Three weeks post transfer,
the mice were infected with LCMV-WE and the GP33-41 , and GP118-125 speciﬁc T cell response was analysed by ICS on day 8 post infection.
Shown are the mean percentages ± SEM (n = 4) of IFN-γ-positive cells of
CD8+ cells (y-axis) as determined by ﬂow cytometry. *p<0.05; unpaired
Student’s t-test. Unstimulated cells (Ø) were used as negative controls.
Data are from a single experiment representative of two experiments
with four mice per experiment, yielding similar results.

To address this question, magnetically sorted CD8+ T cells from
naı̈ve LMP7-deﬁcient or wild-type mice were adoptively transferred into RAG1−/− mice. Three weeks after homeostatic expansion of the transferred CD8+ T cells, the mice were infected with
LCMV-WE and the GP33-41 , NP205-212 and GP118-125 -speciﬁc T cell
response was analysed by ICS for IFN-γ (Fig. 7). Both, transferred
wild-type and LMP7-deﬁcient CD8+ cells, mounted a comparable
GP33-41 - or NP205-212 -speciﬁc T cell response. However, GP118-125 speciﬁc CD8+ T cells derived from LMP7−/− mice, in contrast to
wild-type mice, were not able to expand upon LCMV infection. This
result indicates that LMP7-deﬁcient mice lack GP118-125 -speciﬁc
precursor CD8+ T cells.

The immunoproteasome is critically involved in the generation
of MHC-I restricted epitopes [11, 12, 24]. Infection of LMP7deﬁcient mice with LCMV showed a reduced GP118-125 -speciﬁc CTL
response (Fig. 1). Interestingly, a similar result was observed in
LCMV-infected triply immunoproteasome-deﬁcient mice [11]. In
contrast, the GP118-125 -speciﬁc CTL response in LMP2- (Fig. 2A)
or MECL-1-deﬁcient [13] mice was comparable to wild-type
mice, indicating that LMP2 and MECL-1 do not inﬂuence the
GP118-125 -speciﬁc CTL response. Furthermore, LCMV infection of
LMP2−/− /MECL-1−/− double-deﬁcient mice treated with the welldeﬁned LMP7-selective inhibitor ONX 0914 to generate mice lacking the activity of all immunoproteasome subunits induced a normal GP118-125 -speciﬁc CTL response [9]. This result suggests that
the proteolytic activity of LMP7 during LCMV infection is dispensable to elicit a GP118-125 -speciﬁc CTL response. Indeed, we
could conﬁrm this result in wild-type mice treated with the LMP7selective inhibitor ONX 0914 (Fig. 5). It has been shown that structural features rather than the proteolytic activity of an immunoproteasome subunit are needed for the generation of certain epitopes [4, 42]. Recently, we provided a rationale why the structural
property of an immunoproteasome subunit rather than its activity
is required for the generation of a CTL epitope [10]. Namely,
CTL epitopes, which are destroyed by constitutive proteasome
subunits, are simply protected from destruction by the incorporation of their homologous immunoproteasome subunit, which do
not exert the destructive cleavage. To test whether the constitutive β5c proteasome subunit destroys the GP118-125 CTL epitope,
macrophages or mice were treated with the β5c-selective inhibitor
PR-825 [17]. Neither in vitro (Fig. 4C and D) nor in vivo (Fig. 5)
a destruction of GP118-125 by β5c could be observed. GP118-125 presentation by LMP7-deﬁcient macrophages and dendritic cells was
unaltered (Fig. 4A and B), indicating that LMP7 is not required
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for the processing of this CTL epitope. Taken together, GP118-125
presentation in LMP7-deﬁcient cells is not altered, the catalytic
activity of LMP7 is not required for the generation of this epitope,
β5c does not destroy GP118-125 , and the processing of this epitope
is not inﬂuenced by other immunoproteasome subunits.
Why then is the GP118-125 -speciﬁc CTL response altered in
LMP7-deﬁcient mice? The normal processing of GP118-125 (Fig. 4)
suggests that LMP7-deﬁcient mice lack GP118-125 precursor T cells.
Immunoproteasome subunits are constitutively expressed in the
thymus [34, 35]. According to Nil et al., immunoproteasome
subunits are expressed in thymic DCs, thymic macrophages, and
mTECs. No mRNA expression, neither for MECL-1, LMP2, nor
LMP7, could be detected in cTECs. In contrast, Murata et al. found
MECL-1 and LMP2 expression in cTECs, but only a weak LMP7
expression [35]. Instead of LMP7, β5t is incorporated into MECL-1
and LMP2 containing thymoproteasomes. β5t-deﬁcient mice have
a disturbed development of CD8+ T cells in the thymus [35] leading to a markedly altered T cell receptor repertoire that is defective in both allogeneic and antiviral responses [36]. It is assumed
that thymoproteasomes support positive selection by generating
peptides optimized for the selection of weakly self-reactive, naı̈ve
T cell clones [37]. Since immunoproteasome subunits are also
expressed in thymic cells they might inﬂuence positive and negative selection processes by producing an altered MHC-I peptidome.
Indeed, several studies have demonstrated that immunoproteasomes determine the CTL repertoire [6, 13, 34, 43, 45, 46]. Osterloh et al. found that one of the self-peptides responsible for positive selection of transgenic ovalbumin-speciﬁc OT-I T cells, which
is derived from the F-actin capping protein (Cpalpha1), is efﬁciently generated only by immunoproteasomes [43]. Furthermore,
OT-I mice lacking LMP7 expression showed a 50% reduction of
SIINFEKL-speciﬁc T cells. This data indicate that LMP7 can inﬂuence the naı̈ve T cell repertoire. Nevertheless, since cTECs are
mediating positive selection [47] and express β5t [35] it remains
elusive how LMP7 can inﬂuence positive selection. Adoptive transfer experiments in LMP2-deﬁcient mice revealed that the reduced
immunogenicity of the inﬂuenza A virus-derived epitope NP366-374
can be attributed to alterations in the CTL repertoire and not to
the decreased capacity of LMP2−/− APCs to generate this CTL epitope. The frequency of inﬂuenza PA224-233 -speciﬁc CTLs is intact
in MECL1−/− but impaired in LMP2−/− and LMP7−/− /MECL1−/−
mice [45]. In the LCMV system, an alteration in the T cell repertoire was described by the means of two different T cell epitopes
[13, 34]. The number of CD4+ 8+ GP33-41 -speciﬁc transgenic P14T cells was markedly reduced in the thymus of P14-tg LMP2−/−
mice compared to P14-tg LMP2-proﬁcient mice [34]. In MECL-1deﬁcient mice, the reduced GP276-286 -speciﬁc T cell response could
be attributed to an altered T cell repertoire in these mice [13].
On a ﬁrst glance, the reduced number of CD8+ cells found in
the spleen of MECL-1-deﬁcient mice [13] might be attributed
to an altered thymic T cell selection, but experiments with bone
marrow chimeras demonstrated this to be a T cell intrinsic phenomenon due to altered homeostatic proliferation of T cells [48].
Recently, Kincaid et al. crossed mice lacking all three immunoproteasome subunits with mice lacking the thymosubunit β5t to

generate mice lacking all four specialized proteasome β-subunits
(4KO mice) [46]. These mice, expressing only constitutive subunits in all cells, had a profound defect in the generation of CD8+
T cells. Analysis of T cell development in the 4KO mice revealed an
impaired positive and negative selection in the thymus. This is consistent with a peptide-switching model wherein developing CD8+
T cells need to be positively and negatively selected on different
peptides for the establishment of a broad TCR repertoire. Thus,
thymoproteasomes in cTECs produce unique peptides for positive
selection, whereas negative selection occurs on peptides produced
by constitutive, immunoproteasomes, or mixed proteasomes.
Using bone marrow chimeras (Fig. 6) and adoptive T cells
transfer (Fig. 7) we could show that LMP7-deﬁcient mice lack
GP118-125 -speciﬁc T cell precursors. How can LMP7 affect the
GP118-125 -speciﬁc T cell repertoire? Since LMP7 in the thymus is
mainly expressed in cells mediating negative selection, we speculate that proteasomes lacking LMP7 in these cells generate a selfpeptide mediating negative selection of GP118-125 -speciﬁc T cells.
TCRs speciﬁc for a viral MHC-I-peptide complex can cross-react
with multiple other MHC-I-peptide complexes, including selfpeptides [49]. The cross-reactivity rather depends on similarities
in the three-dimensional structure of the MHC-I-peptide complex
and can be unrelated to the primary sequence [50]. Immunoproteasomes are induced during inﬂammation. Thus, the expression of immunoproteasomes in cells mediating negative selection helps to eliminate potential autoreactive T cells recognizing
self-antigen in inﬂamed tissues. Nevertheless, since minute LMP7
expression was detected in cTEC preparations [35, 37, 51] we cannot completely rule out that LMP7 affects also positive selection
of GP118-125 -speciﬁc T cells.
Our data support the idea that LMP7 is an important factor
for ﬁlling up holes in the spectrum of T cell receptor speciﬁcities. A “hole” in the T cell repertoire may represent an important
mechanism of viral persistence. Indeed, hepatitis C virus (HCV)
immune escape can occur via exploitation of a hole in the T cell
repertoire [52]. Although HCV elicits a substantial virus-speciﬁc
immune response, HCV frequently persists. Wölﬂ et al. report for
a naturally occurring mutation in a human CD8+ T cell epitope
that only affects TCR contact without altering peptide processing
or MHC afﬁnity. Due to a hole in the naı̈ve T cell repertoire, CD8+
T cells recognizing this escape variant peptide are lacking in most
individuals.
Taken together, the lack of immunoproteasome in the thymus can lead to the elimination of virus-speciﬁc T cell precursors.
Hence, we describe the immunoproteasome as a crucial factor in
determining and completing the CTL repertoire.

Materials and methods
Mice, viruses, and media
C57BL/6 mice (H-2b ) were originally purchased from Charles
River, Germany. MECL-1 [13], LMP2 [53], and LMP7 [32]

426
gene-targeted mice were kindly provided by Dr. John J. Monaco
(Department of Molecular Genetics, Cincinnati Medical Center,
Cincinnati, OH, USA). B6.PL (Thy1.1) mice were obtained from
The Jackson Laboratory (Bar Harbor, ME, USA). PA28α−/− /β−/−
[40] mice were contributed by T. Chiba (Department of Molecular
Oncology, Tokyo Metropolitan Institute of Medical Science, Tokyo,
Japan). RAG1−/− mice were provided by the Swiss Immunological Mutant Mouse Repository (SwIMMR). Mice were bred and
kept in a speciﬁc pathogen-free facility and used at 6–10 weeks
of age [54]. Animal experiments were approved by the Review
Board of Governmental Presidium Freiburg of the State of BadenWürttemberg. All methods were carried out in accordance with
the approved guidelines and regulations. Recombinant vaccinia
virus encoding the LCMV glycoprotein (VVG2) was obtained from
D. Bishop (Institute of Virology, Oxford, U.K.) and was propagated on BSC40 cells [55]. LCMV-WE was originally obtained
from F. Lehmann-Grube (Hamburg, Germany) and propagated on
the ﬁbroblast line L929. Mice were infected with 200 pfu LCMVWE i.v. or 2 × 106 pfu VVG2 i.p. All media were purchased from
Invitrogen-Life Technologies (Karlsruhe, Germany) and contained
GlutaMAX, 10% FCS, and 100 U/mL penicillin/streptomycin.

Synthetic peptides
The synthetic peptides GP33-41 (KAVYNFATC), GP276-286
(SGVENPGGYCL),
NP396-404
(FQPQNGQFI),
NP205-212
(YTVKYPNL),
GP92–101
(CSVNNSHHYI),
and
GP118–125
(LNHNFCNL) were obtained from P. Henklein (Charité, Berlin,
Germany).

Proteasome inhibitor
Proteasome inhibitors were used as previously described [22].
Shortly, inhibitors speciﬁc for β5i (ONX 0914; formerly called PR957) and β5c (PR-825) were obtained from Onyx Pharmaceuticals.
Both inhibitors were dissolved at a concentration of 10 mM in
DMSO and stored at −20°C [17]. For proteasome inhibition in
mice, ONX 0914 was formulated in an aqueous solution of 10%
(w/v) sulfobutylether-ß-cyclodextrin and 10 mM sodium citrate
(pH 6) and administered to mice as an s.c. bolus dose of 10 mg/kg
(in a volume of 100 μL). PR-825 was dissolved in 2% ethanol in
saline and administered as an s.c. bolus dose of 2 mg/kg (in a
volume of 100 μL) in mice.

Intracellular cytokine staining (ICS)
Analysis of T cell responses was performed as previously detailed
[2, 56]. Brieﬂy, splenocytes (1 × 106 ) were incubated in roundbottom 96-well plates with 10−6 M of the speciﬁc peptide in
100 μL IMDM 10% FCS + brefeldin A (10 μg/mL) for 5 h at
37°C. A neubauer chamber was used for counting. The staining,
ﬁxation, and permeabilization of the cells was performed exactly

as detailed previously [8]. Cells were acquired with the use of the
BD AccuriTM C6 ﬂow cytometer system or BD FACSCaliburTM and
analyzed with the FlowJo software (Tree Star). 100 000 lymphocytes (gated according to FSC/SSC) were acquired. Gating strategy is indicated in Fig. 1. Background IFN-γ production (without
peptide stimulation) was between 0.1 and 0.6 as indicated. Raw
data can be provided per request. The ICS was performed using
well established laboratory protocols.

Adoptive transfer
Adoptive transfer was performed as previously described [13].
Shortly, CD8+ T cells from splenocytes of Thy1.1-positive mice
were isolated with the CD8a+ T Cell Isolation Kit (Miltenyi Biotec).
Puriﬁed CD8+ T cells (1 × 107 ) were transferred i.v. into naive
mice on day 1. On day 0, mice were infected with 200 pfu of
LCMV-WE i.v. 8 days later, splenocytes were stained with antiThy1.1 or anti-Thy1.2 antibodies and analysed by ﬂow cytometry.
CD8+ T cells from splenocytes of C57BL/6 or LMP7−/− mice were
isolated with CD8a (Ly-2) MicroBeads (Miltenyi Biotec). 2 × 107
puriﬁed CD8+ T cells were transferred i.p. into naive RAG1−/−
mice. 4 weeks later, mice were infected with 200 pfu of LCMVWE i.v. 8 days later, the CD8+ T cell response in the spleen was
analysed by intracellular cytokine staining for IFN-γ.

Antigen presentation assays
Antigen presentation assay and generation of LCMV-speciﬁc CTLlines were performed as previously described [13, 55]. An additional density centrifugation step was conducted 1–2 days before
using CTLs in antigen presentation experiments. For thioglycolateelicited macrophages, CTLs were used in ICS at an E:S ratio of
0.2 in the ﬁrst dilution and subsequent serial 3-fold dilution of
stimulators.
CD11c+ dendritic cells from splenocytes of LCMV-infected
C57BL/6 or LMP7−/− mice were magnetically isolated with CD11c
MicroBeads (Miltenyi Biotec). CTLs were used in ICS at an E:S
ratio of 1.

Proteasome immunoprecipitation
Immunoprecipitation was performed as previously described [57].
Shortly, after extensive washing, equal amounts of macrophages
or splenocytes were lysed and incubated with three microliters
of polyclonal rabbit anti-mouse proteasome Ab [58] and 50 μL
protein A microbeads (Miltenyi Biotec) for 30 min on ice. The
lysate was applied to the microcolumn (Miltenyi Biotec), and the
column was washed ﬁve times. Then, 50 μL ﬂuorogenic peptide
substrate (Suc-LLVY-AMC; Bachem) was applied to the column
at a concentration of 100 μM. The μ column was incubated at
37°C for 30 min. A total of 100 μL lysis buffer was added, and the
ﬂuorescence intensity in the eluate was measured at an excitation
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wavelength of 360 nm and emission wavelength of 465 nm on a
ﬂuorescence plate reader (Inﬁnite M200 pro, TECAN).
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Jubiläumsstiftung der Schweizerischen Lebensversicherungs- und
Rentenanstalt für Volksgesundheit und medizinische Forschung to
MB.

2013. 25: 74–80.
13 Basler, M., Moebius, J., Elenich, L., Groettrup, M. and Monaco, J. J., An
altered T cell repertoire in MECL-1-deﬁcient mice. J. Immunol. 2006. 176:
6665–6672.
14 Moebius, J., van den Broek, M., Groettrup, M. and Basler, M., Immunoproteasomes are essential for survival and expansion of T cells in virusinfected mice. Eur. J. Immunol. 2010. 40: 3439–3449.
15 Kremer, M., Henn, A., Kolb, C., Basler, M., Moebius, J., Guillaume,
B., Leist, M. et al., Reduced immunoproteasome formation and accumulation of immunoproteasomal precursors in the brains of lympho-

Conﬂict of interest: The authors declare no commercial or ﬁnancial conﬂict of interest.

cytic choriomeningitis virus-infected mice. J. Immunol. 2010. 185: 5549–
5560.
16 Mundt, S., Engelhardt, B., Kirk, C. J., Groettrup, M. and Basler, M., Inhibition and deﬁciency of the immunoproteasome subunit LMP7 attenuates

References

LCMV-induced meningitis. Eur. J. Immunol. 2016. 46: 104–113.
17 Muchamuel, T., Basler, M., Aujay, M. A., Suzuki, E., Kalim, K. W., Lauer,

1 Groettrup, M., Soza, A., Kuckelkorn, U. and Kloetzel, P. M., Peptide

C., Sylvain, C. et al., A selective inhibitor of the immunoproteasome

antigen production by the proteasome: complexity provides efﬁciency.

subunit LMP7 blocks cytokine production and attenuates progression of

Immunol. Today 1996. 17: 429–435.

experimental arthritis. Nat. Med. 2009. 15: 781–787.

428

18 Basler, M., Dajee, M., Moll, C., Groettrup, M. and Kirk, C. J., Prevention of

34 Nil, A., Firat, E., Sobek, V., Eichmann, K. and Niedermann, G., Expression

experimental colitis by a selective inhibitor of the immunoproteasome.

of housekeeping and immunoproteasome subunit genes is differentially

J. Immunol. 2010. 185: 634–641.

regulated in positively and negatively selecting thymic stroma subsets.

19 Zaiss, D. M., Bekker, C. P., Grone, A., Lie, B. A. and Sijts, A. J., Proteasome immunosubunits protect against the development of CD8 T cellmediated autoimmune diseases. J. Immunol. 2011. 187: 2302–2309.
20 Ichikawa, H. T., Conley, T., Muchamuel, T., Jiang, J., Lee, S., Owen, T.,

Eur. J. Immunol. 2004. 34: 2681–2689.
35 Murata, S., Sasaki, K., Kishimoto, T., Niwa, S., Hayashi, H., Takahama,
Y. and Tanaka, K., Regulation of CD8+ T cell development by thymusspeciﬁc proteasomes. Science 2007. 316: 1349–1353.

Barnard, J. et al., Novel proteasome inhibitors have a beneﬁcial effect in

36 Nitta, T., Murata, S., Sasaki, K., Fujii, H., Ripen, A. M., Ishimaru, N., Koy-

murine lupus via the dual inhibition of type i interferon and autoantibody

asu, S. et al., Thymoproteasome shapes immunocompetent repertoire

secreting cells. Arthritis Rheum. 2012. 64: 493–503.

of CD8+ T cells. Immunity 2010. 32: 29–40.

21 Nagayama, Y., Nakahara, M., Shimamura, M., Horie, I., Arima, K. and

37 Xing, Y., Jameson, S. C. and Hogquist, K. A., Thymoproteasome subunit-

Abiru, N., Prophylactic and therapeutic efﬁcacies of a selective inhibitor

beta5T generates peptide-MHC complexes specialized for positive selec-

of the immunoproteasome for Hashimoto’s thyroiditis, but not for

tion. Proc Natl Acad Sci U S A 2013. 110: 6979–6984.

Graves’ hyperthyroidism, in mice. Clin. Exp. Immunol. 2012. 168: 268–
273.
22 Basler, M., Mundt, S., Muchamuel, T., Moll, C., Jiang, J., Groettrup, M.
and Kirk, C. J., Inhibition of the immunoproteasome ameliorates experimental autoimmune encephalomyelitis. EMBO Mol Med 2014. 6: 226–238.
23 Basler, M., Mundt, S., Bitzer, A., Schmidt, C. and Groettrup, M., The
immunoproteasome: a novel drug target for autoimmune diseases. Clin.
Exp. Rheumatol. 2015. 33: 74–79.
24 Groettrup, M., Kirk, C. J. and Basler, M., Proteasomes in immune cells:
more than peptide producers? Nat. Rev. Immunol. 2010. 10: 73–78.

38 De, M., Jayarapu, K., Elenich, L., Monaco, J. J., Colbert, R. A. and Grifﬁn, T. A., Beta 2 subunit propeptides inﬂuence cooperative proteasome
assembly. J. Biol. Chem. 2003. 278: 6153–6159.
39 Preckel, T., Fung-Leung, W., Cai, Z., Vitiello, A., Salter-Cid, L., Winqvist, O., Wolfe, T. G. et al., Impaired immunoproteasome assembly and
immune responses in PA28−/− mice. Science 1999. 286: 2162–2165.
40 Murata, S., Udono, H., Tanahashi, N., Hamada, N., Watanabe, K., Adachi,
K., Yamano, T. et al., Immunoproteasome assembly and antigen presentation in mice lacking both PA28 alpha and PA28 beta. EMBO J. 2001. 20:
5898–5907.

25 Strehl, B., Joeris, T., Rieger, M., Visekruna, A., Textoris-Taube, K., Kauf-

41 Fabre, B., Lambour, T., Garrigues, L., Amalric, F., Vigneron, N., Men-

mann, S. H., Kloetzel, P. M. et al., Immunoproteasomes are essential for

neteau, T., Stella, A. et al., Deciphering preferential interactions within

clearance of Listeria monocytogenes in nonlymphoid tissues but not for

supramolecular protein complexes: the proteasome case. Mol Syst Biol

induction of bacteria-speciﬁc CD8+ T cells. J. Immunol. 2006. 177: 6238–

2015. 11: 771.

6244.

42 Sijts, A. J. A. M., Ruppert, T., Rehermann, B., Schmidt, M., Koszinowski,

26 Tu, L., Moriya, C., Imai, T., Ishida, H., Tetsutani, K., Duan, X., Murata,

U. and Kloetzel, P. M., Efﬁcient generation of a hepatitis B virus cytotoxic

S. et al., Critical role for the immunoproteasome subunit LMP7 in the

T lymphocyte epitope requires the structural features of immunoprotea-

resistance of mice to Toxoplasma gondii infection. Eur. J. Immunol. 2009.

somes. J. Exp. Med. 2000. 191: 503–513.

39: 3385–3394.

43 Osterloh, P., Linkemann, K., Tenzer, S., Rammensee, H. G., Radsak, M. P.,

27 Khan, S., Zimmermann, A., Basler, M., Groettrup, M. and Hengel, H.,

Busch, D. H. and Schild, H., Proteasomes shape the repertoire of T cells

A cytomegalovirus inhibitor of gamma interferon signaling controls

participating in antigen-speciﬁc immune responses. Proc Natl Acad Sci U

immunoproteasome induction. J. Virol. 2004. 78: 1831–1842.

S A 2006. 103: 5042–5047.

28 Hutchinson, S., Sims, S., O’Hara, G., Silk, J., Gileadi, U., Cerundolo, V.

44 Probst, H. C. and van den Broek, M., Priming of CTLs by lymphocytic

and Klenerman, P., A dominant role for the immunoproteasome in CD8+

choriomeningitis virus depends on dendritic cells. J. Immunol. 2005. 174:

T cell responses to murine cytomegalovirus. PLoS One 2011. 6: e14646.

3920–3924.

29 Ersching, J., Vasconcelos, J. R., Ferreira, C. P., Caetano, B. C., Machado,

45 Pang, K. C., Sanders, M. T., Monaco, J. J., Doherty, P. C., Turner, S. J. and

A. V., Bruna-Romero, O., Baron, M. A. et al., The combined deﬁciency

Chen, W., Immunoproteasome subunit deﬁciencies impact differentially

of immunoproteasome subunits affects both the magnitude and quality

on two immunodominant inﬂuenza virus-speciﬁc CD8+ T cell responses.

of pathogen- and genetic vaccination-induced CD8+ T cell responses to
the human protozoan parasite Trypanosoma cruzi. PLoS Pathog. 2016. 12:
e1005593.
30 Schmidt, N., Gonzalez, E., Visekruna, A., Kuhl, A. A., Loddenkemper,
C., Mollenkopf, H., Kaufmann, S. H. et al., Targeting the proteasome:
partial inhibition of the proteasome by bortezomib or deletion of the
immunosubunit LMP7 attenuates experimental colitis. Gut 2010. 59: 896–
906.
31 Kalim, K. W., Basler, M., Kirk, C. J. and Groettrup, M., Immunoproteasome subunit LMP7 deﬁciency and inhibition suppresses Th1 and Th17
but enhances regulatory T cell differentiation. J. Immunol. 2012. 189: 4182–
4193.
32 Fehling, H. J., Swat, W., Laplace, C., Kuehn, R., Rajewsky, K., Mueller, U.
and von Boehmer, H., MHC class I expression in mice lacking proteasome
subunit LMP-7. Science 1994. 265: 1234–1237.
33 Mishto, M., Liepe, J., Textoris-Taube, K., Keller, C., Henklein, P., Weberruss, M., Dahlmann, B. et al., Proteasome isoforms exhibit only quantitative differences in cleavage and epitope generation. Eur. J. Immunol.
2014. 44: 3508–3521.

J. Immunol. 2006. 177: 7680–7688.
46 Kincaid, E. Z., Murata, S., Tanaka, K. and Rock, K. L., Specialized proteasome subunits have an essential role in the thymic selection of CD8(+)
T cells. Nat. Immunol. 2016. 17: 938–945.
47 Klein, L., Hinterberger, M., Wirnsberger, G. and Kyewski, B., Antigen
presentation in the thymus for positive selection and central tolerance
induction. Nat. Rev. Immunol. 2009. 9: 833–844.
48 Zaiss, D. M., de Graaf, N. and Sijts, A. J., The proteasome immunosubunit
multicatalytic endopeptidase complex-like 1 is a T-cell-intrinsic factor
inﬂuencing homeostatic expansion. Infect. Immun. 2008. 76: 1207–1213.
49 Sandalova, T., Michaelsson, J., Harris, R. A., Odeberg, J., Schneider, G.,
Karre, K. and Achour, A., A structural basis for CD8+ T cell-dependent
recognition of non-homologous peptide ligands: Implications for molecular mimicry in autoreactivity. J. Biol. Chem. 2005. 280: 27069.
50 Kersh, G. J. and Allen, P. M., Essential ﬂexibility in the T-cell recognition
of antigen. Nature 1996. 380: 495–498.
51 Melnikova, V. I., Sharova, N. P., Maslova, E. V., Voronova, S. N. and
Zakharova, L. A., Ontogenesis of rat immune system: proteasome

429

expression in different cell populations of the developing thymus. Cell.
Immunol. 2010. 266: 83–89.
52 Wolﬂ, M., Rutebemberwa, A., Mosbruger, T., Mao, Q., Li, H. M., Netski,
D., Ray, S. C. et al., Hepatitis C virus immune escape via exploitation of

59 Buerger, S., Herrmann, V. L., Mundt, S., Trautwein, N., Groettrup, M. and
Basler, M., The ubiquitin-like modiﬁer FAT10 is selectively expressed in
medullary thymic epithelial cells and modiﬁes T cell selection. J. Immunol.
2015. 195: 4106–4116.

a hole in the T cell repertoire. J. Immunol. 2008. 181: 6435–6446.
53 Van Kaer, L., Ashton-Rickardt, P. G., Eichelberger, M., Gaczynska, M.,

Abbreviations: APC: antigen presenting cell · cTEC: cortical thymic

Nagashima, K., Rock, K. L., Goldberg, A. L. et al., Altered peptidase and

epithelial cells · CTL: cytotoxic T lymphocyte · E:S: effector to sti-

viral-speciﬁc T cell response in LMP 2 mutant mice. Immunity 1994. 1:
533–541.
54 Mundt, S., Basler, M., Buerger, S., Engler, H. and Groettrup, M., Inhibiting the immunoproteasome exacerbates the pathogenesis of systemic
Candida albicans infection in mice. Sci Rep 2016. 6: 19434.
55 Basler, M. and Groettrup, M., No essential role for tripeptidyl peptidase II

mulator · GP: glycoprotein · ICS: intracellular cytokine staining · IFN:
interferon · LCMV: lymphocytic choriomeningitis virus · LMP: low
molecular mass polypeptide · MECL-1: multicatalytic endopeptidase
complex-like–1 · mTEC: medullary thymic epithelial cells · NP: nucleoprotein · TCR: T cell receptor · TNF: tumor necrosis factor

for the processing of LCMV-derived T cell epitopes. Eur. J. Immunol. 2007.
37: 896–904.
56 Mundt, S., Groettrup, M. and Basler, M., Analgesia in mice with experimental meningitis reduces pain without altering immune parameters.
ALTEX 2015. 32: 183–189.
57 Basler, M. and Groettrup, M., Immunoproteasome-speciﬁc inhibitors and
their application. Methods Mol. Biol. 2012. 832: 391–401.
58 Schwarz, K., Eggers, M., Soza, A., Koszinowski, U. H., Kloetzel, P. M. and
Groettrup, M., The proteasome regulator PA28α/β can enhance antigen
presentation without affecting 20S proteasome subunit composition. Eur.
J. Immunol. 2000. 30: 3672–3679.

Full correspondence: Dr. Michael Basler, Department of Biology, Division
of Immunology, University of Konstanz, P1101 Universitätsstrasse 10,
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